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There is a need to increase knowledge about supptite base of the wall when piles
are drilled into bedrock. Due to the drilling amgtiallation method, there is a small gap
between the piles and the bedrock. This gap isrgéndilled with drill cuttings or soil.
The gap can also be grouted with an RM/RF intetl@stother injection channel or
from inside the pile.

The objective of this study is to determine thationhal stiffness of the base of the
pile wall both theoretically and in practice atesttsite. The second objective is to de-
termine the effect of grouting on the watertighthe$ the bedrock drilling hole. The
material in the gap must be established when thasgaot grouted to have data for wa-
tertightness and rotational stiffness calculatidngthis study, different grouting meth-
ods are tested to determine optimal grouting prastiThe study creates data to develop
the RD pile wall design and installation manual amake it more specific. The manual
will help designers choose optimal pile size, guidealculations of stresses on the wall
and anchors by taking into account the rigiditytloé lower end of the wall and give
guidance for estimating the watertightness of th#é.w

To verify watertightness, single piles were testeith two pieces of pile with differ-
ent grouting methods. The water pressure on edehmais increased in a step-by-step
fashion. Between each step, tap was shut down aes$yre kept in place. Both water
consumption and the drop in pressure were documiemntecalibrate leakage and pres-
sure loss, the same test was executed for bedmlekamd also for the plain hose and
other equipment. The water leakage across the gapcalculated. The test was per-
formed after all soil was excavated above the bedto prevent soil from affecting the
watertightness measurements.

Samples of grout, bedrock, and drill cuttings wewtected to determine their mate-
rial properties. To determine rotational stiffnes$iorizontal load test was implemented
on single piles excavated up to the bedrock. Theraway rotational stiffness was veri-
fied was through FEM calculations. The calculatiansl site tests shed light on when
the joint has to assumed to be nominally pinnedahdn rigid or semi-rigid in the
structural calculations of an RD pile wall. Theatdations also showed the dependency
on bedrock drilling depth and rigidity.

Main conclusion concerning rigidity was that pilegh grouted gaps were quite rig-
id. The other result was that both stiffly groutmhnections and also less stiff clay in
the gap connection did reduce displacement of thie amd therefore smaller pile sizes
may be used or rock anchor quantity or size mayedaced. Dense drill cuttings im-
proved watertightness significantly. Where thereemaot dense drill cuttings in the
gap, water consumption was roughly 50 times grethi@n when dense drill cuttings
were present. According to the measurements, pilés grouting had slightly better
watertightness than piles that had dense drilirgygtin the gap. Both material types did
not fail at a pressure of 10 bar.
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Porapaalujen tukeutuminen kallioon poratessa kaligatetamysta. Poraamismenetel-
masta johtuen paalujen ja kallion valiin ja& pieako. Yleensa rako tayttyy porasoijalla
tai maa-aineksella. Rako voidaan myos injektoid@tkan RM/RF lukkoa, erillista in-
jektointi kanavaa tai injektoida paalun sisaltéikas

Tassa tutkimuksessa tavoite on maarittaa paalus@inéen kiertojaykkyys seka teo-
reettisesti tarkastellen etta kaytannossa koetytbadainen tavoite on maarittdd pora-
reian injektoinnin vaikutus seindn vesitiiveyte®orareian raon materiaali injektoimat-
tomissa seinissa taytyy maarittaa, ettd saadawittasna tietoa vesitiiveyden ja kierto-
jaykkyyden laskentaan. Tyodssa testataan erilangektointimenetelmia jotta l0ydetaan
optimaalisin injektointi kaytantd. Tutkimus luo yksskohtaisempaa tietoa RD pora-
paalu seindn suunnittelu ja asennus ohjeeseen. d&itfga suunnittelijaa valitsemaan
optimaalisen paalukoon, ohjeistaa miten seindnddlawaikutus otetaan huomioon sei-
nan ja ankkureiden mitoituksessa ja ohjeistaa sereédentiiveyden arvioinnissa.

Veden tiiveyden maarittdmiseksi kaksi jokaistaasain injektoitua paalua testattiin.
Paalut testattiin portaittain kasvavalla vedenpeliae Portaiden vélissa veden tulo kat-
kaistiin ja paine jatettiin paaluun. Vesimenekkpginehavié mitattiin paaluista. Todel-
lisen vesimenekin ja painehavién arvioimiseksi thitakallio reika ja pelkan letkujen,
mittareiden ja liitosten vastaavat arvot. Havikk@erusteella saadaan kallioraon kautta
kulkeutuvan vesimenekin maard. Testi suoritettiali&n paalla olevien maiden kai-
vuun jalkeen, jotta maapera ei vaikuttaisi vesigsmittauksiin.

Injektoinnin, kallion ja porasoijan naytteiden dauutkittin materiaali ominaisuuk-
sia. Kiertojaykkyyden maarittdmiseksi vaakavoimaotkoituskoe tehtiin yksittaisille
kallioon poratuille paaluille. Maat poistettiin eemkoetta. Kiertojaykkyys maaritettiin
toisaalta FEM-laskennan avulla. Testit ja laskelar@bivat tietoa liitoksen maarittami-
seen milloin liitos maaritetdan jaykaksi nivelekai osittain jaykéksi RD paalu seinén
rakenteellisessa mitoituksessa. Laskelmat esittdndits kallioporaus syvyyden vaiku-
tuksen kiertojaykkyyteen

Tarkein paatelma jaykkyydesta oli etta injektoiaka kallioreidsséa teki paaluista
melko jaykkia. Toinen tulos oli, ettad seka jaykkgektoitu liitos ettd vahemman jaykka
savea raossa liitos vahensivat siirtymaa seinassiign mahdollisesti pienempaa paalu-
kokoa voidaan kayttaa tai kallioankkureiden madsd&okoa voi vahentaa. Tiivis po-
rasoija paransi vesitiiveyttd merkittavasti. Tapsegdsa jossa kallioreién raossa ei ollut
tiivis porasoija, vesimenekki oli noin 50-kertaausampi kuin tiiviin porasoijan tapaus.
Injektoidut paalut olivat mittausten mukaan hienvasitiivimpia kuin tiiviin porasoi-
jan tapaukset. Kumpikaan materiaalityyppi ei rikkowt edes testatussa 10 baarin
paineessa.
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LIST OF SYMBOLS AND ABBREVIATIONS

grout

drilling fluid/mud

drill cuttings

multi-stage grouting

filling

nominally pinned joint

rigid joints

semi-rigid joint

“A setting material, usually cement and wat@ntaining
sometimes additives or a limited amount of fineraggtes,
which transfers load from the bearing element errtticro-
pile shaft to the ground and/or contributes to @sion pro-
tection” (EN14199)

“Water or a suspension of benten polymers or clay, in
water with or without cement and other additiomns, dtabi-
lization of borehole walls and for flushing” (EN199)

Small pieces of rock that break awdue to the action of
the bit teeth [37]

"High pressure grouting throwg tube-a-manchettes, spe-
cial valves or post-grouting tubes after the gnanaviously
placed in the borehole has set” (EN14199)

“Grouting under no applied fluid pressurgéher than the
height of grout fluid. Sometimes referred to asvigya
grouting or as tremie grouting” (EN14199)

“A nominally pinned joint ehld be capable of transmitting
the internal forces, without developing significambments
which might adversely affect the members or thacstire
as a whole.” (EN 1993-1-8)

“Joints classified as rigid may be @s®d to have sufficient
rotational stiffness to justify analysis based rbayassumed
to have sufficient rotational stiffness to justignalysis
based on full continuity.” (EN 1993-1-8)

“A joint which does not meet theteria for a rigid joint or
a nominally pinned joint should be classified aemi-rigid
joint. NOTE: Semi-rigid joints provide a predictabdegree
of interaction between members, based on the desmn
ment-rotation characteristics of the joints. Seigidrjoints
should be capable of transmitting the internal dsrand
moments.” (EN 1993-1-8)

In this thesis, the theoretical gap betweenRibepile and
the bedrock

Characteristic compressive cube strength of coaaet28
days

Coefficient for horizontal active earth pressiBg [
Coefficient for horizontal passive earth presg8ie
Tangent modulus [29]

Modulus number (Vianova Systems Finland Oy 2010,
Novapoint GeoCalc, Supported Excavation Theory)
Effective vertical stress [29]
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Reference pressure =100kPa [29]
Initial stress level
Stress exponent
“The rotational stiffness of a joint” (EN 19938)-
“The slope of the elastic range of the design mume
rotation characteristic” (EN 1993-1-8)
“The initial rotational stiffness of a joint” (E&993-1-8)
“Design moment resistance of a joint” (EN 1993)1-8
Bending moment applied to a joint (EN 1993-1-8)
Corresponding rotation between connected membéis [
Ruukki’'s special piles installed by dnlg in difficult
ground and environmental conditions. The piles rbay
drilled through all natural soil layers all the wayo the
bedrock.
Based on Ruukki's RD piles (RD170-RIDD) and in-
stalled by drilling, RD pile walls are suitable fogtaining
wall structures in difficult ground conditions.

Drilling into the soil [34]

Overburden drilling with casiikg-Isteel pipe or pile [34]

Drilling system where thelidgl bit can withdraw from
the casing after drilling. There can be movablet fige
wings, or the drilling bit can be eccentric, whigows re-
moval of the bit from the casing. [35]

System with a ring bit andidopbit [34, 35]






1 INTRODUCTION TO RD PILE WALLS

1.1 Basics

Ruukki’'s RD pile walls are composed of RD piles amgrlocking sections. Interlocks
are welded onto the piles in the workshop. Theeetao different interlocks available:
RM/RF and E21 (shown in figure 1.1). The most rédekl/RM interlock includes a
hole for grouting. Using the injection channel, gap between the pile and the bedrock
can be grouted to improve the watertightness atational stiffness of the wall. The
drilling hole must be oversized because of therlot&s. WWhen using the most recent
RM/RF interlock, the required oversize of the dngl is less than for RD pile walls with
E21 interlocks as one can seen in table 1.1. ThéRRMnhterlock type is more recom-
mendable due to the smaller oversize of the dglhole and the injection channel in-
cluded. E21 interlocks can be provided as wehéf tustomer prefers E21.

/T

Figure 1.1: Two different Ruukki interlocks: RM/RF interloflkft) and E21 interlock
(right) [1].

Interlock type

Pile Pl E‘::n“}m' Ruukki RMIRF Ruukki E21

Ring diameter [mm] Ring diameter [mm]
ROro 68,3 Frd
RD220 29,1 i3
ROz70 273,0 iz
RD320 3239 378 =
ROyoo LOGL (1] 500
ROs00 508.0 562 60z
RDGOO 10,0 GG TOb
ROTOO o 7h5 -
RDBoO 13,0 867
RBgoo 91,0 968
Rooo 16,0 1070 A
Rbvzoo 1220,0 1278 -

Table 1.1: Pile diameters and drilling bit diameter when giRM/RF and E21 inter-
locks.



RD pile walls can be drilled using different drij systems. At present, there are
two main systems in use. One is the concentriclsihgystem, which has a pilot bit that
drills the area inside the pile and a ring bit thetkes the drilling hole wide enough for
piles and interlocks. The pilot can be extracted saused, but the ring bit remains un-
derground. The ring bit can be welded onto thengashoe. The ring bit set, including a
ring bit and a casing shoe, can be factory-assetriblee an integrated part of the cas-
ing. The ring bit can also come as a separate phith is then attached to the pilot bit
before drilling. The separate ring bit, or “solitamg bit,” is shown in figure 1.2 [34].

Only ring bits integrated into the pile provide izontal support, as they are con-
nected to the pile and there is no gap betweerbédeock and the ring bit. In theory,
some bending moment support is also provided tadeef the pile due to friction be-
tween the integrated ring bit and the bedrock.

Solitary ring bit/floating ring systemn

Impact shoe/

casing shoe:
Will be welded
into the pile

Ring bit:
Separate part

Figure 1.2: Solitary ring system, manufacturer Robit

The other drilling system that is frequently usedalled the under-reaming drilling
system. In that system, the pilot bit contains nibegarts. When the pilot is plugged
through the pile, the wings like those in figur8 temain closed. When drilling begins,
the wings open and are able to drill a hole largeugh for the pile and interlocks.
When the pile is at the target level, the wings tteen be closed by rotating the bit in
the reverse direction. The pilot can be withdravamt the pile and be reused. There are
also eccentric pilot bits with no movable parts][¥xtractable under-reaming pilot bits
do not provide horizontal or bending moment suppmthe pile toe. Vertical support is
obviously provided by all drilling systems. Horizahsupport comes from grouting the
bedrock drilling hole or from spreading drill cuigjs or soil into the drilling hole gap.



Under-reaming system

Pilot bit with
~ lopening wings

Impact shoe:
Will be welded into the pile

Figure 1.3: Under-reaming drilling system, manufacturer Robit

Ruukki has many pile dimensions and wall thickreass steel grade options to select
the optimum pile for a specific construction proj€l]. Pile dimensions from RD170
(168.3 mm) to RD1200 (1220.0 mm) can be used. Theple wall bending stiffness
and capacity can therefore be very high. High bepdgtiffness and wall capacity may
reduce the need for rock anchorage or other suggstéms.

As can be seen in figure 1.4, there is a theolegjap between the ground and the
pile wall as well as between the bedrock and thevgall. The gap in the drilling hole is
filled with drill cuttings or soil above the bediothat has fallen down into the gap. The
gap can also be grouted by injection section toravg watertightness and rotational
stiffness. In this thesis, the need for and effeftgrouting will be analyzed in more
detail.




Figure 1.4: Cross-section of an RD pile wall with RM/RF inteis [Ruukki 2013]

1.2  Supports of RD pile walls

RD pile walls can be supported using rock or groandhors. Figure 1.5 shows a one-
level anchor support used in Western metro lingeptan Finland. More support levels
can be used depending on the depth of excavatmmexXample, in Kalasatama Centre
project, one to three support levels were used. [2]

Figure 1.5: Western metro line project, retaining wall for eartice to new metro sta-
tion. RD pile wall supported by one anchor levgl [2

RD pile walls can be supported inside the excamdil® a sheet pile wall. An RD
pile wall in Trondheim supported from the insidesi®own in figure 1.6. In the figure,
the wall is supported inside the excavation at feuels with beams attached to the wall
to spread the load from the compression membemsp@ssion members are supported
with another RD pile wall in the opposite directidn that case, an additional support
structure was built. One weak point when it contessing supporting frames is that the
structures require space inside the excavationnaayl restrict movement at the con-
struction site. The purpose of the support strestis to take horizontal loads and thus
decrease both wall displacement and stress ondhe w



Figure 1.6: RD610*10 RD pile wall supported from the insidéctére was taken by
Ruukki at a road tunnel construction site on theifc@rondheim, Norway on October
25, 2011.

One good application that uses the high load capatihe pile wall is the use of an
RD pile wall as a bearing basement wall as sedigume 1.7. When the RD pile wall is
part of the building, the wall can be supportedhat basement and intermediate floor
level. In this case, the RD pile wall is used asrament structure. As built structures,
the floors provide permanent support. Additionahperary supporting structures may
still need to be used.

Figure 1.7: Building with a basement with an RD pile wall abearing basement wall

[1]



1.3  RD pile wall supports in rock

When the passive ground pressure of the soil ignotigh to support the wall, the base
of the retaining walls must be supported horizdn{&l]. The same options used to sup-
port sheet pile walls can also be used to suppPrpie walls. A rock dowel as shown
in figure 1.8 can be drilled into the bedrock tdahstand horizontal loads. In the case of
RD pile walls, rock dowels can be installed instde piles. Similar to rock dowels,
piles of lesser diameter drilled deeper than wah be used to withstand horizontal
loads.

Another option to ensure the horizontal capacityhaf wall toe is to build the toe
beam seen in figure 1.8. Toe beams are usually finadereinforced concrete [5]. The
beam is bolted onto the bedrock using toe boltatier use of toe beams is to improve
watertightness at the bottom of the pile wall. dsine beams is the main method for
sealing the toe of sheet pile walls.

DETAIL
T T S
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Installation fube

|

|

Concrete

et4—FEolt bent ints long
axiz of bemn

DETAIL Eock dows]

A

~Inclined toe bolt

SO N, \
“Rock \

hachuc l‘\.
\\ RN \ \ : &

Figure 1.8: Detail of rock dowels, inclined toe boltdatoe beam [Niamh Collins
2011, Originally: Suomen Rakennusinsingorien &iitt989, Rakennuskaivanto-ohje
RIL 181-1989]

For RD pile walls, there is an additional optioneiesure horizontal support of the
pile wall. Support is generated when the pile iaMirilled deep enough into the bed-
rock. An example of a pile wall drilled into thedveck is shown in figure 1.9. Drilling
the pile wall into the bedrock also provides rataél stiffness at the toe of the RD pile
wall. When piles are drilled into the bedrock, watgtness also is improved. Both wa-
tertightness and rotational stiffness can be impdowhen the pile toe is grouted. Pile
walls drilled into bedrock will be discussed in raa@letail later in this thesis.



Figure 1.9: RD pile wall drilled into the bedrock. In the figy the toe is grouted
through the RF interlock. [1]

1.3.1 Grouting drilling holes

In many cases of oversized holes in the bedrodeas in figure 1.4, grouting is a rea-
sonable way to improve the watertightness of tie wall. Another benefit of grouting
the bedrock drilling hole is that the grouting nmetefurther stiffens the toe of the RD
pile wall. Grouting makes rotational stiffness amatertightness more predictable.

In RD pile walls, the grouting is usually done thgh the RF injection line shown in
figure 1.4 and figure 1.9 when using the latest RMinterlocks. This method is similar
to the “single-step grouting through a load-bearhgment” mentioned in EN 14199
and shown in figure 1.10 c). As in figure 1.10tte RF injection line can be perforated
if the grouting needs to be spread more widely thardrilling hole bottom. Experience
at the test site has shown that drilling holes b iRjection channels are not needed
when grouting only bedrock. The test site will becdssed further in chapter 3. If soil
stabilization or tightening is required, holes e tinjection line can be useful. When
using holes in the injection channel, it is impattéo keep in mind that that grouting
tends to erupt where the drag is the lowest, arglials, the bedrock drilling hole will
not be grouted as reliably as it would be withoalkek. Additional injection channels,
steel pipe, etc. can be added if both the bedradind hole and the soil behind the RD
pile wall need to be grouted or if there is a neeanprove grout spreading. Additional



injection lines can be added in the flank of péesling at the bottom level or any level
in pile wall. This principle is shown in figure D.1).

2V
/ g
g
v H\
) d) b

Figure 1.10 c): Single-step grouting through a load-bearingrakent, d) Single-step
grouting through a tube-a-manchettes, f) Singl@-sgeouting through several post-
grouting tubes [EN-14199]

EN 14199 establishes the principles for drillingehtesting and pre-grouting. In a
soil conditions where the bedrock is weatheredtamgly fissured, testing and pre-
grouting may be necessary for boreholes in bedr@ok-grouting the drilling hole can
reduce uncontrolled loss of grout and ensure sstdegrouting. Water leakage can be
measured to determine if pre-grouting is needetkalfer leakage is no greater than 5
I/min in a 10-minute test at 0.1 MPa pressure, gae#ing is not typically required.
Cement-based grouting material is used in pre-grgutysing sand/cement grout when
the rock is partially filled or has open fissures ceduce grout consumption. More spe-
cific instructions can be found in EN14199. [EN 291

The instructions for pre-grouting can be appliethviD pile walls. When the rock is
badly weathered, curtain grouting in the bedrocly im& a good idea. Curtain grouting
may spread into the gap between the pile and tdeblke and the block injection lines.
In that case, grouting via injection line may notcessfully grout the bedrock. The ro-
tational stiffness and watertightness will be deieed from the properties of the pre-
grouting material. In many cases, the pre-groundgpone using higher water-to-cement
ratio, meaning the material will not be as tightl @trong.



2 THEORY

The Finnish Porapaalutusohje 2001 currently spesciihat pore piles should be drilled
into the bedrock to a depth of at least three tithesile diameter, albeit to a minimum
of 0.5 m and a maximum of 1.5 m. Further, the ehthe pile must be more than 3 m
lower than the excavation level or designed blastking level. Limits are placed on
single piles that have sufficient bearing capaattyhe point of pile, and sliding is pre-
vented. In very demanding cases, the horizontah@gpof the drilled pile should be
calculated using numerical calculation methodsfieeriby measurements or loading
tests in similar conditions. [6]

Moreover, the guidelines in the most recent excamaguide in Finland, “l-263-
kaivanto-ohje-lausuntoversio-10.6" (currently ciating in a version dated 31 October
2013), indicate that pile walls should be drille® @ to 1.5 m into the bedrock to en-
sure reliable horizontal loads at the toe of pisdl. [4]

According to RIL 254-2011 Paalutusohje 2011, pde#ied and grouted in the bed-
rock can be regarded as rigid joints. [10] Thidgrdgbn is nevertheless a generalization
and cannot be taken literally without limitatio®lL 254 discusses horizontal loaded
piles only when the piles are supported by groumdhe case of RD pile walls, drilled
rock shaft can only be supported horizontally, #melrate of rotational stiffness must
therefore be estimated with greater precision.

Eurocode standards EN 1536, EN 1538 EN 12063 EN94EN 1997 and EN
1993-5 do not specify the drilling depth for drdlgiles or drilled pile walls. According
to EN 1536, designers should specify minimum ahgjlidepths for piles that penetrate
the bedrock. When there is steep bedrock, pilealdhme excavated deeper or toe dow-
els should be used [EN 1536]. EN 14199 specifias tte drilling depth should be in-
cluded in the project specifications.

2.1 Rigid, semi-rigid and nominally pinned joints

Joints in steel structures are discussed in EN -1983There, joints are classified as
rigid joints, semi-rigid joints and nominally pinthgoints depending on strength or
stiffness [11]. Figure 2.1 shows the classificatid joints by rotational stiffness. When
the rotational stiffness is in zone 1, the join && regarded as continuous in the model.
In the model, the bending moment will all be tramsfd by the joint. In zone 3, the joint
Is classified as nominally pinned and will not s any bending moment in the mod-
el.

Joint classification for boundaries other than omotubase is shown in figure 3.1. The
rotational stiffness requirement for rigid jointepEnds on whether the bracing system
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reduces the horizontal displacement by at least.8Q%D pile walls, horizontal sup-
ports such as rock anchors can be considered mgragstem. The higher the RD pile
wall, the more likely anchors will reduce the hontal displacement by more than
80%.

Zone 1: rigid, if S = kv EL/ Ly

where:

M) A ko =8 for frames where the bracing system
reduces the horizontal displacement by
at least 80 %

ks, = 25 for other frames, provided that in every
storey Ky/K. = 0,1

Zone 2: semi-rigid

All joints in zone 2 should be classified as

2 semi-rigid. Joints in zones 1 or 3 may
3 > optionally also be treated as semi-rigid.
¢) Zone 3: nominally pinned, if Sj <= 0.5EL /Ly

7 For frames where KJ/K. < 0,1 the joints
should be classified as semi-rigid.
Key:
K, is the mean value of I /L, for all the beams at the top of that storey;
K. is the mean value of IJL. for all the columns in that storey;
Iy is the second moment of area of a beam;
I is the second moment of area of a column;
Ly is the span of a beam (centre-to-centre of columns);
L. is the storey height of a column.

Figure 2.1: Classification of joints by stiffness [11]

When using the moment-rotation characteristic gfiat, linearized approximations
can be used as long as the curve lies wholly béh@adesign moment-rotation charac-
teristic [EN 1993-1-8, 2005, paragraph 5.1.1].His tthesis, linearized approximations
were used for the calculations. In this thesjgefresents rotational stiffness instead of
Siini Which cannot be defined reliably (see section.451and $ini are shown in figure
2.2.

i M;

3

j.ini

.
|Rd T ,-"‘I_'

(2= i

S | !
Yo 4

¢Ed 'j"m d]Cd
I Limt for 5,
c) Design moment-rotation characteristic

Figure 2.2: Design moment-rotation characteristic for a joiEN 1993-1-8
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According to EN 1993-1-8, all tested joints candbssified as full-strength joints,
because in all tested piles;# is greater than Wpre The EN 1993-1-8 definition of
full-strength joints is shown in figure 2.3. Thdgsi were drilled relatively deeply, with
the ratio of drilling depth to pile diameter at 46the ration of drilling depth to drilling
hole diameter at 3.7.

5.2.3.3  Full-strength joints

(1) The design resistance of a full strength joint should be not less than that of the connected members.
(2) A joint may be classified as full-strength if it meets the criteria given in Figure 5.5.
a} Top of column Either A
e Mira
ar M| Fd 2 MI:.i:-r Rd
Withi lumn heigh :
b) Within colu eight Either W2 i
MLR;
ar Mird 2 2Mcprrd

Key:
My o ra is  the design plastic moment resistance of a beam;
Mepera 15 the design plastic moment resistance of a column.

Figure 5.5: Full-strength joints

Figure 2.3: EN 1993-1-8: Full-strength joints [11]

2.2  Effects of joint type on RD pile wall structure

The RD pile wall examples in this thesis were desijaccording to Eurocode stand-
ards. In Eurocode, steel structures are designaatdiog to EN 1993-1-1 etc. EN 1997-
1 is the standard for geotechnical design. Theeetlaree design approaches in EN
1997-1. Approach 2 was used for this thesis. Th@ach includes two design meth-
ods. Partial factors can be applied to actions (Dét2o the effects of actions (DA2%*)
[26]. DA2* was used for the calculations in thesiscause GeoCalc uses displacement
in its calculations. DA2 adds safety factors inte material values and loads, which
would cause the program to incorrectly calculatedisplacement. The supporting forc-
es also turn out incorrect when the displacemenoisorrect. In DA2*, safety is added
at the end of the calculations when verifying tloaditions of the ultimate limit state.
[25, 26]

In nominally pinned joints, there is no support nemnat the bottom of the pile wall.
Thus, the maximum bending moment is somewhere legtwee bottom and the top of
the pile wall. In that case, dimensioning the vi@k simple task.

Another extreme case is when the joint is rigidthiis case, the support moment may
sometimes be larger and be the most determinant poithe wall. The advantage of
rigid joint is that the bending moment in the spl@ereases significantly. The other ad-
vantage is that there is a remarkable decreasalirdisplacement [31].
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Semi-rigid joints fall somewhere between nominglligned and rigid joints. Semi-
rigid joints decrease moment and displacemententall. At the same time, they also
increase the support moment.

In Finland, Dimension Approach 2 is used when datmg supporting walls [26].
Other countries’ national annexes are availablegxample, at:

http://eurocodes.fi/Muiden%20maiden%20kansalliséifiifeet/ Contentsmuidenmai
denliitteet.htm

When dimensioning RD pile walls according to Eubed 997 Design Approach 2,
there are two things to verify: limit state of rupg and excessive deformation [3, para-
graph 2.4.7.3.4.3].

In cases where deformation is the main determinagit] joints are best if they do
not increase the support moment too much. Theneti®ne optimum joint type that is
suitable in every case. There are calculation e¥srjhat clarify the optimal usage of
joints later on in this thesis.

2.3  Watertightness

There are no set watertightness requirements @ construction in Finland. The indi-
vidual designer and Finnish building authoritiexide the permissible water leakage
limits in units like /(min*100 m) or (number of &&s)/nf for each individual project
[27]. Studies suggest that a “watertightness classiuld be developed, but as of July
2013, there was no such class [27] For exampl@nsisatama Jatkdsaari maanalaiset
tilat” project in Helsinki, Finland, the rock facade®ugfing was required and the rooms
below ground level required to be under-drainedjitgdined and (water) tightened
[12].

When watertightness is required, geometric tolexanmoay be stricter than in SFS-
EN 1536 2011, paragraph 8.2 [32]. In SFS EN 133& et are no specific watertightness
requirements other than that watertightness shoildefined in the execution specifica-
tion. EN 14199 does not specify exact watertighdnedues. Neither EN 1993 4-1 nor
EN 1993-4-2 contain watertightness requirements.

In terms of watertightness, RD pile walls fall sanhere between steel tanks (EN
1993-4-2) because of the piles, concrete struci{its1992-3) because of the grouting
and solid rock (EN 1997). The only watertightnelssification found was the tight-
ness class for concrete structures (see Table R )pile walls will generally have a
tightness class of 1, because their function iseep water and soil out of the excava-
tion while still permitting a limited amount of lkage. In cases where lowering the
groundwater level is not allowed, the tightness<leould be 2 or 3.
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Table 2.1: Classification of tightness (EN 1992-3, Table )10

Tightness Class Requirements for leakage
0 Some degree of leakage acceptable, or leakage of liguids irrelevant.
1 Leakage to be limited to a small amount. Some surface staining or damp patches
acceptable.

Leakage to be minimal. Appearance not to be impaired by staining.
Mo leakage permitted

EN 1992-3 contains requirements for different tiglss classes. In concrete, water-
tightness is based on calculations and limitingclcraidth. EN 1992-3 also contains
joint specifications, but there are no exact regaignts concerning water leakage lev-
els. The crack width control in the standard carbeotlirectly extrapolated to the bed-
rock drilling holes of RD pile walls, as part oktlwall is subject to compression stress
and part of the wall is subject to tensile stréss.example, at the bedrock level ground
side, the grout material is subject to tensilesstrand thus there are probably cracks at
the interface of the steel pile wall and the grduteaterial. At the same time, the ground
side deeper in the drilling hole or at the top @fk level on the excavation side, the
grout material is subject to compression stress tla@re are likely no cracks.

The D’Arcy coefficient of permeability can be cdlated from a water consumption
test at the test site. The equation for calculatiregD’Arcy coefficient of permeability
iIs shown below as equation 2.1. In RD pile walte simplest way to calculate water
leakage is to calculate water consumption using>tAecy coefficient of permeability
formula. If the other variables are known, the woéuof water (Q) can determined using
the formula. Then, water leakages in specific R[2 piall projects can be estimated
using the coefficient of permeability defined frahe leakage data and geometrical in-
formation at the test site. Grouted gap materialesacan be regarded as similar to con-
crete, taking into consideration the water-to-ceimatio, which plays the most signifi-
cant role in the water permeability of concretee Tise of water permeability when the
proportion of water is increased is shown in figRré. Figure 2.4 does not include units
or magnitude. The source document [33] containsnédas graph in which the water
permeability at a water-to-cement ratio of 0.55% hpproximately 2 cm/sec*8 equal
to 20*m/sec*18% In figure 2.4, the equivalent water permeabiiyapproximately
15*m/sec*10".
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Q*L
k= txAxh
m
k = D'Arcy coef ficient of permeability (?)
Q = Volume of water inm3
L = Length of the test sample in meters (to the nearest 0.001 m)
t = Elapsed time in seconds
h = Applied pressure head in meters of water
A = Area of the test sample in m?

Equation 2.1: The D’Arcy coefficient of permeability equatior8]1
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Figure 2.4. Water-to-cement ratio. The vertical axis shows itager permeability (in
m/sec*10"%), and the horizontal axis is the water-to-cemeatior Source: Iso-
Mustajarvi, P, 2008, RTEK-3140 Betonitekniikka smumaterial, Tampere University
of Technology. Figure originally from A.M.Nevilleroperties of concrete, fourth edi-
tion, 1996

2.3.1 Solution for watertight retaining walls

EN 12060 contains very general specifications &aliag retaining walls. For example,
if there is clay between the bedrock and the ratgiwall, the interval must be sealed
according to the design requirements. In projecth strict watertightness require-
ments, the watertightness of the interlocks shbeldested if there is no practical expe-
rience in building watertight walls. [14]

The toes of retaining walls are not automaticalbtertight [4]. Water tends to flow
below the retaining wall if the wall is not embedd#own to the bedrock [4]. In such
cases, the interface between the bedrock and thiairey wall must be sealed, because
the bedrock is not flat, and steel sheet is onlyigdly in contact with the bedrock [4].
The sealing can usually be done after excavatignJéaling done after excavation



15

should begin by welding steel plates onto the matgi wall and filling any remaining
holes, for instance, with polyurethane [4]. Any oriteakages that remain can be sealed
with the toe beam [4]. An under-drainage systemeguired to successfully build the
toe beam casting [4]. After the concrete harddms,under drainage system should be
grouted shut [4]. Jet grouting the soil above tlkdrbck until it overlaps at least one
meter of wall is another potential technique faalgg) the toe of a retaining wall [4]. Jet
grouting is done from the ground level before ext@wn [4]. The bedrock must also be
grouted if the rock is fractured [4]. The leakaga be limited sufficiently if the wall is
embedded deep enough into the impermeable soil. laye

With RD pile walls, drilling the pile wall into thbedrock and grouting the drilling
hole in the bedrock is a widely used techniques&aling RD pile wall toe. The theoret-
ical gap due to oversized drilling bit is filled twidrill cuttings or soil. Filling the gap
with soil, however, is unreliable, and it is haodpredict leakage levels. In the test site
results, there is one outcome in specific soil @s. The water penetration test re-
sults are shown in appendix 1, and the water patnatr calculations can be found in
appendix 12.

In the Western metro line Koivusaari station projecFinland, RD pile wall inter-
locks were sealed using a bitumen-based sealapt Th® interface between the bed-
rock and the pile wall was sealed by extendingpifee at least 0.5 meters into the bed-
rock and grouting the drilling hole into the ro&eel pipes were welded to every other
WOM-WOF (figure 2.5) interlocks as depicted in figu2.6. The grouting was done
through steel pipes [15]. Developed later, the RMiiiRerlock, which includes an injec-
tion channel, has replaced the WOM-WOF interlodke RM/RF interlock is shown in
figure 1.1.

Figure 2.5: Discarded WOM-WOF interlock [15]

Figure 2.6: Grouting pipe welded next to the WOM-WOF interlficy
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3 FIELD SURVEY: RD PILE WALL AND ROCK
INTERFACE

There are two main objectives in this field survéle first objective is to investigate
the watertightness of the RD pile wall. The sec@nid study the rotational stiffness of
the RD pile wall. In order to research the watdtigss and rotational stiffness, the
material in the bedrock drilling hole must be saatias well. The sealing of the inter-
locks was not included in the tests, because takngeof interlocks is more guided and
easier to test. The test site can be seen in fig)de

3.1  Preparation

Field investigations were conducted before decidinghe test site. Figure 3.1 shows
percussion drilling to determine the depth of tleerock at the test site. The results of
percussion drilling are given in appendix 16. Tegtse conducted at maximum 5-meter
intervals. RIL 263-2013 generally recommends 10emigttervals and 5-meter intervals
when the bedrock is very irregular [4]. The grouatkv level was measured using a
standpipe.

Figure 3.1: Percussion drilling at the test site in Masku, |&ird
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The RD pile wall was built from eight piles. Twogmuted piles were tested. The
second grouting type was piles with normal RF Iotde grouting. The third type was
grouted piles with shorter RF interlocks that endbédve the rock level. Short inter-
locks had drilled holes on one side of the RF lotdrat 1-meter intervals, one pile with
10 mm holes and another with 16mm holes. A fouyfietwas grouted via interlocks
with the attached specially designed injection nngde from a 20x40x3 steel section
and welded next to the RF interlock as seen inréidi2. To allow the grout to move
into injection ring, the section had to make a éargole toward the RF interlock. The
upper surface of the steel section was drilled i@hmm holes. The purpose of the in-
jection ring was to spread the grouting more péisfes the bedrock drilling hole.

Figure 3.2: Grouting piece

In terms of single piles, there were five typespdés. The RF interlock injection
channel in the single piles was substituted wi0a40x3 steel profile called an injec-
tion channel in this thesis. The first type wasdla with only an injection channel. The
second featured an injection channel and an attiaciection ring. The third type was a
pile with internal grouting. The fourth and fifthig types were not grouted. Internally
grouted piles and piles with no grout had no inggcthannel. Instead types 3 and 4 had
RM (male) interlocks in 3 directions at the lengthbedrock drilling to ensure that the
piles remained in the drilling hole when drillingdawhen measuring water leakage.
Piles with three one-meter interlocks are showigure 3.3.
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Figure 3.3: Piles with three one-meter welded male interldé¥el)

The piles in the horizontal load test were suppdedak similar to the piles with in-
jection channels. Because of changes in the tasispfter the piles had already been
manufactured, the excess male interlocks had teebmoved. The interlocks were re-
moved using an angle grinder and a gas cutting meacfihe piles could not be dam-
aged on account of the load testing; a minor pariterlock, up to approximately 6 to 7
mm, was therefore left in place. This can be seefigure 3.4. That extra bit of steel
had no effect in the pile testing, as the bendtiffpess of the pile did not increase sig-
nificantly. Also, 7 mm is rather small comparedhe width of the gap (27 mm in theo-
ry) in the bedrock drilling hole and the displacerni@ the bedrock during the load test.
In other words, the remaining interlock pieces hadontact with the bedrock.

Figure 3.4: Interlocks removed from single 220/10 piles useithé horizontal load test

As shown in figure 3.5, the RD pile wall was dmdl¢hrough the various layers of
soil into the bedrock. Both the solitary ring systand the under-reaming drilling sys-
tem, manufactured by Robit, were used in the fést Bhe single 220/10 piles were all
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drilled using the solitary ring system. In the Rilepwvall, both systems were used. The
drilling of each pile was documented. Drilling deirogress was documented in terms
of time. Comments concerning flushing, such as wdréhcuttings started to flow from
the inside of the pile, were documented. The dtitieaterial, including the bedrock lev-
el, was observed from the drill cuttings and thepaigation speed.

Figure 3.5: Test site in Masku, Finland. Piles drilled througgil into the bedrock

The grouting work was also documented. This induthe water-to-cement ratio of
the various mixing batches, the grouting pressugesjt consumption and comments
for each pile in the terms of time. Grout consumptwas measured according to the
level of grout in the grouting device. The levelgnbut was then converted to liters. The
grout container and mixer device is shown in figBré. A centimeter-to-liter conver-
sion table is given in appendix 15. The grouting weade from water and cement CEM
[I/A-LL 42.5 R; its compression strength rangednfird2.5 to 62.5 MPa after 28 days in
40mm x40mm x160 mm prism test specimens [16,17)waker-to-cement ratio of
0.55:1 was used in the test. This ratio is the maxrn allowed for grouting according to
EN 14199. Lower water-to-concrete ratios tend tddmethick for grouting. The thick
grout mixtures tended to cause blockages in theetilgn adaptor seen in figure 3.7 and
the injection line. Other causes of blocks wherugingg may have been the high tem-
perature (+25 °C) and fast reactive cement useereTiere not blocking issues when
grouting from inside the pile using the manchettevén in figure 3.12. The internal
grouting was done at the bottom of the pile while pile was full of water. The grout
was poured to the bottom of the pile via long hd$en the manchette closed the top of
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pile. The grout was intended to go only into the patween the pile and the bedrock.
The piles were filled with water because of theexngitenetration test, and piles for the
horizontal load test were not allowed to be fullgpbut. In some piles, after grouting at
rather high pressure (approximately 5-10 bar),gtaut probably went partially back
into the pile when the pressure went down in the gihat was the main reason why the
internally grouted piles were not as well groutsdifagose done by RF or RF and injec-
tion ring. To get realistic results in the watenggation test, hardened grout had to be
drilled away in some of the piles.

Figure 3.6: Grout container and mixer device. The upper cord@aihad a mixer. The
grout was poured into the lower container wherevdis pressurized into a hose

)

R S g

Figure 3.7: The left side shows the grouting adapter used#miel the grout from the

hose to the RF injection channel. The right sidenghthe grout’s tendency to block the
injection adapter and injection channel. The injestadapter channel was made from a
metal block drilled with three smaller holes, whidused also blockages during grout-

ing.
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The soil in the test site was mostly backfilledl.sbhe excavation and drilled piles
are shown in figure 3.8. The upper layer of sois\v@gproximately one meter of coarse
gravel backfill. The second layer was a mixturebotilder, mold, organic matter and
clay. At different places above the bedrock, theas sand, gravel or clay. The bedrock
was mainly undamaged solid rock and was 3.3 tomkters below ground level [ap-
pendix 16]. There were two types of bedrock attése site. One was gray-colored rock
and another was a reddish rock. There was no figreince in strength between the two
bedrock types. Figure 3.5 shows the drilling of Ri2 pile wall.

Figure 3.8: Test site in Masku, Finland. Piles drilled througil into the bedrock. The
piles were grouted and excavated to the bedrock.

Test site construction and in-situ measurements approximately three weeks. The
schedule followed is given in table 3.1. After tiest site was measured, material tests
were carried out. Testing of the soil, grouting eni@ and rock were done at the Tam-
pere University of Technology. The horizontal |daedt was organized and executed by
Tampere University of Technology as well.
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Table 3.1: Timetable of RD pile wall test site and measurdmen

Timetable of RD piletest site
and measur ements

From To
Drilling of piles 23 Jul 2013 25 Jul 2013
Grouting 26 Jul 2013 29 Jul 2013
Excavation 30 Jul 2013 31 Jul 2013
Rock samples 2 Aug 2013 5 Aug 2013
Concrete samples 26 Jul 2013 5 Aug 2013
Water penetration test 5 Aug 2013 8 Aug 2013
Horizontal load test 9 Aug 2013 9 Aug 2013
Concrete and rock material test 9 Sept 2013 9 Sept 2013
Soil material test 7 Oct 2013 20 Dec
2013

3.2  Testing arrangement

3.2.1 Watertightness

The focus was on the watertightness of the interfaatween the rock and the pile wall.
Water leaks at the bottom of the pile wall are mhathder to observe visually than leaks
from the interlocks. That is why Ruukki wanted moageful research on this topic.

An in-situ water penetration test was chosen. €seis performed from inside of the
pile to the ground, not from one side of the walthlie other. The reason for making the
test simpler was that there were four differenhac®s to measure. If a test of the entire
wall were chosen, four different walls of considdealength would need to be built.
This would obviously entail considerable expenséhvimited return on that invest-
ment. By testing single piles, it was possible tonpare the watertightness of piles
without grouting, piles with grouting using intecks, piles with grouting using inter-
locks and an injection ring and piles grouted frioside the pile. The water penetration
of the rock was also tested to determine the ptapoof water penetration from pile to
rock. Hose leakage was also tested. This alloweddtzulating of the water consump-
tion from the pile to the gap between the pile #ma rock. The results for the single
piles were different from the results for the w&lingle piles can leak in a 360-degree
radius, and the distance that water has to travapproximately half of what it would
be in the case of a wall, where water has to pateefrom side to another. The area and
the length of water path can be calculated to detex the quantity of the leakage. The
single pile case does not take into account the elatvater through the interlock.

The water penetration tests were carried out afteavation to ensure more realistic
results. The drag of water in the soil did not eifi@ato water consumption in the test. In
the test, five pressure steps were used. Firgts piere pressurized into a constant water
pressure of 0.035 MPa, and leakages were measuee@ dive-minute period. Then the
hose was closed and pressure held constant. Mexdrop in pressure over five minute
was measured at 0 minutes, 1 minute, 3 minute$anchutes. The hose was then pres-
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surized again, this time to 0.175 MPa, and thedgek were measured. Then hose was
closed again, and the drop in pressure was meaati@dninutes, 1 minute, 3 minutes
and 5 minutes. The same procedure was repeated ®Ra 0.35 MPa and 0.525 MPa
There were two piles of each type except for thérdek hole test and the hose test,
where there was only one test. The instruments unsedter penetration test are shown
in figures 3.9 to 3.13.

Figure 3.9: Pressure instrument, scale 1 bar = 0.1 MPa, accyrapproximately 0.25
bar = 0.025 MPa.

Figure 3.10: Water consumption instrument, scale 0.1 liter,unacy approximately
0.025 liter
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Figure 3.12: Hydraulic-powered manchette used in water peneinatest and internal
grouting of the piles



25

Figure 3.13: Mechanically powered manchette for measuring thgertightness of the
bedrock hole

3.21.1 Results

In the test, leakages through the hose were therrsapurce of uncertainty. The other
uncertainty was the limited number of tests. Thakdge through the hose was much
higher than leakage through the gap in a casemftgd gap. Some grouted gap tests
showed that the hose did let less through thamgtbteted gap, which cannot be the real
situation. It is not possible to draw any conclasi@about the differences between the
various grouting methods except that the groutioghfinside the pile was not executed
perfectly due to the grouting method used, as raeatl in paragraph 3.1. Another
source of uncertainty was that the water pumpirgiesy and the instrument were not
accurate enough in pressures lower than 0.5 ba®5MPa. As a result, filling the hose
at 0.35 bar was difficult and inaccurate. In otiverds, the starting point of the leakage
was not accurate. It was not possible to fill tlsdrat 0 MPa, because the accuracy of
the visual pressure instrument is approximatelyp OPa. Also, the grout flowed into
the drilling of some ungrouted piles. Water constiorpmay therefore be underesti-
mated at some point.
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The best comparable results were for total watskdge from pressure steps 2 to 5.
For those, the inaccuracy of the instruments anfilling the hose did not affect the
results. Because of the uncertainty caused by ¢gakad the difference in the struc-
tures, test results should be examined criticdlby. grouted piles in particular, the aver-
age watertightness was very close to zero and bbexvock leakage. Instead, it was
observed that the leakage was much greater infdlgaswith soil or drill cuttings than
in the grouted bedrock drilling hole. Appendix Lludes a table with the exact num-
bers.

In appendix 12, the water penetration is calculatsidg different material permea-
bility values. It can be found that the water pest&in of the drill cuttings measured in
ungrouted piles was comparable to that of dense. $2ense sand yielded the same 3.3
liter water consumption as the drill cuttings telsta the site, when permeability of the
sand was 3*1® m/s. The permeability of sand can range from P*t0's to 1*10° m/s
[19]. Using the received value for drill cuttingbe leakage calculation showed that for
a RD pile wall 220/10 under 5 m of water presspiies drilled 0.5 m into the bedrock
would exhibit a leakage of 2.0 liters/m/hour. Theswamption was that drill cuttings or
soil would become as dense as in the test. By cosgoa the leakage of the grouted
gap assumed to be as permeable as concrete wodldti&® liter/m/hour, which is
almost zero. When compared to the calculate leak&d@e08 liters/m/hour through an
interlock, drillings cuttings will leak 25 times methan interlocks. On the other hand,
leakage through grouted gaps is insignificant caeb#o leakage through interlocks.

Leakage through the grout may be slightly highehd grouting is cracked or loose
from the pile wall due to a high level of stregsmilay be reasonable to use a shorter
water path length in calculations when the growxposed to high stress. On the other
hand, in cases where the piles are concreted fngidd, the water path is much longer
below the pile than assumed in the calculation. Water has to penetrate through con-
crete. When the drilling hole is not grouted anel piles are concreted, a major portion
of the water leakages will go through the “holefdvethe interlock. Interlocks are usu-
ally around 100 mm shorter than the piles at eaxh @ the pile. In such cases, the
leakage is much smaller than calculated. Overdtierwthe grout is continuous and
mostly free of cracks, the wall seems to be vertertight. In projects where there is
strict water-tightness requirement, grouting thp gatoe beam is a good option.

For comparison, the water leakage from interlockhe same structure would be 0.1
L/(m*hour) as per appendix 12. Here, the calculatd@s done as in annex E of SFS EN
12063. The calculations there are for sheet pilerliocks, but they can obviously be
applied to RD pile wall interlocks. RD pile wallterlocks are at least as watertight as
sheet pile interlocks due to less damage in therlotks on account of a more gentle
installation method. In EN 12063, the dischargeagiqu for one interlock was deduced
into the form in equation 3.1 [14]. The total diaocee can be calculated from equation
3.2.
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Q1 =p*H(0.5%h)
p= the inverse joint resistance in meters per se¢orisl) 14]
H and h are shown in figure 3.14.
Equation 3.1: Discharge of one interlock

L
Q=nQ,= EQ1
n = "the total number of interlocks in the sheet pildl fea the excavation14]
L = "the length of the perimeter of the excavation inené [14]
b = "system width of the sheetpiles in meter." [14]

Equation 3.2: Total discharge into the excavatiad]
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Figure 3.14: Example of an excavation in which the water Iénaed been lowered about
5m [14]

3.2.2  Dirill cuttings, grouting and bedrock samples

Different test samples were collected at the Matslsti site. Samples of drill cuttings,
hardened grout, material mixtures from groutedidglholes and bedrock were taken.
Figure 3.15 shows grouted drilling hole samplesectéd by diamond drilling. The
site was excavated until the bedrock and piles wateshorter to access with the drill.
Pure grout samples were made from a plugged piecebber hose. Grout made for
grouting the piles was filled into the piece of @osdiabatic curing was neglected for
some of the samples, and the samples did not earaaim solid when removing the
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hose around the grout sample. The samples withhtleackabatic curing were solid and
about as strong as the drilled grout samples. lk@@atiabatic curing, the samples were
placed in the shade, and both ends of the hoseclased.

Figure 3.15: Grouting samples were collected from the drillmge next to pile using a
diamond drill. Masku test site

The bedrock samples were drilled next to the RB will as shown in figure 3.16.
The rock samples represented rock conditions pitewall had been drilled. The sam-
ples were also drilled right next to the pile wallallow for visual examination and for
collection of break-off pieces of the grout fromeger in the drilling hole. After the
samples were drilled out of the bedrock, smallekreamples were made at the labora-
tory. The technique for doing so is shown in figBr&6.
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Figure 3.16: Bedrock sample drilled next to the RD pile walltla¢ Masku test site.

Figures show the process of drilling for bedrockngde. Both stages were drilled with a
diamond drill.

It was possible to collect soil samples and samefedrill cuttings, hardened drill
cuttings and some grouting without drilling. FiglBd.7 shows the samples taken from
the Masku test site with the exception of the reakples. Obviously, the soil and non-
hardened drill cutting samples were disturbed m shmpling process by taking them
out their natural place and form.
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Figure 3.17: Masku test site grouting, drill cuttings and ssdlmples going to Tampere
university of Technology laboratory

Cylindrical test samples were made in length-tovgiter ratio of 1. Hardened drill
cutting and hardened soil samples were cubes. argehed drill cutting samples in-
cluded cement. The soil samples potentially inaluidement. As such, all specimens
are equal to EN 1992-2f.upevalues (SFS EN 12504-1). The rock values are chara
istic mean values. The drilling soil sample wasitied as concrete, because it is more
like concrete than solid rock. The §usfck ratio is approximately 1.25:1 based on the
calculated average from SFS EN 1992-1 in tableThg. bedrock samples and some of
the grout test samples were approximately cylirdingith a diameter of 52 mm and a
height of 52 mm. These cylindrical samples are showfigures 3.19, 3.21, 3.22 and
3.23. The d52*h52 grout samples were collected froside the grouted pile, which
was grouted from inside the pile. Smaller grout glas collected from the bedrock
drilling hole could be only up to 27 mm, so d25*h@@inders were chosen. Drill cut-
ting samples were taken after the horizontal lestl some after the piles were removed
from drilling holes and another by hammering thecpi of material while piles were in
drilling hole. The pieces of drill cuttings were deainto cubes as large as possible. Cu-
bes were approximately 10 mm to 19 mm on each Side.test specimen dimensions
are shown in appendix 17. There were difficultieskmg the smaller samples (cubes
and cylinders) exactly symmetrical. The asymmefrthe samples probably made them
easier to break due to stress on the specimenavdminot even at every point of the
sample, meaning samples may reach the breaking @oione side while the other side
is not fully stressed. It was possible to breaksteples a little too early in the test, and
the ultimate strength was lower than the actuahsfh.
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The samples were tested at the structural labgratbthe Tampere University of
Technology. The tests were executed using a powarattol system. The hydraulic
testing machines used for the testing are showigumes 3.19 and 3.20. Force and dis-
placement were measured at 0.5-second intervals.

Figure 3.18: Specimens of grout and hardened drill cuttinghwgment ready for the
compression test

Figure 3.19: The hydraulic testing machine used to test lagganples (d=h=52 mm)
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Figure 3.20: Servo-controlled hydraulic actuator used to tesialer samples. In the
picture, the hydraulic testing machine is inclirgadte noticeably, because the specimen
was not a perfectly symmetrical cylinder.

Figure 3.21: Grout samples after the compression test
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half before the hydraulic testing machine was séap@ he force dropped dramatically
after the fracture.

Figure 3.23: Bedrock samples after a sudden brittle failuréhie@ compression test

The elastic modulus of the rock samples was deteuinfrom the compression test
results using the load range starting from the fivfeasured load point up to 33% of the
ultimate load. In some cases, the first measuraut p@s more than 5% of the ultimate
force. Ranges of 2% to 33% are used in the EN 14%80dard to determine elastic
modulus. The lower range was chosen to be higlar @8, because the samples were
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not perfectly smooth. It took some force before whmwle area of the sample was fully
stressed. This inaccuracy is emphasized, becaue itests, only one load step was
used instead of the three load steps mentionedlit4580. Near failure load the elastic
modulus was not constant. By defining the elastdutus of the grout material and the
hardened solil, the same stress range was usedeast@gting the rock samples.

3.2.2.1 Results

The elastic modulus of the rock was near the valoesd in the literature, but the ulti-
mate strength was much lower than the literatuteega(see table 3.2). The lower ulti-
mate strength can be explained by fragmentatidheofock when the piles were drilled.

Table 3.2: Ultimate compression strength (Puristuslujuus) aathstic modulus
(Kimmokerroin) values for different rock types (ijt). Cited 14 Nov 2013. Available
at: https://noppa.aalto.fi/noppa/kurssi/rak-50.2122ihmt/Rak-50 2122 luentoaineisto

3.pdf

Kivilaji Puristuslujuus | Kimmomoduli
MN/m* MN/m*
Graniitti 200...350 70 000
Gneissi 140...300 60 000
Kiilleliuska 130...210 110 000
Kvartsiitti 200...300 80 000
Leptiitti 270...420 70 000
Amfiboliitti 180...420 110 000
Kalkkikivi 60...150 50 000
Pegmatiitti 160...310 60 000
Rapakivi 120...180 60 000
Pegmatiitti 260...350 100 000

The elastic modulus was calculated at the rang2%fto 33% from the ultimate
strength if the test result was constant. Otherwiseas calculated at the stress level of
50% from the ultimate strength. The area selectaslwhere the elastic modulus was at
its maximum value. The maximum value is more regméegtional than the 2% to 33%
area in many cases, because test specimens weperfetly flat. In the 2% 33% area,
the elastic modulus values were significantly lowem the maximum E values in some
cases. The maximum elastic modulus value in tlgsigenevertheless lower than the
real value, because in the case of concrete, #stieimodulus of rock and soil tends to
decrease as stress increases. The maximum valvesletermined using figures to find
the approximate maximum value area and selectingda enough range within that
area. Therefore, the E values are not exact maxivaloes. Selecting the exact maxi-
mum elastic modulus values at the exact measurepwnt was not appropriate, be-
cause the E value was much higher at that exant gwn the overall “trend.” This in-
accuracy was probably caused by the test instrisment
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“Clay (concrete)” material test samples were caédldcfrom the sides of piles that
were grouted from inside the piles. The materia$ warprisingly solid even it did rise
from the gap in the horizontal load test. The makeseen in figure 3.24 was clay,
which may include a little cement even though thegle taken from the gap was pure
clay [appendix 20]. Partly grouted material oresdt slightly harder material seemed to
be about 0.5 m, and the remaining 0.5 m was pane th the material test, the sample
probably went hard when the sample had time todmam@hd the water content de-
creased. According to the Ansys FEM calculatior, displacement was equal to the
displacement measured at the test site when theriadag¢lastic modulus value in the
gap had an elastic modus 1000 times lower thanvdakest “clay (+concrete?)” value
shown in table 3.3. The elastic modulus value useshsys model was approximately
10 MPa, which is equivalent to that of to dry crcisty [18].

Table 3.3: Conclusions of material test on 9 September 201B1Pa)

Material test

fek,cube  fck,cube  fck.cube  fek fetm E_mean E E
Material samples |Average |Max Min Average |Average |[Average |Max Min
Concrete 7 335 38.9 25.3 26.8 2.7 24306 35450 10550
clay(+concrete?) 3 14.1 22.5 6.2 11.2 1.5 21067 26900 10150
cuttings or clay+grout 4 23.6 36.2 15.5 18.9 2.1 22040 33245 12365
cuttings or sand+grout 4 30.7 45.7 19.0 24.5 2.5 23600 36750 10350
cuttings or clay+grout® 2 35.1 36.6 33.5 28.1 2.8 37800 55300 20300
R R R
Rock 1 5 60.0 80.0 488 - - 93334 150370 44320
Rock 3 5 67.7 100.2 29.2| - - 115592| 186800 45710
Rock 5 5 46.6 71.8 22.6| - - 49840 89520 21550
Average 58.1 86255
* grouting was flowed from the different pile
fck,cube |fck fctm E
Min Min Min Min
|weakest clay(+concrete?) sample | | 6.2 5.0 0.9]- - 10150

Figure 3.24: Horizontal load test. Grouted pile where gap wiled with clay. The
material may have small amounts of cement mixedven though sample taken from
the gap did not contain cement.
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The elastic modulus of the rock was usually coristamwever, in chart 3.1 the elas-
tic modulus was constant from O kN to around 25de\well as from 25 kN to around
175 kN. In chart 3.2, the modulus is constant ekeg¢phe low-force level where the
roughness of the sample has an impact.

Force-deformation
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Chart 3.1: Rock testing. The elastic modulus was partiallystant.
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Chart 3.2: Rock testing. The elastic modulus was constampexery at low force.

The soil samples shown in figures 31#53.27 were analyzed at the Earth and Foun-
dation Structures laboratory; the laboratory repart be found in appendix 20. Sample
1 was taken next to the ungrouted pile and drillsithg the solitary ring system. Above
the gap, the soil was clay. Samples 2 and 3 wdtected next to pile drilled with an
under-reaming drilling bit. The soil above samp&sand 3 was sand/moraine. The
grain-size distributions of the samples are quitelar to gravel with fine soil. Accord-
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ing to the Nuutti Vuorimies project manager in TTike weight of tested soil samples
in appendix 20 were too small in all samples bubda 1. The grain size analysis is
therefore inaccurate for the other samples. Themum weight for samples of a max-
imum grain size of 32 mm is about 10 kg and foirgsaze 4mm about 0.2 kg [appen-
dix 23]. In sample 3, the rock size is slightly ¢iég, and there is little fine soil, likely

because that pile was flushed for an additional halr. The other side of pile with

extra flushing was empty. This is not typical wrailing RD pilot walls. Such extra

flushing may occur if the pilot gets stuck in thiee@nd extra flushing is used to try to
free it.

R o e ! I L

Figure 3.25: Soil samples 1-3. The samples were taken in theo§the 440/12.5 pile
wall next to the ungrouted piles.

Charts 3.3 and 3.4 and the soil samples in figBr2s and 3.26 reveal the difference
in the drill cuttings between the drilling systeosed at the test site. It appeared that the
largest rock pieces (10-25 mm) tended to remaithéngap and that the smaller rocks
flew away from inside the pile. The finest masshbibéw away and also filled the rest
of the gap. The gap appeared to be filled withiettirock pieces that were almost the
same size as the extra size of the pilot. Theafetste volume of the gap was filled with
fine soil or drill cuttings. There was no eviderntfetence between the under-reaming
drilling bit and the solitary ring system excepatithe under-reaming drilling bit yield-
ed slightly larger rock pieces than the solitangrbit. This can be explained by the big-
ger openings in the pilot system (see figures a/a83.29). In the solitary drilling sys-
tem, the ring bit has only little openings in thaey face of the ring bit. The wing pilot
in contrast has larges holes from the bottom taydpewhen wings are opened. In wing
pilot system, the rocks can theoretically be agdas the gap.
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Figure 3.26: Soil samples 9-10 were collected at the top otigdolevel after each pile
had drilled into the bedrock. The drill cutting sples flew out of the pile while drilling
the bedrock.

Figure 3.27: Sample 10. These sample rocks seem to be spbf betrock on account
of their very sharp edges. The samples were takehe gap of the 440/12.5 pile wall
next to the ungrouted piles.
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g &y

Figure 3.28: Robit solitary ring bit attached to a pile. 440/%2ile RD pile wall at the
Masku test site

Figure 3.29: The under-reaming drilling bit manufactured by Rolt the left, the
wings are closed, and at the right, the wings adlp open.
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Chart 3.3: Granulation of soil sample 1. Sampled next topie drilled with the ring
bit
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Table 3.4: “Basic soils are soils with uniform grading (i.¢hey consist of particles of
only one size range) as specified in Table 1 8"S$N ISO 14688-1)

Table 1 — Particle size fractions

Soil fractions Sub-fractions Symbols Partil:;ﬁiz&s
Wery coarse soil Large boulder LBo = 630
Boulder Bo = 200 to 630
Cobble Co = 63 o 200
Coarse soil Gravel Gr = 2.0t 63
Coarse gravel CGr = 20 to 63
Medium gravel MGr = 6,310 20
Fine gravel FGr = 20t063
Sand Sa = 0,063 to 2,0
Coarse sand Csa =>0831020
Medium sand MSa = 0.2 to 0,63
Fine sand FSa = 0,063 0 0,2
Fine =soil Siit Si = 0,002 to 0,063
Coarse silt CSi = 0,02 to 0,063
Medium silt MSi = 0,006 3 to 0,02
Fine silt Fsi = 0,002 to 0,006 3
Clay Cl = 0,002

Equation 3.3 is used to calculate sand and graaempermeability values. This
equation was used even though sample 1 is defiéd\dng silt as a principal fraction
according to EN 14688 (see table 3.4). Sample 2beadefined as medium sand. Ap-
pendix 12 shows the calculated water permeabifityamples. As one can see, the wa-
ter permeability of sample 2 (3.5¢f0n/s) is very close to the tight packed drill quys
tested in the water penetration test. Sample lushnmore permeable at 2.7%10It
must be stressed that the water permeability vedoes/ery rough estimates. The drill
cuttings/clay materials, in contrast, were much enwatertight (see table 3.5) than the
estimates for samples 1 and 2. The drill cuttingy csample had no rocks and was in
tight packed form, which explains the huge diffeeno other samples. Also, at least
some of the drill cutting samples included cem@&hie drill cuttings/clay sample indi-
cates the watertightness of the bedrock drillingeho be nearly as watertight as a
grouted drilling hole. The variation in the watghiness is hugely dependent on the
material in the gap. Loose soil allows consideratdger to pass. Grouted drilling holes
lead to very tight rock-pile wall contacts.

100 xd1g *n_

k= Cl—r— "2

Equation 3.3: C is the Hazen constant (1/(m*s)), which has aeragye value of 2. d10
is the grain size at which there is 10% of the wholaterial smaller. Finally, n is po-
rosity. [19]
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Table 3.5: Water permeability of the drill cutting/clay sare®3 from the pile grouted

internally with no success (see section 3.1). Taempermeability was calculated with
the coefficient of consolidation defined in the &gande method after an odometer
test. The left column shows the effective nornrakstof the sample [kPa]. The right
column shows the water permeability [m/s]. [Apperdi20 and 22]

Vedenldpaisevyyskerroin

Casagrande
porras  k, m/s

100 2,1E-09
200 5,BE-10

400 2,4E-10

800 1,5E-10
1600 &,7E-11

When considering the rotational stiffness aspectashple 1, for example, the de-
sired material value is the tangent modulus se@guation 3.4. The tangent modulus is
non-linear modulus value for soil. In the FEM cddtion used in this thesis, the soill
was determined to be a concrete with non-lineastielanodulus values equal to the
tangent modulus values calculated from equationE@dm appendix 20, the graininess
of sample 1 can be seen in chart 2u3d angle of internal friction of 38° was defined.
The sample best corresponds to a medium densemaondien comparing to “sillan
geotekniset suunnitteluperusteet” appendix 4 taldeil material values [28]. The val-
ues m=800 an@=0.5 were selected. The tangent modulus and cosiprestrain val-
ues were calculated in table 3.6 for the FEM caltoihs. Equation 3.5 was used to cal-
culate the compression strain value.

1

o —

M=m*aa*<—>1'8
Oa

Equation 3.4: Equation for tangent modulus [28]

e=]a\d—a\— 1 [(i\)ﬁ—(i—i)ﬁ],inwhichﬁiO

= *
oo M mx*f [\og,

Equation 3.5: Equation for soil compressive strain. [28]
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Table 3.6: Tangent modulus and compression strain valuesdibrsample 1 taken from
the drilling hole of the RD 400/12.5 pile drille¢y bhe ring bit system. Measurements
were taken up to 1600 kPa, and the remainder wimated [appendix 20].

Sample 1 Tangent modulus values

o [kPa] P o;[kPa]  |M [MPa] |og [kPa]
1 0.5 BOO 100 B.O 0 0.0003
10 0.5 800 100 25.3 0]  0.0008
100 0.5 800 100 80.0 0| 0.0025
500 0.5 800 100 178.9 0| 0.0056
1000 0.5 800 100 253.0 0| 0.0079
5000 0.5 BOO 100 565.7 0 0.0177
10000 0.5 800 100 800.0 0 0.0250
30000 0.5 BOO 100 1385.6 0 0.0433
100000 0.5 BOO 100 2529.8 0 0.0791
200000 0.5 800 100 3577.7 0] 0.1118

3.2.3 Horizontal load test for single piles

Tests were done on site to improve the reliabiityhe theoretical rotational stiffness
calculation. Single 220/10 piles of approximateWp tmeters in length were horizontally
loaded, and the displacement and strain were mecsitira few levels along the pile.

In order to prepare piles for the horizontal testhick steel plate was welded to the
top of the piles to prevent deformation at the lnggoint of the pile and therefore im-
proved the accuracy of the measured displacemdst, #he spacing piece in contact
with pile was the same shape as the surface gfithé@o even out the force on the pile.
A drawbar 25 mm in diameter was drilled through pile tested to generate force on
the pile. The drawbar was bolted onto the RD pildl which was made from much
strong 440/12.5 piles. A hydraulic jack was attacbehind the spacing piece to exert
force on the drawbar. Next to the jack, there wasnatrument to measure the exact
force on the drawbar. The last part was the base jgind bolt. The test equipment are
shown in figure 3.30.
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Figure 3.30: Horizontal load test. Ungrouted pile tested a thoment

To measure the exact displacement of the pileparage supporting wall frame was
built behind the pile tested. The displacementrumsents were attached the frame, so
that the force of the tested pile could not aftbet results measured. The displacement
of the piles was measured at three levels: atdraeflevel of the pile, at the middle of
the pile and near bedrock level. To be on the siafe, four strain sensors were glued
onto the pile to determine the stress on the pikengd the test. Strain sensors were at-
tached at two levels: near rock level and halfwpyon both the compression and ten-
sion side of the pile. The strain and displacemesttuments are shown in figure 3.31.



Figure 3.31: The displacement instruments were installed nlearbedrock level on the
glued blade to keep the sensor from slipping altregsurface of the pile. Below the
displacement instrument is a strain sensor gluethéatension side of the pile.

To prevent different piles from behaving differgnith the load test, the piles with a
grouting channel were set 90 degrees from the tireof the load. Grouting profile at
the neutral axis of the pile has only a small immacthe bending stiffness of the pile in
comparison to a profile added at the compressidarmion side of the pile. Also, a pro-
file 90 degrees from the load direction will notvhacontact to bedrock before the pile
itself. In theory piles with a grouting channel remine additional rotational stiffness in
measured piles compared to the piles with no cHabeeause the piles with a grouting
profile were able to spread the stress wider inéogrout or drill cuttings than piles with
no grouting channel. On the other hand, real RE walls have interlocks on both sides
of the pile, meaning that the rotational stiffnesk be even higher than in the test case.

3.23.1 Results

In the field survey, the displacement was measatdtree levels. The first level was a
little higher than the bedrock level. The secondsse was located approximately one
meter from the bedrock, and the third was at alniostsame level as the horizontal
load. The displacement at the exact height of tlael Wwas calculated when there was a
difference in height. The method of least squaras uwsed to calculate the shape of the
pile. The deflection curve should be y=2%k*x. The a*¥ comes from the deflection of
the pile. As one can see from figure 3.32, theed#ithn is dependent on the moment
and shank of the force at the base of the cantilé&é&en the moment is the same, the
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deflection is function of X to the power of 2. Ometother hand, when calculating an
example where the deflection is calculated at tiek &f the cantilever and at the mid-
way point (x=L/2), the deflection is BA(3EI) at the end and BI(12*El) at the midway
point. In other words, the difference is four tin@gyer at the end of the cantilever. As-
suming that deflection at the end of cantilevel,ighe deflection at the half must be
(L/2)? = Va.

Attempts were made to add constant c to the equdiia the formula did not fit any
case other than that of the pile with very loosdemal in the gap. At the point where
x=0 (bedrock level), the formula gave negative juga, which is not the case. At the
bedrock level, the pile seemed to deflect more thewdisplaced into the grouting mate-
rial. From figure 3.33, it is evident that theresagpproximately a 2 mm gap between
the grouting material and the steel pile at therd&dlevel. The displacement measure-
ments indicate that the displacement was even lI¢ivérmm) 17 centimeters above the
bedrock level. The method of least squares indicttat the displacement at the bed-
rock level is very close to 0 mm, meaning thateéhtre “gap” was due to deflection of
the pile. After releasing the horizontal load, e disappeared almost completely.

The gap of test pile 22 was filled mainly with clahere may also have been partly
grouted clay as the internal grouting of the pilegswinsuccessful. In this case, the for-
mula y=a*¥+b*x+c worked best, because the pile exhibited axiprately 15 mm dis-
placement at the bedrock level. Appendix 9 showsettimated deflection of the pile,
and chart 3.6 shows the force-displacement comelah pile 22 during the load test.
The force was relieved, because the jack displantimed a limited functional range.
The drawbar had to be tightened and the jack reteassome point.

Taulukke 1 Ulokkeen ja kaksitukisen palkin eriiiden kuormitustapausten kimmoviivoja.
{x -u}" =({x—a)" Jjos x—a=z0, mutta {x a)' =0, jos x—a<=0

i Il s i[_g_“_ ”a] o mMr yo=ML
1% ; B [ 2F] B 2E " Er
2
| F = 3 2
] x 1-:.Lﬂ [3Lx2—x2+{.r—f_}:] 1J“=—FL V= FE
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Figure 3.32: [Outinen.H, Salmi.T, 2004 Lujuusopin perusteet]
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Figure 3.33: Grouted pile (number 20) at the maximum horizoldal. The horizontal
displacement and deformation of the pile at therbekdlevel was approximately 2 mm
on the tensile stress side of the pile.

Chart 3.5 reveals the difference between the parchation and additional dis-
placement from the rotational angle caused by lmkdpde joint stiffness. The differ-
ence in the case of the grouted pile in chart 35 much smaller than in the pile with
clay in the drilling hole in chart 3.6. As one cse®, there is no clear elastic slope, and it
is thus not possible to determing,S In addition, measurements at very low horizontal
load were not accurate. For example, in charttBébslope &, in the very beginning is
considerably lower than;9nstead of using;i, it is more realistic to usg & specify
the joint as rigid or nominally pinned.; iS linearized from a load scope of 0 kN to the
maximum elastic load for the pile.
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Chart 3.5: Drilled into bedrock, gap grouted. The pile waaded horizontally until it
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Chart 3.6: Pile drilled into bedrock, gap filled with clay drmpotentially a small amount
of cement. The pile was loaded horizontally ubti¥ent into the plastic range.

The displacement at the top of pile is reduced lbgtie deflection of the pile. The
rest of the displacement is due to the flexibibfythe joint. The theoretical joint in the
upper level of the bedrock consists of pile deftetin the bedrock pile and the tilt of
the pile and horizontal displacement. The horiziodisplacement in the drill hole is
ignored, because it is relatively small comparedht displacement at the top of pile
caused by tilt and deflection.

As one can see from the calculation (appendixd),220/10 piles tested were not
categorized as having a rigid joint or nominallyed joint according to EN 1993 (see
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figure 2.1). Therefore, the joints had to be trdaie semi-rigid joints. Two out of four
piles were included in the calculation as theyespnted the stiffest and least stiff piles.

In the test site case, grouted pile number 10 Wa% out of the rigid joint in cases
where bracing is assumed taking over 80% of hotaodisplacement and 21.6% in
cases where bracing took less than 80%. On the btrel, the joint is was 1085.3%
stiffer than a nominally pinned joint. When the gaps basically filled with clay, the
joint was almost nominally pinned joint. It was wrdl.82 times stiffer than the limit for
a nominally pinned joint.

It should be noted that pile length affects EN 18§Riness classifications as seen in
figure 2.1. In other words, if grouted pile numi€r were about five times longer, the
requirement for a rigid joint would be met. Thatans the load (result of soil pressure)
would be at a level of approximately 10 meters, tn@RD pile wall would be 30 me-
ters high. In that case, the joint would also beemigid, because the shearing force
would be much smaller with the same bending monmig. stress at the top of the bed-
rock and the gap would decrease in that case.

Chart 3.7 shows the dependency of rotational s#non load level according to the
results of the site test. The stiffness risesrat,fperhaps because the gap between the
pile and the bedrock may not be 100% full of grantl the grout itself have air/water
pores inside due to the relatively high water-toieat ratio (0.55:1). At some point, the
stiffness decreases as the load increases. Theadewy stiffness may be explained by
tendency of the elastic modus of concrete and gmdecrease as the stress level rise.
The overall linearized approximation of the rotatibstiffness is a rather good approx-
imation for grouted piles.

Rotational stiffness
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Chart 3.7: Pile drilled into bedrock, gap grouted. The pilasMoaded horizontally until
it went into the plastic range. The chart shows nbiational stiffness calculated from
the load test data..
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The behavior of the pile with clay in the gap (skart 3.8) was very similar to the
grouted pile in chart 3.7, except that the groytiéel was much stiffer. Also, the joint of
the pile with no grouting exhibited plastic defotioa in pile’s elastic load range. The
reason that the rotational stiffness starts at memhart 3.9 and slowly increases over
the second loading of the pile with clay in the gaphat clay was moved out of gap as
in figure 3.24.

Rotational stiffness

Pile with clay in the
gap, pile number 22
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Rotational stiffness [MNm/rad]
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Chart 3.8: Rotational stiffness of the pile with clay in tth@lling hole gap. The chart
shows the rotational stiffness calculated fromltssl test data.
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Chart 3.9: Rotational stiffness of the pile with clay in ttelling hole gap. Second
loading of the pile after the first load was reledsdue to the limited functional range of
the jack. The chart shows the rotational stiffnessulated from the load test data.
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The grouted pile exhibited more elastic behaviee(shart 3.10). The pile only ex-
hibited some plastic deformation at a load of 87 when the elastic limit of the pile
was 73.1. Some of the deformation was due to pldsiilection of the pile.

Pile 10 (grouted) force-displacement
120 perre™)
/ / == Displacement at the
166 level of load (top of
—_ 20 | / / the pile) [mm]
= oY A/ 7
% 60 / /I / e £ ASA
. 7/
—20— / Pile elastic
-50 o 0 50 100 150
“Horizontal displacement [mm]

Chart 3.10: Pile drilled into bedrock, gap grouted. The pileasMoaded horizontally
until it went into the plastic range. The disconity in the displacement around 40 mm
was due to the fact that the measuring device vedsable to move like pile at that
point.

3.3  Other remarkable findings from the Masku tests ite

A water-to-cement ratio of 0.55:1 was mostly usaddrouting at the test site. Thicker
mixtures tended to cause blockages in the hosatiggoadapter and RF injection chan-
nel. When lower amounts of water are used, plastigiingredients should be included.
Unnecessary restrictions in the system, e.g., enhbses, the injection adapter, etc.,
should be avoided to prevent blockages. For exantb& injection adapter channel
should be smooth unlike the one used at the ties(sge figure 3.7).

The grouting mass will not flow through the injectichannel if the channel is filled
with soil or other materials. The upper end of atifgn channel should be closed to pre-
vent material from dropping from the upper side wipdes next to the injection are
drilled. If the grouting mass does not flow throutje injection channel, the channel
should be cleared. The most effective way to ctearchannel is to insert a thin pipe
into the bottom of the channel and inject pressariwater or air into the channel. Pres-
surized air, for instance, can be used to checkivehghe channel is blocked. If grout
hardens in the injection channel, it will be viltyampossible to use later on.

The background of an RD pile wall can be groutedanaking from 10 mm to 16 mm
holes in the side of the RF interlock at, for im&t@ 500 mm intervals and blocking the
holes with plastic plugs to keep soil from pouringp the channel. If plastic plugs are
not used, the channel should be cleared befordiggoWhen using background grout-
ing, extra injection channels should be used ta@nmjection into the bedrock drilling
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holes if the drilling holes require grouting. Thackground grouting will probably
spread primarily into the area where the oversmting bit loosened the soil as seen
in figure 3.34. Background grouting supposed to en@Kconcrete” wall behind the RD
pile wall with thickness equal to the excess dgli At the test site, some parts of the
wall background were grouted.

i ‘{' routing at the :
| ,e surface of the pile 5%

.“1

]
Y ij E Thlckness equals
S 78 around the drllllng
= Joversize _

Figure 3.34: Soil pieces collected next to the pile with baokepd grouting. The grout-
ing was spread mostly into the excess drill spa®d to pile. This picture was taken at
the Masku test site.

When designing RD pile walls, attention should be&lpnto interlock lengths. If the
RF interlock is too long and ends at too low a letree RF interlock may stop the pre-
vious pile’s ring bit. This occurs when a pile idldd deeper than the previous pile. The
contractor should pay attention when the bedrookgs deeper than in the ground sur-
vey and cut the RF interlock shorter if necessary.

If the top of a male interlock fills with soil oock, it should be cleared to avoid addi-
tional friction in the interlocks. In some caseghhfriction may damage the interlocks.
Using interlock sealant will keep soil from findintg way between the interlocks as
easily. Sealant mass may function as a lubricathtd@crease friction even more.

The volume of grouting material used should be twthree times more than theo-
retical mass needed. Grouting material tends teasbfirst along the path with the least
amount of drag. Using more than the theoreticabma of grout mass will make it
more likely that the grout will flow into the warmte@arget after any unnecessary places
or paths are filled.

At the test site, grouting pressures were genefatty 8 bar. The maximum pressure
indicated by the equipment at the test site wato1B bar. When using RF rings, the
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resistance of the grout increased and the presssee Table 3.7 shows that internal
grouting tended to require slightly higher presstargpenetrate the soil in the drilling
hole than grouting via an RF interlock. When gnogtfrom inside the pile, the grout
first had to penetrate the area below the pile théogap. It was also observed that after
the grout reached the drilling hole gap, the pnessended to drop. The reason may be
that the pile had to ascend a little for the grimuspread. When pile moved, the grout
had a free path to flow. It would be necessary liseove if the pile ascends during
grouting when pile is internally grouted. If pilsands, it should be driven to ensure
that pile is at the bottom of the drilling hole.idng the pile is necessary, especially
when pile will be vertically loaded.

Table 3.7: Grouting pressures needed at the test site

Pressure need to penetrate the grout into the drilling hole gap

Pressure when Pressune when
grout started to \jﬁ:p
Pile |Type flawBar] grouting(Bar]  |Cormemean
1|-
|-
3|mnjectian ring 18] 18| Grout i riod flow
4{Injedtion ring 3| 15|Blocked before dhesignisd walurne
5|Holed AF 8| 3]
&|Holed RF 4] |
7|rF z &)
- : ; I
9|RF ] 8
10| Injectian ring aj 18]Injection adapter tend to blodk
11}-
12
13 |Injection ring - - | Grgut i ro flosy
14|injectian ring 5 5
15]-
1k
17]-
1H|-
19|RF 5 &
DIRF F 7
21 {Internal grouting 10§ 1) hdass flow without resistance when guit grouting
72| internal grouting ] 5
23 |nternal EmutinE 5 t'llMar: presioure was 7 bar
maximum pressore of equipment used in test was 19bar
AVERAGE |
Injectian ring 5 10|
Hodad AF al 5
RF 175 G675
Internal grouting 5.67 3.33)

One finding was that drilling tends to stabilizedadrill cuttings only began to flush
out of the inside of the pile after 1 to 1.5 metéwsr further site investigation, 2 meters
of soil over the bedrock should be reasonable incemditions similar to those at the
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Masku RD pile test site. The test site had 3 toetems of soil over the bedrock. Less
soil to drill reduces the excavation required. Alsborter piles can be used, and there
are fewer challenges associated with unwateringxicavation.

The best grouting method according to the resutts fthe test site was grouting via
RF interlocks. In theory, the injection ring is aveetter due to wide spreading at the
base of the toe of the injection channel. At tls $ite, the injection ring method proved
to be less reliable due to the tendency of blockagdorm in the channel. Considering
the reliability, cost and rather small advantageegiby the injection ring, it is not worth
using without additional product developments. @timod grouting methods seemed to
be grouting through the pile. When grouting fronside the piles, the grout begins
spreading at the pile toe level and may therefpreag better than in RF grouting. On
the other hand, after forcing grout into the gapadier high pressure, the grout may
flow back into the pile once the path for the grisutreated if there is no counter pres-
sure in the pile. To prevent soil from flowing intiee drill cuttings and replacing the
grout, extra volume of grout should be used. Ifgile is concreted and the drilling hole
is grouted at the same time with a high-slump mitat additional pressure, there is
automatically counter pressure in the pile. Ingideuting can be used, for example, in
cases where grouting through an RF interlock falssome reason. That section of the
RD pile wall can be grouted through the pile.

The gaps in the test site RD pile wall were tigthcked with moraine/drill cuttings
alongside the piles that were not grouted. Thetgpread in a 25 to 45-degree angle up
from the injection channel when there was tighthgled soil/drill cuttings in the gaps.
The spreading of the grout is shown in figure 3Bte tightly packed soil in and above
the drilling hole is shown in figure 3.35. Suchhtily packed frictional soil made it more
difficult for the grout to spread all over the gajihout an injection ringThe test site
results reveal that grout replaced the cohesidrirsthe gap of single pile quite perfect-
ly, as evident in figure 3.37. Somehow one of thespwith an injection ring showed
worse grouting results. Figure 3.38 shows how atlgut 50% of the drilling hole was
filled with grout. That said, the deepest 50 cm @iutotal 100 cm drilled was hard ma-
terial, probably grouting. The grouting may haverenore successful if more than the
theoretical grout volume were used. Figure 3.39vshcement material in the pile that
was not grouted. The nearest grouted pile was abéuineters away. Above the bed-
rock, no cement path was found. The cement proliiyed through a suitable crack
in the bedrock. Watertightness may be insufficientRD pile walls with a non-
continuous grouted gap caused by tightly packeldisdhe gap. This may occur when
the diameter of the pile is larger than the pil#edt into the bedrock. In such cases, it is
likely that the grout will spread more widely aethedrock level when there is no more
than tightly packed soil. When the grout spreadthatbedrock level, it may improve
watertightness compared to non-continuous groutingas observed from the bedrock
level in the gap in the bedrock hole that the gtentled to break when drilling samples
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or removing the wall. For the calculations in tthigsis, it was assumed that the entire
drilling hole was filled with drill cuttings, sodr grouting mass.

Figure 3.35: Tightly packed moraine in and above the drillir@eh Some grouting ma-
terial may be mixed into the moraine. This phots ta&ken at the Masku test site.

Figure 3.36: Grout spread in a 25 to 45 degree angle from deedf the RF interlock’s

injection channel. The RF interlock ended 100 mmveakthe toe of the pile. The pile
diameter was 508 mm, and the pile was drilled 509 imo bedrock. The soil that the
grout had to replace was tightly packed morainghe gap. The bedrock, the drilling
hole and the RD pile wall were washed using a pnéssd washer. Any moraine with
only a little grout was probably washed away, amiiysolid grout material remained.

This photo was taken at the Masku test site.
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Figure 3.37: Pile grouted through the injection channel. Thewrperfectly replaced
the clay/drill cuttings in the gap.

Figure 3.38: Pile grouted through the injection channel and iajection ring. The
grout replaced the clay/drill cuttings in the gaplypon one side. There was harder ma-
terial for 50 cm out of a total of 100 cm drilledarder material was noticed using a
metal pipe. The first 50 cm consisted of soft elag suddenly the pipe stopped.
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Figure 3.39: The pile had grouting around the pile even thopgé was not grouted. A
piece of the material was tested at the Tampereassity of Technology laboratory.

3.4  Experience from other ongoing RD pile wall site s

For the Urheilupuisto metro station in the Lanismmgtroject, there were extra tight
requirements regarding watertightness. Next to ¢bastruction site, there was a
ground-supported building. The soil at the site Wwasically thick organic clay, and the
groundwater level was near ground level. Lowerimgugdwater level was thus not
acceptable. (Collins, N 2011)

The main structure for ensuring watertightness avabeet pile wall. Where the ex-
cavation was deep, an RD pile wall was used foraes¢curity. The RD pile wall was
drilled in front of the sheet pile wall. The RD gul were RD 600/10 piles, and the inter-
locks were E21W/E21N interlocks with a drilling diater 96 mm wider than pile itself.
The interlock type is shown in figure 3.40. The gegs not grouted. Instead, the piles
were filled with high-slump mix concrete, K40, SBax 16 mm aggregate, self-
compacting concrete (interview memo). The strengthK40 concrete is between
C30/37 and C35/45 Eurocode EN 1992. WOM-WOF intkdowere also used in an-
other section of the pile wall.
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Figure 3.40: The interlock type used in the RD pile wall in tEasimetro Urheilupuis-
to project. Picture: Ruukki

According to construction manager Erkki VirtanenR&ab Infra Oy, there were no
leaks between the RD pile wall and the bedrock gxmx 22: interview memo]. As of
16 June 2013, not all of the RD piles were excalatethe way from the ground level
to the bedrock. The deepest RD piles excavated dowedrock had about 9 meters of
water pressure in the gap between the bedrockrenplile wall. Some of gaps had been
filled with material similar to solid concrete up the top of the bedrock level. Solid
material was not breakable with a sharp metal gfigkire 3.41). Appendix 18 gives the
actual drilling depth and bedrock level of piles2Bland P273. Solid material was
found in the gap of concreted pile (P126) a hegjtG.4 meters drilled 1 meter into the
bedrock. So, in that case, the concrete climbedcetemfrom bottom of the pile to the
top of the bedrock as a result of approximately kB@ in pressure (24 kPa/m*6.4 m).
By contrast, pile P273, 7.5 meters high and drillésl meters into the bedrock, had no
solid concrete-like material at the top of the loeltr Instead of solid material, the gap
was filled with drill cuttings or glacial till fronthe soil near the top of the bedrock level.



59

Figure 3.41: Solid material in the gap of pile P126, Lansimetdoheilupuisto

In the Lansimetro Koivusaari metro station, the Bil@ wall bedrock drilling hole
was grouted successfully as shown in figure 3.AXdivusaari, the rock drilling hole
was grouted using 20 mm pipes located on the greide of the wall. About 50% of
the pipes could not be opened with pressurizedrae. bedrock was also curtain grout-
ed before grouting the drilling hole. Curtain giagttends to rise into the drilling hole,
which explains both the high number of blocked étign channels and the success of
the grouting. There were no leakages from theimgilhole [Appendix 22: interview
memo].
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Figure 3.42: Grouted drilling hole in the bedrock. Picture: Lsimetro Koivusaari met-
ro station, taken after excavation by WesterlumtfiA3 August 2013
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4 ROTATIONAL STIFFNESS OF RD PILE
WALLS USING THE RESULTS OF THE FIELD
SURVEY

4.1  Rock-pile rigidness calculation, Ansys FEM

The FEM model was created with ANSYS R14.5. Inrtiadel, the bedrock was mod-
eled as hard concrete with only little tension cifyaThe gap material was modeled as
concrete when the gap was grouted and as a comtbtenly little tension capacity
when drill cuttings or soil were used. The pile vgasictural steel with values set equal
to S440J2H material values. In the model, cononete modeled with isotropic plastic
hardening [7]. The hardening of the concrete ardtdek materials was set very close
to zero. When the material reaches the yield sttessstress no longer increases. The
very soft clay material in the drilling hole hadlie modeled as non-breakable concrete
material with the hardening set close to zerohindite test, the displacement of the pile
was so large that the material compressed from @7ton13 mm. This made the theo-
retical compression strain approximately 50%, whglhuge. In reality, clay material
extruded out of the drilling hole on the compressale of the pile. That kind of behav-
ior cannot be modeled; however, as the remaininigmaa still supports the pile, mate-
rial had to be modeled as non-breakable. The staglmodeled with kinetic hardening
[9]. The difference between kinetic and isotropazdening is shown in chart 4.1. Bed-
rock on the X, y and z axes are supported from sigehof the bedrock block.
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Fig. 2 oediagram of uniaxial cyclic test.
Isotropic hardening
----- Kinematic hardening

Chart 4.1: Cyclic loading [8]

The FEM calculations were made using frictionaltachbetween materials with the
frictional coefficient value set to both 0.1 an8.0The coefficient of friction for steel on
concrete varies in the literature from 0.47 to Odgfpending on the stress level and
whether the material is wet or dry [20,21]. Theftioent of friction for concrete on
rock ranges from 0.5 to 0.8 in the literature [32224]. The force was set equal to the
maximum elastic horizontal load (see figure 4.1thé model was not able to resolve,
the force was reduced. Characteristic values ®nthterials and load were used.

[
0.000 2.000 () K-—L
[ ———

1.000

Figure4.1: FEM model modeling pile rotational stiffness. Pilg grouted gap
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The element mesh was produced automatically by ABIS¥th the mesh defined as
denser on contact faces. The maximum mesh sizes&tds 50 mm, but the mesh real-
ized was much denser as seen in figure 4.2. Tieenpdsh, for example, was approxi-
mately as thick as the pile, i.e., 10 mm.

Figure4.2: FEM model: The mesh was made denser at pointsntact between mate-
rials. Pile 220/10 test pile number 10, grouted gap

Figure 4.3 shows a horizontal displacement vergeclo the displacement measured
at the test site. Also, the displacement at thedstdevel was very similar.

Figure 4.3: FEM model: Horizontal displacement at maximum loBde 10, grouted
gap
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Another model was made modeling the grout, rock soitdas linear materials with
no breaking point. The results were inaccuratenawvieen pile was drilled into the bed-
rock about twice its diameter and the gap was guohuin the grout, there was a maxi-
mum tensile stress of 6MPa. The ultimate tensilength of grout was about 3 MPa.
When the piles are drilled less, the inaccuracybrexs even larger. At lower loads, the
stress naturally remains lower and the materiakfioee models in a linear range.

-1.3296e6
-2 551066
3774366
-4 H9EGEE

Z
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0.000 0.600 (m) X.—L
I

0.300

Figure 4.4 FEM model: Tensile stress in grout when materiadsi is linear. Pile 10,
grouted gap

The horizontal displacement of the pile at bedreclel was very small when the gap
was grouted as seen in figure 4.8 and in the deftvom shape in figure 4.5. The defor-
mation shape fit the shape where the horizontgllaiiement of pile was zero at the
bedrock level quite well. Moreover, when fittingetlleflection curve, the direction of
the displacement at the bedrock level was oppdsiteat of the load. That cannot be
the case. The fitted deflection curve is shownigare 4.6. The method of least squares
was used to fit the curve.
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P20 deformation shape

Pile: RD 220/10

Fitting to solve displacement in level of force. 72.0 kN horizontal load
Least squared method

% ¥ ¥ {y-y')1*2  Comment Constant Best fit Equation: fix) = a*x*3 +b*x* 24c*x+d
-0.5 -2.74465 wu=height from bedrock [m]
0.1 -0.80241 ¥=horizontal displacemant[mm)|
o 0 y'=solved horizontal displacement[mm]
0.17 1.612734 1.654974 0.001784 53 [mm] a 0
1.025 15.54558 15.53217 0.00018 52 [mm] b 6.337065 on elastic deformation Shape
1.96 413105 4131384 1.12E-05 51 [mm] < 8.657842 e
1.97 41.64946 Load level d 0 Grouted pile
SUM(y-y'}*2  0.001975 | _
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E
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B Measured points  =——Fit

Figure 4.5: Least squared method fitting to horizontally loddgouted test pile 20.
The deflection curve was calculated using threatsaneasured during the Masku hor-
izontal load test. The displacement at the tofhefltedrock (constant d) was forced into
0. This figure is also shown in appendix 3.

P20 deformation shape

Pile: RD 220/10

Fitting to solve displacement in level of force. 72.0 kN horizontal load
Least squared method

x y ¥y {y-y') 2 Comment  Constant Best fit Equation: flx) = a*x"3 +b*x 2+c*utd
-0.5 -2.87789 x=height from bedrock [m]
0.1 -0.87632 Y=horizontal displacement[mm]
0 -0.06139 y'=solved horizontal displacement[mm)]

0.17 1.612734 1.612734 8.82E-16 53 [mm] a 0

1.025 15.54558 15.54558 2.34E-16 52 [mm] b 6.290687 Pzg elastic deformation Shape

196 413105 41,3105 5.04E-16 51 [mm] [4 8,778358 .

1.97 41.64551 Load level d -0.06139 Grouted pile
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E
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Figure 4.6: Least squared method fitting to horizontally loddgouted test pile 20.
The deflection curve was calculated using thre@atgaineasured during the Masku hor-
izontal load test. This figure is also shown in apgix 3.

Ansys FEM calculated the rotational stiffness iveay linear fashion. Chart 4.1
shows the graph of calculation where the strucivae loaded with many partial loads
until reaching the elastic limit. The FEM analysias more linear than the measured
rotational stiffness cited in paragraph 3.2.3.1afT$aid, the largest variance from the
average value was only 0.3%. In calculations, edliized approximation is much easier
to work with. Because of linearity, a partial sgfebefficient can be added after the
FEM calculations.
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Rotatinal stiffness from FEM
calculation, pile 20, grouted
_.35
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Chart 4.1: RD 220/10 pile drilled 1 meter into bedrock, gamwed. The pile was
loaded horizontally until it went into the plastiange. Linear material model. The
chart shows the rotational stiffness accordinghte EEM analysis.

In the non-linear material model shown in chart 4h2 rotational stiffness was less
linear than in the linear material model. The hggh®etational stiffness for the grouted
pile in the non-linear model is approximately 308nfi elastic load. The additional ro-
tational stiffness at 30% load is 4.2% higher thia@ rotational stiffness at the load
point of yield stress. The model behaved somewtitgrently when the pile drilling
hole was very poorly grouted and the gap includeshin clay. See section 3.1 for the
reason for the grouting failure. Chart 4.3 shovat ttational stiffness increases as the
bending moment in the joint increases. This was tis case in the linear model. The
model therefore calculated the rotational stiffneesslow at the low stress level in the
case of clay in the bedrock. The rotational stéB&alue at the elastic limit is about
25% too high as seen in appendix 21, and the ootatistiffness should therefore be
divided by 1.25 when used in RD pile wall dimengngn The reason why the rotational
stiffness tended to rise in that specific model waisclarified.
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Rotatinal stiffness from FEM
calculation, pile 20, grouted, NON-
linear material model

35
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25 -see TS50
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=== Grouted 220/10 pile,
pile number 20

Rotational stiffness [MNm/rad]

Chart 4.2: RD 220/10 pile drilled 1 meter into bedrock, gamwed. The pile was
loaded horizontally until it went into the plastignge. Non-linear material model. The
chart shows the rotational stiffness accordinghe FEM analysis.

Rotatinal stiffness from FEM
calculation, pile 22, clay in gap, NON-
linear material model
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Chart 4.3: RD 220/10 pile drilled 1 meter into bedrock, gdlfed with very poorly
grouted clay. The pile was loaded horizontally umtwent into the plastic range. Non-
linear material model. The chart shows the rotasibstiffness according to the FEM
analysis.

As one can see from table 4.1, the FEM analysimasts the horizontal displace-
ment due to pure joint (deducting the displacenaoénihe pile itself) to be approximate-
ly 20% lower than the actual horizontal displacetriarthe site load test. By way of
comparison, table 4.1 also shows a calculation /festion is set to 0.1 (and the mate-
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rial model is linear). A friction value of 0.1 vepjosely approximates the clay case.
Still, there was much more variation between tlfedint piles calculated.

Table 4.1: FEM model displacement compared to the piles deatdhe site. A clearer
version is included in appendix 21.

Appendix 21: rotational stiffness of test piles versus FEM calculation

Displaceme
nt due to Displacement
FEM due to FEM
without without extra
extra springs and
Materian in Measured  [springs and large

the gap of displament |large FEM Mon-linear|Nan-linear|deflection
Pile the drilling when max  |deflection |displacement Diplacemen 0.5friction [0.5friction |allowed, linear [Linear Linear
lenght hole inbed  [Max elastic |elastic allowed, |compared to t from join, vs, reality |vs, reality |model friction |0.1friction vs, |0, 1friction vs.
Pile [m] rock force [kN] |force[mm] |friction 0.5 |tested measured |Comment TOTAL HOINT 0.1 reality TOTAL [reality JOINT

10| 1.97|Grouted 3.1 38 359 -5.5 %) 13.3|sand above rock level -5.5%| -15.8%) 373 -1.8 % -5.3 %
11 1.99|brilling mud 72.4 38.9 36.2 -6.9 %) 14.2|sand above rock level -6.9%| -19.0%) 37.2 -4.4 %) -12.0 %)
20 2|Grouted 72 413 37.5 -9.2 %) 16.6|clay abave rack level -9.2%|) -22.9%| 37.9 -8.2 % -20.5 %)
22+ 1.98|Grout/clay 72.7] 108.1 39.4) -63.6 %) #3.4|clay above rock level -63.6 %) -82.4 % 38.3 -64.6 %) -B3.7 %)

220 1.98|Grout/clay 72.7 108.1 95.7 -11.5 % &3.4|clay above rock level -11.5 % -14.9 % 108.5 0.4 %| 0.5 %,
*Non-grouted tight, drilling mud
**weakest clay-concrete sample values
***yeakest clay-concrete sample values/1000

4.1.1 Rotational stiffness analysis in Ansys to be used in RD pile wall
dimensioning examples in GeoCalc

The bedrock stress level in the linear material ehaglshown in figure 4.7 and is very
high. The maximum compression is approximately R0®a. Many bedrock materials
are at their breaking point at such high stresel¢evrhis thesis does not discuss the
details of bedrock design resistance. In the FEMutations, the bedrock was assumed
to be unfragmented and have same strength as thhedietested in site test. The stress
in the bedrock is higher when pile is drilled tdyoa short depth. Deeper drilling reduc-
es stress on the bedrock. Many times, the bedsotilagmented at the top, and drilling
may damage the bedrock even more. Short drillingthdeshould thus be avoided if
there are no structures providing horizontal supgdéorizontal support can be provided
using rock dowels or toe beams as discussed ifosett When the excavation level is
below the toe of the RD pile wall near wall as seefigure 1.8, extra horizontal sup-
port should be used. Another option is to drilepiall below the excavation level next
to wall.

If grouted 500/12.5 piles were drilled just 254 rmto the bedrock, the grout would
obviously fail before the bedrock would. The stresggrout is greater than the stress on
rock. The grout compression stress in figure 4.@kdeut 240 MPa. For comparison,
appendix 19 includes a hand calculation in whide @ assumed to be solid and that
maximum compression is 156 MPa. This hand calauayields relatively less stress
the deeper the drilling.

The Ansys FEM calculations for GeoCalc were madeguthe linear model and a
friction coefficient of 0.1. In that model, the fifences between the FEM model and
reality were rather small as seen in appendix 2ite Potational stiffness values were
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used without an extra coefficient. The linear moctmild be used in this case, because
drilling depth was set as much as 3.94 times diamet

Min 4

Figure 4.7: Stress in bedrock. 500/12.5 pile maximum elastiizbntal load, drilled
254mm into bedrock

In the Ansys FEM calculations, the pile length abtive bedrock level was one third
of the height in the GeoCalc model. The horizoldat was located at the top of the cut
piles. The horizontal load was chosen to be equ#he maximum elastic load. In this
case, the deflection in the bedrock and the gapnwil increase more than the elastic
load. The bending moment in upper level of the beklwas 1035 kNm when the hori-
zontal load was equal to elastic load, or 444 kNisTs calculated in appendix 2. The
load was located one-third of the way from the beklr because the load from soil and
groundwater is basically triangular, increasingdirly starting from zero at the surface
level and reaching a maximum value at the deepest.IThe pile length above the bed-
rock level was 7 m/3=2.333 m. The horizontal loab\wocated at the top of the pile.

Figures 4.8 to 4.10 show the horizontal displacdgrnéthe model with the same ge-
ometry and loading with different material in drly hole gap. Figures 4.10 and 4.11
both have soil sample 1 in the drilling hole. Figdr11 is loaded with only one-tenth of
the load in figure 4.10. The partial load was clitad due the non-linearity of soil
sample 1, demonstrated by the fact that the bedewet displacement in figure 4.11 is
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not 10 times less than in figure 4.10. The disptaeet at the top of the bedrock and the
toe of the pile were used in the GeoCalc modehtiate similar rotational stiffness.
This method of generating bending stiffness is amtaccurate method as a torsional
spring would be. For example, the horizontal disphaent is different at the different
points on pile cross-section due to deflectionhef pile, as seen in figure 4.10. Because
displacement is dependent on load, the load leasltaken into account the calculation
in appendix 2. In linear cases, the displacememspatific load levels can be derived
from the displacement at the elastic load withaognificant inaccuracy. For soil sample
1, the calculation in the FEM analysis also halealone at the load level, derived from
bending moment level applied in the GeoCalc catmria. Calculation process is an
iterative process, because fixing the bedrock sapmmmditions in GeoCalc, discussed
in section 4.2, also changes the bending momettiarpile at the top of the bedrock
level. Changing bending moment obviously changesdisplacement in the drilling
hole as well. In linear material or piecewise lingaaterial, such as grout at low stress
levels, the desired displacement is easy to cdkula non-linear material models, such
as the one in figure 4.11, the displacement cay loaicalculated by FEM. The GeoCalc
calculations are given in section 4.2.

min:
23102013811
002963
0.026342
| 0023004
|| 0019686
N 0.016328
| 01208
H 0.0096526
! 00063147
o 0.0029760
-0.00036033

1.0134e-003 ]

.‘_I
0.000 A 3

Figure 4.8: Deformation of the RD500/12.5 pile grouted in bexlrock. The pile was
loaded with the maximum horizontal elastic load.
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Figure 4.9: Deformation of the RD500/12.5 pile with clay iretgap. The pile was
loaded with the maximum horizontal elastic load.

Figure 4.10: Deformation of the RD500/12.5 pile with soil saenplin the gap. The pile
was loaded with the maximum horizontal elastic load
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M 0.0085662
Min: -0.0011494

21220121335
0.0085557
0.0074773
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0.0053207
0.0042424 M
0.003164 155488003
0.0020857
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-0.0011483
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18627004 g
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Figure4.11: Deformation of the RD500/12.5 pile with soil saenplin the gap. The pile
was loaded with 0.1 times the maximum horizontsted load.

4.1.2 Drilling depth in relation to rotational stif ~ fness

The Ansys model was loaded in many load stepsentiky rotational stiffness at each
step. The average values from material laboratesy were used in the FEM analysis
(see table 3.3). The values represent charactevistiies. The load height, bedrock ma-
terial, pile material and dimensions remained sahhe. rotational stiffness was calcu-
lated for a few different drilling depths in casebere there was grout material and
weak clay-like material in the bedrock drilling eajap. The pile length above the bed-
rock was same used in the calculations in sectibr1 41220/12.5 piles were calculated
using a pile length of 3 meters, because the displant gave erroneous results when
pile length to pile diameter below 2. A frictionef@icient of 0.5 was used in the FEM
calculations. A non-linear material model was ugter the FEM calculations, an ex-
tra coefficient of 0.8 for rotational stiffness wased to compensate for the 20% smaller
displacement in the FEM calculations versus thd keat results. In non-linear material
model with a friction coefficient of 0.5, the ratatal stiffness value had to be multi-
plied by 0.8 to obtain more realistic value. A carigon of the FEM calculation and
load test results was presented in section 4.1.

The FEM analysis shows that when RD piles areedtitbinly a short length into the
bedrock, rotational stiffness decreases as bendmment in the joint increases. Chart
4.4 shows the results of the FEM analysis. In tteetest, 220/10 piles were drilled one
meter (4.6 times diameter) into the bedrock. Irkbe site test (see chart 3.7) and the
FEM analysis as seen in chart 4.2, the drop atkhgtic load level was much smaller
due to of deeper drilling. Also, the FEM analysischart 4.5 shows a much smaller
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drop in rotational stiffness at the high load lewlen the piles are drilled at least twice
their diameter into the bedrock. Chart 4.6 shdvesrbtational stiffness of the grouted
RD1200/12.5 pile at the load level at differentloig depths.

250
200 0.5d
—1d
50 2d

=2 m =3.94d

o
o

Elastic limit

—

Rotational stiffness
[MNmM/rad]

Ul
o
=

™N

0 200 400 600 800 1000 1200

Bending moment [kKNm]

Chart 4.4: Rotational stiffness of a single 500/12.5 RD pdelled 254mm =
0.5*diameter to 2000mm = 3.94*diameter into the toe. The piles are grouted.

There is a drilling depth for maximum joint rotatad stiffness after which deeper
drilling does not significantly increase rotatioséiffness. The reasonable drilling depth
mostly depends on the material in the gap. Thegide also affects the maximum rea-
sonable drilling depth. Table 4.2 reveals thatla grilled 1.016 m = 2*diameter results
in nearly maximum rotational stiffness. Drilling @awmeters into the bedrock will not
greatly increase the rotational stiffness. In tlge@rhen considering rotational stiffness,
drilling into unfragmented rock should be to a dept not more than twice diameter.

The rotational stiffness at the elastic limit alasaenot a good indicator, because in
FEM calculations, the stiffness will drop signifitly when approaching the elastic lim-
it load. The rotational stiffness should be sel@@tthe point in which the structure will
be loaded. Because the bending moment depend aot#tional stiffness at the toe of
RD pile wall and the rotational stiffness dependgte bending moment level, calcula-
tions must be iterative to be more accurate. Ring,rotational stiffness should be se-
lected, for instance, at the level of elastic linfihen, the RD pile wall bending moment
should be calculated and checked to see whethdrethding moment is near to the as-
sumed value. If not, a new rotational stiffnessuitide selected.
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Table 4.2: 500/12.5 fy=440MPa pile rotational stiffness inaton to drilling depth.
The stiffness values are calculated at the failload. The bedrock drilling holes are
grouted.

Failure
Horizontal displacements at load level |  Stiffness bending
moment |Comment
Material in deflzll:ion
the drilling Drilling ! |Joint (Total-
hole®* depth Total lcalculatec.i pile)
in appendix
2
(m) (mmi) {mm) (mm) (MNm/rad) | (kN*m)
Grout 0.254 120.5 9.5 112.2 13.6 655.7
Grout 0.508 101.3 15.0 88.2 27.4 10359 *
Grout 1.016 28.7 15.0 15.6 154.9 10359 *
Grout 2 28.4 15.0 15.3 158.0 10359 *
Clay 0.508 1.0 163.3
Clay 0.762 2.7 2449
Clay 1.016 5.4 419.3
Clay 1.524 13.1 762.0
Clay 2.032 21.1 919.2
Clay 2.54 27.4 919.2

*Elastic bending moment, calculation ended
** Material value from material test.
Pile lenght 2.333m

From chart 4.5, one can see that in this thesgstdtational stiffness of the toe of the
RD pile wall is determined at the pile’s elastioga stress level. After the pile reaches
the plastic range, its deformation rapidly increadesplacement at the top of the pile
wall. The calculations taking into account the detion of the piles assume that the
displacement from pile deformation at the top & fhle is linear. That assumption is
not valid after the elastic limit stress level.
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Chart 4.5: Rotational stiffness of a single 220/10 RD pil#ledt 220 mm = 1*diameter
to 660 mm = 3*diameter into the bedrock. The paes grouted.
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Chart 4.6: Rotational stiffness of a single 1220/12.5 RD pitdled 1*diameter to
2*diameter into the bedrock. The piles are grout€de load height is 3 m above bed-
rock.




76

The FEM calculations in the case of clay in thdidg hole were not converged after
the pile had moved and deflected in the drillindehenough to reach the bedrock.
Therefore, the calculations indicate only the fpatt of the pile’s rotational stiffness.
The calculated rotational stiffness values depenhdarthe bending moment level and
drilling depth are shown in charts 4.7 to 4.9. Beeond part of the rotational stiffness
would increase significantly due to bedrock suppgristress; however, the displace-
ment of the wall at this point is so much that duld probably not be accepted. For
example, if a pile were drilled with a 27 mm oveesbne meter into bedrock, the dis-
placement at the top of RD pile wall would aboud 27m for a 10 meters height wall if
the wall were cantilever. In that case, the walluldoprobably be supported by a toe
beam, significantly limiting the displacement. Tiypical calculated displacements at
the bedrock level are much smaller than those seappendix 10, in which the dis-
placement is approximately 2 mm.
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Chart 4.7. Rotational stiffness of a single RD 220/10 pildledt 2.3*diameter to
18.3*diameter into the bedrock. The drilling hot#she piles are filled with clay.
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Chart 4.8 Rotational stiffness of a single RD500/12.5 pildledl 1*diameter to
5*diameter into the bedrock. The drilling holestlod piles are filled with clay.

45

D
o

w w
o wv
\

N
(0]

o

e =
o un

Rotational stiffness [MNm/rad]

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600
Bending moment [kNm]

o un

Chart 4.9: Rotational stiffness of a single RD1200/12.5 mitdled 1*diameter to
3*diameter into the bedrock. The drilling holesttoé piles are filled with clay.

Drilling depths of one and two times the pile’srditer (1d and 2d) were picked to
estimate other pile sizes than the calculated ROZZRD500/12.5 and RD1200/12.5
piles. These piles are supposed to be drilledtimcbedrock to a depth of at least three
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times the pile’s diameter. The reason for pickimgse drilling depths was that when the
piles are grouted, the rotational stiffness doesincrease much after a 2d drilling
depth. When dimensioning a pile wall, a shorteltidg depth than the designer’s speci-
fied drilling depth should be used for several ogas When determining drilling depth,
the sloping and roughness of the bedrock shoulthken into account. When the de-
signer uses a specific rotational stiffness vakeieved from the drilling depth in dimen-
sioning the RD pile wall, a longer drilling deptraynneed to be used in the construction
plan depending on the specific ground survey. Miamgs, the driller detects the bed-
rock level right away when one side of the pilechess the bedrock. If drilling depth is
measured from the first contact with the bedrokk,dther side of the pile may not even
reach the bedrock. In such a case, the rotatidiffless of the pile wall naturally will
not fulfill the theoretical rotational stiffness.n® diameter (1d) should be added to the
calculated drilling depth on account of the bedrskidping and another 1d in case the
bottom of the drilling hole is filled with clay angrout will spread 1:2. Grout is then
spread fully in the drilling hole. So, in a caseen 3d is assumed for drilling the RD
pile wall into the bedrock, 1d is justified for usedimensioning the wall, anchors, etc.
For ungrouted pile walls, 1d should be reducednhm gtructural calculations. On the
other hand, a stiffer connection may be worse wdmrsidering the ultimate strength of
the wall. That is why the real drilling depth shibie calculated as well.

The results of table 4.3 can only be used dirdotlyhe piles mentioned in the table.
Because the RD220/10 and RD 500/12.5 piles analgadddifferent wall thicknesses,
RD220/10 had to be replaced with an RD220/12.5 pil¢he rotational stiffness fitting,
RD220/10 was replaced by RD220/12.5; the rotatistiihess estimate was calculated
using the ratio of stiffness of pile RD220/10 and/R2.5. The EIl ratio of a 12.5 mm
wall to a 10 mm wall is 1.207. When using thickettonner walls, the values should be
adjusted proportionally by the EI ratio of piletable versus the pile intended for use.
The rotational stiffness will not decrease as rigpidecause the rotational stiffness of
the connection will be affected by both the bendstiffness of the pile (EI) and the
stiffness of the drilling hole surface (grout aretltock). Table 4.5 calculates the same
case with RD500/12.5, RD500/10 and RD500/8 pilessBown, the rotational stiffness
decreases slightly less than the El of the pileedsely, when increasing the thickness
of a pile wall, the rotational stiffness increasightly less than the bending stiffness of
the pile. When increasing rotational stiffness ealtor thicker piles, rotational stiffness
values ends up being slightly overestimated, thaughvery close, the inaccuracy be-
ing less than 2% in a one specific case shownbie ta 5.

Table 4.3 shows the difference between lineamfttand a better non-linear cubic
function, which better fits the piles calculategop®ndix 8 shows least squared method
fitting for other piles at different drilling depthand different load levels and with dif-
ferent materials in the drilling hole. At some poithe cubic fitting will overestimate
the stiffness. At those points, a linear fittingused. Appendix 8 contains more rotation-
al stiffness estimation tables for all pile siziesthe table, a correlation factor of 1/1.25
= 0.8 is included; there is more on the correlafexctor in section 4.1. Tables 4.4 and
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4.3 reveal the major difference between grouted wamgtouted piles. The stiffness of
piles with soft material in the drilling hole ispigally 1-5% of that of a grouted pile
when piles drilled one to two times diameter iriite bedrock. The difference decreases
when drilling deeper. Chart 4.10 shows the rotatiatiffness of grouted piles of differ-
ent diameters. Chart 4.11 illustrates the cubioffpiles not analyzed in the FEM analy-
sis using least squares method. More specific lzlons are given in appendix 8.
Three piles and zero position values for rotatiatéiness were known.

Table 4.3: Rotational stiffness of the grouted piles drilléd into the bedrock at
0.5*elastic bending moment level. This table camsed only at bending moment levels
ranging from 0 to 0.5*elastic bending moment. SNid/rad] is the rotational stiffness
of the pile’s connection to the bedrock.

Appendix 8 Drilling depth and pile size ralation to rotational stiffness
correlation factor 1/1.25= 0.8 is included, more of correlation factor in paragraph 4.1

Rotational stiffness of other pile sizes are fitted, drilling hole grouted

1d drilling depth, 0.5x elastic load

Analysed Single piles:  [Wall (RM-RF):
Diameter |according to fitted S, fitted S,
Pile [mm] FEM analysis |Cubic fit |Linear fit |Difference |[MNm/rad] [MNm/rad*m]
RD170/12.5 |168.3 6.9 9.7 2.8 6.90 29.68
RD220/12.5 219.1 12.6 12.8 12.6 -0.2 12.62 44,58
RD270/12.5 273 20.8 23.7 2.9 20.78 61.68
RD320/12.5 |323.9 29.8 34.1 4.4 29.76 76.71
RD400/12.5 |406.4 46.9 51.0 4.1 46.93 99.76
RD500/12.5 508 71.9 71.8 71.9 0.1 71.79 125.51
RD550/12.5 |559 85.5 86.2 0.7 85.50 137.24
RD600/12.5 610 99.9 100.5 0.7 99.85 148.15
RD700/12.5 711 129.6 128.9 -0.8 128.86 166.27
RD750/12.5 762 145.1 143.2 -1.9 143.18 173.34
RD800/12.5 813 160.6 157.5 -3.1 157.49 179.58
RD900/12.5 (914 191.1 185.8 -5.3 185.84 190.02
RD1000/12.5 |[1016 220.7 214.5 -6.3 214.48 198.59
RD1200/12.5 |1220 271.7 271.7 271.7 0.0 271.74 211.64
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Table 4.4: Rotational stiffness of the piles with clay in théling hole, piles drilled 1d
into the bedrock at 0.5*elastic bending momentlleVhis table can be used only at
bending moment levels ranging from 0 to 0.5*elasdnding moment. Si [MNm/rad] is
the rotational stiffness of the pile’s connectiorthie bedrock.

Rotational stiffness of other pile sizes are fitted, clay in the drilling hole
Least squared method

1d drilling depth, 0.05x elastic load

Analysed Single piles:  |Wall (RM-RF):
Diameter |according to fitted Sj fitted S,
Pile [mm] FEM analysis [Cubic fit |Linear fit |Difference |[MNm/rad] [MNm/rad*m]
RD170/12.5 |168.3 0.12 0.08 -0.05 0.077 0.33
RD220/12.5 [219.1 0.10 0.18 0.10 -0.08 0.100 0.35
RD270/12.5 (273 0.26 0.23 -0.03 0.226 0.67
RD320/12.5 |[323.9 0.34 0.34 0.00 0.340 0.88
RD400/12.5 |406.4 0.49 0.54 0.04 0.495 1.05
RD500/12.5 |508 0.77 0.72 0.77 0.05 0.722 1.26
RD550/12.5 |[559 0.85 0.97 0.11 0.852 1.37
RD600/12.5 |610 0.99 1.16 0.17 0.993 1.47
RD700/12.5 |711 1.30 1.54 0.24 1.302 1.68
RD750/12.5 |762 1.47 1.74 0.26 1.474 1.78
RD800/12.5 (813 1.66 1.93 0.28 1.656 1.89
RD900/12.5 [914 2.05 2.32 0.27 2.048 2.09
RD1000/12.5 [1016 2.49 2.70 0.22 2.485 2.30
RD1200/12.5 (1220 3.48 3.49 3.48 -0.01 3.480 2.71
Estimated rotational stiffness of different pile size,
piles are grouted into bedrock
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Chart 4.10: Rotational stiffness estimates for different @lees when the piles are
drilled 1d or 2d into the bedrock and grouted. Thé&ational stiffness is shown at the
maximum elastic bending moment and half moment.
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Estimated rotational stiffness of different pile
sizes, piles grouted into bedrock
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Chart 4.11: Rotational stiffness of the grouted piles drilléd into the bedrock at
0.5*elastic bending moment level. The rotation#fretss for the remaining piles was
estimated by cubic fit.

Table 4.5 Wall thickness in relation to rotational stiffnestthe pile’s connection to
the bedrock. The table features calculations famsacase as in section 4.1.1 with

500/12.5, 500/10 and 500/8 piles.

0.5* elastic load Pile lenght 2333 m
Elastic
bending S(0.5*F)
Elastic moment[kN W_el El [kN* El vs. Vs, relational
Pile load [kN] [*m] f_total f_pile 5 (0.5*F) |[cm”3] m"2] 500/12.5 |500/12.5 |increace of 5
500/8 292 681 19.91 6.42| 117.7395 1546.5 82488 0.66 0.66 0.52 %
500/10 361 841 19.96 6.42| 144.9311 1910.2| 101893 0.81 0.81 0.18 %
500/12.5 444 1036 19.98 6.42| 178.1846 2352.6| 125486 1.00 1.00 0.00 %
0.85% elastic load Pile lenght 2333 m
Elastic
bending
Elastic moment[kN W_el El [kN* El vs. S{1*F) vs. |relational
Pile load [kN] |*m] f_total f_pile S (0.5*F) |[cm”3] m"2] 500/12.5 |500/12.5 |increace of 5
500/8 292 681 38.42 6.42 49.65 1546.5 82488 0.657 0.669 1.72%
500/10 361 841 38.66 6.42 60.87 1910.2| 101893 0.812 0.820 0.96 %
500/12.5 444 1036 38.97 6.42 74.25 2352.6 125486 1.000 1.000 0.00 %
1* elastic load * Pile lenght 2333 m
Elastic
bending
Elastic moment[kN W_el El [kN* El vs. S{1*F) vs. |relational
File load [kN] |*m] f_total f_pile S(0.5*F) |[cm”3] mh2] 500/12.5 [500/12.5 |increace of S
500/8 * 292 681 101.38 6.42 16.73 1546.5 32488 0.657 0.419 -36.19 %
500/10 * 361 841 88.99 6.42 23.76 1910.2 101893 0.812 0.596 -26.62 %
500/12.5 * 444 1036 67.01 6.42 39.88 2352.6| 125486 1.000 1.000 0.00 %
* ungonverged solution in FEM analysis
4.2  RD pile wall calculations using different joint types

All geotechnical calculations were done using N@mpGeoCalc 2.4. The model was
based on the example model by Vianova Systemsrieiny shown in the document
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“Tukiseind: Vianova Systems Finland Oy: Versio 27301.2012.” Figure 4.12 shows
GeoCalc model, in which the RD pile wall connecttorthe bedrock is modeled as a
hinge. For the GeoCalc calculations, typical RDe pivall conditions were chosen.
Above the bedrock, there is one meter of morairmvk the moraine is a layer of clay,
and at the ground surface is a layer of rock wdtek waste layers are typically hard
to penetrate with sheet piles, so an RD pile wall/rhe the only option. The GeoCalc
calculation procedure is introduced in referenceCculation examples can be found
in reference 31.

+0

=2

B Moraine] ?, E
Wall Type BoredpileWall 8
Name RD500/12.5-wall {rm/rf)
Manufacturer |Ruukki )
Cross Section Area [m"2] [0.037290694213231
Calculation Width [m] 1
Inertia Modulus [m”4] 0.00104467486365223
Section Modulus [m*3] 0.00411289316398515
Elastic Modulus [kPa] 210000000
Flexural Stiffness [kNm"2] |219381.721366968
Axial Stifiness [kNm"2/im"2] |7831045.78477851
Length of Wall [m] 7
Name A [mm*2]|L [m]|a [*]|h [m]|F [kN]|Elastic Modulus [kPa] [Overdig [m] [Horizontal distribution [m]

5000 5 |180| 1 0 210000000 0.4 2.3

Id |Layer Name [z [m]{h [m]]y [kN/m*]|® []|c [kPa] |Ac [kPa/m] |Ko Madel| Ko [Earth Pres, Model | Ka | Kp diud  [Material Model [Sya|Gyp|§50alE50p] m | n | k |
1.|Rock wasie | 0 2 18 34 0 0 Jaky 0.44 Coulomb 0.26) 5.83 | Drained MCM 300[0.5 0.5
2. Ciay =2 4 16 0 10 1 Jaky 1 Coulomb 1 | 1 |Undrained MCM 401 1 I
3.| Moraine -6 1 20 40 0 0 Jaky ]0.36 Coulomb 0.2 [ 9.36 | Drained MCM 800 .5 .5]
4. Bedrock | -7 ) 2 | 20 [45] 10 | O Jaky |0.29] Userdefined |0.2 [10000] Drained | MCM focoo] 1] 1]

Figure 4.12: RD pile wall GeoCalc calculation example. Thigufie is also in appendix
6.

It was not simple to estimate rotational stiffnegs the GeoCalc geotechnical mod-
el. In GeoCalc, it is not possible to create rota support from a spring. The rotation-
al stiffness values;Svere calculated in appendix 2 according to SFS BBB11-8 in
appendix 2. There are two options for adjustirggrtttational stiffness in GeoCalc. The
bedrock has to made of soil, and the pile mustrbled into that soil. One option is to
give the bedrock very high m and Kp values. Thesothption is to add a horizontal
anchor at the bedrock level. There is limitation@erning anchors in GeoCalc. Anchors
at the bedrock level cannot be activated beforeuppchors are activated. As a result,
piles in the bedrock will deflect more than in réfd before the upper anchor levels will
be activated. Bigger deflection at the beginningxdavation is compensated by using
stiffer bedrock values and anchors at the levehefbedrock. The stiffness parameters
of bedrock and extra anchor were set that the tidfiéction was equivalent to the de-
flection in the Ansys FEM model. Horizontal suppoan be added at the bottom level
of the pile using a rock bolt. A bending-momenteffeD pile wall can be made by end-
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ing the pile wall at the bedrock level and addingek bolt at the bottom level of the
pile.

Table 4.6 compares different example models. A B0/ pile wall was calculated
using different bedrock supports. Bending momeotses and displacements at the top
of bedrock were compared. Hinge connections usednmparison had vertical and hor-
izontal support created by a very stiff anchor andbending moment support. In the
“rock” option, the pile extended into the rock. Tioek was modeled as soil with very
high m and Kp values. In the “anchor+rock” modeg pile was extended into the rock
as in the “rock” model, but an extra anchor wa® added at the bedrock level. The
Ansys model most accurately represents the behavitime bedrock connection. The
Ansys model displacement is 84 times smaller than‘anchor+rock” connection. The
“anchor+rock” example greatly underestimates tliecefof the bedrock when the drill-
ing hole of the pile wall is grouted.

Table 4.6: Bending moments and displacements compared byofyjpet at the toe of
pile wall and with or without a rock anchor. The RID/12.5 pile is grouted into the
bedrock. Hinge, “anchor+rock” and “rock” are examel calculations included in
Novapoint GeoCalc 2.4 and are also discussed im&fia Systems Finland Oy 2012
[31].

Geocalc calculations

Pile 500/12.5
Comparing bending moment and displacement of Novapoint Geocalc 2.4, example models

Hinge Anchor+rock Rock Ansys
M_support [kNm] 0 158 120 1810
M_wall [kNm)] 217 135 175
F_anchor [kNm] 225 160 190
F_anchor in rock [kNm] - 230|-
Rock bolt [kNm] 150 50 a6
Displacement_upper level of rock [mm) 0.15 1.17 2.38 0.16

Models without rock bolts were tested in this teesind the models did not work at
all. Horizontal displacement went in the oppositedtion as loading, which cannot be
the case. The GeoCalc models were calculated withcla bolt. Because rock bolts
bring horizontal displacement to approximately zardhe toe of the pile, the displace-
ment at the upper level of the bedrock in the Géo@edels is set to be the displace-
ment difference between the upper level of the d&dand the toe of the pile. The dif-
ferent treatment of displacement in the bedrocKimygi hole in Ansys and GeoCalc
models is illustrated in figure 4.13. For examplisplacements calculated in Ansys are
given in figure 4.8.
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Pile s displacement in bedrock

Pile s deflection Is ignorec
Ansys Geolalc

e Pile’s displacement at the top of bedrock

Top of bed rock

[nitial position !
of the pile _—" |

The lower end of

the pile in bedrock g,

T Rock holt

Pile s displacement at the foe of the pile
Pile s displacement af the fop of bedrock

Figure 4.13: Comparison of pile displacement in the Ansys aad@lc models

The required displacement for the GeoCalc modelsiecific bending moment lev-
el is calculated in appendix 2. For example, tiepldcement of 500/12.5 piles grouted
into the bedrock at the top of the bedrock levdl.&l mm and at the toe of pile is -0.37
mm at the elastic load (see figure 4.8). From tifferénce in the pile’s displacement at
the top of the bedrock and at the toe of pile amuslering the bending moment level,
the target displacement in the GeoCalc calculatvdhbe 0.16 mm at a bending mo-
ment level of 250 kNm/m. A displacement of 0.16 roam only be satisfied by using
both high m (=10000) and Kp (=10000) values andhddiitional horizontal anchor at
the bedrock level. The effect of added bending nmarséffness in the joint increased
the maximum moment from 220 to 250 kNm (see figdrdd and 4.15). The maximum
bending moment moved from the span to the sup@artthe other hand, the maximum
displacement of the RD pile wall decreased sigaiftty from 10 mm to 4.75 mm. In
that case, the structural dimensioning was noticgise. According to the calculation in
appendix 2, the utilization rate of the RD pile hsttuctural capacity was only 18.6%.
If there were a building with a pile foundationetimaximum horizontal displacement
allowed would be be 10 mm [31]. According to thécakation in appendix 2, the pile
size can be downsized to 320/10 if the bottom efghe wall is grouted. In that case,
the horizontal displacement is still a greater deteant than the structural strength of
the pile.
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Figure 4.14: 500/12.5 RD pile wall with connection reflectirtg trotational stiffness of
a pile wall grouted into the bedrock. Better figsigre included in appendix 5.
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Figure 4.15: 500/12.5 RD pile wall with a bending-moment-freareection. The model

was calculated using the example model by VianggteBis Finland Oy. Better figures
are included in appendix 5.
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When testing the GeoCalc model by modifying thdlidg depth of the cantilever
RD pile wall, the calculations evidenced the weaknef the model. When decreasing
or increasing the drilling depth, the horizontasplacement rises. The reason is that
with a smaller drilling depth, the stiffness of thechor at the bedrock level should be
reduced to fit the Ansys displacement. When inéngathe drilling depth, the distance
between the additional anchor and the rock bolteimees and pile will deflect more
while the bedrock modeled as soil is not stiff eglauA better model in GeoCalc could
be to model with no bedrock and with additionaltars frequently added through the
bedrock.

Another material that may appear in the gap is.dlayhe horizontal load test, there
was one pile tested that had clay and very littlea@cement in the gap. As seen in fig-
ure 4.9, the displacement rises dramatically. Secseakest material tested was soil
sample 1. The rotational stiffness of clay, the kes& material, and soil sample 1 were
calculated in appendix 2. The calculations show Weay different materials dry crust
clay and soil sample behave same way at low skeest Clay had as a linear material
elastic modulus and sample 1 had non-linear elastidulus. Even though the soil sam-
ple has a much higher elastic modulus at high sti@gels, the rotational stiffness is
very similar from O*elastic load to 0.1*elastic thaAt the full elastic load, the rotation-
al stiffness of medium dense moraine (soil sampi@ the gap is almost twice as large
as with dry crust clay in the gap (58870 kNm/ra88440 kNm/rad). These values are
included in appendix 2. Although piles with a musditer material in the drilling hole
and thus lower rotational stiffness than groutddspithe mobilized support bending
moment is still remarkable as seen in appendixTh@. GeoCalc calculation in appendix
10 represents both clay and the soil sample 1.eTéldl shows the effect of joint rota-
tional stiffness on horizontal displacement. Evathewut grouting, the joint of a pile
wall in the bedrock will decrease displacement 5%2n that specific case compared to
nominally pinned joint.

Table 4.7: Horizontal displacement of the wall with differdixing to the bedrock. The
rotational stiffness is shown at a specific bendimgment level.

RD 500/12.5 Geocalc example joint comparison

Rotational stiffness Bending moment |Displacement Maximum displacement
according to Ansys of the join in difference toe- |displacement of |decreasement vs
Jointype calculation Geocalc top of bed rock [the wall nominally pinned
[MN*m/rad] [kN*m/m] [mim] [rmim] [%]
Grout 164 250 0.191 4.9 51 %
s0i samplel 334 150 2.6 7.5 25 %
clay sample 34.2 150 23 7.5 25 %
nominally pinned 0 0 - 10 -
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5 PROPOSED DECISION

This thesis’ objective of specifying the rotatioséiffness of the pile wall was reached
partly. The site tests and FEM calculations yieldedurate rotational stiffness values
for RD220/10, RD500/12.5 and 1200/12.5 at diffemniiting depths and for the differ-
ent material values investigated in this thesie fbrizontal load test was conducted for
clay, grout and tightly packed drill cuttings witement present in the drilling hole.
Frictional soil or pure drill cuttings were not tbéested. For other pile sizes, the non-
linear fitting was done using the investigated pilees.

Simple RD pile wall dimensioning examples were enaillustrate the effect of ro-
tational stiffness. Displacement of the wall angést on the wall were made using Ge-
oCalc. Calculations showed that grouting the bddrdalling hole significantly de-
creases displacement and that drill cuttings a$ ageVery soft materials like clay also
provide rotational support for the wall. Pile sigge number of anchors or anchor size
can be reduced with a stiffer connection to theded

The other objective of investigating the effect grbuting on watertightness was
mainly reached. The study showed the method usedltolate water leakage through
the drilling hole, and leakage was also compardédkage via interlocks. The method
used to calculate watertightness in this thesissasery accurate, however. The water
permeability of material can vary significantly. &naccurate water penetration test
equipment also limited the conclusions of the teéBkl®e permeability of water was de-
fined for drill cuttings from drilled single pileés water penetration tests. The spreading
of grouting from drilling holes of single piles tdher holes created additional inaccura-
cy for tests of the water permeability of drill tngs. The soil material test in the labor-
atory provided water permeability values as wetb@ permeability values were inves-
tigated in the literature, since the water perméglof concrete is rather small and wa-
ter penetration test margin of error was too bigaaclude water permeability values
for grout.

Material investigation of drill cuttings or soil ithe drilling hole was performed.
Grading analysis was performed on drill cuttingsrid in the RD pile wall drilling hole
at the Masku test site. The strength and elastipgties of hardened grout and bedrock
next to the drilled RD pile wall were examined. &lsome hardened drill cuttings with
cement samples were solid enough to be tested.

Some useful experiences from site practices waangh from the Masku RD pile
test site and other RD pile construction sitesfdpént grouting methods were tested to
determine a best practice for grouting RD pilelidigl holes in bedrock. The back-
ground grouting of the RD pile wall was tested.
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5.1  Supporting pile wall into the rock

The wall can be supported by toe bolts when pil# isanot drilled into the bedrock.
When using toe bolts, sufficient watertightness ininesaddressed. This can be done by
constructing a toe beam after excavation. In taaecleakages may occur before beam
is made.

A more useful way to address both the watertiglstraesl structural stiffness of the
pile wall is to drill piles deep enough into thedbeck. When piles are deep enough in
the bedrock, toe beams and toe bolts are no loregated.

A reasonable theoretical drilling depth accordimgrotational stiffness analysis
seems to be around two times the diameter of fleewtien the bedrock drilling hole is
grouted. The stiffness does not increase mucheifpites are drilled deeper. If drilling
hole is not grouted and there is a risk that cikg-5oft materials will fill the drilling
hole gap, the rotational stiffness will increasanira drilling depth of two times diame-
ter to at least 18.3 times diameter for the RD22Qile analyzed. The rotational stiff-
ness of the pile with soft material in the drillihgle gap is a fraction of the grouted
pile’s stiffness at typical drilling depths. Accand to the material test, medium dense
moraine in the drilling hole exhibited behavior g8anto dry crust clay in the gap at the
stress level in the calculated example.

With regards to the 2d drilling depth, a shorteilidg depth than will actually be
executed can be used in pile wall dimensioningttieebedrock sloping and potentially
imperfect grouting at the toe of the pile wall. Faon-grouted piles, a 1d reduction is
sufficient. In fractured bedrock cases, the drjlolepth has to be considered on a case-
by-case basis. Also, the real drilling depth shdugdcalculated, because it may be the
worst case scenario.

When the bedrock drilling hole of an RD pile wallriot grouted, the rotational stiff-
ness of the connection should be assumed to boysti# like grouted and also nomi-
nally pinned or as stiff as clay. RD pile wall sikibbe dimensioned using both cases.
According to EN 1993-1-8, both grouted and claysyage defined as semi-rigid joints
in most cases.

To achieve watertight structures, drilling holes@dd be grouted. The drilling depth
of one time diameter is the absolute minimum tatds&th continuous grout spreading in
drilling hole. Deeper drilling into the bedrockiecommended. When piles are drilled
to only 1d in the bedrock, a toe beam or some dtiven of horizontal support should
be executed. When there is not a watertightnessresgent and the rotational stiffness
of the bedrock connection is not required, thdidglhole does not need to be grouted.

5.2  Pile and bedrock interface grouting

Soil conditions play a major role in grouting. lfere is clay above the bedrock, grout-
ing the base of the pile wall is reasonable toeahia significant improvement in rota-
tional stiffness. Grouting the base will decreasgzwontal displacement of the pile wall
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and will decrease the bending moment in the midélige pile wall. Smaller displace-
ment makes it possible to decrease pile size, argihe or the number of anchors in
some cases. Grouting the base of the pile wall thay save customers money. Grout-
ing the drilling hole also prevents horizontal mment of the wall in the drilling hole.
In theory, the whole wall may move in the drillihgle by a length equal to the drilling
oversize. This may occur when the hole is emptgamtains a very soft material, such
as clay.

Another reason to grout the gap is to improve \iigi#ness. The watertightness of
an ungrouted gap in the pile wall is more unrekadnhd will not be as tight as if it were
grouted. In some projects, grouting the gap magridg option due to strict watertight-
ness requirements.

It may be better to grout the RD pile wall toe vefdoing any curtain grouting to
avoid grouting channel blockages. If the bedrockadly fractured, it may be better to
do curtain grouting before toe grouting to prevgmatut from flowing only into the frac-
tured bedrock. RF interlocks cannot be reused autgrg if the channel is not cleared
after grouting. Piles can be concreted before tar &be grouting or at the same time. If
grouted first and the grout tends to flow into fike without designed reinforcement,
the grouting should be done after the pile is cetadt.

5.3  Limitations of this study

To determine rotational stiffness, the drill cuggnand soil in the gap between the bed-
rock and the pile wall were calculated as a modifiencrete. The ultimate compres-
sion, tensile strength and elastic modulus wereifiedd Treating soil as a concrete
may result in some inaccuracy. There was no cledet¢ntal load test case where the
gap was filled with only soil or drilling mud witluib any cement, and as such, the result
is not fully reliable. In a case where there wasugng or tightly packed drill cuttings
with cement in the gap, the result of the theoabtitEM calculations and the practical
load test results were almost the same.

The Ansys FEM model worked quite well when pile wially and successfully
grouted or when there were tightly packed soillduittings with cement in the gap. In
the case of very loose material in the gap, howdherelastic modulus of the material
had to be set very low. The grout material elastixiulus had to be divided by 1000 to
equal the deformation in the tested pile. That,ghiel elastic modulus equals that of dry
crust clay. The strength of the material must etrean be similar to the strength of
grout, and strain is therefore much larger tharm wincrete material. Elastic modulus
assumption conflicts with the measured moduluhefdlay sample though in different
conditions due to the drying and possible hardeningptential cement. The strain must
be that big, because in reality, the pile displaseimn the bedrock drilling hole was
more than 10 mm in a 27 mm gap. In site test, the loehaved differently in the gap.
Clay tends to rise from the drilling hole. In thEM model, that kind of behavior is not
easy to model.
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The GeoCalc calculations and Mathcad calculatiokelil to GeoCalc were made to
be very simple examples. The calculations maymdtide all the instructions from SFS
EN 1997, etc. The purpose of the calculations wagetnonstrate the effect of the rota-
tional stiffness at the bottom of the pile on theehsioning of the pile wall. The rota-
tional stiffness from the horizontal load test &M calculations could not be modeled
in GeoCalc very accurately, because torsional gpewuld not be added in GeoCalc.
The rotational stiffness was modeled in GeoCalsddying the pile displacement in the
drilling hole to be same as in the Ansys FEM caltiahs.

The FEM calculations were made using Ruukki RD spidend the recommended
oversized drilling for FM/RF interlocks. The sizegre picked from source [1]. The
rotational stiffness will not be same if the dnilii oversize is different or if the piles
have different dimensions.

The GeoCalc calculations may not be accurate.dmibdel where bedrock is mod-
eled by using both rock as a soil and an additianahor at the top of the bedrock level,
the behavior was different when using differentlidg depths. The anchor and bedrock
parameters should be selected carefully to obtakahstic deflection inside the bed-
rock. Also, an extra additional anchor or even ssvanchors should be added inside
the bedrock to limit pile deflection inside the back. It is worth considering creating a
better model. The best and simplest model would bedel with support and the rota-
tional spring at the top level of the bedrock. lac&alc, that is not possible at the mo-
ment.

The design resistance of bedrock is discussedlméefly in this thesis. This matter
should be considered when drilling piles to a skegith or when the rock excavation is
next to a RD pile wall.

The calculated water leakages through the bedrading hole were rather exces-
sive. The water permeability values were calculat@des from the water penetration
test and analyzed from the soil samples. When wgrkin this thesis and other devel-
opment work in Ruukki for nine months any leakagebfems through the drilling hole
was not heard. The leakages measured and calcutatbdsis may not accurately re-
flect the real situation because of the huge vanain soil permeability values due to
different soils. In the test, the water flowed updgfrom the toe. In real RD pile walls,
the water flow direction is partly downward, whitgnds to compact the soil in the drill-
ing hole gap. Another uncertainty is the movemérsiod particles into the drilling hole
gap and away from the gap, carried by water. lhpegect monitoring, it may be rea-
sonable to carry on to find out if the calculati@me accurate or not. When the RD pile
wall piles are concreted, the water path will bereniomited, flowing mainly through
the area below the interlock.

The rotational stiffness of the toe of the pile Msldetermined only until the elastic
limit stress level of the piles. After the pilescbene plastic, the rotational stiffness de-
creases rapidly as the piles themselves will deforate and more with only a little
additional force.
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5.4  Suggestions for further research

This study shows that the material in the gap betwihe piles and the bedrock may
vary depending on the drilling conditions, bedrdgbe and soil on top of the bedrock.
Ongoing RD pile wall sites should be study moreusaiely to take advantage of
packed drill cuttings for structural aspects andentaghtness. If the appearance of tight-
ly packed drill cuttings in the gap can be assumeddbly, there may be no need to
grout the gap in someases.

More research should be done to understand theiggoof bedrock drilling holes.
From the research at the test site, some informatias found. Most focus should be
paid to preventing the interlock injection chanfrem blocking at the toe of the chan-
nel. The top of channel can easily be closed whéling the next piles. Another re-
markable thing would be to test the effect of dd#fg water-to-cement ratios on grout
spreading. The use of water-reducing agents mayledested. At the Masku test site,
a 0.55:1 water-to-cement ratio was used without achgitives. More water makes the
grout weak, and less water would make the grousns thick to grout. In upcoming
RD pile test sites, the optimal thickness of thié amove the bedrock should be approx-
imately two meters when using 220 to 500 piles.

In this thesis, the rotational stiffness of the Ril@ wall was determined using spe-
cific pile sizes, gap materials and bedrock valdéss thesis gives information how to
determine rotational stiffness using FEM calculasidut does not give simple equa-
tions for rough estimates of rotational stiffnéasth the simple calculation equations in
this thesis, where pile is assumed to be solidrdkegional stiffness of the drilling hole
will predicted with greater inaccuracy the mordlithg depth increases. Pile deflection
must be taken into account in a hand calculatibmould be useful if there were an
equation to calculate the required drilling demtfiuifill the rotational stiffness required
or an equation to predict the rotational stiffnessach case. It may be calculated from
the deflection curve using the geometrical valuethe hole and pile, the drilling depth
and the material values of the gap and bedrockgekiew the additional value of a hand
calculation may be restricted, because the rotatistiffness of any pile can be approx-
imated from piles already investigated. The rotatlostiffness tables in appendix 8
would be slightly more accurate, if the RD220/10e pivould be replaced by the
RD220/12.5 pile after analyzing it. After that, tr@maining pile sizes could be calcu-
lated more accurately. The rotational stiffnesdestbor ungrouted piles with a deeper
drilling depth can be calculated, because the iootak stiffness increases even after a
drilling depth of twice the pile diameter.

At the moment, it is not possible in GeoCalc to &midion spring at the bottom of
RD pile wall to add rotational stiffness. One ot thasiest ways to create rotational
stiffness is by using torsion springs. The valuahaf spring could be taken from this
thesis for different pile sizes, drilling depths;.e

The evaluation of frictional soil or drill cuttings the drilling gap was not as reliable
as clay or drill cuttings with cement or grout dodack of a load test. Horizontal load
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tests for different soil materials could be constde That said, the extreme cases of
clay as the least stiff material and grout as rstiftmaterial were investigated, and the
different soil materials in between those matendlsnot produce much benefits.
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APPENDIX 1: Water penetration test

*)
*)

Start End
Measurer: Date Time Date Time
Leo-Ville Miettinen, Ruukki 6 Jul 2013 9:00 8 Aug 2013 16:00
water consumption
Number Pile Grouting method Drilling deptl L/5min L/5min L/5min L/5min L/5min 0.35bar-7bar
Hose - - - 0.7 1.3 14 0.5 0.8 4
9(220/10 RF grouting 1000mm 5 0 2 0 1 3
121220/10 None: Bedrock hole [2000mm 0.8 0.9 0.9 0.5 2.1 4.4
13(220/10 Injection ring 1000mm 1 0.8 1 1.7 2.2 5.7
14(220/10 Injection ring 1000mm 0.8 0.4 1.1 0.7 0.6 2.8
15.1|220/10 - 1000mm 5 3 1 2 1 7
15.2220/10 |- 1000mm 1.3 2.5 2.3 1.7 1.9 8.4
16/220/10 |- 1000mm 3 2.3 1.7 1 1.4 6.4
18/220/10 - 2000mm 83.5 87.9(- - - 342.8
19(220/10 RF grouting 1000mm 0.3 1.1 14 1.4 1.1 5
21{220/10 Internal grouting 1000mm 2 1 2 1 1 5
231220/10 Internal grouting 1000mm 17.8 3.5 1.7 1.2 1 7.4
*) Pile was not grouted but at least some grout had flowed into the drilling hole.
Average 0.35bar-7bar
[L] -hose
Hose 4 0
Bedrock 4.4 0.4
RF grouting 4 0
Injection ring 4.25 0.25
Internal grouting 6.2 2.2
Dense soil/drilling mud 7.3 3.3
Loose soil 342.8 338.8



Appendix 2

Site investigation calculations of rotational stiffness of RD piles
220/10 piles drilled 1 meter into bedrock, 2-meter cantilever

f,:=440 MPa

Yaroi=1

Pile site investigation geometry (measured on the compression side of the piles
when the rock was not planar)

Pile 10
L,,,=197Tm
L 19=1.96 m
Ljs19:=1.025 m
Lj319:=0.17m
Ly 19:=0.12m
L 10:=0.082 m
L. 10:=0.95m

L84.10 = 0.995 m

Pile 11
Ll.ll = 1.99 m
Ldlll = 2.00 m

Ld211 = 1.03 m
Ld311 = 0.14 m

L81.11 = 0.12 m

Subsripts named based on
pile numbers. P10, P11, P20,

P22 ->10, 11, 20, 22

Pile 10 height of horizontal load from bedrock

Height of displacement sensor 1
Height of displacement sensor 2
Height of displacement sensor 3
Height of strain sensor 1
Height of strain sensor 2
Height of strain sensor 3

Height of strain sensor 4

Height of horizontal load from bedrock
Height of displacement sensor 1
Height of displacement sensor 2
Height of displacement sensor 3

Height of strain sensor 1



L82.11 = 0.10 m
L83.11 = 1.10 m

L84.11 = 1.08 m

Pile 20
L, 5,:=2.00 m
Lyy 59:=2.00 m
L5 09:=1.00 m

Ld320 = 0.12 m

Ly, 50:=0.06 m
L 50:=0.06 m
Ly 00:=1.06 m
Ly 00=1.08 m
Pile 22
Ly 0:=1.98 m

Ld122 = 1.97 m

Ld222 = 1.05 m

Lys.92:=0.09 m
Ly 95:=0.16 m
L 95:=0.06 m
Ly 00:=1.00 m

L84.22 = 1.01 m

Height of strain sensor 2
Height of strain sensor 3

Height of strain sensor 4

Height of horizontal load from bedrock
Height of displacement sensorl

Height of displacement sensor2
Height of displacement sensor3
Height of strain sensorl

Height of strain sensor2

Height of strain sensor3

Height of strain sensor4

Height of horizontal load from bedrock
Height of displacement sensorl

Height of displacement sensor2

Height of displacement sensor3

Height of strain sensorl

Height of strain sensor2

Height of strain sensor3

Height of strain sensor4



Horizonfal load test 9.68.2013

01= Height of the displacement instrument number one from bed rock
DZ= Height of the displacement instrument number two from bed rock
Et cetera
51= Height of the strain gauge number one from bed rock
51= Height of the strain gauge number two from bed rock
Et cetera
lack= Height of the load from bed rock
The 1&1[.121 1|:n|’ bedrock is selected the level of bed rock at the compression side of the pile
Units: [mm

Piles: RD220/10, S440J2H )
Test pile 11, non-grouted,

Test pile 10, grouted with injection ring grouting was spread from elsewhere
Jack +1970 . IJach +1990
D1 1960 01 +2000
02 +102% D2 +1030
Sk +995 53 +950 Sh +1080 53 <1100

140
S2 482 §1.+120 D3 +170 sz | %ﬁx

Y » ES M o MM
Bedrock level +0 Bedrock level <0
Pile toe 1000 Pile toe -1000

Test pile 22, internal groufing,

Test pile 20, grouted with RF channel grouting was unsuccessful, gap mainly clay
. ]Jach + 2000 - IJa::h +1580
01 +2000 01 «71970
02 +1000 D2 «1050
S& <1080 S3 +1060 S4 +1010 53 +1000

0
52 +60 51060 D3I 52460 S14160 D3 +90

1 ~ ~ ) - - [
Bedrock level +0 Bedrock level «0

Pile toe <1000 Pile toe -1000




Pile dimensions, real values not theretical values
dy90 10:=219.5 mm Outer diameter
L9200 10:=9.92 mm Thickness of pile

dinner_220_10 = d220_10 - 2 . t220_10 = 199.66 mm Inner dlameter

A <d220_102 ] dinner_220_102 ) 3 2
220.10°=77* 1 :<6.531-10 ) mm

E,:=210-GPa

T
ElI5 10 ‘:a T <dzzo_104 - di’rmer_220_104> B = <7-548 i 103) kN -m’

(( d220_10 ) ! L ( dinner_220_10 ) ! ]
2 i =327.483 ¢cm?®

daa0 10
2

Theoretical displacement at the level of horizontal force at the elastic deformation
level

1 Wis0 10° y

Yo

T
[/[/ =
220_10
T 4

M .

el’

=144.092 kN-m

el

Felastic_l() = =73.143 kN
1.10

Felastic_ll = ot =172.408 kN
1.11

Felastic_20 = < =72.046 kN
1.20

Felastic_22 = < =72.774 kN
1.22

Check if the shear force is restricting moment capacity (EN 1993-1-1).

_ 2+ Ag0.10 . 2 .
A,i=———"=0.004 m When round profile (EN 1993-1-1)

v
T

Vea=Felastic 10= (7.314-10*) N Elastic load



f

AU —y__

Vopirai=—— \/3 = <1.056- 106) N Plastic shear capacity

Ymo
Vera= Vpl.Rd

Vv
Vrai= | — ):0.069 < 0.5

Vc.Rd

—1> Shear load does not affect bending moment capacity

Checking elastic shear force vs. shear capacity

EI
I::%: (3.594.107) mm*

s o 10 S=the firgt mom_ent of area al_)out
=0 — (7.168-10°) mm? the centroidal axis of that portion
of the cross-section between
the point at which the shear is
required and the boundary of the
cross-section (EN 1993-1-8)

5220_10 i=Ag0.10°

Via+S
T i=— 2210 — 147,057 MPa

I t220_10

i
Ed__ _0.579 <1

'y
2\/3 *Ymo



Pile 10 rotational stiffness

L. 3 Displacement from FEM model was
Foite 107=Fetastic 10 L0 94697 mm  26.8mm. Difference is due to shear
3+ Ely 19 deformation (approx. 10% difference).
freal 10:=38.42 mm F=73.4 kN, calculated f value
) from displacement data using y
Ly voroeki=Lq 10+ 0.3 m=2.27T m (X)=ax”2+b*x function in Excel

2st order polynomy because

2
Ll‘lOrock

———— =32.791 mm What if the the pile starts to
3 'E1220_10

bend from point x=0.3

f pile_10rock ‘= F elastic_10* L0

This is too little. We cannot
assume that there is support
at the bedrock level.

freal_lO _fpile_lﬂ

Or4kN 107= = =0.00697 Angle of rotation
1.10
kN . . . . |
S; 10 A e L <2.068 . 104) bk ML Linear rotational stiffness of joint
O74kN_10 rad P10 from F=0 to Fmax(elastic)
EI kN .
Sj_z.m._m =25 J 22010 L <9.578 . 104> B the initial rotational stiffness of a
Ly 1o rad joint: EN 1993-1-8
S. .
Lyigig 10=—o= 0 Ly 19=9.122 m Pile 10 length when bedrock joint is rigid
510
S.
_ 0 _91.6% "rigidness rate"
Jj_ini_10

In structures where bracing system reduces horizontal
displacement by at least 80%

EI EN-m
Sj_ini_l()_bra,ced =R 22010 _ <3.065 . 104> the initial rotational stiffness of a
1.10 rad joint
Sj 10 oy "
= =67.5% rigidness rate
S j_ini_10_braced
EI EN-m
Sj_z'm‘_lo_pinned :=0.5 {22010 <1.906 . 103> - the initial rotational stiffness of a

1.22 ra joint: Nominally pinned



S; 10

=1085.3%
S j_tni_10_pinned

Joint is considered semi-rigid

Pile 22 rotational stiffness

3
L1.22

_— =24.699 mm
3. E1220_10

fpile_22 = Felastic_20 ¢

freal_22 =106.9 mm

freal_22 _fpile_22

974’(2N_22 = :0.04152
M L1.22 kN
S ppi=—— % =(3.471.10%) =
I 74kN 22 rad
EI EN -
S, ini 221=25—2=12 — (9.53.10") i
L,,, rad
S.
_TI2 _36%
j_ini_22

"nominally pinned rate"

displacement from FEM model was
26.8mm. Difference is due to shear
deformation (approx. 10% difference).

F=72.8 kN, calculated f value
from displacement data by using
y(x)=ax”2+b*x function in excel

2st order polynomy because

Angle of rotation

Linear rotational stiffness of joint
P22 from F=0 to Fmax(elastic)

the initial rotational stiffness of a
joint: Rigid

"rigidness rate"

In structures where bracing system reduces horizontal

displacement by at least 80%

EI kN -m
Sj_ini_22_bra,ced = Rl 22010 _ <3.05 . 104> the initial rotational stiffness of a
Ly 5, ra joint
Sj 92 ot "
= =11.4% rigidness rate
S j_ini_22_braced
EI55 10 EN-m

Sj_ini_22_pinned i=0.5— = <1906 . 103>

L1.22

- the initial rotational stiffness of a

ra joint: Nominally pinned



—=182.1% "nominally pinned rate"
S j_tni_22_pinned

Joint is considered semi-rigid

Calculation to help create charts in Excel and other extras

M iasti 10=Fetastic 10 L1.10=144.092 kN -m

L 3
_ M0 0.337648762 1
Ly’ mm
————=0.348037238 ——
L 3
_10 _(.35331044 12
Ly’ mm
— = —0.342816767 ——

W1220_12_5 = 14169.3 . Cm3

1%% .
M 1990 1 5 2 Wimo sty (6.234.10%) kN -m

Ymo
W220_10 = 328.5 . Cm3

1%% .
M 1990 10 ’:M: 144.54 kN -m

Yo

GeoCalc 500/12.5 pile RD pile wall example

3 height from bedrock to
f, =440 MPa upper face of soil

Varoi=1



Theoretical pile dimension values
d500_12.5:=508.0 mm Outer diameter
t500 12.5:=12.5 mm Thickness of pile

inner 500 12.5 = d500_12.5— 2 * t500_12.5 =483 mm Inner diameter

ds500run = d500_12.5+64 mm=0.572 m Run of the pile in wall
<d500 12.52 _dinner 500_12 52> 4 2
As0_12.5=T* = 7 —= <1.946- 10 > mm
E,:=210-GPa
T

EI50 125 ‘:a * <d500_12‘54 - dinner_500_12‘54> B = <1-255 b 105) kN -m’

EI
ET500 12.50ai TR (2.194-10°) kN -m

dBOOmm

(( d500_12.5 ) ! L ( dinner_500_12.5 ) ! ]
2 ¢ =(2.353-10°) em?

T
W =
500_12.5
T 4

@0_12.5
2
W00 12.5 1
Ws00 12.5wal i =——= <4-113 : 103) —-cm’
500run m

Theoretical displacement at the level of horizontal force at the elastic deformation
level

W, .
500_12.5wall fy _ <1.81 . 103> i-kN-m

Yo m

M

el_wall =

1%74 .
= Vo251 =(1.035-10°) kN-m

Yo

M,

el



el

F iastic 500 12.5°=—— =443.628 kN

500_12.5
Pile 500/12.5 rotational
stiffness 3
Ls00 125
f pile_500_12.5 = Felastic 500 12.5°* ——————=14.97 mm

3-EI 500_12.5

Jreal 500 12.5=29.7 mm

freal_500_12.5 _fpile_500_12.5

0500 12.5= =0.00631 Angle of rotation
L500_12.5 kN
-m . . : [
S; 500 12.5 = <1.64 . 105> e Linear rotational stiffness of joint
500_12.5 rad from F=0 to Fmax(elastic)
EI ENm
S} ini 500 12.5°=8° (800125 | <4.302 . 105> - the initial rotational stiffness of a
500_12.5 rad joint: EN 1993-1-8
S 500.12.5 < S ini 500 12.5 Is not considered a rigid joint

3+S; ini_500_12.5

Lyigid 500 12.5= *Lsg0 12.5=18.4 m Pile length when bedrock joint is rigid,

S} 500125 3x load level
S 500 12.5 -
—— =" =38.1% 500/12.5 "rigidness rate"
S j_ini_500_12.5
EI kN
S ini 500 12.5_pinned = 0-5 I <2.689 . 104> ™ the initial rotational stiffness of a
500_12.5 Tad  joint: Nominally pinned
S 500 12.5 . .
— =609.8% 500/12.5 "nominally pinned rate"

S J_ini_500_12.5_pinned

GeoCalc calculation, grouted joint: stiffness of the joint is assumed to be constant (F/f is
linear)
m

MGeocalc =250 kN -—

m
3y 1
MAnsys::Mel_wall: <181 -10 > —-kN-m
e In GeoCalc, f must be the
Jrock_ansys =101 mm—(—0.37 mm)=1.38 mm difference in displacement at
the upper level of the bedrock
Froch_geocalc = Meeocate « Froc_ansys=0-191 mm and the bottom of the pile.

M Ansys



320/10 pile displacement check

m
MGeocalc :=205 kN o ——
m

3
cm
W320_10wau :=1935.—
m

W30 10wair* fy _851.4 i-kN-m

Yo m

Ljoy 10:=Lspp 125=2-333 m

M, el_wall_300_10*=

A3o0run =323.9 mm+64 mm=387.9 mm

M -d
el_wall_300_10* 4320run _ 4 11 520 pn7

F el320_10 = I
320_10

1
m

MAnsys ::Mel_wall_?)OO_lO =851.4 *kN-m

Frock_ansys=0.49 mm—(—0.67 mm)=1.16 mm

_ M Geocalc
f rock_geocalc "~ M ° f rock_ansys
Ansys
Y

=0.279 mm

GeoCalc calculation, clay joint: stiffness of the joint is assumed a constant (F/f is linear)

Jreal 500 12.5=87.2 mm

freal_500_12.5 _fpile_500_12.5

Os500 12.5°= =0.03096 Angle of rotation
- Ls00_12.5 -
S; 500 12.5 O el (3.344- 104> BV |inear rotational stiffness of joint
500_12.5 rad from F=0 to Fmax(elastic)

MGeocalc =150 kN'%

M ppsys =My wan= <1.81 . 103> % EN-m

Frock_ansys=17.14 mm—(—14.36 mm)=31.5 mm

_ M Geocalc
f rock_geocalc "~ M * f rock_ansys
Ansys
Y

=2.611 mm

Geocalc calculation, Soilsample is in joint:

m . . ]
M eocate =150 EN « — Bending moment and rotational stiffness
m were iterated due to non-linear stiffness.



1

MANSyS::Mel_wall: <181 . 103> — kN -m
frock:_ansys =8.0 mm— (_38 mm) =11.8 mm From figure 4.1.1.5
M
Frock_geocate = e ansys = 0-978 mm Linear assumption
) MAnsys B
1 1
MAnsys ::Mel_wall «——=180.967 — kN -m
0 m

Jreal 500 12.5=56.0 mm

freal_500_12.5 _fpile_500_12.5

0500 12.5= =0.01758 Angle of rotation
L500_12.5 kN
S, 500125 =——2—=(5.887-10") Rotational stiffness of joint when
500125 rad pile is at full elastic bending
moment
Frock_ansys=1.8 mm—(—1.0 mm)=2.8 mm
MGeocalc . .
Jrock_geocate =" Jrock_ansys = 2-321 mm Non-linear assumption from
M pnsys figure 4.1.1.6
Soil sample rotational stiffness from 0 kN*m to
1810 kN*m (scaled to wall case) in joint:
freat 500 12.5:=8.56 mm 1
f real_500_12.5 _f pile_500_12.5 ° E
0500 12.5°= =0.00303 Angle of rotation
L500_12.5
10 EN-m
S 500 125 =———= (3.42 . 104> Linear rotational stiffness of joint
500_12.5 rad from F=0 to Fmax(elastic)

Theoretical displacement at the level of horizontal force at the plastic deformation
level.

Wioo_12.5p2:=3070+10° - mm® = <3.07 . 106> mm’

W500_12.5PL ° fy

Mpy:= = <1.351 . 103) kEN.-m Plastic moment capacity

Ynmo

M
L <2.362 . 103) LN kEN.m Plastic moment capacity of

500run m wall

MPLwall =



Structural dimensioning of Appendix 5 RD pile wall

Bending moment stress in wall

M,:=250 kN .
m

vpi=1.35

Ed::")’F'Mk.:337.5 i'k;N'Tn/
m

Ry:=M_,=(1.035-10%) kN-m

E;, i< R, OK!
E

Zd 3969 L

Rd m

Downsizing the RD pile wall

Theoretical pile dimension values
d320_10 = 320.0 mm
t390 10:=10 mm

f,:=440 MPa

From GeoCalc calculation
appendix 5

A.3A(FI)

Capacity

Utilization rate

Outer diameter
Thickness of pile

Steel grade

dinner_320_10 = d320_10 - 2 . t320_10 = 300 mm Inner dlameter

d320run = d320_10 + 64 mm=0.384 m

A320_10 =T

2 2
<d320_10 _dinner_320_10 >

4

Run of the pile in wall

=(9.739-10%) mm?



E,:=210-GPa

T
ElI35 19 ‘:a T <d320_104 - di’rmer_320_104> E= <2-459 i 104) kN -m’

(( d320_10 ) ! L ( dinner_320_10 ) ! ]
% 2 =731.942 cm?

T
[/[/ =
320_10
T 4

d320_10
2
w 1
W sa0_10war = 2010 <1.906 . 103> —.cm?
320run m

Theoretical displacement at the level of horizontal force at the elastic deformation
level.

Mo Wsa0_10wat* . y

el

=838.684 i-k:N-m
Ynmo m

Structural dimensioning of Appendix 7 RD pile wall

Bending moment stress in wall

M, :=210 kN From GeoCalc calculation
m appendix 5

Yri=1.35 A.3A(FI)

1
E :=vp+M,=283.5 — kN -m

m
R,:=M,_,=838.684 1] EN-.-m Capacity

m

E; 1< R, OK!
Eq |
= 33.8% Utilization rate



Check if the shear force is restricting moment capacity (EN 1993-1-1).

2 'A320_10

A, =—""—"=0.006 m’ When round profile (EN 1993-1-1)

TT
V,.:=210 Ll Shear force in the wall. From

m GeoCalc calculation
appendix 7
Yri=1.35 A.3A(FI)
1
VEd ::7F‘ Vk; = 283.5 — kN
m

A Jv

Vol Rra*=— \/3 = <1.575 . 106) N Plastic shear capacity
Ymo

\%
Vo pai=—20 = (4.102-10°) L2l

320run m

Vv

Vi ra = | — ):0.069 < 0.5

Vc.Rd

—> Shear load does not affect bending moment capacity
Checking elastic shear force vs. shear capacity
EI
I[:=—221 —(1.171.10%) mm*
E, d S= the first moment of area about
San0 10°=As20 10—l = (1.558-10°) mm?® the centroidal axis of that portion
- 7 2

of the cross-section between

the point at which the shear is
required and the boundary of the
cross-section (EN 1993-1-8)

VEd.S?)QO 10
TEd m=— d320run = 144.85 MPCL

I. t320_10



.
Bl _0.57 <1

_ 'y
2\/3 *Ymo

Material properties used in FEM analysis,
Steel

f,:=440 MPa
fui=615 MPa

E,:=200 GPa

ey ::%:0.002 Elogation at yield stress

fsu_fy

=" "° = <1.043- 103) MPa Strain at failure for steel: 17%

€yt



APPENDIX 3
P20 deformation shape
Pile: RD 220/10
Fitting to solve displacement in level of force. 72.0 kN horizontal load
Least squares method

X

-0.5
-0.1
0
0.17
1.025
1.96
1.97

Y

1.612734
15.54558
41.3105

v

-2.74465
-0.80241
0
1.654974
15.53217
41.31384
41.64946

(y-y)"2

Comment

0.001784 S3 [mm]
0.00018 S2 [mm]
1.12E-05 S1 [mm]

Load level

Constant

a
b
c
d

SUM(y-y’) 2

Best fit

0
6.337065
8.657842

0
0.001975

Equation: f(x) = a*x"3 +b*x"2+c*x+d
x=height from bedrock [m]

Y=horizontal displacement [mm]

y'=solved horizontal displacement [mm]

Horizontal displacement[mm]

P20 elastic deformation shape

(44
[en]

B
[e=]

Grouted pile

Q
[e»)

/,

N
[e»)

/

N
[en]

f—"

D

o)

[en]
(=
o
u
=
wu

R

Height[m]

B Measured points




APPENDIX 4
P20 deformation shape
Pile: RD 220/10
Fitting to solve displacement in level of force. 72.0 kN horizontal load
Least squares method

X

-0.5
-0.1
0
0.17
1.025
1.96
1.97

Y

1.612734
15.54558
41.3105

v

-2.8779
-0.87632
-0.06139
1.612732
15.54558

41.31049
41.6455

(y-y)*2  Comment

6.96E-12 S3 [mm)]

8.38E-12 S2 [mm)]

1.15E-11 S1 [mm]
Load level

Constant

a
b
c
d

SUM(y-y’) 2

Best fit

0
6.290687
8.778358

-0.06139
2.69E-11

Equation: f(x) = a*x"3 +b*x"2+c*x+d
x=height from bedrock [m]

Y=horizontal displacement [mm]

y'=solved horizontal displacement [mm]

Horizontal displacement[mm]

P20 elastic deformation shape

(44
[en]

B
[e=]
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Q
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N
[e»)

/

N
[en]

f—"

D

o)

[en]
(=
o
o]
=
o]

R

Height[m]

B Measured points == Fit




Wall Type BoredpileWall

Name RD500/12.5-wall (rm/rf)
Manufacturer Ruukki

Cross Section Area [m*2] |0.037290694213231
Calculation Width [m] 1

Inertia Modulus [m"4] 0.00104467486365223
Section Modulus [m*3] 0.00411289316398515
Elastic Modulus [kPa] 210000000

Flexural Stiffness [kNm"2] |219381.721366968
Axial Stiffness [kNm”*2/m"2] |7831045.78477851
Length of Wall [m] 9

Appendix 5

[1. Rock waste | [i.Tayto

2.Clay

3. Moraine

3. Moreeni

4. Bedrock

|

Name|A [mm*2]|L [m]|a [°]|h [m]|F [kN]|Elastic Modulus [kPa] |Overdig [m] |Horizontal distribution [m]

5000 5 |180| 1 0 210000000 0.4 2.3

20000 | 1 (180 7 | © 210000000 -5.55 1
Id |[Layer Name |z [m]{h [m]|y [kKN/m3]|® [°]|c [kPa]|Ac [kPa/m]|Ko Model| Ko [Earth Pres. Model | Ka | Kp d/ud  |Material Model |dya|dyp|£50a(¢50p| m | n | k
1. Taytto 0 2 18 34 0 0 Jaky 10.44 Coulomb 0.26( 5.83 | Drained MCM 300(0.5/0.5
2. Savi -2 4 16 0 10 1 Jaky 1 Coulomb 1 1 |Undrained MCM 40| 1| 1
3.| Moreeni -6 1 20 40 0 0 Jaky [0.36 Coulomb 0.2 | 9.36 | Drained MCM 800(0.5/0.5
4. Kallio 7 2 20 45 | 10 0 Jaky 0.29| User-defined 0.2 (10000| Drained MCM 10000| 1| 1

-7

/RD pile wall 500/12.5

Pile drilled into bedrock. Bedrock as a soil and

Leo-Ville Miettinen/

Novapoint GeoCalc 2.4 (19.10.2013 14:42)

reinforced with anchor at the upper level of bedrock
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leo-ville.miettinen
Tekstiruutu
1. Rock waste

leo-ville.miettinen
Tekstiruutu
2.Clay

leo-ville.miettinen
Tekstiruutu
3. Moraine

leo-ville.miettinen
Tekstiruutu
4. Bedrock 


Appendix 5

Calculation Graphs
Excavation Level -7.09 m

Tukiseina luku 9/Porapaaluesimerkki
ViaNova

Porapaalu, tuki kallion pinnassa

/

Novapoint GeoCalc 2.4 (18.10.2013 10:34)
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Combined Bending and Compression

Pressure [kPa]

Shearforce [kN]

1 T T T T T T T 1 T 1 T T T T
(O B 0 0 B
-1 4 3 13 -1
-2 4 9 -2 -2
— -3 4 9 — -3+ — -3 4
E E E
< 41 7 T 4+ T 4
> > >
3] 3] [}
- -5 B! - 5 F - 5]
E 6 ¥ -6 1
7 F bid 7 ]
:> E 8t -8
9 4 ; f f f ; ; ; 9 ; 94 ; f ; ; ; f
-250 -200 -150 -100 -50 0 50 100 0 2 4 -60 -40 -20 0 20 40 60
Bending moment [kNm] Horizontal displacement [mm] Stress [MPa]
Earth Pressure Shearforce Anchor Forces
—— Mobilized earth pressure ----Limit earth pressure -~ Earth pressure at rest 1 T T T T
= Resulting earth pressure o+ 0 T T T T
1 T T T T T T
mob. passive = 0.00 13 1 4 1
eff. mob. passive = 0.00 7 -
eff. mob. active = 0.64 2 F = 5
E £ !
= -2 ¥ g
E —_ s ]
— 1 E T 3 1 E
£ T H
j E S 53
[ - o -4 F 3
3] -
- | (=}
k| T 54 ]
[}
-
-6 + -
; + ; + ; ‘ ‘ /et + £ tevel ; ‘ =
50 100 150 200 250 -200 -100 0 100 200 0 100 200 300 400

Force [kN]



MIL34436
Typewriter
Appendix 5


Appendix 6

,
Wall Type BoredpileWall 4. Bedrock] 9
Name RD500/12.5-wall (rm/rf)
Manufacturer Ruukki
Cross Section Area [m*2] |0.037290694213231
Calculation Width [m] 1
Inertia Modulus [m”4] 0.00104467486365223
Section Modulus [m*3] 0.00411289316398515
Elastic Modulus [kPa] 210000000
Flexural Stiffness [kNm"2] [219381.721366968
Axial Stiffness [KNm”*2/m*2] |7831045.78477851
Length of Wall [m] 7
Name |A [mm”"2]|L [m]|a [°]{h [m]|F [kN]|Elastic Modulus [kPa] |Overdig [m] [Horizontal distribution [m]
5000 5 [180| 1 0 210000000 0.4 2.3
Id [Layer Name |z [m]|h [m]|y [KN/m3] |® [°]|c [kPa]|Ac [kPa/m] |Ko Model| Ko |Earth Pres. Model | Ka | Kp d/ud  |Material Model |dya|dyp|£50a|E50p| m | n | k
1.|Rock waste | 0 2 18 34 0 0 Jaky 10.44 Coulomb 0.26| 5.83 | Drained MCM 300/0.50.5
2. Clay 2| 4 16 0 10 1 Jaky 1 Coulomb 1 1 |Undrained MCM 401 1] 1
3.| Moraine -6 1 20 40 0 0 Jaky ]0.36 Coulomb 0.2 | 9.36 | Drained MCM 8000.5/0.5
4.| Bedrock -7 2 20 45| 10 0 Jaky ]0.29| User-defined |0.2|10000| Drained MCM 10000| 1| 1

/RD pile wall 500/12.5

Pile drilled at the level of bedrock. Bending nig
Leo-Ville Miettinen/

Novapoint GeoCalc 2.4 (19.10.2013 14:38)

ment free support
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Appendix 6

Calculation Graphs

Excavation Level -6.91 m

/RD pile wall 500/12.5

Pile drilled at the level of bedrock. Bending moment free support
Leo-Ville Miettinen/
Novapoint GeoCalc 2.4 (19.10.2013 14:46)

Bending Moment

Horizontal Displacement

Combined Bending and Compression

50 100
Pressure [kPa]

150 200

-50 0
Shearforce [kN]

50

1 T T T T 1 T T T \ T 1 T T T
0 F——i ] 0 0 ]
-1 -1 13
_ 2 _ 2 _ 2%
E E E
3 3 3 3 3 3+
> > >
3 8 8
-4 -4 -4
5 5 51
-6 -6 6+
7 : : : : = 7 ; ; ; ; 7 . . ; ;
0 50 100 150 200 0 2 4 6 10 -40 -20 0 20 40
Bending moment [kNm] Horizontal displacement [mm] Stress [MPa]
Earth Pressure Shearforce Anchor Forces
Mobilized earth pressure ---- Limit earth pressure -~ Earth pressure at rest N T T T T
Resulting earth pressure 0 T T T T
1 T T T T T 0
mob. passive = 0.02
eff. mob. passive = 0.02 ] 1 -1 1
eff. mob. active = 0.77 &
F 1-support level = 15.73 4 2 ‘g -2 4
_ 118 R ]
£ 3 3 3
= > o
) Bl ) <
3 = 4 w4 ]
- 1 o
°
] g5 1
3
1 -6 q

100 150 200
Force [kN]



MIL34436
Typewriter
Appendix 6


Appendix 7

Result Value
Anchor 1: Max. force [kN] 152.7
Anchor 2: Max. force [kN] 378.6
Max. bending moment [kNm] -207
Max. horizontal displacement [mnm] | 9.5

+0
. —
Wall Type BoredpileWall
Name RD320/10-wall (rm/rf)
Manufacturer Ruukki
Cross Section Area [m"2]  |0.0302494972028052 3 -7
Calculation Width [m] 1
Inertia Modulus [m"4] 0.000313440123082959 -9
Section Modulus [m"3] 0.00193541292425415
Elastic Modulus [kPa] 210000000
Flexural Stiffness [kKNm"*2] |65822.4258474214
Axial Stiffness [kNm"2/m"2] |6352394.41258909
Length of Wall [m] 9
Name|A [mm*2]|L [m]|a [°](h [m]|F [kN]|Elastic Modulus [kPa] |Overdig [m]|Horizontal distribution [m]
5000 5 |180| 1 0 210000000 0.4 2.3
20000 1 [180| 7 0 210000000 -5.55 1
1d [Layer Name [z (mi[h (mi[y (kN/m][® ]]c [kPal|Ac [kPa/m] [Ko Model | Ko |Earth Pres. Model| Ka | Kp | d/ud |Material Model [Sya|oyp|es0alesop] m | n | k /RD pile wall 320/10
1.]JRockwaste] 0 | 2 18 |34 0 0 Jaky 10.44| Coulomb  10.26] 5.83 | Drained MCM 3000.510.5 Pile drilled into bedrock. Bedrock as a soil affd reinforced with anchor at the upper level of bedrock
2.| Clay 2| 4 16 o[ 10 1 Jaky | 1 Coulomb 1| 1 |Undrained MCM 40| 1f 1 Leo-Ville Miettinen/
3.| Moraine -6 1 20 40 0 0 Jaky ]0.36 Coulomb 0.2 ] 9.36 | Drained MCM 800/0.50.5
4.| Bedrock 7| 2 20 451 10 0 Jaky [0.29| User-defined 0.2 |10000| Drained MCM 10000 1| 1 Novapoint GeoCalc 2.4 (21.10.2013 12:56)
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Appendix 7

/RD pile wall 320/10
Cal C u I atl 0 n Grap h S Pile drilled into bedrock. Bedrock as a soil and reinforced with anchor at the upper level of bedrock
H Leo-Ville Miettinen/
Excavation Level -7.09 m Novapoint GeoCalo 24 (21.10.2013 13:04)
Bending Moment Horizontal Displacement Earth Pressure
1 T T T T T T 1 T T T T Mobilized earth pressure  ===="Limit earth pressure ===~
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Appendix 8 Drilling depth and pile size in ralation to rotational stiffness

Fitting done by using calculated 220/10, 500/12.5 and 1220/12.5 piles
Rotational stiffness of other pile sizes fitted, drilling hole grouted
Least squares method

1d drilling depth, 0.5x elastic load

correlation factor 1/1.25= 0.8 is included, more on correlation factor in section 4.1
Diameter

X

0
219.1
508
1220

76.1
88.9
114.3
139.7
168.3
219.1
273
323.9
406.4
508
559
610
711
762
813
914
1016
1220

Analyzed a Cubic fit
y 2
0
12.6212
71.87738
271.7397

0

12.81832
71.78967
271.74104

0.52
1.05
2.44
4.29
6.90
12.82
20.78
29.76
46.93
71.79
85.50
99.85
129.63
145.08
160.62
191.15
220.73
271.74

Linear fit
(y-y)r2

0.038854
0.007694
1.81E-06

4.383723
5.121064
6.584225
8.047386
9.694883
12.6212
23.68
34.12
51.04
71.88
86.19
100.51
128.86
143.18
157.49
185.84
214.48
271.74

Difference

Pile

RD220/10
RD500/12.5
RD1220/12.t

3.86

4.07

4.14

3.76

2.80 RD170/12.5
-0.20 RD220/12.5
2.89 RD270/12.5
4.36 RD320/12.5
4.11 RD400/12.5
0.09 RD500/12.5
0.69 RD550/12.5
0.66 RD600/12.5
-0.77 RD700/12.5
-1.90 RD750/12.5
-3.13 RD800/12.5
-5.30 RD900/12.5
-6.25 RD1000/12.5
0.00 RD1200/12.5

Constant

a
b
C
d
SUM(y-y’)"2

Best fit

-1.72e-07
0.000411817
-0.023461062
0
0.046549531

Equation: f(x) = a*x"3 +b*xA2+c*x+d
x=height from bedrock [m]

Y=horizontal displacement [mm]

y'=solved horizontal displacement [mm]

Estimated rotational stiffness of different pile

sizes, piles grouted into bedrock

300
S 5
~
£ 200 ~
2
2 150
a
:‘:_’ 100
k=
i 50
©
s 0 B
'g 0 200 400 600 800 1000 1200 1400
& Pile diameter [mm]

== Piles analyzed === Estimation for 1d drilling depth, 0.5*elastic load




Fitting done by using calculated 220/10, 500/12.5 and 1220/12.5 piles
Rotational stiffness of other pile sizes fitted, drilling hole grouted
Least squares method

2d drilling depth, 0.5x elastic load

correlation factor 1/1.25= 0.8 is included, more on correlation factor in section 4.1 Equation: f(x) = a*x"3 +b*xA2+c*x+d
Diameter Analyzed a Cubic fit Linear fit Difference Pile x=height from bedrock [m]
X y y (y-y)r2 Constant Best fit Y=horizontal displacement [mm]
0 0 0 y'=solved horizontal displacement [mm]
219.1 22.40192 25.12 7.386964 RD220/10 a -5.21914E-07
508 143.44 142.83 0.377469 RD500/12.5 b 0.000955817
1220 389.84 389.87 0.000875 RD1220/12.tc -0.069715153
Cubic fit Linear Difference d 0
76.1 0.00 7.78 7.78 SUM(y-y)r2 7.76530699
88.9 0.99 9.09 8.10
114.3 3.74 11.69 7.95
139.7 7.49  14.28 6.79 Estimated rotational stiffness of different
168.3 12.85 17.21 4.36 RD170/12.5 . . . .
2101 2513 2940 7 RD220/12.5 pile sizes, piles grouted into bedrock
273 41.58 44.98 3.40 RD270/12.5 _ 500
323.9 59.96 66.31 6.35 RD320/12.5 g 200
406.4 94.50 100.87 6.37 RD400/12.5 E /
508 142.83  143.44 0.61 RD500/12.5 Zz 300 ~
s —
559 168.54 161.09 -7.45 RD550/12.5 W 200 =
610 194.67 178.74 -15.93 RD600/12.5 §
711 246.03 213.69 -32.34 RD700/12.5 % 100
762 270.95 231.34 -39.60 RD750/12.5 Tg 0
813 294.63  248.99 -45.64 RD800/12.5 2 0 200 400 600 800 1000 1200 1400
914 336.26 283.94 -52.31 RD900/12.5 % Pile diameter [mm]
1016 368.45 319.24 -49.21 RD1000/12.5 e« =i Piles analyzed = Estimation for 2d drilling depth, 0.5*elastic load

1220 389.87 389.84 -0.03 RD1200/12.5



Fitting done by using calculated 220/10, 500/12.5 and 1220/12.5 piles
Rotational stiffness of other pile sizes fitted, drilling hole grouted
Least squares method

1d drilling depth, elastic load
correlation factor 1/1.25= 0.8 is included, more on correlation factor in section 4.1

Diameter
X
0
219.1
508
1220

76.1
88.9
1143
139.7
168.3
219.1
273
323.9
406.4
508
559
610
711
762
813
914
1016
1220

Analyzed a Cubic fit
v
0 0
6.7592 6.36

21.92 22.13

108.4 108.39
Cubic fit

1.72

2.06

2.78

3.55

6.90

6.36

8.62

11.02

15.52

22.13

25.91

30.02

39.17

44.32

49.84

61.90

75.68

108.39

Linear fit
(y-y)r2

0.16138
0.042286
0.000169

Linear

2.35
2.74
3.53
4.31
5.19
6.76
9.59
12.26
16.59
21.92
28.11
34.31
46.58
52.77
58.97
71.23
83.62
108.40

Difference Pile

Constant
220/10 a
500/12.5 b
1220/12.5 ¢
d
0.62 SUM(y-y’)r2
0.68
0.75
0.76

-1.70 RD170/12.5
0.40 RD220/12.5
0.97 RD270/12.5
1.24 RD320/12.5
1.07 RD400/12.5
-0.21 RD500/12.5
2.20 RD550/12.5
4.29 RD600/12.5
7.40 RD700/12.5
8.45 RD750/12.5
9.12 RD800/12.5
9.33 RD900/12.5
7.94 RD1000/12.5
0.01 RD1200/12.5

Best fit

1.33E-08
4.07E-05
0.019468
0
0.203835

Equation: f(x) = a*x"3 +b*xA2+c*x+d
x=height from bedrock [m]

Y=horizontal displacement [mm]

y'=solved horizontal displacement [mm]

Rotational stiffness [MN*m/rad]

Estimated rotational stiffness of different pile
sizes, piles grouted into bedrock

120
100
80 —
60 7//
40 A
=
20 /
0 200 400 600 800 1000 1200
Pile diameter [mm]
~{fli— Piles analyzed === Estimation for 1d drilling depth, elastic load

1400




Fitting done by using calculated 220/10, 500/12.5 and 1220/12.5 piles
Rotational stiffness of other pile sizes fitted, drilling hole grouted
Least squares method

2d drilling depth, elastic load
correlation factor 1/1.25= 0.8 is included, more on correlation factor in section 4.1

Diameter
X
0

Analyzed a Cubic fit

v
0 0

219.1 21.62944 24.96

508
1220

76.1
88.9
114.3
139.7
168.3
219.1
273
323.9
406.4
508
559
610
711
762
813
914
1016
1220

142.32 141.58
379.92 379.96
Cubic fit
0.00
0.98
3.72
7.45
12.78
24.96
41.31
59.54
93.77
141.58
166.98
192.76
243.29
267.72
290.87
331.29
362.06
379.96

Linear fit
(y-y)r2

11.09786
0.542348
0.001318
Linear
7.51
8.78
11.28
13.79
16.61
21.63
44.15
65.41
99.88
142.32
159.34
176.36
210.06
227.08
244.10
277.81
311.84
379.92

Difference Pile

Constant
220/10 a
500/12.5 b
1220/12.5 ¢
d
7.51 SUM(y-y)r2
7.79
7.57
6.34

3.84 RD170/12.5
-3.33 RD220/12.5
2.84 RD270/12.5
5.87 RD320/12.5
6.11 RD400/12.5
0.74 RD500/12.5
-7.64 RD550/12.5
-16.40 RD600/12.5
-33.23 RD700/12.5
-40.64 RD750/12.5
-46.76 RD800/12.5
-53.49 RD900/12.5
-50.22 RD1000/12.5
-0.04 RD1200/12.5

Equation: f(x) = a*x"3 +b*xA2+c*x+d

x=height from bedrock [m]
Best fit Y=horizontal displacement [mm]

y'=solved horizontal displacement [mm]
-5.2E-07
0.000951
-0.06936
0
11.64153

Rotational stiffness [MN*m/rad]

Estimated rotational stiffness of different pile
sizes, piles grouted into bedrock

400
300 ;
100
0
0 200 400 600 800 1000 1200
Pile diameter [mm]
== Piles analyzed = Estimation for 2d drilling depth, elastic load

1400




Appendix 8 Drilling depth and pile size ralation to rotational stiffness

Fitting done by using calculated 220/10, 500/12.5 and 1220/12.5 piles
Rotational stiffness of other pile sizes fitted, drilling hole grouted
Least squares method

1d drilling depth, 0.05x elastic load

correlation factor 1/1.25= 0.8 is included, more on correlation factor in section 4.1

Diameter Analyzed a Cubic fit
v

X

y
0 0

219.1 0.100422
508 0.7728
1220 3.48

76.1
88.9
114.3
139.7
168.3
219.1
273
323.9
406.4
508
559
610
711
762
813
914
1016
1220

0
1.84E-01
7.22E-01

3.49E+00

0.042
0.051
0.072
0.095
0.124
0.184
0.259
0.340
0.495
0.722
0.852
0.993
1.302
1.474
1.656
2.048
2.485
3.486

Linear fit
(y-y)r2

0.006960086
0.002558827
3.69489E-05

0.034879711
0.040746469
0.052388317
0.064030166
0.077138703
0.1004224
0.23

0.34

0.54

0.77

0.97

1.16

1.54

1.74

1.93

2.32

2.70

3.48

Difference Pile

Constant

RD220/10 a
RD500/12. b
RD1220/1:c

d

-0.01 SUM(y-y’)/

-0.01

-0.02

-0.03

-0.05 RD170/12.5

-0.08 RD220/12.5

-0.03 RD270/12.5

0.00 RD320/12.5

0.04 RD400/12.5

0.05 RD500/12.5

0.11 RD550/12.5

0.17 RD600/12.5

0.24 RD700/12.5

0.26 RD750/12.5

0.28 RD800/12.5

0.27 RD900/12.5

0.22 RD1000/12.5
-0.01 RD1200/12.5

Best fit

0.00E+00
2.01651E-06
0.000397294

0

0.009555862

Equation: f(x) = a*x"3 +b*x"2+c*x+d

x=height from bedrock [m]
Y=horizontal displacement [mm]
y'=solved horizontal displacement [mm]

Rotational stiffness [MN*m/rad]

Estimated rotational stiffness of different pile

3.5

2.5

1.5

0.5

sizes, piles grouted into bedrock

//
T
0
=
0 200 400 600 800 1000 1200

== Piles analyzed

Pile diameter [mm]
== Estimation for 1d drilling depth, 0.05*elastic load

1400




Fitting done by using calculated 220/10, 500/12.5 and 1220/12.5 piles
Rotational stiffness of other pile sizes fitted, drilling hole grouted
Least squares method

2d drilling depth, 0.05x elastic load

correlation factor 1/1.25= 0.8 is included, more on correlation factor in section 4.1
Diameter Analyzed a Cubic fit

X

0

y*

0

219.1 0.533977

508
1220

76.1
88.9
114.3
139.7
168.3
219.1
273
3239
406.4
508
559
610
711
762
813
914
1016
1220

3.6432
15.3768

"

Cubic fit

0
0.94
3.40

1541

0.235
0.284
0.389
0.505
0.649
0.938
1.291
1.669
2.374
3.398
3.977
4.600
5.960
6.712
7.507
9.209
11.101
15.406

Linear fit
(y-y)r2

0.163061295

0.059941574

0.00086591
Linear

0.19

0.22

0.28

0.34

0.41

0.5339768

1.11

1.66

2.55

3.64

4.48

5.32

6.99

7.83

8.67

10.33

12.01

15.38

Difference Pile

Equation: f(x) = a*x3 +b*x"2+c*x+d

x=height from bedrock [m]
Y=horizontal displacement [mm]
y'=solved horizontal displacement [mm]

Estimated rotational stiffness of different

Constant Best fit

RD220/10 a 0

RD500/12.b 8.34038E-06

RD1220/1:c 0.002452793

Difference d 0

-0.05 SUM(y-y')/ 0.223868778
-0.07
-0.11
-0.16

-0.24 RD170/12.5
-0.40 RD220/12.5
-0.18 RD270/12.5
-0.01 RD320/12.5
0.18 RD400/12.5
0.24 RD500/12.5
0.51 RD550/12.5
0.72 RD600/12.5
1.03 RD700/12.5
1.12 RD750/12.5
1.16 RD800/12.5
1.12 RD900/12.5
0.91 RD1000/12.5

Rotational stiffness [MN*m/rad]

pile sizes, piles grouted into bedrock

20
15
10 A
—
5 /
0 p—l
0 200 400 600 800 1000 1200

== Piles analyzed

Pile diameter [mm)]
== Estimation for 2d drilling depth, 0.05*elastic load

1400

-0.03 RD1200/12.5




Appendix 8 Drilling depth and pile size ralation to rotational stiffness
correlation factor 1/1.25= 0.8 is included, more of correlation factor in paragraph 4.1
Rotational stiffness of other pile sizes are fitted, drilling hole grouted
1d drilling depth, 0.5x elastic load

Analysed Single piles:  [Wall (RM-RF):

Diameter |according to fitted S fitted S,
Pile [mm] FEM analysis |Cubic fit [Linear fit |Difference |[[MNm/rad] [MNm/rad*m]
RD170/12.5 |168.3 6.9 9.7 2.8 6.90 29.68
RD220/12.5 (219.1 12.6 12.8 12.6 -0.2 12.62 44.58
RD270/12.5 273 20.8 23.7 2.9 20.78 61.68
RD320/12.5 323.9 29.8 34.1 4.4 29.76 76.71
RD400/12.5 [406.4 46.9 51.0 4.1 46.93 99.76
RD500/12.5 [508 71.9 71.8 71.9 0.1 71.79 12551
RD550/12.5 |559 85.5 86.2 0.7 85.50 137.24
RD600/12.5 610 99.9 100.5 0.7 99.85 148.15
RD700/12.5 [711 129.6 128.9 -0.8 128.86 166.27
RD750/12.5 |762 145.1 143.2 -1.9 143.18 173.34
RD800/12.5 813 160.6 157.5 -3.1 157.49 179.58
RD900/12.5 914 191.1 185.8 -5.3 185.84 190.02
RD1000/12.5 (1016 220.7 214.5 -6.3 214.48 198.59
RD1200/12.5 (1220 271.7 271.7 271.7 0.0 271.74 211.64
Rotational stiffness of other pile sizes are fitted, drilling hole grouted
2d drilling depth, 0.5x elastic load

Analysed Single piles:

Diameter |according to fitted Sj
Pile [mm] FEM analysis |Cubic fit [Linear fit |Difference |[MNm/rad]
RD170/12.5 (168.3 12.9 17.2 4.4 12.85 55.33
RD220/12.5 219.1 22.4 25.1 22.4 -2.7 22.40 79.13
RD270/12.5 273 41.6 45.0 3.4 41.58 123.40
RD320/12.5 (323.9 60.0 66.3 6.3 59.96 154,58
RD400/12.5 [406.4 94.5 100.9 6.4 94.50 200.89
RD500/12.5 508 143.4 142.8 143.4 0.6 142.83 249.70
RD550/12.5 559 168.5 161.1 -7.4 161.09 258.57
RD600/12.5 610 194.7 178.7 -15.9 178.74 265.19
RD700/12.5 [711 246.0 213.7 -32.3 213.69 275.73
RD750/12.5 762 270.9 231.3 -39.6 231.34 280.07
RD800/12.5 813 294.6 249.0 -45.6 248.99 283.91
RD900/12.5 (914 336.3 283.9 -52.3 283.94 290.33
RD1000/12.5 (1016 368.4 319.2 -49.2 319.24 295.59
RD1200/12.5 (1220 389.8 389.9 389.8 0.0 389.84 303.61




Rotational stiffness of other pile sizes are fitted, drilling hole grouted
1d drilling depth, elastic load

Analysed Single piles:  |Wall (RM-RF):

Diameter |according to fitted Sj fitted S,
Pile [mm] FEM analysis |Cubic fit [Linear fit |Difference |[MNm/rad] [MNm/rad*m]
RD170/12.5 (168.3 6.9 5.2 -1.7 5.19 22.35
RD220/12.5 219.1 6.8 6.4 6.8 0.4 6.36 22.46
RD270/12.5 273 8.6 9.6 1.0 8.62 25.57
RD320/12.5 (323.9 11.0 12.3 1.2 11.02 28.42
RD400/12.5 [406.4 15.5 16.6 1.1 15.52 32.99
RD500/12.5 508 21.9 22.1 21.9 -0.2 21.92 38.32
RD550/12.5 559 25.9 28.1 2.2 25.91 41.59
RD600/12.5 |[610 30.0 34.3 4.3 30.02 44.54
RD700/12.5 [711 39.2 46.6 7.4 39.17 50.55
RD750/12.5 762 44.3 52.8 8.4 44.32 53.66
RD800/12.5 813 49.8 59.0 9.1 49.84 56.83
RD900/12.5 (914 61.9 71.2 9.3 61.90 63.30
RD1000/12.5 (1016 75.7 83.6 7.9 75.68 70.08
RD1200/12.5 (1220 108.4 108.4 108.4 0.0 108.39 84.41
Rotational stiffness of other pile sizes are fitted, drilling hole grouted
2d drilling depth, elastic load

Analysed Single piles:

Diameter |according to fitted Sj
Pile [mm] FEM analysis |Cubic fit [Linear fit |Difference |[MNm/rad] Wall (RM-RF): fit
RD170/12.5 168.3 12.8 16.6 3.8 12.78 54.99
RD220/12.5 219.1 21.6 25.0 21.6 -3.3 21.63 76.40
RD270/12.5 273 41.3 44.1 2.8 41.31 122.57
RD320/12.5 (323.9 59.5 65.4 5.9 59.54 153.48
RD400/12.5 406.4 93.8 99.9 6.1 93.77 199.34
RD500/12.5 508 142.3 141.6 142.3 0.7 141.58 247.52
RD550/12.5 559 167.0 159.3 -7.6 159.34 255.76
RD600/12.5 [610 192.8 176.4 -16.4 176.36 261.66
RD700/12.5 711 243.3 210.1 -33.2 210.06 271.05
RD750/12.5 762 267.7 227.1 -40.6 227.08 274.92
RD800/12.5 [813 290.9 244.1 -46.8 244.10 278.34
RD900/12.5 (914 331.3 277.8 -53.5 277.81 284.05
RD1000/12.5 (1016 362.1 311.8 -50.2 311.84 288.74
RD1200/12.5 (1220 379.9 380.0 379.9 0.0 379.92 295.89




Rotational stiffness [MN*m/rad]

Estimated rotational stiffness of different pile size,

piles are grouted into bedrock
450.00

400.00

350.00

300.00

250.00
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200.00 e
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0.00

0 200 400 600 800 1000 1200
Pile diameter [mm]

=@ Estimation for 2d drilling depth, 1*elastic load
- Estimation for 2d drilling depth, 0.5*elastic load

=>é=Estimation for 1d drilling depth, 1*elastic load

= Estimation for 1d drilling depth, 0.5*elastic load

1400




Rotational stiffness of other pile sizes are fitted, clay in the drilling hole
Least squared method

1d drilling depth, 0.05x elastic load

Analysed Single piles:  [Wall (RM-RF):
Diameter |according to fitted Sj fitted S,

Pile [mm] FEM analysis |Cubic fit [Linear fit |Difference |[MNm/rad] [MNm/rad*m]
RD170/12.5 (168.3 0.12 0.08 -0.05 0.077 0.33
RD220/12.5 (219.1 0.10 0.18 0.10 -0.08 0.100 0.35
RD270/12.5 273 0.26 0.23 -0.03 0.226 0.67
RD320/12.5 323.9 0.34 0.34 0.00 0.340 0.88
RD400/12.5 406.4 0.49 0.54 0.04 0.495 1.05
RD500/12.5 [508 0.77 0.72 0.77 0.05 0.722 1.26
RD550/12.5 [559 0.85 0.97 0.11 0.852 1.37
RD600/12.5 610 0.99 1.16 0.17 0.993 1.47
RD700/12.5 711 1.30 1.54 0.24 1.302 1.68
RD750/12.5 |762 1.47 1.74 0.26 1.474 1.78
RD800/12.5 [813 1.66 1.93 0.28 1.656 1.89
RD900/12.5 914 2.05 2.32 0.27 2.048 2.09
RD1000/12.5 (1016 2.49 2.70 0.22 2.485 2.30
RD1200/12.5 (1220 3.48 3.49 3.48 -0.01 3.480 2.71
Rotational stiffness of other pile sizes are fitted, clay in drilling hole
Least squared method
2d drilling depth, 0.05x elastic load

Analysed Single piles:  [Wall (RM-RF):

Diameter |according to fitted Sj fitted S

Pile [mm] FEM analysis |Cubic fit [Linear fit |Difference |[MNm/rad] [MNm/rad*m]
RD170/12.5 168.3 0.65 0.41 -0.24 0.410 1.77
RD220/12.5 (219.1 0.53 0.94 0.53 -0.40 0.534 1.89
RD270/12.5 [273 1.29 1.11 -0.18 1.114 3.31
RD320/12.5 323.9 1.67 1.66 -0.01 1.662 4.28
RD400/12.5 406.4 2.37 2.55 0.18 2.374 5.05
RD500/12.5 [508 3.64 3.40 3.64 0.24 3.398 5.94
RD550/12.5 [559 3.98 4.48 0.51 3.977 6.38
RD600/12.5 610 4.60 5.32 0.72 4.600 6.82
RD700/12.5 711 5.96 6.99 1.03 5.960 7.69
RD750/12.5 762 6.71 7.83 1.12 6.712 8.13
RD800/12.5 [813 7.51 8.67 1.16 7.507 8.56
RD900/12.5 914 9.21 10.33 1.12 9.209 9.42
RD1000/12.5 (1016 11.10 12.01 0.91 11.101 10.28
RD1200/12.5 (1220 15.38 1541 15.38 -0.03 15.377 11.98




Rotational stiffness [MN*m/rad]

Estimated rotational stiffness of different
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Appendix 9

P22 deformation shape

Pile: RD 220/10

Fitting to solve displacement in level of force. 72.7 kN horizontal load

Least squares method

X y

0.5
0.1

0
0.09
1.05
1.97
1.98

18.10669
59.91655
108.1152

v

-3.28986

10.859
14.63127
18.10669
59.91655
108.1152
108.6828

(y-y)*2  Comment

6.84E-17 S3 [mm)]

6.39E-18 S2 [mm)]

1.57E-16 S1 [mm]
Load level

Constant

a
b
c
d

SUM(y-y’)r2

Best fit

0
4.701022
38.19277
14.63127

2.31E-16

Equation: f(x) = a*x"3 +b*x"2+c*x+d
x=height from bedrock [m]

Y=horizontal displacement [mm)]

y =solved horizontal displacement [mm]

Horizontal displacement[mm]

Pile 22 elastic deformation shape

Grout/clay in the gap
100 —
56 /./
/G_../
-0.5 (‘) 0[5 1 115 2
- Height[m]

B Points measured == Fit




Appendix 10

+0

[1. Rock waste | [1. Taytt

Result

Value

Anchor 1: Max. force [kN]

201.5

Max. bending moment [kNm]

191

Max. horizontal displacement [mm]

7.3

Wall Type BoredpileWall 2.Clay 2.Sa
Name RD500/12.5-wall (rm/rf) - _
Manufacturer Ruukki 3. Moraine -7
Cross Section Area [m*2]  |0.037290694213231 |4. Bedrock |
Calculation Width [m] 1 -9
Inertia Modulus [m"4] 0.00104467486365223
Section Modulus [m"3] 0.00411289316398515
Elastic Modulus [kPa] 210000000
Flexural Stiffness [kKNm”*2] [219381.721366968
Axial Stiffness [KNm*2/m"2] |7831045.78477851
Length of Wall [m] 9
Name |A [mm”2]|L [m]|a [°]|h [m]|F [kN]|Elastic Modulus [kPa] |Overdig [m] |Horizontal distribution [m]
5000 5 180 1 0 210000000 0.4 2.3
Id [Layer Name |z [m]|h [m]|y [KN/m?]|® [°]|c [kPa]|Ac [kPa/m] |Ko Model| Ko |Earth Pres. Model | Ka | Kp d/ud  |Material Model [dya|dyp|E50a|E50p| m | n | k
1. Tayttod 0 2 18 34 0 0 Jaky [0.44 Coulomb 0.26|5.83| Drained MCM 30010.5(0.5
2. Savi 2 | 4 16 0 10 1 Jaky 1 Coulomb 1 1 |Undrained MCM 40| 1| 1
3.| Moreeni -6 1 20 40 0 0 Jaky [0.36 Coulomb 0.2 {9.36| Drained MCM 80010.5(0.5
4. Kallio -7 | 2 20 45 | 10 0 Jaky [0.29| User-defined 0.2 {1000| Drained MCM 1500 1| 1

/RD pile wall 500/12.5

Leo-Ville Miettinen/

Pile drilled into bedrock. Bedrock as a soil. C

Novapoint GeoCalc 2.4 (23.10.2013 14:35)

ay in gap
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leo-ville.miettinen
Tekstiruutu
1. Rock waste

leo-ville.miettinen
Tekstiruutu
2.Clay

leo-ville.miettinen
Tekstiruutu
3. Moraine

leo-ville.miettinen
Tekstiruutu
4. Bedrock 


Appendix 10

/RD pile wall 500/12.5
Cal C u I atl 0 n Grap h S Pile drilled into bedrock. Bedrock as a soil. Clay in gap
H Leo-Ville Miettinen/
Excavation Level -7.09 m Novapoint GeoCalo 24 (23.10.2013 14:36)
Bending Moment Horizontal Displacement Earth Pressure
1 T T r T T T 1 T T T Mobilized earth pressure  ===="Limit earth pressure ===~ Earth pressure at rest
1 Resulting earth pressure
0 0
1% 11 ' ' " "mob. passive = 0.02
0 — eff. mob. passive = 0.02
2+ 2 1 i ‘ eff. mob. active =0.74 |
F 1-support level = 155.74
— 3% — 3% E
E E
5 4+ 5 431 E 1
g g = ]
351 J 5% 2
[
K] E
6+ K
731 7 ¥
8+ E 83 q ) E
-9 ‘ ‘ ; : ‘ ‘ 9 ‘ : ‘ 9 e ‘ ‘ : :
-100 -50 0 50 100 150 0 2 4 6 0 100 200 300 400
Bending moment [kNm] Horizontal displacement [mm] Pressure [kPa]
Shearforce Anchor Forces
! ‘ ‘ ‘ ‘ ‘ (= Solrshearoee |
0 E 0 T T T T T
1+ 3 1 a1 ]
2% 1 =
— -3+ E
E =
= 8 31 1
=
g 54t ]
S
R ]
[
3
61 ]
-9 . . : 7 ' t t f
-150 -100 -50 -100 -50 0 50 100 150 200
Shearforce [kN] Force [kN]
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APPENDIX 11

Directional Deformation

Subject:

Author:

Prepared For:

Date Wednesday, October 23, 2013
Comments:

Min -

.LI«
0.000 2.000 () A
T —"

1.500

file://C:\Program Files\ANSYS Inc\v145\aisol\DesignSpace\DSPages\htmI\PrintPrevi... 23.10.2013
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Appendix 12: Water penetration calculations

Water penetration through drilling hole

dyzg 10:=219.1 mm
dy20 10drin =273 mm

TT
Agap= <d220_10drill2 a 01220_102 > . 1 =0.021 m’

Lyoo 10drini=1 m

kg =107 |
s
hie 70+52.5+35+17.5+3.5 em=35.7 m

5

L:=Lysg 10arint2=2 m

Silt

3

Q::ksilt-%-Agap:<3.719-10_S> i
S

h L
i=kgye—A,=0.112 —
@ # L 7 50-min

Dense sand

Kyynqgi=3.0-107 12
S
h L
= Ky Ay = 3.347 —
@:=Faana* 7+ Agap 50-min

Concrete

Area of the gap
Drilling length of pile 220/10

Permeability of silt

Leino,V, Rantala,J, 2000, maanvaraisten
alapohjarakenteisen
kosteuskayttaytyminen, Available at:

http://dspace.cc.tut.fi/dpub/bitstream/
handle/123456789/20771/leivo_%
20rantala_maanvaraisten_alapohjarake
nteiden.pdf?sequence=3

Water column equal to 0.35-
7 bar average (used in site
test)

Water leakage through gap
in 0.35-7 bar pressure in 50
min

Leino,V, Rantala,J, 2000, page 20

Water leakage through gap in
0.35-7bar pressure. About same
volume as in test (2.11).



m .
Keonereteo.55:= 151072 — Permeability of concrete,

erform as groutin
h I p g g

Q :=Keoncreteo.55 =" Agap= (1.673- 10‘5) ————  Figure 2.3.2 [Iso-Mustajéarvi,P 2008]
L 50-man

S

Wall made of 220/10 piles

Dense sand
h:=5m
L:=1m Pile drilled 0.5m
L 0:=283 mm

run22

2

1-m 1 m
A a wa ::A a ——.—=0.037
qupBpOuns W 2'Lrun220 m m
ksand: <3 ¢ 10_6> ﬁ
S
- p 1.1 £ leakage through
Q.:ksand-f-Agapmwa”:1.988 2 60 min Water eakage through gap
m mim in 0.5 bar pressure (5 m
ground water pressure).
Concrete
kconcret60.55 = <15 ‘ 10_11) m
S

Water leakage through gap

h 1 L .
Q:= kconcret60.55'_'Agap220wall: <9938. 10_6) T T T in 0.5 bar pressure (5 m
) L | m 60 mwn  ground water pressure).
Q=0.087 — Leakage in one year per 1 m wall

m 365-24--60-min

Water penetration through interlocks [14]

This calculation imitates the example calculation in SFS-EN 12063,
Appendix E.

b:=L,,,200=0.283 m RD 220 pile wall



H:=h=5m

p::5.10—10.ﬂ
S

n::i:?).534i
b m

Q::p-H-%.nz(z.zos-lo‘S) il

1 L
Q=008 —¢———
m 60 min

S

2

Height of wall

Joint resistance, interlock filled ~ [14]

with filler

Number of interlocks per meter

Discharge per meter of wall

Water permeability of soil samples

Sample 1

kZﬂ[l{J{J-d,,,-nJ'
l1—n

1

m-s

le = 0.025 mm

C:=2.

n:=59.5%

100.d, 1
k;:(;.(_w
1—n

2

Sample 2
le = 0-009 mm

n:=59.5%

2

100.d,y*n
k;:(;.(_w
1—n

) =(2.698-107°

) =(3.497-107%)

)T

m
S

(Diagram 3.2.2.1.1)
Equal to maximum saturated

water portion in sample
[Appendix 20]

(Diagram 3.2.2.1.2)

Porosity assmued to be same as
sample 1



Appendix 15 Volume table of grouting container

Volume Volume in
Distance from the |difference per |containet at
bottom of 1cm level specific grout
container [cm] difference [L] [level [L]

1 0.69 0.69

2 0.83 1.51

3 0.97 2.48

4 1.11 3.58

5 1.25 4.83

6 1.39 6.21

7 1.53 7.74

8 1.67 9.41

9 1.81 11.21
10 1.95 13.16
11 2.09 15.24
12 2.23 17.47
13 2.37 19.83
14 2.51 22.34
15 2.65 24.98
16 2.79 27.77
17 2.93 30.69
18 3.06 33.76
19 3.20 36.96
20 3.34 40.31
21 3.48 43.79
22 3.62 47.42
23 3.76 51.18
24 3.90 55.09
25 4.04 59.13
26 4.18 63.32
27 4.32 67.64
28 4.46 72.10
29 4.60 76.71
30 4.74 81.45
31 4.88 86.34
32 5.02 91.36
33 5.16 96.53
34 5.30 101.83

Groufing conftainer

160

340
=
%

70
| 680 |




3

pv 31.60 3080
3.4Ka +27.4 Ka
6.4 1% +24.4

]
O +30.73
4.3 Ka +26.4 Ka
66+23.4
+3 8

S

+30.89
4.2 Ka % +26.7 Ka
+30.82 7.2 +23.7

+30.88

APPENDIX 16

K.osa/Kyl& Kortteli/Tila Tonfti/Rnro

Viranomaisten arkistomerkintéjé varten

Rakennustoimenpide

Piirustuslaiji

Rakennuskohteen nimi ja osoite

RD-PAALUSEINAN
TUTKIMUSPORAUS

Piirustuksen sisaltéd

TUTKIMUSKARTTA

Piirt&nyt P&ivays
01.07.2013

Kairaukset Suunnitellut Tarkistanut

JPS

Suunnitteluala, tyd- ja piirustusnumero

GEO

@%ﬁeoﬁimi Oy

Tammistontie 321, 20900 Turku
Puh. (02) 2586 261
Matkapuh. 0400 323 271
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0.00 .

1.00 |

2.00 |

3.00 |

4.00 |

5.00 |

6.00 |

7.00 |

1, +30.73

[T
|
!
|
|
|
|
|
|
I
7\
I
n
/Y

26.43

+23.43 / +7.30

R ——

s/0.2mp0 40 20 O

0.00 .

1.00 |

2.00 |

3.00 |

4.00 |

5.00 |

6.00 |

2, +30.94

i
I
|
|
N 27.44

+24.44 / +6.50

S

s/0.2mP0 40 20 O

KAIRAUSDIAGRAMMIT 1...5

0.00 3, +30.82 0.00 _ 4, +31.10
1.00 | 1.00 | |
L [T]
] |
2.00 | i 2.00 | i
HAA |
7 !
3.00 | n 3.00 | !
| 27.43 !
KN
4.00 | .00 |
00 400 R 26.80
5.00 | 5.00 |
6.00 | 6.00 |
+24.42 / +6.40 7.00 |
— +23.80/ +7.30

s/0.2mp0 40 20 O
S p——

s/0.2mP0 40 20 O

0.00

1.00 |

2.00 |

3.00 |

4.00 |

5.00 |

6.00 .

7.00 |

P —— R

5, +30.89

26.69

+23.69/ +7.20

S ——

s/0.2mP0 40 20 O

APPENDIX 16

K.osa/Kyl& Kortteli/Tila Tontti/Rnro Viranomaisten arkistomerkintéjc varten

Rakennustoimenpide Piirustuslaiji Juoks. nro

Rakennuskohteen nimi ja osoite Piirustuksen sisciltd Mittakaavat
KAIRAUDIAGRAMMIT 1...5 1:100

RD-PAALUSEINAN

TUTKIMUSPORAUS

Piirté&nyt Paivays Suunnitteluala, tyd- ja piirustusnumero Muutos

01.07.2013
Kairaukset Suunnitellut Tarkistanut G E O
JPS

@%ﬁeoﬁimi Oy

Tammistontie 321, 20900 Turku
Puh. (02) 2586 261
Matkapuh. 0400 323 271
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Appendix 17 Grout, rock and drilling cutting samples

Cube al bl cl a2 b2 c2
Cylinder |d1 d2 hl h2

Sample Material Shape h/d

7A Grout Cylinder 1 25.3 25.5 22.4 21.5
78 Grout Cylinder 1 25 25.8 15.8 16
8A Grout Cylinder 1 24.9 25.8 23.6 25.1
8B Grout Cylinder 1 24.6 26 14.7 19.6
11 .4 1 Grout Cylinder 1 52.1 52.1 50.9 50.7
11_4 2A [Grout Cylinder 1 52.1 52.2 49.9 50.4
114 2B [Grout Cylinder 1 52.1 52.2 49.9 50.4
23 1B Clay(+concrete?) Cube 1 14.4 15.5 17 14.9 15.3 16.9
24 1A Cuttings or clay-grout* [Cube 1 11.2 11.2 9.9 11.6 11.2 9.9
24 1B Cuttings or clay-grout* [Cube 1 10.3 9.3 10.8 10.1 9.6 10.8
26_1A Clay(+concrete?) Cube 1 14.1 16.4 17.6 13.8 16.6 17.5
26_1B Clay(+concrete?) Cube 1 15.5 17.4 20 15.5 18.1 19.5
30_3A Cuttings or sand+grout [Cylinder 1 22.1 22.1 20.8 19.9
30_3B Cuttings or sand+grout |Cylinder 1 22.4 22.1 21.9 21
30_3C Cuttings or sand+grout [Cylinder 1 22.1 22.1 21.6 21.6
30_3D Cuttings or sand+grout [Cylinder 1 22.2 22.1 22.4 22
321 Cuttings or clay+grout |Cylinder 1 22 21.9 21.1 19.3
32 2A Cuttings or clay+grout |Cylinder 1 22 22 22.2 21.9
32.2B Cuttings or clay+grout |Cylinder 1 22 21.8 22 21.7
32_3C Cuttings or clay+grout |Cylinder 1 22.3 22.2 21.1 20.3
131 Rock Cylinder 1 52.1 52.1 52.5 52.5
1.3 2A Rock Cylinder 1 52 52 52.3 52.3
1.3 2B Rock Cylinder 1 52 52 52.3 52.3
1.3 3A Rock Cylinder 1 52.2 52 52 52.5
1.3 3B Rock Cylinder 1 52 52.1 51.1 51.5
311 Rock Cylinder 1 52 52 51.4 51.1
3.12A Rock Cylinder 1 52 52 50.9 51.5
3128 Rock Cylinder 1 52 52 51.2 51.5
3.13A Rock Cylinder 1 52 52 52.5 52.4
3138 Rock Cylinder 1 52 52 52.3 52.3
521 Rock Cylinder 1 52.1 52.1 51.4 52
5.2 2A Rock Cylinder 1 52.1 52 51 51.3
5.2 2B Rock Cylinder 1 52.1 52.1 51.7 52.2
5.2 3A Rock Cylinder 1 52.1 52.1 51.2 51.5
5.2 3B Rock Cylinder 1 52.2 52.2 52.5 51.9
* grouting flowed from different pile
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APPENDIX 18

PORAPAALUJEN ASENNUSPOYTAKIRJA
PAALUKOHTAISET TIEDOT

Paalunumero P126
Urakoitsija TERRAMEK Paalutyyppi E21
Tyskohde RD600 LU3SA MRU Porausmenetelma UPPOPORAUS
P-SEINA Tyopiirrustus nro PAALUPORAUSKALLIOSYVYYS
SUUNNITTELIJAN OHJEIDEN MUKAAN
Poraus
Aloitus Pvm 14.2.2013 Kilo 7.10 Aloitustaso + Paalun ylapaan taso + -1.4
Lopetus Pvm Klo 8.15 Lopetustaso + Paalun alapdan taso % -7.8
Todettu kalliopinnan taso + -6,8 Poraussyvyys 6.4 Paalupituus 6.4
PORAUS- POR.
POHJAS. PORAUSHAVAINNOT PORAUSMENET
SYVYYS  [VASTUS KUVAUS (pohjavesi,keskeytykset) JA KALUSTO HUOMAUTUKSET
(m) (m/h)
1 SAVI H181 TASOSTA -1,4
2 SAVI 1M KALLIOON
3 SAVI
4 SAVI 5,4 KALLIO ALKAA
5 5,4 KOVA KALLIO
6 KOVA KALLIO
7
8
Porausvastus (m/h) merkitaan vahintaan kallioporauksen matkalta
Allekirjoitukset: Paalutustynjohtaja
Valvoja
Paalun toteutuneet poikkeamat (sijaintipoikkeamat paalun ylapaan katkaisutasossa)
Ax= cm  Kaltevuus °
Ay= cm  Kaarevuussade m Tasolla =+
Pohjanpuhdistus Pvm Klo
Betonointi
Betonoinnin aloitus Pvm Klo
Betonoinnin lopetus Pvm Klo
Vedenpinnan taso reidssa betonoinnin alkaessa m Ylapaan katkaisutason alapuolella
Betonimenekki Teoreettinen: m?® Todellinen: m?

Erityishuomiot betonoinnissa :

Huomautu

kset/havainnot

Allekirjoit

ukset:

Paalutustyonjohtaja

Valvoja
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PEADB

APPENDIX 18

PORAPAALUJEN ASENNUSPOYTAKIRJA
PAALUKOHTAISET TIEDOT

Peab Infra Oy

Paalunumero P273
Urakoitsija TERRAMEK Paalutyyppi womwof
Tyskohde RD600 LU3A__MRU Porausmenetelma UPPOPORAUS
M SEINA Tyopiirrustus nro PAALUPORAUSKALLIOSYVYYS
SUUNNITTELIJAN OHJEIDEN MUKAAN

Poraus
Aloitus Pvm 30.1.2013 Kilo 11.30 Aloitustaso + Paalun ylapaan taso + -1.4
Lopetus Pvm Klo 14.15 Lopetustaso * Paalun alapaéan taso -9.1
Todettu kalliopinnan taso + -7,6 Poraussyvyys 7.7 Paalupituus 7.7
PORAUS- | POR.
STiS [erielPOUAS|  pomusamon | PORUSIEET | o

1 SAVI H181 TASOLTA -1,4

2 SAVI 1,5 KALLIOON

3 SAVI

4 SAVI

5 KIVIA, RIKKON KALLIO

6 RIKKON KALLIO6,2 PUN KALLIO 6,2 KALLIO ALKAA

7 PUN KALLIO

8 PUN KALLIO

9

10

Porausvastus (m/h) merkitaén vahintaan kallioporauksen matkalta

Allekirjoitukset:

Paalutustynjohtaja
Valvoja

Paalun toteutuneet poikkeamat (sijaintipoikkeamat paalun ylapaan katkaisutasossa)

Ax= cm
Ay= cm

Pohjanpuhdistus

Betonointi
Betonoinnin aloitus
Betonoinnin lopetus

Vedenpinnan taso reidssa betonoinnin alkaessa

Betonimenekki
Erityishuomiot betonoinnissa :

Kaltevuus °
Kaarevuussade m Tasolla =
Pvm Klo
Pvm Klo
Pvm Klo
m Ylapaan katkaisutason alapuolella
Teoreettinen: m? Todellinen: m?3

Huomautukset/havainnot

Allekirjoitukset:

Paalutustyonjohtaja
Valvoja
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Appendix 19: Simplified calculation to determine drilling
depth of RD pile

F:=444 kN

L==7Tm=2.333 m 7o

a:=508 mm o B ® ;1 __
1
i [
508 : .
b:=—— mm A\ !
2

e::%: 127 mm Load distance from center

From shear force

O’lQ::i' 1+6_'e_ =13.764 MPa
a-b b

[Rakentajain kalenteri 2004]

agim— 1 o[1-8¢) ~6.882 MPa K‘E
a-b b

From bending moment M

M:=F-L=(1.036-10%) m-kN

el
A
+

=0.127 m

Fe.
e '_b
1° 9

el

ez::§:0.127 m

[*F]

2 |
€pi=— €;+— e,=0.169 m Distance between force
3 : resultants
Msupport =M Supporting moment=

external moment



e
Msupport =2 " = In that case F1=F2 and

2 el=e2
M gypport =M= (1.036-10°) kN -m otherwise M=2/3*F1*el
+2/3*F2*e2

M
Oippi=2 e — PP 142,246 MPa
€12°€12°0a

From shear force and moment

01:=019+01y=156.01 MPa approximately 240 in FEM
calculation

0'2 ::0-2Q+0-2M: 149.128 MPa

Horizontal displacement due from joint. Pile assumed
to be extremely stiff

Aopersize =27 Mmm Oversize of the drilling on
one side of the pile

E oui=24.3 GPa

grou

1
€= =0.0064
grout
T2
Egi= =0.0061
grout
Az =€+ dypersine=0.173 mm Displacement at rock level
ATy =€y dypersie=0.166 mm Displacement at toe of pile

Ax:= <Aw1+Aw2) -%+Am1:3.288 mm Displacement at top of pile from joint



Joint stiffness of test pile 10, calculation vs. measured

F:=73.1 kN

774
L:=1.97Tm=1.9Tm _ >

a:=219.1 mm S 1" ; "
\ N
b:=1000 mm A\ K

e::%:500 mm Load distance from center

From shear force

o= [1+8:¢) = 1.335 MPa
a-b b

[Rakentajain kalenteri 2004]

Taqi= E (1-9¢)=0.667 MPa Xﬁ
a<b b

From bending moment M
7 Ny
M:=F+L=144.007 m+kN <
61 :2220.5 m F B +
2 :;k
b r >
ey ::520.5 m 02
€19i=— el+E e,=0.667 m Distance between force
3 3 resultants
M gpport =M Supporting moment=

external moment



e
Msupport =2 " = In that case F1=F2 and

2 el=e2
M gpport =M =144.007 kN -m otherwise M=2/3*F1*el
+2/3*F2*e2
g

Fl = i . 61 a

Fl
O-lM = 2 . o .

»

M
Opi=2e PP 9 958 MPa
€12°€12°Q

From shear force and moment

0y:=019+01y=4.292 MPa Very near to joint limit, FEM
calculation indicates same

0.2::0-2Q+0-2M:3‘625 MPa

Horizontal displacement due from joint. Pile assumed
to be extremely stiff

Aopersize =27 Mmm Oversize of the drilling on
one side of the pile

Eoui=24.3 GPa

grou

1
€= =0.0002

grout

T2
£qi= =0.0001

grout
Az =€+ dypersize=0.005 mm Displacement at rock level
ATy =€y dypersize=0.004 mm Displacement at toe of pile

L ] . 1.

Azx:= <Aac1+Aac2> -F+A:c1:0.022 mm Displacement at top of pile from joint

Not even close to measured 38 mm-24.7 mm=13.3 mm -> pile deflection in the
drilling hole plays major role when drilled deep into bedrock



Appendix 20

TAMPEREEN TEKNILLINEN YLIOPISTQ TESTAUSSELOSTUS MPR/408/2013
Maa- ja pohjarakenteet 1(1)
Lari Hannukainen, puh. 040-8490302 17-12-2013

Leo-Ville Miettinen

SAVINAYTTEIDEN PETROGRAFINEN KUVAUS

Néytteet 2 kpl, Savinaytteet (TTY:n tyénumero 150036/408/2013). Nayt-
teenotto ja ndytteen edustavuus ovat tilaajan vastuulla.

Néaytteiden esikasittely ~ Naytteet hienonnettiin huhmareella ja sekoitettiin ionivaihdettuun
veteen suspension muodostamiseksi. Naytesuspensioista pipetoitiin
testindytteet lasilevyille. Testindytteiden vesi haihdutettiin huoneen-
lAmmossé.

Testausmenetelmat Lasilevyille laskeutettujen naytteiden mineralogia tutkittiin PANa-
Iytical Empyrean-rontgendiffraktiolaitteella PANK 2301 ohjeen
mukaisesti (kvalitatiivinen analyysi).

Tulokset Tutkimus on tehty 4.12.2013.

Néyte 408/23:
Kvartsi, kloriitti, plagioklaasi, muskoviitti

Nayte 408/24:

Kalsiitti, Portlandiitti, Kvartsi, Kalsiumsilikaatti

Tulokset pétevat ainoastaan testatuille néytteille. Testausselostuk-
sen saa kopioida ainoastaan kokonaisuudessaan.

JAKELU: Asiakas
TTY
Postiosoite Kayntiosoite Vaihde
PL 600 33101 Tampere Korkeakoulunkatu 5 33720 Tampere 03-3115 111

Tulostettu 17.12.2013 PANK-hyvaksytty testausorganisaatio
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[Appendix 20 |

TAMPEREEN TEKNILLINEN YLIOPISTO
MPR

KALKKIKIVIJAUHEEN LIUKOISUUS SUOLAHAPPOON PANK-2405

Punnitaan10 g kuivattua naytetta dekantterilasiin. Mitataan mittalasiin 50ml vetta ja
25ml vakevaa suolahappoa. Liuos kaadetaan varovasti naytteen paalle.

Nayte kuumennetaan ja keitetdan n. 10min.

Suodatetaan kuivatun ja punnitun suodatinpaperin lapi. Huuhdotaan.

Paperi kuivataan. Punnitaan

Nayte 408 27
pvm 19.12.2013
tekija NL
A B

naytteen painog m 10,012 10,0353
nayte + suodatinpaperi + astiag m; 6,4822 6,2509
suodatinpaperi + astiag m, 3,2357 3,1824
Liukoisuusprosentti

S = ((1-(m4-m5)/m))*100 67,57 69,42

Keskiarvo % 68,50



leo-ville.miettinen
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MPR/ 408/2013 Liite . /

Tampereen teknillinen yliopisto

Maa- ja pohjarakenteet
PL. 600, 33101 Tampere

Tilaaja:
Ty6numero:

Ruukki Construction Oy
408/2013

Tutkimus:

Tyb6kohde: Diplomioty6

Kunta:

Naytteen tunnus a

Néytenumero

b - -

paalu/km

Syvyys

korkeustaso

ottoaika

Irtotiheys kuiva

[rtotiheys markd

Kiintotiheys

Vesipitoisuus %

Polttohavié %

Humuspitoisuus %

Humus NaOH

Hienoainespitoisuus (-0.063)

Routivuus, routim, routiva

Kantavuusluokka

Kapillaarisuus

Maalaji SFS (Geo)

[GEO| SAVI 1 SILTT!

I HIEKKA

SORA TKIVET|

0.002 0.006 0.02

0.063

0.2 0.5

6 20 63

100

90 +

80 +

70 ¢

60 -+

50 +

%

40 +

30 +

10 § |

20 4 =

feet="]
N o

0.002 0.006 0.02

0.063 0.125 0).5 1

RAEKOKO (mm

2

6 16  31.5 63100

Huomautuksia:

Paivays: Tutki:

Tarkasti:
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MPR/ 408/2013 Liite . /

Tampereen teknillinen yliopisto

Maa- ja pohjarakenteet
PL 600, 33101 Tampere

Tilaaja:

TyOonumero:

Ruukki Construction Oy
408/2013

Tutkimus:

Tydkohde:

Diplomiotyo

Kunta:

Néaytteen tunnus a

Naytenumero

b

paalu/km

Syvyys

korkeustaso

ottoaika

Irtotiheys kuiva

irtotiheys mérka

Kiintotiheys

Vesipitoisuus %

Polttohavid %

Humuspitoisuus %

Humus NaOH

Hienoainespitoisuus (-0.063)

Routivuus, routim, routiva

Kantavuusliuokka

Kapillaarisuus

Maalaji SFS (Geo)

GEO| SAVI |

SILTTI

I HIEKKA

SORA TKIVET|

0.002 0.006

0.02

0.063 0.2

6 20 63

100 ¢

/

90

/

/

80 +

70 +

60

50 +

%

40 +

30 +

20

10 £

et

I oy

0.002 0.006

0.02

0.063 0.125 0
RAEKOKO (mm

51 2
)

6 16 31.5 63100

Huomautuksia:

Paivays:

Tutki:

Tarkasti:




MPR/ 408/2013 Liite . /

Tampereen teknillinen yliopisto Tilaaja: Ruukki Construction Oy

Maa- ja pohjarakenteet Tydénumero: 408/2013
PL 600, 33101 Tampere

Tutkimus:

Tybkohde: Diplomioty6 Kunta:

Naytteen tunnus a b - - c
Naytenumero

paalu/km 9

SYVVyS

korkeustaso

ottoaika

Irtotiheys kuiva

Irtotiheys mérka

Kiintotiheys

Vesipitoisuus %
Polttohavid %
Humuspitoisuus %
Humus NaOH

Hienoainespitoisuus (-0.063)

Routivuus, routim, routiva

Kantavuusluokka

Kapillaarisuus

Maalaji SFS (Geo)
[GEO| SAVI | SILTTI T HIEKKA I SORA TKIVET

0.002 0.006 0.02 0.063 0.2 0.5 2 6 20 63

100 +

90 -+ =

80 -

70 + py

60 £ -

50 + .

%

40 £ p
N /
30 /|

20 i

10 § - =]
——
:

0.002 0.006 0.02 0.063 0.125 2 4 6 16 31.5 63100

0.5
RAEKOKO (mmj)

Huomautuksia:

Paivays: Tutki: Tarkasti:




MPR/ 408/2013 Liite . /
Tampereen teknillinen yliopisto Tilaaja: Ruukki Construction Oy

Maa- ja pohjarakenteet Tydnumero: 408/2013
PL 600, 33101 Tampere
Tutkimus:

Tybkohde: Diplomioty6 Kunta:

Naytteen tunnus a b - c

Naytenumero
paalu/km 10
SYVyys

korkeustaso

ottoaika

Irtotiheys kuiva
Irtotiheys marka

Kiintotiheys

Vesipitoisuus %
Polttohavio %
Humuspitoisuus %
Humus NaOH

Hienoainespitoisuus (-0.063)

Routivuus, routim, routiva

Kantavuusluokka

Kapillaarisuus

Maalaji SFS (Goo)
[GEO[ SAVI | SILTTI I HIEKKA I SORA TKIVET|

0.002 0.006 0.02 0.063 0.2 0.5 2 6 20 63

100 +

90% V4

80 § 7]

70 +

60 -+

50 +

%

40 +

30 + //
20 + T
10 4 -

0.002 0.006 0.02 0.063 o12|§ 2 4 6 16 31.5 63100

Huomautuksia:

Paivays: Tutki: Tarkasti:




Tampereen teknillinen yliopisto

Tilaaja:

Ruukki Construction Oy

Maa- ja pohjarakenteet Tyénumero: 408/2013
PL 600, 33101 Tampere
Tutkimus
Tyokohde: Diplomioty6 Kunta:
Néaytteen tunnus a b c e e
Tybnumero
Naytteen ottopaikka (Paalu) 2
- SYVyys
- korkeustaso
Naytteen massa kuivana 829,79
Néytteen massa pesun jilkeen 606,211
Pesutappio 223,58
Kivia ja lohkareita %o %o %o
20-64
64-200
200-600
> 600
Seulonta
Seula jai(g) | jai(%) | lap (%) | jai(g) | jai(%) | l1ap (%) | jai(g) | j&i(%) |lap (%)
mm
63 0,00 0,0 100,0
31,5 0,00 0,0 100,0
16 104,80 12,6 87,4
8 55,10 6,6 80,7
4 47,10 5,7 75,0
2 50,35 6,1 69,0
1 69,27 8,4 60,6
0,5 66,62 8,0 52,6
0,25 78,96 9,6 43,0
0,125 71,67 8,6 34,4
0,063 53,59 6,5 27,9
pohja 7,79 0,9
pohja+pesutappio 231,37
Yhteensa 828,84
Areometrikoe 4
Naytemaara 100
Aika °C |lukema | rackoko| 18p% | lukema [raekoko| lap% | lukema | raekoko | [14p%
Alku
1 min 22 22,5 0,0460 | 37,6
6 min 22 14,5| 0,0197 [ 24,8
1h 22 7,5]0,00653[ 13,7
5h 22 5,0{ 0,00299 9,6
1d 21 3,01 0,00130] 6,4
4d 21 2,0/0,00070| 4,8

Huomautuksia:




Tampereen teknillinen yliopisto Tilaaja: Ruukki Construction Oy
Maa- ja pohjarakenteet Tyonumero: 408/2013
PL 600, 33101 Tampere
Tutkimus
Tydkohde: Diplomiotyo Kunta:
Néytteen tunnus a b .- c e e
Tydnumero
Naytteen ottopaikka (Paalu) 3
- SYVYys
- korkeustaso
Néaytteen massa kuivana 863,69
Naytteen massa pesun jélkeen 774,119
Pesutappio 89,57
Kivig ja lohkareita % % %
20-64
64-200
200-600
> 600
Seulonta
Seula jai(g) | jai(%) | lap (%) | jai(g) | jai(%) | lap (%) | jéi(g) | j&i(%) | l&p (%)
mm
63 0,00 0,0 100,0
31,5 425,20 49,2 50,8
16 163,00 | 18,9 31,9
8 40,30 4,7 27,2
4 19,20 2,2 25,0
2 12,78 1,5 23,5
1 18,58 2,2 21,4
0,5 19,99 2,3 19,1
0,25 21,22 2,5 16,6
0,125 22,42 2,6 14,0
0,063 28,05 3,2 10,8
pohja 3,57 0,4
pohja+pesutappio 93,14
Yhteensa 863,89
Areometrikoe 4
Naytemaara 100
Aika °C llukema | raekoko| 18p% | lukema [raekoko| [&p% | lukema | raekoko | 1ap%
Alku
1 min 22 26,0] 0,0450 | 43,1
6 min 22 18,0] 0,0193 | 304
1h 22 12,5/ 0,00634| 21,6
5h 22 9,5/ 0,00291| 16,8
1d 21 7,51 0,00127| 13,5
4d 21 5,5/ 0,00068] 10,4

Huomautuksia:




Tampereen teknillinen yliopisto Tilaaja: Ruukki Construction Oy
Maa- ja pohjarakenteet Tyonumero: 408/2013
PL 600, 33101 Tampere
Tutkimus
Tydkohde: Diplomiotyd Kunta:
Néaytteen tunnus a b .- o e e
Tydnumero
Néytteen ottopaikka (Paalu) 9
- Syvyys
- Korkeustaso
Néaytteen massa kuivana 289,06
Naytteen massa pesun jalkeen 236,536
Pesutappio 52,52
Kivia ja lohkareita %o Y% %
20-64
64-200
200-600
> 600
Seulonta
Seula jai (9) | jai(%) | lap (%) | jai(g) | jai(%) [ 18p (%)} j&i(g) | jai(%) | lap (%)
mm
63 0,00 0,0 100,0
31,5 0,00 0,0 100,0
16 33,90 11,7 88,3
8 29,20 10,1 78,1
4 28,10 9,7 68,4
2 18,27 6,3 62,1
1 20,19 7,0 55,1
0,5 21,04 7,3 47,8
0,25 25,56 8,9 38,9
0,125 31,52 10,9 28,0
0,063 24,33 8,4 19,6
pohja 3,98 1,4
pohja+pesutappio 56,51
Yhteensa 288,62
Areometrikoe 4
Naytemaaré 100
Aika °C liukema |raekoko| 1&4p% [ lukema |raekoko| 14p% | lukema | raekoko | 1&4p%
Alku
1 min 22 17,0] 0,0476 | 28,8
6 min 22 12,5] 0,0200 21,6
1h 22 9,0/ 0,00647| 16,0
5h 22 7,5]0,00295| 13,6
1d 21 5,6 0,00128{ 10,3
4d 21 4,0| 0,00069 8,0

Huomautuksia:




Tampereen teknillinen yliopisto Tilaaja: Ruukki Construction Oy
Maa- ja pohjarakenteet Tydénumero: 408/2013
PL 600, 33101 Tampere
Tutkimus
Tydkohde: Diplomiotyo Kunta:
Néaytteen tunnus a b - o e e
Tydnumero
Naytteen ottopaikka (Paalu) 10
- SYVyys
- korkeustaso
Naytteen massa kuivana 324,25
Néytteen massa pesun jalkeen 298,1
Pesutappio 26,15 -
Kivia ja lohkareita % % %o
20-64
64-200
200-600
> 600
Seulonta
Seula jai(g) | jai(%) | 1ap (%) | jai(g) | jai(%) [ 1ap (%)} jai(g) | jai(%) |lap (%)
mm
63 0,00 0,0 100,0
31,5 0,00 0,0 100,0
16 16,10 5,0 95,0
8 53,90 16,6 78,4
4 131,80 | 40,6 37,8
2 42,10 13,0 24,8
1 7,60 2,3 22,5
0,5 4,50 1,4 21,1
0,25 8,90 2,7 18,3
0,125 15,40 47 13,6
0,063 14,00 4,3 9,3
pohja 3,90 1,2
pohja+pesutappio 30,05
Yhteensd 324,35
Areometrikoe 4
Naytemaara
Aika °C llukema |raekoko| 1ap% | lukema |raekoko| 14p% | lukema | raekoko | [&p%
Alku
1 min 20
6 min 20
1h 20
5h 21
1d 20
4d 20

Huomautuksia:




Testausselostus MPR/ 408 /2013 Liite

SULJETTU KOLMIAKSIAALIKOE

TTY ASIAKAS Ruukki Construction Oy
Maa- ja pohjarakenteet KOHDE Injektointikohde
PL 600 33101 TAMPERE TYONUMERO 408/2013 (H408)
KOKEEN / KOESELLIN N:O 5 5
PISTE, PAALU Niyte 1 Niyte 1 Niyte 1
SYVYYS [m] - - -
TIEDOSTO H408 S1 H408 S2 -
NOPEUS [mm/min] 0,015 0,015 0,015
KOKEEN ALUSSA SULLOTTUNA: pmv 17.10.-13 21.10.-13
NAYTTEEN HALKAISIJA [mm] 51 51 50
NAYTTEEN KORKEUS [mm] 97,7 96,4
NAYTTEEN POIKKIP.-ALA [cm**2] 20,43 20,43 19,63
NAYTTEEN TILAVUUS [cm**3] 199,58 196,93
NAYTTEEN PAINO [g] 336,00 336,00 159,13
Kokoonpuristuma konsolidoinnissa [mm] 2,34 3,53
Poistunut vesi konsolidoinnissa [ml},[g] 6,2 11,2
Néytteen paino konsolidoituneena [2] 329,80 324,80
Kuivan niytteen paino [g] 210,60 216,54 107,59
ARVIO VESI [g] 125,40 119,46 51,54
ARVIO VESIPITOISUUS [%] 59,5 552 47,90
IRTOTIHEYS [g/em*#3] 1,68 1,71
TILAVUUSPAINO [KN/m*#*3] 16,5 16,7
ARVIO KUIVA IRTOTIHEYS [gfem**3] 1,06 1,10
ARVIO KUIVATILAVUUSPAINO [kN/m**3] 10,4 10,8
ARVIOITA
KYLLASTYSASTE Sr, oletus [%] 100,00 100,00 100,00
KIONTOTIHEYS [g/em**3] 2,84 2,80
HUOKOSLUKU e 1,69 1,54
OMINAISTILAVUUS v 2,69 2,54
KIINTOTIHEYS, oletus [g/om**3] 2,65 2,65 2,65
KYLLASTYSASTE Sr [%] 104,4 103,7
HUOKOSLUKU & 1,51 1,41
OMINAISTILAVUUS v 2,51 241
KONSOLIDOITUNEENA: 101 kPa 298 kPa - kPa
TILAVUUSPAINO [KN/m**3] 16,7 17,2
KUIVATILAVUUSPAINO [KN/m#*3] 10,7 11,4
KOKEEN LOPUSSA:
ASTIAN NUMERO H408 S1 H408 S2 -
KOSTEA NAYTE [g] 311,45 310,01 159,13
Kuivan niytteen paino [g] 210,60 216,54
VESI [g] 100,85 93,47
VESIPITOISUUS [%] 47,9 43,2
TUTKI: TAMPERE

PAIKKA PAIVAYS Niko Levo

) Laboratoriomestari

TARKASTI: TAMPERE

PATKKA PATVAYS NUUTTI VUORIMIES

Projektipaallikks, DI
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SULJETTU KOLMIAKSIAALIKOE

TTY ASIAKAS Ruukki Construction Oy
Maa- ja pohjarakenteet KOHDE Injektointikohde
PL 600 33101 TAMPERE TYONUMERO 408/2013 (H408)

Laskennallinen paino = kokeen loppupaino + konsolidoinnissa poistunut vesi + leikkauksessa poistunut vesi

0

KOKEEN / KOESELLIN N:O 5 5
PISTE, PAALU Niiyte 1 Niyte 1
SYVYYS - -
TIEDOSTO H408 S1 H408 S2
NOPEUS [mm/min] 0,015 0,015
LASKENNALLISESTI 20 kPa:n sellipaineessa ennen konsolidointia:
NAYTTEEN HALKAISIJA [mm] 51 51
NAYTTEEN KORKEUS [mm] 97,7 96,4
NAYTTEEN POIKKIP.-ALA [cm**2] 20,43 20,43
NAYTTEEN TILAVUUS [cm**3] 199,58 196,93
NAYTTEEN PAINO LASKENNALLISESTI {g] 3177 321,2
Kokoonpuristuma konsolidoinnissa [mm] 2,34 3,53
Poistunut vesi konsolidoinnissa [ml],[g] 6,2 11,2
Niytteen paino konsolidoituneena [g] 311,45 310,01
Kuivan néytteen paino [g] 210,60 216,54
VESI [g] 107,05 104,67
VESIPITOISUUS [%] 50,8 48,3
IRTOTIHEYS [g/em**3] 1,59 1,63
TILAVUUSPAINO [kN/m*#*3] 15,6 16,0
KUIVA IRTOTIHEYS [g/em*%3] 1,06 1,10
KUIVATILAVUUSPAINO [kKN/m**3] 10,4 10,8
KYLLASTYSASTE Sr, oletus [%6] 100,0 100,0
KIINTOTIHEYS [g/cm**3] 2,28 2,35
HUOKOSLUKU ¢ 1,16 1,13
OMINAISTILAVUUS v 2,16 2,13
KINTOTIHEYS, oletus [g/cm**3] 2,65 2,65
KYLLASTYSASTE Sr [%6] 89,1 90,8
HUOKOSLUKU e 1,51 1,41
OMINAISTILAVUUS v 2,51 2,41
KONSOLIDOITUNEENA: 101 kPa 298 kPa
"TILAVUUSPAINO" [kN/m**3] 15,8 16,4
KUIVATILAVUUSPAINO [kN/m**3] 10,7 11,4
KOKEEN LOPUSSA:
ASTIAN NUMERO H408 S1 H408 S2
KOSTEA NAYTE [g] 311,45 310,01
Kuivan n#ytteen paino le] 107,59 216,54
VESI [g] 203,86 93,47
VESIPITOISUUS [%] 189,5 43,2
0

Laskennallinen paino = Koekpl:een paino kokeen lopussa + konsolidoinnissa poistunut vesi (ei valttimitti oikein)

TUTKI: TAMPERE
PAIKKA PAIVAYS Niko Levo
Laboratoriomestari
TARKASTI: TAMPERE
PAIKKA PAIVAYS NUUTTI VUORIMIES

Projektipasllikko, DI
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KOLMIAKSIAALIKOE
TTY ASIAKAS Ruukki Construction Oy
Maa- ja pohjarakenteet KOHDE Injektointikohde,
PL 600 33101 TAMPERE TYONUMERO 408/2013 (H408)

Piste Nayte 1

Nro Sellipaine Tiedosto Syvyys
1 101 H408_S1 -
2 298 H408_S2 -
3 - - -
350
[ | == H408_S1
. | ——H408_S2
300 +- )
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= 200
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KOLMIAKSIAALIKOE
TTY ASTAKAS Ruukki Construction Oy
Maa- ja pohjarakenteet KOHDE Injektointikohde
PL 600 33101 TAMPERE TYONUMERO 408/2013 (H408)
Piste Nayte 1
Nro Sellipaine Tiedosto Syvyys
1 101  H408_S1 -
2 298 H408_S2 -
3 - - -
180
160
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KOLMIAKSIAALIKOE |
TTY ASIAKAS Ruukki Construction Oy)|
Maa- ja pohjarakenteet KOHDE Injektointikohde
PL 600 33101 TAMPERE TYONUMERO 408/2013 (H408)
Piste Nayte 1 Syvyys
3 ) Muodonmuutostaso, jolla
350 + Koheesio = 0,0 kPa suurin leikkausjannitys
Kitkakulma = 38,0 ° ._on saavutettu
300 + — . — H408 S1;e=17.9%
© ———H408_S2;6=17,1%
a 250 ¥
= ! <e=0%
3 X
2 200 ¥
c L
c L
% 150 F
a - Vain kahden kokeen perusteella
g ‘< Koheesio pakotettu nollaksi
= 100 N
w .
- N
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Normaalijannitys o', kPa
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Tampereen teknillinen yliopisto

Maa- ja pohjarakenteet
PL 600, 33101 Tampere

Tilaaja:
Tyonumero:

Ruukki Construction Oy
408/2013

Tutkimus:

Tybkohde: Diplomityd

Kunta:

Naytteen tunnus a
Naytenumero

b -

paalu/km

Syvyys

korkeustaso

ottoaika

Irtotineys kuiva

irfotiheys mérka

Kiintotiheys

Vesipitoisuus %

Polttohavio %

Humuspitoisuus Y%

Humus NaOH

Hienoainespitoisuus (-0.063)

Routivuus, routim, routiva

Kantavuusluokka

Kapillaarisuus

Maalajl SFS (Geo)

GEO| SAVI 1 SILTTI

I HIEKKA

SORA TKIVET|

0.002 0.006 0.02
100

0.063 0.2 0.5

6 20 63

90 +

80 +

v

70

60 |

50 +

%

40 +

30 + /
20 +

y

102 /

ey

0.002 0.006 0.02

0.063 0.125

0.5
RAEKOKO (mm)

2

6 16 31.5 63100

Huomautuksia:

Osa materiaalista "klimppiytyy" ja kaikki ei liukene tasaisesti veteen

Paivays: Tutki:

Tarkasti:




Tampereen teknillinen yliopisto Tilaaja: Ruukki Construction Oy
Maa- ja pohjarakenteet Tydénumero: 408/2013
PL 600, 33101 Tampere
Tutkimus
Tyokohde: Diplomityo Kunta:
Néaytteen tunnus a b - c e
Tydnumero
Naytteen ottopaikka (Paalu) 1
- SYVYys
- korkeustaso
Naytteen massa kuivana 107,59
Néaytteen massa pesun jalkeen 49,41
Pesutappio 58,18
Kivia ja lohkareita % Yo %
20-64
64-200
200-600
> 600
Seulonta
Seula jai(g) | jai(%) | 1ap (%) | jai(g) | j&i(%) [ 1ap (%) ] jai(g) | j&i(%) |lap (%)
mm
63 0,00 0,0 100,0
31,5 0,00 0,0 100,0
16 0,00 0,0 100,0
8 0,00 0,0 100,0
4 1,26 1,2 98,8
2 1,32 1,2 97,6
1 3,68 3,4 94,2
0,5 5,78 5.4 88,8
0,25 8,72 8,1 80,7
0,125 10,61 9,8 70,9
0,063 14,49 13,5 57,4
pohja 3,68 3,4
pohja+pesutappio 61,85
Yhteensa 107,70
Areometrikoe 4
Naytemaara 100 100
Aika °C |lukema |raekoko| 1&p% [ lukema | raekoko| 14p% | lukema | raekoko | [4p%
Alku
1 min 22] 355 0,0424 58,2
6 min 22] 45 0,0211 8,9
1h 221 1,5 |0,00674] 41
5h 22 1 0,00306] 3,3
id 22 1 0,00130 3,2
4d 21

Huomautuksia:

Osa materiaalista "klimppiytyy" ja kaikki ei llukene tasaisesti veteen
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KOLMIAKSIAALIKOE

TTY ASTAKAS Ruukki Construction Oy
Maa- ja pohjarakenteet KOHDE Injektointikohde
PL 600 33101 TAMPERE TYONUMERO 408/2013 (H408)

Piste Nayte 1

Nro Sellipaine Tiedosto Syvyys

1 101  H408_S1 -

2 298 H408_S2 -

3 - -

5,0

c,'/ o5

Suhteellinen kokoonpuristuma, %

=+ = H408_S1
........................................................................... H408_S2
5 10 15
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KOLMIAKSIAALIKOE
TTY ASIAKAS Ruukki Construction Oy;
Maa- ja pohjarakenteet KOHDE Injektointikohde
PL 600 33101 TAMPERE TYONUMERO 408/2013 (H408)
Piste Nayte 1 Syvyys
. Muodonmuutostaso, jolla
350 kun huOkOSVGdenpalne fujuusparametrit on
on suurimmillaan on-laskettu
300 4 parametrit: - .= H408_S1;e=41%
Koheesio = 0,0 kPa
© Kitkakulma = 38,0 ° — H408_S2;e=52%
a 250
= =e=42%
0
2 200
c
S
g 150 Vain kahden kokeen perusteella
e Koheesio pakotettu nollaksi
= 100
)
-
50
0 el . . i el f— ¥ el i
0 100 200 300 400 500 600
Normaalijannitys o', kPa
fii' =38, ¢'=0 kPa
11'=39,6, ¢ =0kPa ¢ /
600 $
500
[y}
o
~
:,% 400
‘s
o
@, 300 ——— H408_S1
j =t
Q
£
5 200 ——H408_S2
]
3
a 100 —
O y < (AWWW
0 200 400 600 800 1000
Keskimaarainen paajannitys, kPa
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KOLMIAKSIAALIKOE

TTY ASTAKAS Ruukki Construction Oy
Maa- ja pohjarakenteet KOHDE Injektointikohde,
PL 600 33101 TAMPERE TYONUMERO 408/2013 (H408)

Piste Nayte 1

Nro Sellipaine Tiedosto Syvyys

1 101 H408_S1 -

2 2908 H408_S2 -

3 - - -

700

- . = H408_S1
———H408_S2

600 +

500 e

400

delta q [kPa]

300

200 T

100

—".*__-—c
.

10 15

Suhteellinen kokoonpuristuma [%]
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Suhteellinen kokoonpuristuma [%]

KOLMIAKSIAALIKOE
TTY ASTAKAS Ruukki Construction Oy
Maa- ja pohjarakenteet KOHDE Injektointikohde
PL 600 33101 TAMPERE TYONUMERO 408/2013 (H408)
Piste Néayte 1
Nro Sellipaine Tiedosto Syvyys
1 101  H408_S1 -
2 298 H408_S2 -
3 - - -
300
~ .~ H408_S1
—— H408_S2
250 +|
=200
2
o
S
o
2 L
150 P
100 + ~
o _ - - - O"
50 ol
. e
O - ' : e s e 2 : 2 B s 5 : B : s » » s : » » » 'l
0,0 0,5 1,0 1,5 2,0 2,5 3,0
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ODOMETRIKOE
TTY ASIAKAS Ruukki Construction]
Maa- ja pohjarakenteet KOHDE Injektointikohde
PL 600 33101 TAMPERE TYONUMERO 408/2013 (H408)
ODOMETRIN N:0 / KOETYYPPI pl2/puntti
PISTE, PAALU Niyte 23
SYVYYS [m]
TIEDOSTO H408 P1
NOPEUS
KOKEEN ALUSSA: pvm 9.10.-13
NAYTTEEN KORKEUS [mm)] 20
NAYTTEEN POIKKIP.-ALA [cm**2] 10
NAYTTEEN TILAVUUS [cm**3] 20,00
NAYTE + RENGAS [e] 66,84
RENKAAN PAINO [£] 30,55
KOSTEA NAYTE [g] 36,29
KUIVA NAYTE [g] 28,17
VESI [g] 8,12
VESIPITOISUUS [%] 28,8
IRTOTIHEYS [g/cm**3) 1,81
TILAVUUSPAINO [kN/m**3] 17,8
KUIVA IRTOTIHEYS [g/cm**3] 1,41
KUIVATILAVUUSPAINO [kN/m**3] 13,8
KYLLASTYSASTE Sr [%] 100,00 100,00 100,00
KIINTOTIHEYS [/cm**3] 2,37
HUOKOSLUKU ¢ 0,68
OMINAISTILAVUUS v 1,68
KIINTOTIHEYS [g/cm**3] 2,70 2,70 2,70
KYLLASTYSASTE Sr [%] 84,9
HUOKOSLUKU e 0,92
OMINAISTILAVUUS v 1,92
KOKEEN LOPUSSA.:
ASTIAN NUMERO H408 P1 0,00 0,00
KOSTEA NAYTE [e] 34,20
KUIVANAYTE [g] 28,17
VESI [g] 6,03
VESIPITOISUUS [%] 21,4
*1) Hairiintynyt ndyte tehty paakusta, jota kostutettiin ennen koekappaleen tekemisti. Néytetti paikattu ddometrirenkaaseen
Niyte ei ollut tiysin kylléstynyt
TUTKI: TAMPERE
PAIKKA PAIVAYS Saara Hainari
Tutkimusapulainen, tekn yo
TARKASTIL: TAMPERE
PAIKKA PAIVAYS Nuutti Vuorimies
Projektipaillikko, DI
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ODOMETRIKOE 1/5
TTY ASTIAKAS Ruukki Contruction
Maa- ja pohjarakenteet KOHDE Injektointikohde
PL 600 PISTE Niyte 23
33101 TAMPERE SYVYYS -
TIEDOSTO H408 P1.DA4
1.ja 2. porras 12,5ja37.5kPa Aikals]
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Aika [s]
1 10 100 1000 10000 100000
0
0,02 e
\“\‘\
RaN
0,04 N
N
E
E \
«© 0,06
g N
£ \
V]
% 0,08 \\
N
0,1 N
, .
\‘\P
0,12

Koe on tehty 9.-17.10.2013




MPR/408/2013 Lite . /

ODOMETRIKOE 2/5
TTY ASTAKAS Ruukki Contruction
Maa- ja pohjarakenteet KOHDE Injektointikohde
PL 600 PISTE Niyte 23
33101 TAMPERE SYVYYS -
TIEDOSTO H408 P1.DA4
4. porras 100 kPa
Aika [s]
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5. ja 6. porras 200 ja 400 kPa
Aika [s]
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Koe on tehty 9.-17.10.2013
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ODOMETRIKOE 3/5
TTY ASIAKAS Ruukki Contruction
Maa- ja pohjarakenteet KOHDE Injektointikohde
PL 600 PISTE Niyte 23
33101 TAMPERE SYVYYS -
TIEDOSTO H408 P1.DA4
7. porras 800 ja 1600 kPa
Aika [s]
1 10 100 1000 10000 100000 1000000
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Portaat 6.25, 12.5, 25, 50, 100, 200 ja 400 kPa
Aika [s]
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Koe on tehty 9.-17.10.2013
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ODOMETRIKOE 4/5
TTY ASIAKAS Ruukki Contruction
Maa- ja pohjarakenteet KOHDE Injektointikohde
PL 600 PISTE Niyte 23
33101 TAMPERE SYVYYS -
TIEDOSTO H408 P1.DA4
Numeerisen menetelman sovitus Konsolidaatiokerroin
Jénnitys [kPa] Casagrande
0 200 400 600 800 1000 1200 1400 1600 | Porras Gy m2/a
0 \>§K >< I { P T T T [ | I |
X
Fﬂ? 5 >< % Seriest B
o 100 11
=, X 200 7,3
10 400 6,4
] 800 7,5
E 15 NP2 1600 6,9
5 X
'g Vedenlédpaisevyyskerroin
g 20 Casagrande
B porras k, m/s
5 25
X 100 2,1E-09
a % 200 5,8E-10
400 2,4E-10
X
800 1,5E-10
3 . — - 1600 6,7E-11
Koekappale ei ollut taysin kyllastynyt
Numeerisen menetelman sovitus
Jannitys [kPa]
0 200 400 600 800 1000 1200 1400 1600 |Numer. sovitus
0 | e e e I B: -0,06
4"<\ X Mitatut m= 18,4
& -------- numeerinen” o0 = 50,0
5 ‘_\\ ] B2 = 1,0
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T X 100 16
200 11
25 400 11
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1600 11
Tampere
paivays Nuutti Vuorimies, tutkija

Koe on tehty 9.-17.10.2013
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ODOMETRIKOE 5/5

TTY ASTAKAS Ruukki Contruction
Maa- ja pohjarakenteet KOHDE Injektointikohde
PL 600 PISTE Niyte 23
33101 TAMPERE SYVYYS -
TIEDOSTO H408 P1.DA4

Portaat 6.25, 12.5, 25, 50, 100, 200 ja 400 kPa
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Appendix 21: rotational stiffness of test piles versus FEM calculation

Displaceme
nt due to Displacement
FEM due to FEM
without without extra
extra springs and
Material in Measured |springs and Non-linear|Non-linear(large
the gap of displament |[large FEM Diplacemen 0.5 0.5 deflection
Pile the drilling at max deflection |displacement t from friction vs. [friction vs. |allowed, linear |Linear 0.1 Linear 0.1
length hole in Max elastic |elastic force |allowed, compared to joint, reality reality model 0.1 friction vs. friction vs.
Pile [m] bedrock force [kN]  [[mm] friction 0.5 [tested measured |Comment TOTAL JOINT friction reality TOTAL [reality JOINT
10 1.97|Grouted 73.1 38 35.9 -5.5% 13.3[sand above rock level -55%| -15.8% 37.3 -1.8% -53%
11 1.99(Drilling mud 72.4 38.9 36.2 -6.9 % 14.2[sand above rock level -6.9%| -19.0% 37.2 -4.4 % -12.0%
20 2|Grouted 72 41.3 37.5 9.2 % 16.6|clay above rock level -9.2%| -229% 37.9 -82% -20.5%
22%* 1.98|Grout/clay 72.7 108.1 39.4 -63.6 % 83.4|clay above rock level -63.6%| -824% 38.3 -64.6 % -83.7%
2% ** 1.98|Grout/clay 72.7 108.1 95.7 -11.5% 83.4|clay above rock level -11.5%| -149% 108.5 0.4% 0.5%

*Non-grouted tight, drilling mud
**weakest clay-concrete sample values
***weakest clay-concrete sample values/1000
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Master of Science Thesis: THE ROTATIONAL STIFFNESS AND WATERTIGHTNESS OF RD PILE WALLS IN

THE BEDROCK AND PILE INTERFACE, Leo-Ville Miettinen

Appendix 22: Interview memo 27 November 2013, translated into English from conversations conducted
in Finnish.

6 May 2013 Western metro line, Koivusaari, Antti Westerlund

-Grouting pipe ended at about the level of interlock toe, in some piles pipe was even longer. As such,
grouting pipe ended approximately 50 mm above pipe toe. Grouting pipe diameter was 20 mm.
Grouting pipe was located at the ground side of the wall (not excavation side).

-Grouting working order: Piles concreted inside, curtain grouting, clearing the grouting channel by using
pressurized air and then grouting via injection pipe.

-Approximately 50% of grouting pipes allowed grout to pass, rest could not be opened with pressurized
air. Could be assumed that at least some if not all blockings were caused by curtain grouting, which was
done before grouting via channel. Curtain grouting reached to the drilling hole gap even as deep as 4
meter deep from bedrock.

-Finishing pressure in grouting was 10 bar, can be verified in report.
-Grouting consumption was documented in grouting record, ask for record from Anniina.

-Drilling depths into bedrock were 1.5 to 2 meters, differed from 0.5 meters in design. The reason for
deeper drilling depths was that bedrock was more fractured than assumed.

-Rock bolts 50 mm in diameter were extended 500 mm into the pile and 1500 mm into the bedrock.
Rock bolts were used probably due to preparation for collision.

Watertightness:

Water leagake through interlocks was mainly insignificant, mainly completely watertight.
Sealant used in interlocks was bitumen-based mass (this can be checked somewhere) and welded steel
piece. WOM/WOF interlocks were used. Leo-Ville Miettinen 19 December 2013 additional comment:
Bitumen sealant was Beltan, same mass was used in Trondheim

There was no need for sealing afterwards.
-Water penetration test:
5 bar overpressure for 5 minutes. Water penetration record can be requested from Anniina.

Connection points of pile wall were executed by using smaller piles drilled aside wall and welded
together by using steel pieces to seal wall. There were 8 connection points in the wall.

-Additional remarks:
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One or two interlocks were opened while drilling piles. The reason was that pile was not fully
vertical when drilling started. The start is most important when drilling RD pile wall. The fault was fixed
like connetion point of the pile.

Every second pile had a grouting pipe and only 4m from surface in esker. Leo-Ville Miettinen 27
November 2013 additional comment: This means that only every second pile had a grouting pipe
which was only 4 meters long. Therefore, the pipe did not reach the bedrock. The purpose was to
grout background soil to minimize the settlement of soil and therefore prevent damaging the building
next to the excavation.

6 May 2013 Western metro line, Urheilupuisto, project manager Erkki Virtanen, Peab

-To allow concrete to flow into the drilling hole gap, there was a plan to raise the pile. We noticed,
though, that concrete flowed even from one pile to another, so it was assumed that concrete had
flowed into the gap. To prevent concrete from flowing from one pile to other piles, they were vibrated.
Concrete flow to piles unready reinforcement was not desired.

-After three weeks it was assumed that bedrock is visible next to RD pile wall. Ask Kauko Korpela
Technical specialist, Veli-Matti Uotinen Ruukki 27 May 2013

-In Western metro line, Koivusaari 100 mm casing was left inside the concrete in RD pile wall. After that
hole into the bedrock was drilled from inside the casing, curtain grouting was done at several stages
starting from the bottom of drilling hole. Afterwards, a grouting water penetration test was executed.
After the water penetration test, the bedrock was grouted again until the required watertightness was
achieved.

Erkki Virtanen Peab, summer 2013
-Self compacting K40, S5, max 16 mm aggregate concrete was used in RD piles

-Pile wall has been watertight, water flow may be restricted by sheet pile wall behind the RD pile wall.
Anchors were drilled through the sheet piles so that the water pressure would be the same behind the
RD pile wall.

-Material may be used in Master's thesis.
Nuutti Vuorimies, project manager, TTY 19 December 2013, comment for Master's thesis

The sample size should be increased so that the sample is sufficiently representative and the individual
granules do not have too large an effect on the big picture. For 32 mm maximum grain size of the
sample a sample of approximately 10 kg is required. For 4mm grain size sample about 200 g is sufficient
guantity. Sample 1 had sufficient amount of material, others did not.



3
Master of Science Thesis: THE ROTATIONAL STIFFNESS AND WATERTIGHTNESS OF RD PILE WALLS IN

THE BEDROCK AND PILE INTERFACE, Leo-Ville Miettinen

-Table 3.2.2.1.2: Water permeability is not measured. Coefficient of consolidation was defined by
Casagrande method from oedometer test

-Table 3.2.2.1.3: Mention that the measurements were made up to 1600 kPa and that the rest was

estimated





