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ABSTRAKT 

Cílem této práce je provést z jednodušený návrh a posouzení suchého doku pod svislým 

zatížením v rámci virtuálního projektu. Suchý dok postavený v moři musí být schopen 

přenést všechna působící zatížení po dobu životnosti konstrukce. Jel ikož se jedná o 

dočasnou konstrukci postavenou za účelem výstavby h loubeného tunelu, musí konstrukce 

splňovat minimální rozměry požadované pro konstrukci tunelu. Návrhová životnost této 

dočasné konstrukce je pět let. Mezi požadované části práce patří zhodnocení geologických 

podmínek, naplánování fází výstavby, schéma výstavby příčného řezu, posouzení 

krit ického řezu a rozperného rámu. Konstrukce je vystavena velkým teplotním změnám, a 

proto se v d ip lomové práci zabývám vl ivem teploty na horizontální rozpěry pažících 

konstrukcí a následně je tento vliv zahrnut v návrhu rozpěr. Dalším požadavkem na práci 

bylo porovnat výsledky z analyt ických modelů v programech PLAXIS a G E 0 5 . Rozperný 

rám je řešen zvlášť v programu Scia Engineer. V této práci jsou posuzovány pouze 

konstrukční prvky ocelová pi lotová stěna, rozpěra a převážka. Kvůli svis lému zatížení, které 

působí na již deformovanou konstrukci , jsou pro návrh pilotové stěny uvažovány účinky 

druhého řádu. Pro jsem se zabývala možnostmi , které máme pro uvažování účinků druhého 

řádu na ocelové konstrukce. Všechny zmíněné části práce byly zpracovány za pomoci 

potřebné literatury. Podle statické analýzy konstrukce bylo možné navrhnout konstrukci , 

která vyhovuje požadavkům na suchý dok pro budoucí stavbu tunelu. Jednot l ivé fáze 

výstavby byly navrženy tak, aby zajistily proveditelnost konstrukce a zároveň minimalizovaly 

deformace pi lotové stěny suchého doku. Jel ikož se jedná o konstrukci prováděnou 

převážně z pracovních plošin, je nutné uvažovat i omezený přístup strojové techniky. 

Porovnání dvou různých analyt ických modelů ukázalo výrazné rozdíly mezi programy 

PLAXIS a G E 0 5 . Posouzení všech konstrukčních prvků bylo provedeno podle Eurokódu 3. 

Rozperný rám je dále posouzen na ztrátu prvku. 

KLÍČOVÁ SLOVA 

Suchý dok, zatížení teplotou, teorie druhého řádu, pi lotová štětová stěna se zámky, rozpěra 



ABSTRACT 

The aim of this thesis is to undertake simpli f ied design and assessment of cof ferdam under 

vertical surcharge in the form of virtual project. Cofferdam constructed on the sea shore 

must be able to wi thstand all loads to enable construction of cut and cover tunnel . As a part 

of the design it is required to assess ground condit ions and it is necessary to review 

feasibil ity of the structure on the sea. The construct ion will be descr ibed in construct ion 

phases and graphical ly demonst ra ted in construct ion sequence drawing. Because the 

structure is des igned for life t ime of f ive years, temperature load on struts is studied in the 

thesis and further considered in structural analysis. Furthermore, it is required to compare 

analytical models f rom G E 0 5 and PLAXIS. Horizontal f rame is analysed separately in Scia 

Engineer. Structural members - cof ferdam wal l , waler beam and strut are checked in this 

thesis. For the design of the cofferdam wall second order theory is considered. All 

ment ioned requirements were accompl ished with help of corresponding Eurocodes, books 

and technical advice. Results of this work are feasible and it was possible to design all 

members to enable construct ion of the cut and cover tunnel . The phasing was designed 

such that deformat ion of the cof ferdam is minimal ized and use of machinery is l imited to 

machines on temporary platforms. Compar ison of two different analytical models showed 

that different soil model l ing has great effect on internal forces, even though the shape of 

the bending curve is very similar, values obtained f rom PLAXIS software are much higher. 

Assessment of the structural members is done according to Eurocode 3, and horizontal 

f rame is checked also against disproport ionate col lapse. 

KEYWORDS 

Cofferdam, temperature load, second order theory, interlocking pipe pile wal l , strut 
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I n t r o d u c t i o n 

W o r k is d e a l i n g w i t h a s imp l i f i ed d e s i g n of a v i r tua l p ro jec t of t e m p o r a r y c o f f e r d a m 

bui l t in t he s e a u n d e r h e a v y ve r t i ca l s u r c h a r g e . In t he b e g i n n i n g , d e t a i l e d s t ruc tu re 

desc r i p t i on a n d s i te se t u p is s u m m a r i z e d to f am i l i a r i ze t h e r e a d e r w i th loca l 

c o n d i t i o n s a n d t h e p ro jec t . 

G e o l o g y is i m p o r t a n t for t h e t e c h n o l o g y a n d d e s i g n of t he c o f f e r d a m . G e o t e c h n i c a l 

c o n d i t i o n s a r e d e s c r i b e d a c c o r d i n g to p r o v i d e d g e o t e c h n i c a l i nves t i ga t i on repor t . 

H o w e v e r , g e o l o g y c h a n g e s a l o n g t h e s t r uc tu re , for t h e a i m of th is t hes i s cr i t ica l 

sec t i on w a s c h o s e n a n d m o s t u n f a v o u r a b l e g e o l o g i c a l p ro f i le is a s s u m e d . 

G e o m e t r y of t he c r o s s - s e c t i o n is s imp l i f i ed a n d su i t ab l e ana ly t i ca l m o d e l s a re 

c r e a t e d . Cr i t i ca l sec t i on is m o d e l l e d in s o f t w a r e P L A X I S a n d G E 0 5 S h e e t i n g C h e c k . 

La te ra l s u p p o r t f r a m e is m o d e l l e d in S c i a E n g i n e e r . A l l p o s s i b l e l oads a f fec t i ng t he 

s t ruc tu re a re t a k e n into a c c o u n t . L o a d c a s e s a n d the i r c o m b i n a t i o n a re c a l c u l a t e d 

w i th r e s p e c t to a p p l i c a b l e E u r o c o d e s . 

O n e of t h e spec i f i c l oad c a s e ac t i ng o n t h e s t r uc tu re is t e m p e r a t u r e c h a n g e a f fec t i ng 

ax ia l l oad in s t ru t . T h i s i s sue is d i s c u s s e d fu r t he r in c h a p t e r t e m p e r a t u r e l oad on 

s t ru ts . 

A n o t h e r cha rac te r i s t i c of th is s t r uc tu re is t r ans fe r of h e a v y ve r t i ca l l oad o n t o 

ho r i zon ta l l y d e f o r m e d c o f f e r d a m w a l l . D i s c u s s i o n o n s e c o n d o rde r t h e o r y is m a d e 

a n d p r o b l e m s c o n s i d e r i n g non - l i nea r m o d e l l i n g tha t o c c u r r e d in t he d e s i g n a re 

d e s c r i b e d . 

D e s i g n a n d c h e c k s of s t ruc tu ra l e l e m e n t s - i n te r l ock ing p ipe p i le w a l l , w a l e r b e a m 

a n d ho r i zon ta l s t ru t a re c a l c u l a t e d . 
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1. PROJECT DESCRIPTION 

In order to execute cut and cover tunnel several temporary structures need to be 

constructed. Design of offshore cof ferdam loaded by vertical surcharge is a design of 

temporary structure providing future execut ion of the tunnel . The structure is des igned for 

a life t ime of five years. The project consists of design of Temporary work platforms and 

design of temporary cof ferdam. Temporary cof ferdam is approximately 1 5 0 meters long, 

22 meters w ide and up to 25 meters deep. In this thesis, only design of the temporary 

cofferdam is addressed. 

FUTURE NORTH 
VENTILATION BUILDING 

F i g u r e 1.1 S i t e S e t u p [1] 

For drawings of plan layout and addressed cross-sect ion of the structure please see Annex 

A . 1 . 

1.1. Structure description 

1.1.1. Temporary Work Platforms 

Temporary platforms serve for execut ing driven pipe piles of cof ferdam in first stage and 
provide access for the construct ion of the temporary cof ferdam in second stage. 

4 



The temporary platforms are constructed f rom steel substructure (beams, pi les/columns) 
with a precast concrete deck panel system. 

There are two types of temporary plat forms: 

• Temporary Work Platform above the cof ferdam 
• Temporary Work Platforms placed in sea 

Temporary platform above the cof ferdam is designed with substructure made by 
longitudinal and transversal beams and vertical support ing piles in first stage - before the 
cofferdam is completed. After the stage is completed vertical piles support ing the platform 
will be cut off and structure will be transferred on cof ferdam pipe piles. There are two 
platforms of this type: 

• The platform placed on the North end of cof ferdam which reaches landfall 
at the existing seawal l . 

• The platform placed on the South end of cof ferdam. 

Solution of these platforms will not be included in this thesis. 

1.1.2. Temporary Cofferdam 

There are several possibil i t ies in construct ion of temporary cof ferdam. As far as the 
structure needs to be tight we can choose from various types of steel sheet piling or 
system of interlocking pipe piles. To ensure t ightness the interlock would be grouted and 
in this particular case of offshore cof ferdam it wou ld be necessary to use predril l ing of 
granite in order to drive sheets or pipe piles at least half meter into the rock and lock it v ia 
pipes into the rock in order to secure posit ion of the wal l . Because of the high vertical load 
and easier feasibil ity, the interlocking pipe piles are used in the des ign. Interlocking pipe 
piles will be used in the harbour and extending 8 m into land beyond the seawal l , which is 
the area considered in the design, and pipe piles with a grout curtain behind in typical 
landside areas. 

5 



F i g u r e 1.2 C o n s t r u c t i o n o f I n t e r l o c k i n g P ipe P i le W a l l [2] 

1.2. Phase of construction 

Construct ion must be done in several stages. The project need several temporary structures 

to be erected prior the structure itself. 

At first it is necessary to build work ing platforms that will be used for dril l ing and erection 

machines for the cofferdam wal ls. Furthermore, fender piles protecting the br idge piers need 

to be temporar i ly removed. All these preparat ion works are done f rom barges. 

Once the preparat ion structures are built the erection of the cofferdam may begin. 

Second stage is construct ion of interlocking pipe pile wal ls - predril l ing into the granite is 

provided f rom temporary platforms along the structure. The average depth of loosening is 

about 0.7 m. The interlocking piles will be secured with grouted shear pins into the granite 

and this should secure the wall f rom toe movement and mostly ensure water t ightness. 

Interlocks are for higher per formance grouted. 

6 



F i g u r e 1.3 Deta i l o f t h e i n t e r l o c k [2] 

In third stage first strut level S1 is installed together with the wall ing beam. Then the inside 

of the cof ferdam is dewatered 1.0 m below the second strut level, so that the second strut 

level can be instal led. Addit ional ly, pumping test should be executed to verify the 

effect iveness of the cut of. 

In fourth stage, we carry on in dewater ing 1.0 m below the third strut level S3 and install 

strut level S3. 

In fifth stage, w e get to the depth of the sea bed. Dewater 1.0 m below the excavat ion level 

and excavate 0.5 m below the fourth strut level S4. Then install the strut level S4. 

Sixth stage is analogical to fifth stage with the next strut level S5 and cont inues to final 

excavation level and dewater ing 1.0 m below this level. 

In the last seventh stage the platform is adjusted so that it vertically loads the cofferdam 

and original support ing piles of the temporary platform can be removed. 

7 



F i g u r e 1.4 P i le W o r k s o n t h e Sea [3] 

Please see graphical solution in Annex A2. 

1.3. Design Basis 

In this project, w e are dealing with geotechnical structure, therefore load design values and 

combinat ion are calculated according to Eurocode 7. For this type of structure design 

approach 2 was chosen. All structural members are made of steel. Therefore, assessment 

will be calculated according to Eurocode 3. 
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2. GEOTECHNICAL CONDITIONS 

2.1. Geology 

In area of Temporary Cof ferdam, the geological strat igraphy is represented by layer of 

marine sand, below located layer of al luvium and then layer of material decomposed f rom 

the solid geological strata. Some anthropogenic deposi ts and man-made material are 

overlying the natural seabed. 

2.1.1. Geotechnical profile along construction site 

Temporary Cofferdam 

10,0 - i 

F i g u r e 2.1 G e o t e c h n i c a l P ro f i l e 

Above ment ioned strata could be descr ibed as: 

• Marine Deposit or Anthropogenic Deposit - descr ibed as very soft to soft, grey or 

black with dapped colour, slightly sandy to silty clay 
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F i g u r e 2.2 A n t h r o p o g e n i c D e p o s i t 

Alluvium - consist of light grey to grey and brown mott led red and yellow, lightly to 

moderately over-consol idated sandy silt/clays, si l ty/clayey sands and clean shelly 

sands with some possible interbed of clay and local gravel and cobble beds 

F i g u r e 2.3 T r i ax i a l S p e c i m e n of A l l u v i u m 

Completed Decomposed Granite - consist of f irm sandy silt/clay to si l ty/clayey fine 

to medium sand 

Grani te Bedrock - Grade II granite 
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F i g u r e 2.4 G r a n i t e S a m p l e s 

The onshore part of the site is covered by layer of fill. Marine deposit and al luvium are 

absent or relatively thin in this area. Offshore part of the site is general ly underlain by 

anthropogenic deposit or mar ine deposi ts. These layers are placed above the layer of 

al luvium or placed directly on completely decomposed grani te. Lower si tuated is Granite 

rock head. 

For the onshore sect ion, the groundwater level lies between 2 m and 4 m below existing 

ground level. 

Only offshore structure is des igned in this thesis. 

2.1.2. Geotechnical Design Parameters 

Geotechnical parameters are taken from geotechnical report. [1] These parameters were 

obtained in laboratory and in field tests. 

T a b l e 2.1 G e o t e c h n i c a l P a r a m e t e r s 

Material Yunsat Ysat c' E' V' Ko Rint Condit ion Material 

[kNrrr 3 ] [kNrrr 3 ] [kPa] [°] [MPa] model 

MD/AD 16 18 0 30 8 0.2 0.5 2/3 Drained M-C 1 

A l l u v i u m 18 20 0 30 8 0.2 0.5 2/3 Drained M-C 

C D G 18 20 5 35 27.5 0.2 0.5 2/3 Drained M-C 

Gran i te 24 24 - - 3300 0.3 0.4 2/3 Non-porous L-E 2 

M-C stands for Mohr Coulomb material model 

2 L-E stands for Linear Elastic material model 
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3. TEMPERATURE LOAD ON STRUTS 

Temperature load on strut is another task to be d iscussed in my thesis. Because 

temperature may affect axially loaded members it should be examined how big is the effect 

on the strut in the horizontal f rame in the cof ferdam. Temperature load can have either 

axial effect - that is in case that the load is uniform in the cross-sect ion, or bending effect 

which occurs when member is warmed or cooled f rom one side more than f rom the other. 

The bending effect wou ld not be considered in this study. 

Temperature changes may cause signif icant changes in strut loads and therefore should 

be considered in the design of strutted excavat ion. Temperature load in struts is inf luenced 

mostly by the weather, there is not only di f ference between day and night, winter and 

summer temperatures but thermal effect can be also caused by sunlight which can evoke 

eccentr ic loading in the strut. From elasticity, we know formula for load calculation induced 

by change in temperature 

P=aEAAt 

where 

a coeff icient of thermal expansion 

E elastic modulus of steel 

A area of strut 

At change in temperature. 

From there it is easy to see that in case that structure is restraint load caused by 

temperature is not dependent on the length of the strut. However, if we speak about 

sheeting in soils, it is more likely that structure will def lect and axial load change will be 

dependent on the stiffness of the structure and therefore on the length of the strut. 

But the quest ion is how to apply this knowledge in field of struts. Or general ly, in the field 

where the site setup cannot be assumed to fol low elastic principles anymore. From the 

elastic formula for load caused by temperature change we can learn that this force is not 

dependent on length of the prop, but as it can be not iced that the larger cross-sect ion of the 

prop w e have the larger force is induced by the same temperature change. Therefore, using 

more steel to resist thermal loads actually generates more thermal load. In this basic 

12 



formula, the strut is assumed fully restrained, which would hardly be realistic. And that might 

be the main problem - how to est imate the level of restraint. 

F i g u r e 3.1 T h e s t r u t is f u l l y r e s t r a i n e d b y r i g i d s u p p o r t s a n d al l t h e p o t e n t i a l e x p a n s i o n f r o m 
t e m p e r a t u r e e f f e c t s is t r a n s l a t e d i n t o e x t r a ax ia l l o a d . [4] 

Several measurements of this effect were taken around the wor ld in order to est imate local 

condit ions and probably some possible empir ical calculat ion of the temperature effect. So 

far, w e know that load change depends on cross-sect ional area, elastic modulus, coefficient 

of thermal expansion, change in the temperature and on boundary condit ions. 

In the study of per formance of a braced excavat ion in granular and cohesive soils, which 

was per formed in Washington D.C., it was determined that there is specif ic relation between 

the temperature change and load in a strut. [5] In this study, use of high accuracy 

extensometers permit ted compar ison of the loads and deflect ions resulting f rom 

temperature changes and that provided an opportuni ty to est imate a modulus for the soil 

behind the wal l . By combining the relation for elastic d isplacement of the cut wall with the 

effect of temperature on load and displacement of a strut fol lowing relation is obtained 

AsEsaAT 

AWEL 

where 

Es elastic modulus of steel 

a coeff icient of thermal expansion 

AT change in temperature 

nAs total area of struts acting against the wall of area Aw 

Aw cut of area of the wall 

E soil modulus of deformat ion 
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L length of the strut 

The soil modulus of deformat ion can be est imated by using relation given in several 

references for a uniform pressure appl ied over a rectangular area on an elastic half-space. 

l , 5 t f ( l - v2)P 

£ = 8 

where 

H height of the wall 

v Poisson's ratio 

P average load appl ied over the area of the wall 

S deflect ion of the wall due to the load change 

From the formula of load change calculat ion, it can be der ived that strut load changes will 

approach load changes for restrained strut if either the soil modulus is high or the ratio 

nAs/Aw is qui te low or the length of the strut is great with respect to the cut height. 

This empir ical solution seems reasonable to me and its application does not require 

complex software. Another way of defining temperature load on strut is to model whole 

problem in FEM or other software, which can be very compl icated. There it is necessary to 

pay attention to many facts as modell ing correct boundary condit ions and all connect ions. 
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4. STRUCTURAL DESIGN 

Structure will be solved in critical sect ion where the depth of rock head is about 24 m. The 

calculation will provide design of interlocking pipe wal l , horizontal f rame - waler beam and 

struts. Critical section is marked in the Figure 4.1 as AA'. 

F igu re 4.1 C r i t i ca l S e c t i o n - G r o u n d p l a n 

Structure will be calculated in software PLAXIS, G E 0 5 and second order effects will be 

verif ied in Scia Engineer according to Eurocode 3. Horizontal f rame will be solved in Scia 

Engineer. 

4.1. Design Loads 

4.1.1. Permanent Loads 

Self-weight - LC1 

• Reinforced concrete yc = 24.5 kNm~3 

• Structural steel ys = 78.5 kNm~3 

Imposed dead load -LC2 

Load f rom the working platform. 
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Platform is assumed 1.5 m thick, 22 m long. An average value is taken, the platform 

is assumed as reinforced concrete even though there will be precast panels together with 

steel beams. 

Lateral earth pressure - LC3 

All calculat ion of lateral earth pressures will be carr ied out by geotechnical software ( G E 0 5 

and PLAXIS) on the base of soil parameters (Table 2.1 Geotechnical Parameters). 

Water pressure -LC4 

Mean water level will be assumed in the design. 

T a b l e 4.1 D e s i g n Sea W a t e r Leve l 

Leve l T y p e Sea Leve l (mPD) W e i g h t ( k N / m 3 ) 

Mean Sea Leve l +1.3 10.25 

4.1.2. Variable load 

Construction Load - LC5 

Load that acts on working plat form. This load should represent all machinery and materials 

stored and transferred on the plat forms. The highest value is given by weight of the piling 

rig, which is 4 0 kNm~2. This value will be assumed over whole area of the working platform. 

Wave forces on vertical structures -LC6 

According to Port Work Design Manual the max imum wave force on the cofferdam is 

F = 16 .7 kNm'1, where temperature is assumed 2 0 ° C . This force act horizontally 0.3 m 

above the mean sea level. 

Temperature load -LC7 

The reference temperature is assumed 2 0 ° C . The posit ive temperature dif ference will 

create addit ional load in the struts, therefore only posit ive dif ference is assumed in the 

des ign. Max imum posit ive temperature dif ference AT is 2 5 ° C . This was given in the 

ass ignment of the virtual project. 
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4.2. Analytical models 

Structure is model led analogical ly in two geotechnical software's - PLAXIS and in G E 0 5 . 

For the analysis of horizontal f rame software Scia Engineer is used. 

PLAXIS 2D 

Geotechnical FEM - finite e lement package 

intended for two-dimensional analysis of 

deformat ion and stabil ity in geotechnical 

engineering and rock mechanics. 

G E 0 5 S h e e t i n g C h e c k 

The program verif ies the input structure 

using the method of subgrade react ion. The 

load appl ied to the structure is der ived f rom 

its deformat ion, which al lows to realistically 

model its behaviour. 

Sc ia Eng inee r 
Structural FEM - soil is subst i tuted by 

spring supports of calculated stiffness. 

4.2.1. Geology 

From the geological profi le, I est imated average geological strata for the critical sect ion. 

Strata are assumed to run horizontally. The depth of granite is assumed to be 23 .7 m at the 

critical sect ion. 

• -Of 

-10,00 

Li.ou 

-J&,uu 

[ Water 

| deposit 

Aluvium 

| COG 

I Granite 

1.300 

-6,900 

-11,34 

-13,36 

-23.78 

Bottom 

-6,300 

-13,36 

-38,00 

-30,00 

-35,00 

F i g u r e 4.2 G e o l o g i c a l P ro f i l e 
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4.2.2. Geometry 

The wall is assumed 28.2 m height with its top at 3.8 m and toe at - 2 4 . 4 m. In the model l ing, 

it was also tested weather it wou ld affect solution if the structure was only in contact with 

granite. It did not have almost any inf luence on deformat ions, however it had significant 

inf luence on internal forces and fur thermore I think that it wou ld inf luence water behaviour. 

If the wall was not dri l led into the granite large water inflows should be considered in to the 

cofferdam and seepage should be model led. If the wall was only touching the granite head 

the bending moment will be less, because the soil above is not as strong and does not 

evoke such forces. It is a quest ion how deep can be the piles driven - if they are driven too 

deep, the internal forces reach very high values, if they are not driven enough the wall would 

not be as water tight as required. I supposed in a design that the piles will bedriven with the 

help of predril l ing to 0.7 m into the granite and the bot tom will be grouted with the shear pin. 

Preliminary design of structural elements 

• Interlocking pipe pile wall - 0 7 0 0 / 1 6 mm 

• Strut level S1 - C H S 508/16 mm 

• Strut level S2 - C H S 660/30 m m 

• Strut level S3 - C H S 1016/32 mm 

• Strut level S 4 - C H S 1016/32 mm 

• Strut level S5 - C H S 762/30 m m 

• Waler beam - PI Chamber 600/500 m m 
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SI +2.500 r~ 

F i g u r e 4.4 I n t e r l o c k i n g P ipe P i le Wa l l 

4.3. PLAXIS 

Using software PLAXIS I carr ied out calculat ion of the structure using finite e lement method. 

I used software PLAXIS 2D and for the mesh 15-nodes tr iangular e lements are used. All 

structural members are model led by element type Plate (linear elastic material model) . Soils 
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were model led by Mohr-Coulomb material model and granite is represented by linear elastic 

material model . Interfaces between the soil and structure is adjusted with reduction factor 

Pointer = 0.67. 

4.3.1. Finite Element Mesh 

The mesh is generated as medium refined symmetr ical ly around the structure. 

F i g u r e 4.5 M e s h Q u a l i t y 

4.3.2. Construction Phases 

Construct ion phases are shown in fol lowing Figures 4 . 5 - 4 . 1 3 . Except f rom representat ion 

of work done in each phase, pictures show contours of soil deformat ion. 
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Initial Phase - undisturbed geology, no structures activated 

F i g u r e 4.6 In i t ia l P h a s e 

First Phase 

Activation of interlocking pipe pile wal ls. There is water acting on the pipe pile wal l . 

Displacements are zero in this phase. 

F i g u r e 4.7 P h a s e 1 

Second Phase 

First pumping phase, water is decreased inside of the cofferdam from 1.3 m to - 2 . 5 m and 

the first strut level is installed at + 2 . 5 m. Max imum ground deformat ion is 0 .06 m. 
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F i g u r e 4.8 P h a s e 2 

Third Phase 

Installation of the second strut level at - 2 m and further water pumping to - 6 . 5 m. Max imum 

deformation in this phase reaches value 0.1 m. Al ready in this phase w e can observe plastic 

behaviour of the soil . The soil deformat ion is signif icant in this phase but would not rise 

further more in fol lowing phases. 

• i 

. V A T A T A W A T A W A . 

. ' A T A T A T A T A T A T A T A T A T A - . 

STATATATATATATATATAM! 

rATATATATATATATATATAl 

F i g u r e 4.9 P h a s e 3 

Fourth phase 

Third strut level at - 5 . 5 m is act ivated and water is pumped to - 9 . 5 m Soil is excavated to 

- 9 . 0 m . Max imum ground deformat ion rises to 0 .11 m. 
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F i g u r e 4.10 P h a s e 4 

Fifth Phase 

Activation of the strut level S4 at - 8 . 5 m and further pumping to - 1 3 . 5 m . Excavation is 

done to - 1 3 . 0 m . Max imum ground deformat ion exceeds 0.14 m . 

F i g u r e 4.11 P h a s e 5 

Sixth phase 

Last excavat ion phase. Last strut level S5 at - 1 2 . 5 m is act ivated and water is 

pumped to -15.5 m and soil is excavated to its final level - 1 5 . 0 m . Max imum 

deformat ion does not exceed 0.15 m . 
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F i g u r e 4.12 P h a s e 6 

Seventh Phase 

In this phase is the temporary platform and the load on it act ivated. 

F i g u r e 4.13 P h a s e 7 

Eight Phase 

In this last construct ion phase is wave force appl ied on the left side of the cof ferdam. The 

wave load could theoretical ly act in all construct ion phases, but for simplif ication is was 

appl ied in the end when the internal forces reach highest values. 
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F i g u r e 4.14 P h a s e 8 

4.3.3. Wall - internal forces 

Bending Moments 

F i g u r e 4.15 B e n d i n g M o m e n t D i a g r a m 

Maximum bending moment along the wall can be observed in phases 7 and 8. These values 

will be considered in wall design. 
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Axial Force 
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F i g u r e 4.16 A x i a l F o r c e D i a g r a m 

In eight phase, w e can observe much higher values of the axial force than in all previous 

phases. This is caused by transferr ing the load f rom the working platform onto the cofferdam 

wall 's. 
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Shear Force 
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F i g u r e 4.17 Shea r F o r c e D i a g r a m 

Highest values are reached at the toe of the structure, where the wall is rigidly embedded 

into the granite. 

4.3.4. Strut load 

Maximum axial force in strut occurred in strut S L 4 in sixth phase of construct ion. The value 

is 647 /e iV /m, giving force 5 1 7 6 kN in one strut S 4 if w e assume strut spacing 8 m. 

T a b l e 4.2 A x i a l f o r c e in S t r u t l e ve l s in e a c h p h a s e [kN/m] 

Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Phase 7 Phase 8 Max 

SL1 142 .8 44 .2 29 .6 32 .7 34.2 34.2 35 .7 142 .8 

- 2 6 2 . 8 2 0 2 . 4 136 .0 130 .6 130 .5 1 3 4 . 1 2 6 2 . 8 

— 277 .3 174 .8 1 3 8 . 4 1 3 9 . 4 139 .5 277 .3 

SL4 — — — 6 3 9 . 1 645 .0 6 4 7 . 0 646 .5 6 4 7 . 0 

SL5 — — — — 4 1 4 . 8 4 1 7 . 9 421 .3 421 .3 

Max 142 .8 2 6 2 . 8 277 .3 6 3 9 . 1 645 .0 6 4 7 . 0 646 .5 6 4 7 . 0 
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4.3.5. Deformations 
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Plastic straining 

F i g u r e 4.19 P las t i c p o i n t s 

From this plastic point interpretation, we can see that the soil overlaying granite is weak. 

Figure 4.19 Plastic points shows where the stress exceeds elastic capacity of the soil. 

Therefore, it can be expected that stress will drop c lose to active lateral earth pressure at 

the ground face. On the excavat ion face, less plastic points occurred, which would lead to 

shift f rom lateral earth pressure at rest towards passive lateral earth pressure. 

4.4. GE05 Sheeting Check 

Software G O E 5 uses calculat ion method of subgrade react ion. The basic assumpt ion of the 

method is that the soil or rock near the wall behaves as ideally elastic-plastic Winkler 

material. [6] This material is def ined by the modulus of subsoil reaction kh , which 

character izes the deformat ion in the elastic region and by addit ional limiting deformat ions. 

When exceeding these deformat ions, the material behaves as ideally plastic. 

The concept of this method is based on fact that pressure acting is dependent on 

deformat ion. 
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Wall till h - ^ W K "77 — H Wi t 

F i g u r e 4.20 V a r i a t i o n o f t h e m a g n i t u d e o f la te ra l e a r t h p r e s s u r e w i t h w a l l t i l t [7] 

Scheme of structure before first iteration Scheme of structure during the iteration process 

F i g u r e 4.21 S u b g r a d e r e a c t i o n m e t h o d [6] 

I used module Sheet ing Check of the G E 0 5 software for the calculat ion. As for the general 

setting I used calculat ion according to Eurocode 7 Design approach 2. Modulus of subsoil 

reaction was calculated according to Schmitt , where the analysis builds on the relation 

between oedometr ic modulus and bending stiffness of the structure. Modulus of subsoi l 

reaction introduced by Schmitt [8] 

£ 4 / 3 
. _ 7 1 oed 
k h ~ 2 A my 3  

Where 

Eoed oedometr ic modulus [MPa] 

EI bending stiffness of the structure [MNm2/m\. 
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4.4.1. Geology 

I used the same assumpt ions as in PLAXIS, and appl ied same ground layers in here. It is 

a bit tricky how to descr ibe correctly the structure because G E O does not allow us to model 

protruding structure. Therefore, water was model led as a soil and in terrain arrangement 

behind the wall was des igned in maximal slope till the sea bed. Afterwards the water level 

was model led adequately to real structure. 

Soil parameters were entered according to geotechnical report. [1] 

4.4.2. Construction phases 

In G E 0 5 were phases model led analogical to PLAXIS, but in G E 0 5 w e cannot apply axial 

forces to the wal l . Therefore, load from the platform and platform itself is not considered 

here. In G E 0 5 , 1 have model led six phases of construct ion. First phase in G E 0 5 correspond 

to second phase in PLAXIS. 

4.4.3. Wall - Internal forces 

F i g u r e 4.22 B e n d i n g m o m e n t d i a g r a m 
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There w e can see how the moment changes during construct ion phases. Max imum moment 

is reached already in the second phase but this max imum value is reached in almost every 

phase. The values of the bending moment reached in this software a less than values 

obtained in PLAXIS. 

4.4.4. Strut load 

The max imum load in strut occurred in fifth phase of construct ion in S4 with a value of 

3 8 9 5 . 3 3 kN. 

T a b l e 4.3 A x i a l f o r c e in S t r u t in e a c h p h a s e [kN] 

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Max 

S1 1002 .3 6 1 2 . 8 5 1 9 . 6 5 3 0 . 4 5 4 2 . 4 628 .2 1 0 0 2 . 3 

- 1 3 6 9 . 8 1090 .5 7 2 8 . 7 682 .3 742 .5 1 3 6 9 . 8 

— 1 8 6 6 . 9 1 4 8 0 . 6 1 2 0 5 . 7 1 1 9 9 . 6 1 8 6 6 . 9 

- — — 3 7 6 4 . 2 3 8 9 5 . 3 3 8 9 0 . 3 3 8 9 5 . 3 

S5 — — — — 3 1 7 2 . 9 3 1 8 2 . 7 3 1 8 2 . 7 

Max 1002 .3 1 3 6 9 . 8 1 8 6 6 . 9 3 7 6 4 . 2 3 8 9 5 . 3 3 8 9 0 . 3 3 8 9 5 . 3 

4.5. Comparison of results obtained in PLAXIS and GE05 Sheeting 
Check 

Bending Moment Comparison 

In compar ison of the bending moment f rom PLAXIS and bending moments f rom G E 0 5 I 

noticed that the shapes of the bending moment cor respond to each other, however with 

rising value PLAXIS gives higher values of the bending moment . This can be caused by 

the different soil models where PLAXIS used Mohr-Coulomb material model with ideal 

plasticity and in G E 0 5 the soil is subst i tuted by springs def ined by subsoil modulus kh. 

In final phase before transferring the platform onto the cof ferdam walls reach the values in 

PLAXIS 1 0 0 0 kNm/m f rom the outside of the wall and 1 1 0 0 kNm f rom the inside values 

from G E 0 5 are almost half less at the points of extreme. On the top part of the wal l , where 

the soil does not act, the bending curves almost copy each other. 
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F i g u r e 4.23 B e n d i n g M o m e n t C o m p a r i s o n 

All compar isons are done in characterist ic values. All phases are shown in Annex B 1 . 

4.6. Second Order Theory 

Having a def lected steel structure loaded by vertical force leads us to discussion weather 

the second order effect should or should not be considered. There are three possibil i t ies 

how to calculate this problem and now I will try to descr ibe all of them. Because we are 

talking about steel structure all calculat ions are control led by and descr ibed in Eurocode 3 

designated for steel structures des ign. [9] 

1. First order theory - means using initial geometry of the structure. This can be used 

for the global analysis, if the increase of the relevant internal forces and moments 

caused by the deformat ions according to the first order theory is less than 10%. This 

is fulfi l led if the ratio of the elastic critical force for the relevant buckl ing mode to the 

design value of the compress ion force. 

Nr 

CCrr N, 
> 10 

Ed 

Structures fulfilling this condit ions have the load such small that it will not come to 

loss of the stability. 
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Solution of the stability would look like this: 

XNED | XLTMECL < 

Therefore, if the calculat ion is done according to first order theory, second order 

effects are covered in buckl ing coeff icients x and XLT-

2. Second order effects may be calculated by using an analysis appropr iate to the 

structure (including step-by-step or other iterative procedures) . For f rames where 

the first sway buckl ing mode is predominant first order elastic analysis should be 

carried out with subsequent amplif ication of relevant action effects (e.g. bending 

moments) by appropriate factors. This factor can be assumed to be a stability 

number: 

1 

1 - l / a c r 

In this way of calculat ion buckl ing coeff icients are still used, but in this case, are 

these coeff icients appl ied on enlarged values of internal forces. 

This way of calculat ion is proposed for the acr > 3 . For other cases, more accurate 

second order calculat ion will be suitable. 

3. Solut ion of the structure account ing all second order effects in calculation using 

design imperfect ions. This way of solution should cover nonlinear modell ing in 

specific software. Design imperfect ion should contain manufactural and residual 

stress imperfect ions. There are some simpli f icat ions of these imperfect ion in 

Eurocode 3. However, this simplif ication can be used only for the buckl ing mode of 

a bow form. See Table 4.4 Initial bow imperfect ions. 

T a b l e 4.4 In i t ia l b o w i m p e r f e c t i o n s 

B u c k l i n g Cu rve E las t i c A n a l y s i s P las t i c A n a l y s i s 

E0/L E0/L 

« 0 1 / 3 5 0 1 / 3 0 0 

a 1 / 3 0 0 1 / 2 5 0 

b 1 / 2 5 0 1 / 2 0 0 

c 1 / 2 0 0 1 / 1 5 0 

d 1 / 1 5 0 1 / 1 0 0 
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Buckling curves are given for specif ic cross-sect ions. Otherwise all imperfect ion should be 

correctly determined. In this solution are second order effects covered in non-l inear 

calculat ion, buckl ing coeff icients are not appl ied in this case. 

4.7. Scia Engineer 

4.7.1. Solution of the wall 

Because of the signif icant deformat ion of the pile wall a special calculation is per formed in 

Scia Engineer. Second order effects will be examined by nonlinear calculat ion. Frame is 

model led in 2D and all members have assigned geometry and stiffness. The structure is 

supported by elastic supports representing soil by the stiffness of the spr ing. The stiffness 

of the spring is calculated by Schmitt 's formula. [6] Spring stiffness according to Schmitt 

fch = 2.1p4). 

Connect ions between the struts and the cofferdam walls are model led as hinges. All cross-

sect ions are set that they correspond to plain strain model - per one meter length of the 

structure. Lateral earth pressure is entered based on values of normal stress obtained on 

the interface in the PLAXIS analytical model . Furthermore, the structure is cal ibrated to 

correspond to the model in PLAXIS - Schmitt soil modulus is a little bit reduced. 

F i g u r e 4.24 D e f o r m e d S t r u c t u r e 
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Loads considered in Scia Engineer 

• Self-weight 

• Water pressure 

• Lateral earth pressure 

• Wave load 

• Permanent load from the working platform 

• Variable load f rom the working platform 

Combinations 

Only two combinat ions are assumed 

• C 0 1 - Linear calculat ion, responding to Eurocode 7, Design Approach 2 

• NC1 - Nonl inear calculat ion, responding to Eurocode 7, Design Approach 2 

T a b l e 4.5 L o a d c a s e s 

Load Case C 0 1 NC1 

LC1 - Self w e i g h t 1,35 1,35 

LC2 - Wate r 1,35 1,35 

LC3- Latera l Ear th 

P r e s s u r e 
1,35 1,35 

LC4 -P la t f o rm - va r i ab le 

l oad 
1,5 1,5 

LC5 - W a v e s 1,5 1,5 

LC6 - P l a t f o r m -dead 

load 
1,35 1,35 

Linear Analysis 

Linear analysis is cal ibrated to correspond with PLAXIS results. Max imum deformat ion 

reached within linear analysis is 31.2 m m where phase displacement in PLAXIS was 

3 1 . 1 m . In compar ison of axial forces, we can see slight di f ference that is caused by 

accounted friction in PLAXIS. Forces and bending moments acting in horizontal struts also 

correspond to values from PLAXIS. If I look at shear forces acting on the wal l , I can see no 

signif icant di f ference, however if w e compare bending moments w e can only see values 

that are almost f ive t ime less than values obtained in PLAXIS. It is not surprising that these 

values correspond more to results from G E 0 5 . This is caused by the fact that PLAXIS 

36 



remembers the bending moment f rom previous phases, so cal led inf luence of locked in 

stress f rom previous phases is contained in the results. Where in Scia Engineer the 

structure is model led so that we get only the increment. Because obtained values are so 

small they will not be considered in the design assessment . Even though it was not possible 

to cal ibrate bending moments in Scia Engineer with PLAXIS, non-l inear calculat ion was 

executed in order to observe the change in bending moments. 

Non-linear analysis 

Non-l inear calculat ion sett ings 

- Global imperfect ion of the structure is taken f rom load cases LC2 and LC3 

- Picard and Newton-Rapson method is used for the calculat ion 

Linear Bending Moments Non-l inear Bending Moments 

F i g u r e 4.25 B e n d i n g M o m e n t D i a g r a m s 

Maximum bending moment value raised by 1 0 % in non-l inear calculat ion. This value will be 

compared with the stability and higher value will be considered in the assessment . 

Because it was not possible to simulate structure in Scia Engineer as I expected, I decided 

to try another way of calculat ing the second order by software. I tried to update mesh in 
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PLAXIS model after each phase. Even though deformat ion raised, there was no dif ference 

in internal forces. 

4.7.2. Horizontal frame 

For solution of horizontal f rame half of the cofferdam's groundplan is model led representing 

symmetry boundary condit ions. The waler beam is vertically supported and all struts are 

connected by hinges. Fort the solution only one permanent load is appl ied acting 

horizontally all around the cof ferdam. The value 6 4 7 kN/m is characterist ic value taken 

from PLAXIS. It is max imum value that was reached in horizontal struts that were 

redistributed onto 1 m width of the structure. 

F i g u r e 4.26 H o r i z o n t a l F r a m e - L o a d 

F i g u r e 4.27 H o r i z o n t a l F r a m e D e f o r m a t i o n 
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Three combinat ion will be checked in the design of the waler beam. First combinat ion of 

max imum bending moment and corresponding shear and axial force. Design bending 

moment of the waler beam reached max imum value of 3 9 0 9 . 8 4 kNm. Corresponding axial 

force is 9 6 0 7 . 9 5 kN and corresponding shear force 2 0 6 5 . 3 3 kN. 

F i g u r e 4.28 W a l e r B e a m B e n d i n g M o m e n t s 

h n [K h n h \ i 1 Rl \ r IK 

A 
=̂\? 

\ ^ 

4 >q ,,/rf X f _H LH 
lr L lr Lr 

I 

F igu re 4.29 W a l e r B e a m Shea r F o r c e 
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S 
I 

F i g u r e 4.30 W a l e r B e a m A x i a l F o r c e 

Second combinat ion will cover max imum shear force and the last combinat ion will check 

max imum axial force and corresponding bending moment . In this case values of acting 

forces are the same as in combinat ion for max imum bending moment . 

Another member that will be checked is strut. The most loaded strut is chosen f rom the 

horizontal f rame and is assessed for max imum design axial load. 

F i g u r e 4.31 A x i a l L o a d in S t r u t s 

Maximum design axial load is 8 1 6 0 kN. Addit ional load from temperature will be assumed 

for the member assessment . 
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5. STRUCTURAL ANALYSIS 

5.1. Interlocking Pipe Pile Wall 

In the prel iminary design cross-sect ion of interlocking pipe pile wall was selected with the 

diameter of 7 0 0 mm and wall th ickness 16 mm. 

F i g u r e 5.1 I n t e r l o c k i n g P ipe P i le W a l l 700/16 m m 

5.1.1. Material Properties 

Structural steel 5 3 5 5 

fy 355 MP a 

E 2 1 0 GPa 

In case that the design of pipe pile wall 7 0 0 / 1 6 mm would not be sufficient it is possible to 

fill the pipes with concrete and increase its bearing capaci ty . 3 

5.1.2. Cross-sectional properties 

Sectional area A 0 . 0 4 5 6 m2 

Section modulus W 6 . 0 7 x l 0 " 3 m 3 

Shear area Av 0 . 0290 m 2 

Moment of inertia / 2 . 1 2 x l 0 _ 3 m 4 

3 In that case, cross-section would be assessed according to Eurocode 4 - Design of composite steel and 
concrete structures. 
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5.1.3. Classification of the cross-section 

For tubular cross-sect ions fol lowing rules apply 

T u b u l a r s e c t i o n s 

Class Sect ion i n bend ing and/or compress ion 

d / t < 5 0 e 2 

d / t < 7 0 e 2 

d / t < 9 0 8 -

N O T E Fo r d / t > 9 0 e 2 sec E N 1993-1-6 . 

fv 235 275 355 420 4 6 0 
E = ftl5/fy e 1,00 0,92 0,81 0,75 0,71 E = ftl5/fy 

•> 
8" 1,00 0,85 0,66 0,56 0,51 

For our cross-sect ion 

F i g u r e 5.2 T u b u l a r S e c t i o n C l a s s i f i c a t i o n [9] 

d 7 0 0 

t 16 
= 43 .75 < 70s2 = 46 .2 -> class 2 

Class 2 cross-sect ions are those which can develop their plastic moment resistance, but 

have l imited rotation capacity because of local buckl ing. 

5.1.4. Structural Assessment 

Structure is loaded by bending moment axial force and shear force. Max imum shear force 

does not act at the same place as max imum bending moment therefore the structure is 

assessed for each action separately and finally for interaction of compress ion and bending 

moment. Only ult imate limit state is solved. 

Maximum Bending Moment 

MEd = 1 4 0 6 kNm/m 

Bearing capaci ty of the cross-sect ion 

Wvlfv 7 9 1 x l O - 3 3 5 5 x l 0 6 

Mc,Rd = = — = 2 8 0 8 kNm/m 
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Second order effects al lowance 

Ncr 30 5 1 4 
acr = T,— = „ „„„ = 20 .25 

c r NEd 1 2 0 9 

Even though acr fulfils criteria for first order analysis, second order bending moments 

inf luenced by stability number will be determined. First order bending moment is multiplied 

by stability number to derive second order bending moment . 

1 1 
MEdd = z MEd = - — — - 1 4 0 6 = 1 4 6 5 kNm/m 

E d l - a c r

 b a 1 - 1 / 2 0 . 2 5 ; 

From non-l inear analysis in Scia Engineer 1 0 % change in bending moments was observed. 

Second order bending moment enlarged by 1 0 % is as fol low 

M | J d = l . l M E d = l . l x l 4 0 6 = 1 5 4 6 kNm/m 

Bending moment assessment 

— — < l . o • — ' — = 0 .50 < 1.0 c r o s s - s e c t i o n p a s s e s 

MEd
2nd ^ . _ 1 5 4 6 kNm/m _ ^ . _ 

— — < 1.0 • — ' — = 0 .55 < 1.0 c r o s s - s e c t i o n p a s s e s 

Maximum axial force 

NEd = 1 2 0 9 kN/m 

Bearing capaci ty of the cross-sect ion 

Afv 4 5 . 6 x l 0 " 3 x 3 5 5 x l 0 6 

Nc,Rd = - 2 - = — = 16 1 8 8 kN/m 

Buckling bearing capacity of the cross-sect ion 

In axial compress ion is buckl ing bearing capacity mult ipl ied by x which corresponds to 

relative s lenderness X. First is necessary to def ine buckl ing curve of the cross-sect ion, for 

rolled hol low sect ions buckl ing curve a is recommended. 

Nb,Rd ~ — 
YMO 

X <p + yj<p 2-X 2  
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Where 0 = 0 . 5 [ l + a ( A - 0 . 2 ) + A 2 ] 

A = relative s lenderness 
\ w r r  

9 £ 7 

Ncr = 7r - — j . Euler critical axial force 

L c r critical length 

a 0.21 for buckl ing curve a 

Est imated critical length is 12 m, it is the longest possible distance between points of the 

wall secur ing the posit ion. This length is taken as a conservat ive value because also the 

part where soil is resisting the movement of the wall is considered. 

Substi tut ion into the formulas 

2 . 1 2 x l 0 _ 3 2 1 0 x l 0 9 

T 2 1 
Ncr = n2 = 3 0 5 1 4 k N / m 

4 5 . 6 x l 0 - 3 3 5 5 x l 0 6  

X = 1 30 514X10' = ° 7 2 8 

0 = 0.5[1 + 0.21(0.728 - 0.2) + 0.728 2 ] = 0.821 

1 
X = 7 ^ = ^ ^ ^ = = 0 834 

0.821 + V0 .821 2 - 0.728 2 

XAfy 0 . 8 3 4 x 4 5 . 6 x l 0 ~ 3 3 5 5 x l 0 6 

N b l R d = = 7 ^ = 13 501 kN/m 

Axial force assessment 

NEd ^ « n 1209 kN/m _ ^. „ _ 

— — < 1.0 = 0 .07 < 1.0 c r o s s - s e c t i o n p a s s e s 

NEd ^ 1 n 1209 kN/m _ ^ . _ 

7 - ^ < 1.0 „ c n < , ' = 0 .09 < 1.0 c r o s s - s e c t i o n p a s s e s 

Maximum shear force 

VEd = 3364.2 fcyV/m 

Bearing capacity of the cross-sect ion 
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4 * ( / v / V 3 ) 2 9 x l 0 - 3 f 3 5 5 x l 0 6 / V 3 ) 

Vpijid = \7 J = ^ — L = 5 9 4 9 kN/m 
YMO I U 

Shear force assessment 

Vsd ^ A rv 3 3 6 4 . 2 feN/m _ _ _ ^ „ _ . . 

— — < 1.0 • — 7 — = 0 . 5 7 < 1.0 c r o s s - s e c t i o n p a s s e s 

Ax/a/ compression and bending interaction 

Because the cross-sect ion is loaded by axial compress ion and bending, interaction of these 

two act ions must be verif ied. 

NEd , , M y M M z M 

I A.Til l n w I *V V 7 II yf """" J-Xy^Vfifc W XLTMy,Rk

 y Z XLTMz,Rk 

YMI YMI YMI 

J V ^ My,Ed M z M 

XZNRK Z Y XLTMY,RK
 + K Z Z XLTMZ,RK ~ 

YMI YMI YMI 

In case of interlocking pipe pile wal l , we have no bending moment in plane z - MEdz, 

therefore third member of the equat ion is equal to zero. Also, interaction factors of the wall 

kyz kZy kzz 0. 

Determinat ion of interaction factor is done according to Eurocode 3 - simplif ied method. 
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Interaction 
factors 

Type o f 
sections 

Design assumptions 
clastic cross-sectional properties 

class 3, class 4 
plastic cross-sectional properties 

class 1. class 2 

Kyy 
I-scclions 

RHS-sections 

l + 0,6?,v 
N, 

< C „ 1 + 0,6 <c„ 

1 + ^ - 0 , 2 ) — ? 
X y N R t / y , 

1 + 0.8-
N , 

X y N R k / y M I J 

I-scctions 
RHS-scctions 0.6 k „ 

1-scctions 
RHS-scctions 

0,8 k v, 0,6 k v 

I-scctions 

1 + 0,6?., 
N , 

C „ , | l + ( 2 ? w - 0 . 6 ) -

< C , J l + l,4- N r " 

< C , I 1 + 0,6 

RHS-scctions 

X 2 N R k / y M ] j 

N R t / y M i . 

5C,N ftk ^Ym J 

c„ l + ( L - 0 . 2 ) ^ 
X , N R l i / y M J 

SC J 1 + 0,8-
N , 

X , N R l / y M J 

For I - and II-scctions and rectangular hol low sections under axial compression and uniaxial bending M ; , i ; j 

the coefficient k, v may be k„ . = 0. 

F i g u r e 5.3 I n t e r a c t i o n f a c t o r s k i j [9] 

M o m e n t d iagram range C,m. and C„,7 and C,„i t M o m e n t d iagram range 
u n i f o r m loadimz concentrated load 

M -1 < V < 1 0,6 + 0 , 4 y > 0,4 

0 < ct s < 1 -1 <y< 1 0,2 + 0 , 8 a s > 0,4 0,2 + 0 , 8 a s > 0,4 

-1 < a s < 0 
0 < v < 1 0,1 - 0 , 8 u s > 0 , 4 - 0 , 8 a s > 0,4 

u M / M . 
s 9 h 

-1 < a s < 0 
-1 < x i / < 0 0 , l ( l - v | / ) - 0 , 8 a s > 0 , 4 0,2(-\|/) - 0 , 8 a s > 0,4 

M,, 
0 < a h < 1 -1 < y < 1 0,95 + 0,05ct|, 0,90 + 0 , 1 0 a h M,, 

-1 < a h < 0 
0 < v < 1 0,95 + ( ) , 05a h 0,90 + 0 , 1 0 a „ 

-1 < a h < 0 
-1 < \ ) / < 0 0.95 + 0 ,05a h ( l +2v ) E<5>0,90 +0,10a h ( l+2s/ )^£ l l 

For members w i t h sway buck l i ng mode the equivalent u n i f o r m moment factor shou ld be taken C n l ) , = 0,9 or 
E5) C,1V, <*£p = 0,9 respect ively.  
C „ , Y , C, I U and C , „ i . t should be obtained accord ing to the bend ing moment d iagram between the relevant 
braced points as f o l l o w s : 

momen t factor bend ing axis po ints braced i n d i r e c t i o n 
C m y y -y z-z 
Cm/ z-z y -y 

Cmi.T y_2 y_2 

F i g u r e 5.4 E q u i v a l e n t U n i f o r m M o m e n t F a c t o r s [9] 
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T a b l e 5.1 I n t e r a c t i o n o f B e n d i n g a n d A x i a l f o r c e 

Cross-section characteristics 

E 2 1 0 0 0 0 MPa 

fy 3 5 5 MPa 

Material Characteristics 

A 4 . 5 6 X 1 0 " 2 m 2 

ly 2 . 1 2 X 1 0 " 3 m 4 

Wpl.y 7 . 9 1 X 1 0 - 3 m 3 

Internal forces 

N E d 1 2 0 8 . 2 5 kN 

MEd,y 1 5 4 6 k N m 

Buckling 

Nor 3 0 . 5 1 M N 

Xy 0.83 

(J)y 0.82 

a 0 .21 curve a 

Ay 0.73 

Cross-sectional resistances 

N R k 16 1 8 8 kN 

M R k ,y 2 8 0 8 kN 

Interaction coefficients 

kyy 1.04 

Cmy 0.99 

Ymi 1 

1 2 0 8 . 2 5 1 5 4 6 
• + 1.03 TTTTT^ r ^ = 0.65 < 1 0 . 8 3 x 1 6 1 8 8 2 8 0 8 . 0 5 

C r o s s - s e c t i o n p a s s e s 

1 208 .25 

16 1 8 8 
= 0.09 < 1 

C r o s s - s e c t i o n p a s s e s 

The des igned interlocking pipe pile wall 7 0 0 / 1 6 m m is sufficient for the structure design. 
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5.2. Waler Beam 

In the prel iminary design cross-sect ion of waler beam was selected in a shape of PI 

chamber after solution in software d imensions are enlarged to d imensions of 900 mm t imes 

900 mm because of the high load. 

900 

F i g u r e 5.5 W a l e r b e a m 900x900 m m 

5.2.1. Material Properties 

Structural steel 

fy 

E 

S 3 5 5 

. 3 5 5 MPa 

210 GPa 

5.2.2. Cross-sectional properties 

Sectional area A 8 .10x10 2 ? n 2 

2 „ 3 Section modulus Wpl 2 .89x10 z m 

Shear area Ar 

Moment of inertia / 

.0.036 m 2 

1 . 2 0 6 X 1 0 - 2 m 4 

5.2.3. Classification of the cross-section 

The PI chamber cross-sect ion according to Eurocode 
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Internal compression elements 

r 
C C c t ' 

U t - t -

Axis of 
h bending 

c = h - 3.t 
. b , 

c • t . — J 
c 

1 f t Axis of 

t -

c 

- bending 

s.t 

t -

c = b-C 

bending 

s.t 

F i g u r e 5.6 C h a m b e r c r o s s - s e c t i o n c l a s s i f i c a t i o n [9] 

< 33s — = 2 4 < 3 3 x 0 . 8 1 = 26 .73 
25 

class 1 

Class 1 cross-sect ion are those which can form a plastic hinge with the rotation capacity 

required for plastic hinges. 

5.2.4. Structural Assessment - Ultimate limit state 

Waler beam is loaded by combinat ion of bending moment , shear and axial force at a critical 

sect ion, therefore interaction of all these actions must be considered. 

MEd,y = 3 9 0 9 . 8 4 kNm VEd}Z = 2 0 6 5 . 3 3 kN NEd = 9 6 0 7 . 9 5 kN 

Independent bearing capacities of the cross-section 

Afy 8 . 1 0 x l 0 " 2 3 5 5 x l 0 6 

Nc,Rd = 
y  

YMO 1.0 
= 2 8 755 .0 kN 

Vpl.Rd 

Mc,Rd 

Avifv/JŠ) 3 . 6 0 x l 0 - 2 ( 3 5 5 x l 0 6 A / 3 ) 
L = Sí í 1 = 7 4 0 8 . 2 6 kN 

YMO 1-0 
Wplfy 2 . 0 8 x l 0 - 2 3 5 5 x l 0 e 

Assessment 

NEd 
N, < 1.0 

c,Rd 

VEd  
vpl,Rd 

MEd 
Mc,Rd 

YMO 

9 607.95 kN 
"28 755.0 kN 

1.0 
= 10 2 6 3 . 7 6 kNm 

= 0 . 3 3 < 1.0 c r o s s - s e c t i o n p a s s e s 

< 1.0 
2 065.33 kN 

• 7 408.26 feN 
= 0 . 2 8 < 1.0 c r o s s - s e c t i o n p a s s e s 

< 1.0 
3 909.84 kNm 

•10 263.76 felVm 
= 0 . 3 8 < 1.0 c r o s s - s e c t i o n p a s s e s 
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Buckling bearing capacity of the cross-section 

Buckling curve of the cross-sect ion, for PI chamber sect ions buckl ing curve c is 

recommended. 

N 
Nb,Rd ~ — 

YMO 

1 

X ~ 0 + V 0 2 -A2 

Where 0 = 0.5 [1 + a(A - 0.2) + A2] relative s lenderness 

Ncr = n2 -—$ critical axial force 

Lcr critical length 

a 0.49 for buckl ing curve c 

Estimated critical length is 7 0 % of the strut's spacing which gives us L c r y = 5.6 m. Even 

though the spacing between side struts is less, we should assume that hinges are not 

perfectly stiff. For the plane zz critical length is assumed as length between horizontal struts 

LCr,y = 8 - ° m > there will be an element securing the posit ion of the waler beam in z direction 

at each strut. 

, 1 . 2 1 x l 0 " 2 2 1 0 x l 0 9 

N c r y = n2 — = 796 MN 
5.6 2 

O 6 . 5 0 x l 0 " 3 2 1 0 x l 0 9 

N c r z = n2 ~ = 210 MN 
cr,z a Q 2 

8 . 1 x l 0 " 2 3 5 5 x l 0 6 

Av = — —c = 0 . 1 9 0 
7 9 6 X 1 0 6 

8 . 1 x l 0 " 2 3 5 5 x l 0 6 

A7= — —i = 0.370 
2 1 0 X 1 0 6 

0 y = 0 . 5 x [ l + 0.49x(0.19 - 0.2) + 0.19 2 ] 0 Z = 0 . 5 x [ l + 0.49x(0.37 - 0.2) + 0.37 2 ] 

= 0.516 

Xy 
0.516 + V0.516 2 - 0.19 2 

= 1.0 

= 0.610 

Xz 
0.61 + V0.61 2 - 0.37 2 

= 0.91 
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N b.Rd.y — 
XAfy _ I x 8 . 1 x l 0 - 2 3 5 5 x l 0 € 

YMO 1-0 

= 2 8 755 .0 kN 

N b.Rd.z — 
XAfy _ 0 . 9 1 x 8 . 1 x l 0 " 2 3 5 5 x l 0 £ 

YMO 1-0 

= 2 6 2 6 0 /eJV 

Axial force assessment 

— — < 1.0 = 0 . 3 7 < 1.0 c r o s s - s e c t i o n p a s s e s 

Interaction of shear force bending moment and axial force assessment 

Because of high values of all three internal forces, bending moment capacity should be 

reduced according to Eurocode 3. Shear force al lowance can be neglected if 

VEd < 0.5 VpliRd 

2 0 6 5 . 3 3 kN < 3 7 0 4 . 2 6 kN 

As far as this condit ion is fulf i l led, shear force effect on bending moment bearing capacity 

must not be considered. For double symmetr ical section with f langes, al lowance need not 

be made for the effect of the axial force on plastic resistance moment about the y-y axis 

when both the fol lowing criteria are satisf ied [9] 

NEd < 0.25 N p l i R d 

9 6 0 7 . 9 5 kN £ 7 188 .75 kN 

NEd < 0 , 5 H w t w f y 

YMO 

Already the first condit ion is not satisf ied, therefore effect of axial force must be considered. 

For class 1 and 2 cross sect ions, the fol lowing criteria shall be satisfied 

MEd ^ MN}Rd 

where MNRd is reduced design value of the bending moment resistance, making al lowance 
for the presence of normal forces. 

MN,Rd = M p l R d ( l - n ) / ( l - 0 . 5 a w ) but M N M < M p l R d 

Where n = 
Npl,Rd 
A-2bt , . 

aw = but aw < 0.5 
9 607.95 feN 

n = = 0.33 
28 755 feN 
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Reduced bending moment assessment 

MN R d = 10 263.76X - ( 1 " a 3 3 ) = g 7 g 6 . 9 7 kNm < 10 2 6 3 . 7 6 kNm 
N - K a (1 -0 .5x0 .44) 

MEd < M N R d 3 9 0 9 . 8 4 kNm < 8 7 8 6 . 9 7 kNm. c r o s s - s e c t i o n p a s s e s 

Interaction of axial compression and bending assessment 

In case of normal force act ing, also interaction of compress ion and bending moment must 

be considered. The equat ions are the same as shown in calculat ion of the wal l . 

NEd , . My,Ed MZiEd 

X y N R k
 + Kyy XLTMy,Rk

 + Ky* xLTMz_Rk -

YMI YMI YMI 

XzNRk

 z y XLTMy,Rk

 z z XLTMz,Rk 

YMI YMI YMI 
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Cross-section characteristics 

E 210000 MPa 

fy 355 MPa 

Material Characteristics 

A 8 . 1 0 X 1 0 " 2 
2 

m 

ly 1 . 2 1 X 1 0 " 2 
4 

m 

lz 6 . 5 0 X 1 0 " 3 
4 

m 
W p | , y 2 . 8 9 X 1 0 " 2 

3 
m 

W p | , z 2 . 1 3 X 1 0 " 2 
3 

m 

Internal forces 

N E d 9 6 0 7 . 9 5 kN 

M E d , y 3 9 0 9 . 8 4 kNm 

M E d , z 0.00 kNm 

Cross-sectional resistances 

N R k 2 8 7 5 5 . 0 0 kN 

M R k , v 10 2 6 3 . 7 6 kN 

Interaction coefficients 

kyy 0.96 

kzy 0.57 

Cmy 0.96 

Cmy 0.96 

Y M I 1 

9 607 .95 3 9 0 9 . 8 4 

T x 7 8 ^ + ° - 9 6 T 0 26T76 = 0 - 7 0 ̂ 1 

1 1 

C r o s s - s e c t i o n p a s s e s 

9 6 0 7 . 9 5 3 9 0 9 . 8 4 

0 . 9 1 x 2 8 7 5 5 " + 0 , 5 7 T 0 2 6 3 . 7 6 = 0 , 6 9 ~ 1 

1 1 

C r o s s - s e c t i o n p a s s e s 

5.2.5. Check against disproportionate collapse 

If w e assume that the most loaded strut col lapses. Wal ing beam must be checked for the 

case of single strut col lapse. 
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F i g u r e 5.7 S t r u c t u r e w i t h o u t o r i g i n a l l y m o s t l o a d e d s t r u t 

For the assessment of disproport ionate col lapse characterist ic combinat ion is assumed. 

Maximum internal forces acting on waling beam 

Vz 
1 T t - k _ 

_ H _ ' H _ n ~ ' L ^ - ^ J - l - ^ _ — < - L | _ --_ 

n 

F i g u r e 5.8 I n te rna l f o r c e s 

In this case, max imum shear force is not at the same place as max imum bending moment . 

Therefore, two combinat ions will be assessed. 
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Combination for maximum bending moment 

MEd,y = 7 9 0 4 . 8 9 kNm VEdz = 2 2 1 6 kN NEd = 7 1 1 7 kN 

Independent capacit ies assessment 

NEd ^ 1 rv 7 117 kN _ _ . , . _ .. 
< 1.0 = 0 . 2 4 < 1 .0 c r o s s - s e c t i o n p a s s e s N c i ? d 28 755.0 kN 

< 1.0 2 2 1 6 f c w = 0 . 3 0 < 1 .0 c r o s s - s e c t i o n p a s s e s 

M B d ^ ^ rv 7 904.89 kNm _ _ . ^ . _ .. 

— — < 1.0 = 0 . 7 6 < 1 .0 c r o s s - s e c t i o n p a s s e s 

NEd ^ 1 rv 7 117 kN _ __ . . _ .. 
— — < 1.0 = 0 . 2 7 < 1 . 0 c r o s s - s e c t i o n p a s s e s 

Interaction of shear force bending moment and axial force assessment 

Shear force al lowance can be neglected if 

VEd < 0.5 VpliRd 

2 2 1 6 kN < 3 7 0 4 . 1 6 kN 

As far as this condit ion is fulf i l led, shear force effect on bending moment bearing capacity 

must not be considered. Al lowance need not be made for the effect of the axial force on 

plastic resistance moment about the y-y axis when both the fol lowing criteria are satisfied 

[9] 

NEd < 0.25 N p l i R d 

7 1 1 7 kN < 7 188 .75 kN 

0.5 hwtwfy 
N E d < — " 

YMO 

0.5 X 0 . 8 5 x 0 . 0 4 x 3 5 5 x l 0 3 

7 1 1 7 kN =£ = 6 0 3 5 kN 
1 

As far as the second condit ion is not satisf ied, effect of axial force must be considered. For 

class 1 and 2 cross sect ions, the fol lowing criteria shall be satisfied 

MEd < M N i R d 

where MNRd is reduced design value of the bending moment resistance, making al lowance 
for the presence of normal forces. 
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MN,Rd = M p l i R d ( l - n ) / ( l - 0 . 5 a w ) but M N M < M p l R d 

Where n = J ^ L 

Npl,Rd 
A-2M . , . _ r 

a w = — ^ — but a w < 0.5 
7 117 kN - „c 

n = = 0.25 
28 755 feW 

8 . 1 x l 0 _ 2 - 2 x 0 . 9 x 0 . 0 2 5 _ . . 
aw = ; = 0 .44 

w 8 . 1 X 1 0 - 2 

Reduced bending moment assessment 

MN R d = 10 2 6 3 . 7 6 X , ( 1 " a 2 5 ) = 9 9 3 0 . 1 2 kNm < 10 2 6 3 . 7 6 kNm 
" • K a (1 -0 .5x0 .44) 

MEd < M N ? R d 7 9 0 4 . 8 9 kNm < 9 9 3 0 . 1 2 kNm c r o s s - s e c t i o n p a s s e s 

Interaction of axial compress ion and bending assessment 

NEU . My,Eä Mz,Ed 

XyiVRfe y y XurMj^m y z XLTMZM 

YMI YMI YMI 

J ^ + k
 M y' E d I / ; < 1 

YMI YMI YMI 
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Cross-section characteristics 

E 210000 MPa 

fy 355 MPa 

Material Characteristics 

A 8 . 1 0 X 1 0 " 2 
2 

m 

ly 1 . 2 1 X 1 0 " 2 
4 

m 

lz 6 . 5 0 X 1 0 " 3 
4 

m 
W p | , y 2 . 8 9 X 1 0 " 2 

3 
m 

W p | , z 2 . 1 3 X 1 0 " 2 
3 

m 

Internal forces 

N E d 7 1 1 7 kN 

M E d , y 7 8 4 1 kNm 

M E d , z 0.00 kNm 

Cross-sectional resistances 

N R k 2 8 7 5 5 . 0 0 kN 

M R k , v 10 2 6 3 . 7 6 kN 

Interaction coefficients 

kyy 0.96 

kzy 0.57 

Cmy 0.96 

Cmy 0.96 

Y M I 1 

7 1 1 7 7 9 0 4 . 8 9 

M 8 7 5 5 + ° - 9 6 1 Ö 2 6 3 7 6 = ° ' 9 9 ^ 1 

1 1 

C r o s s - s e c t i o n p a s s e s 

7 1 1 7 7 9 0 4 . 8 9 

0 . 9 1 x 2 8 7 5 5 + ° , 5 7 T Ö 2 6 T 7 6 = 0 , 6 9 ~ 1 

1 1 

C r o s s - s e c t i o n p a s s e s 

Maximum shear force 

VEd,max = 3 4 9 1 . 1 2 kN 
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J ^ _ < 1.0 
vpl,Rd 

c r o s s - s e c t i o n p a s s e s 

The des igned waler beam of the PI chamber section 9 0 0 / 9 0 0 mm is sufficient for the 

design. 

5.3. Horizontal Strut 

In the prel iminary design cross-sect ion of struts in strut level 4 was selected with the 

diameter of 1 0 1 6 mm and wall th ickness 32 mm. After solution in the software and checking 

by hand the d imensions of this strut were reduced to 8 1 3 / 2 7 mm. As ment ioned previously 

temperature effect on struts is considered in the des ign. Strut that is maximal ly loaded is 

marked in the picture. This strut is s imultaneously longest and therefore the only one that 

will be assessed. 

F i g u r e 5.9 H o r i z o n t a l F r a m e - m a x i m a l l y l o a d e d s t r u t 
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F i g u r e 5.10 S t r u t C r o s s - s e c t i o n 

5.3.1. Material Properties 

Structural steel S 3 5 5 

fy 355 MP a 

E 2 1 0 GPa 

5.3.2. Cross-sectional properties 

Sectional area A 6 . 6 7 x l 0 - 2 m2 

Section modulus W 1 . 6 7 x l 0 _ 2 m 3 

Shear area Av 4 . 2 4 x l 0 - 2 m2 

Moment of inertia / 5 . 1 5 x l 0 _ 3 m 4 

5.3.3. Classification of the cross-section 

For our cross-sect ion CHS 8 1 3 / 2 7 mm 

d 8 1 3 
- = = 3 0 . 1 1 < 5 0 £ 2 = 33 .0 -> class 1 
t 2 7 

Class 1 cross-sect ion are those which can form a plastic hinge with the rotation capacity 

required for plastic hinges. 
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5.3.4. Structural Assessment - Ultimate limit state 

Horizontal strut will be checked in two sect ions - in the middle of the span and in section 3 

meters from the end. Because I do not know which of these sect ions will g ive worse results, 

it is necessary to test both. 

F i g u r e 5.11 S t r u t - I n t e r n a l F o r c e s 

In chapter temperature load on struts I have d iscussed the topic of why it is necessary to 

consider temperature in a design of struts. Posit ive temperature change AT gives us an 

extra axial load in strut. The magni tude of this load is dependent on the cross-sect ion, length 

of the strut, level of restrain and other. If the structure is completely restrained, elastic 

calculation would be appl icable. 

P=aEAAt 

However, in my case the structure cannot be considered as fully restrained, because it can 

deflect. The procedure of calculat ion that was introduced by Chapman et. al. [5] is more 

suitable for the solution of this horizontal strut. 
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A P = 
AsEsaAT 

1 + 3nAsEsH_ 
AwEdefL 

[kN] 

Es 
2 1 0 GPa 

As 
6 . 6 7 X 1 0 " 2 

7 
m 

Aw 2 8 7 
m 

I 22 m 

H 18.8 m 

a 1 . 2 X 1 0 " 5 K-1 

AT 25 °C 

Edef ? MPa 

Derivation of deformat ion modulus is not as clear as for uniform ground. Because there are 

several layers and the wall is propped only by water in the upper part two ways of modulus 

determinat ions were used. 

1. Average Edef 

An average value of deformat ion modulus along the wal l . 

E d e f = 13 .22 MPa 

6 . 6 7 x l 0 - 2 x 2 1 0 x l 0 6 x l . 2 x l 0 " 5 x 2 5 
A P = = 42 7 9 kN 

3 x 6 . 6 7 x l Q - 2 x 2 1 0 x l 0 6 x l 8 . 8 
2 8 x l 3 . 2 2 x l 0 3 x 2 2 

2. Edef of ground layer in the depth of the strut S4 

Edef = 8 MPa 

_ 6 . 6 7 x l 0 - 2 x 2 1 0 x l 0 6 x l . 2 x l 0 " 5 x 2 5 _ 
A P = 3 x 6 . 6 7 x l 0 - 2 x 2 1 0 x l 0 6 x l 8 . 8 = 2 6 , 0 1 k N 

2 8 x 8 x l 0 3 x 2 2 

W e can see that both values a very smal l . The deflect ion of a wall reduces 

signif icantly axial load evoked by temperature change in the strut. If w e examine 

elastic calculat ion, which would not correspond to a real structure w e will get much 

greater value. 

A P = aEAAT = 6 . 6 7 x l 0 - 2 x 2 1 0 x l 0 6 x l . 2 x l 0 " 5 x 2 5 = 3 9 2 4 . 9 kN 
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This value is not realistic for the case of cof ferdam therefore value calculated according to 

Chapman [5] of APd = 1 . 5 x 4 2 . 7 9 = 64 .19 kN is assumed in the design. 

SECTION 1 -x = 11m 

NEd = -- 8 2 2 5 kN 

^Ed.y = OkN 

VEd.z = 0 kN 

MEd,z = 4 6 6 . 7 4 kNm 

MEd,y = -- - 9 8 . 6 8 kNm 

SECTION 2 - x = 3 m 

NEd = -- 8 2 2 5 kN 

^Ed.y = 84 .89 kN 

VEd.z = - 3 2 . 8 8 kN 

MEd,z = 2 8 5 . 8 8 kNm 

MEd,y = - 9 8 . 6 8 kNm 

Single bearing capacities assessment 

Nc,Rd = 
Afy 6 . 6 7 x l 0 " 2 3 5 5 x l 0 £ 

= 23 6 7 8 kN 

pl.Rd 

YMO 1-0 

^ ( / y / V 3 ) _ 4 . 2 4 x l 0 " 2 ( 3 5 5 x l 0 6 / V 3 ) 

YMO 1-0 

- 2 o : : v i n 6 

= 8 6 9 9 . 2 9 kN 

Wvlfv 1 . 6 7 x l 0 " 2 3 5 5 x l 0 £ 

Mc,Rd = = — = 5 928 .5 kNm 
YMO 1.0 

Bearing Capaci ty Sect ion 1 Section 2 Assessment 

N c R d = 23 6 7 8 kN NEd = - 8 2 2 5 kN NEd = - 8 225 kN 0.35 < 1 PASSES 

VplRd = 8 6 9 9 . 2 9 kN VEd = 0 kN VED,MAX = 84 .89 kN 0 .01 < 1 PASSES 

Mc,Rd = 5 9 2 8 - 5 k N m MEd,max = 4 6 6 . 7 4 kNm MEd,max = 2 8 5 . 8 8 kNm 0.08 < 1 PASSES 

Buckling bearing capacit ies of the cross-sect ion 

Buckling must be solved in the plane of bending and from the plane of bending. Critical 

length of the strut is assumed as whole length in both direct ions. 

O 5 . 1 5 x l 0 " 3 2 1 0 x l 0 9 

Ncr,y = Ncr,z = n2 —2 = 22 0 7 3 . 8 kN 

6 . 6 7 x l 0 " 2 x 3 5 5 x l 0 6  

A = 1 22 0 7 3 . 8 X 1 0 3 = 1 ' ° 3 6 

0 = 0 . 5 [ 1 + 0 . 2 1 ( 1 . 0 3 6 - 0 .2) + 1 . 0 3 6 2 ] = 1.12 

1 
X = = 0 .64 

1.12 + V l . 1 2 2 - 1 . 0 3 6 2 
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XAfy _ 0 . 6 4 x 6 . 2 3 x l 0 " 2 3 5 5 x l 0 c 

YMO 1-0 
Nb,Rd,y = N b i R d i Z = = : — = 15 168 .62 kN/m 

Buckling assessment 

NEd ^ « n 8 225 kN/m _ _ . _ . _ 
— — < 1.0 — = 0 . 5 4 < 1 .0 c r o s s - s e c t i o n p a s s e s 

Combination of axial compression and bending assessment 

Cross-section characteristics 

E 2 1 0 0 0 0 MPa 

f y 355 MPa 

Material Characteristics 

A 6 . 6 7 X 1 0 " 2 
2 

m 

ly 5 . 1 5 X 1 0 " 3 
4 

m 

lz 5 . 1 5 X 1 0 " 3 
4 

m 
W p | , y 1 . 6 7 X 1 0 " 2 

3 
m 

Wp| ,z 1 . 6 7 X 1 0 " 2 
3 

m 

Internal forces - Section 1 

N E d 8 225 kN 

MEd.y - 9 8 . 6 8 kNm 

M E d , z 4 6 6 . 7 4 kNm 

Internal forces - Section 2 

N E d 8 225 kN 

M E d , y - 9 8 . 6 8 kNm 

M E d , z 2 8 5 . 8 8 kNm 

Cross-sectional resistances 

N R k 23 6 7 8 . 5 0 kN 

M R k , y 5 9 2 3 . 8 9 kN 

Interaction coefficients 

kyy 1.45 

kzy 0.87 

kzz 1.45 

kyz 0.87 

Cmy 1.01 

Cmy 1.01 

Y M I 1 
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NEd My:Ed MZ}Ed 

xyNRk
 + Kyy xiTMy,Rk

 + Kyz xiTMz,Rk 

Y Mi Y Mi Y Mi 

NEd My}Ed MZiEd 

XzNRk
 + XLTMy,Rk

 + K z z XLTMz,Rk 

Y Mi Y Mi Y Mi 

Section 1 ( x = 1 1 m ) : 

8 225 9 8 . 6 8 4 6 6 . 7 4 
+ 1.45 = „ n n + 0,87 = „ n n = 0.63 < 1 0 . 6 4 x 2 3 6 7 8 . 5 0 5 9 2 3 . 8 9 5 9 2 3 . 8 9 

8 225 9 8 . 6 8 4 6 6 . 7 4 
+ 0.87 F „ n n + 1.45 ^ T T T ^ = 0.67 < 1 0 . 6 4 x 2 3 6 7 8 . 5 0 5 9 2 3 . 8 9 5 9 2 3 . 8 9 

Section 2 (x = 3 m ) : 

8 225 9 8 . 6 8 2 8 5 . 8 8 
+ 1.45 = + 0.87 = = 0 .61 < 1 0 . 6 4 x 2 3 6 7 8 . 5 0 5 9 2 3 . 8 9 5 9 2 3 . 8 9 

8 225 9 8 . 6 8 2 8 5 . 8 8 

0 . 6 4 x 2 3 6 7 8 . 5 0 + ° ' 8 7 5 9 2 3 . 8 9 + 1 , 4 5 5 9 2 3 . 8 9 = ° ' 6 3 ~ 1 
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5.3.1. Check against disproportionate collapse 

If the most loaded strut col lapses redistribution if internal forces is as fol low. For the 

assessment of disproport ionate col lapse characterist ic combinat ion is assumed. 
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Mz-

s 

My 

i 
o 

s 1 
a g 
s 

Vz 

V 

— ^ n - n T n T I 

CT. 

F i g u r e 5.13 S t r u t - I n te rna l F o r c e s 

SECTION 1 - x = 1 1 m 

NEd = - 1 0 2 0 2 kN 

VEd,y = 0kN 

VEd,z = 0kN 

MEd,z = 3 5 6 . 0 9 kNm 

MEd,y = - 6 1 5 . 0 7 kNm 

SECTION 2 - x = 3 m 

NEd = - 1 0 2 0 2 kN 

VEdiy = 6 2 . 8 8 kN 

VEd,z = - 2 0 5 . 0 2 W V 

M E d z = 2 1 1 . 7 7 kNm 

MEd,y = - 6 1 5 . 0 7 kNm 

Single Bearing capacities assessment 

Afy 6 . 6 7 x l 0 " 2 3 5 5 x l 0 6 

Nc.Rd =TT = 7 7 ; = 2 3 6 7 8 kN 
YMO I U 

_ Av(fy/y/3) _ 4 . 2 4 x l 0 - 2 ( 3 5 5 x l 0 6 / V 3 ) 
Vpl.Rd — — = 

YMO 1.0 
8 6 9 9 . 2 9 kN 

Wvlfv 1 . 6 7 x l 0 " 2 3 5 5 x l 0 6  

McRd = — ^ = — = 5 9 2 8 . 5 kNm 
YMO 1.0 
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Bearing Capaci ty Sect ion 1 Section 2 Assessment 

Nc,Rd = 23 678 kN NEd = - 1 0 202 kN NEd = - 1 0 202 kN 0.43 < 1 PASSES 

Vpi,Rd = 8 699.29 kN VEd = 0 kN VEd,MAX = 205.02 kN 0.02 < 1 PASSES 

Mc,Rd = 5 928.5 kNm MEd,max = 615.07 kNm MEd,max = 615.07 kNm 0.10 < 1 PASSES 

Buckling assessment 

^Ed - A rv 10 202 feN /m _ ^ „ _ .. 
< 1.0 — = 0 . 6 7 < 1.0 c r o s s - s e c t i o n p a s s e s NbRd 15 168.62 kN/m 

Combination of axial compression and bending assessment 

Cross-section characteristics 

E 210000 MPa 

fy 355 MPa 

Material Characteristics 

A 6 . 6 7 X 1 0 " 2 
2 

m 

ly 5 . 1 5 X 1 0 " 3 4 
?7l 

lz 5 . 1 5 X 1 0 " 3 4 
771 

Wp|,y 1 . 6 7 X 1 0 " 2 
3 

m 
Wp|,z 1 . 6 7 X 1 0 " 2 

3 
m 

Internal forces - Section 1 

N E d 10 202 kN 

MEd,v - 6 1 5 . 0 7 kNm 

MEd,z 356.09 kNm 

Internal forces - Section 2 

N E d 10 202 kN 

M E d , v - 6 1 5 . 0 7 kNm 

MEd,z 211.77 kNm 

Cross-sectional resistances 

N R k 23 678.50 kN 

M R k , v 5 923.89 kN 
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Interaction coefficients 

kyy 1.55 

kzy 0.93 

kzz 1.55 

kyz 0.93 

Cmy 1.01 

Cmy 1.01 

Y M I 1 

xyNRk
 + Kyy xiTMy,Rk

 + Ky* xiTMz,Rk 

YMI YMI YMI 

< 1 

M. NEd  y.Ed 

y,Rk 
• + k 

M. z,Ed 
zz XLTM: 

YMI 
z,Rk 

• < 1 

YMI YMI 

Section 1 ( x = 1 1 m ) : 

10 2 0 2 6 1 5 . 0 7 3 5 6 . 0 9 
1- 1 55 1- 0 93 = 0 89 < 1 

0 . 6 4 x 2 3 6 7 8 . 5 0 5 9 2 3 . 8 9 5 9 2 3 . 8 9 ~ PASSES 

10 2 0 2 6 1 5 . 0 7 3 5 6 . 0 9 

0 . 6 4 x 2 3 678^50" + 0 , 9 3 5 "923.89 + 1 , 5 5 5 9 2 3 . 8 9 = 0 , 8 6 ~ 1 PASSES 

Section 2 (x = 3 m ) : 

10 2 0 2 6 1 5 . 0 7 2 1 1 . 7 7 
+ 1.45 „ + 0.87 „ = 0.87 < 1 0 . 6 4 x 2 3 6 7 8 . 5 0 5 9 2 3 . 8 9 5 9 2 3 . 8 9 PASSES 

10 2 0 2 6 1 5 . 0 7 2 1 1 . 7 7 

0 . 6 4 x 2 3 6 7 8 ^ 5 0 " + 0 , 8 7 5 "923.89 + 1 , 4 5 5 9 2 3 . 8 9 = 0 , 8 2 ~ 1 PASSES 

Cross-sect ion CHS 8 1 3 / 2 7 mm is sufficient for the design. 
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Summary 

From the geotechnical invest igat ion, it was obvious that very soft soil is overlaying hard 

rock, which led me to the decision of predril l ing the piles. If the piles are prebored and 

grouted t ightness of the structure is ensured. From calibration of analytical models, I learned 

that in case that piles are driven too much, say twice more than was design depth, it has a 

great inf luence on internal forces. On the other hand, if the wall is only touching the 

rockhead, seepage should be model led and t ightness would not be ensured. In the design 

of construct ion phases wall deformat ions were reduced to 0.1 m , which is acceptable value. 

Distribution of internal forces is signif icantly different in all phases, therefore no phase can 

be omit ted as this could cause col lapse of the structure or non-acceptable deformat ions to 

it. In compar ison of different analytical models dif ferences in bending moment values could 

be observed. Compar ison of two different analytical models showed that different soil 

modell ing has great effect on internal forces, even though the shape of the bending curve 

is very similar, values obtained from PLAXIS software are much higher. For the design, 

highest obtained values were accounted in order to execute safe and conservat ive design. 

In this particular case, temperature has no great inf luence on the strut des ign, but in my 

opinion it should be always considered, as it depends on many different factors and the 

inf luence will vary for individual structures. Studying second order effects on the wall by 

non-l inear model in Scia Engineer showed 1 0 % increase on max imum bending moment of 

the cof ferdam's wal l . I f ind this value high enough to say that second order should not be 

neglected in this type of structures. All structural members were successful ly des igned and 

assessed according to corresponding Eurocodes. 
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Lis t of s h o r t c u t s a n d s y m b o l s 

S strut (level) 

AD anthropogenic deposit 

MD marine deposit 

CDG completely decomposed granite 

M-C Mohr Cou lomb material model 

L-E Linear Elastic material model 

Yunsat unsaturated unit weight of soil 

Ysat saturated unit weight of soil 

c' effective cohesion 

cp' effective angle of internal friction 

E' deformat ion modulus 

v' poisons ratio 

K 0 at-rest earth pressures coefficient 

Rint 

a coeff icient of thermal expansion 

E elastic modulus of steel 

A area of strut 

A t change in temperature 

Es elastic modulus of steel 

AT change in temperature 

nAs total area of struts acting against the wall of area A 

Aw cut of area of the wall 

E soil modulus of deformat ion 
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H height of the wall 

v Poisson's ratio 

S deflect ion of the wall due to the load change 

y c unit weight of concrete 

y s unit weight of structural steel 

LC load case 

FEM finite e lement method 

CHS circular hollow section 

SL strut level 

Ncr critical force 

NEd design value of the appl ied axial force (tension or compression) 

MEd design value of the appl ied bending moment 

NRd bearing capacity of normal force 

MRd bearing capacity of bending moment 

X axial buckl ing coefficient 

XLT bending buckl ing coefficient 

kh modulus of subsoi l reaction 

fy yield strength of steel 

A cross-sect ional area 

W section modulus 

Av shear area 

/ moment of inertia 

d d iameter 

t th ickness 
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YM material resistance factor 

NcRd design bearing capacity in axial compress ion 

McRd design bearing capacity in bending 

MEd2nd design value of the second order bending moment 

NbRd buckling bearing capacity 

A relative s lenderness 

Lcr critical length 

VEd design shear force 

vpi,Rd plastic shear bearing capacity 

kij interaction factors 
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Lis t of A n n e x e s 

Annex A 

A.1 Geometry 

A.1.1 Ground Plan 

A. 1.2 Section 

A. 2 Construct ion Sequence 

Annex B 

B. 1 Bending Moments Compar ison in All Phases 
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