University of Maribor Press




ACTA
l [ ) .‘ ..9 GEOTECHNICA
SLOVENICA

Ustanovitelji

Univerza v Mariboru, Fakulteta za gradbenistvo, prometno
inZenirstvo in arhitekturo

University of Maribor, Faculty of Civil Engineering, Transporta-
tion Engineering and Architecture

Univerza v Ljubljani, Fakulteta za gradbenistvo in geodezijo
University of Ljubljana, Faculty of Civil and Geodetic Engineering

Univerza v Ljubljani, Naravoslovnotehniska fakulteta
University of Ljubljana, Faculty of Natural Sciences and Engineering

Slovensko geotehnisko drustvo
Slovenian Geotechnical Society

Drustvo za podzemne in geotehniske konstrukcije
Society for Underground and Geotechnical Constructions

Izdajatelj

Univerza v Mariboru, Fakulteta za gradbenistvo, prometno
inZenirstvo in arhitekturo

Faculty of Civil Engineering, Transportation Engineering and
Architecture

Odgovorni urednik

Borut Macuh University of Maribor
Tehnicna urednica
Tamara Bracko University of Maribor

Jakob Likar Geoportal d.o.o.

Janko Logar University of Ljubljana
Primoz Jelusi¢ University of Maribor
Stanislav Skrabl University of Maribor
Goran Vizintin University of Ljubljana
Bojan Zlender University of Maribor

Posvetovalni uredniki

Heinz Brandl Vienna University of Technology
Chandrakant. S. Desai University of Arizona

Bojan Majes University of Ljubljana

Pedro Seco e Pinto National Laboratory of Civil Eng,

Lektor

Paul McGuiness

Naklada

200 izvodov - issues

ena

I

25 EUR/letnik - 25 EUR/vol,; (50 EUR for institutions/za institucije)

=1
77
=

Design Studio d.o.o.

ISSN: 1854-0171

UredniSki odbor

Marx Ferdinand Ahlinhan National University in Abomey
Amin Barari Aalborg University

Theodoros Hatzigogos ~ Aristotle University of Thessaloniki
IRGO-Ljubljana

Technical University Darmstadt

The University of New South Wales,
Sydney

Vojkan Jovici¢
Rolf Katzenbach
Nasser Khalili

Svetlana Melentijevic ~ Complutense University of Madrid
Seyed Hamed Mirmoradi Federal University of Rio de Janeiro
Ana Petkoviek

Borut Petkovsek

University of Ljubljana

Slovenian National Building and
Civil Engineering Institute

Mihael Ribici¢

César Sagaseta

University of Ljubljana
University of Cantabria

Patrick Selvadurai McGill University

Stephan Semprich University of Technology Graz

Devendra Narain Singh Indian Institute of Technology,
Bombay

Abdul-Hamid Soubra  University of Nantes

Kiichi Suzuki

Antun Szavits-Nossan ~ University of Zagreb

Saitama University

Kosta Urumovi¢ Croatian geological survey

Ivan Vanicek

Univerzitetna zalozba University of Maribor Press
Univerze v Mariboru
Slomskov trg 15,

2000 Maribor, Slovenija

e-posta: zalozba@um.si,
http://press.um.si/,
http://journals.um.si/

Naslov uredniStva

ACTA GEOTECHNICA SLOVENICA

Univerza v Mariboru, Fakulteta za gradbenistvo, prometno
inZenirstvo in arhitekturo

Smetanova ulica 17, 2000 Maribor, Slovenija

Telefon / Telephone: +386 (0)2 22 94 300

Faks / Fax: +386 (0)2 25 24 179

E-posta / E-mail: ags@um.si

Spletni naslov

http://www.fg.uni-mb.si/journal-ags/

Czech Technical University in Prague

Slomskov trg 15,
2000 Maribor, Slovenia
e-mail: zalozba@um.si,

http://press.um.si/,
http://journals.um.si/

Revija redno izhaja dvakrat letno. Clanki v reviji so recenzirani s stra-
ni priznanih mednarodnih strokovnjakov. Baze podatkov v katerih
je revija indeksirana: SCIE - Science Citation Index Expanded, JCR

- Journal Citation Reports / Science Edition, ICONDA - The inter-
national Construction database, GeoRef. Izid publikacije je finan¢no
podprla Javna agencija za raziskovalno dejavnost Republike Slovenije

iz naslova razpisa za sofinanciranje domacih periodi¢nih publikacij.

The journal is published twice a year. Papers are peer reviewed

by renowned international experts. Indexation data bases of the
journal: SCIE - Science Citation Index Expanded, JCR - Journal
Citation Reports / Science Edition, ICONDA- The international
Construction database, GeoRef. The publication was financially
supported by Slovenian Research Agency according to the Tender
for co-financing of domestic periodicals.




H. Zhang in drugi

Analiza razmika med piloti iz zagatnic in
zemeljskega tlaka na podlagi modela
zemljinskega prostorskega locnega ucinka

P S. Oztiirk Kardogan in drugi

Analiza stabilnosti plazu, ki temelji
na analizi mejnega ravnotezja,
Studija primera

M. Kamalzare in drugi

Potresna ocena sistemov nasipov
v juzni Kalifornijii

S. H. Ali Shah in drugi

Predviden vpliv preperevanja na
primernost granita za stabilizacijo
gline

Ozdemir and Z. N. Kurt Albayrak

Trdnost in lastnosti zamrzovanja in
odmrzovanja gline z dodano pSeni¢no
slamo

L. Zhou in Y. Zhao

Ucinki nezanesljivosti hidravlicnih
lastnosti na analize pronicanja
infiltracije dezevnice

K. B. Bozdogan and M. Mahmudi

IzraGun osnovne naravne frekvence
podpornih zidov, vklju€no z ucinki
strizne deformacije

Navodila avtorjem

H. Zhang et al.

Analysis of the pile spacing and earth
pressure of sheet pile walls based on
the spatial soil arching model

P S. Oztiirk Kardogan et al.

Landslide stability based on a
limit-equilibrium analysis: a case
study

M. Kamalzare et al.

Seismic assessment of the
levee systems in Southern
California

S. H. Ali Shah et al.

The effect of weathering on the
appropriateness of granite for clay
stabilization

B. Ozdemir and Z. N. Kurt Albayrak

Strength and freeze-thawing properties
of wheat-straw-added clay

L. Zhou and Y. Zhao

Effects of uncertainty in the hydraulic
properties for the seepage analyses of
rainwater infiltration

K. B. Bozdogan and M. Mahmudi

Calculating the fundamental natural
frequency of retaining walls, including
shear-deformation effects

Instructions for authors

Acta Geotechnica Slovenica, 2022/1

2

88



H. Zhang et al.: Analysis of the pile spacing and earth pressure of sheet pile walls based on the spatial soil arching model

ANALYSIS OF THE PILE
SPACING AND EARTH PRES-
SURE OF SHEET PILE WALLS
BASED ON THE SPATIAL SOIL
ARCHING MODEL

ANALIZA RAZMIKA MED PILOTI
2 ZAGATNIC IN ZEMELJSKEGA
TLAKA NA PODLAGI MODELA
/EMLJINSKEGA PROSTOR-
SKEGA LOCNEGA UCINKA

Hongbo Zhang

Shandong University,

School of Qilu Transportation
Jinan 250061, PR. China

E-mail: zhanghongbo@sdu.edu.cn

Mingpeng Liu

Xiaoliang Li Xiaowei Liu

Shandong University,

School of Qilu Transportation
Jinan 250061, PR. China
E-mail: 1398404100@qg.com

Zhikun Liu

Shandong University,

School of Qilu Transportation
Jinan 250061, PR. China
E-mail: 1392738429@qgq.com

Jianqing Wu (corresponding author)

Shandong Hi-Speed Group Co., Ltd.

Jinan 250101, PR. China
E-mail: lixiaoliang_sd@163.com

Shandong Provincial Communications Plan-
ning and Design Institute Co., Ltd.

Jinan 250031, PR. China

E-mail: liuxiaowei_sdh@163.com

Shandong University,

School of Qilu Transportation
Jinan 250061, PR. China

E-mail: jiangingwusdu@sdu.edu.cn

Xiuguang Song

Shandong University,

School of Qilu Transportation
Jinan 250061, PR. China

E-mail: songxiuguang@sdu.edu.cn

IELIN https://doi.org/10.18690/actageotechslov. 19.1.2-16.2022

soil arching effect, spatial soil arching model, pile
spacing, earth pressure, sheet pile walls

Abstract

Soil arching effect is an important premise for which sheet
pile walls can exert strong retaining abilities. It has previo-
usly been found that the spacing of the piles and the earth
pressure are two important factors to consider in the desi-
gning of sheet pile walls and are closely related to the soil
arching effect. This research proposed a spatial soil arching
model according to the limit equilibrium theory and soil
yielding criterion. An innovative method of pile spacing
calculation was developed based on the proposed model.
In addition, when cohesion was considered in the proposed
spatial soil arching model, it was observed that the current
method for earth pressure estimation on retaining plate

2. Acta Geotechnica Slovenica, 2022/1

Kljuéne besede

lo¢ni uc¢inek tal, prostorski zemljinski model lo¢nega
ucinka, razmik pilotov, zemeljski tlak, piloti iz zagatnic

lzvleéek

Zemljinski lo¢ni ucinek v tleh je pomembna predpostavka,
pri kateri lahko piloti iz zagatnic izkazujejo mocno sposob-
nost podpiranja. Predhodno so ugotovili, da sta razmik pilo-
tov in zemeljski tlak dva pomembna dejavnika, ki ju je treba
upostevati pri nacrtovanju pilotov iz zagatnic in sta tesno
povezana z zemljinskim locnim ucinkom. V tej raziskavi

je bil predlagan model zemljinskega prostorskega locnega
ucinka po teoriji mejnega ravnovesja in kriteriju plastifika-
cije zemljine. Na podlagi predlaganega modela je bila razvita
inovativna metoda izracuna razmika pilotov iz zagatnic.
Ugotovljeno je bilo, da je, ob upostevanju kohezije v predla-
ganem modelu zemljinskega prostorskega locnega ucinka,
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was also improved. Finally, the stability status of the soil
between the piles was analyzed based on this study’s spatial
soil arching model. It was found that when compared to
the previous methods, the proposed method had made
fewer assumptions and conformed better in practice.

Symbol table

A = the area of the enclosed section ABCDE

a = the length of pile section

B = the length of semi-axis along Y direction

b = pile width

C = parameter

c = cohesion

d, = micro-segment depth

Fy = the axis force in the arch foot

fz) = therise of soil arching

I = first invariant of stress tensor

I = second invariant of stress deviation

Ky = stationary earth pressure coeflicient

k = parameter in Druker-Prager yield criterion

L = reasonable pile space

I = net distance of adjacent piles

Py = the perimeter of the section BCD

P = the perimeter of the enclosed section ABCDE

q(z) = landslide thrust density

q = the horizontal thrust on the middle wall

R, = the reactive force acting on arch foot in X direction

R, = thereactive force acting on arch foot in Y direction

S(z) = failure discriminant function

T = the axial force at the arch apex

t = the thickness of soil arch

z = depth

2y = critical depth

o = parameter in Druker-Prager yield criterion

B = parameter, f =45° - 0+ ¢/2

y = soil weight

) = the friction angle between the wall back and soil

e = the coefficient of cohesion reduction

0 = the angle between axis at the arch foot and horizon-
tal direction

0, = stress Lode angle

A = lateral pressure coefficient

g4 = axis stress of point A

op = axis stress of point B

Oy = soil-pile reaction stress

0, = horizontal thrust of the soil inner the soil arching

g, = vertical thrust

v = Poisson ratio

® = friction angle

bila izbolj$ana tudi veljavna metoda za oceno zemeljskega
tlaka na pritrdilni plos¢i. Na koncu te Studije je bilo anali-
zirano stanje stabilnosti zemljine med piloti iz zagatnic na
podlagi modela zemljinskega prostorskega locnega ucinka.
Ugotovljeno je bilo, da je potrebno v predlagani metodi v
primerjavi s prej$njimi metodami podati manj predpostavk
in, da se rezultati bolje ujemajo z obnasanjem v praksi.

1 INTRODUCTION

Sheet pile walls have been widely used as continuous
retaining structures in landslide control, excavation, and
high fill subgrade processes [1]. In sheet pile wall designs,
the pile spacing and earth pressure on the retaining
plates are considered to be two important factors. For
example, too large pile spacing can cause the collapse

of soil between the piles. Meanwhile, material may be
wasted if the spaces between the piles are too small.
Therefore, a very important problem for engineers is how
to select a reasonable pile spacing. The current designing
methods are more dependent on experience and still lack
a theoretical basis [2]. As for the earth pressure, there are
mainly three methods currently used to determine earth
pressure on retaining plates [2]: Classical earth pressure
theory; simplified granary method; and the unloading
arch theory. However, no uniform agreement has been
reached regarding the performances of those three meth-
ods. The effects of pile spacing and earth pressure on
retaining plates are closely related to soil arching effects.
Furthermore, among the known influencing factors of
pile spacing and earth pressure on sheet pile walls, soil
arching effect has been proven to be very important [3].

Soil arching effects are widespread in the field of
geotechnical engineering. Terzaghi [4] first verified

the existence of soil arching using a trap-door test and
defined it as the phenomenon of stress transformation
from the yielding soil to the stationary soil. In another
related study, Handy [5] found that soil arching was
essentially the trajectory of minor principal stress within
the soil. Dalvi and Prise [6] reported that soil arching
was chain-shaped along the direction of major principal
stress when the soil was in passive state. In addition,
Bosscher and Gray [7], Wang and Yen [8] and Adachi

et al. [9] verified the existence of soil arching effects
between piles. Some previous studies (Zhao et al. [10];
Pardo and Sdez [11]; Ausilio et al. [12]) have also pointed
out that the main contributions of piles are related to
their supporting abilities when faced with soil arching
effect. The soil arching effect produced by pile-soil
reactions can effectively mobilize the soil strength and
redistribute the stress. The premise for piles to exert
supporting abilities when soil arching occurs includes

Acta Geotechnica Slovenica, 2022/1 3.
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the transference of the landslide thrust into the pile
bodies and then delivering the stress to underground
regions. The factors which are known to influence soil
arching effects behind piles include the pile spacing,
which have been proven to be very important (Li et al.
[13]). Soil arching effects can also heavily influence the
earth pressure on the retaining plates (Dong [14]).

By analyzing the relationships be soil arching effect and
pile spacing, a large number of previous studies (Chen
and Martin [15]; Liang and Yamin [16]; Sahin [17];
Yamin [18]) found that appropriate spacing of the piles
was essential to the formation of soil arching effect. It was
observed that when the pile spacing became larger, the
piles could not take advantage of the soil arching effects
and became unable to effectively control slope sliding. He
et al. [19] also found observed this phenomenon using
numerical simulations and pointed out when the pile
spacings were 2 to 6 times the pile widths, soil arching
effect could be fully exerted. In addition, based on the
analyses of soil arching effect, methods were developed
to calculate reasonable pile spacing. Some researchers
(Chen et al. [20] Jiang et al. [21]; Wu et al. [22]; Qiu et

al. [23]) hypothesized that the pile-end soil arching or
the friction soil arching bears all the thrust. Therefore,
reasonable pile spacing could be determined accord-

ing to Mohr-Coulomb strength criterion. In another
related study, as derived from soil mechanics and elastic
theories, Li et al. [24] established a soil arching model
and the maximum pile spacing was proposed according
to the Mohr-Coulomb criterion. Also, Zhang et al. [25]
deduced a novel method of calculating the maximum
and minimum pile spacing which considered the soil
arching effect. However, the aforementioned calculation
models mainly regarded the soil arching model as a plane
strain problem and assumed that the soil arching effect
was infinitely distributed along pile depths. Moreover,
the classic soil pressure theory, unloading arch theory,
and simplified granary method, which are the primary
methods used to calculate the earth pressure on retaining
plates, are all plane strain models.

However, Eskisar et al. [26], Risio et al. [27], and Vermeer
et al. [28] found that the soil arching behind piles
presented variations along the depth. Therefore, the plane-
strain models of pile space calculations were determined
to be unsuitable, and the scope of their applications were
also very limited. Zhang et al. [29] assumed that the shape
of soil arching was parabola and established a spatial

soil arching model to calculate reasonable pile spacing.
However, that study could not successfully satisfy the limit
equilibrium theory. Furthermore, Zhang et al. [3] pointed
out that the shape of soil arching should not be parabolic.
Li et al. [30] presented a flattened ellipsoid model in

order to describe the three-dimensional characteristics

4. Acta Geotechnica Slovenica, 2022/1

of sliding mass for colluvial landslides and also proposed
a formula to determine effective pile spacing. However,
his research neglected to explore the factor of soil mass
yielding. Huang et al. [31] determined that the earth pres-
sure calculated using the unloading arch theory and the
simplified granary method was greater than the obtained
measured values. In summary, the above-mentioned
studies showed that there was a lack of effective models
for the calculations of pile spacing and earth pressure on
retaining plates. Therefore, establishing an effective spatial
soil arching model was considered to be very essential.

In this study, a spatial soil arching model was developed
based on the limited equilibrium theory. A calculation
method for reasonable pile spacing and earth pressure
on sheet pile walls was established based on a spatial soil
arching model. Due to the complexity of the formulas, a
set of Matlab programming was also employed to deter-

stress equilibrium

basic hypothesis of soil arching

considering lateral

stress equilibrium stationary soil

of soil arching

4| shape of reasonable arch axis |

| axis force in the arch foot |

Moho-Coulomb
criterion for point A

Druker-Prager
criterion for point B

<

A
| equation of arch rise |

»
>

A
| spatial soil arching model |

force balance on the
slide surface

stress equilibrium of
sheet pile wall

Matlab progarmme——>|

A
Solution of earth
pressure distribution on
sheet pile wall

solution of reasonable
pile space

'

| Stability analysis of soil between piles |

4
failure control
condition

critical depth | | the rise of soil arching

Figure 1. Flow chart of the derivation of the equations.
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mine the numerical solutions of the those equations.
Finally, the rationality of the model was verified by a case
study, and the stability of the soil between the piles was
analyzed according to the proposed spatial soil arching
model. It was found that when compared with previous
methods, the proposed method made fewer assumptions
and conformed better in practice. In order to illustrate
the logic of the derivation of the equations in this paper,
this study’s flow chart is detailed in Figure 1.

2 CALCULATION MODEL

2.1 Basic hypothesis

In this research investigation, rectangular-section piles
were chosen as the basic scenario since they are widely
used in support engineering projects. The other-type
sections were equivalent to rectangle sections. Many
previous studies have proposed that landslide thrust

is simultaneously supported by both end-bearing soil
arching and friction soil arching (Wu et al. [22]; Qiu et
al. [23]). However, it has been observed that the bear-
ing capacities of friction arches are quite small when
compared to end-bearing arches (Yang et al. [32]). More-
over, based on the mechanics principle, friction arching
does not directly undertake landslide thrust and its force
is the smaller principal stress of end-bearing arching.
Therefore, it has been concluded that friction soil arch-
ing makes little contribution to the stability of the soil
between piles. In practical projects, the soil between the
piles can be easily destroyed. However, the soil outside
the arch-shape zone usually remains stable, as shown in
Figure 2. Therefore, based on the aforementioned find-
ings, it is reasonable and safe to ignore friction soil arch-
ing. The following hypotheses were made in this study:

1) Small deformation hypothesis;
2) End-bearing soil arching is considered but friction
soil arching between the piles is ignored;

Figure 2. Destruction of the soil between the piles.

3) The axial stress on the reasonable arch axis is the
direction of the major principal stress, and there is
no shear stress or tensile stress perpendicular to the
plane of the reasonable arch axis;

4) The soil reaching yield state is considered to be the
destruction of the soil.

2.2 Mechanical analysis of the soil arching

A sketch map of the piles and the end-bearing soil arch-
ing is shown in Figure 3. In the figure, the parameters b
and [ are defined as the width of pile and the net distance
of adjacent piles, respectively. The stationary soil behind
the piles, which produced lateral earth pressure for the
soil arching, was also considered.

WAl

stationary soil arching stationary

- soil /<\ soil
\ — pile ——

o —
b i b

Figure 3. Schematic diagram of the end-bearing soil arching.

A stress diagram of the soil arching and coordinate
schematic is presented in Figure 4.

Figure 4. Stress diagram of the soil arching.

Based on the above-mentioned hypotheses, soil arching

is subjected to the landslide thrust density g(z) which is
distributed uniformly on the arch. Generally speaking,
q(z) varies along with depth. The stationary soil behind
the piles then produces lateral earth pressure Kyq(2),
where K| is the stationary earth pressure coefficient and is

Acta Geotechnica Slovenica, 2022/1 5.
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expressed as Ky = v/(1 - v) ; v is the Poisson ratio; and K|
could be approximately determined by Ky = 1 - sing.
Also, the lateral earth pressure will be uniformly distrib-
uted along the side of the soil arch. For analysis conveni-
ence, a coordinate system with the apex as the coordinate
origin was established. The reactive force acting on the
arch foot in the X and Y direction were R, and R, respec-
tively. The axial force at the arch apex was T. The rise of
the soil arching was denoted as f{z), which was a function
varied with depth z. The left semi-arch was selected for
this study’s mechanical analysis. As a result, the equilib-
rium equation along the X direction was as follows:

K@) f@@)+R =T (1)

Then, considering the force balance along the Y direc-
tion of the entire left semi-arch, the following equation
was obtained: /
R, = q(2)
2
Subsequently, according to the moment balance of the
arch apex, Eq. (3) can be obtained:

Koq(Z)fz(Z) + Q(Z)lz =0 (3)
2 8

()

Rxf(z)—RyénL

For an arbitrary point M, the following equation could
be acquired according to the moment balance:

q(zz)x N Koq(22)y _Ty=0 (4

Therefore, by substituting Egs. (1), (2), (3) into Eq. (4),
Eq. (5) was obtained:
2

¥ O-B_ (5
BfRf
/() r

+—
2 8f(2)K,

Where

(6)

Eq. (5) indicates that the shape of reasonable arch axis
can form part of the elliptic curve at any depth. The
length of the semi-axis in the X direction is B\/ITO ,
while the length of the semi-axis along Y direction is B.
It was obvious that the parameter B was the function of
f(z). Therefore, the shape of the soil arching varied with
the depth of the ground. It was concluded that the soil
arching of the piles was actually a three-dimensional
problem rather than a plane strain problem.

2.3 Yielding criterion of the soil arching

According to the mechanical features of the arches, the
axial stress at the arch foot will be higher than that of the
arch apex. Therefore, the soil in the arch foot can yield
preceding to the arch apex. As a result, the stress condi-

6. Acta Geotechnica Slovenica, 2022/1

Figure 5. Axial force in an arch foot at any depth.

tions at arch foot should be considered while that at the
arch apex can be neglected. A diagram of the axis force
in an arch foot at any depth is detailed in Figure 5. In the
figure, the thickness of soil arch is marked as t; the angle
between the axis at the arch foot and horizontal direc-
tion is noted as 0. As a result, tanf and the axis force Fy
in the arch foot at any depth can be written as follows:

X
e Ky(y=B)

_ R _q@ | [r-ak o] ®)
= sing 2 41(2)l

41(z)l

ng =2 1 T4k (2)
w=sa=f) P —4K, f2(2)

. )

FN

The axial force can be regarded as the integral of axial
stress along the soil arch thickness. In the figure, the
inner-edge point and the outer-edge point of the arch foot
are indicated by A and B, respectively. Therefore, accord-
ing to the limit equilibrium theory, the axis stress of point
A(oy) and point B(op) will be generally unequal for their
different stress states. For calculation convenience, the

inner edge o

(©

Figure 6. Stress conditions of the soil arch foot:
(a) Distribution of the axial stress; (b) Stress state of Point A;
(c) Stress state of Point B.
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distribution of the axis stress from Point A to Point B was
assumed to be linear, as presented in Figure 6(a).

Point A was squeezed by surrounding soil and was
considered to be within a stable zone. Since Point A
directly bore the landslide thrust, this was determined
to be the major cause of its yielding, and the influencing
effect of gravity could be neglected. The state of Point

A was assumed to be a plane stress state, as shown in
Figure 6(b). Its minor principal stress was landslide
stress g(z) and the major principal stress was arch axis
stress 04. Therefore, according to the Moho-Coulomb
yield criterion, Eq. (9) was obtained as follows:

o, =q(z)tan> (45" + g) +2c tan(45° +§) )

In regard to Point B, due to the fact that its inner face
was a precipitous face, gravity may have also affected the
yielding of the soil. Therefore, considering the spatial
stress state of Point B, its major principal stress, inter-
mediate principal stress, and minor principal stress were
0B, ¥z, and 0, respectively, as shown in Figure 6(c). In the
current study, in order to consider the influencing effects
of gravity on soil yielding, the Druker-Prager yield crite-
rion was employed for the analysis process as follows:

al,—\JJ, +k=0  (10)

Where a and k represent the parameters; I; is the first
invariant of stress tensor; and J, indicates the second
invariant of stress deviation. In this investigation, the
generalized Mises yield condition was adopted. There-
fore, considering the compression failure of the soil, the
stress Lode angle was determined to be 6, = -n/6, and
the following equations were obtained:

2sin @
a= ,
\/5(3—sin(o)

l, =0,+0,+0,=0,+)z

6ccosp

B \/5(3—singo)

(11)

(o, _0'2)2 +(o, _0'3)2 +(o, _0—3)2

J, = 5

—3 155402 ~oye)
(12)
Then, by substituting Eq. (11) and Eq. (12) into Eq. (10),
Eq. (13) could be obtained as follows:
o yz(1+6a>) + 60k +.[35(z)
? 2(1-3a%) (13)
S(z) = 22 (120%y* —y*) + 120tkyz + 4k*

Subsequently, according to the axial force balance at the

arch foot, Eq. (14) could be obtained:
OutO%y G 1=F, (14)

Where oy represents the mean axis stress and was
expressed as:

(o, +0y)
vET (15)

2.4 Spatial soil arching model

The thickness of the soil arch was then assumed to be
equal to the width of pile b. Therefore, by substituting
Egs. (9), (13), and (14) into Eq. (8), Eq. (16) was obtained:

! 20,b) 20,b)
AT _\/(q(z)l] ”\/(q(z),] K 19)

According to Eq. (16), the rising of the soil arch was
related to the depth, soil properties, and design param-
eters, and f(z) could be considered as the rise of arch
when the soil arching effects were fully exerted.

In the current study, Eq. (17) (consisting of Eq. (5), Eq.
(6),and Eq. (16)) was used to determine the distribution
of the spatial soil arch surface. However, in order to
acquire the spatial surface of the soil arch, it was first
required to obtain some parameters, and the related
parameters are listed in Table 1. Then, Matlab program-
ming was employed to image the spatial soil arch surface.

! 20,b) 20,b)
TS _J(q(z)lj 1 +J{q(z)z] e
¥ 0-B
(B\/KT)Z B (17)
f(2) r

+ [
2 8f(2)K,

Table 1. Parameter values.

Parameter Value
Cohesion, ¢ 30 kPa
Internal friction angle, ¢ 25°
Unit weight, y 18 kN/m
Net pile distance, / 4m
The width of piles, b 1m

Landslide thrust density, q(z) = g q(z) = 100 kPa

The spatial soil arching surface after the y coordinate
transformed is shown in Figure 7. As can be seen in the
figure, in any f(z)-I plane, its shape was part of an ellipse.
Also, the shape varied with the depth. The spatial surface
reflected the actual surface where the soil arching was fully
exerted. The soil reached a yielding state in the spatial soil
arching surface. It should be mentioned that the soil arch-
ing effects were observed to be the most intense on that
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surface. The soil arching also existed at other positions but
the axis stress was not as significant as the yield stress.

From a physical point of view, the soil arching effects
were essentially the ‘extrusion-caulking effects of the

soil particles (Dong [14]). It has been found that when
subjected to thrust, soil particles will move and rearrange
themselves to the most compact positions. Therefore, the
spatial soil arching surface reflects the position where the
extrusion-caulking effects are the most intense. Further-
more, the soil outside the soil arch surface will remain

in a good state of stability. However, the soil inside the
arch surface may be subjected to local collapse due to the
difficulty in forming extrusion-caulking effects.

Figure 7. Spatial surface of the soil arch.

2.5 Determining the reasonable pile spacing

In the current study, the overall shear damage of the soil
arch was considered in order to obtain the reasonable pile
spacing. The limit equilibrium theory was used as a refer-
ence to determine that the angle of the slide surface of the
soil arch and the major principal stress plane should be
45° + ¢/2. Meanwhile, the stable compression zone behind
the piles was assumed to be a keystone area, as detailed in
Figure 8.1t has been found that when the landslide thrust
is significant, the soil arch can produce an overall shear
damage phenomenon. Therefore, Eq. (18) was obtained
based on the force balance on the slide surface:

2ct

20 [otsin(45 g2
Sin(@s —p/z) 2o —012)

. 2ct
—-q(z)! -K f—————
q(2)lsin f~Kq(2) Sin(d5 —p12)

=20 tcos(45" @/2)+q(z)lcosp

cos f]tan ¢ (18)
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Where
p=45-0+¢p/2 (19)

keystone stable
compression zone

slide surface

Figure 8. Compression zone at the arch foot.

For special engineer conditions in which the soil
properties and pile sizes are known, the net pile distance
lis related to depth z. In practice projects, if the pile
spaces become too large, the soil between the piles may
collapse. However, if the pile spacing is too small, materi-
als may be wasted. The maximal pile space which can
satisty the stability requirements is considered to be the
reasonable pile space. At any depth, Eq. (18) will need to
be satisfied. Eq. (18) is the implicit function of I, which
is difficult to directly obtain. Therefore, Matlab program-
ming was also employed in this study to determine the
numerical solution of ] at any depth z. In a special depth
Z1> 2 > s 2y » there must be a corresponding net pile
space Iy, I, ......, 1, , solved from Eq. (18). Iterating could
obtain the corresponding (i = 1,2, 3, ..., n). Therefore, the
minimum among Iy, b, ......, I, , noted as [, , will be the
reasonable clear pile space. The reasonable pile space L
is:

L=1_+b  (20)

2.6 Calculating the earth pressure on the retaining
plates

The simplified granary method simplifies the shape

of soil arches into triangles and does not consider the
friction of the soil structures. The unloading arch theory
assumes that a soil arch is a parabolic arch, in which the
arch foot is located at the retaining plates rather than
the end-bearing soil arch of the piles (Li [2]). However,
neither of the aforementioned two methods consider the
applicability of cohesive soil. Therefore, a new method
was introduced in this study to calculate the earth pres-
sure acting on the retaining plates by considering the
cohesion features based on a spatial soil arching model.

The hypothesis was that the horizontal thrust of the
inner soil of the soil arching (o) was evenly distributed
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Figure 9. Stress illustration of the sheet pile walls.

on the walls and varied in the lateral pressure coefficient,
A =0, /0, The friction stress produced by the soil-pile
reaction stress 0, and the thicknesses of the retaining
plates could be ignored. A micro-segment dz with a
distance z from the top was taken as the study object.
The stress illustration is shown in Figure 9.

Then, from the vertical force balance, Eq. (21) could be
obtained as follows:

&ePdz +lo  tanodz + Fo  tangdz + Ado, = yAdz (21)

Where A is the area of the enclosed Section ABCDE:

Lo X
A_1a+1-f(z)—zj0(3 B Ko)d.x (22)

Also, P is the perimeter of Section BCD:

I 2
- x
— 2
PI—ZIO 1+— 02_ 0xzdx (23)

In the equation, P is the perimeter of the enclosed
Section ABCDE:

P=2a+I!+PR (24)

In addition, 0, represents the horizontal thrust, 0y = Ao, ;
0, indicates the vertical thrust; § denotes the friction
angle between the wall back and soil; ¢ is the internal
friction angle of soil; y represents the soil weight; c is
the cohesion; and ¢ indicates the coefficient of cohesion
reduction, and the cohesion cannot be fully exerted in
the limited state. The value of & is determined by the
engineering requirement; and a represents the length of
the pile section.

Therefore, based on the above, Eq. (21) can be trans-
terred into the following equation:

do,

P
+Co, =7—C§Z (25)

z

Where
Co [Atan o + P Atan ¢

A

(26)

Subsequently, by solving Eq. (25) and substituting the
boundary condition g, = 0 when z = 0, Eq. (27) was
obtained as follows:

O_z — }/_Cg(P/A) (l_e—CZ) (27)

C
In addition, the horizontal thrust acting on the retaining
plate was expressed as follows:

—c&(Pl A
o, =2l D cSPIA) (1_gesy  (a9)
C
Then, the lateral pressure coefficient A was determined
using the aforementioned unloading arch method, which
was expressed as:

~ 1+sin” p—24/sin> p— tan” S cos” @

A (29)

4tan’ 5 +cos’ @

Therefore, when the friction angle of wall back § was
zero, Eq. (29) could be simplified into Eq. (30) as follows:

_ (1-sing)’ IR
A= T eolld p tan” (45 2) (30)

Finally, Eq. (30) was determined to be the expression of
the Rankine earth pressure coefficient.

In the current investigation, Eq. (28) was used to calcu-
late the horizontal thrust acting on the retaining plates.
However, 0, was assumed to have a uniform distribution.
In reality, the retaining plate was observed to mainly
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bear the lateral earth pressure generated by the collapsed
inner soil and the soil arch. Therefore, the horizontal
thrust along the pile-layout direction was not even.

In addition, it was regarded as triangle distribution in
which the maximal load was located at the middle point,
while the loads on both sides were 0. The distribution
mode of the horizontal thrust is detailed in Figure 10.

0 » X

Figure 10. Distribution mode of the horizontal thrust.

Therefore, based on the above-mentioned findings, Eq.
(31) was obtained:

’

o= %z (31)
Where g' represents the horizontal thrust on the middle
wall at depth z. The earth pressure at other points could
then be solved using linear interpolation:

o, i
Gy =—x0<x<—
()= 2 o)
_ 2% onLex<
q(x,z) l H 2 - =

3 CASE STUDY

3.1 Project description

Maga landslide project located at Liupanshui Junction,
Guizhou Province, China (Li [2]) was selected for evalu-
ation in this study, as shown in Figure 11. It was deter-
mined that the upper layer of the slope was composed
of residual clay QY+l ‘and the underlying bedrock was
limestone of the Carboniferous Middle System Huan-
glong Group (C*'). Using a measurement process, the
landslide thrust density acting on the excavation surface
was confirmed to be g(z) = 102.3 kPa and could be
considered evenly distributed along the depths. After this
study’s comparison process was completed, a sheet pile
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wall was chosen as the retaining structure. The structure
consisted of C30 concrete piles and retaining plates. The
length of the cantilever part of piles was 10 m, and the
typical section size of the piles measured 2 m x 2.5 m.
According to the geotechnical testing results, the proper-
ties of the soil behind the sheet pile wall were as follows:
the cohesion was ¢ = 44.3 kPa; internal friction angle was
@ = 22 and the soil unit weight was y = 18.6 kN/m?.

Figure 11. Landslide engineering project in
Liupanshui Junction (Li [2]).

3.2 Determining the reasonable pile spacing

The method proposed in Section 2.5 was used to deter-
mine the reasonable pile spacing for the study object.
For Eq. (18), the solution is in fact a numerical solution
instead of an accurate analytical solution. However, in
actual engineering projects, it is feasible to control the
gap to less than 102 m. Therefore, Az = 0.01 m and the
reasonable net pile spacing can be deduced to be 5.84 m.
The actual net pile spacing applied in this project was

6 m. The previous results calculated by other research
studies are listed in Table 2 for purpose of comparison.

The parameters in Table 2 were all calculated when the
soil arching had reached the ultimate state. Therefore,
since the assumption conditions were different, the
values of the net pile spacing varied significantly

Table 2. Comparison of the results obtained using different
calculation models.

Calculation model by Net pile space I (m)

Chen et al. [20] 3.56
Jiang et al. [21] 3.84
Wu et al. [22] 4.15
Qiu et al. [23] 9.25
Dong [14] 7.23
This research study 5.84
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among the different studies. For example, considering
spatial soil arching models and engineering experience,
the pile spacing values in the references associated with
Chen et al. [20], Jiang et al. [21],and Wu et al. [22] were
relatively small. However, the results of Qiu et al. [23]
was too large. The spatial soil arching model of Dong
[14] adopted the Mohr-Coulomb criterion, but again
the results were larger than the engineering design. It
was observed that even after many years of operation,
the sheet pile wall project had not suffered any damage.
Therefore, the spatial soil arching model introduced in
this research investigation was proven to conform better
to realistic engineering applications.

3.3 Calculating the earth pressure on the retaining
plates

The formulas detailed in Section 2.6 were used to
calculate the uniform earth pressure on the retaining
plates. However, due to the complexity of those formulas,
Matlab programming was also employed. Then, the net
pile distance was determined to be 5.84 m as previously
stated and & was 0.3. The results calculated by other
methods are also displayed in Figure 12 for comparison
purposes.

Earth pressure (kPa)
0 10 20 30 40 50 60 70 80

0 T T T T T T T T

1A —#— Coulumb active earth pressure
—e— unloading arch theory

-2 —4A— simplified granary method

1 —w— method in this paper

Depth (m)

~10-

Figure 12. Comparison of earth pressure values obtained by
the different methods.

The obtained results indicated that the four methods
were similar when close to the tops of the piles. However,
the gaps became larger with increasing depth. The earth
pressure calculated by the Coulomb active earth pressure
was the highest. This was due to the fact that the classical
earth pressure did not consider the soil arching effects
and the results were more conservative. The distribution

law of the earth pressure by the method proposed in
this study was similar to the simplified granary method
and the unloading arch theory. However, due to the
consideration of influencing effect of cohesion, the earth
pressure value was less than that of the other two meth-
ods. The method proposed this study considered both
the cohesion and realistic arch axis. Therefore, it was
considered that this study’s research conformed better to
the actual conditions.

4 STABILITY ANALYSES OF THE SOIL
BETWEEN THE PILES

4.1 Critical depths

As shown in Eq. (13), for special engineer conditions,
the yield stress of outer soil-arch foot will only be related
to the depth. This is due to the fact that the soil arching
transfers the landslide into the axis stress of the arch.
Therefore, the yield stress of B will only be impacted

by gravity. In Eq. (13), S(z) can be defined as a ‘failure
discriminant function. When S(z) < 0, the soil cannot
reach a yielding state and will remain stable. However,
if S(z) > 0, the soil in the outer arch-foot may produce
yielding failure. Therefore, by ensuring S(z) < 0, Eq. (33)
was obtained:

6ak +2kv1-30’

2 (33)
y(1-1207)

In Eq. (33), z is noted as z; when the equal sign is taken.
The meaning of z; is the critical depth that the soil in
the precipitous face can remain self-standing. Therefore,
if the supporting heights of piles are lower than zg, the
soil between the piles may potentially remain stable.
However, when the supporting heights of the piles
without a retaining plate are higher than z, the soil
between the piles could potentially partially collapse.
Consequently, retaining plates between piles is consid-
ered to be necessary. Furthermore, this study’s proposed
formula had a certain application range for the condition
of z < z;.

As can be seen in Eq. (33), the critical depth was only
related to the soil properties and the depth z. However,
when the supporting depth exceeded the critical depth, it
was observed that failure only occurred when the stress
state of soil reached the yielding stress. Therefore, using
the critical depth to judge whether a retaining plate is
necessary is safer in practice. In order to analyze the
parameter sensitivity of the critical depth, the variations
of z, with the soil properties are detailed in Figures 13(a)
to 13(c).
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Figure 13. Influencing effects of the
different parameters on the critical depth:
(a) Influencing effects of the cohesion;
(b) Influencing effects of the internal friction angles;
(c) Influencing effects of the soil unit weights.

As shown in Figure 13, the critical depth majorly
increased with increasing cohesion and internal friction
angles. The values of ¢ and ¢ were significant for the
self-standing of the soil. It should be mentioned that the
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increment rate was faster for the ¢, especially when the
internal friction angles exceeded 25°. Therefore, increases
in the internal friction angles could effectively improve
the stability of the soil between the piles. However, it

was found that z, decreased with the unit weight of the
soil and it appeared that gravity dominated the yielding
failure of the free-surface soil. This was determined to

be due to the fact that the lateral pressure produced by
gravity contributed a great deal to the failure of the soil.
Generally speaking, the plane-strain soil arching models
do not consider critical depth. The spatial soil arching
model proposed in this study considered that the heights
which the soil arching could exert were not infinite.

4.2 Rise of the soil arching

This study found that the rise of the soil arching f(z)
could potentially reflect the exertion extent of the soil
arching. It was evident from Eq. (16) that the f(z) was
negatively related to the yielding stress oy. Therefore,

a smaller arch rise would correspond to larger yielding
stress. The larger yielding stress reflects superior soil
properties. Moreover, a smaller rise also signifies less soil
with weak extrusion-caulking effects along the inner soil
arching surface. Therefore, a shorter arch rise indicates
higher stability of the soil. In order to analyze the influ-
encing effects of the various parameters on the arch rise,
Figures 14(a) to 14(d) are graphed with some constant
parameters derived from Table 1.

As can be seen in Figure 14, the rise of soil arching f(z)
first decreased and then increased slightly along the
pile length. As shown in Figures 14(a) and 14(b), the
f(z) decreased with the increasing c as well as ¢. Those
results illustrated that the cohesion and internal friction
angles contributed to the soil stability. The better the
engineering properties of the soil, the greater of the
stability of pile-soil structure.

As presented in Figure 14(c), the arch rise f(z) increased
with the increasing pile diameter ratio, I/b. It should be
noted that when the net pile distance was 5 times that
of the pile width, the value of f(z) disappeared at the
upper pile, which confirmed that the soil arching effects
had vanished. The analysis results indicated that the

soil arching effects realized their potential when I/b was
less than 5. This conclusion agreed with many previous
research study findings and engineering experiences
(Adachi et al. [9]; Li [2]). Therefore, it was evident that
larger pile spacing could adversely affect the stability of
the soil. If the pile spacing was too large, the soil between
the piles was prone to collapse failure. Therefore, proper
design of the pile spacing should be considered as
crucially important for the safety of such engineering
projects.
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Figure 14. Influencing effects of the parameters on the rise of soil arching: (a) Influencing effects of of ¢ on f(z);
(b) Influencing effects of ¢ on f(z); (c) Influencing effects of I on f(z); (d) Influencing effects of g on f(z).

The influencing effects of landslide thrust g on the rise
of the soil arching are presented in Figure 14(d). It was
assumed that the landslide thrust was constant along
the depths. It can be seen in the figure that the f(z) was
reduced as the q decreased, which indicated that greater
landslide thrust damaged the stability of the soil
between the piles. This conclusion also conformed to
previous engineering practices. In addition, as detailed
in Figure 14(d), when g = 140 kPa, the value of f(z)
also disappeared at the upper piles. Therefore, it was
concluded that if the landslide thrust was too great, the
soil arching effects may fade away. It should be noted
that proper design can improve the abilities of soil-pile
structures to withstand major landslide thrust.

The maximal landslide thrust density can be determined
by the existence of soil arching. The sufficient exertion

of the soil arching effects can be solved using Eq. (16).
Therefore, the following formula should be satisfied:

[M) 120 (34)
q(2)!

Then, Eq. (35) equation can be obtained:

b
Sl—btanz(45°+¢/2)
+yz(1+6a2)+6ak+3\/%}
2(1-3a*) (35)
S(z) =22 (12a*y* —y*) + 12akyz + 4k*
_ 2sin ¢ = 6ccos
\/5(3—sing0)’ \/5(3—sin(p)

q(2) |:2c tan(45° +¢/2)
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Eq. (35) can be used to estimate the maximal landslide
thrust density at any depth. Eq. (35) can also be applied
to judge whether a design condition is safe. If the actual
landslide thrust is less than that calculated by Eq. (35),
the design parameters are appropriate. Otherwise, the
design parameters of the piles should be improved.

4.3 Failure control conditions

There are usually two destruction modes: partial plastic
deformation and general shear failure. Partial plastic
deformation usually appears as local collapses and
those types of destruction often present relatively slight
damage. Its corresponding controlling formulas are Eqs.
(33) and (35). Eq. (33) can be used to solve the maximal
height at which the free surface between piles will not
fall. Eq. (35) determines the maximal landslide thrust
density which a design condition of piles can undertake
when yielding failure does not occur. Egs. (33) and (35)
together control the partial plastic deformation failure.

In regard to general shear failure, such a failure mode

is usually accompanied with a large scale and heavy
damages. Eq. (18) was established based on the limit
state at which the soil arching is put out from the piles
by the landslide. Therefore, Eq. (18) can be regarded as
the controlling equation of general shear failure. In addi-
tion, the pile spacing described in Section 2.5 must be
satisfied. If considering the safety factors, the reasonable
pile space calculated can also be reduced.

In summary, in order to guarantee the soil between the
piles will experience no damage, Eqgs. (33), (35), and (18)
must be satisfied simultaneously.

5 CONCLUSIONS

In accordance with the limit equilibrium theory, this
study introduced a spatial soil arching model. Then,
based on the spatial soil arching model, the reasonable
pile spacing and the earth pressure on the retaining plates
were determined. The method was coded in Matlab with
a Graphical User Interface (GUI) for the purpose of real-
izing the automatic operations of the complex formulas
utilized in this investigation. Therefore, considering the
spatial soil arching model, the stability of soil between
the piles was also analyzed. The major conclusions of this
research were summarized as follows:

(1) Considering the horizontal stress produced by the
soil behind the piles, the shape of the soil arching
axis was shown to be a partial ellipse. In addition,
by regarding the soil yielding stress as the axis stress
of the soil arching, the rise of the soil arching was
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examined in detail. Subsequently, an effective spatial
soil arching model was obtained.

(2) When the soil arching effects generated general shear
failure, the stress balance in the limit state of the soil
arching was the control condition. A theory which
could be used to calculate the reasonable pile spacing
was deduced. The results from this investigation’s
case study showed that the proposed method displa-
yed better rationality when compared with previous
related research studies.

(3) It was found that by considering the spatial soil
arching model and the influencing effects of cohe-
sion, the proposed method’s estimates of the earth
pressure values were improved. The calculation
results showed a good conformity with practical
engineering projects.

(4) On the basis of the spatial soil arching, analyses of
the stability of the soil between piles were completed.
Then, corresponding controlling equations were
established for the possible failure modes.

The proposed spatial soil arching model considered the
spatial distributions of the soil arching and was found

to conform better to the actual situations. Programmed
numerical computations based on Matlab were devel-
oped in order to extend the calculation method to future
engineering applications.

It should be mentioned that this research ignored the
influencing effects of the friction soil arching between
the piles. In addition, it was also found to not be practi-
cal to assume the thicknesses of the soil arching as the
widths of the piles. In the future, it was recommended
that further experiments be conducted for the purpose
of exploring the real thicknesses of the soil arching.
Furthermore, this research did not consider the founda-
tion reactions on the piles, which should also be further
investigated in future studies.
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Abstract

Landslides are natural hazards that are commonly
observed in nature. They generally cause loss of life and
property, because they can severely damage engineering
structures such as dams, highways, railways, pipelines,
and buildings. The potential zones of landslides need

to be specified and their failure mechanisms need to

be understood to mitigate the effects of landslides on
societies, economies, and industries. Therefore, potential
landslide zones need attention, specifically for engineering
structures with large investment values. The identifica-
tion of zones with a high potential risk of the occurrence
of landslides is essential to avoid possible losses due to
landslides. An analysis of the landslide susceptibility of
potential areas results in the safer application and perfor-
mance of engineering projects, and it helps engineers to
take important measures regarding potential landslide
damage. In this paper, a landslide failure that occurred
during the construction of the transmission line of the
Kars Dam is presented and possible measurements to
avoid landslide damage on the transmission line are
investigated. Slope-stability analyses were performed
using the limit-equilibrium method, and as a result of the
analysis, two different engineering solutions are proposed
to avoid landslide movements. A cost analysis for the
proposed solutions is also made to specify the optimum
solution by considering both safety and costs.

Kljuéne besede

plazovi, stabilnost pobo¢ja, metoda mejnega ravnovesja,
jez Kars

Izvlecek

Plazovi so naravne nesrece, ki jih v naravi pogosto
opazimo. Ker mocno poskodujejo inZenirske konstrukcije,
kot so jezovi, avtoceste, Zeleznice, cevovodi in zgradbe,

na splosno povzroéajo skodo na premozenju ali celo
izgubo Zivljenj. Da bi ublazili ucinke plazov na druzbo,
gospodarstvo in industrijo je potrebno dolociti mozna
obmocja zemeljskih plazov in razumeti njihove porusne
mehanizme. Zato je treba Se posebno pozornost nameniti
potencialnim plazovitim obmocjem ob inZenirskih
objektih z velikimi naloZbenimi vrednostmi. Identifikacija
obmocij z visokim potencialnim tveganjem za nastanek
zemeljskih plazov je bistvenega pomena, da se izognemo
morebitnim Skodam zaradi zemeljskih plazov. Analiza
obcutljivosti potencialnih obmocij na zemeljske plazove
omogoca varnejso uporabo in izvedbo inZenirskih projek-
tov ter pomaga inZenirjem, da sprejmejo bistvene ukrepe
za zmanjsanje morebitne skode zaradi plazu. V prispevku
je predstavljena porusitev zaradi plazu, ki je nastala pri
gradnji dovodnega kanala jezu Kars, in raziskane moZne
meritve za preprecevanje poskodb zemeljskega plazu na
dovodnem kanalu. Analize stabilnosti pobocij so se izvedle
z uporabo metode mejnega ravnovesja in kot rezultat
analize sta predlagani dve razli¢ni inZenirski resitvi za
preprecevanje premikov plazu. Izdelana je tudi stroskovna
analiza za predlagani resitvi, s ¢imer je bil dolocena opti-
malna resitev ob upostevanju varnosti in ekonomicnosti.
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1 INTRODUCTION

Turkey is a developing country where many engineering
projects are in progress due to its growing population and
increasing public demands. The increase in population
results in a rise in consumer demands for goods and
energy. In Turkey, many projects related to the energy
sector have been completed in recent years, while many
of them are still under construction. The geology of the
construction site is one of the most significant aspects to
be considered during design and construction. Essential
geological works need to be carried out before the
construction and engineering structures are designed

by considering important geological aspects. Otherwise,
unexpected geological problems can occur during the
construction. These geological problems influence the
completion of the engineering works, and they also
increase the project’s costs. Landslides are one of the
geological problems that are widely observed in the field.
Landslides can occur at settlements that are located on
slopes, at areas where the construction of highways and
railways is in progress, and can also occur during the
excavation of the toe of the slopes. In addition, earth-
quakes, excessive precipitation, and volcanic activities can
trigger landslides. Table 1 summarises several landslide
failures observed in the literature and their effects on soci-
ety. As seen in the table, landslides cause a loss of property
and life, killing thousands of people and destroying homes
and infrastructures. Therefore, slope stabilization plays a
key role in avoiding landslide movements. The main aim
of slope stabilization is to obtain more stable and more
economic slopes with minimum chances of failure.

In this study, a landslide failure that occurred during the
construction of the transmission line of the Kars Dam
is presented and two different engineering solutions to
avoid landslide movements along the transmission line
of the Kars Dam are proposed using a slope-stability

analysis. Rocscience Slide 6.0 and Geo5 software were
used to model the proposed engineering solutions. These
two programs analyse the slope stability by using the
Limit-Equilibrium Method. Safety factors are obtained
for the proposed engineering solutions and their costs are
compared. Finally, a convenient solution is proposed for
this landslide problem based on the slope-stability and
cost analyses.

2 FACTORS AFFECTING SLOPE STABILITY AND
LANDSLIDES

There are several factors that cause landslides: (a)
geological environment of the area, including geological
structure, lithology, hydrogeological conditions and
topography [9, 10, 11, 12, 13, 14] and (b) earthquakes
[15, 16] human engineering activities [17, 18] and rain-
fall [1, 19, 20, 21, 22, 23] also significantly influence the
development of landslides.

In addition, many studies have been carried out to evalu-
ate the landslide hazard and produce susceptibility maps
around the world by applying different methods [24].
Most of these studies used probabilistic models [25,26].
However, one of the other methods is the Geographic
Information System (GIS), which is frequently applied
and constantly improved [27].

The landslide failure investigated in this study is a land-
slide induced by human engineering activities. The failure
occurred due to the excavation of the toe of the slope to
construct a transmission line. In the following sections, the
area of investigation is presented and the slope-stability
analysis of the slope after the excavation of the transmis-
sion line is performed. Two different engineering solutions
are proposed to avoid the potential landslide failure. A
cost analysis of these two solutions is also made to specify
an optimum solution by considering costs and safety.

Table 1. Several landslide failures observed in the literature and their effects on society and services.

Location Year Loss of Properties Scale References
Italy 1730 51 Fatalities Major [1]
Peruvian Andes 1970 Destroyed a city and killed more than 25,000 people Major [2]
Malesia 2000 Road damage Medium [3]
La Conchita in California 2005 Destroyed 13 housisi,us:(\irelrglgec(l;rlllaged 23 others, and Medium [4]
Leyte Island in the Philippines 2006 Buried more than 1100 people Major [5]
Malesia 2008 Damage of 14 units of bungalows Major [3]
Baguio-Philippines 2009 200 Fatalities Major [6]
India 2011 Road damage Medium [7]
Nepal 2015 Damage on 4 major highways Medium [8]
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Figure 1. Google map showing the landslide movement that occurred next to the transmission line of the Kars Dam.

Figure 2. Geological maps of the study area.
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3 MATERIAL AND METHOD

4 ANALYSES

3.1 Study Area and Geological Properties

The area of the investigation is in the northeast of Kars,
18 km from the centre of Kars. The area is shown on the
map in Figure 1 [28].

The Kars region, where a large part of the surface is
covered by a volcano, looks like a plateau. The oldest
rocks seen in the region are Paleozoic aged schists and
marbles. The sequence starts with the Upper Cretaceous
basal conglomerate and continues with limestone. Later
Eocene sandstones and conglomerates are observed,
intercalated with basic volcanic. Depth and surface erup-
tions are dominant in almost every geological period
after the Palaeozoic. The most active period of volcanism
is the Upper Pliocene and even Quaternary. Due to
compressional movements in the general arc of the
Lesser Caucasus, small faults that are vertical to the main
structure have developed in the region. The geological
map of the region is shown in Figure 2 [29].

The rocks outcropping throughout the region, including
the project area, are evaluated according to the lithologi-
cal, structural, stratigraphic and age order of the units.
The formation names made in the studies carried out in
the region can be followed easily from the literature, and
the formation names and symbols specified in previous
studies are used exactly. The locations of the rocks that
affect the geological structure in the project area are in
place since the Upper Miocene. The general geotechnical
properties of the units according to their stratigraphic
sequence are described below.

3.2 Brief description of the limit equilibrium

The Limit-Equilibrium Method (LEM) with the perfectly
Mohr-Coulomb criterion has been widely used by
geotechnical engineers for many years to analyse the
stability of slopes [30]. Many researchers have used

this method to study the stability of slopes and factors
affecting stability [31, 32, 33, 34, 35, 36, 37] The method
uses the theory of plasticity with the assumption that
failure occurs at a critical plane in a slope, and it uses
equilibrium equations for a sliding mass to solve the
slope-stability problem. The LEM can be used for slope-
stability problems with complicated loading conditions,
homogeneous or heterogeneous soil profiles. Several
methods are commonly used to analyse the stability of
slopes: Fellenius (1936) [38], Bishop (1955) [39], Janbu
(1973) [40], Spencer (1967) [41], and Morgenstern and
Price (1965) [42].
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Figure 3 shows an idealized side view of the slope before
the construction of the transmission line. The height of
the slope is 13 m, and the inclination angle of the slope
is 200, as illustrated in the figure. An idealized side view
of the slope after the excavation of the transmission

line is illustrated in Figure 4. The dimensions of the
transmission line are 5 m in width and 5 m in height, as
seen in the figure. After the excavation of the transmis-
sion line, a landslide failure occurred in the slope next to
the excavation of the transmission line. Figure 5 shows

a photograph of the landslide failure developed in the
slope.

The slope after the excavation of the transmission line
is modelled by using Slide 6.0 software [43]. The soil
parameters in the case where stability analyses were
performed are given in Table 1.

Table 2. Geotechnical properties of the soil in the area

of investigation.
Soil Properties Values
Specific Gravity (Gj) 2.65
Atterberg Limits
Liquid Limit (LL) 40 %
Plastic Limit (PL) 22 %
Plasticity Index (PI) 18 %
Engineering Properties
Cohesion (c) 5 kPa
Angle of Internal Friction (P) 15°
Specific Bulk Density (y) 17.9 kN/m?
Poisson’s Ratio (v) 0.27

The geometry of the slope and the values of the factor of
safety (FoS) for different methods are shown in Figure

6. These different methods are Bishop’s method, Janbu’s
method, Fellenius’ method, Spencer’s method, and the
GLE/Morgenstern-Price method. The values of the FoS
for each method are summarised in Table 2. The values
of the FoS range from 1.185 to 1.295, as seen in the table.
The slope is considered as critically stable when the
values of the FoS are very close to a value of 1.0 and less
than a value of 1.5. Therefore, two different engineering
solutions are proposed to avoid possible landslide risk
in the slope: (1) stepped excavation to decrease the
inclination angle of the slope and (2) construction of a
retaining wall in front of the slope.
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Figure 3.Idealized side view of the slope before the construction of the transmission line.

Figure 4. Idealized side view of the slope after the excavation of the transmission line.

Figure 5. Landslide failure occurred due to the excavation of the transmission line.
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e)

FoS =1.295

Figure 6. Analyzed slope: (a) Bishop’s method, circular slip surface (b) Janbu Simplified method, circular slip surface
(¢) Fellenius, circular slip surface (d) Spencer method (e) GLE/Morgenstern-Price, circular slip surface.

Table 3. FoS obtained using different methods for the slope

before the landslide.
Method Computed FoS Remarks
Bishop 1.295
Janbu-simplified 1.185 dicall
Fellenius 1.202 Cg‘tt;gl‘e Y
Spencer 1.292
GLE/Morgenstern-Price 1.292

4.1 Engineering Solution 1

The side view of the slope after the stepped excavation is
shown in Figure 6. All the dimensions of the new slope
after the excavation can be seen in Figure 6. This prob-
lem is modelled using SLIDE 6.0 software. The model
geometry used in the SLIDE 6.0 software for different
methods and the values of the FoS for each method are
shown in Figure 7. Table 3 summarises the values of the

a)

FoS calculated for different methods. The values of the
FoS vary between 1.675 and 1.790, as seen in the table.
As the values of the FoS are greater than 1.5, the new
slope is considered stable.

4.2 Engineering Solution 2

The second engineering solution to stabilize the slope is

to construct a retaining wall at the toe of the slope, next to
the transmission line. The problem is modelled using Geo5
software and the model geometry used in the software is
demonstrated in Figure 8 [44]. The cross-section of the
retaining wall is shown in Figure 9 and its dimensions are
also shown in the figure. Table 4 summarises the engineer-
ing properties of the material of the retaining wall. The
values of the FoS are calculated by applying Geo5 software
and these values for each method are summarised in
Table 5. The values of the FoS range between 1.540 and
1.580, as seen in the table. After the construction of the
retaining wall, the slope is considered stable (FoS > 1.540).

FoS =1.790

Acta Geotechnica Slovenica, 2022/1 23.
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FoS = 1.675
b)
FoS = 1.686
<)
FoS = 1.7890
d)
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FoS =1.790

e)

Figure 7. Analysed slope: (a) Bishop’s method, circular slip surface (b) Janbu Simplified method, circular slip surface,
(c) Fellenius, circular slip surface, (d) Spencer method (e) GLE/Morgenstern-Price, circular slip surface.

b)

Figure 8. Model geometry created in Geo5 software, a) three-dimensional visualization of the model, b) cross-section view of the model.
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350

150

400

Figure 9. Cross-section of the retaining wall showing its
dimensions (All dimensions are in cm).

Table 4. Engineering properties of the material of
the retaining wall.

Unit Young’s
Weight ~ Modulus
(kN/m?)  (kN/m?)

C20/25 24 2.107 0.2 20 500

Concrete
Class

Poisson’s  F Fi
Ratio  (MPa) (MPa)

Table 5. FOS obtained using different methods for
the retaining wall.

Method Computed FoS
Bishop 1.580
Janbu-simplified 1.570
Fellenius 1.540
Spencer 1.570
GLE/Morgenstern-Price 1.570

5 COST ANALYSIS

A cost analysis for the proposed solutions was performed
to identify the more economical solution. Table 6 and
Table 7 summarise the works and the total costs for

the proposed engineering solutions. The total costs are
calculated for a 1-m unit length and the unit of currency
is United States dollars (USD) in the analysis. As seen

in Table 6, the total costs per unit length (USD/m) of

the stepped excavation are calculated at 120.70 USD/m.
Table 7 shows each work to be done for the construction

26. Acta Geotechnica Slovenica, 2022/1

of a retaining wall at the toe of the slope and their costs
per unit length. The expense items can be grouped into
six categories: (a) excavation, (b) concrete, (c) reinforce-
ment, (d) labour cost, (e) backfill and compaction and

(f) drainage works. The total costs for the construction
of a retaining wall at the toe of the slope are calculated

as 442.98 USD/m, as seen in Table 7. The first proposed
solution - the stepped excavation - is much cheaper than
the second proposed solution, which is the construction
of a retaining wall at the toe of the slope.

Table 6. Total costs for the stepped excavation
(costs per unit length).

Expense items Cost (USD/m)
Excavation 120.70
Total Cost = 120.70 USD/m

Table 7. Total costs for the construction of a retaining wall at
the toe of the slope (costs per unit length).

Expense items Cost (USD/m)
Excavation 11.27
Concrete 202.96
Reinforcement 134.72
Labour cost 88.01
Backfill and compaction 3.45
Drainage works 2.56

Total Cost = 442.98 USD/m

It has been observed that slopes can be stable when
inclined and stepped excavations are made in accor-
dance with the technical conditions. It is also possible

to detect this state of slopes using software programs.

In this study, the cost of the stepped excavation was
determined. For fine and coarse soils, excavation with
machinery, loading on vehicles, transporting up to 25
meters, unloading, levelling, warehouse, and labour costs
of 450 USD/m for 1 m®.

According to the cost analysis, the retaining wall is more
economical than the stepped excavation.

6 DISCUSSIONS AND CONCLUSIONS

A landslide failure occurred during the excavation of
the transmission line of the Kars Dam. The landslide
damaged the transmission line and stopped the excava-
tion works for the transmission line. In this study, the
slope stability after the excavation of the transmission
line was investigated and it was found to be critically
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stable, since the value of the factor for the safety of the
slope against failure is lower than 1.5. As a result of the
slope-stability analysis, the landslide failure is predict-
able. Therefore, two different engineering solutions are
proposed to avoid a possible landslide failure: (a) the
stepped excavation to reduce the global inclination angle
of the slope and (b) the construction of a retaining wall
at the toe of the slope. A cost analysis of these proposed
solutions is also made to specify a cheaper slope-stabili-
zation method for this case. The slope-stability analysis
shows that both engineering solutions can be used for the
stabilization of the slope. The values of the factor of safety
for the slope against the failure for both solutions are
greater than 1.5. Therefore, both solutions can be used to
avoid a possible landslide failure of the slope. Considering
the cost analysis it is obvious that the stepped excavation
is much cheaper than constructing a retaining wall at

the toe of the slope. Specific to this problem, the stepped
excavation is a better solution for the stabilization of the
slope considering both safety and economy.
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Abstract

Levees protect agricultural fields and urban areas from
frequent flooding and natural hazards. They are structures
that must be carefully designed and very well maintained.
The United States Army Corps of Engineers is a federal
agency under the Department of Defense, responsible for
the design and construction of levees in the United States.
Major construction of the Santa Ana River levee occurred
during the 1990s. Susceptible analysis and inspections

to evaluate the actual conditions of the levee’s structure
have been performed by Orange County Public Works
and USACE personnel. Earthquakes are very common

in the state of California. Regardless of having a large or
small effect, seismic activities can impact on the majority
of structures built on the Earth’s surface. One of the most
efficient ways to assess a levee’s structure and verify how it
would behave during a severe seismic activity is to create
a model using the same or similar design parameters as
the actual construction and simulate the action of seismic
waves on the embankment. In this study, structural and
geotechnical information for the Santa Ana levee was
identified and gathered based on USACE design criteria
and soil parameters, and then a model was created,
representing three different sections of the levee system.
Seismic loads were then simulated using a numerical
model to perform calculations involving different scenarios
to determine the factor of safety. The results are presented
and opportunities for further research are discussed. This
can help to predict the critical sections of the levee in case
similar incidents occur.
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Kljuéne besede

nasip, potresna obtezba, stabilnost pobo¢ja. analiza tveganja

lzvlecek

Nasipi $¢itijo kmetijska zemljisca in mestna obmocja
pred pogostimi poplavami in naravnimi nesrecami. So
inZenirski objekti, ki jih je treba skrbno nacrtovati in

zelo dobro vzdrZevati. InZenirski korpus ameriske vojske
je zvezna agencija v okviru Ministrstva za obrambo,
odgovorna za nacrtovanje in gradnjo nasipov v Zdruzenih
drzavah. Velja gradnja nasipa reke Santa Ana je bila
izvedena v devetdesetih letih prejsnjega stoletja. Analize
obcutljivosti in inspekcijski pregledi za oceno dejanskih
pogojev konstrukcije nasipov je izvedlo osebje Orange
County Public Works in USACE. Potresi v zvezni drZavi
Kalifornija so stalni in zelo pogosti. Potresni u¢inki lahko
vplivajo na vecino konstrukcij zgrajenih na zemeljskem
povrsju, ne glede na obseznost ucinka potresa. Eden od
najucinkovitejsih nacinov za oceno konstrukcije nasipa
in preverjanja, kako bi se obnasal pri mocni potresni
aktivnosti, je izdelava modela z uporabo enakih ali
podobnih projektnih parametrov dejanske konstrukcije
in simulacija delovanja potresnih valov na nasip. V tej
Studiji so bile identificirane in zbrane konstrukcijske in
geotehnicne informacije o nasipu Santa Ana na podlagi
meril nacrtovanja USACE in parametrov zemljin. Nato
je bil ustvarjen model, ki predstavlja razlicne dele sistema
nasipa. Z uporabo numericnega modela so bile simulirane
potresne obtezbe in izvedeni izracuni, ki so vkljucevali
razlicne scenarije za doloCitev faktorja varnosti. Predsta-
vljeni so bili rezultati in moznosti za nadaljnje raziskave.
Ugotovitve lahko koristno uporabimo pri napovedovanju
kriti¢nih odsekov nasipa v podobnih slucajih.




1 INTRODUCTION

The integrity of the state and national system of levees
and embankment dams is a crucial component in
ensuring the safety of protected communities. Levees are
constructed along watercourses to provide protection
against floods. The failure of such systems due to natural
or man-made hazards can have monumental repercus-
sions, sometimes with dramatic and unanticipated
consequences for human life, property and the economy
of the states and the country [1]. The failure of levees
during hurricane Katrina in 2005, which led to the cata-
strophic flooding of New Orleans, is a highly illustrative
example. About 2000 people lost their lives due to the
failure of the levees that were protecting the city, and
the property damage was estimated at $81 billion (2005
USD) [2].
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b)

There are several other examples that reveal the critical
role of levees and embankment dams, and how their
failure impacts on people’s lives and properties. There are
nearly 22,530 km of levees under the jurisdiction of the
U.S. Army Corps of Engineers (USACE) in the US, but this
does not include what is believed to be more than 160,000
additional km of levees not covered by the USACE safety
program. Some are little more than mounds of earth
piled up more than a century ago to protect farm fields.
Others extend for kilometers and are made of concrete
and steel, with sophisticated pump and drainage systems.
They shield homes, businesses and infrastructure such as
highways and power plants. Figure 1(a) shows, in red, that
881 counties with a total population of 160 million in the
United States are protected by these levees. Figure 1(b)
presents a closer look at the levees in southern California,
and the potential flood areas are indicated by purple.

Figure 1. Levee-protected areas: (a) national counties protected by levees, (b) areas in the Southern California protected by the levee system.
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As can be seen from Figure 1(b), there are large areas of
Orange County between the Los Angeles river and the
Santa Ana river that are heavily populated and protected
by levees. Although Southern California is at a lower
risk of hurricane or typhoon compared to cities such

as New Orleans, LA or Houston, TX, the existence of a
large number of active faults, and the strong likelihood
of earthquakes would make the assurance of a healthy
and reliable levee system a very important matter for
the State of California. In the case of an earthquake, the
induced seismic forces, the failure of the slopes, and the
ground rupture would be the main failure mechanisms.
In the case of a hurricane or flood that happens relatively
quickly, seepage and overtopping would be the most
dominant and most probable failure mechanisms [3, 4,
5]. While other failure mechanisms require more time
to significantly damage a levee, overtopping and seepage
would erode the levee in a relatively short time, and the
erosion would eventually lead to levee breach and failure
[6]. Therefore, it is critical to investigate and assess the
health of the system of levees in Southern California.
This can help to identify the locations with the most
critical problems in the levee system and accordingly
take appropriate actions to minimize the risk of failure

[7].

The objective of this project is to develop models that
would simulate different failure seismic mechanisms of
the levee and assess the outcome in order to verify the
actual conditions of the levee system. The results can
reveal the areas of the levees with higher risk in respect
of overall stability, which can eventually lead to action
plans for remediation and reduce the risk of failure in
the case of an earthquake.

1.1 Historic background

The Santa Ana River Mainstream project is designed

to provide flood protection for more than3.35 million
residences and businesses in the Southern California
communities of Orange, Riverside, and San Bernardino
Counties. All three counties, collectively, are working
closely with the U.S. Army Corps of Engineers (USACE)
to design and construct the project [8].

A recommendation for the Santa Ana River Levee
Mainstream Project emerged from studies involving
the Federal Flood Control Act of 1936, together with
the USACE, where it suggested a flood-control project
to protect metropolitan Orange County and vicinal
communities. The Los Angeles District Office then
consolidated the studies in 1975. The goal of this study
was to develop a plan to address the “Standard Project
Flood”, one that has about a half of one percent chance
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of occurring in any given year, or that statistically tends
to occur about once every 200 years. The USACE was
authorized by Congress in the Water Resources Develop-
ment Act of 1976 to undertake the Phase 1 General
Design Memorandum (GDM) for the project, which

was completed in 1980. In 1986, the Phase 2 GDM (a
more detailed study) was completed and submitted to
Congress, requesting authorization for a “new construc-
tion start”. The project was authorized for construction
in 1988, and the three Local Sponsors (Flood Districts of
Orange, Riverside and San Bernardino Counties) signed
a Local Cooperation Agreement (LCA) with the USACE
in 1989.

The LCA defined the roles and responsibilities for the
project for the four parties. Construction began in

1989 with improvements to the Lower River near to the
Pacific Ocean. The necessity of improvements and more
specific studies towards the levee was found through
technical analyses and inspections over the years.
Nowadays, after more than 40 years, the improvements
to the Santa Ana River system cover 120.7 km, from the
headwaters of the Santa Ana River near Big Bear Lake to
the mouth of the river at the Pacific Ocean between the
cities of Newport Beach and Huntington Beach. Upon
completion, the project will increase levels of flood
protection to more than 3.35 million people and help to
prevent over $40 billion in economic losses that could
occur due to a major flooding event within the three-
county area [9].

1.2. Literature review

It is important to understand the mechanisms of failure
in a levee, the influence of flooding and how seismic
forces impact on levees, and the negative effects on
community and the economic losses. One of the studies
of the probability of failure for Northern California
Delta Levees was estimated by using simple statistical
procedures based on empirical data. The levees, most of
which are built on peat, are very variable with regard to
composition, height and slope, and many reaches of the
levees are only marginally stable. Factors affecting the
likelihood of failure were mainly linked to the geometry
and the heterogeneous mixture of various types of fill,
including silt, sand and peat. To determine probabilistic
studies, the author first combines information regarding
the critical section of the levee with a factor of safety
calculated using water-level data, the effective stress
angle of friction, the levee’s unit weight (seepage and
levee-strength parameters). The author then uses these
values and correlates with the peat-layer-thickness
interval to formulate the average probability of failure
[10].



Rapti et al. [11] simulated a levee-foundation system,
and the influence of characteristics of the input ground
motion, as well as of the position of the liquefied

layer on the liquefaction-induced failure. The induced
damage level (i.e., the induced crest settlements) in their
studied levee model was strongly related to both the
liquefaction apparition and the dissipation of excess
pore-water pressure on the foundation. The respective
role of the input ground-motion characteristics was

a key component for soil-liquefaction apparition, as a
long duration of the main shock can lead to important
nonlinearity and extended soil liquefaction. A circular
collapse surface was generated inside the liquefied
region and extends toward the crest on both sides of
the levee. Even so, when the liquefied layer was situated
in depth, no significant effect on the levee’s response
was found. This research provided a reference case
study for the seismic assessment of embankment-type
structures subjected to earthquakes and proposed a
high-performance computational framework that is
accessible to engineers.

In recent decades we have seen a wide range of natural
(e.g., floods and hurricanes) and technological disasters
(e.g., hazardous material releases) in different countries.
In particular, every year natural hazards have negative
impacts on millions of people all over the world. Some
natural hazards, which include a wide range of geophysi-
cal, meteorological, hydrological, climatological, or
biological events that disturb human and natural envi-
ronments, turn into disasters, causing physical impacts,
such as injuries, casualties, and damage to property

[12]. Levees are critical for providing protection against
catastrophic flood events, and thus require continuous
monitoring [13]. The long-term action of internal and
external factors leads to constant seepage failures of soil-
levee engineering, such as soil-flow failure and piping
failure. It is very disadvantageous to the service safety
of levee engineering. Most of the disastrous accidents
are induced directly or indirectly by seepage. It has been
known that the water-soil interaction with particle
migration determines the occurrence and development
of seepage failure [14].

The level of protection offered by an earthen levee is
typically described in terms of flood-water level that the
levee is capable of containing. If a larger flood occurs,
floodwaters exceed the height of the levee and flow over
its crest. As the water passes over the top, it can erode the
levee, worsening the flooding and potentially causing a
breach [15]. Waves overtopping a dike can cause erosion
of the dike’s cover, which can ultimately result in a dike
breach. Flooding caused by a dike breach is one of the
main hazards that can lead to large economic damage
and human casualties worldwide as a result of serious
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inundations with disastrous effects. A recent example

of such a disastrous event is Hurricane Katrina, which
led to many dike breaches caused by wave overtopping.
Due to these dike breaches, a large part of New Orleans
was inundated [16]. There are several other studies

that have shown flood impacts (risk and frequency)

are even stronger nowadays, for several reasons, such

as the increasing degree of urbanization, the existing
infrastructure and possible disastrous impact of its
effects on the environment, global warming, the increase
in global atmospheric CO, concentration, etc. [17, 18,
19]. There is an emphasis on the importance of having a
better understanding of the response of levees and dams
to such events.

2 PROCEDURE AND THE STUDIED LEVEE

Since 1990 natural hazards have led to over 1.6 million
fatalities globally, and economic losses are estimated

at an average of around USD 260-310 billion per year.
The scientific and policy communities recognize the
need to reduce these risks [20]. Orange County Public
Works states that the major flooding threat in Orange
County is the Santa Ana River. In 1938 the Santa Ana
River flooded parts of Anaheim, Santa Ana, and Garden
Grove, reportedly killing more than 50 people. Although
the Prado Dam helped to substantially reduce the flood
damage, the 1969 storm caused the largest dollar loss

in Orange County’s history. Extensive efforts at flood
protection have been made in the area in the past years;
however, it appears that portions of the county, which
would not be inundated by the river overflow during
the 100-year event, could be subject to flooding from
the overflow of storm-water drainage facilities that are
presently inadequate for carrying the 100-year discharge.
The East Garden Grove-Wintersburg Channel and
Ocean View Channel system is one of the underlying
channel systems of the Santa Ana River floodplain. This
drainage system does not have the capacity to contain
the 100-year flood because the channel banks and levees
are overtopped at several locations [9].

These have made the Santa Ana levee system a crucial
infrastructure for the region. In addition to these, seis-
mic activities surrounding the Santa Ana Levee are also
constant. A base local map (Figure 2) shows a scenario
of how past and recent earthquakes are distributed along
the Santa Ana River extension (and the Santa Ana levee
system at the present time). The gray dots indicate the
earthquake’s position, and the size varies according to
the quake’s magnitude A 4.2 magnitude 3 km south

of Fountain Valley, location 33.679°N 117.950°W, was
found to be one of the biggest around the levee area in
1933 [21].
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Figure 2. Previous earthquakes in the Orange County region.

Studies involving seismic activities and levee deforma-
tion gave support to the elaboration of this work
concerning earthquake conditions and their implication
for the structure of the levees. During the 1989 Loma
Prieta earthquake, levees near Watsonville, California,
spread laterally at multiple locations causing damage in
an industrial facility and a dispute arose as to whether
lateral spreading of the adjacent levee was the cause.

In order to solve this conflict, stability analyses at four
different pre-determined sites around the facility and
for three sets of loading and soil-strength conditions
were carried out. A first case analysis represents the
pre-earthquake static loading conditions that aims to
determine the factor of safety for several potential failure
positions. A second case evaluates levee stability during
an earthquake from pseudo-static procedures in which a
horizontal seismic coeflicient was applied to the poten-
tial sliding mass. The stability was evaluated based on the
yield acceleration, as opposed to the factor of safety. The
yield acceleration (ky) is the horizontal acceleration (as a
fraction of the vertical gravity force) at which the insta-
bility is initiated. After the initiation of the instability,
movement then occurs along the critical failure surface.
The estimated lateral spreading was determined using
the relation of the yield acceleration versus the displace-
ment developed [22].

To better analyze the Santa Ana levee, and due to its long
extension, the levee was divided into three categories, as
follows: SAR1 (Santa Ana River levee, section 1), SAR2
and SAR3 all federally authorized and subsequently

34. Acta Geotechnica Slovenica, 2022/1

constructed by the U.S. Army Corps of Engineers,

Los Angeles District (USACE). The SARI is located

on the right/west bank of the Santa Ana River in the
cities of Santa Ana, Fountain Valley, and Huntington
Beach (Figure 3(a)). The construction of the SAR1 was
completed in September 1995 and is now entirely oper-
ated and maintained by Orange County Flood Control
District (OCFCD) that is administered by Orange
County Public Works (OCPW) staft, as for the SAR2
and SAR3 systems. The SAR1 Levee System consists

of an earthen embankment with a trapezoidal channel
lined with reinforced concrete and grouted riprap. Also,
a rectangular channel lined with reinforced-concrete
floodwalls and retaining wall, concrete masonry unit
(CMU) retaining walls, 28 side drainage structure pipes,
18 discharge pipes, two side-drain junction structure
pipes, four pump stations, numerous utility crossings, 20
bridge crossings, and 14 access ramps. The SAR1 Levee
System extends from immediately upstream of Interstate
5 (I-5) to slightly downstream of the Pacific Coast High-
way, a distance of approximately 18.8 km [23].

The SAR2 Levee System, (Figure 3(b)) is located on

the left/east bank of the Santa Ana River in the cities

of Costa Mesa and Newport Beach. The construction
was completed in September 1992 and is composed

of three levee segments: (1) the Santa Ana River 2a
Levee Segment (i.e., the SAR2a Levee Segment); (2)

the Santa Ana River 2b Levee Segment (i.e., the SAR2b
Levee Segment); and (3) the Greenville-Banning Levee
Segment (i.e., the GB Levee Segment). The SAR2 has an
earthen embankment, concrete or riprap lined riverward
side slopes, concrete lined or natural invert, seven side-
drainage structures, two tide-gate assemblies, three side-
drain junction structures, numerous utility crossings,
one bridge crossing, and one access ramp.

The SAR2a Levee Segment forms the left/east bank of
the Santa Ana River and extends from immediately
downstream of the confluence of the Santa Ana River
with the Greenville-Banning Channel to immediately
downstream of the Pacific Coast Highway, converging at
a distance of 1.9 km. The SAR2b Levee Segment forms
the left/east bank of the Santa Ana River and extends
from immediately downstream of Victoria Street/Hamil-
ton Avenue to immediately upstream of the confluence
of the Santa Ana River with the Greenville-Banning
Channel, a distance of 0.4 km.

The SAR2Db Levee Segment also forms the right/west
bank of the Greenville-Banning Channel and extends
from immediately downstream of Victoria Street/Hamil-
ton to upstream of the confluence of the Santa Ana River
with Greenville-Banning Channel, a distance of 0.5 km.
The GB Levee Segment forms the left/east bank of the
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Greenville-Banning Channel, and extends from imme-
diately downstream of Victoria Street/Hamilton Avenue
to immediately upstream of the confluence of the Santa
Ana River with the Greenville-Banning Channel [23].
The SAR3 Levee System (Figure 3(c)) is located on the
left/east bank of the Santa Ana River and on the left/east
and right/west banks of the Greenville-Banning Chan-
nel (GB Channel) in the cities of Santa Ana and Costa
Mesa. The construction of the SAR3 Levee System was
completed in September 1995 and is composed of two
levee segments: (1) the Santa Ana River 3 Levee Segment
(i.e., the SAR3 Levee Segment), and (2) the Greenville-
Banning Levee Segment (i.e., the GB Levee Segment).
The SAR3 Levee System has an earthen embankment;

a riverward slope armored with either grouted riprap,
riprap, or reinforced concrete; an invert with either no
lining, reinforced concrete lining, or derrick-stone lining;
side-drainage structures; side-drain junction structures;
utility crossings; bridge crossings; and access ramps.

The portion of the SAR3 Levee Segment along the Santa
Ana River extends from the confluence of the Santa
Ana River with Santiago Creek to Victoria Street, a
distance of 14.7 km. The lower reach of the SAR3 Levee
Segment consists of the left/east bank of the Santa Ana a)
River and the right/west bank of the GB Channel. The

b) c)

Figure 3. Major sections of the levee systems in Southern California, (a): SAR 1 Levee system; (b): SAR 2 Leveed area; (c): SAR 3 Leveed area.
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portion of the SAR3 Levee Segment, which coincides
with the GB Channel, extends from where the GB
Channel begins to parallel the Santa Ana River to Victo-
ria Street, a distance of 4.6 km. The GB Levee Segment
forms the left/east bank of the GB Channel and extends
from where the leveed condition begins along the
left/east bank of the GB Channel to Victoria Street, a
distance of 4.3 km. Previous to the construction of the
Santa Ana River Project, GB Channel also ran parallel
to the Santa Ana River, but discharged directly into the
Pacific Ocean. As part of the Santa Ana River Project,
the GB Channel was redesigned to discharge into the
Santa Ana River just downstream from the Hamilton-
Victoria Avenue. The GB Channel runs parallel to the
Santa Ana River instead of entering into the Santa Ana
River further upstream to maintain the interior drain-
age along the GB Channel, which has a lower invert
elevation compared to the Santa Ana River along most
of the reach [23].

The SARI1 Levee System is in fairly close proximity to
several active and potentially active faults (Figure 4).
Current State of California legislation defines an
active fault as a fault that shows evidence of surface

displacement during the Holocene (about the last
11,000 years). A potentially active fault is defined by

the state as exhibiting evidence of surface displacement
within the Quaternary (about the last 1.6 million years).
These definitions are used as a basis for delineating
Earthquake Fault Zones as mandated by the Alquist-
Priolo Act Geologic Hazards Zones Act of 1972 and
subsequent revisions (1975, 1985, 1990, 1992 and

1994) [24]. The intent of the act is to assure that urban
development and certain habitable structures and sensi-
tive improvements are not constructed across traces of
active faults.

The Newport-Inglewood fault zone, which extends
from possibly Baja California (Rose Canyon segment
extending from the San Diego to offshore Orange
County) to at least Santa Monica in Los Angeles County
is the predominant structural/tectonic feature to cross
the Santa Ana River. The zone is approximately 6.4 km
wide near the mouth of the river (Santa Ana Gap). It is
characterized by generally northwest-trending parallel
faults and folds. Within the Gap (downstream of the
1-405), at least six splays or segments of the fault have
been mapped (Figure 5).

Figure 4. Regional fault map.
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Figure 5. Local fault map.

The SAR Levee System is located within the seismically
active Southern California region and is subjected to
seismic forces along local and more distant regional
faults. Some of the most significant seismically active
faults near the levee alignment include the Newport
Inglewood fault, the Palos Verdes fault, and the San
Joaquin fault; although earthquakes on the Whittier,
Elsinore, Sierra Madre, San Andreas, as well as other
major fault systems within southern California, could
also cause significant ground shaking along the levee
alignment. In order to assess the historic ground shaking
in the area of the SAR Levee System, monitoring data
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from earthquake-recording stations near to the project
site were reviewed at the Center for Engineering Strong
Motion Data website. Table 1 presents summarized data
for the peak ground acceleration (PGA) noted nearby
some of the levee stations during historical earthquake
events [23].

3 MATERIALS AND METHODS

This portion aims to explain the methodology used to
build the levee models and the criteria used to evaluate
the system when subjected to seismic forces. Three main
sections of the Santa Ana River Levee were chosen to be
represented in the 2D model for further analysis using
Slide Modeler software from the Rocscience package.
The first section covers the downstream portion of the
levee beginning on the Greenville-Banning channel

area from station 20+00 and extends approximately

4.5 km towards upstream, where it meets the station
180+00 (Figure 6(a)). This section is inserted into the
Newport-Inglewood-Rose Canyon fault zone where
seismic activities are constant. The second section is the
middle-stream portion. It represents the central part of
the levee from stations 586+00 to 796+00 crossing the
limits of Fountain Valley, Santa Ana and Orange cities
(Figure 6(b)). There are no faults crossing the region of
the chosen section; however, its proximity to the active
El Modeno fault 1.6 km to the north, explains the occa-
sional seismic activities in the region. The third section is
located in the upstream portion from stations 796+00 to
1215+00 (Figure 6(c)). It mediates the cities of Placentia,
Yorba Linda and Olive inserted on the Peralta Hills
structure and near to other geologic formations with a
high probability of ground shaking and intense seismic
activities.

Subsurface investigations and laboratory testing were
also used to evaluate the soil conditions. Exploratory
borings were generally spaced at intervals of approxi-
mately 300 m or less. Boring depths varied from 8 m to

Table 1. Data of the recent earthquakes in Southern California.

Minimum Distance from

Earthquake Date Magnitude  Station (CGS- CSMIP)*  PGA (g) Station to Levee (km)
Chino Hill July 29,2008 5.4 13884 0.13 1.9
Irvine Sept. 15,2011 3.5 13891 0.08 1.5
Inglewood May 17,2009 4.7 13887 0.10 1.5
Northridge Jan. 17,1994 6.7 5465 0.16 1.0
Whittier Narrows QOct. 1, 1987 5.9 13197 0.05 4.3
Landers June 28,1992 7.3 13160 0.07 4.8

*CGS-CSMIP California Geological Survey — California Strong Motion Instrument Program
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<)

Figure 6. Different sections of the Santa Ana River Levee system;
(a) Section 1, Downstream;
(b) Section 2, Middle-stream;
(c) Section 3, Upstream.

b)

over 21 m. The soils encountered during the investigation
generally included varying percentages of sand, silt

and clay. Given the fairly broad range of material types,
the USACE LAD conducted an extensive laboratory
program that included dry density, moisture content,
maximum density, Atterberg limits, gradation, and
shear-strength testing with its values summarized and
presented in Table 2. Based on this testing, parameters
were established for the various material types encoun-
tered along the levee’s alignment. The strength tests

were performed on samples remolded to both 80 and 90
percent of the maximum density as per the ASTM D1557
test method in order to evaluate loose foundation condi-
tions and dense foundation/compacted fill conditions,
respectively. The values were estimated for both the total-
stress (R) and the effective-stress (S) conditions [23].

3.1 Geometry

The Santa Ana Levee geometry is in accordance with the
EM 1110-2-1913, United States Army Corps of Engineer

Table 2. Summary of soil parameters.

e R Strengths S Strengths y_(SO(?) ),_(900/30)

esign Yd(max) Wopt 0 i 0 i 0 i 0 i (kN/m~) (kKN/m”)
Parameter (kN/m®) (%) 80% Compaction |90% Compaction | 80% Compaction [90% Compaction

¢ (deg) c(kPa) | ¢ (deg) c(kPa) |¢'(deg) c'(kPa) ¢'(deg) c'(kPa)| yi  Vwer Vsar | Yd  Vwet Vsat.

Clay 19 11 15 28.7 23 28.7 24 9.6 30 96 | 156 17.1 195|174 193 20.7

Silt 184 12 | 20 9.6 25 19.2 26 3.8 32 48 148 164 192|165 184 20.3
Silty Grav-— 0, g | 28 0 35 0 32 0 37 0 163 175 128|184 199 214
elly Sand

Sand 185 13 | 27 0 33 0 31 0 36 0 |148 167 192|167 189 129
SiltySand 187 12 | 24 9.6 30 14.4 28 0 34 0 |149 168 193|168 19.0 20.4
Sag‘iﬁhy 193 11 | 26 0 32 0 30 0 35 0 |155 171 194|174 192 206
CSI:ZZY 204 8 22 14.4 27 19.2 26 4.8 32 48 | 164 17.6 201|184 199 21.4
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Table 3. Geometric parameters used in the numerical models.

Section Slope Width (m) Height (m)
Downstream 2H:1V 7.6 4.9
Middle stream 2H:1V 10.7 6.7
Upstream 2H:1V 4.6 5.5

Design and Constructions of Levees manual, which
indicates a minimum crown width of 3 m and also
states that the levee should have side slopes flatter than
or equal to 2H:1V. The actual levee geometry meets the
manual requirements, having an approximately 6 m
average crown width and the majority of the slopes
measured along its extension of 2H:1V; however, slopes
measuring 3H:1V and 1.5H:1V were also found. The
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actual levee height varies from 1 to 8 m. An average
measurement of height was taken for each of the three
sections as well as measurements of the slope and crown
width further considered to build the numerical model.
Table 3 presents the geometric parameters used to build
the models for each section.

The external boundaries for the models were built using
the 2D (x-y) cartesian coordinate system. The model was
extended vertically to six times the embankment height,
from the top of the levee crown to the bottom bound-
ary line, and horizontally three times the value of the
channel width (riverward direction) and three times the
embankment width (landward direction). This format
was used in order to fit all the potential failure surfaces
in the boundaries, which will be discussed further in the
results and discussion.

Figure 7. Analyses of the representative soil type and depths per station segments.
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3.2 Levee Embankment Material Assignment and used to lift the layer during the levee’s construction.
The type of soil encountered on the earthen embank- A statistical and quantitative method was developed in
ment and the soil parameters (Table 2) were obtained order to assign the embankment material in this study
through a sampling campaign conducted by the US in such a way that each section chosen for modeling
Army Corps of Engineers and a contractor consulting (downstream, middle stream and upstream) has its
company during the 1960s and 1970s. The majority of pre-defined initial and final stations. These stations set
the test holes were set up alongside the channel and the the limits of the sections. From the boring logs available,
rear side of the levee performed by a 15 cm (6 inch) the depth and the corresponding types of soils were then
rotary or a 40 cm (16 inch) bucket drilling machine. The statistically found. Thus, the station and the boring logs
soil used to build the embankment was originally from were identified and the values of the depth and soil type
the channel excavation. Prior to the construction of the for each log were put together in a color-coded system
levees, these materials were tested, and later compacted for further quantitative analyses and the definition of the

Table 4. Number of soil-type occurrences per depth per station.

Depth(f) SP SM SM-SM SC SC-SM ML MH CL CL-MH CH sw gp  Highest  Representative

Occurrences  Soil Type
1 9 6 0 3 1 0 0 0 0 0 11 2 11
2 8 6 0 3 1 0 0 1 0 0 11 2 11
3 8 6 1 3 1 0 0 0 0 0 11 2 11 sw
4 6 11 3 1 0 1 0 0 0 0 9 1 11
5 5 11 3 1 0 1 0 1 0 0 9 1 11
TOTAL 36 40 7 11 3 2 0 2 0 0 51 8
6 8 11 3 1 0 1 0 0 0 0 8 0 11
7 8 9 7 1 0 0 0 0 0 0 6 0 9
8 8 10 6 2 0 0 0 0 0 0 5 0 10 M
9 7 10 5 2 0 0 0 0 0 0 6 1 10
10 10 9 5 1 0 0 0 1 0 0 4 1 10
TOTAL 41 49 26 7 0 1 0 1 0 0 29 2
11 11 8 5 0 1 0 0 1 0 0 5 0 11
12 11 8 5 0 1 0 0 1 0 0 5 0 11
13 8 6 2 0 1 0 0 0 0 0 13 1 13
14 8 6 2 0 1 0 0 0 0 0 12 2 12 W
15 6 6 2 0 1 1 0 1 0 0 12 2 12
TOTAL 44 34 16 0 5 1 0 3 0 0 47 5
16 8 5 2 1 1 2 0 0 0 0 9 2 9
17 10 5 2 0 1 1 0 0 0 0 9 2 10
18 10 6 2 0 1 1 0 0 0 0 9 1 10 sp
19 13 5 1 3 0 1 0 0 0 0 6 1 13
20 12 4 0 3 0 1 0 2 0 0 5 3 12
TOTAL 53 25 7 7 3 6 0 2 0 0 38 9
21 10 6 0 3 0 1 0 2 0 0 5 3 10
25 9 8 2 2 0 1 0 1 0 0 3 4 9
30 3 8 1 2 0 1 0 1 1 0 5 5 8
35 1 7 4 2 0 1 0 0 0 0 6 4 7 SM
40 1 9 2 2 0 1 0 1 0 0 4 5 9
45 4 7 2 2 0 1 0 1 0 0 3 5 7
TOTAL 28 45 11 13 0 6 0 6 1 0 26 26
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most suitable type of soil to represent the depths on each
station, which were later incorporated into the model.

For instance, the third section (upstream) starts at station
796+00 and ends at station 1215+00. The first set of boring
logs corresponds from station 796+00 to station 838+00.
Three boring logs were analyzed in three columns with
the associated depth and soil type represented by the color
code. The second set of boring logs corresponds from
station 852+00 to station 865+00 and two boring logs were
available and analyzed in the same way. These analyses
were performed on every segment until the last station
(1215+00), which considered the available boring logs
within the section limits. As an example, the final color-
coded analyses results of a portion of the third section

from station 796 to 939 are presented in Figure 7 (page 39).

This procedure was applied for every boring log and
station available, involving each of the three sections. In
order to determine the most appropriate representative
material to be assigned in the model, the number of
occurrences for each depth is summed and the total
largest number is assumed to represent the soil type in
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the model (Table 4).

3.3 Numerical Model

The numerical models were created based on USACE
drawings, the actual levee geometry and the measure-
ments taken from in-person site visits as well as Google
Earth images, using the 2D limit equilibrium analysis
method and Rocscience software Slide2. With the
assigned soil type and materials, seismic loads were then
applied to the model. Figure 8 below shows an example
of a levee’s cross-section, the actual structure image and
the model representing the upstream section.

In this project, three case scenarios considering different
approaches are discussed: (1) Minimum factor of safety
for critical slip surface, static load, (2) Application of
pseudo-static seismic loads in the horizontal direction,
assuming a seismic coeflicient load of 0.15 (kj,), and its
effect on the minimum safety factor, and (3) Critical
seismic coefficient determination (k.) that results in a
destabilized slope with factor of safety equal to 1.0.

Figure 8. Upstream representation.
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This work does not discuss methods to determine

the seismic coefficient (kj). Instead, it chooses 0.15

as a maximum value recommended for the design

in the studied area by Melo and Sharma (2004) [25]
and USACE (2014) [23]. It should be mentioned that
the selection of an appropriate seismic coefficient is
one of the most important and difficult aspects of a
pseudo-static stability analysis. In theory, the seismic
coeflicient values should depend on some measure of
the amplitude of the inertial force induced in the slope
by the dynamic forces generated during an earthquake.
Because soil slopes are not rigid and the peak accelera-
tion generated during an earthquake lasts for only a
very short period of time, seismic coefficients used in
practice generally correspond to acceleration values well
below the predicted peak accelerations. However, the
choice of coeflicients used in the slope-stability analysis
is very subjective and lacks a clear rational [25]. There
have also been other studies that identified the shear
strength and seismic coeflicient of levees by analyzing

b)

9)

surficial slides during the 2004 Mid-Niigata Prefecture
Earthquake, and researchers also chose 0.15 as a maxi-
mum value, recommended by the US Army Corps of
Engineers for large earthquakes [26]. The selection of
an appropriate seismic coefficient is critical in a pseudo-
static stability analysis, mainly because in this method,
the seismic loading is modeled as a statically applied
inertial force, the magnitude of which is a product of
the seismic coeflicient, k, and the weight of the potential
sliding mass [27].

4 RESULTS AND DISCUSSION

This study performed a qualitative and quantitative
analysis approach to the Santa Ana River levee structure
from a seismic activity perspective. The project has the
intention to analyze the behavior of the levee, in terms of
the factor of safety, when submitted to relevant magni-
tude seismic conditions.

Figure 9. Different sections of the Santa Ana River (SAR) levee under static load (a) Downstream, (b) Middle stream, (c) Upstream.
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4.1 Scenario 1 — Static Loading

This interpretation defines the critical slip surface and

its safety factor. The downstream earthen levee model
(Figure 9(a)) was considered to have a height and width
of 4.8 m and 7.6 m respectively. The slope has an inclina-
tion of 2H:1V and a 1 m thickness of riprap revetment.
After running the software interpretation, the factor
safety found was 3.4. The middle stream earthen levee
model Figure 9(b) has a total height of 6.7 m and a width
of 10.7 m. The overall slope has an inclination of 2H:1V
and it is divided in the middle by a 0.6 m wide berm. The
slope has a 0.6 m thick reinforced-concrete revetment.

a)

a)

b)

<)
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After running the software interpretation, the factor
safety found was 1.6. The upstream earthen levee model
(Figure 9(c)) has a total height of 5.5 m and a width of
4.6 m, on average. The overall slope has an inclination
of 2H:1V and it is also divided by a 0.6 m wide berm
located 0.9 m below the levee crest.

Based on USACE cross-sections, a slope with 0.6 m of
reinforced-concrete revetment (above the berm) and

0.6 m of riprap revetment below the berm was consid-
ered in the model. After running the software interpreta-
tion, the factor of safety was found to be 1.7.

Figure 10. Different sections of the Santa Ana River (SAR) levee under Pseudo-static loading;
(a) Downstream, (b) Middle stream, (c) Upstream.
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4.2 Scenario 2 — Pseudo-Static Loading

This scenario shows the effect of pseudo-static earth-
quake loading in the limit equilibrium analysis. The
orientation chosen in the software was the slip direction
in lieu of trend/plunge and vector options. The slip-
direction option automatically applies the horizontal
seismic coeflicient (k) in the direction of sliding (right
to left), through the geometric centroid of each column.
Seismic coefficients are dimensionless coeflicients that
represent the (maximum) earthquake acceleration as a
fraction of the acceleration due to gravity. Usually, the
factor of safety for ordinary static conditions must be

at least 1.5, and the factor of safety from a pseudo-static
analysis with a prescribed horizontal acceleration factor
must be at least 1.1 [28].

Figure 10(a) shows the lines with different colors corre-
sponding to the factor of safety, which for this case has a
critical value of 1.9. The same procedure is applied

for the middle-stream section, presenting a factor of
safety of 1.15 (Figure 10(b)), and the upstream section
Figure 10(c) with a factor of safety of 1.2.

4.3 Scenario 3 — Critical Seismic Coefficient Analysis

The safety factor was evaluated in the previous scenario
for a horizontal seismic load coefficient (kj,) of 0.15. For
this scenario, a set of reverse analyses was performed

for each section of the levees to determine the critical
seismic coefficient (k) that results in a destabilized slope
for a factor of safety equals to 1.0. Figure 11 shows the
outcome for each section.

A summary of all of the above-mentioned factors of
safety along with the percentage of drops are presented
in Table 5.

Table 5. FS of different sections of the SAR levee under static
and pseudo-static loads.

FSfor  FSfor

. . Dro eismic
static static P S

percentage coeflicient kj,

load load
Downstream  3.436 1.897 45 % 0.406
Middle stream  1.599 1.145 28 % 0.215
Upstream 1.709 1.242 27 % 0.262

4.4 Limitations

The most recent sampling campaign in the actual levee
crest would be essential to determine accurate details
about the soil type and its properties in various section
of the levee. This study considered a statistical approach
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to determine the soil type for sections located relatively
far away from each other. Although similar soils were
used for this levee at various sections, the development
of a more precise study of the Santa Ana levee/embank-
ment soil type would lead to a more accurate model.

A verification of the model used in this study could be
performed in order to verify its congruency with the
actual levee. That would demand more planning and
field visits, arrangements with the USACE inspectors or
Orange County Public Work (OCPW) personnel on the
areas that are restricted. A more site-specific determined
seismic coefficient (k;,) would also lead to a more accu-
rate result for each of the three sections.

5 CONCLUSIONS

This project evaluated the seismic behavior of the major
Southern California levee systems. In particular, differ-
ent sections of the Santa Ana River levee system were
investigated. A set of selected sections of the structure
were modeled by taking into consideration the effects of
seismic loads for different conditions. Factors of safety
for each scenario were then calculated for the levee-slope
failures. The conclusions below can be drawn from this
study:

1. The downstream section has the highest factor of
safety and this might be justified due to its proximity
to several active fault systems and the large number
of previously recorded seismic activities.

2. The downstream section presents a higher percen-
tage drop in the factor of safety (45 %) when expe-
riencing seismic loads, it would still be within a safe
range, assuming a minimum FS of 1.0 for static loads
and 1.5 for pseudo-static loads.

3. The middle-stream section resulted in the lowest
value for the factor of safety, both under static load
(FS = 1.6) and pseudo-static loads (FS = 1.1). The
values are very close to the acceptable limits.

4. The middle-stream section would require more
attention and consideration for regular inspections
and a further opportunity for a re-evaluation in
terms of design.

5. The upstream FS values are also close to the limit
values. The development of a future inspection plan
would be strongly recommended for this section.

Data Availability

Some or all the data, models, or code that support the
findings of this study are available from the correspond-
ing author upon reasonable request.



M. Kamalzare: Seismic assessment of the levee systems in Southern California

a)

b)

Figure 11. Different sections of the Santa Ana River (SAR) levee under Critical seismic coefficient:
(a) Downstream, (b) Middle-stream, (c) Upstream.
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Abstract

This study analyzes the impact of weathering on the effec-
tiveness of granite as a stabilization agent for clay soils. A
sample of clay soil was obtained from Mansehra District
(Hazara, Pakistan) and its composition was determined.
The sample consists of quartz, feldspare, kaolinite and
illite, and is categorized as a CH soil following the Unified
Classification System. Samples of fresh (non-weathered)
and variously altered, i.e., slightly weathered, moderately
weathered and highly weathered Mansehra granite were
collected. Two different amounts (12.5 % and 25 %) of
these granite varieties were mixed with the clay soil sample
and geotechnical properties (plasticity index, activity,
cohesion, angle of internal friction, maximum dry density,
optimum moisture content, unconfined compressive
strength and allowable bearing capacity) of the resulting
mixtures were determined following the corresponding
standard ASTM procedures. The results reveal that the
addition of all the granite types, except the highly weath-
ered variety, leads to an improvement in the parameters
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Kljuéne besede

stabilizacija tal, granit, preperevanje, posedek, nosilnost

Predstavljena Studija obravnava moZen vpliv prepereva-
nja na ucinkovitost granita kot stabilizatorja za glinene
zemljine. Iz okroZja Mansehra (Hazara, Pakistan)

smo pridobili vzorec glinene zemljine in dolo¢ili njeno
sestavo. Vzorec je sestavljen iz kremena, ortoklaza,
kaolinita in ilita in je po enotnem klasifikacijskem
sistemu kategoriziran kot CH zemljina. Pripravljeni so
bili vzorci svezega (nepreperelega) in razlicno spremenje-
nega, torej rahlo preperelega, mesanice rahlo in zmerno
preperelega, zmerno preperelega in mocno preperelega
granita Mansehra. Dve razli¢ni kolicini (12,5 % in 25 %)
omenjenih variant granita sta bili pomesani z vzorcem
glinene zemljine in dolocene geotehnicne lastnosti
(indeks plasticnosti, aktivnost, kohezija, kot notranjega
trenja, najvelja suha gostota, optimalna viaZnost,
enoosna tlacna trdnost in nosilnost) nastalih zmesi

po ustreznih standardnih ASTM postopkih. Rezultati
kazejo, da dodajanje vseh vrst granita, razen zelo prepe-
rele variante, vodi do izboljsanja omenjenih parametrov
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of the soil. However, the magnitude of the positive impact
produced, strongly depends on the degree of weathering
of the added granite, i.e., the improvement in the soil
properties decreases with the increasing degree of weather-
ing of the added granite. This is because the weathering
of granite principally involves the conversion of feldspars
into clay minerals. As the weathering progresses, the abun-
dance of clay minerals increases, while that of feldspars
decreases. As a result, the water-absorption capacity of the
granite increases and its specific gravity decreases. Hence,
the higher the degree of granite weathering, the greater the
abundance of clay minerals, the lower the specific gravity
and the higher the water-absorption capacity, and thus the
smaller the potential for the added granite to improve the
properties of the soil.

1 INTRODUCTION

Only a few soil types are suitable in their natural or

raw form for use in the construction of infrastructures,
whereas most others (the so-called problematic soils)
are not appropriate for this purpose [1]. The problematic
soils typically contain natural clayey materials, which
are considered detrimental to a construction because

of their expansive nature [2]. The use of such soils is
considered risky in the construction industry since they
are susceptible to differential settlement and a volume
change resulting from their greater compressibility
and/or swelling [2]. In order to overcome this problem
and reduce the risk of settlement while building infra-
structures, clayey soils are subjected to the process of
stabilization, i.e., blending and mixing with artificially
made materials to bring an improvement in the soil’s
geotechnical properties so that it can acquire greater
stability [3].

To reduce the soil’s deformability, attempts to bring

an improvement in the natural soil’s properties with
artificially prepared materials have been made for the
past several years. Generally, the effects of lime, cement,
mud, oil shale, fly ash and industrial solid waste on
problematic raw soil have been examined experimentally
and the results reveal that their addition improves the
soil’s properties at momentous levels. [4-9]. In addition
to these additives, granite powder is widely used these
days for soil stabilization owing to its good petrographic
and rational engineering properties. Results from recent
studies conducted by Sivrikaya et al. [1] and Ogbon-
naya [10] show that the addition of granite reduces the
plasticity index, the optimum moisture content and
cohesion, and increases the strength parameters of the
soil. An increasingly important issue regarding granite,

zemljine. Vendar pa je velicina pozitivnega vpliva mocno
odvisna od stopnje preperevanja dodanega granita, tj.
lastnosti zemljine se zmanjsujejo z narascajoco stopnjo
preperevanja dodanega granita. To je zato, ker prepere-
vanje granita v glavnem vkljucuje pretvorbo ortoklaza v
minerale gline. Ko preperevanje napreduje, se Stevilcnost
glinenih mineralov poveca, medtem ko se za ortoklaz
zmanjsa. Posledicno se poveca sposobnost vpijanja vode
granita in zmanjsa njegova specifiéna gravitacija. Zato
je pri visji stopnji preperelosti granita, vecja Stevilcnost
glinenih mineralov, niZja specifi¢na gravitacija in veéja
vpojnost vode ter s tem manjsi potencial dodanega
granita za izboljsanje lastnosti zemljine.

and for that matter also other rocks, is its vulnerability
to chemical weathering, which loosens its structure

and causes a reduction in the strength parameters [11],
which may in turn affect its aptness for soil stabilization.
The studies conducted by Brand, 1990 [12]; GSE-GWPR,
1990 [13]; Cascini et al., 1992 [14], and Borrelli, 2004
[15] show that as the weathering degree of granite
increases, its strength is reduced because there are more
clay contents. Hence, it is imperative to properly study
the impact of weathering, if any, on a given rock before it
is used as an admixture for soil stabilization. This study
focuses on assessing the degree of weathering of granite
and the impact on its soil-stabilization potential.

2 MATERIALS AND METHODS

The soil sample for this study was picked from Mansehra
District, KPK Pakistan (Figure 1). The sample was
extracted from a 1-m-deep and 1.2-m-wide test pit.
Based on the results from the grain size and hydrometer
analyses (ASTM C136 [16] and ASTM D7928 [17] 90 %
of the soil material is finer than 0.075 microns (Figure 2)
and consists of 55 % silt and 35 % clay-size particles.

The other geotechnical properties (Table 1) group the
original soil with CH type (Figure 3). XRD analysis was
performed to determine the mineralogical composition
of the soil (Table 1). Based on the degree of weather-

ing, non-weathered (NW), slightly weathered (SW),
moderately weathered (MW) and highly weathered
(HW) samples of granite were collected from different
parts of the study area (Figure 1) for use as an admixture
to assess their potential as a soil-stabilizing agent. The
degree of weathering of the collected granite samples
was determined by applying the relevant published
criteria [12-15]. The NW Mansehra granite is made
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Figure 1. Geological map (Shams, 1967) showing the location of the rocks and soil samples used for the soil stabilization. [26].

Figure 2. Grain size distribution of the investigated soil sample.
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Table 1. Geotechnical properties and mineralogical up of quartz (30 %), alkali feldspar (30 %), plagioclase
composition of the untreated soil sample. feldspar (20 %) and mica (15 %), and has a very low
Specific Gravity 2.65 water-absorption capacity (0.381 %) [18]. The values of
Maximum Dry Density (kN/m>) 16.56 the specific gravity and the water absorption of all the
Optimum Moisture content (%) 19 collected sample types were determined in accordance
0
P with the ASTM D6473 [19] method (Table 2). Each of
PPN
Liquid Limit (%) 4 the granite samples was crushed and ground, and the
Plastic Limit (%) 17 resulting powder passed through a 40# sieve opening.
Plasticity Index (%) 28 Eight sample mixtures were prepared by adding
Activity 08 12,5 % and 2dS % of }fach 'of thle four catecglorie.s1 of |
Cohesion(kPa) 116 granite poW .er to the origina (untreate. ) 501. sample,
and an additional sample was prepared in which a
UCS (kPa) 35.1 mixture of slightly and moderately weathered granite
Quartz (%) 51 powder is added to the soil. The original soil and all the
Feldspar (%) 10 nine mixtures were subjected to testing to determine
Kaolinite (%) 31 their physic'al properties and strength following the
- corresponding ASTM standards (Table 3) [20-23]. The
Ilite (%) 8 . . . .
: — properties and parameters determined include plastic-
Angle of internal friction 8 ity index (PI), activity, maximum dry density (MDD),
Soil type CH optimum moisture content (OMC), cohesion, angle of

Figure 3. Unified classification of the untreated and variously treated soil samples.

Acta Geotechnica Slovenica, 2022/1 51,



S. H. Ali Shah et al.: The effect of weathering on the appropriateness of granite for clay stabilization

Table 2. Specific gravity and water-absorption capacity
of the different granites.

Samples Type of Granite Specific Water
p Admixture Gravity absorption (%)
1 Fresh Granite 2.75 0.81
2 Slightly 2.73 2.09
weathered
3 Moderately 2.70 7.59
weathered
4 Highly 2.63 16.28
weathered

Table 3. Tests conducted and the corresponding ASTM
standard used and property determined.

ASTM . .
Test Type Standard Determined Properties
Atterberg limits D4318 [20] Plasticity Index
Proctor compaction D698 [21] MDD and OMC

test

Angle of Internal

Direct shear box test D3080 [22] friction and Cohesion

Unconfined
Compressive strength

Unconfined com-

pressive strength test D2166 (23]

internal friction, bearing capacity (BC) for various shal-
low foundations and unconfined compressive strength
(UCS). The BC for various shallow foundations was
calculated using the Terzaghi equations for strip footing,
square footing and circular footing (Equation 1-3) [24],
while the activity was determined with Equation 4 [25].

For strip footings:
Qu=cN.+yDN;+05yBN, (1)
For square footings:
Q,=13¢N,+yDN,+04yBN,  (2)
For circular footings:

Q,=13c¢N,+yDN,;+03yBN, (3)
Activity = plasticity index/clay content  (4)

where Q,, refers to the ultimate bearing capacity, C is the
cohesion, y is the dry density of the soil (the MDD value
was used in this equation), D is the depth of the footing
(the depth of test pit was used in this equation, from
where the soil sample is extracted), B is the width of the
footing (the width of the test pit was used in this equa-
tion, from where the soil sample is extracted), N., N, N,
are the bearing-capacity factors and determined using
Terzaghi’s published chart (Figure 4).
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Figure 4. Determination of bearing capacity factors
using the Terzaghi chart.

For an allowable bearing capacity, Q, is divided by the
factor of safety (FOS). The FOS used for this study is “3”.

The values of the activity were determined, because these
values are used as an index for identifying the swelling
potential of clay soils. The higher the activity values, the
greater the swelling potential.

3 RESULTS AND DISCUSSION

The Unified Classification System, which is based on the
values of the liquid limit and the plasticity index, was
used to characterize the investigated samples (Figure 3).
The untreated soil sample belongs to the CH class (fat
clays). The addition of NW, SW, MW and the mixture

of SW+MW granites improves the soil by upgrading

it to CL class; however, the addition of HW granite
degrades rather than upgrades the soil. The studied soil
sample has high values of PI, activity, cohesion and OMC
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(Table 1). These values are directly proportional to the
water-holding capacity of the soil, which is determined
by its mineralogical composition, specifically the clay
mineral content [27-29]. Unlike the NW granite, the
original soil sample contains significant amounts of clay
minerals, including kaolinite and illite (Tables 1). The
addition of NW, SW, MW and the mixture of SW+MW
granite powder led to a reduction in the values of PI,
LL, activity, cohesion and OMC (Figure 5 and Figure 6).
The main reason for this improvement is the abundance
of non-clay minerals in granites (quartz, feldspars and
mica) compared to raw soil. The addition of powder
with non-active and less-absorptive minerals results

in diluting the effect from more absorptive active clay
minerals in the raw soil. The minerals contained in the
added granite powder are predominantly stronger and
hence their addition to the soil is likely to amplify the
strength parameters including UCS, MDD, angle of
internal friction and BC of various foundations of the
latter(Figure 5 and Figure 6). Besides, the higher specific
gravities of the added granites than the raw soil (Tables
1, 2) might be responsible for this significant positive
change. The results demonstrate that as the degree of
granite weathering increases, the effects of its powder
addition on the soil properties diminish. That is why the
effect of NW granite powder is the highest, while that
of MW granite is the least and the HW type has even
produced a negative impact by increasing PI, LL, OMC,
activity (Figure 5), and reducing the strength parameters
(Figure 6). This might be a consequence of the conver-
sion of feldspars and mica into clay minerals due to

the leaching of Na* and K* ions during the process of

weathering. Wang et al. [30] produced a sketched section
of a granite-weathering profile and demonstrated how
weathering leads to the transformation of feldspars and
micas into kaolinite and illite. The decrease in specific
gravity and the rise in water-absorption capacity with an
increasing degree of weathering validates the conversion
of feldspar into kaolinite and illite in granites used in
the current study. The presence of abundant quartz and
alkali feldspar and the total absence of clay minerals are
responsible for the observed high specific gravity of the
fresh variety of granite. The increasing degree of weath-
ering promotes the formation of kaolinite and illite at the
expense of the granite feldspars and micas. As the clay
minerals are lighter and have a higher water-absorption
capacity than feldspars and micas, the progression in
weathering results in a gradual decrease of the specific
gravity and an increase in the water-absorption capacity
from NW through SW and MW to HW varieties of

the studied granite (Table 2). Consequently, the HWG
has the least specific gravity and the greatest water-
absorption capacity, and hence it is not suitable for soil
stabilization, while the NWG is the most suitable for
stabilization owing to it having the largest specific gravity
and least water-absorption capacity. The effect of slightly
and moderately weathered granites and their mixtures
on the soil’s properties can be improved more by adding
lime. This is because the mixing of lime with materials
having clay contents can cause the migration of calcium
ions (Ca,*) from the lime to the clay particle surfaces
and displace other ions and water [31]. This process
makes the material friable and granular by reducing its
moisture, PI and increasing the strength [31-34].

g 60 N
50
40
30
20
10 — — — — — — — —
0
Soil  Soil +12.5% Soil +25% Soil + 12.5% Soil +25% Soil + 12.5% Soil +25% Soil + 12.5% Soil +25% Soil+ 12.5%
FG FG SWG SWG MWG MWG HWG HWG  SWG+12.5%
HWG
Maximum Dry Density (kN/m3) = Optimum Moisture Contents (%)
m Activity m Liquid Limit (%)
m Plasticity Index
- J

Figure 5. Variation in MDD, OMC, P1, LL and activity of soil containing different proportions of the four types of granite powders
(FG= fresh granite, SWG=slightly weathered granite, MWG= moderately weathered granite, HWG=highly weathered granite).
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Figure 6. Variation in cohesion, angle of internal friction, UCS and allowable BC for shallow foundations of soil mixed with different
amounts of four types of granite powders (FG= fresh granite, SWG=slightly weathered granite, MWG= moderately weathered granite,
HWG=highly weathered granite).
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Abstract

Different methods are used to improve the geotechni-

cal properties of clay soils. One of these methods is the
improvement of the properties of soil such as swelling,
settlement, permeability and strength by adding various
additives to clay soil. The additives included in the clay
for the improvement can be waste materials such as

silica fume, fly ash or red mud, as well as cement, lime or
chemicals. In addition, natural or synthetic fibers are also
used to improve the engineering characteristics of clays.

In this study, the consistency, compaction, unconfined
compression and freezing-thawing properties of wheat-
straw-added-clay samples obtained by adding wheat straw
to a clay in different percentages (0.5 %, 1 %, 1.5 %) and
with different lengths (2 mm, 5 mm) were investigated.
The tests showed that the unconfined compressive strength
of the clay increased with an increase in the percentage of
straw. Unconfined compression tests performed after the
samples were subjected to four cycles of freezing-thawing
tests revealed that the straw had a positive effect on the
unconfined compression strength of the clay after freezing-
thawing. The overall evaluation of the test results revealed
that wheat-straw fiber can be used as an additive for the
stabilization of high-plasticity clays.
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Kljuéne besede

glina, zamrzovanje-odmrzovanje, geotehnika, stabilizacija
tal, enoosna tla¢na trdnost, p$eni¢na slama

lzvlecek

Za izboljsanje geotehnicnih lastnosti glinenih tal se upora-
bljajo razlicne metode. Ena od teh metod za izboljsanje
lastnosti tal, kot so nabrekanje, posedanje, prepustnost

in trdnost je z dodajanjem razlicnih dodatkov v glineno
zemljino. Dodatki za izboljSanje gline, so lahko odpadni
materiali, kot so silicijev dioksid, pepel ali rdece blato,

pa tudi cement, apno ali kemicni dodatki. Poleg tega

se za izboljSanje inZenirskih lastnosti gline uporabljajo
tudi naravna ali sinteticna vlakna. V tej studiji so bile
raziskane lastnosti konsistence, zbijanja, enoosne tlacne
trdnosti ter zamrzovanja in odmrzovanja vzorcev gline

z dodano psenicno slamo, v razlicnih odstotnih deleZih
(0,5 %, 1 %, 1,5 %) in razlicnih dolZinah (2 mm, 5 mm).
Opravljeni preizkusi enoosne tlacne trdnosti gline so
pokazali, da se le ta povecuje z vecanjem vsebnosti slame.
Enoosni tlacni preskusi, opravljeni po tem, ko so bili vzorci
podvrzeni 4 ciklom preskusa zamrzovanja-odmrzovanja,
so pokazali, da je slama pozitivno vplivala na enoosno
tlacno trdnost gline po zamrzovanju-odmrzovanju.
Celotna ocena rezultatov preizkusa je pokazala, da se
vlakna iz pSenicne slame lahko uporabljajo kot dodatek
pri stabilizaciji gline z visoko plasticnostjo.
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1 INTRODUCTION

People have been using soils as foundation materials

or building materials since ancient times. Clayey soils
with a grain size of less than 2 microns are formed by
the chemical decomposition of rocks [1]. Clays are used
in geotechnical engineering, in the foundation of solid-
waste storage areas, in landfill applications and dams

to form an impermeable layer in a clay-core formation.
Clays are soils that exhibit plasticity when wet, that swell
when water is absorbed into their structures and exhibit
shrinkage characteristics when they lose water. These
behaviors of clays create deformation problems in the
soil [2]. Additionally, the soils, especially in cold climatic
regions, can be exposed to freezing-thawing cycles and
the engineering properties of soils can be affected by this
freezing-thawing [3,4]. Various methods of soil improve-
ment have been developed to reduce or to prevent the
effects of swelling, settlement, shrinkage, etc. deforma-
tions that can occur in clays or to remove the negative
properties of clay soils and improve their engineering
properties [5]. One of these soil-improvement methods
is adding additives to clay soils. Some of these additives
can be listed as cement, lime, fly ash, glass powder, marble
powder, silica fume and natural/synthetic fibers [6-10].

Natural fibers are low-cost, low-density and high-
characteristic fibers [11]. Some natural fibers are coir
fiber, sisal, palm, jute, flax, bamboo, cane, barely straw
and cotton straw [12,13]. Sera et al. [14] stated that

the ductility and strength of brittle materials can be
improved with natural fiber additives and natural fiber-
clay mixtures can be used in grain-storage silos for isola-
tion and strength. Zaimoglu et al. [15] added randomly
distributed waste chicken quill as a natural fiber into
high-plasticity clay soil and found that the freezing-
thawing behavior of the clay soil was improved. Sharma
et al. [16] investigated the stabilization of two local
natural fibers and clay soil to improve the compressive-
strength properties of adobe, which is widely used in
rural houses, and they found that natural fibers increase
the compressive strength of clay soil. Estabragh et al. [17]
added palm-tree fiber to a low-plasticity clay and stated
that the fiber additive significantly improved the engi-
neering behavior of the soil. Anggraini et al. [18] found
that the unconfined compressive strength of coconut-
fiber-added clays is higher than that of clay. Prabakar
and Sridhar [19] revealed that sisal fiber increases the
shear strength of clay. Ma et al. [20] reinforced a clay soil
with flax fiber and stated that the shear strength of the
clay was improved.

The aim of this study was to investigate the improvement
of the geotechnical properties of clay soils with the

addition of wheat straw as a natural fiber. In this study
the effect of natural straw of different lengths (2 mm and
5 mm) and percentages (0.5 %, 1 % and 1.5 %) on the
unconfined compressive strength and freezing-thawing
of a high-plasticity clay was investigated.

2 MATERIALS AND METHODS

2.1 Clay

In this study clay from Turkey-Erzurum (C) was used.
The clay taken to the laboratory was dried in the oven

at 105° C for 24 hours. The dried clay samples were
removed from the oven, grinded in a Los Angeles abra-
sion device and sieved in a No.40 sieve (Figure 1). Some
geotechnical properties of the clay sample are shown in
Table 1 and the results of the X-ray fluorescence (XRF)
analysis are shown in Table 2. The mineral content of the
clay was determined as quartz, plagioclase, clay mineral
and calcite.

Table 1. Some geotechnical properties of the clay.

Geotechnical Properties Clay
<0.002 mm, % 42

Specific gravity 2.64

Liquid limit, % 60.8

Plastic limit, % 26.5

Plasticity index, % 34.3

Soil classification®, (USCS) CH

Optimum moisture content, % 25.5
Maximum dry unit weight, kN/m? 15

*Unified soil-classification system

Table 2. XRF analysis of the clay.

Geotechnical Properties Clay
SiO, 59.3
ALO, 16.5
AZa 8.50
Fe,03 8.0
MgO 2.1
K,0 1.6
CaO L5
Na,O 1.4
TiO, 0.6
P,0s 0.2
MnO <0.1
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2.2 Wheat-straw fiber

In this study straw (S) derived from wheat being
produced in the eastern Anatolia region of Turkey was
used. Approximately the same thickness stems of wheat
straw taken to the laboratory were selected, cut into
2-mm and 5-mm dimensions, and used in the experi-
ments (Figure 1). The straw was dried in sunlight and
stored in a jar to completely remove the water that can
be found in it.

a) b)
Figure 1. a) Clay sample b) Cut straw.

2.3 Sample Preparation

The clay sample, which was dried and grinded after
being taken to the laboratory, was sieved in a No. 40
sieve. Straw fibers with lengths of 2 mm and 5 mm in
weight ratios 0.5 %, 1 % and 1.5 % were added to the
sieved clay sample. Clay and straw fibers were mixed
homogeneously. Test samples and straw-additive
percentages and lengths are given in Table 3.

Table 3. Samples.

Straw fiber, %

Length
2 mm 5 mm

C _ _

S1 0.5 -

S2 1 -

S3 1.5 -

S4 - 0.5

S5 - 1

S6 - 1.5

2.4 Tests

Consistency-limit tests were carried out on samples with
straw additives. The liquid limit is determined with the
falling-cone method according to BS 1377, Part 2 (1990)
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and the plastic limit is determined according to ASTM D
4318. The optimum moisture content and maximum dry
unit volume weights of the clay were determined by the
standard proctor test according to ASTM D 698. Samples
from the straw-added clays for unconfined compression
and freezing-thawing tests are cylindrical samples with a
diameter of 3.8 cm and a height of 7.6 cm. These samples
are prepared by compacting with standard compaction
energy using the optimum moisture content for the

clay. An unconfined compression test was carried out
according to ASTM D 2166. Likewise, the samples were
subjected to a freezing-thawing test. For the freezing-
thawing tests, the number of cycles is four [21], the
temperatures are —20° C for freezing and +25° C for
thawing [21,22], and the waiting time for each interval

is 6 hours. The samples were wrapped in aluminum

foil to avoid any loss of water. After freezing-thawing,
unconfined compressive strengths were determined

for the samples once the freezing-thawing cycles were
completed.

3 RESULTS AND DISCUSSION

3.1 Consistency-Limit Test Results

The consistency-limit test results on the straw-added-
clay samples are given in Table 4. The change in the
liquid limit of the samples with the increase in the
percentage of straw is presented in Figure 2.

Table 4. Consistency-limit test results.

Sample Liquid limit, % Plastic limit, % Plasticity index, %

C 60.8 26.5 34.3
S1 66.8 35.0 31.8
S2 66.4 43.0 23.4
S3 68.5 40.5 28
S4 66.5 41.0 25.5
S5 64.0 40.5 23.5
S6 65.5 34.0 31.5

The liquid limit of the clay increased with the addition

of straw (Figure 2). It was observed that the addition of
0.5 %, 1 % and 1.5 % straw in 2-mm lengths increased the
liquid limit of the clay by 10 %, 9 % and 13 %, respectively.
The addition of 0.5 %, 1 % and 1.5 % straw in 5-mm
lengths, increased the liquid limit of the clay by 9 %, 5 %
and 8 %, respectively. Figure 3 shows the soil classes of
the 2-mm straw-added-clay samples and Figure 4 shows
the soil classes of the 5-mm straw-added-clay samples.
According to the unified soil-classification system
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Figure 3. Casagrande plasticity chart of 2-mm
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Figure 4. Casagrande plasticity chart of 5-mm
straw-added-clay samples.

(USCS), the soil class of clay that was originally deter-
mined as high-plasticity clay (CH) showed a behavior of
high-plasticity silt (MH) a soil class with 2-mm and 5-mm
lengths of straw-additive effect and at different rates.

3.2 Unconfined Compressive-Strength Test Results

In Table 5 the unconfined compressive-strength values
of the straw-added-clay samples are given. Figure 5
shows the change in the unconfined compressive-
strength values of the straw-added-clay samples with an
increase in the percentage of straw additive.

Table 5. Unconfined compressive-strength values of
straw-added-clay samples.

Sample Unconfined compressive strength, kPa
C 157
S1 248
S2 258
S3 327
S4 231
S5 233
S6 329
350
£
8 300
g
@ 250
()]
2
2 200
o
Q a
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o
£ 100
S
S 50 e— C-51-52-S3
5 - W= C-54-55-56
0
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Straw fiber, %

Figure 5. Change in unconfined compressive-strength values
with increasing straw percentage.

The unconfined compressive strength of the samples
increased with the increase in the percentage of straw,
compared to clay. The unconfined compression strength
of samples with 0.5 %, 1 % and 1.5 % straw additives of
2-mm length increased by 58 %, 64 % and 108 %, respec-
tively, compared to the unconfined compressive strength
of the clay. Unconfined compression strengths of the

0.5 %, 1 % and 1.5 % straw-added samples of 5-mm
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Figure 6. Fracture forms of samples after unconfined
compression tests.

length increased by 47 %, 48 % and 110 %, respectively,
compared to the unconfined compression strength of the
clay. Figure 6 shows the fracture forms of the clay and
straw-added-clay samples occurred after the unconfined
compression tests.

Qu and Sun [23] added wheat-straw fiber to clay and
examined the strength behavior and stated that the soil
strength increased due to the frictional forces occur-
ring between the fibers and the soil particles. Giillii
and Khudir [24] stated that the jute fiber increased the
unconfined compression strength of the clay and said
that this could be because the jute fiber increased the
tension in the soil. The amount of adhesion force and
fiber shear strength between the fiber and the soil is
linked to the contact surface area and the roughness of
the fiber surface [25]. Given that the surface area of the
high-plasticity clay is large, adhesion will be higher and
therefore the unconfined compression strength can be
increased accordingly.

3.3 Freezing-Thawing Test Results

In Table 6 the unconfined compression-strength values
of straw-added-clay samples after four cycles of freezing-
thawing are shown. When Table 6 is examined, it is seen
that the highest unconfined compression-strength value
after freezing-thawing was obtained from the sample
(S6) with 2-mm length of 1.5 % straw additive. Figure 7
shows the change in unconfined compression strengths
with an increase in the percentage of straw after four
cycles of freezing-thawing of straw-added-clay samples.

According to Figure 7 the unconfined compression
strengths determined after subjecting the straw-added-
clay samples to four cycles of freezing-thawing increase
with the increase in the percentage of straw. When the

60. Acta Geotechnica Slovenica, 2022/1

Table 6. Unconfined compressive-strength values of
straw-additive samples after four cycles of freezing-thawing.

Unconfined compressive strength after

1 . :
Sample freezing-thawing, kPa
C 85
S1 124
S2 148
S3 209
S4 138
S5 161
S6 204
250
K=
3
c ©
g & 200
o ¥
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- 0
@ &
.E S
£ g
s& 0 — C-51-52-53
g - fl= (C-54-55-56
0

0 0,5 1 1,5
Straw fiber, %

Figure 7. Change in unconfined compressive strengths of
straw-added-clay samples after freezing-thawing.

Figure 8. Fracture forms of samples that were exposed to
freezing-thawing cycles.

unconfined compression strength straw ratio of 2 mm
and 5 mm straw-added clay after freezing-thawing was
1.5 %, it increased by 146 % and 140 %, respectively,
compared to clay. Figure 8 shows the fracture forms that
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occur after unconfined compression tests performed
after four cycles of freezing-thawing in straw-added-clay
samples.

The change in the unconfined compression strengths of
the samples and the unconfined compression strengths
after freezing-thawing are shown together in Figure 9.
According to Figure 9, the loss of unconfined compres-
sive strength in the samples after freezing-thawing

was determined to be 46 % in clay. The decrease of

the unconfined compression strength of the clay after
freezing-thawing shows that the soil needs improvement
in terms of freezing-thawing. The strength loss after
freezing-thawing is 50 %, 43 % and 36 %, respectively,
for 0.5 %, 1 % and 1.5 % additive ratios of straw additives
with 2-mm length. For samples with 5-mm straw addi-
tives, the strength loss was determined as 40 %, 31 % and
38 % for the 0.5 %, 1% and 1.5 % additive ratios, respec-
tively. It can be said that samples with straw additives are
less affected by freezing-thawing cycles than the clay.
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Figure 9. Unconfined compressive strength of samples
and change in unconfined compressive strengths
after freezing-thawing.

4 CONCLUSIONS

In this study the consistency, unconfined compression
and freezing-thawing properties of straw-added-clay
samples obtained by adding wheat straw in different
percentages (0.5 %, 1 %, 1.5 %) and different lengths
(2 mm, 5 mm) were investigated.

It was observed that the liquid-limit values of the straw-
added-clay samples increased with the increase in the

percentage of straw and the consistency properties of
the samples changed. As a result of the consistency limits
tests, the soil class of clay that was determined as CH
according to USCS, changed to MH with the addition of
straw.

As a result of unconfined compression tests on straw-
additive samples, it was determined that unconfined
compressive strengths increased with the increase in
the percentage of straw in all of the straw-additive
samples with a lengths of 2 mm and 5 mm. The
unconfined compressive strength of the 2-mm-long
straw-added clay increased by 108 % when compared to
the clay when the straw ratio is 1.5 %. The unconfined
compressive strength of clay with 5-mm straw additives
increased by 110 % compared to clay when the straw
ratio was 1.5 %.

Samples with straw additives were subjected to four
cycles of freezing-thawing cycles. The unconfined
compressive strengths of the straw-additive samples
determined after freezing-thawing are higher than

the unconfined compressive strength of the clay after
freezing-thawing. The unconfined compressive strength
of the straw-additive samples after freezing-thawing
increased with the increase in straw percentage. The
unconfined compressive strength of the 2-mm and
5-mm straw-added clay after freezing thawing increased
by 146 % and 140 %, respectively, when the straw ratio
was 1.5 % compared to clay.

Unconfined compression strength decreased after
freezing-thawing with an increase in the straw length.
Freezing-thawing reduced the unconfined compression
strength of all the samples. Experimental studies have
shown that the straw additive has a positive effect on
the unconfined compressive strength after clay freezing.
Straw-additive samples were less affected by freezing-
thawing cycles than clay. It is thought that the use of
straw additive will be appropriate as a soil-improvement
method, especially in cold climatic regions, in order to
minimize the soil being affected by freezing-thawing.
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Abstract

Rainwater infiltration is the crucial factor in any evalu-
ation of rainfall-induced slope stability. The amount of
rainwater infiltration is dependent on factors such as the
rainfall intensity, the rainfall duration, the slope geometry,
the hydraulic properties of the soil, and the initial pore-
-water pressure distribution. In this paper the effects of the
variability in hydraulic properties of unsaturated soil on
the rainwater’ infiltration are investigated and discussed.
Different hydraulic conductivity functions (HCFs) by
considering the uncertainty in saturated volumetric
water content (6,) and the soil-water characteristic curve
(SWCC) are proposed. The seepage analyses for five cases
(incorporating the uncertainty in 8, SWCC, and hydraulic
conductivity, ky) are conducted in this study. The results
indicated that the effect of the variability in hydraulic
properties of the unsaturated soil on the infiltration is
much dependent on the initial suction in the slope soil. If
the initial suction level is low (relatively wet conditions),
then the variability in the hydraulic properties has an
insignificant effect on the infiltration. On the contrary, if
the initial suction level is high (relatively dry conditions),
then the variability in the hydraulic properties has a
significant effect on the infiltration.

Kljuéne besede

karakteristi¢na krivulja zemljina-voda, nezanesljivost,
hidravli¢ne lastnosti, infiltracija dezevnice, funkcija
hidravli¢ne prepustnosti

Izvliecek

Znano je, da je infiltracija deZevnice kljucni dejavnik
za oceno stabilnosti pobocij, ki jih povzrolajo padavine.
Kolicina infiltracije deZevnice je odvisna od dejavnikov,
kot so intenzivnost padavin, trajanje padavin, geome-
trija pobocja, hidravlicne lastnosti zemljin in zacetna
porazdelitev pornega vodnega tlaka. V prispevku so
raziskani in obravnavani vplivi variabilnosti hidra-
vlicnih lastnosti nenasicenih zemljin na infiltracijo
dezevnice. Predlagane so razli¢ne funkcije hidravlicne
prepustnosti (HCF) z upostevanjem nezanesljivosti pri
nasiceni volumetri¢ni vsebnosti vode (6,) in karakte-
risticni krivulji zemljina-voda (SWCC). V tej Studiji

so bile izvedene analize pronicanja za pet primerov
(vkljucujejo nezanesljivost (8;), SWCC in hidravlicne
prepustnosti, k). Rezultati analiz so pokazali, da je vpliv
variabilnosti hidravli¢nih lastnosti nenasicenih zemljin
na infiltracijo mocno odvisen od zacetne sukcije v pobo-
&u. Ce je zacletni nivo sukcije nizek (sorazmerno mokro
stanje), potem variabilnost hidravlicnih lastnosti nima
pomembnega vpliva na infiltracijo. Nasprotno, ce je
zacetni nivo sukcije visok (relativno suho stanje), potem
variabilnost hidravli¢nih lastnosti pomembno vpliva na
infiltracijo.
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1 INTRODUCTION

The seepage analysis plays an important role in a
geotechnical analysis, especially for an analysis involving
unsaturated soil. Umana et al. [1] and Ouzaid et al. [2]
indicated that seepage analyses are important for both
oil production and excavation works. The shear strength,
which is the key parameter in the slope-stability

analysis of unsaturated soil can be higher than that of
saturated soil due to presence of matric suction in the
soil (Vanapalli et al [3]., Goh, et al. [4], Zhai et al. [5] and
Zhai et al. [6]. It should be noted that the shear strength
of unsaturated soil can decrease dram atically when the
soil’s suction decreases during the infiltration. Therefore,
a quantification of the rainwater infiltration is crucial
for an evaluation of the rainfall-induced slope stability.
The works from Ng and Shi [7], Toll [8], Chen et al. [9],
Zhang et al. [10], Rahardjo et al. [11], Rahardjo et al.
[12], Rahimi et al. [13] and Shoaib et al. [14] indicated
that the rainwater infiltration is dependent on many
factors, such as rainfall intensity, rainfall duration, slope
geometry, hydraulic properties of the soil, etc. Zhai et al.
[15,16] also reported that the water flow in the soil may
also be affected by the pore-size distribution function
(PSDF). In addition, Satyanaga et al. [17] and Satyanaga
and Rahardjo [18] showed that the variability in the soil-
water characteristic curve (SWCC) could also behave in
unimodal and bimodal shapes. In this study the effects of
a variation in the hydraulic properties of the soil on the
rainwater infiltration are investigated. In addition, only
unimodal SWCC, which is applicable for most soils, is
adopted in the analyses.

Richards’s [19] governing differential equation, as illus-
trated in Equation (1), was commonly adopted for the
seepage analysis.

a(k wj a(ky GHJ
T ox . oy

ox oy

00
+Q—5 (1)

where: H = total head, k, = the hydraulic conductivity
in the x-direction, k, = the hydraulic conductivity in
the y-direction, Q = the applied boundary flux, 6 = the
volumetric water content, and ¢ = time.

As illustrated in Equation (1), the solution of Equation
(1) is governed by the parameters of k, , k,,, H, Q, 6 and .
The parameters k., k, and 6 define the hydraulic proper-
ties of soil, while H and Q define the initial suction

and the seepage boundary conditions, respectively. The
values of k, , k, and 0, are dependent on the soil types
and soil suction. The relationship between 6 and the soil
suction is commonly defined as the soil-water charac-
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teristic curve (SWCC), while the relationship between

k, (or ky) and the soil suction is commonly defined as
the permeability function. Equation (1) indicated that
the water flow in unsaturated soil was mainly governed
by the water-retention capacity (can be expressed as
SWCC) and hydraulic conductivity of unsaturated soil
(can be expressed as the hydraulic conductivity function,
HCE).

Zhai and Rahardjo [20] proposed the first-order error
method for the quantification of the uncertainty in
SWCC and concluded that the high variability of SWCC
occurred in the transition zone. (i.e., the suction zone
between the air-entry value and the residual suction as
defined by Vanapalli et al. [3]). Fredlund and Fredlund
[21] suggested the hydraulic conductivity function of
the unsaturated soil can be estimated from Zhai and
Rahardjo’s [22] equation using a Microsoft Excel spread-
sheet.

It is observed that the variability in the hydraulic
properties of unsaturated soils has been widely reported
(Zapata [23], Dye et al. [24], Rahardjo et al. [25], Zhai

et al. [26]). However, the effect of the variability in

the hydraulic properties of unsaturated soil on the
rainwater infiltration has not been extensively studied.
In this paper, the uncertainty in volumetric water
content and SWCC fitting parameters are estimated
first. Subsequently, the HCFs of unsaturated soils,

by incorporating uncertainty in 6; and SWCC, are
computed. Consequently, the parametric studies of the
seepage analyses by considering the uncertainty in the
hydraulic properties of unsaturated soils are carried out.
The effect of the uncertainty in the hydraulic properties
on the infiltration into the slope soil is investigated and
discussed.

2 THEORY

As Arya and Paris’s model [27] is commonly used

for an estimation of the SWCC from the grain size
distribution data (GSD) and the capillary model is
commonly used for an explanation of the water flow in
soil, both models are introduced and discussed in this
section. The relationship between the saturated coeffi-
cient of permeability, k,, and the saturated volumetric
water content, ,, was also discussed. It is observed
that a similar equation to the Kozeny-Carman equa-
tion (Kozeny [28] and Carman [29]) can be obtained
by using both Arya and Paris’s model [27] and the
capillary model. Subsequently, the effect of the vari-
ability in the SWCC and the hydraulic conductivity is
explained.
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2.1 Comparison of Arya and Paris’s model and the
capillary model

Arya and Paris [27] proposed a physico-empirical model
to estimate the SWCC from the GSD. In Arya and Paris’s
model [27], the soil element was divided into several
fractions, with the porosity being the same. In each
fraction, the solid portion represents the soil particle,
while the void portion represents the porosity of the

soil. On the other hand, the capillary model considers
the pores in the soil as a series of cylindrical tubes with
different sizes and statistical distributions. (Childs and
Collis-George [30], Tuller et al. [31]). The water content
in the soil can be simplified as the water amount exists in
these tubes (with different sizes). Fredlund and Rahardjo
[32] pointed out the limitations and apparent anomalies
when the capillary model was used to interpret certain
unsaturated soil phenomena.

It is noted that both Arya and Paris’s model [27] and

the capillary model treated pores in the soil as a series

of cylindrical tubes. Arya and Paris’s model [27] was
proposed to explain the relationship between the grain
size distribution (GSD) data and the pore-size distribu-
tion function (PSDF). Arya and Paris’s method [27] can
be regarded as a simplified procedure to assume the ratio
of the solid and void tube is isotropic throughout a soil
element. In the capillary model, only the tubes (regard-
less of the solid soil) are adopted to study the water flow
through these tubes (or porous space in soil). As a result,
the combination of Arya and Paris’s model [27] and the
capillary model provides a more comprehensive explana-
tion of the PSDF and the water flow in soil.

2.2 Relationship between the hydraulic conductiv-
ity, ks, and the saturated volumetric water
content, 6

According to Arya and Paris’s model [27], in each frac-
tion, the ratio between the void volume and the soil
volume remains constant and is equal to the porosity, n,
as illustrated in Figure 1.

Consider that the fraction i has a thickness of h, the void
volume in fraction i can be calculated from the volume
of a tube with a radius of r; and expressed as follows:

v wmih (2)

void,i — ‘%

where r;= radius of the pore in fraction i, V,,;;; = void
volume in fraction i, h = thickness of fraction i. V,,p;y; =
1 Viotali» Viotali = total volume of fraction i.

Then Equation (2) can be rearranged as follows:
mih=nV,,, )

The area of the tube r; represents the soil area that faces
the water. As all the soil is submerged in the water under
the fully saturated condition, the area of the tube r;
represents the area of the soil in fraction i and can be
expressed as follows:

A, =2mh (4

soili

where A, ; = soil area in fraction i. Agy;; = (1-1) Agopari >
where A, ; = total area of fraction i.

Equation (4) can be rearranged as follows:

2ﬂrlh = (1 - n)Atotali (5)

Assuming that the water flows through the tube follow-

ing Hagen-Poiseuille’s law, as illustrated in Equation (6).
_m'dh
8 dl

q (6)

where r = radius of the tube, # = dynamic fluid viscosity
and dh/dl = pressure gradient.

Rearrange Equation (6) as Equation (7) as follows:

_mtdh_a [(on)| dn
=%y a1 "8y | m)| a@l

™)

Substituting Equations (3) and (5) into Equation (7),
Equation (8) can be obtained as follows:

Figure 1. Illustration of the fractions of the soil element.
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By summing all the fractions, the unit flux flow can be
obtained as follows:

i Nt (n Y(VY dh
=202, (1_,1) (Aj dl

_n("ﬂijdh_ i 1(Vj2dh
2p\1-n)\4) dl (1-n) 2n\ 4) di

where n = porosity,

9)

Consider V/A= constant and Equation (9) has similar
form to the Kozeny-Carman equation. Equation (9)
indicates that the variation in the saturated coefficient of
permeability, k,, can be estimated from the variation in
the porosity n. As the porosity is equal to the saturated
volumetric water content, 6, , the variation in k, can be
estimated from the variation in 6; as follows:

ks2 9s23 (1 — 951 )2

—== (10)

ks-l (1 - 032 )2 0x13

Equation (10) was used to correlate the saturated coef-
ficient of permeability, k, , and the saturated volumetric
water content, 0, , in this study.

2.3 Relationship between the porosity and the
pore-size distribution function.

As illustrated in Figure 1, one soil element can be
divided into serials of fractions such as n; numbers of
fractions with a pore size equal to 7, n, numbers of
fractions with a pore size equal to r,, a n; numbers of
fraction with a pore size equal to r; --- and n,, numbers
of fractions with a pore size equal to r,,. If the total pore
area in the element is defined as A, , then the pore-size
density corresponding to a pore with the radius r; can be
calculated from Equation (11) as follows:

2
n. 7w,

f) =

(11)

pore

where f(r;) = pore-size density corresponding to a pore
with radius of ;.

In fact, A,or in the soil element is equal to 6 if the

area of the whole element is considered as 1. If 6, is
changed (either it increases or decreases), f(r;) can
remain constant if n;7r;? changes with the same ratio

as the changes in 0;. In this case, the pore-size distribu-
tion function, f(r), has no direct link to the saturated
volumetric water content, 6. The saturated volumetric
water content, 0,, defines the ratio between the total pore
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volume and the soil-element volume, while f(r;) defines
the ratio between the pore volume in fraction i to the
total pore volume. As a result, there is possibility that a
soil with a different saturated volumetric water content,
0, can have the same SWCC in the form of the degree
of saturation. In other words, the soil with different satu-
rated volumetric water content, 6, might not necessarily
have different SWCCs, and vice versa.

3 NUMERICAL MODEL FOR THE INFILTRATION
ANALYSES

Zhai et al. [26] presented the variability of the hydraulic
conductivities for residual soil in Singapore. The work of
Zhai et al. [26] provided a good reference for the uncer-
tainty in the hydraulic properties for residual soil. There-
fore, the residual soil from Singapore was adopted for
the infiltration analyses in this study. A numerical model
for seepage analyses was created using the commercial
software Seep/w; as illustrated in Figure 2, to investigate
the effect of the uncertainty of the hydraulic properties
of the soil on the rainwater infiltration into the slope soil.
A typical slope with H, = 10m, a slope angle a = 459, an
initial depth of ground water table, H,, = 2m was adopted
for the seepage analysis. In order to minimize the effects
of the boundaries on the analyzed result, the distances
between the boundaries and the slope were illustrated

in Figure 2. In addition, the hydraulic conditions of the
boundaries were defined in Figure 2. Rainfall with an
intensity of 22 mm/hour for 24 hours was applied to

the slope surface as a flux boundary, q. Ponding was not
allowed to occur at the slope surface. In other words,

the excess rainfall at the slope surface was removed as
run-off. To make the analysis results comparable,

k,= 6x10°® m/s, which is within the range of k; for
residual soil in Singapore as presented by Zhai et al. [26],
was assigned to the soil. The permeability function was
estimated from SWCC using a statistical method with
Zhai and Rahardjo’s [22] equation.

Assuming 6; follows a t-distribution and the standard
deviation equal to 10 % of 6;. The confidence limits of
6 can be estimated as [0.83556;, 1.16456;] by adopt-

ing a 95 % confidence level. As a result, the variation

in the saturated coefficient of permeability, ks, can be
estimated from the uncertainty in 6; using Equation
(10). On the other hand, the variability in SWCC can
only be determined if the uncertainty in the pore-size
distribution function is known. Therefore, this study was
started by estimating the uncertainty in the pore-size
distribution function. Three different pore-size distribu-
tion functions, as illustrated in Figure 3, were adopted

to introduce the variability in SWCC. In this case, a soil
with a selected 6,/k; and SWCC was used for the seepage
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3Hs

Boundary conditions:

a Hw: =2 meter

3Hs

cd, de, ef: applied flux q (rainfall intensity)
bc, fg: applied Q=0, with potential seepage face review
ab, gh: applied constant total head H.

2Hs

=

Figure 2. Slope geometry and boundary condition of residual soil.

analysis and named as Case A. To investigate the effect of
variability in 6,/k on the rainwater infiltration, the soil
used in Case A was modified by considering a certain
uncertainty in 6,/k; and named Case B+ and Case B-,
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Figure 3. Illustration of variation of pore-size distribution function.
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where “+” denotes the upper bound and “-” denotes

the lower bound. On the other hand, to investigate the
effect of variability in 6,/k; and SWCC on the rainwater
infiltration, the soil used in Case B was further modified
by considering the uncertainty in SWCC and named
Case C+ and Case C-, where “+” denotes the upper
bound and “-” denotes the lower bound. The fitting
parameters in the Fredlund and Xing’s equation [33] and
the SWCC variables, which were determined using Zhai
and Rahardjo’s method [34], for the soils according to
five scenarios were illustrated in Table 1. As illustrated
in Table 1, Case A represents the condition where all the
data are obtained from experimental measurements.
Case B represents the condition that considers the
uncertainty in the void ratio with reference to Case

A. Case C represents the condition that considers the
uncertainty in the void ratio and SWCC with reference
to Case A.

The SWCCs and the permeability functions of the
soils used in the five cases were illustrated in Figure 4.
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(b) Permeability functions of the soils

Figure 4. Illustration of SWCCs and permeability function of soils used in five cases.
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Figure 5. Illustration of sections for comparison of computed PWP.

Table 1. Illustration of hydraulic properties of soil for five cases.

Parameters of SWCC

Scenarios 6, ks
ar ng  my AEV v,

Case A 0.400 1.00E-06 100 1 51.24 461.25
Case B+ 0.466 2.00E-06 100 1 51.24 461.25
Case B- 0.334 4.73E-07 100 1 51.24 461.25
Case C+ 0.466 2.00E-06 150 1 94.88  473.70
Case C- 0.334 4.73E-07 60 1.3 13 1934 4613

where: as nyand myare the fitting parameters in the Fredlund and
Xing’s equation [34] and AEV and vy, are the air-entry value and the
residual suction, respectively.

2
2
2
3

Pore-water pressure (PWP) profiles computed from
seepage analyses using Seep/W were drawn based on five
sections, as shown in Figure 5.

(a) Hydrostatic case (b) Zero-suction case

(¢) Limited maximum suction case

Figure 6. Illustration of three scenarios of suction distribution
in the soil above the ground-water table (GWT).
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The rainwater infiltration into the slope is also dependent
on the initial suction in the soil. In this case, three
scenarios, i.e., hydrostatic, zero-suction, and maximum
suction of 5 meters of water head (as illustrated in Figure
6), were selected as the initial condition for the seepage
analyses. In conventional saturated soil mechanics, (b)
zero-suction is always considered, while in unsaturated
soil mechanics both (a) hydrostatic and (c) limited maxi-
mum suction are considered for the seepage analysis.

4 RESULTS OF NUMERICAL ANALYSES

The computed pore-water pressures for five sections
with initial pore-water pressure following the hydrostatic
condition (scenario (a) in Figure 6) at different time
steps were illustrated in Figure7.

As illustrated in Figure 7, the differences in the pore-water
pressure profiles from different cases are larger on sections
near the crest of the slope, as compared with those near
the toe of the slope. As a result, the effect of the uncer-
tainty in the hydraulic conductivity of unsaturated soil is
more significant at a location near the slope crest than the
slope toe. The differences in pore-water pressure (which
represents rainwater infiltration) between case C and

case A are greater than that between case B and case A,
which means that considering the uncertainty in the void
ratio and SWCC leads to a more significant effect on the
infiltration than that considering the uncertainty in void
ratio only. In addition, the differences in the PWP profile
after 24 hours of rainfall are smaller than that obtained
after 12 hours of rainfall, which indicates the difference in
the PWP decrease with the increase in rainfall duration.

It was also noted that after 24 hours of rainfall the pore-
water pressure profiles from case B+ overlap with case C+,
which indicates that the pore-water pressure profile under
long-term rainfall conditions is mainly controlled by the
saturated hydraulic conductivity, k.
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The pore-water pressure profiles within five sections

in Figure 5 with initial pore-water pressure following

zero-suction condition (scenario (b) in Figure 6) at

different time steps were illustrated in Figure 8. As

the results after 6 hours rainfall are same as that after

12 hours and 24 hours of rainfall, respectively, only
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Figure 7. Pore-water pressure profiles within five sections in Figure 5 at different time steps.

the results after 24 hours of rainfall were illustrated in

Figure 8.
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The results shown in Figure 8 indicate that the computed
pore-water pressure profiles from five cases overlap with
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each other. In other words, the rainwater infiltration rate
is mainly governed by k; if the initial soil condition is

fully saturated.

The pore-water pressures profiles within five sections in
Figure 5 with the initial condition having a maximum

suction of 5 meters of water head (scenario (c) in Figure
6) at different time steps are illustrated in Figure 9.
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Figure 8. Pore-water pressure profiles for five sections after 24 hours of rainfall.
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The results as illustrated in Figure 9 are similar to those

in Figure 7. The results in Figure 9 indicated that the

differences in the pore-water pressure profiles from the
five cases in this scenario were smaller than that in the

scenario of the hydrostatic condition.

Based on the results from Figures 7 to 9, it seems to be
concluded that the effect of the initial suctions in the
soil can be ignored if the rainfall period is long enough.
To verify this point, these pore-water pressure profiles
from three scenarios were re-drawn in the same figure
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Figure 9. Pore-water pressure profiles for five sections at different time steps.

as illustrated in Figure 10. An additional line, named

the hydrostatic line, which is computed from y,,z, where
Yy is unit weight of water (9.81 kN/m?), z is the vertical
distance from the ground surface, is drawn in Figure 10.

Figure 10 indicated that the computed pore-water
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pressure profiles within five sections in Figure 5 after
24 hours of rainfall overlap with each other from three
different scenarios. In other words, for the long-term
rainfall condition, the rainwater’s infiltration is mainly
governed by the saturated hydraulic conductivity, k.
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Figure 10. Comparison of pore-water pressure profiles within five sections under different scenarios.

5 CONCLUSIONS

An equation for describing the relationship between the
saturated volumetric water content, 6, and the saturated
coeflicient of permeability, k; was developed using both

74.
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Arya and Paris’s model [27] and the capillary model.
The HCFs of the unsaturated soils are obtained by incor-
porating the uncertainty in the void ratio and SWCC.
The seepage results indicated that when the initial
suction in the slope soil is high (relatively dry condi-
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tion), the uncertainty in the hydraulic properties of the
unsaturated soil has a significant effect on the rainwater
infiltration. In contrast, if the initial suction in the slope
is low (relatively wet conditions), then the uncertainty
in the hydraulic properties of the unsaturated soil has
an insignificant effect on the rainwater’s infiltration. It
is also observed that the uncertainty in the hydraulic
properties of the unsaturated soil has a more significant
effect on the rainwater infiltration at the location near
the slope crest than that near the slope toe. It is noted
that the initial suction in the soil near the slope crest

is higher than that near the slope toe. If the rainfall’s
duration is long enough, the seepage results indicated
that the rainwater’s infiltration is mainly governed by the
saturated hydraulic conductivity.

REFERENCES

[1] Umana US, Ebong MS, and Godwin EO. (2020)
“Biomass Production from Oil Palm and Its Value
Chain” Journal of Human, Earth, and Future, Vol.
1, No. 1.

[2] Ouzaid I, Benmebarek N and Benmebarek S.
(2020) “FEM Optimisation of Seepage Control
System Used for Base Stability of Excavation” Civil
Engineering Journal, Vol. 6, No. 09.

[3] Vanapalli S.K., Fredlund D.G., Pufahl D.E. and
Clifton A.W. (1996) “Model for the prediction of
shear strength with respect to soil suction”. Can.
Geotech J. 33 379-392.

[4] Goh,S.G.,Rahardjo H. and Leong E.C. (2010).
“Shear Strength Equations for Unsaturated Soil
Under Drying and Wetting”. ASCE Journal of
Geotechnical and Geoenvironmental Engineering.
136(4):594 —606.

[5] Zhai Q. Rahardjo H. Satyanaga, A., and Dai G.L.
(2019a) “Estimation of unsaturated shear strength
from soil-water characteristic curve” Acta Geotech-
nica 14(6), 1977-1990

[6] Zhai Q. Rahardjo H., Satyanaga, A., Dai G.L. and
Du YJ(2020a) “Effect of the uncertainty in soil-
water characteristic curve on the estimated shear
strength of unsaturated soil” Journal of Zhejiang
University-SCIENCE A 21(4):317-330.

[7] Ng,C.W.W,, and Shi, Q, (1998) “A numerical inves-
tigation of the stability of unsaturated soil slopes
subjected to transient seepage” Computers and
Geotechnics 22 (1), 1-28.

[8] Toll, D.G. (2001) “Rainfall-induced landslides in
Singapore”. Proceedings of the Institution of Civil
Engineers: Geotechnical Engineering 149 (4),
211-216.

[9] Chen, H., Lee, C.E and Law, K.T. (2004) “Causative

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

mechanisms of rainfall-induced fill slope failures”
Journal of Geotechnical and Geoenvironmental
Engineering 130 (6), 593-602.

Zhang, L.L., Zhang, L.M., Tang, W.H., (2005) “Rain-
fall-induced slope failure considering variability of
soil properties” Geotechnique 55 (2), 183-188.
Rahardjo, H., T.H. Ong, R.B. Rezaur and E.C. Leong
(2007). “Factors Controlling Instability of Homo-
geneous Soil Slopes under Rainfall Loading” ASCE
Journal of Geotechnical and Geoenvironmental
Engineering. December, Vol. 133, No.12, pp. 1532 -
1543.

Rahardjo, H., E.C. Leong and R.B. Rezaur (2008).
“Effect of Antecedent Rainfall on Pore-water
Pressure Distribution Characteristics in Residual
Soil Slopes under Tropical Rainfall”. Hydrological
Processes, Special Issue on Rainfall Induced Land-
slides and Debris Flow, Vol. 22, pp. 506-523.
Rahimi, A., H. Rahardjo and E.C. Leong (2010).
“Effect of Hydraulic Properties of Soil on Rainfall-
Induced Slope Failure”. Journal of Engineering
Geology, Vol. 114, pp. 135 - 143.

Shoaib M, Wang Y, Yang L and Rehman G (2021)
“Stability and Deformation Analysis of Landslide
under Coupling Effect of Rainfall and Reservoir
Drawdown”, Civil Engineering Journal, Vol. 7, No.
07.

Zhai Q., Rahardjo H., Satyanaga, A., Priono, and
Dai G. L. (2019b) “Role of pore-size distribution
function on the water follow in soil” Journal of
Zhejiang University-SCIENCE A, 20(1): 10-20.
Zhai Q, Rahardjo H, Satyanaga A, Dai GL, and
Zhuang Y (2020b) “Framework to estimate the soil-
water characteristic curve for the soil with different
void ratios” Bulletin of Engineering Geology and
the Environment, 79: 4399-4409

Satyanaga A., Rahardjo H. and Zhai, Q (2017).
“Estimation of unimodal water characteristic curve
for gap-graded soil” Soils and Foundations, 57(5),
789-801.

Satyanaga, A. and Rahardjo, H. (2018). “Unsatu-
rated shear strength of soil with bimodal soil-water
characteristic curve” Géotechnique, 69(9), 1-18.
Richards L.A. (1931) “Capillary conduction of
liquids through porous mediums” Physics volume
1: 318-333.

Zhai Q, and Rahardjo H. (2013) “Quantification

of uncertainty in soil-water characteristic curve
associated with fitting parameters” Engineering
Geology 163 (2013) 144-152.

Fredlund DG and Fredlund MD. (2020) “Applica-
tion of ‘Estimation Procedures’ in Unsaturated Soil
Mechanics” Geosciences, 10: 364.

Zhai Q, and Rahardjo H. (2015) “Estimation of

Acta Geotechnica Slovenica, 2022/1 75.



L. Zhou and Y. Zhao: Effects of uncertainty in the hydraulic properties for the seepage analyses of rainwater infiltration

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

76.

permeability function from Soil-Water Charac-
teristic Curve” Engineering Geology 199 (2015)
148-156.

Zapata, C.E. (1999). "Uncertainty in Soil-Water
Characteristic Curve and Impacts on Unsaturated
Shear Strength Predictions”, Ph.D. Dissertation,
Arizona State University, Tempe, United States.
Dye H.B., Houston S.L. and Welfert B.D (2011)
"Influence of Unsaturated Soil Properties Uncer-
tainty on Moisture Flow Modeling." Geotech Geol
Eng 29 (161-169)

Rahardjo, H., A. Satyanaga, E.C. Leong and Y.S.
Ng (2012). “Variability of Residual Soil Proper-
ties”. Journal of Engineering Geology, June, Vol.
141-142, No. 124-140.

Zhai Q., Rahardjo H. and Satyanaga, A. (2016)
“Variability in unsaturated hydraulic properties of
residual soil in Singapore” Engineering Geology
209:21-29

Arya, L.M. and Paris, J.E, (1981) “A physico-
empirical model to predict the soil moisture
characteristics from particle-size distribution

and bulk density data” Soil Sci. Soc. Am. J. 45 (6),
1023-1030.

Kozeny ] (1927) “Ueber kapillare Leitung des
Wassers in Boden.” Sitzungsber Akad, Wiss.,
Wien Math. Naturwiss. Kl. Abt. 2a 13: 271-306 (in
German)

Carman, P.C. (1938). “Fundamental principles of
industrial filtration - a critical review of present
knowledge”. Transactions of Institution of Chemi-
cal Engineering 16, 168-188.

Chids, E.C., and Collis-George, G.N. (1950)” The
permeability of porous materials” Proc. Royal Soc.
of London, Series A. London, UK., 201, 392-405.
Tuller, M., D. Or, and L. M. Dudley (1999) “Adsorp-
tion and capillary condensation in porous media:
Liquid retention and interfacial configurations

in angular pores,” Water Resour. Res., 35(7),
1949-1964.

Fredlund, D. G. and Rahardjo H. (1993) “Soil
Mechanics for unsaturated soil”, Wiley, New York.
Fredlund, D.G. and Xing, A. (1994) “Equations

for the soil-water characteristic curve” Canadian
Geotechnical Journal, 31(3): 521-532.

Zhai, Q. and H. Rahardjo (2012). “Determination
of Soil-Water Characteristic CurveVariables”
Computer and Geotechnics, 42:37-43.

Acta Geotechnica Slovenica, 2022/1



K. B. Bozdogan and M. Mahmudi: Calculating the fundamental natural frequency of retaining walls, including shear-deformation effects

CALCULATING THE
FUNDAMENTAL NATURAL
FREQUENCY OF RETAINING
WALLS, INCLUDING SHEAR-
DEFORMATION EFFECT

ZRACUN OSNOVNE
NARAVNE FREKVENCE
PODPORNIH ZIDOV,
VKLJUCNO Z UCINK]
STRIZNE DEFORMACIJE

Kanat Burak Bozdogan (corresponding author)
Canakkale Onsekiz Mart University,

Department of Civil Engineering

17000, Canakkale Turkey

E-mail: kbbozdogan@comu.edu.tr

Muhammed Mahmudi

Ege University,

Department of Civil Engineering
35100 Bornova, Izmir, Turkey
E-mail: mu.mahmudi@hotmail.com

m https://doi.org/10.18690/actageotechslov.19.1.77-87.2022

retaining wall, analytical method, Rayleigh method,
natural frequency, shear

Abstract

In this study, two analytical approaches were proposed to
determine the fundamental natural frequencies of retain-
ing walls. In the first method, the soil effect is taken into
consideration with springs, while in the second method,
the soil effect is considered as a continuous medium. Fopl
Papkovich and Southwell’s theorems and the Rayleigh
method were used to obtain the presented approaches. It
was assumed that the change of the inertial moment and
the cross-sectional area can be expressed with an expo-
nential function. In contrast to the analytical methods in
the literature, shear deformations in the retaining wall are
also taken into account in the presented methods. In the
second method presented in the study, Southwell's theorem
was originally used for the interaction of the retaining wall
with the soil. With the methods presented in the study, the
fundamental natural frequency of the retaining wall can
be determined practically with the help of created tables.
At the end of the definition of the method, to determine
the suitability of the approaches, an example from the
literature was solved and the results were evaluated
together. The example discussed in the study was also
modeled with SAP2000. The results show that the methods
presented in this study give results closer to the Abaqus
results compared to the method in the literature. Consider-
ing the shear deformations in the retaining wall in the
methods presented in this study is the main reason for this.

Kljuéne besede

podporni zid, analiti¢na metoda, Rayleighova metoda,
lastna frekvenca, strizna deformacija

lzvlecek

V tej Studiji sta bila predlagana dva analiticna pristopa
za dolo¢itev osnovnih naravnih frekvenc podpornih
zidov. Pri prvi metodi se uposteva ucinek tal z vzmetmi,
pri drugi metodi pa se ucinek tal obravnava kot
neprekinjen medij. Za pripravo predstavljenih pristopov
so bili uporabljeni Fopl Papkovich in Southwellovi
izreki ter Rayleighova metoda. Predpostavili smo, da je
spremembo vztrajnostnega momenta in povrsine preseka
mogoce izraziti z eksponentno funkcijo. Za razliko od
analiti¢nih metod v literaturi so v predstavljenih meto-
dah upostevane tudi strizne deformacije v podpornem
zidu. Pri drugi metodi, predstavljeni v Studiji, je bil
Southwellov izrek prvotno uporabljen za interakcijo
podpornega zidu s tlemi. Z metodami, predstavljenimi
v Studiji, lahko s pomocjo izdelanih tabel prakticno
dolocimo osnovno naravno frekvenco podpornega zidu.
Na koncu smo za ugotavljanje primernosti predsta-
vljenih metod resili primer iz literature in ovrednotili
dobljene rezultate. Primer, obravnavan v Studiji, je bil
tudi modeliran s SAP2000. Rezultati kaZejo, da metode
predstavljene v tej Studiji, dajejo rezultate, ki so bliZje
rezultatom Abaqusa v primerjavi z rezultati metode v
literaturi. Glavni razlog za to je, da so se pri metodah
predstavljenih v tej Studiji v podpornem zidu upostevale
strizne deformacije.
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1 INTRODUCTION

The stability and safety of shoring structures under static
and dynamic load conditions are some of the important
problems in geotechnical engineering. In recent years,
slope failures and serious structural damage, and thus
significant financial losses have occurred during the
San Francisco (1906), San Fernando (1971), Northridge
(1994), Kobe (1995), Chichi (1999), and Adapazar1
(1999) earthquakes. For example, Figure 1 shows a
trapezoidal concrete gravity retaining wall that rotated
outward due to the failure of the slope above during the
1999 Chi-Chi earthquake in Taiwan. Therefore, shoring
systems play an important role during an earthquake
against slope failures and the instability of the backfill
soils, especially under permanent load conditions.
Retaining walls that are categorized as flexible elements
are a common shoring system that is widely used in
shallow excavations, road embankments, and railways
due to their simple structural forms and convenient
constructions. In this case, a soil-structure interactions
analysis of the retaining walls under seismic loadings are
very important aspects in geotechnical and structural
engineering. Besides that, a safe design and estimate of
the dynamic-response magnitudes of retaining walls
are very important due to its influence on the dynamic
displacements under seismic loadings.

In recent years, several researchers like Okabe [2], Seed
and Whitman [3], Whitman et al. [4], Duzgun and
Bozdag [5], Wang et al. [6], Xu [7], Darvishpour et al.

[8], Bakr et al. [9] have worked on the seismic response
of gravity-type retaining walls. However, their study
methods and findings may be partially or completely
invalid for common reinforced concrete walls because of
differences in their characters. On the other hand, based

Figure 1. Retaining wall rotated due to slope failure during the
Chi-Chi earthquake (1999) in Taiwan [1].
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on pseudo-static, pseudo-dynamic, and limit equilib-
rium approaches, several researchers [2,10,11,12, 13,
14,15, 16, 17, 18] have developed different methods to
determine the seismic earth pressure to unit weight of a
retaining wall due to earthquake loading. Also, the natu-
ral frequency of backfill soils has been calculated and
estimated by several researchers by defining the Winkler
springs, elastic wave theory, an analytical method [19,
20, 21], linear elastic theory [22, 23], centrifuge model
tests [24], shaking-table tests [25], the Rayleigh method
[21], transfer-matrix methods [26] and using differential
equations or finite-element methods [21, 27, 28, 29].
Hatemi and Bathurst [30] investigated the effect of struc-
tural design on the fundamental frequency of reinforced
retaining walls. A desire to highlight that the influence of
wall facing that is very important in a seismic-response
analysis has not been considered in most of these meth-
ods. Besides these theoretical methods, many field tests
have been carried out to study the natural frequencies of
retaining walls, and this is still preferred by researchers.

In this study, two analytical approaches were proposed
to determine the fundamental natural frequency of
retaining walls. Fopl Papkovich and Southwell’s theo-
rems and the Rayleigh method were used to obtain the
presented approaches. It was accepted that the change of
the inertial moment and the cross-sectional area can be
expressed with an exponential function.

2 ANALYTICAL APPROACHES

In this study, unlike studies in the literature, shear
displacements on the retaining wall are also taken into
account. With the methods presented in the study, the
fundamental natural frequency of the retaining wall

can be determined practically with the help of a created
table. To evaluate and verify the results, the findings of
Ghanbari et al. [21] based on the assumption of a beam
on elastic foundations theory and finite-element analysis
were used. In developing the methods, it is accepted that
the retaining wall and the soil show linear elastic behavior.

2.1 First method

The mathematical model of the retaining wall, whose
physical model is shown in Figure 2, is written as the
free-vibration equation of the Timoshenko beam on the
Elastic Winkler foundation as follows.

a2
dz?

[EI(z)dZyB] +sy—pAw?y =0 (1)

dz?

d .. d
E[GA (z)f]—sy+p,4w2y=0 )
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Figure 2. Timoshenko beam with variable cross-section
representing the retaining wall.

where E is the modulus of elasticity, G is the shear
modulus, I(z) is the moment of inertia function, A'(z)

is the equivalent shear area function, A(z) is the area
function, w is the natural frequency, s is the Winkler
coeflicient per unit length, p is the unit volume mass. z
shows the axis extending along the height of the retain-
ing wall and y is the total lateral displacement function,
yp is the displacement function consisting of bending,
and yg is the shear displacement. The total displacement
can be illustrated using the equation below:

y@) =yg+ys (3)

Differential Egs. (1) and (2) can be written in dimen-
sionless form with Egs. (5) and (6) with the help of the
transformation Eq. (4).

z

e=2 ()
1 d? d?y
FE[EI(S) dng] + sy —pAw?y =0 (5
1d

[GA’(s) %] —sy+pAw?y =0 (6

HZ de
The cross-sectional areas of the retaining wall at the top
level and the base level are as follows:

Ay =vp*x1  (7)
Ar=vpx1 (8)

In this study, the change of the cross-sectional area along
the retaining-wall height was accepted as an exponential
function as follows:

A(e) = Age® (9

where the value of a is defined as follows:
a=-Int=_n% (10)
Ap Vo

The moment of inertia of the retaining wall at the level
of the base and the peak is found using the following
relations.

3
10=”1L2*1 (11)
3
Ip=""x1 (12)

The moment-of-inertia function along the retaining-wall
height is written as follows:

I(e) =Iye 3%  (13)
where the expression 3a is calculated as follows:

3a=—Inkt= —ln%= —3x—InZ (14)
Io Vo Vo
The Foppl Papkovich theorem can be used to find the
angular frequency and the buckling-load factor in
systems whose stiffness can be expressed by a series
spring model, such as the Timoshenko beam.The
fundamental natural frequency of the retaining wall is

calculated according to the Fopl Papkovich theory [31,

32] as follows:
2 2
__  |WB*Wg
W= \’w§+w§ (15)

wg is the fundamental natural frequency consisting of
bending displacements, calculated using the equation
[21,33] below:

w2 = o 1@ @)l e o s*ly(©)2+ae
B e[ pra(e)sly(e)2xde [} prA()x[y()]2+de

(16)

In Eq. (16), if Eq. (13) is written instead of I(¢), Eq. (9)
instead of A(¢), and Eq. (17) instead of y, Eq. (18) is
obtained.

y=1-cos (%) (17)

Eq. (17) is the approximate first mode shape of a cantile-
ver bending beam [33].
2
a)lZ; _ 1'14*[01 EIO*[e‘ME]*[cos (?)] *;15
16xH* fol pAO*[e—aS]*[l—cos (%] xde (18)

2
f01 s*[l—cos (%)] xde

2
fol pAo*[e‘aE]*[l—cos (%)] xde
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Eq. (18) can be written as follows:

El,

w§:k1m+k2p570 (19)
where k; and k, are written as follows:
K = 1« [e~3%]«[cos (%)]Zz*as (20)
16 [} [e=a¢]+[1-cos (%)] «de
_ Iy [1=cos (%)]Z*ds 1)

fol[e—as]*[l—cos (%)]Z*ds

The fundamental frequency consisting of shear displace-
ments is found according to the Rayleigh method as
follows:

[y s*ly (@) +de
[y prA(e)*[y(e)]2+de

Jy GAr()+ly'(e)]2=de
H2x [ prA()*[y(e)]2+de

(22)

w? =

In Eq. (22), if the Eq. (9) is written instead of A(e) and if

Eq. (23) is assumed for the cantilever shear beam as the

first mode shape, Eq. (24) is written as follows:
y=sin(%) (23

2
Hz*f01 GA'O*[e_as]*[cos (%)] xde

2
(1)5 - 1 I ENE
4xHZx [ pAO*[e‘aE]*[sm (T)] xde
(24)

fol s*[sin (?)]Z*ds

2
Iy PAg+le30%)x[sin ()] " +de

Eq. (24) can be written as follows:

2 _ . G4 s
(A)S - k3 HZPAO + k4_ pAg (25)
where k3 and k,4 are defined as follows:
Hz*fol[e‘ag]*[cos (%)]Z*ds
k3 = 1 Me 1% (26)
4x ) [e—as]*[sin & ] xde
1y . Me|?
I [sm (T)] xde 27)

e fol[e—-”‘ls]*[sin (%)]z*de

In this study, the integrals in Eqs (20), (21), (26) and (27)
are solved numerically using the trapezoidal rule, and the
change of the calculated k values depending on the ratio
of v,/vy is given in Table 1. However, the k values can be
obtained easily from the curves given in Figure (3).

Figure 3. k-coefficient curves depending on v,/v;, values.

Figure 4. Coupled beam model representing the retaining wall.

Table 1. Change of k coefficients depending on v;/v,.

a 1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.25 0.2 0.15 0.1

ky 13.40 13.32 13.29 13.34 13.48 13.76 14.28 15.20 15.97 17.07 18.78 21.85
k, 1.00 1.09 1.20 1.34 1.52 1.76 2.10 2.64 3.05 3.63 4.54 6.20
k; 2.46 2.57 2.70 2.84 3.03 3.26 3.56 4.00 4.29 4.69 524 6.12
ky 1.00 1.08 1.16 1.16 1.42 1.61 1.87 2.26 2.54 292 3.50 4.47
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2.2 Second method

In this approach, the retaining wall can be modeled as an
equivalent variable Timoshenko beam, whereas the soil
part can be modeled as an equivalent shear beam, as in
Figure 4.

In this case, the following equation can be written
according to Southwell's theorem [32].

w? = w?+wy  (28)

The fundamental natural period of the soil is written as
follows, as is known from the literature.

4xH

%
Vs

T, = (29)

where v, is the shear velocity of the soil.

Using Eq. (29), the square of the fundamental natural
frequency can be calculated using the equation below.

2.467+vg>
wlz 1 = H2 . (30)
The fundamental natural frequency of the retaining wall
represented by the Timoshenko beam I can be written as
follows uing the Foppl-Papkovich theorem [31, 32].

Elo GA', EIoGA' o
ki——k k1k
wZ — 1H%pAy 3HZpAg — 1"3H5(pAg)? 31)
1 ko—Elo_ g GA', . —Elo_p GA' o (
TH%pay ' “3HZpAg THipag 3HZpAg

Table 1 can be used to find k; and k.

If Eqs (30) and (31) are replaced in Eq. (28), the funda-
mental natural frequency of the system is written as

follows:
’ fp.2
2.4-672 Vs 12 (32)

If the presented model is made with a program that
performs finite-element analysis, the following modifica-
tion should be made instead of the soil shear modulus
so that Southwell's theorem can be used. In addition,

pA will be taken as the mass per unit length in the shear
beam representing the soil part.

(33)

PAo
G, =G
s 5 ps

where G, and p; represent the shear modulus and density
of the soil, respectively.

3 APPLICATION STEPS OF THE METHODS

The process steps of the method presented in this study
are briefly summarized below:

- v/vy ratio is determined

- Using Table 1, the ky, ky, k3, and k, parameters are
determined.

- For method 1, the fundamental natural frequency of
the retaining wall is determined with the help of Eqs.
(19), (25) and (15).

- For method 2, the fundamental natural frequency of
the retaining wall is determined with the help of Eq.
(32).

The flow chart of the two methods presented in this
study is given in Figure 5 (next page).

4 EVALUATION AND VERIFICATION BY EXAMPLE

To investigate the suitability of the methods presented in
this study, three samples taken from the literature were
solved and the results were compared.

4.1 Example 1

The fundamental natural frequency of the retaining-wall
example taken from the literature [21] was solved with
the methods presented in this study and the results were
compared with the literature [21]. The properties of the
retaining wall are given in Table 2.

Table 2. Properties of Example 1.

Properties of retaining wall

H (m) 3/4/5/6/8/10
v, (m) 1
vy, (m) 0.4
Yyl Vg 0.4
a 0.916
Modulus of elasticity (GPa) 26
Poisson’s ratio 0.2
p (kg/m?) 2320
Properties of backfill
C (kPa) 0
9 () 30
p (kg/m?) 1900

With the help of Table 1, the k coefficients for a = 0.916
value were determined and the fundamental natural
frequency values were determined for different H values
with the help of Egs. (19), (25), (15) and (32). In the
study, in addition, the given retaining wall was modeled
with the SAP2000 program. In SAP 2000, the retaining
wall and the soil are modeled with shell elements.
Figure 6 presents a view of the SAP 2000 model.
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ws = ks 254 4=
H%pAy pAo

—
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HZ
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Figure 5. Flow chart of proposed method a) First method b) Second method.
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Figure 6. Modeling the retaining wall with SAP 2000.

The step-by-step application of the two methods
presented in this study for H = 3 m is shown below.

1. First method

First of all, the k values for a = 0.916 were found from
Table 1 as follows:

kl = 1333, kz = 1080, k3 =2.55and k4 =1.07

Using equation (19), wf is calculated as follows:

2.6¥107%0.0833

w3 = 1333 * ™
+1.080 * = = 155072.91 rad?/s*

Using equation (25), w? is calculated as follows:

WF = 2551003333333+ 1086
34%2.32%1

3100 2,2

+1.07 * ~—= = 1139241.0 rad?/s

According to the first method, the angular frequency for
the H = 3 retaining wall is found using Equation (15), as
follows:

\/155072.91 x 1139241.0
w =

15507291 + 11392410 024> rad/s

2. Second method

For H = 3 m with the second method, first Equation (31)
is applied as follows:

13.33 % 2.55 * 2

From the given data, the shear wave velocity is obtained
as follows:

_ i_’ 17300
vs—\[p:— —2*(1+0.3)*1‘5—66.603m/s

For the soil part, if Equation (30) is applied, w7 is found
as follows:

2 _ 2.467%66.602°
wn ="

w = /12159093 + 135354.01 = 369.55 rad/s

= 1215.9093 rad? /s>

For the other heights the fundamental natural frequen-
cies were calculated using the two methods presented
in this study and compared with the literature and SAP
2000 results in Table 3.

Since the soil effect is modeled more realistically in
Abaqus, the closest result to the exact result is the result
obtained with Abaqus. For this reason, Abaqus is taken
as a basis for calculating the error.

As can be seen from Table 3, the fundamental natural
frequencies obtained in this study are closer to the
results obtained from the Abaqus program, compared
to the results found using the method proposed by
Ghanbari et al. [21]. It was indicated in Figure 7 that

Table 3. Comparison of results for H=3 m,4 m, 5 m,
6 m,8 m,and 10 m.

Natural frequency (rad/sec)

Study H(m) 3 4 5 6 8 10
s (kN/ 3100 2320 1860 1550 1160 930

m/m)

First method

() 369.45 214.74 140.62 99.81 59.16 40.63

Secon‘(lbr;‘eth‘)d 369.55 214.15 139.37 97.94 56.15 36.59

Gh?;‘i’frzce)tal' 43422 24623 159.65 112.97 67.25 46.69

Ghanbari et al.
[21] (Abaqus) 374.63 20532 131.05 100.53 60.24 40.45
(d)

SAP2000 (e) 396.42 229.48 151.48 10596 61.14 39.76

Error of the first
method ,% -1.38% 4.59% 7.30% -0.72% -1.79% 0.44%
(a-d)/d

Error of the
second method, -1.33% 4.30% 6.35% -2.58% -6.79% -9.54%
% (b-d)/d

.6 * 107 * 0.0833 * 10833333.33 x 1 % 0.86

36 %2322 %1

2
@ 2.6+ 107 = 0.0833

18333+ == 73041

+ 2.55 %

1083333333 17086 o00>401

32%232x1

Acta Geotechnica Slovenica, 2022/1 83.



K. B. Bozdogan and M. Mahmudi: Calculating the fundamental natural frequency of retaining walls, including shear-deformation effects

compared to the Abaqus results [21],in3m < H<10m
ranges the magnitude of the fundamental natural
frequencies obtained from the second method are
0.90-1.06 times, the natural frequencies obtained from
the first proposed method are 0.99 and 1.07 times, and

the natural frequencies obtained from the Ghanbari et al.

[21] proposed method are between 1.16 and 1.22 times.
Both proposed methods give close values compared to
the Abaqus results.

It was indicated from Figure 8,in 3 m < H < 10 m ranges
according to the results obtained by Abaqus the error
values of the first method are changed from 0.44 % to

7.30 %, and the error values of the second method are
changed from -1.33 to 9.54. As can be seen, the error
values of the first method are less than the second method.

It was also indicated from Figure 9,in3m <H <10 m
ranges the magnitude of the fundamental natural

Figure 7. Natural frequencies that result from rates compared to the Abaqus results [21].

Figure 8. Error-values of the proposed method compared to the Abaqus results (Ghanbari et al. [21]).
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Figure 9. Natural frequencies obtained from Sap 2000 compared to the Abaqus results [21].

frequencies obtained from Sap 2000 are very close to the
Abaqus results [21].

4.2 Example 2

In this example, the properties of the retaining-wall
sample taken from the literature are given in Table 4. The
given retaining-wall sample was solved by the methods
presented in this study and the results obtained were
compared with field-test results and numerical simula-
tion results in the literature [35].

Comparison of the frequency value obtained with the
methods presented in this study with the literature is
presented in Table 5.

Table 4. Properties of Example 2.

Table 5. Comparison of results for Example 2.

Method Fundemantal frequency (Hz)
First method 9.31
Second method 9.43
Field test (Klymenkov et 8
al,, 2016)

Numerical simulation

(Klymenkov et al. 2016) 946

As can be seen, the results obtained by the two methods
presented in this study gave results consistent with the
numerical analysis in the literature.

Table 6. Properties of Example 3.

Properties of retaining wall

Properties of retaining wall

H (m) 5 H (m) 22

v, (m) 0.40 v, (m) 0.20

vp (m) 0.40 v, (m) 0.20

V! Vs 1.0 Vil Vs 1.0

a 0 a 0
Modulus of elasticity (GPa) 25 Modulus of elasticity (GPa) 21.1
Poisson’s ratio 0.2 Poisson’s ratio 0.2
p (kg/m?) 2300 p (kg/m?) 2500
Properties of backfill Properties of backfill

E (MPa) 19 E (MPa) 15.4
Poisson’s ratio 0.15 Poisson’s ratio 0.30
p (kg/m?) 1900 p (kg/m?) 1900
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4.3 Example 3

In this example, the fundamental frequency value of

the retaining-wall sample taken from the literature was
solved with the methods presented in this study and
compared with the field-test results and the transfer
-matrix method given in the literature. The properties of
the retaining wall are given in Table 6 (previous page).

A comparison of the fundamental frequencies of the
given retaining wall found by the methods presented in
this study with the literature is given in Table 7.

As can be seen from Table 7, the second method presen-
ted in this study gave results closer to field test and the
numerical solution.

Table 7. Comparison of results for Example 3.

Method Fundemantal frequency (Hz)
First method 24.28
Second method 21.07
Field test (Xu [36]) 22.41

Transfer-matrix method

(Xu and Jiang [26]) 2137

5 CONCLUSIONS

In this study, two practical methods have been developed
for determining the fundamental natural frequency of
the retaining walls commonly used in practice in a free-
-vibration analysis. Although integral calculations are
used in the development of the presented methods, no
integral calculation is required in the application of the
methods. With the table and curves given in the study,

it is possible to reach the results practically and quickly
without any integration. In the presented methods, shear
displacements on the retaining wall are also taken into
account in the analysis. The methods presented from the
example solved at the end of the study are sufficiently
compatible with the finite-element method. The methods
presented in this study gave results closer to the results
obtained with Abaqus than the analytical method given
in the literature. In the methods presented in this study,
considering the shear deformations in the retaining wall
beside the flexural deformations is considered as the
main reason for this.

It was observed that the second of the presented
methods gave closer results to the finite-element
method. The main reason for this was evaluated as the
more realistic modeling of the effect of the soil in the
second model.
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The presented methods are useful in the preliminary
stage and to give an idea about the behavior of the retai-
ning wall by using a few parameters.
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NAVODILA AVTORJEM

NAVODILA AVTORJEM

Vsebina ¢lanka

Clanek naj bo napisan v naslednji obliki:

— Naslov, ki primerno opisuje vsebino ¢lanka in ne
presega 80 znakov.

— Izvlecek, ki naj bo skrajsana oblika ¢lanka in naj ne
presega 250 besed. Izvle¢ek mora vsebovati osnove,
jedro in cilje raziskave, uporabljeno metodologijo
dela, povzetek izidov in osnovne sklepe.

— Najvec 6 klju¢nih besed, ki bi morale biti napisane
takoj po izvlecku.

- Uvod, v katerem naj bo pregled novejsega stanja in
zadostne informacije za razumevanje ter pregled
izidov dela, predstavljenih v ¢lanku.

- Teorija.

- Eksperimentalni del, ki naj vsebuje podatke o postavitvi
preiskusa in metode, uporabljene pri pridobitvi izidov.

- Izidi, ki naj bodo jasno prikazani, po potrebi v obliki
slik in preglednic.

- Razprava, v kateri naj bodo prikazane povezave in
posplositve, uporabljene za pridobitev izidov. Prika-
zana naj bo tudi pomembnost izidov in primerjava s
poprej objavljenimi deli.

— Sklepi, v katerih naj bo prikazan en ali ve¢ sklepov, ki
izhajajo iz izidov in razprave.

— Vse navedbe v besedilu morajo biti na koncu zbrane
v seznamu literature, in obratno.

Dodatne zahteve

- Vrstice morajo biti zaporedno ostevil¢ene.

- PredloZen ¢lanek ne sme imeti ve¢ kot 18 strani (brez
tabel, legend in literature); velikost ¢rk 12, dvojni
razmik med vrsticami. V ¢lanek je lahko vklju¢enih
najve¢ 10 slik. Isti rezultati so lahko prikazani v tabe-
lah ali na slikah, ne pa na oba nadina.

- Potrebno je priloziti imena, naslove in elektronske
naslove $tirih potencialnih recenzentov ¢lanka.
Urednik ima izklju¢no pravico do odlo¢itve, ali bo te
predloge uposteval.

Enote in okrajSave

V besedilu, preglednicah in slikah uporabljajte le
standardne oznacbe in okraj$ave SI. Simbole fizikalnih
veli¢in v besedilu pisite posevno (npr. v, T itn.). Simbole
enot, ki so sestavljene iz ¢rk, pa pokonéno (npr. Pa,

m itn.). Vse okraj$ave naj bodo, ko se prvi¢ pojavijo,
izpisane v celoti.

88. Acta Geotechnica Slovenica, 2022/1

Slike

Slike morajo biti zaporedno ostevil¢ene in oznacene, v
besedilu in podnaslovu, kot sl. 1, sl. 2 itn. Posnete naj bodo
v katerem koli od razsirjenih formatov, npr. BMP, JPG, GIF.
Za pripravo diagramov in risb priporo¢amo CDR format
(CorelDraw), saj so slike v njem vektorske in jih lahko pri
kon¢ni obdelavi preprosto povecujemo ali pomanj$ujemo.

Pri oznacevanju osi v diagramih, kadar je le mogoce,
uporabite oznacbe veli¢in (npr. v, T'itn.). V diagramih z
ve¢ krivuljami mora biti vsaka krivulja ozna¢ena. Pomen
oznake mora biti razloZen v podnapisu slike.

Za vse slike po fotografskih posnetkih je treba priloZiti
izvirne fotografije ali kakovostno narejen posnetek.

Preglednice

Preglednice morajo biti zaporedno ostevil¢ene in
oznacene, v besedilu in podnaslovu, kot preglednica 1,
preglednica 2 itn. V preglednicah ne uporabljajte
izpisanih imen veli¢in, ampak samo ustrezne simbole. K
fizikalnim koli¢inam, npr. t (pisano po$evno), pripisite
enote (pisano pokon¢no) v novo vrsto brez oklepajev.
Vse opombe naj bodo oznacene z uporabo dvignjene
stevilkel.

Seznam literature

Navedba v besedilu

Vsaka navedba, na katero se sklicujete v besedilu, mora
biti v seznamu literature (in obratno). Neobjavljeni
rezultati in osebne komunikacije se ne priporo¢ajo v
seznamu literature, navedejo pa se lahko v besedilu, ¢e je
nujno potrebno.

Oblika navajanja literature

V besedilu: Navedite reference zaporedno po stevilkah v
oglatih oklepajih v skladu z besedilom. Dejanski avtorji
so lahko navedeni, vendar mora obvezno biti podana
referen¢na Stevilka.

Primer: »..... kot je razvidno [1,2]. Brandl and Blovsky
[4], sta pridobila drugacen rezultat...«

V seznamu: Literaturni viri so o$tevil¢eni po vrstnem
redu, kakor se pojavijo v ¢lanku. Oznaé¢imo jih s
$tevilkami v oglatih oklepajih.

Sklicevanje na objave v revijah:

[1] Jelusi¢, P, Zlender, B. 2013. Soil-nail wall stability
analysis using ANFIS. Acta Geotechnica Slovenica
10(1),61-73.



Sklicevanje na knjigo:

[2] Suklje, L. 1969. Rheological aspects of soil mechan-
ics. Wiley-Interscience, London

Sklicevanje na poglavje v monografiji:

[3] Mitchel, J.K. 1992. Characteristics and mechanisms
of clay creep and creep rupture, in N. Guven, R.M.
Pollastro (eds.), Clay-Water Interface and Its Rheo-
logical Implications, CMS Workshop Lectures, Vol.
4, The clay minerals Society, USA, pp. 212-244..

Sklicevanje na objave v zbornikih konferenc:

[4] Brandl, H., Blovsky, S. 2005. Slope stabilization with
socket walls using the observational method. Proc.
Int. conf. on Soil Mechanics and Geotechnical Engi-
neering, Bratislava, pp. 2485-2488.

Sklicevanje na spletne objave:

[5] Kot najmanj, je potrebno podati celoten URL. Ce
so poznani drugi podatki (DOI, imena avtorjev,
datumi, sklicevanje na izvorno literaturo), se naj
prav tako dodajo.
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Format of the paper
The paper should have the following structure:

- A Title, which adequately describes the content of
the paper and should not exceed 80 characters;

— An Abstract, which should be viewed as a mini
version of the paper and should not exceed 250
words. The Abstract should state the principal
objectives and the scope of the investigation and the
methodology employed; it should also summarise
the results and state the principal conclusions;

- Immediately after the abstract, provide a maximum
of 6 keywords;

- An Introduction, which should provide a review of
recent literature and sufficient background informa-
tion to allow the results of the paper to be under-
stood and evaluated;

— A Theoretical section;

- An Experimental section, which should provide
details of the experimental set-up and the methods
used to obtain the results;

— A Results section, which should clearly and concisely
present the data, using figures and tables where
appropriate;

- A Discussion section, which should describe the
relationships shown and the generalisations made
possible by the results and discuss the significance
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Podatki o avtorjih

Clanku prilozite tudi podatke o avtorjih: imena, nazive,
popolne postne naslove, $tevilke telefona in faksa,
naslove elektronske poste. Navedite kontaktno osebo.

Sprejem Clankov in avtorske pravice

Urednistvo si pridrzuje pravico do odloc¢anja o sprejemu
¢lanka za objavo, strokovno oceno mednarodnih
recenzentov in morebitnem predlogu za kraj$anje ali
izpopolnitev ter terminoloske in jezikovne korekture.

Z objavo preidejo avtorske pravice na revijo ACTA
GEOTECHNICA SLOVENICA. Pri morebitnih
kasnej$ih objavah mora biti AGS navedena kot vir.

Vsa nadaljnja pojasnila daje:

Urednistvo

ACTA GEOTECHNICA SLOVENICA

Univerza v Mariboru,

Fakulteta za gradbeni$tvo, prometno inZenirstvo in arhitekturo
Smetanova ulica 17,2000 Maribor, Slovenija

E-posta: ags@um.si

of the results, making comparisons with previously
published work;

- Conclusions, which should present one or more
conclusions that have been drawn from the results
and subsequent discussion;

- Alist of References, which comprises all the refer-
ences cited in the text, and vice versa.

Additional Requirements for Manuscripts

- Use double line-spacing.

- Insert continuous line numbering.

— The submitted text of Research Papers should cover
no more than 18 pages (without Tables, Legends, and
References, style: font size 12, double line spacing).
The number of illustrations should not exceed 10.
Results may be shown in tables or figures, but not in
both of them.

— Please submit, with the manuscript, the names, addres-
ses and e-mail addresses of four potential referees.
Note that the editor retains the sole right to decide
whether or not the suggested reviewers are used.

Units and abbreviations

Only standard SI symbols and abbreviations should be
used in the text, tables and figures. Symbols for physical
quantities in the text should be written in Italics (e.g. v,
T, etc.). Symbols for units that consist of letters should
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be in plain text (e.g. Pa, m, etc.).
All abbreviations should be spelt out in full on first
appearance.

Figures

Figures must be cited in consecutive numerical order in
the text and referred to in both the text and the caption
as Fig. 1, Fig. 2, etc. Figures may be saved in any common
format, e.g. BMP, JPG, GIE. However, the use of CDR
format (CorelDraw) is recommended for graphs and line
drawings, since vector images can be easily reduced or
enlarged during final processing of the paper.

When labelling axes, physical quantities (e.g. v, T, etc.)
should be used whenever possible. Multi-curve graphs
should have individual curves marked with a symbol; the
meaning of the symbol should be explained in the figure
caption. Good quality black-and-white photographs or
scanned images should be supplied for the illustrations.

Tables

Tables must be cited in consecutive numerical order in
the text and referred to in both the text and the caption
as Table 1, Table 2, etc. The use of names for quantities
in tables should be avoided if possible: correspond-

ing symbols are preferred. In addition to the physical
quantity, e.g. ¢ (in Italics), units (normal text), should be
added on a new line without brackets.

Any footnotes should be indicated by the use of the
superscript!.

LIST OF references

Citation in text

Please ensure that every reference cited in the text is also
present in the reference list (and vice versa). Any refer-
ences cited in the abstract must be given in full. Unpub-
lished results and personal communications are not
recommended in the reference list, but may be mentioned
in the text, if necessary.

Reference style

Text: Indicate references by number(s) in square brack-
ets consecutively in line with the text. The actual authors
can be referred to, but the reference number(s) must
always be given:

Example: “... as demonstrated [1,2]. Brandl and Blovsky
[4] obtained a different result ..”

List: Number the references (numbers in square brackets)
in the list in the order in which they appear in the text.
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