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INTRODUCTION

1. Introduction

This Technical Report constitutes Deliverable #7 of the Research Project titled:
THALIS-NTUA (MIS 380043)
Innovative Design of Bridge Piers on Liquefiable Soils with the use of Natural
Seismic Isolation

carried out under the general coordination of Professor George Bouckovalas, NTUA
(Principal Investigator). It presents the work and the corresponding results on tolerable
ground deformations carried out for Work Package WP7, titled: “Application to
statically indeterminate RC bridges”

The Scope of Work Package WP7, has been described in the approved Research
Proposal as follows:
“The aim of this WP is to explore the feasibility of the proposed new design
methodology, and the resulting advantages over conventional design methods, in the
case of a statically indeterminate RC bridge (with continuous box-girder type deck). The

main work tasks required to achieve this aim are the following:

(a) Initially, the allowable foundation movements (settlements and rotations) will have
to be established for a statically indeterminate RC bridge system, in terms of the
tolerable damage and serviceability level (e.g. driving discomfort, repairable damage,
irreparable damage) and the anticipated seismic hazard level (e.g. seismic excitation
with 90, 450 or 900 years return period). The allowable foundation movements will
result from a joint evaluation of:
= an extensive survey of relevant codes and guidelines (e.q. Eurocode 2-Part 2,
Eurocode 8-Part 2, Eurocode 7, MCEER & FHWA-chapter 11.4),
= examples of actual bridge performance during recent earthquakes, and
= parametric (theoretical and/or) experimental studies of various bridge
components (e.g. piers, bearings) under static and cyclic-dynamic loading.

(b) Next, an actual bridge will be selected, with continuous deck system, long spans
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between piers (in excess of 40m) and extensive liquefiable soil layers underneath one or
more of the bridge piers. Note that, following an initial survey, we have already
identified a number of such bridges constructed as part of the Egnatia Motorway in
Northern Greece, such as the large bridge on Nestos River, with approximately 500m
length, and a number of shorter bridges along the motorway connection with the City
of Serres. The piers of the selected bridge will be (re-)designed using the conventional
foundation approach, i.e. pile groups with ground improvement between and around

the piles.

(c) Finally, the static and seismic design of this bridge will be repeated with the new
methodology of “natural” seismic isolation (i.e. shallow foundation and partial
improvement of the top part only of the liquefiable soil), in connection with the
allowable foundation movements which were established in work task (a) above. The
comparative advantages and limitations of the new design methodology, relative to
the conventional one, will be consequently evaluated on the basis of structural

performance, as well as cost, criteria.

The work described herein corresponds to Work task (b) above. It has been carried
out by the following members of the Aristotle University of Thessaloniki (Department
of Civil Engineering) Research Team:

= Andreas Kappos, Professor

= Anastasios Sextos, Associate Professor
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2. Brief description of the “natural”
seismic isolation methodology

Motorway bridge piers are often founded on fluvial and alluvial soil deposits
consisting of loose, saturated sands and silty sands as they frequently cross bodies of
water such as rivers, streams and lakes. These deposits are generally weak and/or soft
enough and conventional design approaches require the construction of deep
foundations to avoid excessive settlements or damages due to phenomena such as
erosion and scour. Furthermore, in seismically active environments, loose, saturated
soil deposits are susceptible to soil liquefaction. In common usage, liquefaction refers
to the loss of shear strength in saturated, cohesionless soils due to the build-up of pore

water pressures during dynamic loading.

The common practice for designing bridges built on liquefaction-susceptible soils is
to construct deep (pile) foundation systems along with extensive improvement of the
surrounding soil (Figure 2.1, left). Based on the current state of knowledge, deep
foundations appear to be the only adequately safe, albeit conservative, solution,
resulting to a significant increase in the project cost, compared to cases where shallow
foundations could be used [FHWA (1982), FHWA (1987), Sargand and Masada (2006)].
Conventional seismic isolation methods aim to mitigate structural damage by isolating
the structure from earthquake ground motions through energy absorption and
modification of the structural properties (using for instance, lead rubber, steel
neoprene/rubber and fiber-reinforced, elastomeric bearings, combined sliding or
elastomeric bearings with fluid dampers, as well as passive and active mass damping
systems). The idea proposed herein suggests a fluidizable foundation isolation system
intentionally designed to directly reduce the induced seismic ground motions
transmitted to the structure (Figure 2.1, right). The underlying physical concept is that

shear waves can hardly propagate through a fluidized medium; hence, a liquefied soil
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layer may act as a seismic isolation barrier to the upward propagating seismic waves.
To maintain the bearing capacity of the shallow foundations of the bridge, a non-
liquefiable surface “crust” needs also to be assured, in the form either of a non-

liguefiable (e.g. clay) layer or an improved ground zone.

Given the particular characteristics of the proposed methodology, it is evident that
the current seismic code framework is not adequate for designing bridges with shallow
foundations on liquefaction-susceptible soils. Hence, the design process needs to be
tailored to the salient features of the novel soil isolation concept, while at the same
time complying with the legislative requirements of seismic code provisions. The
procedure given in detail in Deliverable 7 [WPO07] is applied herein for the case of a
statically indeterminate RC bridge. This methodology involves initial design of the
superstructure and a shallow foundation according to modern seismic codes (the
Eurocodes are used in the present study) with due tailoring to account for the effect of

liquefaction on the design seismic loads and displacements.

“erust™ of
improved ground

...

——————— 0 —————————

Figure 2.1. Bridge design on liquefaction susceptible soils (a) common practice (left) and (b)
according to Bouckovalas et al. (2014a) (right).

IxAna 2.1. 3xedloopdc yedupwy os peuctomnotnotpa e5adn (a) cuppartikn mpoogyyon
(aprotepa) kat (B) cupdpwva pe t pebBodoloyia twv Bouckovalas et al. (2014a) (6€1a).
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Along these lines, the aim of the proposed research is to present a novel
methodology for seismic design of low cost bridge foundations on liquefiable soils
underlain an intact “crust”. Figure 2.2 presents a flow chart of the proposed
methodology. The key milestones with brief reference to the associated Deliverables

and Work Packages of the current project are listed below:

(a) Conventional design of the selected bridge founded on liquefaction-susceptible
soil. Based on Eurocode provisions, appropriately designed pile groups are used
along with extensive improvement of the surrounding soil [Deliverable 7a,

WPQ7].

(b) Analytical estimation of the tolerable settlements and rotations of the studied
bridge. Tolerable settlements and rotations are defined based on performance
criteria associated with the acceptable damage level at the bridge [Deliverable

7b, WPO7].

(c) Estimation of the seismic ground motion (PGA, PGV and design spectra)
considering the non-linear response of the liquefied soil layers [Deliverable 4,

WPO04].

(d) Analytical expressions for the frequency-dependent parameters of the soil
springs and dashpots which will have to be attached at the base of the
superstructure in order to simulate the interaction of the foundation with the

pre-liquefied and the post-liquefied subsoil [Deliverable 5, WPO5].

(e) Bridge design considering static, seismic and liquefaction-induced horizontal
differential displacements between the abutments and the adjacent piers

[Deliverable 7c (presented herein), WP07].

The application of the novel methodology for the case of a statically indeterminate

RC bridge is presented in the following.
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Figure 2.2. Flow chart of the proposed methodology for bridge design on liquefaction-susceptible soils.

IXAnA 2.2, Aldypappa porg TnS MPoTeLvopevng pebodoloyiag oxedlaopol yedupwv os peuctonotiotpa edadn.
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3. Application to a statically
indeterminate RC bridge

For the purposes of this research project, a typical three-span bridge of Egnatia
Motorway having a total length of 99.0m is analysed. The two outer spans have a
length of 27.0m each, while the middle span is 45.0m long. The slope of the structure
along the bridge longitudinal axis is constant and equal to 7% ascending towards the
west abutment. The deck consists of a 10m wide, prestressed concrete box girder
section and the two piers are designed with a solid circular reinforced concrete section
of diameter equal to 2.0m (Figure 3.1). Both piers are monolithically connected to the
deck. The heights of the left and the right pier are 7.95m and 9.35m, respectively. A
full description of the studied bridge is available in Deliverable 7a [WPO7].

1000

l 904050

DROALRG L

o0 |

Figure 3.1: Transverse section at the location of the bridge pier.

IxAua 3.1: Eykdpola toun otn 6€on tou Babpou tng yédupag .
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3.1 Conventional bridge design

Based on the geotechnical study [Deliverable 4, WP04] the soil profile at the site of
interest is located within the bed of Strymonas River in Greece and consists mainly of
river deposits. More precisely, loose, liquefiable silty sands and soft clays are met while
the ground water table is located on the ground surface, a fact that is further

enhancing the liquefaction susceptibility.

Due to the high uncertainty associated with the liquefaction phenomenon,
verification against liquefaction was performed for two possible seismic scenarios

corresponding to a liquefaction case and a ‘non-liquefaction’ case. Namely:

= Seismic scenario A (liquefaction case): My=7.0, PGA»=0.32g (T,e: = 1000yr)

= Seismic scenario B (non-liquefaction case): My=6.7, PGAp=0.22g (Tet = 225yr)

Results from both scenarios indicated high risk of extended liquefaction within a
depth of 0.0 to 20.0m. Therefore, the subsoil is improved by installing gravel piles
through vibro-replacement. To avoid the liquefaction in the selected geotechnical site,
a minimum replacement rate a;=19.6% is needed, corresponding to a quadratic gravel

pile grid of diameter D=0.80m with axial distance $=1.60m and length [L=24m.

As previously mentioned, the common practice for designing bridges built on
liguefaction-susceptible soils is to construct deep (pile) foundation systems. In this
case, a 3x3 pile group of 15.0m long piles (D=1.0m) was adopted connected with a

7.0x7.0x1.5m pile cap.

Linear elastic static and response spectra analyses were then performed for the
static and seismic loads acting on the bridge. A full description of the loads is available
in Deliverable 7a [WPO7]. The finite element model of the studied bridge is illustrated
in Figure 3.2. It was found that 176@25 and 2(16/7.5 are required for the longitudinal
and the transverse pier reinforcement, respectively. Finally, two sets of elastomeric
bearings with dimensions 500x600mm and thickness of rubber equal to 110mm were
used at each deck end and an expansion joint AGFLEXJ 140 (+70) or similar was chosen
based on displacement calculation or an expansion joint AGFLEXJ 200 (+100) based on
gap calculation. A full description of the bridge design can be found in Deliverable 7a

[WPO7].



APPLICATION TO A STATICALLY INDETERMINATE RC BRIDGE

Figure 3.2: Finite element model of the bridge.

IxApa 3.2: MovtéNo TIEMEPATUEVWV OTOLXELWV TNG UTTO HEAETN YEédupaC.

3.2 Tolerable settlements and rotations for the statically indeterminate bridge

system with shallow foundation

According to the proposed methodology tolerable settlements and rotations have
to be defined for the studied bridge. Tolerable settlements and rotations were derived
using nonlinear static analysis. More precisely, a predefined pattern (4) of
displacements (settlements, p) and rotations (around the x (J«) and y (&) bridge axes)
are applied at the base of the piers until the bridge ‘collapses’. This pattern was
defined assuming that settlements and rotations triggered from the liquefaction
phenomenon will act as permanent loads in the structure after the earthquake. The

following combinations were applied:
A =p+y(p) +0.39%(p) [3.1]
A =p +90(p) £0.39,(p)

Rotations Uy and Ox were defined as a function of the imposed settlement p

according to the empirical equation:
ﬁx:ﬁy:0.05xp [3.2]

where rotations 9, and Uy are expressed in [deg] while settlement p is expressed in

[em].

10
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Tolerable settlements were then defined based on performance criteria associated
with the acceptable damage level at the bridge. The performance criteria adopted in
this case are presented in Figure 3.3. Specifically, for settlements (p) smaller than
0.08m, no damage is expected in the bridge as it responds in the elastic range. For
settlements in the range 0.08 < p < 0.15m, minor damage is expected, while for
settlements in the range 0.15 < p £ 0.20m, moderate damage is expected. Finally, the
bridge "collapses" for imposed settlements greater than 0.20m. In this case, a value of
0.15m was adopted for the settlements at the base of piers corresponding to minor
damage. By further assuming a safety factor of 1.15, the tolerable settlement was set
equal to 0.15/1.15=0.13m. A more detailed description of the adopted procedure is
available in Deliverable 7b [WPO07].

0
0.00 0.50 IEO 1.50 2.00 2.50 3.00
-0.05 [ Elastic
E Right Pier (B
3 01 \ == Right Pier (Base)
;Cj Minor == Right Pier (top)
5015 | —a— Left Pier (Base)
= ' N
9 Moderate
-0.2
Collapse
-0.25 :
Rotational ductility, g

Figure 3.3. Applied settlements at the base of piers as a function of rotational ductility.

IxAua 3.3. ErParlopeveg kabulnoelg otn Baon Twv oTUAWV CUVOPTAOEL TNG TAAOTILOTNTOG
otpodwv.

3.3 Seismic scenarios

The next step of the proposed methodology requires the generation of design
spectra for liquefiable soils for the site of interest. Based on the geotechnical study
[Deliverable 4, WP04], response spectra were generated for the two seismic scenarios
A (1000yr) and B (225yr). For each scenario, a suite of seven (7) earthquake motions,
recorded on bedrock outcrop and having the target magnitude, was selected and

properly scaled, for the average response spectrum to match as closely as possible the

11
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design spectra of Eurocode 8 for soil type A, for peak ground acceleration at the
bedrock outcrop PGAp = 0.32g (Scenario A) and PGA, = 0.22g (Scenario B), respectively.
Subsequently, one-dimensional, nonlinear site response and liquefaction analyses
were performed and the peak intensity measures (PGA, PGV) and the mean 5%
damped elastic spectra were derived at the free ground surface. These spectra were
then matched with those prescribed in Eurocode 8. The analytical procedure is
described in detail in Deliverable 4 [WPO04].

Figure 3.4 presents the elastic response spectra derived for the two examined
seismic scenarios for the site of interest. The significant reduction of the ground
surface acceleration observed for the liquefaction case (T:=1000y) is attributed to the
presence of the liquefiable soil layer. The shear waves can hardly propagate through
the fluidized medium, hence, the liquefied soil layer acts as a seismic isolation barrier
to the upward propagating seismic waves. Furthermore, the improved crust, located
under the footing of the pier, seems to have little impact on the response of the soil
surface which is dominated by the liquefiable layer. The resulting response spectra
characteristics are then matched to the Eurocode 8 elastic spectra (T..=225y with type
D and T,=1000y with type C). The spectral parameters are summarized in Table 3.1. It
is further noted that the response spectrum of the vertical component was derived

based on Eurocode 8 provisions.

6.00

P — —Tret=‘225y
/ \ —Tret=1000y
N\

[\ .
\

ut
o
S

iy
o
S

Sa (m/s2)

200 Q\
0.00
0.00 1.00 2.00 3.00 4.00

T(s)

Figure 3.4. Elastic response spectra for the two examined seismic scenarios (T,.=225y and
Tret:].OOOY).

IxAna 3.4. EAaoTikd daopata anokplong yo ta SUo efetalopeva OeloKA oevapla (Tre=225y
Kot Tr=1000y).
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Table 3.1. Elastic spectra characteristics for the two examined seismic scenarios.

Nivakag 3.1. XapaKTNPLOTIKA EAACTIKWV GACUATWY AmoOKPLoNG.

Spectrum characteristics Tret =225 years

Tret =1000 years

EC8 elastic soil Type D Type C
Case No liquefaction Liguefaction

S 0.96 0.5
Ts(sec) 0.2 0.2
Tc(sec) 0.8 0.6
To(sec) 2 2

ag 0.22 0.32

Ag 2.16 3.14

n 1 1

3.4 Design of the shallow foundation

The innovative idea studied herein is that the existence of a surface “crust” of non-
liquefiable soil (e.g. clay, dense sand and gravel, or partially saturated-dry soil) with
sufficient thickness and shear strength may mitigate the consequences of liquefaction
in the subsoil, to such an extent that the use of shallow foundations becomes
permissible for bridge structures.

In order to design the improved surface crust and the footing at the bridge piers,
the following steps were followed:

(a) Selection of footing dimensions based on engineering judgement.

(b) Estimation of the impedance functions at the footing-soil surface according to
Mylonakis et al. (2006).

(c) Response spectrum analysis (G+0.2Q+E) for the two seismic scenarios described
in Section 3.3.

(d) Check that eccentricity lies within the limits L/6 <e <L/3, where L is the footing
length along the examined direction. According to the geotechnical study, an
effort should be made to keep the eccentricity close to L/6.

(e) Improved soil surface zone dimensions are defined considering the dynamic
settlements of the soil (Section 3.5) which should not exceed the tolerable
settlements derived in Section 3.2.

The above is an iteration process schematically shown in Figure 3.5 and should be
performed along both footing axes until the optimal set of dynamic settlements,

improved zone volume and footing dimensions are achieved.

13
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For the case studied, an almost square footing of B=9.0m width and L=10.5m
length corresponding to eccentricities:

- My/N =ex= B/60

[3.3]

- MX/N =ey= L/580
was found to satisfy the predefined eccentricity criteria. Eccentricity check was
performed in both directions and both axes were found to be critical due to the
sensitivity to torsion of the bridge studied. Thus, an almost square footing is selected

to support the structure.

Designofthe..._ » Select
improved footing
crust dimensions
| ~
Eccentricity . Calculate
check impedance
functions(K,,
L/6<e<L/3 K, K)
n Response 4
’ g spectrum /
“ analyses
(T,=225/
1000y)

Figure 3.5. Iteration process for designing the shallow foundation and the improved soil
surface zone.

IxAua 3.5. Oapuotikn Sadikaoia oxedlaopol g emudavelakng Bepeliwong kol TG
erudavelakng lwvng BeAtiwong tou edadouc.

3.5 Design of the improved “crust”

Focusing on the evaluation of the degraded bearing capacity and the associated
seismic settlements of shallow foundations resting on liquefiable soil, an accurate
estimation could potentially ensure a viable performance-based design, at least for the
case where a sufficiently thick and shear resistant non-liquefiable soil crust exists

between the foundation and the liquefiable soil.

The upper part of the surface layer improved using vibro-compaction or vibro-

replacement, provides an artificial non-liquefiable crust called the “Equivalent Uniform

14
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Improved Ground” concept (noted hereafter as EUIG), which is widely accepted in
practice for the design of geostructures and foundations on weak soil improved with
gravel piles. According to EUIG, the improved ground layer is considered uniform with
appropriately computed uniform soil parameters, which take into account the
properties of the natural ground, the properties of the gravel piles, as well as the

extent of ground improvement.

According to Deliverable 3 [WP03] the liquefaction performance of a strip

foundation depends on two main factors:
= the seismically induced footing settlements pgyn, and
= the degraded post-shaking bearing capacity of the footing qu:.

The analytical procedure for the case of a footing resting upon improved soil crust

is summarized in the following steps.

Step 1: Determination of the replacement ratio as. The replacement ratio as is
estimated considering the initial relative density of the treated soil, D, (%), the
thickness of the performed improvement Himp(m), and the maximum excess pore

pressure ratio rymax allowed to develop within the improved zone.

Step 2: Determination of the equivalent properties of the improved zone. The
permeability, keg, and the relative density, Dy,imp, of the improved zone are functions of

the replacement ratio as and the initial relative density of the liquefiable sand D, (%).

Step 3: Evaluation of seismic performance of the shallow foundation under conditions

of “Infinite” Improvement.

Seismically-induced dynamic settlements pdynins, are evaluated using the Newmark-

based relationship:

0.45
i 1
pclirjl/]; =0.019- amax(Texc +0.633 - Tsoil)2 “(Np +2)- <F.§Tf) ’

deg

4.5
1
140.25- <F5—nf) l [3.4]

deg

where amax: peak bedrock acceleration,
Texc: predominant excitation period,

Tsoii: elastic fundamental period of the soil column,

15
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No: number of significant loading cycles,
FSaeg,inf: factor of safety, allowing for degradation.

Degraded bearing capacity quideginf is calculated based on the modified analytical

relationship initially proposed by Meyerhof & Hanna (1978) as follows:

.f \.
Guitdeg = min{y'HstW”%‘% y'[(1+a?) — 1HPK, S22 — /(1 + a)H, + [3.5]
1 ! !

where B is the footing width, H; the thickness of the improved crust and y’ the
effective unit weight of the soil, while coefficients Ng and N, are calculated according
to Vesic (1973). Between the improved crust and the liquefied sand a transition zone
of non-liquefied natural ground (with 0< r, < 1.0) is formed, as a result of the fast
dissipation of the earthquake induced excess pore pressures towards the much more
permeable improved crust. Coefficients a and Ks are associated to the thickness and
shear strength mobilized along this transition zone. By reducing the friction angle of
the soil, through ;q4eq, the effects of liquefaction and excess pore pressure build-up
are considered. The subscript i=1 denotes the friction angle for the improved crust, 2

for the transition zone, and 3 for the liquefied sand.

To further improve the accuracy of the proposed methodology, a correction factor is

applied on the initially obtained value.

ded " 0.05+0.60(FS )08~ deg _

where FS:;Z’;: the degraded factor of safety.

Step 4: Evaluation of seismic performance of the shallow foundation under conditions
of “Finite” Improvement. In real applications, soil improvement is applied over a
designated area of limited dimensions. The determination of the particular area should
grant the optimum solution between the required performance criteria specified for

the shallow foundation and the associated construction costs.

The ratio of pdyn,inf/payn is analytically evaluated.
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i ) oxp |10 (U ()] 37

where Himp and Limp the width and the length of the improvement zone respectively.

The ratio of F.S.deg/F.S. deg,inf is computed through the following non-linear equation:

inf

4.5
4.5 FSdeg
—0.45 . -1, 0.30 (Fsdeg) +0'25< inf)
<F5eieg> - {1 — exp [—1.05 (Fme)  (Fime) ]} deg [3.8]

B (sti’lz)4'5+o.25

Step 5: Selection of ground improvement dimensions. The ratio of dynamic
settlements pdyn/Pdyn,inf s well as the degradation safety factor , F.S.deg/F.S.deg,inf are
assessed from design charts [Deliverable 3, WP03] as a function of three different
variables, Limp/B, Limp/Himp and Vimy/B?. Figure 3.6 illustrates the basic notation for the

design of the improved crust.

Based on the recommendations provided in Deliverable 3 [WPO03], the improved
crust dimensions are defined considering appropriate values for the degradation safety
factor FSqeqg and the improvement length Limp. In this study, a value for the safety factor
FSdeq greater than 1.10 (FSdeg 2 1.10) was deemed acceptable, while an effort was
made to minimize the volume of the improved zone Vimp by further keeping the

improvement length within (1.4-1.5) B, where B is the width of the footing.

Improved crust

-
T

v

Limp (m)

Liquefiable sand

Figure 3.6. Notation used for the design of the improved crust.

IxAua 3.6. Oplopdg Pacikwv ouUBOAWV yla Tto oXedloopd ™G PBeATlwpévng,
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erupavelakng kpoloTag.

The above procedure was then applied for the case of the statically indeterminate
bridge considered herein founded on 9.0x10.5m footings. Table 3.2 summarizes the
input data necessary for the design of the improved crust. A trial and error process was
performed by gradually modifying the dimensions of the improved zone. Finally, it was
found that an improved zone of 14.1m length and 5.5m depth (1.5m embedment
depth and 4m improvement) satisfies the predefined criteria (FSdeg=1.24, Limp=1.4B and
Vimp=710.64m?3). Figure 3.7 illustrates the resulting improved zone of 14.1m length and
5.5m depth consisting of a material with relative density 81%, friction angle 40deg and
permeability 1.5x103m/s. Table 3.3 summarizes the output of the applied procedure.
It is shown that the resulting dynamic settlements are equal to 0.057m, a value that is
smaller than the corresponding tolerable dynamic settlement (payn=p—pPstatic=0.13m-

0.02m=0.11m) derived in Section 3.2.

Table 3.2. Input data for the design of the improved crust for the case of the statically
indeterminate bridge.

Nivakag 3.2. Asdopéva yla To oXedlaopo tng BeAtiwpévng emidavelakng kKpoloTog yla Thv
TEPIMTWON TNG OTATIKWE adpLoTnG yédupac.

‘ Properties Values

Relative Density of the natural soil, D;, (%) 60
Soil properties Excess Pore Pressure ratio in the improved zone, 0.3
Iy, design
Buoyant unit weight, y' (kN/m?3) 9.81
Total Thickness of the liquefiable layer, Zi: (M) 20
Thickness of the improved zone, Himp (M) 4
Soil geometry
Thickness of the liquefiable layer, Zj; (m) 14.5
Width of the improved zone, Limp (M) 12.6
Maximum input acceleration, @max(g) 0.17
Excitation Predominant period, T (sec) 0.25
Number of cycles, N 12
Footing width, B (m) 9
Footing Footing Length, L (m)>B (m) [use O for strip footing] 10.5
properties Embedment depth, D (m) 1.5
Total static load from footing, g, (kPa) 139
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Figure 3.7. Layout of the improved zone under the footing of the pier.

Ling*12.0m

IxAua 3.7. Ixnuatoroinon BeAtlwpévng wvng KATw omod tnv emipavelakn Bepeiiwon tou

pecoBabpou.

Table 3.3. Soil properties of the improved crust for the case of the statically indeterminate

bridge.

Nivakag 3.3. Xapaktnplotikd tng PEATIWUEVNG eMLAVELOKAC KPOUOTOC YLa TAV TIEpMTWaon TG
OTATIKWG aAOPLoTNG yédupag.

Properties Values

Length of the improved zone (m) 14.1
Volume of the improved zone (m?3) 710.64
Replacement ratio, as 0.132
Improved soil Relative Density of the improved zone, Dy imp (%) 81
Friction Angle of the improved zone, @im, (deg) 40
Permeability of the improved zone, k.q (M/s) 1.5x103
Pore Pressure Ratio below footing, U3 0.756
Degraded factor of safety, F.S.ges™ 1.72
Infinite Seismic settlements, Pdyn inf(M) 0.046
improvement Differential settlements, & (m) 0.031
Rotation, & (degrees) 0.151
Finite Degraded factor of safety, F.S.geq 1.24
improvement Seismic settlements, pgyn (M) 0.057
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Differential settlements, § (m) 0.039
Rotation, & (degrees) 0.187

3.6 Dynamic impedance functions for footings on liquefiable soil

In order to simulate the foundation-soil interaction analytical expressions are
required for the frequency-dependent parameters of the soil springs and dashpots
attached to the base of the superstructure. Although this method is well established
for non-liquefiable soil profiles, such solutions are not applicable to liquefiable soils
due to (a) the existence of multi-layer soil with heavy impedance contrasts between
the layers leading to the entrapment of the seismic waves within the liquefied soil
layer, and (b) the mostly unknown mechanisms of seismic wave propagation within
liquefied soil layers where the effective stresses and the wave propagation velocity
may change even within each loading cycle.

Advanced lumped-parameter models, representing the dynamic stiffness of a rigid
surface footing resting on liquefiable soil under external harmonic loading, are
provided in Deliverable 5 [WPO05]. Specifically, a 3-layer soil profile consisting of a
surface non-liquefiable crust underlain a loose liquefiable sandy layer resting on a stiff
base stratum was considered with sharp impedance contrasts between the layers,
leading to strong wave reflections and trapping of energy within the intermediate soft
layer (Figure 3.8). The dynamic impedance of the footing is expressed by a static
component and two dimensionless dynamic modifiers corresponding to a storage
stiffness (spring value) and a loss stiffness (damping value). Vertical, horizontal and
rocking oscillations are considered leading to three static stiffness components and six

dynamic modifiers.

h Sandy spirhalie layor

Clay
RIS IIIIIIIIIIIIIIIIIIIR,

e 0

Figure 3.8. Layered soil profile consisting of a surface non-liquefiable crust over a loose
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liquefiable sandy layer.

IxAnA 3.8. STPWHATOTOLNUEVOG 6ADIKOC OXNUOTIONOG AMOTEAOUEVOC ATIO Hia eMidavVELaK)
LN PEVCTOMOLNOLUN KpoUoTa Ml APUWS0OUE, PEUCTOTIOLNGLUNG OTPWONG.

Real-time calculations and time domain analysis of non-linear superstructures
require lumped-parameter models that represent an unbounded soil domain. The soil-
structure interaction of a massless foundation is modelled by assemblies of relatively
few springs, dashpots and masses all with real-valued, frequency-independent
coefficients. Each degree of freedom at the foundation node of the structural model is
coupled to a lumped-parameter model that may consist of additional internal degrees
of freedom. The procedure to calculate the springs and dashpots is as follows:

1. Determination of the frequency-dependent impedance or the dynamic stiffness

S(a,), a, standing for the familiar dimensionless frequency (wR/V;). Note that

dynamic stiffness is decomposed into a singular part, Ss(a,), and a regular part,
Sr(a,).

2. Approximation of the regular part S/{a,) by the ratio of two polynomials in
dimensionless variable (i a,), P and Q. The unknown real-valued constant

coefficients of the regular part S/a,) are determined by a curve-fitting

technique based on the least-squares method.

3. Establishing the lumped-parameter model from the real coefficients. The
lumped-parameter model may contain several zero-order, first-order and
second-order discrete element models. The zero-order model contains no
internal degrees of freedom (simple springs and dashpots), the first-order
model contains one internal degree of freedom (e.g., a spring and a dashpot
attached in parallel) and the second-order model contains two internal degrees

of freedom (Figure 3.9).

4. Finally, the lumped-parameter model is assembled using real-valued springs,
dashpots and masses, which can be incorporated directly into dynamic finite
element software.

The application of the above procedure to the statically indeterminate RC bridge

footings (9.0x10.5m) provides a static component and two dimensionless dynamic

21



APPLICATION TO A STATICALLY INDETERMINATE RC BRIDGE

modifiers corresponding to storage (spring) and a loss stiffness (damping) representing
the dynamic impedance functions of the footing along the vertical, horizontal and

rocking direction.

The analytical expression of the dynamic impedance functions is:

K" =K+ (%) € = kogauiclla (T) + ik (1] [3.9]
where K = kgiaric * k1(T) denotes the spring coefficient,
C = kgeatic * k2(T) % is the dashpot coefficient.

Details regarding the static stiffness and the correction factors for cases with and

without liquefaction are summarized in Tables 3.4 and 3.5 respectively.

@) ur

(b)

-
110

—

(c) ek A RK

Figure 3.9. Discrete element-model for the (a) zero-order, (b) first-order, (c) second-
order term.

IxAna 3.9. AlakpLtd Mpocopolwpata yia 6po (a) pndevikie, (b) mpwtng, (c) deltepng
Tagng.
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Table 3.4. Static component of the spring stiffness for the dynamic impedance.

Nivakag 3.4. Twun otatikng Suokapdiog tou SuVapLKoU cuvteAeoT EUMESNONG.

Static Stiffness, Kstatic

/'1
Mode No liquefaction case Liquefaction case
Vertical, z (kN/m) 2.69E+06 7.21E+05
Horizontal, y (kN/m) 1.93E+06 1.02E+06
Horizontal, x (kN/m) 1.93E+06 1.02E+06
Rocking, ry (around x axis) (kNm/rad) 4.36E+07 2.67E+07
Rocking, ry (around y axis) (kNm/rad) 4.36E+07 2.67E+07
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Table 3.5. Dynamic correction factors for the dynamic impedance. (a) No liquefaction, (b) Liquefaction case.

Nivakag 3.5. Auvopikol cuvteheotéc S10pBwong tou Suvapikol ouviedeotny eunédnong. (a) MNepimtwon xwplg peuctomoinon, (b) Mepimtwon pe

peuotornoinon.
(a) No liquefaction case
ka(T) k2(T)
T (sec) T (sec)
Mode 02 04 | 06 | 08 |10 [125| 15 | 0.2 | 04 | 06 | 0.8 | 1.0 |1.25| 1.5
Vertical 0.42 | 0.68 | 0.70 | 0.83 | 0.87 | 0.89 | 0.90 | 0.88 | 0.36 | 0.13 | 0.06 | 0.06 | 0.06 | 0.06
Horizontal | 1.05 | 0.86 | 0.87 | 0.88 | 0.88 | 0.92 | 0.96 | 0.75 | 0.55 | 0.27 | 0.20 | 0.14 | 0.07 | 0.05
Rocking 0.78 | 0.92 | 0.97 | 0.98 | 0.99 | 0.99 | 1.00 | 0.27 | 0.08 | 0.06 | 0.06 | 0.06 | 0.06 | 0.06
(b) Liquefaction case
ka(T) k2(T)
T (sec) T (sec)
Mode 02 04 06 |08 |10 [125| 15 | 0.2 | 04 | 06 | 0.8 | 1.0 |1.25| 1.5
Vertical 0.1 |0.64|0.76 | 049 | 0.52 | 0.60 | 0.67 | 2.50 | 1.30 | 1.10 | 0.80 | 0.50 | 0.38 | 0.28
Horizontal | 1.23 | 1.03 | 0.97 | 0.90 | 0.95 | 0.91 | 0.77 | 1.90 | 1.10 | 0.83 | 0.65 | 0.56 | 0.60 | 0.56
Rocking 0.78 | 0.88 | 0.92 | 0.92 | 0.93 | 0.95 | 0.97 | 0.54 | 0.24 | 0.20 | 0.14 | 0.11 | 0.09 | 0.07

Note that the above values of damping do not include structural damping under fixed-base conditions.
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Figure 3.10 illustrates the physical interpretation of the dynamic stiffness in the vertical
mode of vibration. In this study, the finite element program SAP2000 was used for modelling
the bridge. Due to the limited capabilities of the selected software package which does not
support frequency-dependent springs and dashpots, the proposed expressions for the dynamic
impedance functions cannot be applied directly. Hence, a simplified assumption was made and

the impedance function was computed based on the natural frequency of the studied bridge.

pelwl pewl

l /— massless rigid l
footing
] = |

Elastic soil

G.v,p K(w) I_T‘:l Clow)

Figure 3.10. Vertical oscillation of massless rigid footing on elastic halfspace (left) and physical
interpretation of dynamic stiffness in vertical mode of vibration (right).

IxAua 3.10. Katakopudn Oléyepon akapmtou, afapol¢ Bepeliou MAVW O €AAOTIKO NUIXWPO
(aplotepa) kot pnxaviko avaioyo tng SUVOLKAG amokplong tou eddadoug (de€La).

6.00 g m - e g m - |
500 ! Tret=225 years E
e Tret=1000 years |
— 4.00 [t -- N ------- Fommmm - Gmmmm - |
o i i i
Q 1 1 1 7.—
300 H-4-\1--N---- S ! Mode Period, T (sec)
© I I 1%t 0.96
9 2.00 AN =Moo Ammmmmme- i nd
' : ! 2 0.79
1.00 . o 3rd 0.56
0.00 5 5 -
0.00 1.00 2.00 3.00 4.00

Figure 3.11. The translational mode of the structure, T5=0.56 sec, is located on the plateau of the
acceleration spectrum for both scenarios.

IxAna 3.11. H petadopikn blonepiodog tng koataokeung, T3=0.56 sec, avTlOTOLXElL oTn HEYLOTN
dOACHOTIK EMLTAXUVON KOL YLo TIC U0 TIEPUTTWOELS SLEYEPONG.
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The first three natural frequencies of the bridge are presented in Figure 3.11. The first two
correspond to a combined translational-torsional mode shape (translation in the transverse
direction), while the third one is purely translational along the longitudinal bridge direction. The
dynamic impedance functions were computed for the 3™ mode shape (73=0.56 sec) for the two

examined scenarios and are summarized in Table 3.6.

Table 3.6. Dynamic spring stiffness of the impedance functions for the statically indeterminate bridge
considering both load cases, with and without liquefaction.

Nivakag 3.6. Auvapikn Suokoapia eEAaTnPlWVY TWV CUVTEAECTWY EUMESNONG YLA TN OTATIKWG 0.OPLOTH
vEupa Kal yLa Tig SU0 MePMTWOELS POPTLONG, LE KAl XWPLG peuotomoinaon.

Stiffness, K*

Mode No liquefaction case Liquefaction case
Vertical, z (kN/m) 1856100 504700
Horizontal, y (kN/m) 1724800 938400
Horizontal, x (kN/m) 1679100 1020000
Rocking, ry (around x axis) (kNm/rad) 43164000 24030000
Rocking, r, (around y axis) 41420000 24030000

3.7 Bridge design

Having defined (i) the tolerable displacements (pqi.) for the specific bridge structure (ii) the
response spectra for the particular soil profile for the two examined seismic scenarios (iii) the
dimensions (B, L) of the footings (iv) the dimensions (Himp., Limp.) of the improved crust and (v)
the impedance functions at the pier footing-soil interface, we then proceed to the bridge

design.

According to the proposed methodology, due to the high uncertainty level associated with
liguefaction, two different finite element models are examined corresponding to the
liguefaction (T,.=1000y) and non-liquefaction case (T,.=225y), respectively. A performance-
based design of the bridge is then carried out, explicitly considering two levels of seismic action
(two ‘scenarios’) and the corresponding performance objectives. Specifically, for the second
seismic scenario (Trt=225y) current codes provisions (i.e. Eurocodes) are applied while for the
first (T.=1000y), appropriate enhancements are introduced to account for the effect of
liguefaction on the design inertial loads and displacements. The application of the

performance-based design procedure for the statically indeterminate RC bridge is described in
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the following.
3.7.1 Operational limit state

First, a refined finite element model is examined considering soil-structure interaction at
the base of the piers. The finite element program SAP2000 was used for the analysis of the
bridge. Elastic beam elements were used for modelling the deck, piers and piles. The bearings
were incorporated in the model with the use of equivalent elastic springs. For elastomeric
bearings, the horizontal effective stiffness is determined by the shear modulus of the elastomer
(G), the full cross-sectional area (A) and the total thickness of the rubber layers (t;), i.e.
Kes=GA/t;. The vertical stiffness (K,) is computed considering the compression modulus E. of the
elastomer (K,=E:A/t;) while the flexural stiffness of the pad is calculated as K»=0.329E./t, ,
where | is the moment of inertia of the bearing section [Naeim and Kelly, 1999]. According to
EN 1337-1 at a nominal temperature of 23 °C + 2 °C the value 0.90MPa can be used for the
conventional shear modulus of the bearings. The stiffness values derived are summarized in

Table 3.7.

According to EC8-2 §7.2.4(5), different stiffness values have to be used for the static and the

seismic combinations. Thus, for the horizontal springs the stiffness of the bearings is:

Static Load Combinations:

G-A 09- 103 -0.50- 0.60
t, 0.110
¢~ — 2538621 kN/m

Ky sen = = 2455 kN /m

Kb,st,V =
T

For displacements under seismic load combinations:
Kb,diS,H = 125 ) 24‘55 = 3069 kN/m
Kpaisy = 1.25-2538621 = 3173276 kN /m

For inertial forces under seismic load combinations:

Kp for = 1.20 + 1.25 - 2455 = 3683 kN /m
Ky fory = 1.20 - 1.25 - 2538621 = 3807932 kN /m
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Table 3.7: Bearing properties

Nivakag 3.7: 1810tnteg edpedpavwv

b.(m)= 0.50 -
b,(m)= 0.60 g
G(MPa)= 0.90 3 o
K(MPa)= 2000 S
t(m)= 0.011 § S
n(layers)= 10 S %
S= 12.40 bxxb,/[2(bxtby)t:]
E{MPa)= 930.83 6.73xGxS?
Erea(MPa)= 635.20 ExK/(E+K)
K.(kN/m)= 2538621 ExA/t,
Kn(kN/m)= 2455 Gx A/t
Kox(kNm/rad)= 17098 0.329xE.*I/t,
Ksy(kNm/rad)= 11874 0.329xE.*1,/t,

Soil-structure interaction effects were considered at the base of piers. The static stiffness

for the 9.0x10.50m footing was derived according to Poulos and Davis (1974).

X _4G‘R_4x8.9x103x5.50
27 1—v 1-103

= 2.8 x 105 kN/m

~32(1-v)GR _32x(1-0.30)x 10.5 x 10% x 5.50

— 5
e 5703 = 2.81 x 105 kN /m

8 G R3 _8><10.5><103><5.50

K, = = = 6.66 x 10° kNm/rad
T3 —v) 3% (1-03) m/ra

Next, linear elastic analysis is performed for the static loads acting on the bridge. A full
description of the bridge static loads was given in Deliverable 7a [WPQ7]. Load combinations at
the operationality limit state (OLS) were then examined [Deliverable 7a, WP07]. Figure 3.12
illustrates the bending moments and the corresponding axial forces at the ultimate limit state
(Combination OLS1: 1.35G+1.50Q). The maximum bending moments for this combination at the
left and right piers are M=7085kNm and M=8055kNm, respectively, while the maximum axial
forces at the base of the two piers are N=-16,638kN and N=-16,609kN, respectively.
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S 1 - ———

AAAAAA

Figure 3.12. Bending moments (top) and corresponding axial forces (bottom) acting on the bridge at the ultimate limit state [Combination OLS1:
1.35G+1.50Q (units: kNm, N)].

IxAna 3.12. Aldypoppo pontwy (mAvw) Kol avTioTolXwv aoViKwY SUVANEWV (KATW) TTOU aVamTUCCoVTaL 0Tn YEbUpa OTNV OPLAKK KATAOTAON
ootoyiag [Zuvbuaopog OLS1: 1.35G+1.50Q (novadeg: kNm, N)].
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3.7.2 No-Liquefaction case: Seismic scenario B (T,.:=225y)

In this case a refined finite element model is also examined considering soil-structure
interaction at the base of the piers. The finite element model of the bridge was described in
Section 3.7.1. The only modification made is with regard to the dynamic impedance functions.
The dynamic impedance functions at the footing-soil interface adopted for the no liquefaction
case were computed in Section 3.6. The refined finite element model of the studied bridge is

illustrated in Figure 3.13.

Response spectrum analysis was then performed for the earthquake loads defined in
Section 3.3. Seismic loads combinations presented in Deliverable 7a [WP07] were then
examined. Figure 3.14 shows the bending moments and the corresponding axial forces for the
seismic combination G+0.2Q+Ex+0.30Ey+0.30Ez. The maximum bending moments for this
combination at the left and right piers are M=19,178kNm and M=15,176kNm, respectively,
while the maximum axial forces at the base of the two piers are N=-11,467and N=-11,803kN,

respectively.

(P2) \A2)
(P1)
[ A1 -
::{:j —
e p— - C /
8

-

I

-~ o ///—l
) 45.00m &\

Impedance functions
(Table 2.1, Mylonakis et o 1

(2} —
al.,2014) : "

Figure 3.13. Refined finite element model for the statically intermediate bridge.

IxAua 3.13. AEMTOUEPEG MPOCOUOLWLA TIEMEPATUEVWY OTOLXELWV TNG UTIEPOTATIKAG YEdUpPOC.
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Figure 3.14. Bending moments (top) and corresponding axial forces (bottom) acting on the bridge for the seismic combination
G+0.2Q+Ex+0.30Ey+0.30Ez (units: kNm, N).

Ixnua 3.14. Aldypappo ponwy (mAavw) Kot avTioTolywv afovikwy SUVALEWVY (KATW) TTou avamtiooovtal oth Yédupa YL TO CELOULKO CUVOUOOUO
G+0.2Q+Ex+0.30Ey+0.30Ez (povadeg: kNm, N).
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3.7.2.1 Pier reinforcement

The required reinforcement of the pier is equal to 907cm?2. The minimum percentage of
reinforcement (1%) corresponds to 314cm?. Finally, 146025 (717cm?) are used for the pier

(2.28%).

3.7.2.2 Pier confinement
The maximum compressive load of the piers is equal to N.=-16638kN.
Since the normalized axial force nx exceeds the limit of 0.08, as:

NC

Ny = = 16638 / (40400 x 3.14 x 2.002/4) = 0.13 > 0.08

ckMc

confinement should be provided. The minimum amount of confining reinforcement for a spiral
is:

02

A
Wmin = 1.40 -A—C Ay 2 01800 = 140 =75
cc .

=0.18

+0.37-0.13 = 0.08 < 0.18 = wnpin

The required confining reinforcement is defined by the mechanical reinforcement ratio
which is:
fea 30000/1.5

Zed 018 ——"t"" = minp,, = 0.0083
fra 500000/1.15 T Pw

minpy, = Wmnin *

Spirals 20016/10 are used with a volumetric ratio:

_ 4Asp _ 4-2-2.0cm?
Pw = Dgspst ~ 184cm-10.0cm

= pw = 0.0087 = minp,,

The spacing of the spiral should satisfy the limits:
s; = 10.0cm < 6dy,;, = 6+ 2.5cm = 15¢m (where dp. is the longitudinal bar diameter) and

s; = 10.0cm < D../5 = 184/5 = 36.8cm (where D is the diameter of the confined
concrete core).

32



APPLICATION TO A STATICALLY INDETERMINATE RC BRIDGE

3.7.2.3 Bearings and Expansion Joints Verification

3.7.2.3.1 Bearings verification

Geometrical characteristics

Width

Length

Thickness of rubber layers

No of rubber layers

Effective rubber thickness
Shape coefficient

Shear modulus G

Horizontal stiffness of bearing
Vertical stiffness of bearing
Rotational stiffness of bearing
Rotational stiffness of bearing

Loads — displacements — rotations
Vertical loads (compression possitive)
Dead loads

Super dead loads

Uniform road traffic loads
Longitudinal earthquake

Lateral earthquake

Vertical earthquake

Displacement x-x

Displacement due to dead load
Displacement due to uniform road traffic
loads

Displacement due to temperature

Displacement y-y

Displacement due to dead load
Displacement due to uniform road traffic
loads

Displacement due to temperature

Rotations

Rotations ax

Rotation due to dead load

Rotation due to uniform road traffic loads
Rotation due to temperature

b =500mm

| = 600mm

11mm

10

110mm

12.40

1.125 MPa

Knh = 3068 kN/m

Kv = 1560601 kN/m
Kbx = 19801 kNm/rad
Koy = 13751 kNm/rad

954.9 kN
250.6 kN
82.4 kN
238.5 kN
1947.8 kN
347.3 kN

1.534 mm
0.307 mm
37.34 mm
0.00 mm
0.00 mm

0.00 mm

0.00 rad
0.00 rad
0.00 rad
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Rotations ay
Rotation due to dead load

Rotation due to uniform road traffic loads

Rotation due to temperature

8.54 x10™ rad
0.00 x10* rad
2.53 x10* rad

COMBINATION: G ”+” P “+” (Ex+0.30xEy+0.30xEz) “+” 0.5xT:

Max displacements and rotations of bearing:

From dynamic analysis
Design displacement x-x
Design displacement y-y
From dynamic analysis

Design rotation x-x
Design rotation y-y

Design shear strain

Check g4= deq / Ztr <2.0

Design shear strain due to compressive load

Seismic design displacement
Effective area of bearing in x-x

Max compressive load for design

earthquake
Max effective normal stress
Shear modulus

Deformation due to vertical loads

Design shear strain due to angular distortion

€a,a=(1? ax +b? a,)/(2t; - It)

Check max design strain: €q,d + €0,d + €a,d < E€u,d

dsdx = 54.54 mm
dsgy = 57.81 mm
dedx = 74.74 mm
degy =57.81 mm

ded =94.49 mm

asx = 0.00 x10* rad
asy = 6.00 x10* rad
aedx = 0.00 x10* rad
ardy = 1.58 x1073 rad

€q,d= 0.86 < 2.0 (ok)

ded = 94.49 mm

A= (500-74.74) x (600-57.81)
=230572 mm?

Nsg=2132.5 kN

0:=9249 kN/m?
G=1.125 MPa
£04=1.5 0e/(SG) = 0.99

€q,d= 0.235 rad
2.09 < 7.0 (ok)

COMBINATION: G ”+”P”+"”(0.30xEx+Ey+0.30xEz)+0.5xT

Max displacements and rotations of bearing:

From dynamic analysis

Design displacement x-x
Design displacement y-y

dsax = 16.36 mm
dsgy = 192.71mm
dedx = 36.56 mm
dedy =192.71 mm
deqd = 196.15 mm
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From dynamic analysis

Design rotation x-x
Design rotation y-y

Design shear strain

Check g4= deq / Ztr <2.0

Design shear strain due to compressive load
Seismic design displacement
Effective area of bearing in x-x

Max compressive load for design
earthquake

Max effective normal stress
Shear modulus

Deformation due to vertical loads

Design shear strain due to angular distortion
€q,0=(1> ax +b? ay) /(2t; - Iti)
Check max design strain: €q,d + €0,d + €a,d < Eu,d

Check of stability

bmin =500>4 -110 = 440 mm (ok)
2:400

Ce=17.64 <= 1.125 - 12.40 = 33.81 MPa (ok)

Check of anchorage

V. 6
—f <a+— andce>3.0 N/mm?
N, o

e

Ved =436.9 KN

4369 _ 013 < 0.5+ 2% = 0.55 (ok)
3329.0 1240

No need for anchorage.

asx = 3.29 x10* rad
asy = 1.37 x10* rad
agdx = 3.29 x10* rad
ardy = 1.37 x1073 rad

£q4= 1.78 < 2.0 (0k)

deqd =196.15 mm

A= (500-36.56) x (600-192.71)
=188754mm?

Nsg=3329.0 kN

0:=17637 kN/m?
G=1.125 MPa
£04=1.5 0e/(SG) = 1.26

€q,d4= 0.238 rad
3.28 < 7.0 (ok)

CHECK FOR STATIC COMBINATIONS (ACCORDING TO DIN4141)

Total displacement

Shear strain

Max normal stress of bearing
Min normal stress of bearing

37.53 mm

va= 0.35 < y5=0.69 (ok)
Omax=6.54 MPa < 15.00 MPa
Omin=5.86 MPa > 5.00 MPa
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3.7.2.3.2

Displacements:
Braking load

Uniform difference of temperature AT=-37°C
Uniform difference of temperature AT=57°C

Earthquake x-x
Earthquake y-y

Expansion joints verification

1.59 mm
31.44 mm
37.34 mm
94.49 mm

196.15 mm

For static conditions, the design displacement for the loading direction i-i is:
dggi =de £ 1.50.6dr £+ 1.5dgg

where

dé¢ : displacement due to permanent or quasi-permanent actions
dr : displacement due to temperature actions

dsr : displacement due to braking

For seismic conditions, the design displacement for the loading direction i-i is:
dEdi = i04dE + dG i OSdT

where
de : design seismic displacement
de : displacement due to permanent or quasi-permanent actions
dr : displacement due to temperature actions
dgg = |dEg; + dEg;
where
degi @ Design displacement in main loading direction i-i
degj @ 30% of the design displacement in the lateral direction j-j

Static combination

G+1.5%0.6 T £1.5 BR

Max negative

dedx=-da-1.50dgr-1.5 0.6 dy-37)=-32.22 mm

Max positive

dde=-dG+1.50dTR+1.5 0.6 dt(+57)= 34.46 mm

Seismic combination

G+0.4(Ex+0.30Ey)$0.5 T

Max negative

dedx=-0.4 de-de-0.5 dy(-37)= -55.05 mm

Max positive

dedx=0.4 de-d+0.5 dt(+57)= 58.00 mm

Static combination

G11.5x0.6 T 1.5 BR

Max negative

dEdy=-dG-1.50dBR-1.5 0.6 dt(.37)= 0.00 mm

Max positive

dedy=-dg+1.50d1r+1.5 0.6 di(+57= 0.00 mm

Seismic combination

G10.4(0.30Ex+Ey)+0.5 T

Max negative

dedy=-0.4 de-dG-0.5 dy(-37)= -78.46 mm

Max positive

dedy=0.4 de-dG+0.5 dis7)= 78.16 mm

Min displacements of the expansion joint

Static combination (x direction)

66.68 mm

Static combination (y direction)

0.00 mm
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Min gap

COMBINATION G*(Ex+0.30Ey)*0.5 T
ded = de +dG +0.5dy+57)= 114.69 mm
ded = -de +dG -0.5d¢(+57)= -111.63 mm

An expansion joint AGFLEXJ 140 (+70) or similar is chosen based on displacement calculation or

an expansion joint AGFLEXJ 200 (+100) is chosen based on gap calculation.

3.7.3 Liquefaction case: Seismic scenario A (T,.:=1000y)

In this case a refined finite element model is also examined considering soil-structure
interaction at the base of the piers. The finite element model of the bridge was described in
Section 3.7.1. The only modification made is with regard to the dynamic impedance functions.
The dynamic impedance functions at the footing-soil interface adopted for the liquefaction case

were computed in Section 3.6.
3.7.3.1 Horizontal liquefaction-induced differential displacements

According to the proposed methodology, except for the settlements and rotations due to
liqguefaction (Section 3.2), the superstructure should be able to accommodate the maximum
liqguefaction-induced differential horizontal displacements between the abutments and the
adjacent piers. Due to the response spectrum method limitations, one and only spectrum can
be applied to all the support points (i.e. pier footings and abutments) for each loading case.
However, it is recognized that the seismic excitation differs significantly between the piers and
the abutments since the latter are founded on non-liquefaction susceptible soil while the piers
on potentially liquefiable soil. To overcome this inconsistency, additional displacements due to

liguefaction are imposed to the footings of the piers.

Specifically, the expected level of the imposed horizontal displacements due to liquefaction
{6} is defined as a separate loading case. The design value of the horizontal differential
displacement is derived from the geotechnical study of the particular soil profile [Deliverable 4,
WPO04]. The peak and average transient displacements of the liquefied ground are summarized
in Table 3.8 [Deliverable 4, WP04]. The design value of the horizontal differential displacement

is extracted from Table 3.8 and is equal to 12.17cm.
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Table 3.8: Peak and average transient displacements of the liquefied ground [Deliverable 4, WP04].

Nivakag 3.8: Méyloteg Kal PEoeg edadIKEC UETAKIVAOELS peucTomolnuévou edadoug [Deliverable 4,
WP04].

Peak horizontal displacement, §(cm)
N . Ground Surface
o/a Excitation Outcropping . .
bedrock w/ improved top layer w/o improved top layer
Absolute Relative Absolute Relative

1 ITALY_BAG 13.13 19.12 10.49 27.64 20.59
2 ITALY_VLT 1.28 2.81 3.20 4.03 4.39
3 KOBE_TDO 13.47 17.17 20 14.46 21.47
4 LOMAP_AND 10.20 21.16 22.17 11.23 9.31
5 LOMAP_GIL 11.68 12.59 4.99 13.07 4.87
average 9.95 14.57 12.17 14.09 12.13

Structural response under the liquefaction-induced imposed displacements and rotations

The previously extracted displacements are then considered according to the combination
rule:
+6x+0.30 6, [3.10]
+0.30 64+ 6, [3.11]
where 6y, 6y are the displacements along the longitudinal and the transversal bridge axis. These
displacements are then further combined with gravity (G), live (Q) loads and seismic loads (E)
using the partial factors for actions according to the applied code (e.g. Eurocode 0). Finally, the
following combinations of actions are examined:
(i) Case 1:
G +0.2Q * Ex+ 0.30Ey + 0.30E; + 0.30 (+6x + 0.306,)
G +0.2Q # 0.30E, * E, + 0.30E, + 0.30 (+0.306x * &,)
G +0.2Q + 0.30Ex + 0.30E, * E, + 0.30 (+0.306« + 0.306/)
(ii) Case 2:
G +0.2Q +0.30 (+ Ex + 0.30Ey + 0.30E;) + (+6x + 0.306y)
G +0.2Q +0.30 (+ 0.30Ex * E, + 0.30E,) + (+0.306 + &)
G +0.2Q +0.30 (+ 0.30Ex * 0.30Ey + E;) + (+0.306x + 0.306y)
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The horizontal differential displacements were applied at the base of the piers in the (a)

same and (b) opposite directions as shown in Figures 3.15 and 3.16, respectively.

Ox

27.00m

> I

4 27.00m__7 45.00m i

Figure 3.15. Liquefaction-induced differential displacements between piers and abutments (same
application direction at the two piers).

Ixnua 3.15. Aladoplkég peTakvnoelg Hetafl Babpwv kal akpofabpwv Adyw peuctonoinong (kown
SlevBuvon edappoyng ota duo Babpa).

Ox 6x

27.00m__J; 45.00m s 27.00m

Figure 3.16. Liquefaction-induced differential displacements between piers and abutments (opposite
application direction at the two piers).

Ixnua 3.16. AladopLKEG LETAKIVAOELG LeTOEL BABpwv Kat akpoBabpwy Adyw peuctomnoinong (avtiBetn
StevBuvon edappoync ota Svo Babpa).
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(a) Same application direction

The deformed shape as well as the structural response (bending moments and axial forces)
for the critical combinations of actions (a) G + 0.2Q + Ex + 0.30E, + 0.30E; + 0.30 (6« +0.306y)
and (b) G + 0.2Q +0.30 (Ex + 0.30E, + 0.30E;) + (6x + 0.306)) are presented in Figures 3.17 and
3.18, respectively. It is seen that the maximum bending moments for the first combination of
actions at the left and right piers are M=15,424kNm and M=11,250kNm, respectively. The
maximum axial forces at the base of the two piers are N=-11,312kN and N=-10,847kN,
respectively. For the second combination, the maximum bending moments at the left and right
piers are M=10,778kNm and M=4,789kNm, respectively. The maximum axial forces at the base
of the two piers are N=-10,917kN and N=-10,605kN, respectively. It is noted that axial forces in

these combinations are lower than in those without 6y, 6.

40



APPLICATION TO A STATICALLY INDETERMINATE RC BRIDGE

'»iﬁ'a'q

Figure 3.17. Deformed shape (top), bending moments (middle) and corresponding axial forces (bottom) acting at the bridge for the combination
G +0.2Q + Ex + 0.30Ey + 0.30Ez + 0.30 (6x +0.306y) (units: kNm, N).

Ixana 3.17. Napapopdwpévn kotdotaon (mavw), Staypappa pomwy (LEon) Kal avtioTowy afovikwy SUVAHEWY (KATW) TIOU avamtuooovTaL
otn yédupa yla to cuvduacud G + 0.2Q + Ex + 0.30Ey + 0.30Ez + 0.30 (6x +0.308y) (Lovadeg: kNm, N).
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Figure 3.18. Deformed shape (top), bending moments (middle) and corresponding axial forces (bottom) acting at the bridge for the combination
G +0.2Q +0.30 (Ex + 0.30Ey + 0.30Ez) + (6x + 0.306y) (units: kNm, N).

IxAna 3.18. MNapapopdwévn Kotdotaon (mavw), Stdypappa pomwy (HEon) Kal avtioTowy afovikwyv SUVANEWY (KATW) TIou avantiooovTatl
otn yepupa yla to cuvduaoud G + 0.2Q +0.30 (Ex + 0.30Ey + 0.30Ez) + (6x + 0.306y) (novadec: kNm, N).
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It is also observed that the maximum response quantities (M, V, N) for all the examined load
combinations are more favourable compared to those of the non-liquefaction case. Hence,
there is no need to redesign the bridge components. However, there is need to re-evaluate the
tolerable settlements and rotations for the specific bridge (Section 3.2) since the required pier
reinforcement derived by the conventional design (Section 3.1) differs significantly of that of

the proposed methodology (Section 3.7).

Nonlinear static analysis was again performed for a predefined pattern (4) of displacements
(settlements, p) and rotations (9, ¥y) which was applied at the base of the piers until the bridge
‘collapses’. Figure 3.19 presents the applied settlements at the base of piers as a function of the
rotational ductility (us) along with the adopted performance criteria associated with the
acceptable damage level at the bridge. Specifically, for settlements (p) smaller than 0.06m, no
damage is expected in the bridge as it responds in the elastic range. For settlements in the
range 0.06 < p <0.12m, minor damage is expected, while for settlements in the range 0.12<p <
0.20m, moderate damage is expected. Finally, the bridge "collapses" for imposed settlements
greater than 0.20m. In this case, a value of 0.12m was adopted for the settlements at the base
of piers corresponding to minor damage. By further assuming a safety factor of 1.15, the
tolerable settlement was set equal to 0.12/1.15=0.10m. It is noted that the corresponding
tolerable dynamic settlement (pdayn=p—pPstatic=0.10m-0.02m=0.08m) is smaller than the dynamic

settlement (0.057m) which was computed in Section 3.5.

Finally, the previously derived (Section 3.7.2) 146M25 (717cm?) are used for the longitudinal
pier reinforcement, two sets of elastomeric bearings with dimensions 500x600mm are used at
each deck end while an expansion joint AGFLEXJ 140 (+70) or similar is chosen based on

displacement calculation or an expansion joint AGFLEXJ 200 (+100) on gap calculation.
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0 A
0.00 0.0 1100 1.50 2.00 250  3.00

B

-0.05 =

B

=¢=Right Pier (base)

—i— Right Pier (Top)

Settlement, p (M)
o
[N
(0,1

02 Left Pier (Base)

Rotational ductility, t

Figure 3.19. Applied settlements at the base of piers as a function of rotational ductility.

IxAnua 3.19. EmBarrOpeveg kaBL{Roelg ot BAon TwV CTUAWY CUVAPTIOEL TNG TTAACTLHOTNTAG OTPOGWV.

(b) Opposite application direction

The deformed shape as well as the structural response (bending moments and axial forces)
for the critical combinations of actions (a) G + 0.2Q + Ex + 0.30E, + 0.30E, + 0.30 (6x +0.306,)
and (b) G + 0.2Q +0.30 (Ex + 0.30E, + 0.30E;) + (6x + 0.306,) are presented in Figures 3.20 and
3.21, respectively. It is shown that the maximum bending moments for the first combination of
actions at the left and right piers are M=45,013kNm and M=50,766kNm, respectively. The
maximum axial forces at the base of the two piers are N=-11,922kN and N=-13,354kN,
respectively. For the second combination, the maximum bending moments at the left and right
piers are M=115,562kNm and M=145,426kNm, respectively. The maximum axial forces at the
base of the two piers are N=-12,949 and N=-17,117kN, respectively.

It was found that the required amount of reinforcement is much greater than 4%, a value
that is not acceptable according to the current codes provisions. Moreover, it is seen (Figure
3.20, 3.21) that the middle span responds mainly as a simply-supported beam which indicates

that a different structural system (i.e. simply-supported prestressed beams) might be more
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appropriate in this case (in the specific context of design against liquefaction).

It is therefore concluded that if the horizontal differential displacements are applied in
opposite directions, the “natural” seismic isolation method is not appropriate for the statically

indeterminate bridge studied.
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4 = 8 -

B B & .

(m|
b
® 9 S, =
[

Figure 3.20. Deformed shape (top), bending moments (middle) and corresponding axial forces (bottom) acting at the bridge for the combination
G +0.2Q + Ex + 0.30Ey + 0.30Ez + 0.30(6x + 0.306y) (units: kNm, N).

IxAna 3.20. Mapapopdwévn Kotdotaon (mavw), Stdypappa pomwy (HEon) Kal avtioToywy afovikwyv SUVANEWY (KATw) Tou avantiooovTal
otn yédupa yla to cuvduacud G + 0.2Q +Ex + 0.30Ey + 0.30Ez +0.30 (6x + 0.308y) (uovadeg: kNm, N).
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Figure 3.21. Deformed shape (top), bending moments (middle) and corresponding axial forces (bottom) acting at the bridge for the combination
G +0.2Q +0.30 (Ex + 0.30Ey + 0.30Ez) + (6x + 0.308y) (units: kNm, N).

Ixnua 3.21. Napapopdwiévn Katdotaon (mavw), Staypappa ponwy (HéEon) Kal avtioTolywyv afovikwy SUVAHEWY (KATW) TIOU avamTtUooovTalL
otn védupa yia 1o cuvduaopod G + 0.2Q +0.30 (Ex + 0.30Ey + 0.30Ez) + (6x + 0.308y) (novadeg: kNm, N).
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4. Summary and Conclusions

The application of the proposed methodology for bridge design on liquefiable soils
is presented in this deliverable for the case of a statically indeterminate RC bridge. The
design process is tailored to the salient features of the novel soil isolation concept,
while at the same time complying with the provisions of seismic codes. The procedure
proposed herein, involves initial design of the foundation and the superstructure
according to modern seismic codes (i.e. Eurocodes) after appropriate adaptations to

account for the effect of liquefaction on the design seismic loads and displacements.

It was found that if the horizontal differential displacements are applied in
opposite directions at the base of the piers, the “natural” seismic isolation method is
not appropriate for use in the statically indeterminate RC bridge studied. On the
contrary, if the differential displacements are applied in the same direction, footings of
9.0mx10.50m are required for the two piers along with an improved zone of 14.1m
length, 5.5m depth corresponding to an improved soil volume equal to 710.64m?3.
Moreover, 14625 (717cm?) are required for the longitudinal pier reinforcement while
two sets of elastomeric bearings with dimensions 500x600mm are needed at each
deck end. Finally, an expansion joint AGFLEXJ 200 (+100) is required based on gap

calculation.
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