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ABSTRACT

EXPERIMENTAL AND NUMERICAL STUDIES ON BLOCK TYPE QUAY WALLS
UNDER DYNAMIC LOADING

Karakuk, H¢lya
Ph.D., Department of Civil Engineering
Supervisor: Fergm f . Dr. AykKken

March 2013, 338 pages

Block type quay walls are one of the most important gravity quay wall which would suffer
during earthquakes; although, this truth is known clearly, seismic design of this kind of
structures have not studied yet in depth.

Most generally used approaches for design of gravity quay walls can be categorized into two

groups namel vy, AfiConventional Seismic Design

Me t |

Met hodo. Conventional seismic design methodol ogy

performance of structure when the limit of the force-balance is exceeded. In performance
based design methodology, the design parameters (deformation; overturning, horizontal and
vertical displacement) which are identified before the design stage are used as design
parameters.

In this study, the dynamic response of block type quay wall was investigated by 1 g shaking
table tests for one, two, three block(s) for different frequencies using two different saturated
granular backfill materials (Soil 1 and Soil 2). During the experiments accelerations, pore
pressures, soil pressures and displacements are measured. Distribution of the fluctuating
component of total saturated soil pressure and application point, friction coefficients between
the rubble-block and block-block are determined experimentally to form a base for the
fiperformance nethadl@d desi gn

The experimental studies completed with numerical studies carried out using PLAXIS V8.2
software program. Comparisons of all soil pressure and horizontal displacement results
show that experimental conditions are simulated succesfully with numerical study.

A case study was carried out with the site data of Derince Port, block type quay wall which is
damaged during Eastern Marmara Earthquake, 1999. Horizontal displacement result
obtained by PLAXIS V8.2 for Derince Port, block type quay wall is in very close agreement
with the site measurements.

Results of measurements for di spl ac e mtveltof
damage in performance based desi g RIBNCg2001g Mhe ireault of the study
performed for Derince Port, block type quay wall using numerical model is a good evidence
of the reliability of the definitions of damaged levels given in PIANC (2001) to be used in
performance based methods for seismic design of block type quay walls.

Keywords: Block Type Quay Walls, 1 G Shaking Table Tests, Numerical Modeling,
Performance Based Design, Friction Coefficient
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CHAPTER 1

INTRODUCTION

In coastal engineering applications for gravity quay walls, block type quay walls are mostly
used type in practice. Design of the block type quay walls should be made considering
stability, serviceability and safety as well as economy where the design guidelines available
to give necessary recommendations especially under dynamic loads. These guidelines use
several approaches ranging from simple to complex and these approaches can be presented
basically by two primary methods, these methods are; fi ¢ 0 n v e ndeismicn design
met hodo, and 0 pedesigpmenamacdkco .based

The conventional seismic design method is based on providing a capacity to resist the
design seismic force, but it does not provide information on the performance of a structure
when the limit of the force-balance is exceeded. In conventional seismic design method in
case of relatively high intensity ground motions associated with a very rare seismic event, it
is required that limit state (force- balance design) not to be exceeded, resultingg in very high
construction costs. If force-balance design is based on a more frequent seismic event, since
it is difficult to estimate the seismic performance of the structure when subjected to ground
motions that are greater than those used in design, risk of the failure of the structure
becomes very high (PIANC, 2001).

In practice, existing block type quay wall mostly designed by using conventional seismic
design methods. However, in recent years due to failure of block type quay walls all around
the world and also in Turkey, for example K z mbetince Port, block type quay wall, a need
for a complete review of the dynamic response of the block type quay walls was raised
leading to a performance based design.

Performance based design come into picture where the design is based on behavior of the
elements of the structure under dynamic loading (PIANC, 2002). In performance based
design, the parameters (deformation; overturning, horizontal and vertical displacements) are
identified before the design stage and they are used as fdesign parameterso .

Yet, there exist no detailed method for the design of block type quay walls where soil
pressure (backfill) distribution, friction between block-block and block-bottom under dynamic
loading have to be given as basic inputs.

I n T u rTleahnical Sdismic Specifications on Construction of Coastal and Harbor
Structures, Railways And Airports, (2008)0 is used as technical
of block type quay walls which based on several similar standards and specifications such as
OCDI (2002), PIANC (2002).

In applications for the design of block type quay walls however, the existing technical
specification based on conventional seismic design method caused some difficulties and
uncertainties mainly due to oversized blocks which raised questions in minds. Not only that
but also the most important concern for block type quay walls was on the new seismic
design trend named as iperf ormance based
technical specifications in the world and in Turkey (Technical Seismic Specifications on
Construction of Coastal and Harbor Structures, Railways And Airports, (2008)).
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In this study, in view of these discussions, the dynamic response of block type quay wall is

investigated considering basically accelerations, pore pressures, soil pressures and

di spl acements experimentally to form the base for th
type quay walls under dynamic loadingsd The experimental studies were carried out with 1 g

shaking table for 1one, two, three block(s). During the experiments fluctuating component of

dynamic loading and friction coefficcient were obtained which are the main inputs of the

desin of block type quay walls under dynamic loading. The experimental studies completed

with numerical studies and case study were carried out for block type quay wall under

dynamic loading.

In Chapter 2, literature review is carried out on the seismic design approaches for the gravity
type quay walls. Discussion is emphasized on the very few studies existing on dynamic
response of block type quay walls to highlight the uncertainties and important parameters in
the seismic design of such coastal structures.

In Chapter 3, basic definitions of the quay walls and specifically for the block type quay walls
together with the scope of this study are presented.

In Chapter 4, experimental set-up and test equipment of the dynamic response of the block
type quay walls is presented to perform 1 g shaking table tests. Input parameters such as
backfill properties (for Soil 1 and Soil 2), scaling procedure, and method of evaluation of the
test results on soil pressure, acceleration and displacement-tilting measurements are given.

In Chapter 5, results of acceleration measurements for 1 g shaking table tests are presented
and discussed for each frequency for Soil 1 and Soil 2 for one block, two blocks, three
blocks, separately.

In Chapter 6, in Part 1 and in Part 2 of this chapter, results of pore pressure measurements
and soil pressure measurements are presented and discussed for one block, two blocks for
each frequency for Soil 1 and Soil 2, respectively.

In Chapter 7, results of position transducers measurements (horizontal and tilting) are
presented and discussed for one block, two blocks and three blocks for each frequency for
Soil 1 and Saoil 2.

In Chapter 8, comparisons of the static friction coefficients and dynamic friction coefficients
computed by using 1 g shaking table tests results are presented and discussed.

In Chapter 9, comparison of the results of the experimental studies (1 g shaking table tests)
on displacements and soil pressures obtained by numerical modelling (by selecting PLAXIS
V8.2 softtware computer program) are presented.

Finally, the verification of the results of numerical modelling and site measurements
considering the horizontal displacements of the block type quay wall are carried out, using
the recorded bedrock motions of the August 17, 1999, Eastern Marmara Earthquake, which
caused serious damaged on Derince Port, block type quay wall.

In Chapter 10, conclusions and future research studies are discussed highlighting the
importance of the determination of the design parameters of block type quay walls under
dynamic loading together with recommendations for the future studies on the seismic design
of block type quay walls.



CHAPTER 2

LITERATURE REVIEW

Block type quay wall is the simplest type of gravity type quay wall, which consists of concrete
blocks or natural stone placed on top of each other on a foundation consisting of a layer of
gravel or crushed stone. Blocks designed with certain weight to maintain their stability
against static and dynamic loading through friction develop between blocks and between the
bottom block and the seabed.

Although number of dynamic response studies of quay walls, mostly on single block,
increased after 2005, there is still not enough studies for the design of block type quay wall.
Four basic elements, namely: rigid block i backfill T water i subsoil, are the main
parameters forming a system for block type quays. When such a system is subjected to
dynamic loading, extremely complex problem is formed due to complicated couplings
between these elements is still not well understood.

The scope of this study is to investigate, the dynamic response of block type quay wall

considering basically accelerations, pore pressures, soil pressures and displacements for

one block, two blocks, three blocks for different frequencies for Soil 1 and Soil 2
experimentally to form the base for the fAperform
under dyn aimwhch theoagndisst@overcome the limitations of conventional seismic

design. The experimental studies completed with numerical studies and case study were

carried out for block type quay wall under dynamic loading. Site data of Derince Port, block

type quay wall damaged during Eastern Marmara Earthquake, 1999 were used as input

carried for case study.

In view of the scope of this study the below given literature survey is carried out.

fPorts are very important nodes of national and international transportation networks and
play a crucial role in economic activity of the nation. They provide shipping, distribution, and
other functions for the transport of cargoes via water. In many countries, trade through ports
is most dominant mode compared to other modes such as land and air. Ports are often
regional economic centers and important components of regional and local transportation
lifeline systems. Because of these reasons, the downtime of the ports due to natural disaster
such as an earthquake results in severe economicloss6 ( Na et al ., 2008).

i Quay wased as tha eagh retaining structures for the mooring of ships in ports. Due
to the demanding big amount of investment in port structures, the seismic design and
construction of a quay wall becomes more importantd ay b yK a a g,@Q0%).

Table 2.1 and Figure 2.1 show the general types and general cross-sections of quay walls,
respectively.



Table 2.1: General types of quay walls
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In the seismic design stages of quay walls; stability and safety as well as economy is
considered and three basic design criteria namely, sliding, overturning and allowable bearing
stress are taken into consideration for designing stage. Quay walls can suffer significantly
due to earthquake and economical and social impacts of this natural event can be
devastating. It is very difficult to categorize all the earthquake damages observed on quay
walls; however it is possible to classify this earthquake damages considering these three
basic design criteria (sliding, overturning and allowable bearing stress). i For r ati onal de
methods of retaining structures that has been pursued for several decades, deformations
ranging from slight displacement to catastrophic failure have been observed in many earth
retaining structures during the recent major eart

Table 2.2 shows the observed damages on retaining structures due to the past strong
earthquakes between 1930 and 2000.

Table 2.2: Past strong earthquakes and quay wall damage level
(References are given in parenthesis)

1930 *M,; 7.1@ Unknown  Failure of gravity walls (app. 26 ft of
1944 M, 82® Unknown  Sliding of retaining wall. Outward

movement of bulkhead with relieving
platform (10-13 ft. of mvt.) @

1952 M, :7.8% Unknown Outward movement of gravity wall
(approx. 18 ft. of mvt) @

1960 M, 9.5? 0.25q - Complete overturning of gravity walls

0.3g" (>15 ft of mvt.) Outward movement of

anchored bulkheads @

1964 M,: 9.2? 0.18g“ Lateral  displacement of bridge
0.259(5) abutments. Spreading and settlement
of abutment fills @

1964 M, 7.5% 0.2g® Complete failure of 4.4 miles of earth
retaining waterfront structures (sheet
pile and gravity walls) @

1971 M,: 6.61® 0.169® Severely damaged flood control
channels SL-type reinforced concrete
sections)

1976 M. 6.59 0.089®  Complete collapse of retaining wall
due to liquefied backfill

1976 M, 7.8Y 0.1g-0.2g Lateral movement of  bridge
g abutments. Buckling of
superstructures®




1983  **M,: 7.7®

1985 **M: 7.8®

1986 Ms: 6.2®

1989 M, 6.09

1989  M.: 6.93®

1993 M,: 7.8®

1993 M,: 7.8®

1993 Ms: 8.1®

1994  M,: 6.7®

0.24 g®

0.679®

0.2g -
0.33 @

Unknown

0.45 g*?

0.47 g®

0.12 g®

0.15g-
0.25g®

1.7 g™

At the Ohama No. 2 Wharf, the sheet
pile wall suffered significant damage
due to liquefaction of the backfill but in
Ohama No. 1 no liquefaction occurred
and the quay wal/l
Akita Port derailed on liquefied backfill
of a sheet pile quay wall, resulting in a
20° landward inclination. ®

Collapse of block type quay wall over
60% of wharf length (452 m) due to
strong earthquake motion and backfill
liquefaction (Tsuchida et al., (1986),
Wyllie et al, (1986)) Tilting and
overturning of cranes on the gravity
quay wall.®’

Seaward displacement (0.15 N0.05 m)
with tilt (4 to 5 degrees) of block type
quay wall®

Ground ruptures and slides happened
around the block quay wall with a
horizontal displacement of 0.5 m and
é?rtical displacement 0.3 m observed.

Vertical cracking of reinforced
concrete walls. Formation of gaps
between top of walls and backfill soil.

Seaward displacement (0.75 m
horizontally and 0.2 m vertically) with
a tilt (2%) of caisson type quay wall at
West Port. Seaward displacement
(1.9m horizontally and 0.2-0.5m
vertically) of caisson type quay wall at
East Quay. Liquefaction of backfill
resulted in opening of a crack and a
displacement (0.4 m horizontally and
0.1-0.3 m vertically) in the sheet pile
quay wall ®

Significant deformation (5.2m
horizontally and 1.6 m vertically) and a
tilt (15 degrees) occurred on sheet pile
quay wall due to liquefaction of
backfill. ®

Displacement (0.6 m) of sheet pile

quay wall®

Continuous cracking and differential
settlement of concrete crib walls®.




Overturning and outward tilting with
subsequent backfill settlement of
gravity walls. Complete failure of stem
1995 0.83g ™ of reinforced concrete cantilever
M, 7.2® 0.539(8) retaining walls.
Displacement (horizontally 1.5-2.9 m
vertically 0.6-1.3 m) with tilt (11
degrees) of cellular quay wall
Buckling at upper portion of crane legs
due to the movement of the caisson
wall toward the sea.®

Displacement (0.7 m) of block quay
1999  Mw=7.4®  0.2g-0.25 wall. Cranes derailed due to rocking
g® response.®

Displacement (horizontally 1.5 m and
1999  M=7.7® 0.16 g¢®  vertically 0.1 m) of caisson quay wall
and liquefaction of backfill®

*M, Mw : The moment magnitude scale
*Mj : Japan Meteorological Agency seismic intensity scale (JMA) magnitude
***Ms : Surface wave magnitude
M. : Richter magnitude scale
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Figure 2.2 shows the cross sections and damages on block type quay walls after
earthquakes given in Table 2.2.
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Figure 2.3 shows the cross sections and damages of caisson type quay walls and sheet pile
quay walls after earthquakes given in Table 2.2.
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Gravity quay walls are the most widely used type of quay walls. Although, the static design of
gravity quay walls is well understood, the dynamic response of this type of coastal structure
due to the strong ground motion is still being developed. Slight to severe deformations can
be observed on this kind of coastal structures during the earthquakes. Thus, to give
recommendations for the seismic design of gravity quay walls, several design methods have
been developed. These design methods use several approaches ranging from simple to
complex (Table 2.3).

Most generally used approaches for design of gravity quay walls can be categorized into two
groups namely, fiConventional Seismic Design Methodd and fPerformance Based Design
Met h.odo

The Conventional Seismic Design Method is based on providing capacity to resist a design
seismic force, but it does not provide information on the performance of a structure when the
limit of the force-balance is exceeded. In conventional design for the relatively high intensity
ground motions associated with a very rare seismic event, it is required that limit state not to
be exceeded, if the construction cost will be too high. If force-balance design is based on a
more frequent seismic event, then it is difficult to estimate the seismic performance of the
structure when subjected to ground motions that are greater than those used in designo
(PIANC, 2001) (Table 2.3).

fin order to effectively mitigate disasters due to earthquake, tsunamis, storm surges and high
waves, coastal structures with high amenity and high disaster prevention effect have been
tested and new conceptual design called as fPerformance Based Desigh Methoddhas been
developed. Thereby, even if the force balance exceeds the limit values, it can be possible to
get some information about the performance of structured (Ka r a ket wal., 2007).
Performance based design consist of numerical studies, displacement based studies and
experimental studies (Table 2.3).

2.1 Conventional Seismic Design Methodology

Conventional seismic design methodology includes several types of analytical studies.
Analytical studies are based on rigid plastic and elastic methods. Pseudo static and pseudo
dynamic analysis are mostly preferred types of rigid plastic methods and these analysis
generally use Mononobe-Okabe, Seed-Whitman, Wood and Steedman-Zeng Methods
(Table 2.3). Matsuo-Ohara (1960), Tajimi (1973), Scott (1973), Wood (1973) are mostly used
types of elastic methods.

2.1.1 Analytical Studies

Analysis type which will be used in design of gravity quay walls is determined according to
wall deflection. For example, for the very big displacements, rigid plastic methods are used
however for the very small displacements elastic methods are used. For the displacements
between these two extremes, usage of elasto-plastic and nonlinear methods are suggested
by Nazarian and Hadjian, (1979).

2.1.1.1 Rigid Plastic Methods

2.1.1.1.1 Pseudo-static Analysis

The most common approach based on limit state methods is pseudo-static analysis.
Terzaghi (1950) developed the first explicit application of the pseudo-static approach to
analyze the seismic slope stability. Horizontal inertia force (Fy) and vertical inertia force (F,)
act centered of the failure mass and the magnitudes of these forces are:

F=2% 4w
g

F =2 4w
9

10



Table 2.3: Methods generally used in the design of gravity type quay walls

Design Methods of Gravity Type Quay Walls
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Where, F, and F, are horizontal and vertical pseudo-static forces; a, and a, are horizontal
and vertical pseudo-static accelerations; k;, and k, are dimensionless horizontal and vertical
pseudo-static coefficients; W is weight of the failure mass.

fSimilar to static limit equilibrium design methods, pseudo-static analyses provide a factor of
safety against failure, but no information regarding permanent slope deformations. The
vertical pseudo-static force has less effect on the factor of safety, it can reduce or increase
(depending on the direction) both the driving force and resisting force. Thus, the influence of
vertical acceleration is ignored in pseudo-static analysiso(Kramer, 1996).

The most generally used rigid plastic methods are Mononobe-Okabe (1929) and Steedman-
Zeng Methods (1191).

2.1.1.1.1.1 Mononobe Okabe Method

flCoulomb (1776) first proposed the failure-wedge method by assuming a plane-failure
surface and imposing the equilibrium conditions. Based on the Coulomb-wedge method,
MueUer Breslau (1906) derived a closed-form solution for the active earth pressure
coefficient taking into account the slope of the ground profile and the friction between the
wall and the soil. Successively, Mononobe (1929) and Okabe (1926) extended the Coulomb
solution taking also into account the earthquake-induced pressure in a pseudo-static wayo
(Motta, 1994).

Seed and Whitman (1970) in Green et al. (2003) indicates the method entails three
fundamental assumptions:

fiL. Wall movement is sufficient to ensure either active or passive conditions, as the case
may be.

2. The driving soil wedge inducing the lateral earth pressures is formed by a planar
failure surface starting at the heel of the wall and extending to the free surface of the
backfill. Along this failure plane the maximum shear strength of the backfill is mobilized.
3. The driving soil wedge and the retaining structure act as rigid bodies and therefore
experience uniform accelerations throughout the respective bodiesa

The formulations of Mononobe-Okabe Method are shown in Table 2.4. Although this method
is used to evaluate lateral earth pressure acting on retaining wall in all over the world since
1 9 2 O0Sieedman (1998) pointed out frocking, bearing and dynamic effects were important
modes of response which were not effectively addressed using the Mononobei Okabe
approach of pseudo-static force-b ased met hodo

2.1.1.1.1.2 Seed i Whitman Method

Seed and Whitman (1970) developed an empirical method to evaluate the lateral earth thrust
acting on retaining wall. According to Seed-Whitman Method, maximum dynamic active
earth pressure (Eag) is the summation of the static and dynamic pressure increment (Table
2.4).

2.1.1.1.2 Pseudo-Dynamic Analysis

2.1.1.1.2.1 Steedman and Zeng

In pseudo-static approach, it is assumed that dynamic effect due to earthquake loading is
time independent. According to this assumption, the acceleration is taken as uniform
throughout the backfill during the shaking. In order to avoid the negative effects of this
assumption, Steedman and Zeng (1990) improved pseudo-dynamic approach to evaluate
the seismic earth pressure acting on a retaining wall considering the changes in acceleration
value throughout the backfill. The formulations and detailed explanations of pseudo-dynamic
method are given in Table 2.5.

fit is interesting to note that the distribution of seismic active earth pressure along the depth
is non-linear in nature and this fact signifies the acceptability of the pseudo-dynamic method
in comparisonto pseudo-s t at i ¢ (Gl®ihH2010)0
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Several studies based on pseudo-static analysis and pseudo-dynamic analysis, have been
developed to predict the dynamic response of quay wall.

2.1.1.2 Elastic Methods

2.1.1.2.1 Wood

The two methods mentioned above is based on limit-equilibrium state, however Wood
method is based on elastic method. The elastic methods regard the soil as a visco-elastic
continuum, while limit-equilibrium methods assume rigid plastic behavior (

Table 2.6)

Literature Surveys of Analytical Studies:

Li, Wu, and He (2010) developed a method to analyze the seismic stability of gravity type
qguay walls with backfill under the category of upper bound theorem of limit analysis. During
this analysis, the retaining wall and the backfill soil were taken as a whole system and
formulas were provided to calculate directly the yield acceleration and the inclination of the
failure surface. They proved that i) proposed method and classical Mononobei Okabe
solutions coincidence to each other and ii) the influence of wall roughness on the critical
acceleration factor was remarkable.

Ghosh (2010), used pseudo-dynamic approach, forming basic principles of the Steedman-
Zeng Method, instead of pseudo-static approach, forming basic principles of the Mononobe-
Okabe Method. Ghosh found that magnitude of seismic active earth pressure (Kag)
increases with the increase in the values of wall inclination (d), horizontal and vertical
seismic accelerations (ky and k,) but decreases with increase in the value of soil friction (T )
The seismic active earth thrust is highly sensitive to the friction angle of soil (O ) but
comparatively less sensitive to the wall friction angle () according to results of pseudo-
dynamic approach. Additionally, unlike the pseudo-static analysis, the seismic active earth
pressure distribution was found to be non-linear behind the retaining wall in pseudo-dynamic
analysis.

Trandafir, Kamai, Sidle (2009) compared the seismic performance of gravity type quay walls
and anchor reinforced slopes for dry homogeneous fill slope subjected to horizontal seismic

shaking. They used Mononobe-Okabe, Bis hop and Newtonds second

coefficient. According to these methodologies, they obtained different yield coefficient (k)
values with respect to assumed different wall thrust (P) values for the minimum factor of
safety (FS) of 1.0 and they estimated the yield coefficient according to this safety value.
They also found a nonlinear relationship between the permanent displacement and the peak
earthquake acceleration coefficient and they stated that especially for peak earthquake
accelerations greater than 0.5g, anchor systems gave better results than earth structures.

Mylonakis, Kloukinas and Papantonopoulos (2007) also suggested some analytical solutions
based on closed form stress plasticity to define the gravitational and earthquake induced
earth pressures on retaining wall. They pointed out the i) importance of the weight and
friction angle of the soil material, i) wall inclination, iii) backfill inclination, iv) wall roughness,
V) surcharge at soil surface, vi) horizontal and vertical seismic acceleration. They stated that
this proposed method was simpler than the classical Coulomb and Mononobe-Okabe
equations because by using single equation it was possible to describe both active and
passive pressures regarding the appropriate signs for friction angle and wall roughness.
They also assumed that the distribution of earth pressures on the back of the wall was linear
with depth for both gravitational and seismic conditions.
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Table 2.4: Generally used methods for pseudo-static analysis

ANALYTICAL STUDIRE5ID PLASTIC METHODS:

PSEUDGTATIC ANALYSIS
METHODOLOGY
KAE — (1' kV)COS ( f - Q)' y PAE :%KAE g_|2(1 k'v)

2 e [sind +)din( f - p
cosy cos”(gcos( q + d)§ X/cos(d +q yos( P

ooea®

h=[PH,/3 + M. O0BH,]/P,

Kae : dynamic active earth pressure coefficient, P,g : total active thrust (kN/m), P, : static active thrust, g Rg:
dynamic thrust, g : unit weight of soil (kN/m®), n:internal  f ri ct i on an gahge betvieenghe back of

the retaining wall, b:angleof i ncl i nat i o nseisnficinertiae abnagcfrlietion dritle bet@een wall and
soil, k, : vertical seismic coefficient and H : height of the structure.

1
EAE =§KA Q'|2 "EAQ
H

1 3 E,— + B, (0.6H)
DEAE = gz _kh h= 3

2 4 E e
Ka : static active earth pressure coefficient, Exe: t ot al act i v e :tdynamicghrust (kK/M)/ o) unit
weight of soil (kN/m*),

ky, : horizontal seismic coefficient , H : height of the structure, E, : static active thrust
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Table 2.5: Generally used methods for pseudo-dynamic analysis

ANALYTICAL STUDHRBGID PLASTIC METHODS:

PSEUD@DYNAMIC ANALYSIS
METHODOLOGY

. €& H-z &
a(z,t) =a,sing vgb G, 2pVe and ztzﬂ-
6c Vo = w \"A
m(z) = 9t Hzy
g tana

- _ e . .
Qh(t)—oﬁn(z)a(z,t)dz —WagZ Hcos  wz(sinl  siw z)

_Q,(t)cos(a - )f Wsin( a - f

P.(t) =
ae (V) cosd + f } a
t sin(a -) f k cos - fea z &
pAE(t)= uPAE() — gZ ( ) 4 h g ( a Slné é = &
pz tan acos( d + f) -tam cos(a o +gf ¢ A =
h = 2p°H? cos w z 2+ Hgith Was | cos
d 2pHcos wz +gnl  simzt)- w
a(z, t): acceleration at depth z, time t, a,, :seismic acceleration, W:angular frequency of base, m(z): mass of
thin element, t: time in seconds, H: height ofthewall, ¥ : cycl i ¢ frequency ovi veloaty

of shear, gs, \9: unit weight of the soil and wall material, n: internal friction angle of soil, Qy, :horizontal inertia

force, Pagg: Earth pressure inactive state at any time t, t:angle of internal friction of soil and angle of wall
friction respectively,d: inclination of wall with vertical, a angle of wedge surface with horizontal, h4: application

point
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Table 2.6: Generally used methods for elastic analysis

ANALYTICAL STUDIES

PSEUDGTATIC ANALYSIS
— 2 & — w2 _DM, LR
DP, = H EFp , DM, = H g Fao Neg = P, :HFP

DR, is additional dynamic drive, g is the unit weight of soil (kN/m®), a, is the maximum horizontal acceleration
(m/s?), g gravitational acceleration (m/s?), F, is the dimensionless drive factor, DM,,is max seismic moment, Fy,
is the dimensionless moment factor, heq is the application point of dynamic drive increment




Choudhury and Ahmad (2008) investigated the stability of the waterfront retaining wall
subjected to pseudo-dynamic earthquake forces and tsunamis. They emphasized the effect
of the tsunami wave height on the value of the factor of safety in sliding mode of failure and
they mentioned that about 92 % decrease observed on the factor of safety against sliding
when the tsunami wave height increased from 0 to 1.5. In this study, based on pseudo-
dynamic analysis, nearly 16 % increase was formed on the factor of sliding mode of failure
with respect to previous study (Choudhury and Ahmad (2007)) based on pseudo-static
analysis. Choudhury, Nimbalkar (2007) researched the rotational displacement of retaining
wall under the passive condition by using the pseudo-dynamic method. The effects of soil
friction angle, wall friction angle, period of lateral shaking, horizontal and vertical seismic
accelerations, amplification factor, time of input motion on the rotational displacement were
studied and it was discovered that the rotational displacement increased when period of
lateral shaking, horizontal and vertical seismic accelerations, amplification factor, time of
input motion increase. However, the rotational displacement of the wall decreased with
increase in both the soil friction and wall friction angle. Choudhury and Ahmad (2007) also
researched the stability of the retaining wall by using pseudo-static analysis in terms of
sliding and overturning modes of failure considering the combined of tsunami and
earthquake forces. They stated that factor of safety values decreased if the tsunami water
height, horizontal and vertical seismic acceleration coefficients and pore pressure ratio
increased. However, on increasing soil friction angle, wall friction angle and submergence of
the backfill caused increasing on stability of the retaining wall.

Literature surveys verify that conventional practice for evaluating seismic stability of retaining
wall is based on pseudo-static approaches (PIANC, 2001). In PIANC, (2001), simplified
analysis which based on pseudo-static approaches (Table 2.3)i s def i ned as
a seismic coefficient, expressed in terms of the acceleration of gravity, is used to compute an
equivalent pseudo-static inertia force for use in analysis and design. The actual dynamic
behavior of retaining walls is much more complex than treated in the pseudo-static
approach. However, this approach has been the basis for the design of many retaining
structureso

In 1990s, in order to mitigate the damage level of gravity type quay walls during a strong
earthquake, new conceptual design methods have been developed. These methods are
based on determination of displacement of gravity quay. In contrary to conventional method
(simplified analysis) within this study, even if the force balance exceeds the limit values, it
can be possible to get some information about the performance of a structure. This
conceptual design methodi s ¢ a | ReotmhareesB afis ed Desi gno.

2.2 Performance Based Design
2.2.1 Analytical Studies

2.2.1.1 Displacement Based Studies

s well known, design based on pseudo-static and pseudo-dynamic approaches are
generally considered conservative, since even when the safety factor drops below one the
soil structure could experience only a finite displacement rather than a complete failureo
(Newmark, 1965 and Ausilio, 2000). Thus, displacement based studies have been
developed.

Pseudo-static and pseudo-dynamic approaches are used for defining the dynamic active or
passive earth pressure values. However, due to the importance of rigidity of the wall and
effects of the wall displacements on the lateral earth pressure, some approaches are also
developed (Table 2.3). Over the past several decades, analytical methods have been
developed to estimate the displacement of retaining walls under earthquake loading for
specific applications. These methods are Richard-Elms Method (1973), Nadim-Whitman
Method (1983), and Whitman-Liao Method (1986). After calculating the value and application
point of the lateral earth thrust using the pseudo-static or pseudo-dynamic analysis, it is
possible to define the horizontal displacement of the quay wall subjected to earthquake
motion. These approaches are based on Newmark Sliding Method.
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2.2.1.1.1 Newmark Sliding Method

firhe Newmark sliding block method defines the yield or threshold acceleration (a;) as the
amplitude of the block acceleration when the factor of safety for sliding becomes 1.0, and
evaluates the block displacement by double integration of the ground acceleration, which
exceeds the yield accelerationdo ( Kim et al ., 2005)

The coastal structures such as caisson type, L type, block type quay walls act as a retaining
wall and these coastal structures are composed of a system including structure-soil-water.
During the earthquake, this system moves along the base of the wall when the ground
motion acceleration exceeds the threshold acceleration. The twice integration method is
used to define the displacement of the wall relative to the firm base. By using the
acceleration-time diagram, the velocity of the wall is computed with the first integration then
according to velocity-time diagram the displacement of the wall is computed with the second
integration (Table 2.7).

2.2.1.1.2 Richard and EIms

Richards and Elms (Elms, 1979) employed the Newmark sliding method to evaluate the
earthquake induced displacements of gravity type quay walls. Richards and Elms (1979)
suggested that by using the Mononobei Okabe analysis based on limit equilibrium of the
retaining wall, the yield acceleration of the backfill-structure system is calculated (Table 2.7).

2.2.1.1.3 Whitman and Liao

Whitman and Liao (1985) also employed the Newmark sliding method. However, differently
from the Richard-EIms Methods, considering the effects of factors such as the deformation
on the backfill, kinematics of backfill wedge, earthquake ground motion and possible tilting of
the wall, the earthquake induced displacements of gravity retaining walls can be evaluated
(Table 2.7)

2.2.1.1.4 Nadim and Whitman

Nadim and Whitman (1983) studied the influence of ground amplification on wall
displacement using a two-dimensional plane-strain finite element model. They claimed that
ground amplification cause more pressure and displacement on retaining wall. Nadim and
Whitman suggested some criteria to include the ground amplification into the available

design methodologies (Table 2.7). Al | these displacement based

the variation of wall thrust due to the development of excess pore pressure in the backfill
while determining the vyield acceleration; therefore, this analysis is inappropriate for the
design of quay walls with saturated backfill soils where high excess pore pressure can

devel op during earthquakeso (Kim et al., 2005).

Simplified dynamic analysis (Table 2.3) is categorized into three groups for seismic design
of gravity wall, these are: i) sliding block analysis ii) simplified chart based on parametric
study and iii) evaluation of liquefaction remediation based on parametric study (PIANC,
2001). And, Newmark, Richard and Elms, Whitman and Liao, Nadim and Whitman
approaches are based on sliding block analysis. Over the last decade, very important
development has been performed in hardware and numerical software which can be used in
analysis and design of gravity quay walls. These numerical programs generally based on
finite element analysis, boundary element analysis and finite difference techniques.

Dynamic analysis (Table 2.3), fgenerally using finite el
involves coupled soil-structure interaction, wherein, the response of the foundation and
backfill soils is incorporated in the computation of the structural response. A structure is
idealized as either a linear or non-linear model, depending on the level of earthquake motion
relative to the elastic limit of the structure. The stress-strain behavior of the soil is commonly
idealized with either equivalent linear or effective stress constitutive models, depending on
the anticipated strain level within the soil deposit. Fairly comprehensive results can be
obtained from soil-structure interaction analysis, possibly including failure modes of the soil-
structure systems, extent of displacement, and stress/strain states in soil and structural
componentso (PI ANC, 2001).
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Table 2.7: General used methods based on displacement, analytical studies

PERFORMANCE BASED DESIGN

ANALYTICAL STUDIES
METHODOLOGY

AThe Newmar k mod el -blaclstranslationalorrdtdtional mechmmisen along a rigid-plastic sliding
surface, activated when the ground shaking accele

Drawing a . . . - .
Newmark improved this method to estimate the displacement of earth embankment and rock fill dams.

Acceleration
of rigid base

If the rectangular earthquake impulse is applied to the plane, the plane maximum acceleration is equal to fad
and the maximum acceleration transmitted to the block due to friction forces is a; (Drawing a)

Drawing b
t,

o I t(time)

r
Velocity of sliding blog

\\n‘ = atg \ -

The velocity profile of the plane and block accelerations are shown in drawing b and c. Velocity of the rigid
base increases to V= a, in t, time and velocity of the sliding block (V.=a;) reaches the rigid base velocity in t,
time (Drawing b).

Absolute velocities of
rigid base and sliding

block

Velocity of rigid base

Velocity relative to rigid base (V.-V) is shown in Drawing c.

| Drawing ¢

(m \
iy I(time)

ming d

t
(time)

The displacement relative to rigid base is shown as shaded area ( Drawing d).

Velocily relative to

rigid base
B
2

Displacement relative

1o rigid base
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Table 2.7: General used methods based on displacement, analytical studies (continued)

PERFORMANCE BASED DESIGN

ANALYTICAL STUDIES

METHODOLOGY

The procedure of the Richard and Elms Method:
1. Decide acceptable maximum displacement (dg)
14
. €0.087V* 1 @
2. Calculate Nusing; N=Ag———— |
& A9 dy g
N: design acceleration coefficient (inch/s?), A: maximum acceleration of design earthquake (inch/s?), V:
maximum ground velocity (inch/s), dr: maximum displacement (inch)
3. Use Mononobe-Okabe eq. to calculate Pag.
4. Calculate the weight of the wall for factor of safety 1.5;
1., ¢€cos(d +)bsin(  dtan
W, == BK, é
2 é (tanf, -tan )q

Kae : dynamic active earth pressure coefficient, g: the unit weight of soil (kN/m3), f . internal friction angle of
soil (deg), d:the angle betweent he back of t heseisndctinertiarangregb :arale of inclir@tion

of t he bfactido finigle betweed wall and soil, H. : height of the structure
*To calculate the Kae use N value instead of kj,
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Table 2.7: General used methods based on displacement, analytical studies (continued)

PERFORMANCE BASED DESIGN

ANALYTICAL STUDIES
METHODOLOGY

The procedure of the Whitman and Liao Method:

1. Decide acceptable maximum displacement (dg)

. N _ 1, d;A
2. Calculate N using; — =0.66 -—In—>
A 94 V

N: design acceleration coefficient (inch/sz), A: maximum acceleration of design earthquake (inch/sz), V:
maximum ground velocity (inch/s), dr: maximum displacement (inch) according to 5% exceedence probability.

3. Use Mononobe-Okabe eqg. to calculate Pg.

4. Calculate the weight of the wall.

W, _Lgp K. gcos(d +)bsin(  Jtan b
2 é (tanf, -tan )q

Kae : dynamic active earth pressure coefficient, g: the unit weight of soil (kN/m3), f, : internal friction angle of
soil (deg), d: the angle between the back of the retaining wall, q: seismic inertia angle, b : angle of inclination

of the backfill, U: friction angle between wall and soil, H. : height of the structure
*To calculate the Kae use N value instead of ki,
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Table 2.7: General used methods based on displacement, analytical studies (continued)

ANALYTICAL STUDIES
METHODOLOGY

The procedure of the Nadim and Whitman Method:

1. The first shaking frequency (f,) is; f, =Z_|:

V¢: velocity of shear (m/s), H: height of the soil layer

2. 1If
f/f, <0.25 ignore ground amplification

f/f, © 0.50 increase maximum ground acceleration 25-30 %
increase maximum ground velocity 25-30 %

f/f,=0.70-1.00 increase maximum ground acceleration 50 %
increase maximum ground velocity 50 %

f: earthquake design frequency

3. These new A and V values are used in Richard-EIms Method (1979).




2.2.2 Numerical Studies

Finite difference method (FDM) and finite element method (FEM) are the two main types of

numerical studies and several studies have been performed by using the FDM and FEM.

AiThe finite el ement met  hod is certainly the mos
performance of soil structures subjected to seismic loading. Certainly, the finite element

method has some advantages in considering the natural failure mechanisms and the

interaction of structurei soil system, however, its use usually requires high numerical costs

and accurate measurements of the properties of the component materials, which are often

di fficult to achieveo (Li et al., 2010).

Literature surveys of Numerical Studies:

Tiznado and Rodriguez-Roa (2011), obtained some results by using a series of finite
element (FE) analyses (commercial FE code PLAXIS) to understand the behavior of gravity
retaining walls on granular soils under strong seismic motions observed in the Chilean
subductive environment. Different wall heights and sand deposits with different thicknesses
and geotechnical properties were considered. It was found that permanent displacements of
the wall depend on seismic amplification in both soil foundation and backfill. Although,
analysis results showed that an increase of the accelerations induced on the soil behind the
wall caused an increase of the seismic lateral pressures acting on the retaining structure, the
traditional methods based on the simple sliding-block procedure could not consider this
seismic amplification phenomenon. Thus, Tiznado and Rodriguez-Roa developed an
approximate method for a given earthquake in Chilean expressed as a function of a unique
design factor (Fg) including the effects of most significant variables such as seismic
pressures, earthquake characteristics, ground motion amplification, and dynamic properties
of the involved soils and they used design charts according to numerical analyses to predict
both absolute lateral displacements at the base and top of gravity retaining walls located at
sites with similar seismic characteristics to the Chilean subduction zone. The proposed
charts matched well with available experimental data.

Maleki and Mahjoubi (2010) used a simple finite element model to understand the seismic
behavior of retaining wall and they proposed new seismic soil pressure distributions for
different soil and boundary conditions. They performed different earthquake parameters for
the different wall heights and wall types such as bridge abutment, flexible wall, and rigid wall.
They suggested three kinds of formulations and two kinds of pressure distributions for the
rigid and flexible walls with different end conditions. At the end of these studies, the
proposed methods and the finite element model (SASSI) results and also the other offered
met hods resul ts wer e c o «oh pgheatr thed resuts dereiirt goada s real
accordance with each other. They stated that i) although Mononobe Okabe method was not
accurate, it could be used for practical purposes, ii) seismic soil pressure is more related to
area under PSA spectrum than the PGA, iii) maximum soil pressure happened for the rigid
fixed-base wall.

Na, Chaudhuri, Shinozuka (2009) a used FLAC 2D computer program to investigate the
effect of liqguefaction and lateral spread on the seismic response of caisson type quay walls
for the different soil systems. They classified soil systems into two groups namely,
homogenous non-Gaussian random field sample and random field sample. Probabilistic
responses were characterized in the Monte Carlo sense and they found that uniform models
results were unconservative however due to nonlinear behavior of the soil-structure system
random field model results provided better prediction response. Na, Chaudhuri, Shinozuka
(2008) used FLAC 2D explicit finite difference computer program for performing soil-structure
interaction analysis under static and seismic loading conditions. To investigate the sensitivity
of the performance of port structures with respect to uncertainties of geotechnical
parameters, tornado diagram and FOSM analyses have been conducted with nine
geotechnical uncertain parameters, and choosing their values from available literature. They
found that the uncertainties in the friction angle and the shear modulus of reclaimed soil
contribute most to the variability of the residual horizontal displacement (RHD) response of
the quay wall of port structures. They also stated that there was a significant fluctuation of
pore pressure in the replaced soil however there was a little or negligible fluctiation of pore
pressure in the reclaimed soil.
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A two dimensional, effective stress finite element procedure in conjunction with a generalized
and slightly modified elasto-plastic constitutive model was studied by Alyami, Rouainia and
Wilkinson (2009). The model, which was initially evaluated by simulating the published
monotonic tests, provided that the experimental results and numerical simulations perfectly
matched. Then, a finite element program (UWLC) was used to apply the calibrated model to
Kobe Port quay, it was found out that the computed horizontal and vertical displacements
were within the range of displacements observed on the site. Additionally, the results
showed that when permeability increases the accumulation of excess pore pressure is
reduced and it was found that improving the backfill and the foundation soils reduced the
vertical settlement at the toe of the wall by over 200%, while the horizontal displacement was
reduced by over 350 %.

Ma, An, Wang (2009), studied about the dynamic friction mechanism in blocky rock systems.
In this study, the blocky rock system was simplified into a multiple-degree-of-freedom massi
springi dashpot system and the interactions of the rock blocks werec onsi der ed.
sliding block theory was extended to calculate the lateral displacement of the blocky rock
system, which is caused by the lateral force and the axial pulse load. They found that in a
static case, the friction force applied on a rock block was a constant value, and the rock
block could move when the pushing force exceeds this value. However, in a dynamic case
with a pulse loading applied, the dynamic friction force vibrated around the static friction
force, and the rock block could move as soon as the pushing force was larger than the
minimum dynamic friction force, which was definitely smaller than that in the static case. It
was also found that it was easiest to move the block in the lateral direction when the loading
frequency ratio reaches a critical value; these results were obtained for both a single-block
system and multiple block system.

C., F.,, Leung and R., F., Shen (2007) studied on performance of gravity caisson on sand
compaction piles (SCPs) using a nonlinear finite analysis program (PLAXIS). Back analysis
using the finite element method showed that the observed caisson movements at different
construction stages could be reasonably replicated. The numerical results were also used to
evaluate the caisson tilt angle, which could not be measured in the present field study and
which is found to be independent of the length of SCPs underneath a caisson. Authorities in
Morocco have lunched construction of the Tangiers Mediterranean Harbor where the
breakwater consists of precast reinforced concrete caissons having four cells shape
(shamrock shape) filled with sand. Plaxis, as a finite elements analysis program, was used to
estimate the settlements (both global and differential). When the behavior observed during
caisson construction and results of Plaxis calculation were compared, they appeared to be
consistent. Furthermore, a dynamic soil structure interaction was performed to verify the
pseudo static calculation and to quantify caisson settlements and rotations during
earthquake. Similar displacements were found out on the basis of the dynamic calculation.

Dynamic response of gravity type quay wall during earthquake and soil-sea-structure
interaction were studied by Gharabaghi, Arablouei, Ghalandarzadeh and Abedi (2006) using
finite element program (ADINA) to investigate the effects of fluid-structure interaction on
residual displacement of wall after a real earthquake. The results proved that fluid-structure
interaction would not significantly affect permanent displacement of a gravity quay wall
during strong ground motions, if the wall is constructed on relatively non-liquefiable soil.

Psarropoulos, Klonaris and Gazetas (2005) stated that dynamic earth pressures obtained
with elastic methods were more than two times higher than the dynamic earth pressures
obtained with the limit equilibrium methods. They used both numerical (finite element
program ABAQUAS) and analytical (Veletsos and Younan) models for rigid and flexible walls
by considering the condition of the soil homogeneity and in homogeneity. They discovered
that dynamic pressures depended on not only the wall flexibility but also the foundation
rotational compliance and dynamic pressur
pressures for a rigid, fixed based wall for homogeneous and inhomogeneous soil.

Georgia Kastranta (2000) studied seismic effective-stress deformation analysis of waterfront
retaining structures, e.g. Kobe Port quay as a case study, including modeling using finite
element program (FLAC). Based on well-predicted deformation modes, the computed
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horizontal and vertical displacements were consistent with those observed in Kobe Port after
earthquake. The computed data was also consistent with the result obtains by similar
analysis performed by Lai et al. (1996, 1998) using a different constitutive model.

Chen (1995) studied about the dynamic forces due to hydrodynamic pressure of sea water
and dynamic pore pressure of backfill soil on offshore breakwaters using a finite difference
method (FDM). They obtained distribution of hydrodynamic pressure for different sea bottom
slope and they found that hydrodynamic pressure increases as the slope of the sea bottom
increases. Chen, Huang (2002) made similar study considering the effects of sediment layer
and backfill soil and they evaluated the hydrodynamic forces on concrete sea wall and
breakwater during earthquakes. They stated that the simple empirical formulas can be used
to predict hydrodynamic force acting on a breakwater with small error however they stated
that instead of using empirical formulas for the seismic design of sea wall, their proposed
study should be performed.

Sasumu and Ichii (1998) studied on the performance based design for port structures. In this
method, the required performance of a structure specified in terms of displacements and
stress levels. This method contributes that the requirements of the seismic performance of a
structure against the probabilistic occurrence of earthquake motions. PIANC (2001)
published a book named a s iSei smic Desi gn Gui deThishak
addresses the limitations of conventional seismic design, and performance based design of
port structures and simulation techniques are discussed by Sasumu (2003). Basic
earthquake engineering knowledge and a strategy for seismic performance based design is
explained by using the figures and tables. The technical commentaries illustrate that specific
aspects of seismic analysis and design, and provide examples of various applications of the
guidelines. Ahmed Ghobarah (2001) is worked on state of development for performance
based design in earthquake engineering.

As it is seen that, FDM method and FEM method are generally used for seismic design of
gravity quay walls. However, results of these analyses should also be compared for the
verification with the experimental studies.

2.2.3 Experimental Studies
Three types of experimental tests have been used for evaluating the dynamic response of
retaining wall: the shaking table test, the centrifuge test and real scaled modeling tests.

2.2.3.1 Shaking Table Tests

The main goal of performance based design is to determine the design parameters
(deformation; overturning, horizontal and vertical displacement) of the structure. However, it
is not possible to estimate the distribution of the nonlinear soil behavior, changes in
acceleration and pore pressure values with an acceptable accuracy during an earthquake.
All the methods explained above are not adequate to determine the design parameters,
correctly. Thus, hdidevelopment of performance based design requires shaking model tests
to validate and improve prediction of seismically generated displacemento (Torisu et al.,
2010). Another important aspect which have to be remembered that there are also some
advantages and disadvantages of shaking table tests.

Literature Survey of Shaking Table Tests (and also Analytical-Numerical Studies):

Anastasopoulos, Georgarakos, Georgiannou, Drosos, Kourkoulis (2010) investigated the
seismic performance of a typical bar-mat reinforced-soil retaining wall by using shaking table
tests (experimentally) and by using model developed and encoded in ABAQUS
(numerically). At the end of this study, a combined experimental-numerical methodology had
been used to extrapolate the results of shaking table testing to prototype conditions. And it
was understood that for small to medium intensity seismic motions, typical of Ms = 6.0
earthquakes the response of the reinforced soil walls were 6 6 g +elasscb 6 aemdnenp
lateral displacements do not exceed a few centimeters (at prototype scale). For larger
intensity seismic motions, typical of Ms= 6.51 7.0 earthquakes permanent lateral
displacement of the bar-mat is of the order 107 15cm (at prototype scale), lastly for the
unrealistically large amplitude (A=1.0 g) is required for the active failure wedge behind the
reinforced soil block to develop completely. In such a case, the permanent lateral
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displacements may be excessively large. And they stated that the seismic response of
reinforced earth structures was better than the standard type of earth structures, the largest
lateral displacement took place at the middle height of the wall.

Torisu, Sato, Towhata and Honda (2010) performed experimental studies by using 1g
shaking table to understand the performance and nature of fill dams subjected to a dynamic
loading. They found that deformation of a dam body increases with the decrease of relative
density of soil and deformations in the upstream side of the dam were greater than in the
downstream although the slope was gentler at the upstream side. This is because excess
pore water pressure developed to some extent and reduced the effective stress in the
upstream part, which led to greater deformations. Additionally, they claimed that the
performance-based seismic design of geotechnical structures is possible if the time and cost
necessary for laboratory tests, analyses, and, etc. are spent, and if the required accuracy of
prediction is reasonable.

Hsieh, Lee, Jeng and Huang (2010), (article in press) discussed the results of tilt tests -used
to define friction coefficient for static conditions and shaking table tests iused to define
friction coefficient for dynamic conditions according to three different materials (aluminum,
sandstone, and synthetic sandstone). They investigated variations of the friction coefficients
with respect to different frequencies and the different applied normal forces regarding the
different slope angle. Both tilt tests and shaking table tests showed that static friction
coefficients was larger than the dynamic friction coefficients and increment in frequency
caused an increase in the ratio between dynamic and static friction coefficients, however
increment in normal stresses caused decrease in the ratio between the dynamic and static
friction coefficient regardless of the frequency. Their observations suggested that the
Coulomb friction model could not be described the real measured behaviors, thus sliding
threshold should be measured using dynamic tests such as shaking table tests. Although
this study considered only dry condition sliding surface, the obtained results can be
significant to our study in order to define dynamic sliding threshold.

Moghadam, Ghalandarzah, Towhata, Moradi, Ebrahimian, and Hajialikhani (2009)
investigated the seismic performance of gravity quay walls by using the deformable panels.
They used a series of shaking table 1g tests with two different seabed interface conditions as
0.3 and 0.6. They also performed a series of two dimensional finite difference effective-
stress analyses to support the results obtained by physical modeling tests. They showed the
numerical and analytical results according to maximum residual values of wall seismic
response parameters, including lateral displacement, vertical settlement, seaward rotation
and total thrust increment. They found that the time history of total pressure increment was
recorded at the middle height of the wall and the panels reduced the seismic responses of
gravity quay wall. They stated that maximum displacement vector value as 1.907 and 1.116
for the no mitigation case and mitigation case by panel respectively. It is understood that all
the results obtained by using the experimental and numerical analysis were consistent.

Mendez, Botero, and Romo (2009) used shaking table, accelerometers and an LVDT to
investigate how the transition from static to kinetic friction develops for a rigid block sliding
down an inclined plane under the action of gravity. They also used commercial 3D distinct
element code 3DEC to numerically reproduce the experiments carried out, thus validating
the friction law. Three cases namely, constant friction coefficient, Coulomb friction law and
the proposed friction law were analyzed and the results were compared to shaking table
experimentsodéd results. They stated that proposed fric:
sliding analysis. This proposed friction law based on the static and dynamic test results,

according to static tests results the friction coefficient had a gradual transition from static to

kinetic conditions and similarly according to dynamic tests results friction varies smoothly as

a function of excitation rate velocity and based on the experimental results a non linear

exponenti al mo del was proposed. They stated that i f
friction angle were performed, dynamic analysis involving friction results might be deceptive.

Hazarika, Kohama, Sugano (2008), made a series of underwater shaking table experiments
to test a cushioning technique on a gravity type model caisson. Imparting three different
earthquake loadings to the soil-structure system, the seismic load on the wall, the dynamic
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increment of the earth pressure acting along the wall, the residual displacement of the wall,
as well as the water pressures at various locations of the backfill were investigated for each
earthquake motion. The results indicated that the observed residual horizontal displacement
at the top is bigger than the bottom and reduction of seismic load and the residual
displacement of structures were confirmed due to the cushioning technique.

A partially coupled effective stress analysis was performed by A. Arablouei, A.
Ghalandarzadeh and A.R.M. Gharabaghi (2008), using a nonlinear finite difference program
(FLAC), to estimate the seismic performance of caisson type quay wall. The study involved a
numerical study of shaking table tests at Tokyo University, description of formulation of the
adopted computational code and comparison of the numerical simulation results with the
numerical records. Results of the study demonstrated that quay wall trend magnitude of
vertical and horizontal displacements can be predicted reasonably well.

Sawichi, Chybicki, Kulczykowski (2007) emphasized the effect of the vertical ground motion
on seismic induced displacements of gravity structures by using the numerical and
experimental results. They claimed that rectangular acceleration pulses considered by
Newmark were greatly different from real records, instead of rectangular pulse, triangular or
sinusoidal acceleration pulse should be considered. They improved a computer program
written in FORTRAN and the results obtained from this computer program were compared
with the shaking table test results. Results were compatible to each other thus they believed
t hat their met hod should replace Newmar kof6s appr
induced displacements of gravity structures. They encountered three basic important
problems, namely, i) predict the exact frequencies of horizontal and vertical accelerations
and phase shifts, ii) choose the friction coefficient between the structure and subsoll, iii) the
determine the dynamic parts of horizontal forces.

There are three analysis methods proposed in performance based design concept called as
simplified analysis, simplified dynamic analysis and dynamic analysis. Simplified dynamic
analysis method is studied by Kim et al. (2005) by taking into consideration the variation of
wall thrust which is influenced by the excess pore pressure developed in backfill during
earthquakes, the seismic sliding displacement of quay walls is estimated. Newmark sliding
block concept is used for this method and by using the variable yield acceleration which
varies according to the wall thrust, the quay wall displacement is calculated. The shaking
table tests verify that the wall displacement can be predicted by using this method.

Mohajeri, Ichii, Tamura (2004) performed two series of shaking table tests, in the first series,
gravity walls modeled by applying horizontal force and 20 cycles sinusoidal waves with
different amplitudes and in the second part of the tests three caisson type composite
breakwater were tested with different water levels. They found that considering the single
yield acceleration during the dynamic analysis may cause the misleading results because
tests results showed that when sliding occurred yield acceleration decreased immediately,
therefore, they suggested that two different level of yield accelerations namely static and
dynamic yield acceleration should be used during the displacement analysis. Furthermore,
they suggested correction factor values on the conventional yield acceleration as Uand b to
define the static and dynamic yield accelerations

Kim, Kwon and Kim (2004) evaluated the force components acting on gravity type quay wall
during earthquakes by using analytical and experimental studies. Modified Mononobe-Okabe
method and Westeergard method as analytical studies are used to define dynamic forces
and small and large scale shaking table tests as experimental studies are performed to
compare the results. They tried to obtain the forces with low and high excess pore pressure
ratio and they found that the modified Mononobe-Okabe method could not simulate the
phase relationship between the wall inertia force and the dynamic thrust, additionally for the
high excess pore pressure condition the dynamic thrust as much as 4.5 times of real value.
In addition, Kim, Jang, Chung and Kim (2005) proposed a new simplified dynamic analysis to
evaluate the displacement of quay wall considering the pore pressure effect in backfill during
earthquake. They also used 1g shaking table tests to verify the results of proposed method.
1g shaking table tests showed that proposed method predicted the wall displacement
correctly.
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2.2.3.2 Centrifuge Tests

The centrifuge test utilizes the gravity force as the scale factor to simulate a prototype slope.
firhe principle behind centrifuge modeling is to create a stress field in a geometrically similar
model, identical to that in a real or hypothetical prototype so that the stress-strain
relationships at homologous points in the two systems will be the same if prototype materials
areusedinthemodeld ( Dewool kar, 2000)

i For anling omgeatexhnical elements or systems it is essential to know and to be
able to control the past, the present and the future stress changes to which the soils are
subjected. The first stage, covering the past and the present, represents the formation of the
soil test bed and the establishment of some initial condition from which the effects of
subsequent perturbation can be studiedd(Wood, 2004).

Literature Survey of Shaking Table Tests (and also Analytical-Numerical Studies):
Dewoolkar, Ko and Pak (2000) used centrifuge tests to understand the static and seismic
behavior of retaining wall with liquefiable backfills. They measured the static and dynamic
lateral earth pressures directly by using the earth pressure transducers. They also
determined the accelerations, bending strains and deflections. It was observed that linear
regression distribution occurred along the depth of the wall at each time instances during
lateral earth pressure measurements and it was seen that there were no significant effects of
vertical acceleration on lateral thrust, strain and deflection. They found that at the end of
shaking, after complete liquefaction, 50% increment occurred on the static thrust
measurement made before shaking, thus dynamic thrust could be expected to be about 50%
of the static thrust for the liquefiable soils.

Zeng (1998) investigated the seismic response of gravity quay walls by using centrifuge
modeling considering the effect of pore pressure. They claimed that for dry backfill condition
to calculate the lateral displacement of the retaining wall, Newmark sliding method might be
used. However, for saturated backfill, due to the excess pore pressure it was impossible to
the compute correct displacement values of the retaining wall by the sliding block method.
They also emphasized that excess pore pressure had a significant effect both on the angle
of backfill wedge and horizontal thrust thus, when excess pore pressure developed in the
backfill, comprehensive numerical procedures should be made to understand the response
of gravity quay walls. Madabhushi and Zeng (1998) also investigated seismic response of
gravity quay walls with numerical modeling, they used finite element code SWANDYNE to
simulate the response of gravity quay walls under earthquake loading. By using the
numerical code and special numerical techniques, it was more understandable the seismic
response of gravity type quay walls for dry and saturated backfill conditions.

The dynamic response of caisson type quay wall was also worked by Yang, Elgamal,
Abdoun and Lee (2001) by using the numerical and experimental studies. They used
CYCLIC 2D finite element program and 100 g centrifuge tests and the results showed that
increasing in the density and/or permeability of backfill/lbase material can improve the overall
system stability.

2.2.3.3 Large Scale Prototype Field Tests

AVhenever the size and complexity of a project warrant, large-scale, prototype test programs
can yield information unavailable by any other method. Because these investigations are
expensive and require the services of a construction contractor in most cases, they are
commonly included as part of a main contract to confirm design assumptionso (EM 1110-1-
1804, 2001).

Lateral earth pressure distribution acting on retaining wall was defined by Matsuo et al.,
(1978) by using the large scale prototype field tests. According to Matsuo et al., (1978)
Aidi stribution of the | ateral e ar t handplargerdateralr e behi nd tt
pressure values were observed at the | ower part of th

Although gravity type quay walls have structural simplicity, due to the interaction between
soil-structure and fluid system is complicated. Thus, the dynamic response of this structure
has not been fully understood.
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One of the most generally used types of gravity quay walls is block type quay wall. As it seen
from the literature survey, there are numerous kinds of studies about seismic design of
caisson type or L type quay walls; however, there are a few studies about seismic design of
block type quay walls.

2.3 Block Type Quay Walls

fBlock type quay wall is the simplest type of gravity wall, which consists of blocks of concrete
or natural stone placed from the water side on a foundation consisting of a layer of gravel or
crushed stone on top of each other. After placing, the blocks a reinforced concrete cap is
placed as cast in situ. Block walls require much building material however labor necessity is
relatively little. The height of this structure exceeds 20 m. It is important to have a good filter
structure behind the wall to prevent the leakage of soil. This filter structure should involve
thick filling of rock fill material with a

Blocks maintain their stability through friction between themselves and between the bottom
block and the seabed. Typical failure modes during earthquakes involve seaward
displacement, settlement, and tilting of blocks. Figure 2.4 shows typical section of block type
wall.

Cap —

1 Ordinary fill
_ \—— Filter

Concrete blocks -~ L \\— Rock fill
A .
’
b [N
A
Pitching ™ A b
{ J R A
}'—' ...: : 2 |7 / 77 » o
2_ Rubble base surfaced with crushed stone

Rock or firm ground
Figure 2.4: Typical section of block type wall

iThe heavy damage wa s strachuse®suchagirefioeries, pairachkemeadl
plants and ports the eastern Marmara earthquake occurred on 17 August 1999 with an
Mw=7. 4 and Kz mi t-wed &ykeyahad beem cseribusly affected from this
earthquake. Especially, earthquake was caused crucial damage mostly on block type quay
wall s at Deri nghksel&alr2002). n Kzmito (Y

The design of block type quay walls should be performed considering stability, serviceability
and safety as well as economy. Conventional seismic design methodology is generally used
for block type quay walls. However, this traditional design method cannot provide the
required design data and also can not provide any information about the performance of the
structure after dynamic loading.
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Literature Survey of Block Type Quay Walls:

Sumer, Kaya, Hansen (2002) prepared an inventory including the observations of damage to
marine structures caused by liquefaction in the 17 August, 1999 Kocaeli, Turkey earthquake.
According to this study, backfills behind quay walls and sheet-piled structures were almost
invariably liquefied; quay walls and sheet-piled structures were displaced seaward; storage
tanks near the shoreline were tilted; there were cases where the seabed settled, and
structures settled and collapsed; the observations also showed that the rubble-mound
breakwaters survived the earthquake with very little or no damage. However, in Tuzla Port,
the block type quay wall was displaced seaward by O (40 cm) and backfill settled by O (10
cm). There was no direct evidence of liquefaction (i.e., no sand boils) in this area.

fiNew design approaches which are based on conventional methodologies are examined for

the seismic design of block type quay walls. Within the development of the new design
methodologies an inverse triangular dynamic pressures distributions are applied to define
both seismic earth pressures and seismic surcharge pressures. It is assumed that soil
improvement techniques are used for the site. The hydrodynamic forces are taken into
consideration and equivalent unit weight concept is used during the both static and dynamic
calculations. Compatibility of this new design approaches are tested by case studies and it
is seen that the numerical results are in good agreement qualitatively with field
measur e me nK asroa,kQ0K).

Stability analysis of block type quay wall is carried out by using a computer program named
QSAP (using Excel spreadsheet) has been developed by Nergis, (2010). QSAP has been
prepared based on the rules of Technical Seismic Specifications on Construction of Coastal
and Harbor Structures, Railways And Airports (2008). Reliability of this program is verified by
a comparative study of Derince Port block type quay wall, damaged in Marmara earthquake
(1999), with manual solution and field measurements. A newly introduced placement
met hodol ogy fakso sudisdanithk @SAR asid the results are compared with the
conventional placement method.

Sadrekarimi, Ghalandarzadeh and Sadrekarimi (2008) investigated the both static and
dynamic behavior of hunchbacked gravity quay wall by using the 1g shaking table tests for
various base accelerations on models with different subsoil relative densities. The results
revealed that i) negative back-slope (elevations below the breaking point of the hunch)
reduces the lateral earth pressure however positive back-slope (elevations above the
breaking point of the hunch) increases the lateral earth pressure, ii) relative density of sea
bed affected the movement of the wall significantly, the wall moved more with large
acceleration when the sea bed was softer, iii) if the model was exposed to same earthquake
again, due to the subsoil densification less wall movement was observed, iv) application
point of the lateral thrust fluctuated within the mid-thirdo f wal | 6s hei ght
the height provided safer area behind the wall.

2.4 Conclusion

A review of existing literature show that; i) available methods used for analysis of the
dynamic response of the block type quay walls are not adequate enough; ii) the most
important step is to investigate the dynamic soil-wall interaction when studying the seismic
behavior of block type quay walls; iii) one of the most important design parameters is the
displacement value of the blocks after dynamic loading; iv) the influence of wall roughness
between the boundaries effect the design parameters; v) system is very complicated due to
including four elements, namely soil, structure, water and earthquake. All the literature
surveys©6 r esul tasdsammarized ato fivg subtiflez. e d

2.4.1 Earth Pressure

- fincreasing in the density and/or permeability of backfill/lbase material can improve
the overall system stabilityo ,Yan( et al., 2001).

- fMononobe-Okabe method could not simulate the phase relationship between the
wall inertia force and the dynamic thrust, additionally for the high excess pore
pressure condition the dynamic thrust as much as 4.5 times of real valueo (Kim et
al., 2004).
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- fDynamic pressures depended on not only the wall flexibility but also the foundation.
Rotational compliance and dynamic pressure values of flexible walls were lower than
the pressures for a rigid, fixed based wall for homogeneous and inhomogeneous
soild ,Psafropoulos et al., 2005)

- fOn pseudo-dynamic analysis, nearly 16 % increase was formed on the factor of
sliding mode of failure based on pseudo-static analysisq (Choudhury and Ahmad,
2008).

- PAlthough Mononobe Okabe method is not accurate enough, it can be used for
practical purposesq (Maleki and Mahjoubi, 2010).

- fMagnitude of seismic active earth pressure (Kag) increases with the increase in the

values of wall inclination (d), h oprand«® nt al an
but decreases with increas®(Ghosh 20l8)e value of s
- frheseismi ¢ active earth thrust is highly sensit.i
comparatively | ess sensitive to the wal/l fr

dynamic approacho ,Ghogh, 2010).

- PAdditionally, unlike the pseudo-static analysis the seismic active earth pressure
distribution was found to be non-linear behind the retaining wall in pseudo-dynamic
analysisd ,Ghosh, 2010).

- fArhe influence of wall roughness on the critical acceleration factor was remarkableo ,
(Lietal., 2010).

- PAn increase of the accelerations induced on the soil behind the wall caused an
increase of the seismic lateral pressures acting on the retaining structure, the
traditional methods based on the simple sliding-block procedure could not consider
this seismic amplification phenomenono (Tiznado and Rodriguez-Roa, 2011).

2.4.2 Soil Pressure Distribution
Several seismic soil pressure distributions along the wall height are suggested by
researchers :

i) fi &teral earth pressure distribution behind the wall was not triangular and relatively
large lateral pressures were measured at the lower part of the walldo (Matsuo et
al.,1978).

i) fStatic active lateral stress had a linear distribution up to about 80% of the height of
the wall and the results were compatible with the Coulomb and Mononobe-Okabe
approaches. However at deeper depths the stress distribution became non-linear
and increasing in the acceleration levels increased to non-linearity in the stress
distribution. Additionally, for dynamic case non-linearity of the lateral earth pressure
increased according to increment of the acceleration level and high stress values
developed at the top of the structured (Sherif and Fang., 1984).

iii) For different wall flexibilities, the dynamic earth pressure distributions as proposed
by Gazetas, (2004) are shown in Figure 2.5. Remarkable changes were obtained

with respect to increasing flexibilities. i H
elastic methods decrease substantially if the structural flexibility of the wall and the
rotational compliance at its base are taken

pressure values were obtained according to Wo

Rigid Non-Sliding Wall Very Flexible Non-Sliding Wall

h=§6 2 1 0

:M-0

N d,=0,1,2,5

Wood, 1973

h/H h/H

a/a,)H o/a,yH

Figure 2.5: Elastic dynamic earth-pressure distribution of a pseudo-statically excited one-
layer system for a non-sliding wall, (Gazetas et al., 2004)

iv) fi Me distribution of earth pressures on the back of the wall was linear with depth for
both gravitational and seismic conditionso Mylonakis et al., (2007).
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V) fM-O method suggests a linear distribution, but the Seed and Whitman method
suggests no distribution and only defines 0.6 H as the seismic thrust point of actiono ,
(Maleki and Mahjoubi, 2010).

Vi) fi fle time history of total pressure increment was recorded at the middle height of
the walld(Figure 2.6), Anastasopoulos et al., (2010).
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Figure 2.6: Seismic soil pressure for 4m height wall (a) Bridge abutment, (b) flexible wall, (c)
rigid wall, (Anastasopoulos et al., 2010).

vi) The seismic soil pressure distribution is proposed as given in Figure 2.7 by Maleki and
Mahjoubi, (2010).
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Figure 2.7: Suggested approximate seismic soil pressure distribution (a) typical distribution
suggested here for rigid walls and semi-rigid walls, such as bridge abutment and propped
bridge abutment, (b) distribution suggested for flexible walls such as cantilever retaining
walls taller than 5 m, (Maleki and Mahjoubi, 2010).

vii) Total soil pressure distribution is proposed as given in Figure 2.8 by Maleki and
Mahjoubi, (2010).

H/6

H/3

Hf2

Figure 2.8: Total soil pressure distribution during earthquake (a) Rigid or semi-rigid wall, (b)
Flexible wall, (Maleki and Mahjoubi, 2010).
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ix) Dynamic earth pressures for different wall flexibilities proposed by Psarropoulos et al.,
(2004) are shown in Figure 2.9. As it is seen from the figure, dynamic earth pressure
distribution depend on the wall flexibilities and the rotational base constraints of the modeled

walls.

-0

O\Jﬁ“\_
—0—dy=0
-0-dg=05
n e dg=1
C—dy=35
)
2.0
dy =5
——dy =10 ——dyg =10
O-dy =035 O-dy=03
—dy=1 —A—dp=1
o—dy=3 o—-dy=5

—1.0

Figur

20

2.0

a, /o, TH

dw=0 (rigid wall), 1, 5, and 40;  dq= O (fixed against rotation), 0.5, 1, and 5
e 2.9: Earth-pressure distribution of a quasi-statically excited retaining system with

varying relative flexibility, dd, of the

flexibility, dw (Psarropoulos et al., 2004)

2.4.3 Friction Coefficients

fconsidering the single yield acceleration during the dynamic analysis may cause the
misleading results because tests results showed that when sliding occurred yield
acceleration decreased immediately, therefore, they suggested that two different
level of yield accelerations namely static and dynamic yield acceleration should be
used during the displacement analysiso(Mohajeri et al., 2004).

file friction angle between the wall and the retained soil can be taken as u=[ /2,
where | is the internal friction angle of the soil. For typical values of 1 (30i 35°)
sliding does not occur when the following condition is satisfied: tan G & 0.30
(Psarropoulos et al., 2005).

fthe displacements calculated by the proposed model are very sensitive to the
interface friction angle. Therefore, it is important to properly evaluate the frictional
resistance between a wall and foundation. The average value of the interface friction
angle for the velocity range of the wall movement in the shaking table tests was
about 28°0(Kim et al., 2005).

fthe uncertainties in the friction angle and the shear modulus of reclaimed soil
contribute most to the variability of the residual horizontal displacement (RHD)
response of the quay wall of port structureso N& et al., 2008).

fin a static case, the friction force applied on a rock block was a constant value, and
the rock block could move when the pushing force exceeds this value. However, in a
dynamic case with a pulse loading applied, the dynamic friction force vibrated
around the static friction force, and the rock block could move as soon as the
pushing force was larger than the minimum dynamic friction force, which was
definitely smaller than that in the static case. It was also found that it was easiest to
move the block in the lateral direction when the loading frequency ratio reaches a
critical valued M{ et al., 2009).
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- fftheCoul ombds | aw or other single frictdi
involving friction results might be deceptiveo(Mendez et al., 2009).

- fetatic friction coefficients was larger than the dynamic friction coefficients and
increment in frequency caused an increase in the ratio between dynamic and static
friction coefficients, however increment in normal stresses caused decrease in the
ratio between the dynamic and static friction coefficient regardless of the frequencyo
(Hsieh et al., 2010).

- fthe Coulomb friction model could not be described the real measured behaviors,
thus sliding threshold should be measured using dynamic tests such as shaking
table testso Hgjeh et al., 2010).

- The friction coefficients can be calculated by using tilting test as known Coulomb
Theorem and the formulas developed by Hsieh et al., 2010 (Table 2.8, Figure 2.10).

Table 2.8: Friction Coefficients

Friction Coeffcients

Static Friction Dynamic Friction

Coeffcients Coefficient

Tilting Test Instantaneous friction
. coefficient (Hsieh et al.
0 = tans,) 2010)

71 11
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Figure 2.10: lllustration of the force equilibrium for the sliding block on a slope
(Hsieh et al., 2010)

Nis the normal force exerted on the slope by the sliding block, m is the mass of the sliding

11
block, g is the gravitational acceleration, d is the slope angle, X (t)is the absolute temporal
T
acceleration at the base and X, (t)is the absolute temporal acceleration of sliding block
(Figure 2.10).

2.4.4 Displacement

- fthe rotational displacement increased when period of lateral shaking, horizontal and
vertical seismic accelerations, amplification factor, time of input motion increased.
However, the rotational displacement of the wall decreased with increase in both the
soil friction and wall friction angleo (Choudhury, Nimbalkar, 2007).

- frectangular acceleration pulse considered by Newmark were greatly different from
real records, instead of rectangular pulse triangular or sinusoidal acceleration pulse
should be consideredo (Sawichi et al., 2007).

- fresidual horizontal displacement at the top is bigger than the bottomo (Hazarika et
al., 2008).
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- fa nonlinear relationship between the permanent displacement and the peak
earthquake acceleration coefficiento (Trandafir et al., 2009).

- fdeformation of a dam body increases with the decrease of relative density of soil
and deformations in the upstream side of the dam were greater than in the
downstream although the slope was gentler at the upstream side. This is because
excess pore water pressure developed to some extent and reduced the effective
stress in the upstream part, which led to greater deformationso (Torisu et al., 2010).

- fpermanent displacements of the wall depend on seismic amplification in both soll
foundation and backfillo (Tiznado and Rodriguez-Roa, 2011).

2.4.5 Hydrodynamic Forces and Pore Pressures

- feimple empirical formulas could be used to predict hydrodynamic force acting on a
with small error but for the seismic design of sea wall instead using empirical
formulas detailed studies should be performed. Both studies emphasized the
significance of the hydrodynamic analysis incorporating the effect of an earthquake
should be considered for the coastal structures6 ( Ch e n, Huang, 2002)

- ffluid-structure interaction would not significantly affect permanent displacement of a
gravity quay wall during strong ground motions, if the wall is constructed on relatively
non-liquefiable soilo(Arablouei et al., 2006).

- fivhen permeability increases the accumulation of excess pore pressure is reduced
it was found that improving the backfill and the foundation soils reduced the vertical
settlement at the toe of the wall by over 200%, while the horizontal displacement
was reduced by over 350%0 (Alyami et al., 2009).
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CHAPTER 3

QUAYWALLS

3.1 General

As it is well known that ports are critical civil infrastructure system for centuries, yet it is only
since the mid-twentieth century that seismic provisions for port structures have been adopted
in design practices. However, historical data reveal that lots of ports such as Kushiro Port,
Kobe Port, Oakland Port, Port Vila and Derince Port were damaged seriously from
earthquake; unfortunately, seismic risks at ports have not already received the proper
amount of attention.

fuay walls are earth retaining structures for the mooring of ships. Due to the demanding big
amount of investment and the large loads on the structure, which will increase in the future
because of the trade, the design and construction of a quay wall becomes more important
daybyday( Karakuk, 2007)

There are three kinds of quay walls name as gravity quay walls, embedded walls, open berth
quays (Chapter 2, Table 2.1).

Gravity quay walls are the most generally used type of quay walls. For a gravity quay wall
constructed on a firm foundation, an increase in earth pressure from the backfill plus the
effect of an inertia force on the body of the wall result in the seaward movement of the wall
as shown in Figure 3.1. If the width to height ratio of the wall is small, tilt may also be
involved.

When the subsoil below the gravity wall is loose and excess pore water pressure increases
in the subsoil, however, the movement of the wall is associated with significant deformation
in the foundation soil, resulting in a large seaward movement involving tilt and settlement as
shown in Figure 3.2.

0 i

Figure 3.1: Deformation/failure modes of gravity quay wall on firm foundation (PIANC, 2001)
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Figure 3.2: Deformation/failure modes of gravity quay wall on loose sandy formation
(PIANC, 2001)

The evidence of damage to gravity quay walls suggests that:

1. most damage to gravity quay walls is often associated with significant deformation of
a soft or liquefiable soil deposit, and, hence, if liquefaction is an issue, implementing
appropriate remediation measures against liquefaction may be "an effective
approach to attaining significantly better seismic performance;

2. most failures of gravity quay walls in practice result from excessive deformations, not
catastrophic collapses, and, therefore, design methods based on displacements and
ultimate stress states are desirable for defining the comprehensive seismic
performance; and

3. overturning/collapse of concrete block type walls could occur when tilting is
excessive, and this type of wall needs careful consideration in specifying damage
criteria regarding the overturning/collapse moded ( Pl ANC, 2001) .

In 1990s, in order to effectively mitigate the damage level of gravity type coastal structures
which should be designed carefully to guarantee their survival during a strong earthquake,
new conceptual design methodologies have been developed. In the seismic design of gravity
type coastal structures, the most common approaches are force-based approach and
displacement-based approach.

Force- based approaches are the most generally used type of method to analyze the seismic
stability of gravity type quay walls. In this approach the lateral earth pressure behind the wall
is expressed and force balanced equations are generated to define the stability of the gravity
type quay walls. And Mononobe-Okabe equations (1929) are used as most known method to
compute the total soil pressure acting on the quay walls.

Methodologies concerned with the displacement-based design of gravity type quay walls
have signed up much progress and significant experimental and theoretical research studies
have been performed related to this type of design methodology. Thereby, even if the force
balance exceeds the limit values, it can be possible to get some information about the
performance of a structure.

firhe seismic design guidelines for gravity type quay walls address the limitations inherent in
conventional design, and establish the framework for a new design approach. In particular,
the guidelines intended to be:

1 the key design parameters for the performance-based methodology which provides
engineers with new design tools are the deformations in ground and foundation
soils.

1 performance-based, allowing a certain degree of damage depending on the specific
functions and response characteristics of a port structure and probability of
earthquake occurrence in the region;

1 user-friendly, offering design engineers a choice of analysis methods, which range
from simple to sophisticated, for evaluating the seismic performance of structures;

1 general enough to be useful throughout the world, where the required functions of
port structures, economic and social environment, and seismic activities may differ
from regiontoregio n 6 ( P20GLN C,
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Conventional limit equilibrium-based methods are not well suited to evaluating these
parameters.

fin performance based design, appropriate levels of design earthquake motions are defined
and corresponding acceptable levels of structural damage are clearly identified. Two levels
of earthquake motions are typically used as design reference motions, defined in Table 3.10
(PIANC, 2001).

Table 3.1: Levels of earthquake motions (PIANC, 2001)

Level 1 (L1) Level 2 (L2)
Ahe level of earthquake motions that Ahe level of earthquake motions
are likely to occur during the life-span associated with infrequent rare events,
of the structure that typically involve very strong
Aa probability of exceedance of 50% ground shaking
during the life-span of a structure Aprobability of exceedance of 10%
Aif the life-span of a port structure is 50 during the life-span)
years, the return periods for L1 is 75 Aif the life-span of a port structure is 50
years years, the return periods for L2 is 475
years

firhe acceptable level of damage is specified according to the specific needs of the
users/owners of the facilities and may be defined on the basis of the acceptable level of
structural and operational damage. The structural damage category is directly related to the
amount of work needed to restore the full functional capacity of the structure and is often
referred to as direct loss due to earthquakes. The operational damage category is related to
the length of time and cost associated with the restoration of full or partial serviceability
(PIANC, 2001). firhe principal steps in performance-based design are shown in Figure 3.3.

1) Performance grade is determined (S, A, B, C) selecting the damage level consistent with
the needs of the users/owners according to Table 3.2 and Table 3.3. Another procedure for
choosing a performance grade is to base the grade on the importance of the structure
presented in Table 3.4.

2) Damage criteria is defined: the level of acceptable damage in engineering parameters
such as displacements, limit stress states, or ductility factors are specified.

3) Seismic performance of a structure is evaluated: Evaluation is typically done by
comparing the response parameters from a seismic analysis of the structure with the
damage criteria. If the results of the analysis do not meet the damage criteria. the proposed
design or existing structure should be modified. Soil improvement including remediation
measures against liquefaction may be necessary at thisstaged0 ( PI ANC, 2001)
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Acceptable damage:

1 Serviceable Earthquake level:
2 Repairable Level 1 (L1)

3 Near Collapse Level 2 (L2)

4 Collapse

Performance Grade:
S,AB,C

Analysis Type

Simplified Analysis
Simplified Dynamic Analysis
Dynamic Analysis

Input:

Earthquake motions

Geotechnical conditions

Proposed design or existing structure

Damage Criteria

Analysis

Output:
Displacements
Stresses

(Liguefaction potential)

No
Are damage criteria satisfied? Modification of Cross

section/soil improvement
Yes

End of performance evaluation

Figure 3.3: Flowchart for seismic performance evaluation
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Table 3.2: Acceptable level of damage in performance based design (PIANC, 2001)

LEVEL OF DAMAGE STRUCTURAL OPERATIONAL
Degree 1: Minor or no damage Little or no loss of
Serviceable serviceability
Degree 2: Controlled damage** Short-term loss of
Repairable serviceability***

Degree 3: Extensive damage in Long-term or complete loss
Near collapse near collapse of serviceability

Degree 4: Complete loss of Complete loss of
Collapse**** structure serviceability

* Considerations: Protection of human life and property, functions as an emergency base for
transportation, and protection from spilling hazardous materials, if applicable, should be considered in
defining the damage criteria in addition to those shown in this table

** \With limited inelastic response and/or residual deformation.

*** Structure out of service for short to moderate time for repairs.

*exex \Without significant effects on surroundings.

Table 3.3: Performance grades S, A, B and C. (PIANC, 2001)
Performance grade Design earth quake

Level 1 (L1) Level 2 (L2)
Grade S Degree 1:Serviceable Degree 1:Serviceable
Grade A Degree 1:Serviceable Degree 2:Repairable
Grade B Degree 1:Serviceable Degree 3:Near collapse
Grade C Degree 2:Repairable Degree 4:Collapse

Table 3.4: Performance grade based on the importance category of port structures (PIANC,
2001)

Performance Definition based on seismic effects on structures

grade

Grade S 1-Critical structures with potential for extensive loss of human life and
property upon seismic damage
2-Key structures that are required to be service able for recovery
from earthquake disaster
3-Critical structures that handle hazardous materials
4- Critical structures that, if disrupted, devastate economic and social
activities in the earthquake damage area

Grade A Primary structures having less serious effects for 1 through 4 than
Grade S structures or 5-structures that, if damaged, are difficult to
restore

Grade B Ordinary structures other than those of Grades S,A and C

Grade C Small easily restorable structures

3.2 Scope of this Study

The mostly used method to determine the dynamic response of block type quay wall is the
theoretical approach where in seismic conditions, the stability of the blocks are checked by
the factor of safeties using the lateral earth thrust acting on the blocks computed by the
Mononobe-Okabe method or its extensions (Chapter 2, Table 2.4).

Several questions to be answered to design the block type quay walls given in Table 3.5.
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Table 3.5: Several questions to be answered under dynamic loading

nature of the problem,

- Time history of sliding of blocks to understand the dynamic J

- Behavior of blocks, J

dynamic frictjon coefficient

-Mode of passage from sdtatic friction coefficie
(e

- Effect of inertial forces between the blocks. ‘

Since, it was not possible to answer all these questions (Table 3.5) only by using theoretical
studies, the best approach to understand the dynamic response of block type quay walls
would have been the field measurements under real seismic events. However, since the real
seismic events are unpredictable and field conditions are often characterized with significant
uncertainties which unable to capture the complete scenario, in the first stage of this study,
the effective methodologies were selected as laboratory model studies and numerical
studies.

In general, three types of laboratory model studies are available for evaluating the dynamic
response of block walls: the 1g shaking table test, the centrifuge test and real scaled
modeling tests.

Real scaled modeling tests investigations are expensive and require the services of a
construction contractor in most cases and as if centrifuge tests are said to be more reliable
than the 1g tests due to point of reduced stress level which affected the soil behavior
significantly. On the other hand, relatively small model scale is recommended to be used for
the centrifuge tests and it affects the soil grain size which is not practical.

In this study, after reviewing the advantage and disadvantage of all the laboratory model

studies (APPENDIX A), it was decided to use 1 g shaking table. 1 g shaking table tests to
obtain the results given in Table 3.6.

Table 3.6: 1 g shaking table tests

Ao determine the soil pressure distribution for saturated soil acting on
block type quay walls under dynamic loading

Ao determine friction coefficients between block-block and block -
foundation

Ao determine the accelerations of the blocks under dynamic loading

Ao determine the displacements of the blocks under dynamic loading

Ao determine the changes in hydrodynamic pressures and pore pressures
under dynamic loading

J

<<
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To reduce the negative effect of 1 g shaking table tests (scale effect), granular material were
used as backfill material to define the dynamic response of block type quay walls for the
first time in such type of experiments

For numerical studies, finite element and finite difference method can be used for dynamic

response of block type quay walls. There are many software programs as given in Chapter 3

that can be used in the design of block type quay walls. Among these methodologies

APLAXI SO0 s gramt whithr givespghe dehavior of the structures (displacements and

soil pressures) under dynamic loading is selected as a user friendly numerical program. After

defining the necessary parameters by using 1 g shaking table tests, Plaxis V8.2 was

performed for the comparison of the model studiesé r esul ts with the exper|
results.

Damages can be observed not only in the case of strong earthquakes but also in the case of
moderate earthquakes. Design of block type quay walls generally carried out by considering
stability; serviceability and safety as well as economy. Therefore several design guidelines
are available to give recommendations for the design and construction of block type quay
walls. These guidelines use several approaches to evaluate the seismic stability of the
structure, ranging from simple to complex.

Finally, a case study were performed with the numerical modeling, the recorded bedrock
motions of the August 17, 1999 the eastern Marmara earthquake, which caused serious
damaged on Derince Port block type quay wall, were input into the Plaxis V8.2 software
program and to compare the horizontal displacement results of numerical model and site
observations.

Table 3.7 gives flow chart of this study.

Throughout this study, retaining backfill and foundation (base) soil characteristics is based
on the following assumptions:
1 the backfill and foundation is homogeneous, dry and cohesionless;
1 the failure wedge is a plane;
I Itis assumed that soil improvement techniques are used for the site as backfill and
foundation where the existing soil conditions are expected to lead to unsatisfactory
performance. Usually, under dynamic loading large soil movements are accepted as
unsatisfactory performance. In general, port structures are designed to prevent the
liquefaction in backfil. A The most common soil i mprovement
classified into 4 parts: densification techniques, reinforcement techniques,
grouting/mixing techniques, and drainage techniqueso (Kramer, 1996).
1 the ratio of backfill width to the wall height is recommended to be equal or larger
than 3 (Tiznado and Roa, 2011).
1 thesoil-wall systemisas sumed to be 2D t-otsatnségndhiei dmps

Regarding the experimental set up;

1 The wave and current loads on the wall are not taken into considerations regarding
the calm water condition inside the harbor where the block type quay walls are
located. Water elevation is kept equal on both sides of the quay wall, and no tidal
changes applied.

9 Al the acting loads due to mooring. berthing and crane operation and live loads are
not taken into consideration.

Experimental results obtained in this study mainly; fluctuating component of total saturated
soil pressure, application point of the fluctuating component of total saturated soil pressure
and friction coefficient between block-block and block-base form the base for the
performance based design of block type quay walls. These results also viewed in
discussions by considering the stability; serviceability and safety as well as economy as
given in the guidelines for performanced based design of block type quay walls (PIANC,
2001).
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Table 3.7: Flow chart of this study

EXPERIMENTAL STUDIES
(1 G SHAKING TABLE TESTS)

OUTPUTS
(1) static and dynamic friction INPUT @

coefficients between block-block
and block-foundation (*) |:> NUMEIELS('?IS‘ \S/;l;DIES
accelerations of the block(s) during
dynamic loading (**) (measured) ﬂ

OUTPUT
total saturated soil pressure acting (1) total saturated soil pressure acting
on block type quay walls under the on block type quay walls under the
dynamic loading dynamic loading
the displacements of the block(s) (2) the displacements of the block(s)
under the dynamic loading under the dynamic loading

* Computed
** Measured

|| COMPARED OUTPUTS ||
I:>I| COMPATIBLE RESULTS |I

CASE STUDY

(DERINCE PORT, BLOCK TYPE QUAY WALL)

|:> COMPATIBLE RESULTS
DISCUSSIONS
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CHAPTER 4

EXPERIMENTAL SET-UP

In this chapter, experimental set-up prepared to carry out dynamic response of the block
type quay walls will be presented in detail.

The model tests were carried out at Hydraulics and Coastal and Harbor Lab., Civil

Engineering Faculty atY €8 -1 Tec hni c al a Uma nSinpliield Dyfnama #Analysis

of Block Type Quay Walloh proj ect s $ciemtific mandeTechnblggical Research
Council of Turkey (TUBITAK) (Ref: Bl ok Ti pi Kéyé Yapeéelarénén Basit
Y°nt emi i |, RrojeCtNgmberdley 006, T BKTAK) .

4.1 Experimental Set-up
In the preparation of experimental set up for this study parameters to be used mainly are
viewed in two groups (Table 4.1):

i) known parameters,

ii) unknown parameters

Using the known parameters experiments are carried out in 1 g shaking table to obtain the
unknowns as will be explained in the following parts.

Table 4.1: Parameters of this study

PARAMETERS

Known

e il Param .
SOl Farameters E— Soil Pressure
mee BlOCk Dimensions Scaling .
— Displacement

|— Scaling ,
T Acceleration
— Frequencies — Pore Pressures
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4.1.1 Known Parameters

4.1.1.1 Soil parameters

fi ®rious advanced numerical techniques are developed on the basis of experimental studies

and field observations and used in the design and seismic performance evaluation of the

port structures. Through these numerical, experimental, and field studies, it is found that the

seismic behavior of port structures is largely governed by the local soil conditions6 ( Na et al . ,
2009). Thus, the selected soil parameters used in 1 g shaking table tests was defined clearly

for each experiment.

In this study, two different soil types were used as a backfill and one type of foundation. The
first type of soil properties (Soil 1) are given in Table 4.2 and the second type of soil
properties (Soil 2) which is finer than the first one are also given in Table 4.3.

Table 4.2: Soil parameters for backfill and foundation (Soil 1)

Foundation and backfill 17 40-42 2.2

Table 4.3: Soil parameters for backfill for Soil 2

Backfill 17 40-42 1.0

Where:

gdry: Dry unit weight of the soil (foundation or backfill); G : internal friction angl e
Dys0: nominal diameter (cm)

Granular material were used as backfill material to define the dynamic response of block
type quay walls for the first time in such type of experiments. In practical, the weight of the
granular material which is used as backfill is given 5 kg -100 kg for San Antonia Port, block
type quay wall, Chile and 1 kg-50kg for Kalamata Port, block type quay wall in PIANC,
(2001) and 3kg-50kg for San Pedro, block type quay wall in Handbook Quay Walls, (2005).
This means that nominal diameter of the backfill can be taken as 7 cm < D50 < 34 cm. In this
study the D50 of Soil 1 and Soil 2 were selected as 22 cm, 10 cm respectively in prototype.

4.1.1.2 Block(s) dimensions and Scaling
Block dimensions of block type quay wall were determined by considering to;

- real block(s) dimensions which are generally used in practice in Turkey
- dimensions of the shaking table device.
- portability of the block(s) during the preparation of the experiment set- up,

Thus, the general block dimensions were determined as 3m-2m-2.5m. And scale was

determined as 1/10, respectively (Table 4.4). During the experiments all the blocks had
same dimensions.
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Table 4.4: Prototype and model properties

PROTOTYPE MODEL

SCALE 1/10

Unit : meter

2m
25 0.2m
m 0.25m
v 0.3m
—>
3m
Weight : 375 kN Weight : 0.375 kN
Aln gener al the similitude is necessary to inter

the similitude for the saturated soil-structure-fluid system is not clearly understood for the
shaking table tests in the 1g gravitational field. There is a study on the similitude of sail
structures under dynamic loadings by using the ratios of the forces (Kagawa, 1978). There is
another study on the similitude of nonlinear dynamic responses of grounds by using
Buc ki ngp-theotem (Kokusho and Iwatate, 1979). Both of the studies resulted in the
same similitude. However, the results of their studies are applicable only to the shear
deformation of soil structures. There is a need to extend their similitude to a more general
form in order to interpret the dynamic model tests of the saturated soil-structure-fluid system.

In deriving the basic equations, the following idealization or approximations have been
adopted; (1) soil skeleton is regarded as continuum, (2) deformation is regarded small so
that the equilibrium equation after deformation is the same as that before the deformation,
and (3) strain of the soil skeleton is regarded small so that the linear approximation of
displacementst r ain rel ation (dU=Ldu) holds true.

Consequently, there are following limitations in the applicability of the similitude; (1) the
similitude is not applicable to the phenomenon at which soil particles completely lose
contacts among themselves such as ultimate state of liqguefaction, and (2) the similitude is
not applicable to the phenomenon at which the deformation or the strain is too large to
satisfy the above mentioned approximationso (Il ai,

The corresponding scaling of parameters between the prototype and model used in this
experiment are shown in Table 4.5. Similitude for model tests in 1g gravitational field in the
special case in which | = and |, =°F. Since the scale is 1/10, | is taken as 10

(APPENDIX B).
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Table 4.5: Scaling factors in present model

Length [ 10
Time 3.0'5 3.16

Acceleration 1 1
Displacement al's 31.62
Force > 1000

Density 1 1

4.1.1.3 Dynamic Loading Frequencies

fMeasurements of earthquake motions on rock sites indicate that dominant frequencies are

normally in the range of 0.1 Hz to 10.0 Hzo (Ashford and Sitar, 2002; Bhasin and Kaynia,

2004). The frequency range of interest in civil engineering for a typical real (prototype)

earthquake is approximately 0-15 Hz. In this study the frequencies were taken as 2 Hz to 7

Hz with sine wave form under hor% zontal bed surface (

4.1.2 Instruments Used in Measuring the Unknown Parameters
To obtain the unknown parameters; accelerations, displacements of the block(s), soil and
pore pressures of the backfill, the performance of models were tested by measuring and
monitoring by electronic instruments in 1g shaking table tests:

(1) 1g shaking table

(2) Raining system

(3) Soil pressure cells

(4) Position transducers

(5) Accelerometer

(6) Pore pressure cells

(7) Software and hardware computer system

4.1.2.1 1g Shaking Table

A series of 1g shaking table tests were carried out to investigate the dynamic response of

block type quay walls. For this purpose, the one dimensional 1g shaking table facility located

at Hydraulics and Coastal and Harbor Lab., Civil Engi neer i ng Faculty at Yél déz
University was used, (Figure 4.1 and Figure 4.2).

Figure 4.1: General view of 1g shaking table
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The one degree of freedom 1g shaking table had deck dimensions of 400cm-100cm-100cm
with a 4 ton load capacity. It was driven by a 100-kN capacity hydraulic actuator with
operator controlling and PC software.

Shaking table was one dimensional in its motion. Thus only longitudinal components of
accelerations were obtained omitting the transverse and vertical components.
As shown in Figure 4.2;
- Frames were constructed within the 1g shaking table facility to divide the system into
two parts to facilitate to use only the half of the 1g shaking table.
- The blocks were placed on the shaking table between dummies. Dummies were
used to give the side effects from the adjacent blocks as in the prototype conditions.
- Backfill material (Soil 1 and Soil 2) was placed behind the blocks and dummies.
- The system was filled with water before starting the experiments and the absorbers
were used to prevent the end effects due to reflections caused by dynamic loading.

4.1.2.2 Raining System

The method of raining was used to prepare the backfill behind the model wall. Porosity, initial
velocity of soil particles, deposition height and falling height are the major factors affecting
the relative density of the soil particles prepared by raining method. Falling height was
chosen as 65 cm and was kept constant by lifting the sieve at each stage during backfilling
(Figure 4.3).

Relative density of the Soil 1 and Soil 2 were computed between 60 % and 70 %
respectively, (APPENDIX C) and according to 6 different frequencies, displacements, soil
pressures, pore pressures, accelerations and the friction coefficients were measured or
calculated (Figure 4.4 and Figure 4.5)

3500

Rainning Crane
System

Shaking Tank

Figure 4.3: Raining system
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Figure 4.4: Raining system

Figure 4.5: Raining system and shaking table

4.1.2.3 Soil Pressure Cells

To obtain the soil pressure distribution acting on block type quay walls, soil pressure cells
were located between the backfill and block(s). There are several kinds of soil pressure cells,
KDE-PA-200 kpa were selected for this study. The technical specifications of selected soil
pressure cells are given in APPENDIX D.

4.1.2.4 Position Transducers

To obtain the displacement of the block(s) during and/or after shaking, position transducers
were used. There were also several kinds of position transducers, in this study HX-PA-20-
SS-L5M type position transducers was used. The technical specifications of selected
position transducers are given in APPENDIX D.

4.1.2.5 Accelerometer

In this study, in addition to soil pressure and position measurements, accelerations were also
evaluated. The technical specifications of selected accelerometer (IMC 626B13) are given in
APPENDIX D.
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4.1.2.6 Pore Pressure Cells

Zeng and Madabhushi, 199 8 ssare tounded onts&twaated sanmdy
soils, the earthquake loading may result in generation of excess pore pressure and, in the
most severe situation, liquefaction of soils. The excess pore pressure causes degradation of
soil stiffness and strength, which has severe impact on dynamic stability of earth structures.
Under such circumstances, conventional design methods are not capable of producing
satisfactory results. Due to the complex nature of soil behavior and soil-structure interaction
undercyclicl oadi ng, comprehensive numerical
that liquefaction is very important subject, in this study, it was assumed that soil
improvement techniques had to be used to improve the existing soil conditions to obtain the
satisfactory conditions for backfill and foundation. The series of pore pressure
measurements were carried out to verify the assumption that pore pressure in the aggregate
material used in the experiments were very small. The technical specifications of selected
pore pressure cells are given in APPENDIX D.

4.1.2.7 Software and Hardware System
In this study a software and hardware system were also used. The technical specification is
given in APPENDIX D.

4.2 Dynamic Loading Experiments

The experiments are summarized under the title of i) Model condition, ii) Duration of each
experiment, iii) Forces acting on block(s), iv) Dynamic saturated soil forces,
v) Displacements and tilting of each block, vi) Experimental procedure.

- Model condition
In the preparation of the model, it was intended to simulate a plane strain condition. The
main concern in simulating a plane strain condition was to avoid the side effects of the test
container as stated by Hazarika et al., (2008), fini order to achieve the plane strain
conditions, the side wall of the container

- Duration for each experiment
During the experiments, the dynamic loading duration was selected as 30 s, long enough to
observe the dynamic response of block(s), and it was kept constant in all tests. Based on the
similitude relations, it was corresponding to a seismic event with time duration of
approximately 90 s in the real scale (scale: 1/10) (Table 4.5).

- Forces acting on block(s)
As it is known, before dynamic loading there are only static soil pressure and hydrostatic
pressure causing static soil and hydrostatic forces respectively. During dynamic loading
additional forces; the inertia force of the block(s), the dynamic soil force, and the
hydrodynamic force develop (Figure 4.6).

|k

Water

Front
dynamic
water force

Static / Dynamic Soil

Front static
water force

Static / Dynamic Water

[ Backfill (including water)

Foundation

Figure 4.6: Force components acting on block during dynamic loading
(Kim et al., 2005)
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- Dynamic saturated soil forces
In principal, the total saturated soil pressure under dynamic loading can be separated into a
fluctuating component and a non-fluctuating component, as shown in Figure 4.7.

Fluctuating component of the total saturated soil pressure is important for sand if it is used
as backfill soil due to changes in the excess pore pressure during dynamic loading. If the
excess pore pressure increases in backfill, the soil behaves like a fluid (liquefaction
condition) and the water force increases while the soil forces are decreasing. Since, in this
study the granular material was used as backfill soil, it was expected that the non-fluctuating
component of the dynamic saturated soil pressure to remain almost constant with no excess
pore pressure development during the experiments.

Total Saturated Soil Pressure
A

» Time

Non-fluctuating Component U Fluctuating Component

A A

+ Time AVAVAVIV.AV.NI

V VV VN

Figure 4.7: Fluctuating and non-fluctuating component of total saturated soil pressure
(Kim et al., 2004)

In this study, the measurements of the total saturated soil pressure under dynamic loading
were viewed in accordance with the fluctuating and non-fluctuating components using
MATHCAD computer program given in APPENDIX E.

- Acceleration of blocks

Experiments for acceleration of block(s) under dynamic loading with different frequencies
resulted in sinusoidal shape. In the evaluation of experimental results, to determine the base
acceleration, peak ground acceleration (PGA) which is defined as maximum absolute
acceleration |ayay| reached by ground horizontal acceleration during the earthquake is used.
Peak ground acceleration (PGA) is also called peak acceleration or maximum acceleration
(PIANC, 2001). Similar to base acceleration definition, to define the acceleration value of the
block(s), maximum absolute acceleration |an.| measured during the experiment is used.

- Displacements and tilting of blocks
Displacement and tilting measurements in the experiments of the single and multiple blocks
were defined as described below. In case of single block quay walls, initial position of the
block (ABCD) before dynamic loading and the displaced position of the block (A°, B, C° D9
as observed after dynamic loading are shown in Figure 4.8. Typical wall movements
combine rotation (tilting angle) and displacements ( .y Tilting of the one block will be
computed by assuming that almost no settlement will occur at the firm foundation of the

53



structure (Figure 4.8). As it is seen from Figure 4.8, A and B points will be displaced around
wi 9 h apds ineidistandeqpe dpyst ance

] as an reference,
(point BY in vertical direction respectively (PIANC, 2001). Since, the total vertical distance is
be calcul ated as:

AB axes,t ak en
2@y, tilting angle U, <can
sina =sin*(2Dy/a) (4.1)
where; U tilting degree, owdhinmaelti cal di stance, a: bl
A i . fors
A / =3 R P v Py
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! h
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v L 0000O0@0@oliiliIzzaa ',
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Figure 4.8: Displacement and tilting for one block

Tilting of the quay wall composed of two and three blocks again are computed on the

assumption that almost no settlement will occur at the firm foundation of the structure (Figure
4.9 and Figure 4.10). If the seismic horizontal movement of the wall is characterized by the

horizontal displacement at the wall base, gx,, and at the wall top, gx,, then the tilting of the
h is expréssed as (Tiznado et. al., 2011):
(4.2)

upper
a =tan *((Dx, - Dx;)/H)
where H is the block height
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Figure 4.9: Displacement and tilting for two blocks
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Figure 4.10: Displacement and tilting for three blocks

Results of measurements for displacement and tilting were evaluated and discussed in view
dhbfaseadamages i g M@Lp & Bé dedbGa n 2 e

ng tbhsed

control
d a rfTaldeet.6 and Table 4.7) given in PRANC (2001).

ffaccept

*** Structure out of service for short to moderate time for repairs.

***x \Without significant effects on surroundings.
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considered in defining the damage criteria in addition to those shown in this table
** With limited inelastic response and/or residual deformation.

Table 4.6: Acceptable level of damage in performance-based design*
(PIANC, 2001)
LEVEL OF DAMAGE STRUCTURAL OPERATIONAL
Degree | Minor or no damage Littte or no loss of
Serviceable serviceability
Degree ll Controlled damage** Short-term loss of
Repairable serviceability***
Degree llI Extensive damage in near | Long term or complete loss
Near Collapse collapse of serviceability
Degree IV Complete loss of structure | Complete loss of
Collapse**** serviceability
* Considerations: Protection of human life and property, functions as an emergency base for
transportation, and protection from spilling hazardous materials, if applicable, should be



Table 4.7: Proposed damage criteria for gravity quay walls (PIANC, 2001)

LEVEL OF DAMAGE Degree | Degree Il Degree Il Degree IV

Gravity Wall

Normalized residual horizontal | Less than 1.5-5% 5-10 % Larger than

displacement (d/H) 1.5%** 10 %

Residual tilting towards the sea Less than 3-5° 5-8° Larger than
3° g8°

*d: residual horizontal displacement at the top of the wall; H: height of gravity wall
** Alternative criterion is proposed with respect to differential horizontal displacement less
than 30 cm.

Similar to Pl ANC, (2001) the | evel o fTechthieama g e

Seismic Specifications on Construction of Coastal and Harbor Structures, Railways And
Airports (2008)a The o6sl i di ngethbd oo enipirical approactes aged on this
method can be used to calculate the approximate rigid horizontal displacements of the
gravity wall under the dynamic loading. Permitted levels of the performance for the
displacement / strain limits for minimum and controlled damage level is given in Table 4.8.

Table 4.8: Limit of performance for gravity wall
(Technical Seismic Specifications on Construction of Coastal and Harbor Structures,
Railways And Airports, 2008)

- Controlled
LEVEL OF DAMAGE Minimum Damage Damage

Gravity Wall
Rath of the permanent displacement to height of the <15% 155 %
gravity wall (%)
Residual tilting towards the sea <3° 3-5°
Different settlement between behind and top of the 30-70 -
gravity wall
Different settlement behind the wall (cm) 3-10 )

- Experiment procedure

The experiments on accelerations and displacements of the block(s), pore pressures, soil
pressures of the backfill under dynamic loading were carried out in three series; one block,
two blocks and three blocks. For each series Soil 1 and Soil 2 conditions were tested under
sinusoidal base motions with constant amplitude perpendicular to the structure alignment
with either 6 tests: (2Hz, 3 Hz, 4 Hz, 5 Hz, 6 Hz, 7Hz) or 3 tests: (4 Hz, 5 Hz, 6 HZz):

1. One block tests: Soil 1: (6 tests) ; Sail 2: (3 tests)

2. Two blocks tests:  Sail 1, (6 tests) ; Sail 2, (3 tests)

3. Three blocks tests: Sail 1, (6 tests) ; Soil 2, (3 tests)

Model studies are given in Table 4.9.
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Table 4.9: Model studies under dynamic loading

MODEL STUDIES ON

ACCELERATIONS, PORE AND EARTH PRESSURES, DISPLACEMENTS
UNDER DYNAMIC LOADING

[ 1. One Block Tests ]

Soil 1
Test 1.1
Test1.1.1., 2 Hz,
Test 1.1.2., 3 Hz,
Test 1.1.3. , 4 Hz,
Test1.1.4.,5 Hz,
Test 1.1.5., 6 Hz,
Test1.1.6.,7 Hz

B

P
Soil 2
Test1.2
Test 1.2.1., 4 Hz,
Test 1.2.2.,5 Hz,

t Test 1.2.3., 6 Hz

‘ 2. Two Blocks Tests

4‘\'

.

r/>

Soil 1
Test2.1
Test 2.1.1., 2 Hz,
Test 2.1.2., 3 Hz,
Test 2.1.3.,4 Hz,
Test 2.1.4.,5 Hz,
Test 2.1.5., 6 Hz,
Test 2.1.6.,7 Hz

B

Soil 2
Test 2.2
Test 2.2.1.,4 Hz,
Test 2.2.2., 5 Hz,
Test 2.2.3.,6 Hz

| |

3.Three Blocks Tests

Soil 1

Test 3.1
Test 3.1.1., 3 Hz,
Test 3.1.2.,4 Hz,
Test 3.1.3., 5 Hz,
Test 3.1.4.,6 Hz,

B

=

.

Soil 2

Test 3.2
Test 3.2.1., 3 Hz,
Test 3.2.2.,4 Hz,
Test 3.2.3. ,5 Hz




4.3 One Block Test Set Up
One block (Figure 4.13) tests were performed by using 1g shaking table for Soil 1 (Table 4.2)
and Soil 2 (Table 4.3).

4.3.1 One Block Test Set Up for Soil 1 and for Soil 2
Figure 4.11 and Figure 4.12 show the general view of the experiment set up (one block and
2 dummies) of the one block tests for Soil 1 (Test 1.1) and for Soil 2 (Test 1.2).

Position
Dummies

Block

{
.
?

&

Accelerometers

W 7 ey

: = f
41
\g.'
f
e

.

Figure 4.11: Block and dummies Figure 4.12: Block and instruments

Pore Pressure A

Foundation

Figure 4.13 shows general view of the one block tests for Soil 1 (Test 1.1) and for Soil 2
(Test 1.2) and the position of the measuring instruments; 2 soil pressure cells, 2
accelerometers, 2 pore pressure cells and 2 position transducers.

Tests 1.1 were carried out with 2 Hz (Test 1.1.1), 3 Hz (Test 1.1.2), 4 Hz (Test 1.1.3), 5 Hz

(Test 1.1.4), 6 Hz (Test 1.1.5), 7 Hz (Test 1.1.6), and Tests 1.2 were carried out with 4 Hz
(Test1.2.1), 5 Hz (Test 1.2.2) , 6 Hz (Test 1.2.3) (Table 4.9).
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4.4 Two Blocks Test Set Up
Two blocks (Figure 4.15) tests were performed by using 1g shaking table for Soil 1 (Table
4.2) and Soil 2 (Table 4.3).

4.4.1 Two Blocks Test Set Up for Soil 1 and for Soil 2

Figure 4.14 shows the general view of the experimental set up (two blocks and 2 dummies)
of the two blocks tests for Soil 1 and Soil 2.

. . :
- ,

Figure 4.14: Blocks, dummies and
instruments

Figure 4.15 shows general view of the two blocks tests for Soil 1 and for Soil 2 and the
position of the measuring instruments; 4 soil pressure cells, 3 accelerometers, 2 pore
pressure cells and 3 position transducers.

Tests 2.1 were carried out with 2 Hz (Test 2.1.1), 3 Hz (Test 2.1.2), 4 Hz (Test 2.1.3), 5 Hz

(Test 2.1.4), 6 Hz (Test 2.1.5), 7 Hz (Test 2.1.6), and Tests 2.2 were carried out with 4 Hz
(Test 2.2.1), 5 Hz (Test 2.2.2), 6 Hz (Test 2.2.3) (Table 4.9).
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4.5 Three Blocks Test Set Up
Three blocks (Figure 4.17) tests were performed by using 1g shaking table for Soil 1 (Table
4.2) and Soil 2 (Table 4.3)

4.5.1 Three Blocks Test Set Up for Soil 1 and for Soil 2
Figure 4.16 shows the general view of the experimental set up (three blocks and 2 dummies)
of the three blocks tests for Soil 1 and Soil 2.

Dummies

KA
=

| Accelerometers | &
el - 7 4 3
T N " [

Figure 4.16: Blocks, dummies and
instruments

Figure 4.17 shows general view of the three blocks tests for Soil 1 and for Soil 2 and the
position of the measuring instruments; 4 soil pressure cells, 3 accelerometers, 2 pore
pressure cells and 3 position transducers.

Tests 3.1 were carried out with 2 Hz (Test 3.1.1), 3 Hz (Test 3.1.2), 4 Hz (Test 3.1.3), 5 Hz
(Test 3.1.4), 6 Hz (Test 3.1.5), 7 Hz (Test 3.1.6), and Tests 3.2 were carried out with 3 Hz
(Test 3.2.1), 4 Hz (Test 3.2.2) , 5 Hz (Test 3.2.3) (Table 4.9).

Experimental data on acceleration measurements, pore and soil pressure measurements,

and displacement measurements for one block, two blocks and three blocks for Soil 1 and
Soil 2, will be given in Chapters 5, 6 and 7 respectively.
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CHAPTER 5

PRESENTATION AND DISCUSSION OF THE RESULTS OF ACCELERATION
MEASUREMENTS

The experiments for acceleration measurements were carried out in three series: one block,
two blocks and three blocks under dynamic loadings. In deciding the number of tests to be
carried out with the selected test frequencies, the limitations of the experimental set up and
the time requirement were the basic parameters. Accordingly, some frequencies were not
included in the test based on the significance of the test results or the experimental set up
limitations.

In this chapter acceleration measurements and results are presented for each series for Soll
1 with 6 tests (2 Hz, 3 Hz, 4 Hz, 5 Hz, 6 Hz, 7 Hz) for one block and two blocks, 5 tests (3
Hz, 4 Hz, 5 Hz, 6 Hz, 7 Hz) for three blocks. Test with 2 Hz frequency for three blocks were
omitted seeing that it had insignificant effect (e.g. no displacement) for one block and two
block tests.

Similarly, same decisions made for Soil 2 experiments. Acceleration measurements and
results are presented for each series for Soil 2 with 3 tests (4 Hz, 5 Hz, 6 Hz) for one block
and two blocks, 3 tests (3 Hz, 4 Hz, 5 Hz) for three blocks. 3 Hz tests were omitted for one
block and two blocks and 6 Hz tests were omitted for three blocks due to the limitations of
the experimental set up and the difficulties faced during the measurements.

5.1 One Blok Acceleration Measurements (Test 1.1 and Test 1.2)

General view of two accelerometers for one block tests for Soil 1- Tests 1.1 (Acc 1 and Acc
2) and for Soil 2 - Test 1.2 (Acc 1 and Acc 3) are shown in Figure 5.1a and Figure 5.1b
respectively.

Acc 2 Acc 3

-~

Backfill

‘ Block 1 ‘ Block 1

‘ Water Backfill ‘ Water

Acc 1 Acc 1

(a) for Soil 1 (b) for Soil 2
Figure 5.1: General view of two accelerometers Acc 1 (base) and Acc 2 or Acc 3 (block 1)

for one block tests for Soil 1 and Soil 2

Results of acceleration measurements of Test 1.1 (Soil 1) and Test 1.2 (Soil 2) are
presented between Figure 5.2 - Figure 5.9 and Figure 5.10 - Figure 5.14.
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5.1.1 One Blok, Soil 1: Acceleration Measurements (Test 1.1)

In Figure 5.2 - Figure 5.7 acceleration measurements for each frequency are presented as
acceleration (g) versus time (second) for the accelerometers placed at the base of the set-up
(Acc 1) and at the block 1 (Acc 2) (Figure 5.1a).

Acc 1 Acc 2
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[
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.04 —
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A cc 2
o
o
o
|

4006451 g
-0.06 —| y SN
T T T T T T T
0 5 10 15 20 25 30 35 40

Figure 5.2: Acceleration measurements for Acc 1 and Acc 2 for 2 Hz for Soill
(Test 1.1.1)
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14 — -0.16188 g

Figure 5.3: Acceleration measurements for Acc 1 and Acc 2 for 3 Hz for Soill
(Test 1.1.2)
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Figure 5.4: Acceleration measurements for Acc 1 and Acc 2 for 4 Hz for Soill
(Test 1.1.3)
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Figure 5.5: Acceleration measurements for Acc 1 and Acc 2 for 5 Hz for Soill(Test 1.1.4)
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Figure 5.6: Acceleration measurements for Acc 1 and Acc 2 for 6 Hz for Soill (Test 1.1.5)
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Figure 5.7: Acceleration measurements for Acc 1 and Acc 2 for 7 Hz for Soill (Test 1.1.6)

68




5.1.1.1 Results of Acceleration Measurements (Soil 1)

Maximum accelerations |ana| recorded at 2 accelerometers (Acc 1 for Base, Acc 2 for Block
1) for Soil 1 for each frequency (2 Hz - 7 Hz) are presented in Table 5.1 and Figure 5.8.
Ratios between Block 1/ Base are also presented in Figure 5.9.

Results of experiments for frequency 6 Hz, causing maximum acceleration 0.57 ¢
corresponds to highest level of the events recorded as given in Table 2.2. In the experiments
frequency 7 Hz, causing maximum acceleration 0.80g has also been tested, which
corresponded to the highest event ever recorded once (Table 2.2). Therefore, in this study
the results of 7 Hz causing full damage condition was not found reliable to investigate the
soil pressure distribution accurately.

Table 5.1: Maximum accelerations at base (Acc 1) and on block 1 (Acc 2) for Soil 1 with
respect to frequencies

BASE BLOCK 1
Frequency Maximum Maximum RATIO
(Hz) Acceleration Acceleration (Block 1/ Base)
C)) (C))
2 0.08 0.087 1
3 0.16 0.16 1
4 0.30 0.38 1.3
5 0.41 0.67 1.6
6 0.57 1.16 2.0
7 0.80 2.76 35

Soil 1

@ 1.5

5 1 Sl

S

§ 0.5 =—4=—| Base
§ 0 e=fll==| Block 1
< 2 3 4 5 6

Frequency (Hz)

Figure 5.8: Maximum accelerations at base and on block 1
for 2 Hz - 6 Hz for Soil 1

2.5
2 y = 0.5682%5%62
15 wy [ nd
L
z ! &
0.5
0
0 2 4 6 8
Frequeny (Hz)

Figure 5.9: Ratio (Block 1/Base) versus frequency for Soil 1
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Overall view of the acceleration measurements for one block for Soil 1 is presented in Table
5.2.

Table 5.2: Acceleration measurements for one block for Soil 1

FREQUENCY RESULTS

Frequency increases ‘ [@max|base @Nd |@max|biock iNCrease

[amax|viock Values are always greater than the

|amax|base Values

For a given frequenc . .
9 q y The ratio between block/base maximum

acceleration igcreases while frequency is

increasing (R"=0.864)

there is no significant change between

For small frequencies |amaxlbase AN [Amaxloiook

(for 2 Hz - 3 Hz)

there is no significant change of the ratio of
|amax|block/ |amax|base

difference between |amax|base @Nd |@max|block

. values increases rapidly
For larger frequencies

for4 Hz -6 Hz .
( ) the ratio of [amax|viock/ |@max|base FANgES

between (1.3 - 2.0) respectively.

5.1.2 One Blok, Soil 2: Acceleration Measurements (Test 1.2)

In Figure 5.10 - Figure 5.12 acceleration measurements for 4 Hz, 5 Hz and 6 Hz are
presented as acceleration (g) versus time (second) for the accelerometers placed at the
base of the set-up (Acc 1) and at the block 1 (Acc 3) (Figure 5.1b).
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Figure 5.10: Acceleration measurements for Acc 1 and Acc 3 for 4 Hz for Soil 2
(Test1.2.1)
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Figure 5.11: Acceleration measurements for Acc 1 and Acc 3 for 5 Hz for Soil 2
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Figure 5.12: Acceleration measurements for Acc 1 and Acc 3 for 6 Hz for Soil 2
(Test 1.2.3)

5.1.2.1 Results of Acceleration Measurements (Soil 2)

Maximum accelerations |anax| recorded at 2 accelerometers (Acc 1 for Base, and Acc 3 for
Block 1) for Soil 2 for each frequency (4 Hz - 6 Hz) are presented in Table 5.3 and Figure
5.13. Ratios between Block 1 / Base are also presented in Figure 5.14.

71



Table 5.3: Maximum accelerations at base (Acc 1) and on block (Acc 3) for Soil 2 with
respect to frequencies

BASE BLOCK 1
Freqliljency Maximum Maximum RATIO
(Hz) Acceleration Acceleration
(9) (9) (Block 1/ Base)
4 0.27 0.35 1.29
5 0.42 0.54 1.29
6 0.60 1.77 2.95
Soil 2
2.00
1.50 /
C
c
= 1.00
S - == Base
(8]
© - Block 1
(8]
(&} “_______-—-—.
<< 0.50 =~ e
0.00
4 5 6
Frequency (Hz)
Figure 5.13: Maximum accelerations at base and on block 1
for 4Hz - 6 Hz for Soil 2
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3
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Figure 5.14: Ratio (Block 1/ Base) versus frequency for Soil 2
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Overall view of the acceleration measurements for one block for Soil 2 is presented in Table
5.4.

Table 5.4: Acceleration measurements for one block for Soil 2

FREQUENCY RESULTS

Frequency increases [@max|base @Nd [@max|piock INCrease

[amax|viock Values are always greater than the
|amax|base Values

For a given frequency

The ratio between block/base maximum
acceleration increases while frequency is
increasing (R2:0.70)

difference between |amax|base @Nd |@max|biock Values

For 4 Hz, 5 Hz, 6 Hz ; A
increases rapidly

difference between |amax|vase @Nd |@max|piock Values

For 4 Hz, 5 Hz, 6 Hz . .
increases rapidly,

the ratio of [amax|piock/ |@maxlbase ranges between

For 4 Hz, 5 Hz, 6 Hz (1.3 - 2.95) respectively.

increased and irregular acceleration

For 6 Hz measurements after 15 sec.

5.2 Two Blocks Acceleration Measurements (Test 2.1 and Test 2.2)

General view of three accelerometers (Acc 1, Acc 2, Acc 3) used for two blocks tests for
Soill- Tests 2.1 and for Soil 2 - Test 2.2 are shown in Figure 5.15.

Acc 2

Backfill Block2 Water

Blockl b}

Acc 1

Figure 5.15: General view of three accelerometers (Acc 1, Acc 2, Acc 3) for two blocks tests

Test 2.1 was carried out with 2 Hz, 3 Hz, 4 Hz, 5 Hz, 6 Hz for Soil 1 and Test 2.2 was carried
out and 4 Hz, 5 Hz, 6 Hz for Soil 2 and acceleration measurements are presented as an
example for Soil 1 in Figure 5.16 and for Soil 2 in Figure 5.18. Results of acceleration
measurements for two blocks for Soil 1 (Test 2.1) and for Soil 2 (Test 2.2) under dynamic
loading are presented in APPENDIX F.

5.2.1 Two Blocks, Soil 1: Acceleration Measurements (Test 2.1)

As an example, in Figure 5.16 maximum acceleration measurements |an.,| for each
frequency are presented as acceleration (g) versus time (second) for the accelerometers
placed at the base of the set-up (Acc 1), at the block 2 (Acc 2) and on the block 1 (Acc 3)
(Figure 5.15).
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Figure 5.16: Acceleration values of Base (A 1), Block 1 (A 3) and Block 2 (A 2)
for 4 Hz (Test 2.1.3)

5.2.1.1 Results of Acceleration Measurements (Soil 1)

Maximum accelerations |an.«| recorded at 3 accelerometers (Acc 1 base, Acc 2 block 2 and
Acc 3 block 1) for Soil 1 for each frequency (2 Hz - 6 Hz) are presented in Table 5.5 and
Figure 5.17. Ratios between Block 2 / Block 1, Block 1 / Base, Block 2 / Base are also
presented in Table 5.6 and Figure 5.18.

Table 5.5: Maximum accelerations at Base (Acc 1), at Block 1 (Acc 3) and on Block 2
(Acc 2) for Soil 1 with respect to frequencies

e Maximum Base Maximum Block 1 Maximum Block 2
d y Acceleration Acceleration Acceleration
(Hz)
(9) (9) (9)
2 0.07 0.07 0.07
3 0.18 0.18 0.18
4 0.28 0.35 0.50
) 0.4 0.69 0.81
6 0.55 1.14 1.28
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Figure 5.17: Maximum acceleration measurements of Base and Block
for 2 Hz - 6 Hz for Soil 1

Table 5.6: Ratios between Block 2 / Block 1, Block 1 / Base, Block 2 / Base

RATIOS

Frequency
(Hz)

3
y = 0.4944%8571
o 2 Tpc
§ . o5y Block 2/Block 1
y = 0.9109%1664 === Block 1/ Base
0 wy Ton ct’Hilj;l—yBlock2/Base
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Figure 5.18: Ratios (Block 2 / Block 1, Block 1 / Base, Block 2 / Base) versus frequency for
Soil 1

Overall view of the acceleration measurements for two blocks for Soil 1 is presented in Table
5.7.
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Table 5.7: Acceleration measurements for two blocks for Soil 1
FREQUENCY RESULTS

Frequency increases |amax|base: |amax|block11 |amax|block2increaSe

[amax|biock(ny Values are always greater than the |amaxlbiock(n-1) fOr

] n=2
For a given frequency

|amaxlbiocks Values are always greater than the |amax|base

there is no significant change between [amax|bases |@maxlblockis
|amax|block2

For small frequencies
(for 2 Hz - 3 Hz)

there is no change of the ratio between |amax|biock2/ |@maxlblockis
|amax|block1/ |amax|base: |amax|block2/ |amax|base

|amax|block2/ |amax|block1 ranges between (1-43'1-12)
|[@maxlblockt / [@maxlbase Fanges between (1.25-2.00)

|[@maxlblock2 / |@maxlbase ranges between (1.79-2.32)

For larger frequencies

(fOI’ 4Hz -6 HZ) |amax|base- |amaxlb|0ck1 and |amaxlb|0ck2 values increases rapldly

Increment of |amax|block1 / |amax|base and |amax|block2/ |amax|base is
almost linear

Increment of |amaxlbiock2 / [@maxlbiockt 1S NOt linear, and decrement
was observed after 4 Hz

5.2.2 Two Blocks, Soil 2: Acceleration Measurements (Test 2.2)

As an example, in Figure 5.19 acceleration measurements for each frequency are presented
as acceleration (g) versus time (second) for the accelerometers placed at the base of the
set-up (Acc 1), at the block 2 (Acc 2) and on the block 1 (Acc 3) (Figure 5.19).
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Figure 5.19: Acceleration values of Base (Acc 1), Block 1 (Acc 3) and
Block 2 (Acc 2) for 5 Hz (Test 2.2.2)
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5.2.2.1 Results of Acceleration Measurements (Soil 2)

Maximum accelerations |ana| recorded at 3 accelerometers (Acc 1 for Base, Acc 2 for Block
2 and Acc 3 for Block 1) for Soil 2 for each frequency (4 Hz - 6 Hz) are presented in Table
5.8 and Figure 5.20. Ratios between Block 2 / Block 1, Block 1 / Base, Block 2 / Base are
also presented in Table 5.9 and Figure 5.21.

Table 5.8: Maximum accelerations at Base (Acc 1), at Block 1 (Acc 3) and at Block 2 (Acc 2)
for Soil 2 with respect to frequencies

Maximum Base Maximum Block 1 Maximum Block 2
HiEL ey Acceleration Acceleration Acceleration
(Hz)
(9) (9) (9)
4 0.24 0.27 0.35
5 0.41 0.66 0.70
6 0.60 1.79 1.67
—_ 2
=
5 1.5 / i
§ 1 = Max.Base Acceleration
Q ,,/
§ 05 T_ﬁ_g === Max.Block1 Acceleration
r
< 0 Max.Block 2 Acceleration
4 5 6
Frequencyd2

Figure 5.20: Maximum acceleration measurements of Base and Blocks

for4 Hz - 6 Hz

for Soil 2

Table 5.9: Ratios (Block 2 / Block 1, Block 1 / Base, Block 2 / Base) versus frequency for

Soil 2
Frequency RATIOS
(Hz) Block 2 / Block 1 Block 1/Base Block 2 / Base
4 1.30 1.13 1.45
5 1.06 1.61 1.70
6 0.93 2.98 2.79
35 y = 0.0405%319
3 w1 dppp
2.5 y = 0.1526%581
g 2 wu ' ndyynrT
= —
X 15 fo= ‘—/
1 & ==¢==Block 2 / Block 1
05 y =4.0801R829  —=m=—Block 1/Base
'0 wu [ 5 ®dbhmBhck 2/ Base
4 5 6
Frequency (Hz)

Figure 5.21: Ratios (Block 2 / Block 1, Block 1 / Base, Block 2 / Base) versus frequency for
Soil 2
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Overall view of the acceleration measurements for two blocks for Soil 2 is presented in Table
5.10.

Table 5.10: Acceleration measurements for two blocks for Soil 2
FREQUENCY RESULTS

Frequency increases |amax|base: |amax|block11 |amax|block2 increase

[Amax|biock(ny Values are always greater than the |amaxlbiock(n-1) for
n=2

For a given frequency

|amaxlbiocks Values are always greater than the [amax|pase

|amax|block2/ |amax|block1 ranges between (1-30'0-93)
|[@maxlblockt / [@maxlbase f@anges between (1.13-2.98)

|[@maxlblock2 / [@maxlbase F@NQES between (1.45-2.79)

For larger frequencies
(for 4 Hz - 6 Hz)

|amax|base: |amax|block1 and |amax|block2 values increases rapidly

Increment of |amax|block1 / |amax|base and |amax|block2/ |amax|base is
almost linear

Increment of |amaxlbiock2 / |@max|biockz 1S NOt linear, and decrement
was observed for 4 Hz-6Hz

5.3 Three Blocks Acceleration Measurements (Test 3.1 and Test 3.2)

General view of four accelerometers (Acc 1, Acc 2, Acc 3, Acc 4) used for three blocks tests
for Soil 1- Tests 3.1 and for Soil 2 - Test 3.2 are shown in Figure 5.22.

Acc 4

Backfill Block3 Water

Block2 D Acc3

Blockl D Ac2

7

\

Acc 1

Figure 5.22: General view of three accelerometers
(Acc 1, Acc 2, Acc 3, Acc 4) for three blocks tests

Test 3.1 was carried out with 3 Hz, 4 Hz, 5 Hz, 6 Hz for Soil 1 and Test 3.2 was carried out
and 3 Hz, 4 Hz, 5 Hz for Soil 2. For Soil 2, 6 Hz frequency test was omitted due to the
limitations of the experimental set up and the difficulties faced during the measurements.
Acceleration measurements are presented as an example for Soil 1 in Figure 5.23 and for
Soil 2 in Figure 5.24. Results of acceleration measurements for three blocks for Soil 1 (Test
3.1) and for Soil 2 (Test 3.2) under dynamic loading are presented in APPENDIX F.

5.3.1 Three Blocks, Soil 1: Acceleration Measurements (Test 3.1)

As an example, in Figure 5.23 acceleration measurements for each frequency are presented
as acceleration (g) versus time (second) for the accelerometers placed at the base (Acc 1),
at the Block 1 (Acc 2), at the Block 2 (Acc 3) and at the Block 3 (Acc 4).
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5.3.1.1 Results of Acceleration Measurements (Soil 1)

Maximum accelerations |ana.| recorded at 4 accelerometers (Acc 1 Base, Acc 2 Block 1 and
Acc 3 Block 2, Acc 4 Block 3) for Soil 1 for each frequency (3 Hz - 6 Hz) are presented in
Table 5.11 and Figure 5.24. Ratios between Block 3 / Block 2, Block 2 / Block 1, Block 1 /
Base, Block 3 / Base are also presented in Table 5.12 and Figure 5.25.
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1.0157 g
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Figure 5.23: Acceleration values of base (Acc 1), block 1 (Acc 2) and
block 2 (Acc 3) and block 3 (Acc 4) for 5 Hz (Test 3.1.3)

Table 5.11: Frequency and relations of maximum acceleration measurements of base and
block for Soil 1

Maximum Maximum Maximum Maximum Block
Frequency Base Block 1 Block 2 .
. X . 3 Acceleration
(Hz) Acceleration Acceleration Acceleration ©)
(9) (9) (9)
3 0.13 0.13 0.13 0.13
4 0.27 0.30 0.34 0.43
5 0.38 0.74 1.05 1.02
6 0.58 1.54 1.65 2.43
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Figure 5.24: Maximum acceleration measurements of base and blocks
for 3 Hz - 6 Hz for Soil 1

Table 5.12: Ratios (Block 3/ Block 2, Block 2 / Block 1, Block 1 / Base, Block 3 / Base)
versus frequency for Soil 1

RATIOS
Frequency
(H2) Block 3/ Block 2/ Block 1/ Block 3/
Block 2 Block 1 Base Base
3 1 1 1 1
4 1.26 1.13 1.11 1.59
5 0.97 1.42 1.94 2.68
6 1.47 1.07 2.65 4.20
5
4 y = 0.097%0754
wu T q>qg,y: @ $769%4720
o3 W F-nodnpd
T
x 2 3713
N ® 0o m=p=epBlock 3/ Block 2
1 § 2225
Wy r n cDMWBIockZ/BIockl
0 s Block 1 / Base
0 2 4 6 8
gt Block 3 / Base
Frequency (Hz)

Figure 5.25: Ratios (Block 3/ Block 2, Block 2 / Block 1, Block 1 / Base, Block 3 / Base)
versus frequency for Soil 1

Overall view of the acceleration measurements for three blocks for Soil 1 is presented in
Table 5.13.

Table 5.13: Acceleration measurements for three blocks for Soil 1

FREQUENCY RESULTS

Frequency increases |amax|base: |amax|block11 |amax|block2: |amax|block3 increase

[amaxloiockny Values are generally greater than the |amax|piock(n-1) fOr

3 n=3
For a given frequency

|amaxlbiocks Values are always greater than the |amax|pase

SeolssnEURTCEL RS there is no significant change between |amax|bases |@max|blockes
(fOI’ 3 HZ) |amax|block21 |amaxlblock3
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there is no change of the ratio between |amaxlviocks / |@maxlblockas
|amax|block2/ |amax|block1; |amax|block1 / |amax|base1 |amax|block3/ |amax|base

[&maxlolocks ! 18maxlbiockz @NgeSs between (1.26-0.97)
|amax|block2/ |amax|block1 ranges between (1-13'1-42)
|[@maxlblock / |@maxlbase rANges between (1.11-1.94)
|[@max|block2 / |@maxlbase FaNges between (1.59-2.68)
For larger frequencies
(for 4 Hz -5 Hz) [@maxlbases |@maxlbiock1, |@maxlbiocke @NA [@max|biocks Values increases

rapidly

Increment of |amax|b[ock1 / |amax|_base’ Iamaxlblockz / |amax|base’
|amax|block3/ |amax|base is almost linear

Increment of |amaxlbiocks/ |@max|biocke iS NOt linear, and decrement
was observed after 4 Hz

|amax|base| |amax|block1| |amax|block2 and |amax|block3 values increases
rapidly

for 6 Hz the ratio of |amaxlbiocks / |@maxlblockz iS 1.47

the ratio of |amax|block2/ |amax|block1 is 1.07

the ratio of |amax|block1 / |amax|base is 2.65

5.3.2 Three Blocks, Soil 2: Acceleration Measurements (Test 3.2)

As an example, in Figure 5.26 acceleration measurements for frequencies are presented as
acceleration (g) versus time (second) for the accelerometers placed at the base of the set-up
(Acc 1), at the block 1 (Acc 2), at the block 2 (Acc 3) and on the block 3 (Acc 4) (Figure
5.26).
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Figure 5.26: Acceleration values of base (Acc 1), block 1 (Acc 2) and
block 2 (Acc 3) and block 3 (Acc 4) for 5 Hz (Test 3.2.3)
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5.3.2.1 Results of Acceleration Measurements (Soil 2)
Maximum accelerations |an.| recorded at 4 accelerometers (Acc 1 Base, Acc 2 Block 1 and
Acc 3 Block 2, Acc 4 Block 3) for Sail 2 for each frequency (3 Hz - 5 Hz) are presented in

Table 5.14 and Figure 5.27. Ratios between Block 3 / Block 2, Block 2 / Block 1, Block 1 /

Base, Block 3 / Base are also presented in Table 5.15 and Figure 5.28.

Table 5.14: Frequency and relations of maximum acceleration measurements of base and

blocks for Soil 2

Maximum Maximum Maximum Maximum Block
Frequency Base Block 1 Block 2 .
. X . 3 Acceleration
(Hz) Acceleration Acceleration Acceleration @)
(9) (9) (9)

3 0.12 0.13 0.13 0.16

4 0.25 0.28 0.31 0.47

5 0.40 0.77 0.7 0.98
1.2
1

o
0

e
//
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==@==Max. Block 1 Acceleration
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Figure 5.27: Maximum acceleration measurements of base and blocks
for 3 Hz, 4 Hz, 5 Hz for Soil 2

Table 5.15: Ratios (Block 3/ Block 2, Block 2 / Block 1, Block 1/ Base, Block 3 / Base)
versus frequency for Soil 2

RATIOS
Frequency
(H2) Block3/  Block 2/ Block 1/ Block 3/
Block 2 Block 1 Base Base
3 1.23 1 1.08 1.33
4 1.51 1.10 1.12 1.88
5 1.40 0.91 1.93 2.45
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Figure 5.28: Ratios (Block 3/ Block 2, Block 2 / Block 1, Block 1 / Base, Block 3 / Base)
versus frequency for Soil 1

Overall view of the acceleration measurements for three blocks for Soil 2 is presented in
Table 5.16.

Table 5.16: Acceleration measurements for three blocks for Soil 2

FREQUENCY RESULTS

Frequency increases |amax|base| |amax|block11 |amax|block2| |amax|block3 increase

[amaxlbiock(ny Values are generally greater than the |amaxlviock(n-1) for
n=3

For a given frequency

|amaxlbiocks Values are always greater than the |amax|pase

there is no significant change between [amax|bases |@maxlblocks
|amax|block2: IamaxlblockB for 3 Hz.
For small frequencies

(for 3Hz, 4 Hz) Increment Qf |amax|b,oc_k1 [ |amaxlbase |@maxlblockz ! |@maxlbase |@maxlbiocka
I |amax|base, iS almost linear

|amax|base- |amax|block1 ’ |amax|block2 and Iamaxlblock3 values increases
rapidly

|@maxlblocka / |@maxlbiock2 IS 1.40 , the ratio decreases compared to

: smaller frenquecies
For larger frequencies q

(el 9 Ai2) |amaxlblock2 / |@max|biocks 1S 0.91 , the ratio decreases compared to

smaller frenquecies

Increment of |amax|blo_ck1/ |amax|b_asea |amaxlblock2/ |amax|base:
|@maxlbiocka ! |@max|pase 1S @lmost linear

5.3.3 Summary and Discussion of the Acceleration Measurement

Table 5.17 shows the summary of the acceleration measurements with different frequencies
for Soil 1 and Soil 2 for one block, two blocks and three blocks. Table 5.18, Table 5.19,
Table 5.20 and Table 5.21: [amax| and frequency relations for Soil 1 and Soil 2 for Block 3
(duration is 30 sec.) show the general results of maximum acceleration |ay.,| measurements
for Base, Block 1, Block 2 and Block 3 for each frequency for Soil 1 and for Soil 2,
respectively.
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During the evaluation of the results, the observations given below should be taken into
consideration.

1 During these experiments after 20 sec. test duration, it was observed that as the
frequency increases behavior of the finer backfill (Soil 2) changed totally compared
to coarser material (Soil 1).

1 After 20 sec. which corresponds to approximately 60 sec in prototype, Soil 2
slumped down towards the structure causing higher and irregular acceleration
measurement on the block contrary to Soil 1 behavior.

1 For comparison of the results, a time based was selected as 30 sec. All the
discussions based on 30 sec which is taken as a representative duration for a
devastating earthquake which might be taken as representative of the most critical
condition. For shorter durations the available measurements presented in
APPENDIX F could be used for the any required duration.

Table 5.17: |amax| and frequency relations for Soil 1 and Soil 2 for Base
(duration is 30 sec.)

Frequency increases |amax| iNncreases |amax| iNcreases

For a given frequency, as block number

(n) increases (n=1 to 3) |amax| decreases |amax| decreases

lamax| Values are close to each other for test frequencies.
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Table 5.18: Maximum acceleration [amax| and frequency relations for Soil 1 and Soil 2

FREQ. 2 Hz 3 Hz 4 Hz 5 Hz 6 Hz 3 Hz 4 Hz 5 Hz 6 Hz
A?fg) 0.08 0.16 0.30 0.41 0.57 0.27 0.42 0.60
2&;?2;; 0.08 0.16 0.38 0.67 1.16 0.35 0.54 177
ABCACS_E) 0.07 0.14 0.28 0.40 0.55 0.24 0.41 0.60
BALC%(.:(E)l 0.07 0.14 0.35 0.69 1.14 0.27 0.66 1.79
iLCOC(_:(};)Z 0.07 0.14 0.50 0.81 1.28 0.35 0.70 1.67
Ai'?‘g) 0.13 0.27 0.38 0.58 0.12 0.25 0.40
i&gﬁﬁ;i 0.13 0.30 0.74 1.54 013 0.28 0.77
itgfﬂ;f 0.13 0.34 1.05 1.65 0.13 0.31 0.70
BLOCKS 0.13 0.43 1.02 2.43 0.16 0.47 0.98

ACC.(g)




Table 5.19: |amax and frequency relations for Soil 1 and Soil 2 for Block 1

BLOCK 1

Frequency increases

(duration is 30 sec.)

Soil 1

|amax| iNcreases

Soil 2

|[amax| iNncreases

increases
(2-3-4 Hz for Soil 1)
(4 Hz for Soil 2)

For a given frequency, block number

|amax| decreases

|amax| decreases

increases

For 5 and 6 Hz, block number

|amax| iNcreases

|[amax| iNcreases

For 4 Hz and 5 Hz, in general |ana| Of Soil 1 is greater than |ana| of Soil 2
For 6 Hz |ama] of Soil 1 is smaller than |amax| of Soil 2

Table 5.20: |amax| @and frequency relations for Soil 1 and Soil 2 for Block 2

BLOCK 2

Frequency increases

(duration is 30 sec.)

Soil 1

|amax| iNcreases

Soil 2

|[amax| iNcreases

For 4 Hz, block number increases |amax| decreases |amax| decreases
For 5 Hz, block number increases |amax| iNcreases |[amax| iNncreases
For 6 Hz, block number increases |amax| iNcreases -

For 4 Hz and 5 Hz, in general |ama| Of Soil 1 is greater than |anax| of Soil 2
For 6 Hz |amax| Of Soil 1 is smaller than |ama| of Soil 2

Table 5.21: |amax| @and frequency relations for Soil 1 and Soil 2 for Block 3

BLOCK 3

(duration is 30 sec.)

Frequency increases

|amax| increases

|[amaxlincreases

In general, for 4 Hz and 5 Hz, |an.| measurements are close to each other except 5

Hz, 3 blocks (Block 2)
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In conclusion, increase in frequency means that number of cycles of dynamic loading
increaes which causes an increase in acceleration measurements.

Using Soil 1 (coarser) or Soil 2 (finer) backfill material does not cause significant different in
the behavior of the material during seismic loading between 2 Hz-5 Hz. However, for larger
frequency (6 Hz) this difference becomes significant.

The choice of the backfill material in case of smaller peak ground acceleration depends of

the cost optimization of the material however in case of regions where the seismic loading is
critical then the choice of the coarser backfill material (Soil 1) is recommended.
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CHAPTER 6

PRESENTATION AND DISCUSSION OF THE RESULTS OF
SOIL PRESSURE AND PORE PRESSURE MEASUREMENTS

In Part 1 of this chapter, pore pressure measurements are presented and discussed for one
block, two blocks for each frequency for Soil 1 and Soil 2.

In Part 2 of this chapter, soil pressure measurements are presented and discussed for one
block, two blocks and three blocks for each frequency for Soil 1 and Soil 2.

PART 1
PRESENTATION AND DISCUSSION OF THE RESULTS OF PORE PRESSURE
MEASUREMENTS

General view of two pore pressure cells (Pore P1 and Pore P2) for one block and two blocks
tests for Soil 1 and for Soil 2 are shown in Figure 4.13 and Figure 4.15. Pore pressure
measurements for one block and two blocks for selected frequencies for Soil 1 and Soil 2 are
shown between Figure 6.1i Figure 6.5.
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Figure 6.1: Pore Pressure values of Pore P1 and Pore P2 located at 15 cm and 1 cm for 3
Hz
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Figure 6.2: Pore Pressure values of Pore P1 and Pore P2 located at 12.5 cm and 1 cm for

6 Hz
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Figure 6.3: Pore Pressure values of Pore P1 and Pore P2 located at 12.3 cm and 3 cm for 6

Hz
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Figure 6.4: Pore Pressure values of Pore P1 and Pore P2 located at 28.5 cm and 7.7 cm for
5Hz
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Figure 6.5: Pore Pressure values of Pore P1 and Pore P2 located at 28.4 cm and 11.1 cm
for 4 Hz
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6.1 Results of Pore Pressure Measurements (Soil 1 and Soil 2)

The excess pore pressure has significant effects on soil pressure and horizontal
displacements on block type quay walls under dynamic loading. Kim et al., (2005) stated that
fif the excess pore pressure increases, the backfill soil behaves increasingly like a fluid, thus
the mobility of the soil increasesa Zeng (1998) emphasized that excess pore pressure had a
significant effect both on the angle of backfill wedge and horizontal thrust thus, when excess
pore pressure developed in the backfill, comprehensive numerical procedures should be
made to understand the response of gravity quay walls.

Experimental, numerical and analytical results showed that when permeability increases the
accumulation of excess pore pressure is reduced.

In this study;

- gravel type backfill materials (Soil 1 and Soil 2, see Table 4.2 and Table 4.3) are
used and since gravels are more permeable, significant excess pore pressures
usually do not generate for this kind of backfill. The excess pore pressures occurred
under dynamic loading disappears immediately.

- itis assumed that soil improvement techniques are used for the selected project site
as backfill and foundation where the existing soil conditions are expected to lead to
unsatisfactory performance. Alyami, Rouainia and Wilkinson (2009) found that
fimproving the backfill and the foundation soils reduced the vertical settlement at the
toe of the wall by over 200%, while the horizontal displacement was reduced by over
350%0

According to assumption and studies explained above and the 1 g shaking table tests results
for one block, two blocks and three blocks for Soil 1 and Soil 2 given between Figure 6.1-
Figure 6.5, there is no significant effect of excess pore pressure on block(s). Based on these
results, experiments for pore pressure measurements are not carried out for three blocks.

In conclusion, in this study, effect of excess pore pressure is neglected in accordance with
the technical requirements of backfill properties are selected as Soil 1 and Soil 2.

PART 2
PRESENTATION AND DISCUSSION OF THE RESULTS OF SOIL PRESSURE
MEASUREMENTS

Total saturated soil pressure measurements results are presented and discussed for each
series for Soil 1 and Soil 2 (Table 4.9). 3 Hz tests were omitted for one block and two blocks
and 6 Hz tests were omitted for three blocks due to the limitations of the experimental set up.

6.2 One Blok Soil Pressure Measurements (Test 1.1 and Test 1.2)

General view of two soil pressure cells (SP1 and SP2) for one block tests for Soil 1- Tests
1.1 and for Soil 2 - Test 1.2 are shown in Figure 4.13.

6.2.1 One Blok, Soil 1: Total Saturated Soil Pressure Measurements (Test 1.1)

In Figure 6.6 - Figure 6.10 total saturated soil pressure measurements for each frequency
are presented as soil pressure cells placed at 15 cm below the top of the block (SP1) and 5
cm below the top of the block (SP2) for Soil 1 (Figure 4.13)

Total saturated soil pressure measurements ranges under dynamic loading for 2 Hz i 6 Hz

are shown in Table 6.1 with respect to results of the total saturated soil pressure
measurements given in Figure 6.6 - Figure 6.10 for Soil 1.
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Table 6.1: Total saturated soil pressure measurements ranges
for2 Hz1 6 Hz for Soil 1

Ranges of Total Saturated Soil Pressure
Measurements

Frequency Soil Pressure Cells

o 0.90 kpa i 1.65 kpa
z
SP1 1.86 kpa - 2.40 kpa
SP2 0.65 kpa - 1.93 kpa
SP1 1.57 kpa - 2.88 kpa
SP2 0.59 kpa - 1.88 kpa
SP1 1.81 kpai 3.91 kpa
SP2 0.77 kpa - 1.35 kpa
SP1 1.77 kpai 5.77 kpa
SP2 0.56 kpa - 1.23 kpa
SP1 1.50 kpa i 6.05 kpa
Soil P 1 Soil P 2
2.40 —
- 2.35 7%[\[‘-\ '
0 230 — 2373;1 kPa
i 2.25 — \/
2.20 —
- 215 —
& 210 —
i 2.05 —
»n 2.00 — 1.90781 kPa
1.95 —
1.90 — 1.86239 kPa
_1.85 —
S R S Y
_ 1.5 — 1.61256 kPa
1.4 — YU
R -
i 1o 1.02758 kPa
‘; 1.1 —
2 10 —
0.9 — k

0 5 10 15 20 25 30 35 40

S

Figure 6.6: Total saturated soil pressure measurements for SP1 and SP2 for 2 Hz for Soil 1
(Test1.1.1)
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Figure 6.8: Total saturated soil pressure measurements for SP1 and SP2 for 4 Hz for Soil 1

(Test 1.1.3)
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Figure 6.9: Total saturated soil pressure measurements for SP1 and SP2 for 5 Hz for Soil 1

(Test 1.1.4)
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6.2.1.1 Results of Soil Pressure Cell Measurements (Soil 1)

2 soil pressure cells namely SP1 (placed at 15 cm below the top of the block) and SP2 (5 cm
below the top of the block) were used to define the total saturated soil pressure distribution
acting on block for Soil 1 for each frequency (2 Hz - 6 Hz).

For the frequencies 2 Hz - 6 Hz, the total saturated soil pressure measured for two different
conditions -before dynamic loading and at the end of (after) dynamic loading- are given in
Table 6.2 for Soil 1.

Total saturated soil pressure measurements for before dynamic loading (beginning of the
tests) and after dynamic loading (30 sec, corresponding to the end of the tests) acting on
block for each frequency (2 Hz, 3 Hz, 4 Hz, 5 Hz, 6 Hz) for Soil 1 versus depth relations are
given in Figure 6.12.

Table 6.2: Total saturated soil pressure measurements for different frequencies before and
after dynamic loading for Soil 1

2 Hz

Total Saturated Soil Pressure Measurements (kpa)

0 0.5 1 1.5 2 2.5 3 3.5
0
2
4
§ 6
=1 \ \
o 10
© 12 AN
14 ==¢==Before dynamic loading \ \
16 =@= After dynamic loading ‘. \
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Figure 6.11: Total saturated soil pressure measurements acting on block

for 2, 3, 4, 5, 6 Hz for Soil 1
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As it is seen from the Figure 6.11 and Table 6.2 for Soil 1,

- The total saturated soil pressure measurements increase while depth is increasing
for both before and after dynamic loading for each frequency.

- Total saturated soil pressures measured before dynamic loading almost 1.5 times
larger than the total saturated soil pressures measured after dynamic loading for
SP1. This result shows that compaction of the soil causes increment in relative
density (D,) and increment in relative density (D,) causes decrement in measured
total saturated soil pressures.

- Total saturated soil pressures measured before dynamic loading almost 1.2 times
larger than the total saturated soil pressures measured after dynamic loading for
SP2. This result is not only related to compaction of the soil but also related to
reduced backfill height behind the block.

In the measurements for Soil 1 (D.s50=2.2 cm) sudden decrease of the soil pressure
measurements was observed clearly during the experiments. This was due to sudden
compaction of the soil particles under dynamic loadings within few seconds which changed
the contact points of the pressure cells with the soil particles of the backfill material effecting
the sensitivity of the measurements. Therefore, sudden decrease was disregarded during
the evaluations of test results. In view of the objective of these experiments, soil distribution
on block(s) under dynamic loading were determined successfully by omitting the sudden
decrease on the pressure measurements. This discussion holds true for two and three
blocks soil pressure measurements for Soil 1.

6.2.1.2 One Block- Fluctuating and Non-fluctuating Components of Total Saturated
Soil Pressure Soil 1

There are two components namely, fluctuating and non-fluctuating components (Part 4.2) of
total saturated soil pressure measurements. By using MathCAD software program (Appendix
E), these components were computed. Total saturated soil pressures and fluctuating and
non-fluctuating components are shown between Figure 6.13 T Figure 6.51 these values are
shown for different frequencies Soil 1.

6.2.1.2.1 One Block- Fluctuating and Non-fluctuating Components of Total Saturated
Soil Pressure for 2 Hz for Soil 1

Figure 6.12 - Figure 6.15 show the total saturated soil pressure, non-fluctuating and
fluctuating components of total saturated soil pressure for SP1 for 2 Hz for Soil 1.

2.2

2.15
2.1 l | 14

2.05 == 5

A — —— — —

1.95 —— —
1.9 ! A
1.85

Pressure (kpa)

Total Saturated Soil

0 5 10 15 20 25 30
Time (s)

Figure 6.12: Total saturated soil pressure for SP1 for 2 Hz for Soil 1
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Figure 6.14: Fluctuating components of total saturated soil pressures
for SP1 for 2 Hz for Soil 1

Non-Fluctuating Component of
Total Saturated Soil Pressure

2.2

2.1
= | N\
g A

2 S — ~—
_—
SN
~
~
S
1.9
0 5 10 15 20 25 30
Time (s)

Figure 6.15: Non-fluctuating components of total saturated soil pressures
for SP1 for 2 Hz for Soil 1
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Figure 6.16 - Figure 6.19 show the total soil pressure, non-fluctuating and fluctuating
components of total saturated soil pressure of SP2 for 2 Hz for Soil 1.
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Figure 6.16: Total saturated soil pressures for SP2 for 2 Hz for Soil 1
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Figure 6.17: Total saturated soil pressure, non-fluctuating and fluctuating components of
total saturated soil pressures for SP2 for 2 Hz for Soil 1
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Figure 6.18 : Fluctuating components of total saturated soil pressures
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Figure 6.19: Non-Fluctuating components of total saturated soil pressures
for SP2 for 2 Hz for Soil 1
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6.2.1.2.1.1 One Block- Fluctuating and Non-Fluctuating Components of Total Lateral
Soil Pressure for 3 Hz for Soil 1

Figure 6.20 - Figure 6.23 show the total saturated soil pressure, non-fluctuating and
fluctuating components of total saturated soil pressure of SP1 for 3 Hz for Soil 1.
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o g . : : : : 1 1 1 | 1 1 1 i s
2 é P 5 8l
T, 24
S5 —
B2 19 —
v g
TR A | | | | | | | | |
S D. 14 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
23 0 5 10 15 20 25 30

o Time (s)

Figure 6.20: Total saturated soil pressures for SP1 for 3 Hz for Soil 1
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Figure 6.21: Total saturated soil pressures, non-fluctuating and fluctuating components of
total saturated soil pressures for SP1 for 3 Hz for Soil 1
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Figure 6.22: Fluctuating components of total saturated soil pressures
for SP1 for 3 Hz for Soil 1
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Figure 6.23: Non-fluctuating components of total saturated soil pressures
for SP1 for 3 Hz for Soil 1
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Figure 6.24-Figure 6.27 show the total saturated soil pressures, non-fluctuating and
fluctuating components of total saturated soil pressures of SP2 for 3 Hz for Soil 1.
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Figure 6.24: Total saturated soil pressures for SP2 for 3 Hz for Soil 1
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Figure 6.25: Total soil pressures, non-fluctuating and fluctuating components of total
saturated soil pressures for SP2 for 3 Hz for Soil 1
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Figure 6.26: Fluctuating components of total saturated soil pressures
for SP2 for 3 Hz for Soil 1
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Figure 6.27: Non-fluctuating components of total saturated soil pressures
for SP2 for 3 Hz for Soil 1
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6.2.1.2.1.2 One Block- Fluctuating and Non-Fluctuating Components of Total
Saturated Soil Pressure for 4 Hz for Soil 1

Figure 6.28-Figure 6.31 show the total saturated soil pressures, non-fluctuating and
fluctuating components of total saturated soil pressures of SP1 for 4 Hz for Soil 1.
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Figure 6.28: Total saturated soil pressures for SP1 for 4 Hz for Soil 1
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Figure 6.29: Total saturated soil pressures, non-fluctuating and fluctuating components of
total saturated soil pressures for SP1 for 4 Hz for Soil 1
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Figure 6.30: Fluctuating components for total saturated soil pressures
for SP1 for 4 Hz for Soil 1
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Figure 6.31: Non-fluctuating components of total saturated soil pressures
for SP1 for 4 Hz for Soil 1
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Figure 6.32-Figure 6.35 show the total saturated soil pressures, non-fluctuating and

fluctuating components of total saturated soil pressures of SP2 for 4 Hz for Soil 1.
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Figure 6.32: Total saturated soil pressures for SP2 for 4 Hz for Soil 1
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Figure 6.33: Total saturated soil pressures, non-fluctuating and fluctuating components of

total saturated soil pressures for SP2 for 4 Hz for Soil 1
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Figure 6.34: Fluctuating components for total saturated soil pressures
for SP1 for 4 Hz for Soil 1
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Figure 6.35: Non-fluctuating components of total saturated soil pressures
for SP2 for 4 Hz for Soil 1
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6.2.1.2.1.3 One Block- Fluctuating and Non-Fluctuating Components of Total Lateral
Soil Pressure for 5 Hz for Soil 1

Figure 6.36-Figure 6.39 show the total saturated soil pressures, non-fluctuating and
fluctuating components of total saturated soil pressures of SP1 for 5 Hz for Soil 1.
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Figure 6.36: Total saturated soil pressures for SP1 for 5Hz for Soil 1
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Figure 6.37: Total saturated soil pressures, non-fluctuating and fluctuating components of
total saturated soil pressures for SP1 for 5 Hz for Soil 1
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Figure 6.38: Fluctuating components for total saturated soil pressures
for SP1 for 5 Hz for Soil 1
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Figure 6.39: Non-fluctuating components for total saturated soil pressures
for SP1 for 5 Hz for Soil 1

Figure 6.40-Figure 6.43 show the total saturated soil pressures, non-fluctuating and
fluctuating components of total saturated soil pressures of SP2 for 5 Hz for Soil 1.
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Figure 6.40: Total saturated soil pressures for SP2 for 5 Hz for Soil 1
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Figure 6.41: Total saturated soil pressures, non-fluctuating and fluctuating components of

total saturated soil pressures for SP2 for 5 Hz for Soil 1
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Figure 6.42: Fluctuating components of total saturated soil pressures
for SP2 for 5 Hz for Soil 1
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Figure 6.43: Non-fluctuating components of total saturated soil pressures
for SP2 for 5 Hz for Soil 1
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6.2.1.2.1.4 One Block- Fluctuating and Non-Fluctuating Components of Total Lateral
Soil Pressure for 6 Hz for Soil 1

Figure 6.44 - Figure 6.47 show the total saturated soil pressures, non-fluctuating and
fluctuating components of total saturated soil pressures of SP1 for 6 Hz for Soil 1.
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Figure 6.44: Total saturated soil pressures of SP1 for 6 Hz for Soil 1
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Figure 6.45: Total saturated soil pressures, non-fluctuating and fluctuating components of
total saturated soil pressures for SP1 for 6 Hz for Soil 1
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Figure 6.46: Fluctuating components of total saturated soil pressures
for SP1 for 6 Hz for Soil 1
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Figure 6.47: Non-fluctuating component s of total saturated soil pressures
for SP1 for 6 Hz for Soil 1
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Figure 6.48 - Figure 6.51 show the total saturated soil pressures, non-fluctuating and
fluctuating components of total saturated soil pressures of SP2 for 6 Hz for _Soil 1.
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Figure 6.48: Total saturated soil pressures of SP1 for 6 Hz for Soil 1
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Figure 6.49: Total saturated soil pressures, non-fluctuating and fluctuating components of
total saturated soil pressures for SP2 for 6 Hz for Soil 1
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Figure 6.51: Non-fluctuating components of total saturated soil pressures
for SP2 for 6 Hz for Soil 1

108



6.2.1.2.1.5 Maximum Fluctuating Components of Total Saturated Soil Pressures for
Soil 1

For the determination of the application point of the soil pressure under dynamic loading,
maximum fluctuating component was taken as a reference. Relation between maximum
fluctuating components of total saturated soil pressures and depth for each frequency are
shown in Table 6.3 and Figure 6.52 for Soil 1.

Table 6.3: Maximum fluctuating components of total saturated soil pressures and before
dynamic loading pressure measurements for SP1 and SP2 for Soil 1
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1.74 0.26
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Figure 6.52: Relation between maximum fluctuating components of total saturated soil
pressures and depth for Soil 1
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As it is seen from Table 6.3 and Figure 6.52 for Soil 1;

Maximum fluctuating components of total saturated soil pressures increase while
depth is increasing for 3, 4, 5 and 6 Hz. Only for 2 Hz, maximum fluctuating
components of total saturated soil pressures decrease while depth is increasing
since block cannot move during dynamic loading.

The maximum fluctuating components of total saturated soil pressure of SP1, placed
at the bottom side of the block, increases almost linearly (Figure 6.53).
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Figure 6.53: Maximum fluctuating components of total saturated soil pressures
for SP1 vs. frequency for Soil 1

However, the maximum fluctuating components of total saturated soil pressure of
SP2, placed at the upper side of the block, does not show same trend with SP1
(Figure 6.54). This situation can be explained by the gradual increase of
displacements measured on the block during dynamic loading, especially after 4 Hz.
Height of the backfill behind the block decreases and the total saturated soil
pressures and also fluctuating components of total saturated soil pressure
decreases.
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Figure 6.54: Maximum fluctuating components of total saturated soil pressure for SP2 vs.

frequency for Soil 1

6.2.1.2.1.6 Maximum Non-Fluctuating Components of Total Saturated Soil Pressures
for Soil 1

Relation between maximum non-fluctuating components of total saturated soil pressures and
depth for each frequency are shown in Table 6.4 and Figure 6.55.
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Table 6.4: Maximum non-fluctuating components of total saturated soil pressures and before
dynamic loading pressure measurements for SP1 and SP2 for Soil 1
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Figure 6.55: Maximum non-fluctuating components of total saturated soil pressure and total
saturated soil pressure before dynamic loading for Soil 1

As it is seen from Table 6.4 and Figure 6.55 for Soil 1;

- Maximum non-fluctuating components of total saturated soil pressures and the total

saturated soil pressures before dynamic loading increase while depth and frequency
is increasing.
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- Maximum non-fluctuating components of total saturated soil pressures are greater
than the total saturated soil pressure before dynamic loading for 4 Hz, 5 Hz and 6
Hz.

- Maximum non-fluctuating components of total saturated soil pressures are smaller
than the total saturated soil pressure before dynamic loading for 2 Hz and 3 Hz. That
is simply because no maotion is observed on block for 2 Hz and 3 Hz.

6.2.2 One Blok, Soil 2: Total Saturated Soil Pressure Measurements (Test 1.2)

General view of two soil pressure cells (SP1 and SP2) for one block tests for Soil 2- Tests
1.2 is shown in Figure 4.13. In Figure 6.56 - Figure 6.58 soil pressure measurements for
each frequency are presented as soil pressure cells placed at 15 cm below the top of the
block (SP1) and 5 cm below the top of the block (SP2) (Figure 4.13). As it is seen from the
Figure 6.56 - Figure 6.58, soil pressure measurements ranges for 4 Hz i 6 Hz are shown in
Table 6.5 for Soil 2.

Table 6.5: Total saturated soil pressure measurements ranges for 2 Hz i 6 Hz for Soil 2

Soil Pressure Ranges of Total Saturated Soil
Cells Pressure Measurements

Frequency

1.61 kpa - 2.65 kpa
SP2 0.50 kpa i 1.08 kpa
SP1 1.64 kpa i 2.35 kpa
SP2 0.45 kpa i 0.72 kpa
SP1 1.50 kpa'i 6.05 kpa
SP2 0.56 kpa - 1.23 kpa
SoilP 1 Soil P 2
- 2.6 — 2.64596 kPa
® 25 —
x 2.4 —
T 23
- 2.2 —
a 2.1 — 2.03273 kPa 1.97271 kPa
E 2.0 —
0w 1.9 —
1.8 —|
1.7 — 1l.61P36 KPa
Vd
— 1.05 — \1 o7fsg2 Hp
; 1.00 —
x 0.95 —
~ 0.90 —

0.85 | 0.82899 kPa
0.80 —

0.75 — 0.68136 kPa
0.70 — A/\Ai/\/—w\ﬁ
0.65 —f

0.53373 kPa

S oil P 2

I I I I I I I
0 5 10 15 20 25 30 35 40

Figure 6.56: Soil pressure measurements for SP1 and SP2 for 4 Hz
for Soil 2 (Test 1.2.1)
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Figure 6.57: Soil pressure measurements for SP1 and SP2 for 5 Hz

for Soil 2 (Test 1.2.2)
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Figure 6.58: Soil pressure measurements for SP1 and SP2 for 6 Hz

for Soil 2 (Test 1.2.3)
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6.2.2.1 Results of Soil Pressure Measurements (Soil 2)

2 soil pressure cells namely SP1 (located at the bottom of the block) and SP2, (located at
the top of the block) were used to define the total saturated soil pressure distribution acting
on block for Soil 2 for each frequency (4 Hz - 6 Hz).

For the frequencies 4 Hz - 6 Hz, the total saturated soil pressure measured for two different
conditions - before dynamic loading and at the end of (after) dynamic loading - are given in
Table 6.6 for Soil 2.

Table 6.6: Total saturated soil pressure measurements for different frequencies before and
after dynamic loading for Soil 2

Total saturated soil pressure measurements for before dynamic loading and after dynamic
loading acting on block for each frequency (4 Hz, 5 Hz, 6 Hz) for Soil 2 versus depth
relations are given in

Figure 6.59.

In contrary to Soil 1 (coarser material), for Soil 2 (finer material), there is no significant
sudden decrease are observed within a few seconds on total saturated soil pressure
measurements obtained before dynamic loading.

As it is seen from the
Figure 6.59 and Table 6.6, for Soil 2;

- The total saturated soil pressure measurements increase while depth is increasing
for both before and after dynamic loading for each frequency.

- Total saturated soil pressures measured before dynamic loading almost same with
total saturated soil pressures measured after dynamic loading for Soil 2.

- Total saturated soil pressures measured before dynamic loading slightly larger than
the total saturated soil pressures measured after dynamic loading for SP1.

- Total saturated soil pressures measured before dynamic loading larger than the total
saturated soil pressures measured after dynamic loading for SP2. This result is not
only related to compaction of the soil but also related to decrement of backfill height
behind the block.
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Figure 6.59: Saturated soil pressure measurements acting on block
for 4, 5, 6 Hz for Soil 2
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6.2.2.2 One Block- Fluctuating and Non-fluctuating Components of Total Saturated
Soil Pressures for Soil 2

Total saturated soil pressures, fluctuating and non-fluctuating components of total saturated
soil pressures are shown between Figure 6.60 - Figure 6.83 these values are shown for
different frequencies for Soil 2.

6.2.2.2.1 One Block- Fluctuating and Non-fluctuating Components of Total Saturated
Soil Pressure for 4 Hz for Soil 2

Figure 6.601 Figure 6.63 show the total saturated soil pressures, non-fluctuating and
fluctuating components of total saturated soil pressures of SP1 for 4 Hz for_Soil 2.
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Figure 6.60: Total saturated soil pressure for SP1 for 4 Hz for Soil 2
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Figure 6.61: Total saturated soil pressure, non-fluctuating and fluctuating components of
total saturated soil pressure for SP1 for 4 Hz for Soil 2
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Figure 6.62: Fluctuating components of total saturated soil pressures
for SP1 for 4 Hz for Soil 2
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Figure 6.63: Non-fluctuating components of total saturated soil pressures
for SP1 for 4 Hz for Soil 2
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Figure 6.64 - Figure 6.67 show the total saturated soil pressures, non-fluctuating and
fluctuating components of total saturated soil pressures of SP2 for 4 Hz for _Soil 2.

— 1.2 T e e e e, ———
o 1 . ———— b —.
U)A — 1 ;|
8;3_ 08 |—
5: 0.6
35 0.4
§§ 0.2
sz O
IE 0 5 10 15 20 25 30 35 40
Time (s)
Figure 6.64: Total saturated soil pressures for SP2 for 4 Hz for Soil 2
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Figure 6.65: Total saturated soil pressure, non-fluctuating and fluctuating components of
total saturated soil pressures for SP2 for 4 Hz for Soil 2
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Figure 6.66: Fluctuating components of total saturated soil pressures
for SP2 for 4 Hz for Soil 2
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Figure 6.67: Non-fluctuating components of total saturated soil pressures
for SP2 for 4 Hz for Soil 2
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6.2.2.2.2 One Block- Fluctuating and Non-Fluctuating Components of Total Soil
Pressure for 5 Hz for Soil 2

Figure 6.68 - Figure 6.71 show the total saturated soil pressures, non-fluctuating and
fluctuating components of total saturated soil pressures of SP2 for 5 Hz for _Soil 2.
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Figure 6.68: Total saturated soil pressures for SP1 for 5 Hz for Soil 2
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Figure 6.69: Total saturated soil pressure, non-fluctuating and fluctuating components of
total saturated soil pressures for SP1 for 5 Hz for Soil 2
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Figure 6.70: Fluctuating components of total saturated soil pressures
for SP1 for 5 Hz for Soil 2
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Figure 6.71: Non-fluctuating components of total saturated soil pressures for SP1 for 5 Hz
for Soil 2
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Figure 6.72 - Figure 6.75 show the total saturated soil pressures, non-fluctuating and
fluctuating components of total saturated soil pressures of SP2 for 5 Hz for _Soil 2.
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Figure 6.72: Total saturated soil pressures for SP2 for 5 Hz for Soil 2
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Figure 6.73: Total saturated soil pressure, non-fluctuating and fluctuating components of
total saturated soil pressures for SP2 for 5 Hz
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Figure 6.74: Fluctuating components of total saturated soil pressures
for SP2 for 5 Hz
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Figure 6.75: Non-fluctuating components of total saturated soil pressures for SP2 for 5 Hz
for Soil 2
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6.2.2.2.3 One Block- Fluctuating and Non-Fluctuating Components of Total Soil
Pressure for 6 Hz for Soil 2

Figure 6.76 - Figure 6.79 show the total saturated soil pressures, non-fluctuating and
fluctuating components of total saturated soil pressures of SP1 for 6 Hz for _Soil 2.
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Figure 6.76: Total saturated soil pressures for SP1 for 6 Hz for Soil 2
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Figure 6.77: Total saturated soil pressure, non-fluctuating and fluctuating components of

total saturated soil pressures for SP1 for 6 Hz for Soil 2
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for SP1 for 6 Hz for Soil 2
T 3 SEEE
c) - — |
EP3T 25
g5 N x i
2285 2
ccog -
208>
C§59 15
5252
2Eva 1
o 0 5 10 15 20 25 30 35 40
Time (s)

Figure 6.79: Non-fluctuating components of total saturated soil pressures
for SP1 for 6 Hz for Soil 2
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Figure 6.80 - Figure 6.83 show the total saturated soil pressures, non-fluctuating and
fluctuating components of total saturated soil pressures of SP2 for 6 Hz for _Soil 2.
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Figure 6.80: Total saturated soil pressures for SP2 for 6 Hz for Soil 2
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Figure 6.81: Total saturated soil pressure, non-fluctuating and fluctuating components of
total saturated soil pressures for SP2 for 6 Hz for Soil 2
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Figure 6.83: Non - fluctuating components of total saturated soil pressures
for SP2 for 6 Hz for Soil 2
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6.2.2.2.3.1 Maximum Fluctuating Components of Total Saturated Soil Pressures for
Soil 2

Relation between maximum fluctuating components of total saturated soil pressures and
depth for each frequency are shown in Table 6.7 and Figure 6.84 for Soil 2.

Table 6.7: Maximum fluctuating components of total saturated soil pressures and before
dynamic loading pressure measurements for SP1 and SP2 for Soil 2

4 Hz
Max. fluctuating component of total saturated
soil pressure measurements (kpa)

5Hz
Max. fluctuating component of total saturated
soil pressure measurements (kpa)
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Figure 6.84: Relation between maximum fluctuating component of total saturated soil
pressure versus depth for Soil 2

As it is seen from Table 6.7i Figure 6.84 for Soil 2;
- Maximum fluctuating components of total saturated soil pressures increase while
depth is increasing for 4, 5 and 6 Hz.
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6.2.2.2.3.2 Maximum Non-Fluctuating Components of Total Saturated Soil Pressures
for Soil 2

Relation between maximum non-fluctuating components of total saturated soil pressures and
depth for each frequency are shown in Table 6.8 and Figure 6.85.

Table 6.8: Maximum non- fluctuating components of total saturated soil pressures and
before dynamic loading pressure measurements for SP1 and SP2 for Soil 2

2.03 2.13 0.83 0.85
1.75 2.08 0.66 0.66
2.03 2.75 0.78 0.77

As it is seen from Table 6.8 and Figure 6.85 for Soil 2;

- Maximum non-fluctuating components of total saturated soil pressures and the total
saturated soil pressures before dynamic loading increase while depth and frequency
is increasing.

- Maximum non-fluctuating components of total saturated soil pressures are greater
than the total saturated soil pressure before dynamic loading for 4 Hz, 5 Hz and 6
Hz.
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Figure 6.85: Maximum non-fluctuating components of total saturated soil pressure and total
saturated soil pressure before dynamic loading for Soil 2
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6.3 Two Blocks, Soil 1: Soil Pressure Measurements (Test 2.1 and Test 2.2)
Soil pressure measurements and results are presented for each series for Soil 1 with 5 tests
(2 Hz, 3 Hz, 4 Hz, 5 Hz, 6 Hz) and for Soil 2 with 3 tests (4 Hz, 5 Hz, 6 Hz) for two blocks.

General view of four soil pressure cells (SP1, SP2, SP3, and SP4) for two blocks tests for
Soil 1- Tests 2.1 and for Soil 2 - Test 2.2 are shown in Figure 6.86.
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Figure 6.86: General view of four soil pressure cells (SP1, SP2, SP3, and SP4) and pore
pressure cells (PP1, PP2) for two blocks tests for Soil 1 and Soil 2

6.3.1 Two Blocks, Soil 1: Soil Pressure Measurements (Test 2.1)

In Figure 6.88 - Figure 6.92 total saturated soil pressure measurements for each frequency
are presented as soil pressure cells placed at 5 cm -15 cm below the top of the Block 2 (SP4
and SP3) and 25 cm i 35 cm below the top of the Block 2 (SP2 and SP1) (Figure 6.86).

Figure 6.87Figure 6.87 show the general view of the experiment set up of the two blocks
tests for Soil 1.

Figure 6.87: Block, instruments, dummies and Soil 1

As it is seen from the Figure 6.88 - Figure 6.92, total saturated soil pressure measurements
ranges under dynamic loading for 2 Hz 1 6 Hz are shown in Table 6.9 for Soil 1.
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Table 6.9: Total saturated soil pressure measurements ranges for
2 Hzi 6 Hz for Soil 1

Frequency Soil Pressure Ranges of Total Saturated Soil
Cells Pressure Measurements
SP1 459 kpai 5.04 kpa
SP2 3.60 kpai 3.76 kpa
SP3 2.03 kpa i 2.43 kpa
SP4 0.90 kpai 1.32 kpa
SP1 4.11 kpa i 4.87 kpa
SP2 3.17 kpai 3.93 kpa
SP3 1.68 kpa i 2.23 kpa
SP4 0.81 kpai 1.28 kpa
SP1 7.54 kpa i 3.66 kpa
SP2 2.85kpai 4.47 kpa
SP3 1.59 kpa i 3.45 kpa
SP4 0.60 kpa i 1.42 kpa
SP1 3.63 kpa i 5.98 kpa
SP2 2.68 kpa 1 6.84 kpa
SP3 1.37 kpa i 4.07 kpa
SP4 0.63 kpai 1.64 kpa
SP1 3.74 kpai 5.72 kpa
SP2 2.67 kpa 1 4.82 kpa
SP3 1.37 kpai 4.66 kpa
SP4 0.49 kpa i 1.07 kpa
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Figure 6.88: Soil pressure measurements for SP1, SP2, SP3 and SP4 for 2 Hz
for Soil 1 (Test 2.2.1)
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Figure 6.89: Soil pressure measurements for SP1, SP2, SP3 and SP4 for 3 Hz

for Soil 1 (Test 2.2.2)
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Figure 6.90: Soil pressure measurements for SP1, SP2, SP3 and SP4 for 4 Hz for Soil 1
(Test 2.2.3)
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Figure 6.91: Soil pressure measurements for SP1, SP2, SP3 and SP4 for 5 Hz for Soil 1
(Test 2.2.4)
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Figure 6.92: Soil pressure measurements for SP1, SP2, SP3 and SP4 for 6 Hz
for Soil 1 (Test 2.2.5)

6.3.1.1 Results of Soil Pressure Measurements (for Soil 1)

4 soil pressure cells namely SP1 and SP2, located on the Block 1, and SP3 and SP4,
located on the Block 2, were used to define the total saturated soil pressure distribution
acting on two blocks for Soil 1 for each frequency (2 Hz - 6 Hz).

For the frequencies 2 Hz - 6 Hz, the total saturated soil pressure measured for two different
conditions - before dynamic loading and at the end of (after) dynamic loading - are given in
Table 6.10.

Total saturated soil pressure measurements for before dynamic loading and after dynamic
loading acting on blocks for each frequency (2 Hz, 3 Hz, 4 Hz, 5 Hz, 6 Hz) for Soil 1 versus
depth relations are given in Figure 6.93.

As it is seen from the Figure 6.93 and Table 6.10 for Soil 1;

The total saturated soil pressure measurements increase while depth is increasing
for both before and after dynamic loading for each frequency.

Total saturated soil pressure measurements for both before and after dynamic
loading are almost same and these values increase while depth is and frequency are
increasing for 2 Hz and 3 Hz,

If the final pressures are compared, the pressure values for before dynamic loading
is greater than the pressure values for after dynamic loading for 4 Hz, 5 Hz and 6
Hz.

Total saturated soil pressures measured before dynamic loading is almost 1.3 times
larger than the total saturated soil pressures measured after dynamic loading for
SP2. This result is not only related to compaction of the soil but also related to
decrement of backfill height behind the block.

There is no significant difference between the before and after measurements of
total saturated soil pressure for SP 1, SP 2 and SP3.
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Table 6.10: Total saturated soil pressure measurements for different frequencies before and
after dynamic loading

Before Dynamic Loading After Dy_namic Ratio

(kpa) Loading
(kpa)

4.73 4.86 0.97
3.74 3.65 1.02
2.37 2.08 1.14
1.22 0.99 1.23
4.63 4.74 0.98
3.57* 3.73 0.96
2.14* 1.95 1.10
1.27 0.81 1.57
5.69* 4.83 1.18
3.35 3.63 0.92
1.89 2.46 0.77
1.09 0.9 1.21
5.85* 4.09 1.17
4.67* 5.49 0.85
1.72 3.17 0.54
0.65 1.15 0.57
4.00 3.96 1.01
3.17 3.61 0.88
1.62 1.66 0.98
0.68 0.53 1.28

* sudden decrease is observed in measurements.

In case of two blocks experiments, sudden changes were observed during the
measurements as explained for one block case.

129



2 Hz

Total Saturated Soil Pressure Measurements (kpa)
0 1 2 3 4 5 6

0 .X
10
20

30 == Before dynamic loading \.
40 | =—m=After dynamic loading

3 Hz

Total Szi\turated Soié Pressure l\geasuremen}rs (kpa)

depth (cm)

0 6
j__: 10
o 20
©
30
40 =@— After dynamic loading
4 Hz
Total Saturated Soil Pressure Measurements (kpa)
0 1 2 3 4 5 6
€ 0
"
< 10
g \.\
3 20

30 =¢==Before dynamic loading $ '

40 == After dynamic loading
5Hz

Total Saturated Soil Pressure Measurements (kpa)
0 1 2 3 4 5 6

e~
20 CN————

30 erore dynamic loading
40 | == After dynamic loading

depth (cm)

6 Hz

Total Saturated Soil Pressure Measurements (kpa)

0 1 2 3 4 5 6

’g 0 .\
~ 10
=
S 20
T

30

40 | =m=After dynamic loading

Figure 6.93: Total saturated soil pressure measurements acting on Block 1 and Block 2 for
2,3,4,5, 6 Hzfor Soil 1
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