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Abstract

Seismic failure and deformation behavior of slopes
is dominated by various mechanisms. Initial stress
state due to static loading conditions in addition to
inertial and weakening effects due to seismic exci-
tation are among the main mechanisms. Inertial ef-
fects arise from seismic shear stresses. When they
add on to initial static shear stresses, combined
shear stresses may exceed available shear strength
temporarily and lead to permanent displacements.
Weakening effects, on the other hand, arise from
straining of the soil mass giving rise to excess po-
rewater pressure generation in cohesionless soils
and cyclic degradation effects in cohesive soils
which result in reduction in the available shear
strength and stiffness. In the context of this paper,
effective stress based seismic response analysis and
Modified Newmark Method for shear strength re-
duction effects are used in coordination with each
other in order to investigate the effect of mentioned

factors on seismic stability and deformation beha-
vior of saturated cohesionless infinite slopes.

Keywords: effective stress based analysis, seismic
slope stability, inertial and weakening effects,
excess porewater pressure, critical seismic accelera-
tion coefficient, permanent displacements
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olan baglangic gerilme durumu, sismik kayma
gerilmelerine bagli olan atalet etkileri ve asir
bosluksuyu basinc gelisimine parallel olarak
rijitlik
kayiplaridir. Sismik yiikleme sirasinda, statik ve

meydana gelen kayma dayamimi ve

sismik kayma gerilmelerinin kombinasyonundan

olusan gerilme durumunun mevcut kayma
dayanimini asmasi durumunda kalic1
deformasyonlar meydana gelmektedir. Ote

yandan, sismik yiikleme sirasinda meydana gelen
kayma dayanimi ve rijitlik kayiplar: ise, graniiler
zeminlerde daha ¢ok zemin deformasyonuna bagh
olarak  gelisen asir1  bosluksuyu  basina
artislarindan, kohezyonlu zeminlerde ise zeminin
yumusamasindan kaynaklanmaktadir. Bu ¢alisma
kapsaminda, efektif gerilme tabanli sismik tepki
analizleri ve kayma dayanimi kayiplarini dikkate
Modifiye birlikte
kullanularak yukarida siralanan faktorlerin suya

alan Newmark yontemi
doygun kohezyonsuz sonsuz sevlerin sismik
stabilite ve deformasyon durumlarinda meydana
gelebilecek etkiler sayisal olarak ele alinmistir.

Anahtar kelimeler: efektif gerilme tabanl analiz,
sismik sev stabilitesi, atalet etkileri ve kayma da-
yanimi kaybi etkileri, asir1 bosluksuyu basinci,
kritik sismik ivme katsay1si, kalic1 yerdegistirmeler.

1. Introduction

Seismic failure and deformation behavior of
slopes is dominated by various mechanisms.
Inertial instabilities arise from seismic shear
stresses caused by earthquake-induced accele-
rations. Pure inertial instabilities, i.e without
any consideration of weakening effects are
those in which there is almost no effect of re-
duction in shear strength and stiffness.
However, limited permanent displacements
are expected when combined shear stresses
(seismic shear stresses+ already existing initial

static shear stresses due to sloping ground)
temporarily exceed available shear strength of
the soil mass. Lateral permanent displace-
ments become higher if both initial and seismic
shear stresses have the same direction. Sole
consideration of inertial effects without any
weakening effect may be rational when there
is confidence that displacement behavior du-
ring seismic excitation is not associated with
reduction in shear strength (WSDOT, 2019;
Brabhaharan et al., 2018; Jia, 2018).

Weakening type instabilities, on the other
hand, are the instabilities which occur due to
gradual reduction in shear strength and stiff-
ness during seismic excitation. When wea-
kening effects are in action, seismic accelerati-
ons and therefore seismic shear stresses may
decrease leading to decrease in inertial effects
and related deformations. Therefore, increase
in the domination level of weakening effects
may cause decrease in the domination level of
inertial effects. However, at the same time,
shear strength reduction leads to easier reach
of combined shear stresses to available shear
strength and temporarily exceed it. Each tem-
porary catch up with available shear strength,
causes accumulation of limited permanent
displacements which may as well lead to de-
formation type (displacement) failures. In
some of the cases, shear strength reduction
may be such that, it may reduce below initial
static shear stress level leading to mobilization
of gravity during seismic excitation leading to
flow failures and very large deformations.
Flow failure may occur at excess porewater ra-
tios smaller than 1 in sloped cases, just the re-
verse of level ground case where failure occurs
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when excess porewater pressure ratio appro-
aches 1, i.e approximately when full shear
strength is lost.

In practice, seismic stability problem is used to
be treated by pseudo-static (force based analy-
tical method) and Newmark methods (displa-
cement based analytical method). However,
these methods in their traditional forms are
usually suitable for analyzing inertial type ins-
tabilities without any consideration of shear
strength reduction (weakening) effects. Consi-
derable amount of research has been conduc-
ted in literature in order to include weakening
effects in the traditional Newmark Sliding
Block model (Biondi et al., 2000; Biondi et al.
2001; Biondi et al., 2002; Biondi et al., 2004; Bi-
ondi and Maugeri, 2006; Biondi et al., 2007a,b;
Biondi et al., 2008; Bandini et al., 2015; Filippo
and Cascone, 2019; Ingegneri et al., 2019; Jafa-
rian and Lashgari, 2017). In the context of this
paper, parametric analysis has been conducted
in order to evaluate the effect of inertial and
weakening type instabilities on seismic stabi-
lity condition and permanent lateral displace-
ments of infinite saturated cohesionless slopes.
One-dimensional effective stress based seismic
response analysis of loose, medium dense and
dense infinite saturated cohesionless slopes of
40 m. height have been performed with var-
ying slope angles of 2°, 5° 10°, 15° and 20°.
Newmark method modified for shear strength
reduction effects (Biondi et al., 2002) has been
used for the evaluation of critical seismic acce-
leration coefficients and threshold excess po-
rewater pressure ratios for triggering of flow
failure and permanent displacements, respec-
tively. Afterwards, validity and effectiveness
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of these thresholds are discussed by compa-
ring them with the results of effective stress ba-
sed seismic response analysis. In addition, re-
lationship between permanent lateral displa-
cements and the degraded critical seismic ac-
celeration coefficients has been investigated.

2. Newmark Method Modified for Wea-
kening Effects (Procedure developed
by Biondi et al.,, 2002; Biondi and
Maugeri, 2006)

Traditional form of Newmark method which is
widely used in the evaluation of permanent
slope displacements is based on critical seismic
acceleration coefficients (representing inertial
effects) without any consideration of shear
strength reduction. In order to fulfill this lack,
effective stress based modification has been in-
corporated by Biondi et al. (2002) and Biondi
and Maugeri (2006) into traditional Newmark
method for shear strength reduction effects. In
the following paragraphs, brief overview of
this modification for infinite saturated cohe-
sionless slopes has been presented through
formulations (1) — (9). These formulations de-
pend on the infinite slope scheme in Figure 1
by Biondi et al. (2002). In these formulations,
seismic excitation is taken as parallel to the in-
tinite slope which is represented by @w=-2. De-
tails of these formulations can be found in the
related literature (Biondi et al., 2000; Biondi et
al., 2001; Biondi et al., 2002; Biondi et al., 2004;
Biondi and Maugeri, 2006; Biondi et al., 2007a,
b; Biondi et al., 2008; Bandini et al., 2015; Fi-
lippo and Cascone, 2019; Ingegneri et al., 2019).
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Figure 1. Infinite slope scheme (from Biondi
et al., 2002).

Static Factor of Safety (Biondi et al., 2002):

T 1-ry)tan@r
FSstatic = TLOO == ﬂ(si—r:Z) = 1)
_

Here; ru: static pore pressure ratio, B: slope
angle, ¢": internal friction angle

Pseudo-Static Factor of Safety:

Relation (2) represents pseudo-static factor of
safety in which inertial effects are represented
by a constant seismic acceleration coefficient
(k) although k is time varying in nature. In ad-
dition, degradation of shear strength is not ta-
ken into account in (2). Therefore, k in (2) is the
non-degraded seismic acceleration coefficient.

It represents inertial effects due to seismic ac-
celerations without any consideration of shear
strength reduction (weakening) effects.

Tfo _ cos B(1-ry)tan@s (2)

FS _stati
pseudo—static 0 sinf+k

Seismic Factor of Safety:

Relation (3) represents seismic factor of safety
in which inertial effects are represented by
time varying seismic acceleration coefficients
k(t). Shear strength reduction and the corres-
ponding degradation in seismic acceleration
coefficients are still not taken into considera-
tion in Relation (3). On the other hand, in Re-
lation (4), shear strength reduction is introdu-
ced through seismically induced excess po-
rewater pressure ratios r;(t) which serve to
degrade shear strength gradually during seis-
mic excitation. Degraded shear strength in
turn leads to degradation in inertial effect re-
sulting in degraded seismic acceleration coeffi-
cient kj(t). Seismically induced excess po-
rewater pressure ratios r;; (t) could be evalua-
ted through simple excess porewater pressure
generation models (Biondi et al., 2000; Biondi
et al., 2001; Biondi et al., 2002; Biondi and Mau-
geri, 2006; Biondi et al., 20074, b).
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L 1-1y)tan@r
FSseismic(®) = F2 = s O
TfO
Fsseismic(t) =
To
cos 1—1r)tan®’
- (1)

sinf + k*(t)
_cos f(1-n,)tands

k* (t)
sinB(1+ = ﬁ

(1 —=7n(8)

= R - ) “@

smﬁ

Degradation of Critical Seismic Acceleration Co-
efficient:

During seismic excitation, FSseismic(t)=1 condi-

tion is imposed when shear strength along sli-
ding surface is fully mobilized. Seismic acce-
leration coefficient corresponding to FSeis-
mic(t)=1 is the critical seismic acceleration coeffi-
cient. Permanent displacements occur when
seismic acceleration coefficients attain higher
values than the corresponding critical seismic
acceleration coefficient value.

Non-degraded case: Pseudo-static (2) and
non-degraded time varying cases (3) produce
the same critical seismic acceleration value
(k2) which is constant during seismic excita-
tion since no shear strength reduction is taken
into consideration. If k(#) attains higher values
than the corresponding k2 (k(t) > k2) then
permanent displacements are expected to oc-
cur since in this case FSseismic(t)<I.
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cos f(1-ry)tan@r
sinB+k2

FSpseudo—static = =1

cos f(1-ry)tan@r
sinf+k2

kQ = cos (1 — 1) tan®’ — sinp

= [FSstatic —

FSseismic(t) = =1

1]sinp (5)

Degraded case: When shear strength degrada-
tion is taken into account, degraded value of
critical seismic acceleration coefficient (k;(t))
corresponding to each excess porewater pres-
sure ratio, r;; (t) should be evaluated (Equ. 6).
If k*(t) attains higher values than the corres-
ponding ki (t) (k*(¢t) > ki(t)) then perma-
nent deformations are likely to accumulate
since this k*(t) value will make FSg;smic(t)<1.
(Biondi et al., 2002).

1-1y)tan®r
FSseismic(t) = % (1 B

@) =1

k:(t) = cos (1 — ) tan@'[(1 —
TJ (t)] - Sinﬁ:[FSstatic[(l - T‘J (t)] -
1]sinpg (6)

During seismic excitation, critical seismic acce-
leration coefficient degrades from k? to k; ,.in
(7) due to shear strength reduction. At the be-
ginning of seismic loading (=0 sn), seismic
excess porewater pressure ratio 1;; (0) = 0 and
critical seismic acceleration coefficient attains
the value k;(0) = k) whether shear strength
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reduction is taken into account or not. When
seismic excess porewater pressure ratio r;(t)
attains its maximum value, 7 45, then critical
seismic acceleration coefficient k;(t) attains its
. Typical variation of

*

minimum value, k; i

critical seismic acceleration coefficient with
respect static factor of safety for non-degraded
and degraded cases are shown in Figure 2 (a)
and (b) respectively.

cos f(1-ry)tandr

sinB+k;‘min

FSseismic(t) = (1 -

rzf,max) =1
K} min = cos f(1 — 1) tan®'(1 —
rzj,max) - Sinﬁ:[FSstatic[(l -

rlf,max] - 1]SinIB 7)

Threshold Values of , r; (t) and k¢ (t) to Identify
Seismic Stability Condition of the Slope

There exist some threshold values of excess po-
rewater pressure ratio which enable evalua-
tion of seismic stability condition of the slope
under the selected ground motion. Threshold
r.r indicates triggering of flow failure and
threshold 7, , indicates triggering of perma-
nent displacements. Typical seismic stability
charts based on variation of r; ; and 1, ;4 with
respect to static factor of safety are given in Fi-
gures 3. Figure 3 (a) shows the regions where
flow and deformation failures are expected
and Figure 3 (b) indicates the expected domi-
nating effects in these regions.

Threshold to trigger flow failure, 1, r : During se-

ismic excitation, shear strength may reduce to
such a level that it catches up with the static
shear stress level which is present before initi-
ation of seismic excitation. In such cases, gra-
vity works and flow failure occurs leading to
large deformations. In this case, excess po-
rewater pressure generation is not so high to
cause mean effective stresses to vanish comp-
letely and shear strength is not fully lost. On
the other hand, in cases where excess po-
rewater pressure generation is so high, flow fa-
ilure occurs due to liquefaction in which mean
effective stresses approach zero and shear
strength is lost gradually during seismic exci-
tation

In both cases, critical seismic acceleration co-
efficient attains the value of zero when flow oc-
curs. Imposing FSeeismic(t)=1, and k;(t) =0 in
Equation (6), ;; ¢ is evaluated as follows:

FS(t)seismic =1
_cos (1 —n)tan®’
a sinf

= FSstatic(1 - TJ,f)

1

(1 - T‘l:f)

(8)

*
r,r=1-—
wf FSstatic

Or directly from;

ki(t) =0 =cosf(1—r,)tand' (1 —
le,f) - Sinﬁ:[FSstatic[(l - r;,f) -
1]sinp

T'J,le_ 1

FSgtatic
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Figure 2. Typical variation of critical seismic acceleration coefficient with respect to static
factor of safety for (a) non—degraded case (b) degraded case

Miihendislik ve Yer Bilimleri Dergisi, Cilt 5, Say1 2, 70-95 s. / Journal of Engineering and Earth Science, Volume 5, Issue 2, 70-95 p.

ISSN 2536-4561

2020 — Aralik / December

http://dergipark.gov.tr/mybd

76


http://dergipark.gov.tr/mybd

Effective Stress Based Assessment Of Seismic Stability Condition And Permanent Displacements Of Saturated Cohesi-
onless Infinite Slopes

Suya Doygun Kohezyonsuz Sonsuz Sevlerin Sismik Stabilite ve Deformasyon Durumlarimin Efektif Gerilme Tabanli
Sayisal Analizi

Flow failure is more

12 due to gravity than

Flow failure is more
due to shear

4 I shear strength strength reduction .
re=1 = = meduction _ _ _ _ _ thangrvity_ _ _ _ _ _ AHewlailure
LI . 4
] ] N =1
08 1 T = Tufs k=0, FSseismic Nqg Flow failure
. u ’
- 0 Permanent Displacements Accumulate, there is shear
. I strength reduction, Deformation Failure may occur
- 0.4 T T, Kki=Kmax 7 FSseismic—l
2, u -y
* 3 . . .
E . | No Permanent Displacements although there is shear
o . strength reduction, seismic stability
* 5 0 | L | I T T T I T T T I T T T I T— T T 1 | B I T T
& _
. >
* T ';’ \'\\
& b b=
0.4 - < h2N
N i = A * _ ® % _7.0 _
] o Tw = Tu,f =Tuds kc_kcr Fsseismic_l
. k=i No excess porewater pressure generation and
0.8 1 | & therefore no shear strength reduction
. -
1300 %
] 5 (a)
i I g
12 L =
0 . 2 4 6 8 10 12 14 16
T
am Fsstatic
1.2
. |
T'Ll = 1 T r ______ A ibe Rt e R R
i Earthquake induced flow failure A behavior.
08 1+ ! d shear stren th reduction effects gover
7 inertial and shea inant.
i | Both inertie rtial effects are more domi ent displacements'
| | However, IETH ay occur due to perman
04 + 1 Deformation failure may
* -g- | | Seismic and post-seismic stability although there is
= 1 shear strength reduction
*50— —t——t———t———f+———t
S £
04 - N — : .
] @ \ Both inertial and shear strength reduction effects govern behavior.
J | '.§ * However, inertial effects are more dominant.
AY - . -
0.8 1 I # v, Deformation failure may occur due to permanent displacements.
-] I ‘7\; Only inertial effects without any shear strength reduction govern behavior.
1 0 3 Deformation failure may occur due to permanent displacements
14" & (b)
-1.2 - e
0 "5 2 4 6 8 10 12 14 16
©
& FSstatic

Figure 3. a) Typical chart showing seismic slope stability condition b) The same chart showing
regions dominated by inertial effects only, by weakening effects only or by both inertial and
weakening effects (Original figures and concepts can be found in Biondi et al., 2002 and Biondi
and Maugeri, 2006).
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It was stated in Biondi et al. (2000) that “r,, » is
a characteristic of the slope and it does not depend
on seismic accelerations and earthquake-induced ef-
fective stress state”

Threshold to trigger permanent displacements 1y, 4:
Imposing FSwismic(t)=1, and k. (t) = kpayx in
Equation (6), 17, 4 is evaluated as in (Equ. 9).
7,4 Tepresents the threshold excess porewater
pressure ratio for triggering of permanent

slope displacements. This means;

For 17, < 1, 4 permanent displacements do not
develop although there is shear strength re-
duction.

Forr; = r, 4 permanent displacements absolu-
tely develop.

It is also clear that 7, ; depends on seismic ac-
celerations occurring in the sliding mass (knax)
in addition to static stability condition (FSstatic)
of the slope.

Fs(t)seismic =1
cos f(1-ry)tands "
= . 1- ru,d)

sinfB+kmax

Or directly from;

ki(t) = kpax = cos (1 —
r)tan®'(1 —ry 4) — sing

* 1 Kmax
Tya =1— - 9)

FSstatic SinB.FSstatic
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3. Numerical Model for Effective Stress
Based Seismic Response Analysis

Finite Element Model of the Problem

Parametric analysis are conducted in Open-
SeesPL which is a graphical user interface for
the finite element analysis of 3D soil and soil-
structure interaction problems under seismic
loading conditions. All the computations are
performed in Opensees open—code environ-
ment. The power of this environment comes
from the soil models inside which are capable
of simulating most important aspects of nonli-
near soil behaviour during seismic loading. In
addition, numerical procedures for the solu-
tion of nonlinear dynamic problems are exten-
sive.

Finite element model of the problem is a 3D
soil column which is constituted by three di-
mensional 8 noded brick u-p elements. These
elements are 1 m. in both longitudinal and
transversal directions and their height is arran-
ged such that the layer can propagate frequen-
cies of minimum 25 Hz. according to
(fma=Vs/4H). Depth of the soil medium is 40 m.
Loose, medium dense and dense states are
considered with varying slope angles for
which static factor of safeties (FSstric) are pre-
sented in Table 2. In addition, groundwater
table is at the ground surface. Pressure-Depen-
dent Multi-Yield Surface Plasticity model is
used to represent the soil medium. Model pa-
rameters for loose, medium dense and dense
soil profiles are given in Table 1. Seismic exci-
tation is prescribed along the mesh base as to-
tal dynamic lateral motion. Bottom of the soil
profile is considered as rigid. The lateral mesh
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borders undergo shear-beam type motions
(equal motion of lateral boundaries is enfor-
ced, tied degrees of freedom boundary condi-
tion) in order to represent one dimensional
(1D) seismic site response behavior. The slope
in this example is simulated as a static shear
stress generated by applying gravity with
components in the the y —and z-directions. La-
teral Acceleration (g) — time (s) history of input
seismic excitation is given in Figure 4.

Pressure Dependent Multi-Yield Surface Plasticity
Model (PDMY)

PDMY is an effective stress based plasticity
model developed for the representation of gra-
nular soil behavior under dynamic loading
conditions (Parra, 1996; Elgamal et al., 1998;
Elgamal et al., 2003; Elgamal, 2014). Advantage
of effective stress based models is that varia-
tion in shear strength and rigidity due to varia-
tion in mean effective stress level can be traced
with respect to time. Variation in excess po-
rewater pressures is among the major causes

leading to variation in mean effective stress le-
vel. PDMY model is based on multi-surface yi-
eld concept in which yield surfaces are conical.
Outermost yield surface defines the failure
surface and middle surfaces represent the har-
dening region. The size of the failure surface is
represented by friction angle. Backbone stress—
strain curve is derived from yield surfaces and
G/Gmax is obtained from backbone
stress—strain curve. Backbone curve and hence
G/Gmax curve are pressure-dependent. Flow
rule defines deviatoric and volumetric plastic
strain behavior. Deviatoric plastic strain beha-
vior follows associative flow rule in which yi-

curve

eld surface is used for its representation. Volu-
metric plastic strain behavior follows nonasso-
ciative flow rule which is not defined by yield
surface, instead, defined by phase transforma-
tion concept (Opensees calibration manual)

0.4
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Figure 4. Horizontal acceleration time histories.
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Table 1. PDMY model parameters
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Loose Medium Dense Loose Medium Dense
Dense Dense
SOIL ELASTIC PROPERTIES DILATANCY / LIQUEFACTION PROPERTIES
i Phase transformation
Saturated mass density, p 1800 1900 2000 1 o7 o7 o7
(kg/m?) angle, ¢ (°)
Contracti -
Reference shear modulus,| 100 100 | OMTACHOR PAAMET 55 1 006 |0.04
p’ret (kPa) ter, &1
Conf1.1r1§ment Dependent 0.5 0.5 0.5 [|Dilation parameter, d 0 0.3 0.5
Coefficient, n
Reference shearmodulus,| 55505 | 75000 | 100000 |Dilation parameter, d2| 0 2 3
Gmax,ref (kPa)
Reference bulk modulus, 139477 | 200000 | 300000 quue.factlon parame-| 10 5
Bmax,ref (kPa) ter, qu 1
SOIL NONLINEAR PROPERTIES Liquefaction parame-| ) | o1 |o.003
ter, Liq 2
Liquefacti -
Cohesion, ¢ (kPa) 0 0 0 [quefaction parame- 1 |1
ter, Liq 3
Friction angle, ¢ (°) 27 33 38
P, ymax (%) 10 10 10
Number of Yield surfa-
ces, NYS 30 30 30

Table 2.

Static factor of safeties for various slope angle values of loose, medium dense

and dense infinite slopes (Evaluated by Relation (1))

Slope Loose Medium dense Dense

angle ¢=27°, 1.=0.55 ¢=33°, 1.=0.53 #=38°, 1.=0.50
(©) FSstatic FSstatic FSstatic

2 6.5 8.8 11.2

5 2.6 3.5 4.5

10 1.3 1.7 2.2

15 - 1.1 1.46

20 - - 1.07
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4. Results and Discussion

Threshold for Triggering of Flow Failure (ry, f)

1,¢ thresholds are evaluated by using Relation
(8) for a large range of slope angles up to inter-
nal friction angle for each of loose, medium
dense and dense soil profiles This range is 1°-
27° for the loose state, 1°-33° for the medium
dense state and 1°-38° for the dense state. Each
threshold value is then plotted with respect to
the corresponding static factor of safety (Fi-
gure 5). Static factor of safeties are evaluated
by relation (1). Note that 1,  curves for each of
loose, medium dense and dense states fall app-
roximately on the same curve. Black markers
in Figure 5 represent cases on which effective
stress based seismic response analysis is con-
ducted. Table 1 shows 1,  thresholds for the
analysed cases with the corresponding slope
angles and FSsuric values.

Negative r;; ¢ values (r;; » < 0) represent slope
angles resulting in FSsuiic<I while positive va-
lues (nj,f > 0) represent cases with FSsuic>1.
For the loose state, slope angle > 12°, for the
medium dense state slope angle > 16° and for
the dense state slope angle > 22°, represent ca-
ses with (r, r < 1 and FSsuric < 1).

It can be inferred from Figure 5 that, if r,; > 7, f
during seismic excitation, flow failure is
strongly expected in that part of the slope.
Excess porewater pressure generation neces-
sary for triggering flow type of failure strongly
depends on the corresponding FSsuric value of
the slope. It is clear that flow failure may occur
in a wide range of FSsuiic, however, it is the ca-
use of the flow failure which differs during this
wide range. (Table 4).

o

Flow failure is more governed by shear
strength reduction than gravity loads

S

if 1 max < Ty, f
No flow failure however permanent
deformations ocur which may lead

1.5 1
11 fmax < rﬁf
11 | flow failure
1! A
11
05 + 1 * e
11 Tuy >0 1y
“ ] FS,i.>1, Static stability
*3 0 = ' : ' b
W ] /.T

TJ‘f <0 . r,=0.50 dense °
FS i< 1
Static instability v
-1.5
0

Figure 5. Variation of 7, £ with FSsuiic for loose, medium dense and dense states.

to deformation failures

YASS at the ground surface mmss]oose, slope angle=1-27
1,=0.55 loose
1,=0.53 medium dense

medium dense, slope angle=1-33
——dense, slope angle=1-37
loose (numerical data)
A medium dense (numerical data)
X dense (numerical data)

2 4 6 8 10 12 14 16 18 20 22 24

FS

static
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Table 3. 1,  values for the cases analysed with effective stress based seismic response analysis.

Slope Loose Medium dense Dense

angle | ¢#=27°, 1v=0.55 #=33°, 1v=0.53 #=38°, 1:=0.50

B(°) FSstatic Tu*, f FSstatic le, f FSstatic 7';, f
2 6.5 0.85 8.8 0.89 11.2 0.91
5 2.6 0.61 3.5 0.72 4.5 0.78
10 1.3 0.22 1.7 0.43 2.2 0.55
15 - - 1.1 0.13 1.46 0.31
20 - - - - 1.07 0.07

Table 4. Interpretation of 7, , thresholds with respect to FSac.

AS FSgtatic increases

AS FSqatic decreases

Slope angles are lower

Slope angles are higher

Density state governs more

Density state seems to loose its dominance

Flow failure is triggered at higher r;,f

Flow failure is triggered at lower r’;f

Flow failure is dominated by shear strength re-
duction due to excess porewater pressure gen-
eration more than gravity due to initial static
shear stress level.

Flow failure is dominated by gravity due to initial static
shear stress level more than shear strength reduction due
to excess porewater pressure generation.

Threshold for Triggering of Permanent Displace-
ments (15, 4):

T,a thresholds are evaluated (Eq. 9) for the
same range of slope angles as in 7, ¢. In order
to evaluate 7, 4 thresholds, maximum value of
acceleration coefficient (kg =
(max/8) needs to be evaluated for the soil pro-
tile. It is clear from effective stress based seis-
mic response analysis that the soil profile is
highly flexible and deformable. Therefore, it
would be unreasonable to evaluate a single kinax
value for the whole soil profile. Instead, it

seismic

would be more appropriate to observe its va-
riation along depth and evaluate a range for it.
Figure 6 (a), (b) and (c) show the variation of
horizontal acceleration values along depth for
each of loose, medium dense and dense states,
respectively, obtained from effective stress ba-
sed seismic response analysis. Depending
upon these figures, the soil profiles behave
highly nonlinear during seismic excitation.
Appropriate range for knax values is selected as
kmna=0.4 - 0.1.
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Figure 6. Variation of horizontal accelerations with depth for various slope angles of (a)
loose, (b) medium dense and (c) dense states (Evaluated by effective stress based finite ele-

ment analysis).
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Figures 7 (a), (b), (c) and (d) show 7, ; thres-
holds evaluated for various seismic accelera-
tion coefficients of kmni=0.35 (peak acceleration

100
075 1!
050 1|
E | FSstatic>1
025 T} Static stability
11
] N N B B B
*Sg 0.00 T i e R
-025 3
’y‘ i
-0.75 _:' ——Loose, k;,,=0.35
FSyanc<1 100 ] Medium dense, k,,,,=0.35
Static instability T —Dense, k,..=0.35
® Loose dots
-1.25 F| A Medium dense dots
% Dense dots (a)
-1.50 I+
0 2 46 81012141618202224
FSstaﬂ'c
1.00 -
075 +
050 1
0.25 ' FS,.4c> 1, Static stability
< ]
"3 0.00 ]
0254
050 4

Loose, k,,=0.1

FSqac< 1 ] Medium dense, k,,,,=0.1
Static instability 0.75 E
] ===Dense, k_,,=0.1
-1.00 4 |
-1.25 1
] (c)
-1.50 In rhrrrtrrrrerrterrb e

F Sstatic

0 246 81012141618202224
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coefficient of input motion), 0.2, 0.1 and 0.01,
respectively. Each threshold value is then plot-
ted with respect to the corresponding FSstatic for

1.00
]
0.75 +i FS > 1
| Static stability
050 F1
]
025 F1
= |
2 000 jfmm——a R
i |
.25 2
FSstah'.k< 1 E_ ===Loose, k=02
Static instability -0.75 “ Medium dense, k,.. 0.2
-1.00 i_l = Dense, K;,,,~0.2
4125
i (b)
-1.50 bbbttt
0246 81012141618202224
FSstaﬁ(
1.00

FS.ac> 1, Static
stability

=== oose, k,.,=0.1
Medium dense, k., =0.1
—Dense, k. ~0.1

Fsstatik <1
Static instability
-1.00

-0.75

-1.25
(d)

-1.50
0 2 4 6 81012141618 202224
Fsstatic

Figure 7. Variation of r,, ; with FSsaic for loose, medium dense and dense states a) knn=0.35

b) kmax=0.2 C) kmax=0.1 d) kmax=0.01.
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each of loose, medium dense and dense soil
profiles. Black markers in Figure 7 (a) repre-
sent 1, 4 values for the cases considered in the
effective stress based seismic response analy-
sis.

1, ¢ curve signifies a threshold for permanent
displacements where excess porewater pres-
sure ratios below it (r; <74 ) are not expec-
ted to produce any permanent lateral displace-
ments although there is shear strength reduc-
tion. Unlike r, ¢ thresholds, ther, ; thresholds
are not unique, i.e they vary depending upon
applied seismic excitation. According to Fi-
gure 7, 1, 4 thresholds tend to increase w hen
seismic accelerations decrease meaning that la-
teral permanent displacements are not expec-
ted despite shear strength reduction due to
high levels of seismic excess porewater pres-
sure generation. In addition, 7, ; value is less
affected by relative density when seismic acce-
lerations get lower which is very significant
from Figure 3 (d).

Charts for Seismic Stability Condition of the Slo-
pes:

r,s and 1,4 threshold curves corresponding
to each density state have been superposed (Fi-
gure 8 a, b and c¢) and maximum excess po-
rewater pressure ratios (TJ,max) along depth of
each profile obtained from effective stress ba-
sed seismic response analysis have been plot-
ted on the corresponding charts (blue bars).
Comparison of 7, mq, With the corresponding
Tyr and ry, 4 threshold enables the prediction of
the type of response and instability (inertial or
weakening or inertial + weakening) expected

Timax T max T max
for slope for slope  for slope
mIL,;,;le =10° jn‘gle =5° v angle =2°
IS Y !
« 10 F EV z=0m (z=0m
S 06 —:-ZTUm 7=15m | z=12m
02 F
w -0.6 F -
A 1 —r
- -}-g ENf 1 g for kg, = 0.2
G '2-2 I |FFs. <1, — Tia for kg = 0.35
ol Pl ability
o6 Mmsquengaiey (@)
0 2 4 6 8§ 10 12 14
e max FSstatic
for SlOpE‘ rlf max ru‘_m ax
angle = 10° for slope for slope
and 15° angle=5° angle=2°
h
14 5 A y
x 1.0 34k :
S 06 3|l—~7F2Zm |zl0m
E_ 4 Vo, I
302 1 +/z=31m
L 0.2 3
2 -0.6 E — Tur
= jg E — Tya for kg, =02
.3 18 3 I — 1yq for ke, =035
j 9 _2 2 3 statik ’ b
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s 06 % .I 170 Zom !Z— m
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o0 — Tug for kg, = 0.2
< o-la 3 : — Ty q fOr Kpae = 0.35
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Figure 8. Variation of , ¢, 7, 4 and 13 ;max
with FSstatic for (a) loose, (b) medium dense
and (c) dense soil profile

Miihendislik ve Yer Bilimleri Dergisi, Cilt 5, Say1 2, 70-95 s. / Journal of Engineering and Earth Science, Volume 5, Issue 2, 70-95 p.

ISSN 2536-4561

2020 — Aralik / December

http://dergipark.gov.tr/mybd

85


http://dergipark.gov.tr/mybd

to occur in the sloped profile due to applied se-
ismic excitation. Under the applied seismic
excitation, it seems that permanent lateral
displacements are expected all along depth of
each profile since 7} gy > 1y 4. Some of these
permanent displacements are due to flow fai-
lure. According to Figure 8, all the profiles
exhibit flow type of failure to some depth from
the ground surface which can be designated by
T, r- However, this flow failure occurs mostly
due to shear strength reduction effects at lower
slope angles (higher FSsuric), but, at higher slope
angles (lower FSstuic), gravity works which is
very distinct from excess porewater pressure
ratios and corresponding lateral displace-
ments given in Figure 9 with respect to depth.

This aspect of seismic slope behavior can be
better traced from time histories of excess po-
rewater pressure ratios, shear strength varia-
tion, critical seismic acceleration coefficients
and resulting lateral displacements. In this
context, Figure 10 and 11 exhibit typical set of
seismic response behaviors belonging to z=10
m. and z=30 m. of the medium dense soil pro-
file, respectively. Seismic response behaviors
from these depths are selected so that typical
behaviors from above and below 7, ; boun-
dary could be represented. In each figure, first,
second and third column of subfigures belong
to 2°, 10° and 15° slope angle cases. For z=10
m. which is above 7,  curve, flow type of fai-
lure and large permanent displacements are
expected for all slope angles analysed. Consi-
dering z=30 m, medium dense profiles with
2°and 5°slope angles remain under 7, » boun-
dary only, indicating no flow failure but per-
manent displacements.

Devrim Erdogan

Irrespective of depth, for lower slope angles,
excess porewater pressure generation is higher
and more gradual (Figure 10 a, b, ¢, and Figure
11 a, b, c). Accordingly, reduction in shear
strength is higher as well (Figure 10 d, e, f, and
Figure 11 d, e, f). At higher slope angles (10°,
15°), excess porewater pressure generation and
therefore reduction in shear strength is lower,
however, permanent lateral displacements are
higher (Figure 10j, k, 1, and Figure 11 j, k, ).
Higher value of permanent displacements are
due to critical seismic acceleration coefficients,
in k;(t) which for 10°, 15° cases decrease to
zero very quickly during seismic excitation (Fi-
gure 10 g, h, i, and Figure 11 g, h, i). However,
for slope angle of 2°, this decrease in k;(t) is
more gradual.

Flow failure and the resulting deformations
occur due to combined effect of shear strength
reduction and gravity loading. With an incre-
ase in slope angle, gravity loading tends to go-
vern behavior more than shear strength reduc-
tion and in this case, flow failure occurs at
lower excess porewater pressure levels. Du-
ring seismic excitation, once gravity loading
due to initial static shear stress level catches up
with the current shear strength level, excess
porewater pressure can’t find an opportunity
to increase more and large flow deformations
occur. On the other hand, with a decrease in
slope angle (slope angle =29 59, increase in
excess porewater pressures is more gradual
and flow occurs more due to shear strength re-
duction than gravity loading.
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Figure 9. Variation of excess porewater pressure ratios and lateral displacements with res-
pect to depth (a, b: loose state, ¢, d: medium dense state, e, f: dense state)
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Figure 10. Effective stress based numerical analysis results at z=10 m. of medium dense soil
profile (Group of figures in the leftmost, middle and rightmost columns represent values for
slope angles of 2°, 10°, 15° respectively).
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Figure 11. Effective stress based numerical analysis results at z=30 m. of medium dense soil profile
(Group of figures in the leftmost, middle and rightmost columns represent values for slope angles of 2°,
10°, 15° respectively).
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Relationship Between Permanent Displace-
ments and Degradation Parameter

Critical seismic acceleration coefficients deg-
rade from an initial, non—degraded value (k2)
towards some minimum value of k. ,;, (deg-
raded value corresponding to maximum
excess porewater pressure, 7y, ;q,) during seis-
mic excitation (Figures 10 g, h, i, and Figure 11
g, h, i). Variation of k?Q with FSsutic for each den-
sity state is presented in Figure 12 where it is
clear that k? increases with density state of the
soil profile. k? increases with FSsuiic up to some

point and then stays constant thereof.

In case of lower slope angles, degradation of
critical seismic acceleration coefficient is more
gradual and goes in parallel with shear

1.00

Devrim Erdogan

strength reduction due to excess porewater
pressure generation. ki = 0 case may occur
when shear strength is fully lost, i.e liquefac-
tion occurs. For higher slope angles, on the ot-
her hand, degradation of k; is more sudden re-
aching a value of zero (k; = 0) indicating the
effect of shear strength reduction and gravity
at the same time, however, gravity dominating
more in most cases. Whatever the case is, if
k*=a*/g > ki, then permanent displace-
ments are to be expected. Whenever shear
strength reduction effects are in action, perma-
nent displacements need to be evaluated based
on the consideration of degradation effects on
critical seismic acceleration coefficients. Most
of the current correlations between critical se-
ismic accelerations and permanent displace-
ments are based on the non-degraded form of
critical seismic accelerations, k2 (Bray, ]J.D,
2007; Karray et al., 2018; Mendez et al., 2017;
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Figure 12. Variation of non-degraded critical seismic acceleration coefficient with FSstatic.
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Rampello et al., 2010, NCHRP, 2008). On the
other hand, there is considerable amount of at-
tempt to include degradation effect in the eva-
luation of permanent displacements (Biondi et
al., 2007a, b; Ingegneri et al. 2019; Filippo and
Cascone, 2019; Carlton and Kaynia, 2019; MA-
gistris, 2011; Cui et al., 2019; WSDOT Geotech-
nical Design Manual 2019). Figures 13, 14 and
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15 exhibit variation of permanent lateral disp-
lacements along depth of each profile with the
corresponding degradation parameter which
is defined by

(Degradation parameter = (k2 — k2)/k?).
This parameter was proposed by Biondi et al.
(2007a, b) for the consideration of shear
strength effects in the evaluation of permanent
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Figure 13. Variation of lateral permanent displacements with (a) degradation parameter
(b) Degradation parameter /k;,q, for the loose soil profile
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Figure 14. Variation of lateral permanent displacements with (a) degradation parameter
(b) Degradation parameter /k;, 4, for the medium dense soil profile
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Figure 15. Variation of lateral permanent displacements with (a) degradation parameter
(b) Degradation parameter /k;,,, for the dense soil profile

displacements. Value of degradation parame-
ter varies between 0-1. Permanent displace-
ments corresponding to this range are not due
to flow failure, however, those corresponding
to degradation parameter >1 occur due to flow
failure. Moreover, degradation parameter <0
indicates static instability of the slope as cle-
arly seen in loose soil profile with 15° slope
angle. It is clear from these figures that lateral
permanent displacements > approximately 10
cm occur due to flow failure.

5. Conclusions

Slopes may loose their stability due to flow fa-
ilures or due to excessive permanent deforma-
tions during earthquakes. Initial stress state
defined through static factor of safety, inertial
effects arising from seismic shear stresses and
weakening effects arising from straining of the
soil mass leading to excess porewater pressure
generation and reduction in the available shear

strength are the major factors governing seis-
mic stability and permanent deformations.

In the context of this paper, 1-D effective stress
based seismic response analysis have been
conducted on loose, medium dense and dense
saturated cohesionless infinite slopes with var-
ying slope angles. Motivation behind such a
work has been to inspect time dependent be-
havior of seismic shear stresses, excess po-
rewater pressure generation, consequent shear
strength variation and resulting accelarations
and displacements. Understanding of how ini-
tial stress state (static stability state) and iner-
tial + weakening effects govern seismic slope
behavior is essential since it is the variation in
the domination level of each mechanism which
leads to various seismic response types of the
same slope.

In addition, Biondi et al. (2002) and Biondi and
Maugeri  (2006)  procedure  (Modified
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Newmark method for shear strength reduction
effects) has been used for the evaluation of
some threshold values concerning excess po-
rewater pressure ratios and corresponding cri-
tical seismic acceleration coefficients. These
thresholds indicate when flow failure is expec-
ted to be triggered and when permanent disp-
lacements (without flow failure) are expected
to occur. Depending upon these threshold va-
lues, stability charts have been prepared for
the analysed cases and whether flow failure or
excessive permanent deformations are expec-
ted to occur along the soil profiles has been dis-
cussed. In addition, concept of degradation in
critical seismic acceleration coefficients and its
importance in the evaluation of permanent
displacements have been highlighted.
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