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Abstract

The study presents a novel approach to overcome the height limitations of tradi-
tional cantilever retaining walls by introducing relief shelves which are horizontal
reinforced concrete platforms provided at regular intervals along the stem height.
A parametric study is carried out by varying unit weight, soil friction angle, and
number of shelves. It is observed that the provision of shelves improves the factor
of safety against sliding and overturning as the earth pressure on the stem is reduced
compared to the cantilever retaining wall without shelves. Design charts are pre-
sented for shelf lengths for different stem heights and soil properties. The pseudo-
static analysis uses the Mononobe-Okabe approach by applying constant horizon-
tal and vertical accelerations to represent earthquake forces for retaining walls with
shelves. Mathematical expressions are developed for the factor of safety against slid-
ing and overturning. It is observed that retaining walls with shelves are more stable
under static and dynamic conditions compared to those walls without shelves.

Keywords Retaining wall with shelves - Factor of safety - Sliding - Overturning -
Pseudo-static

Notations

The following symbols are used in this paper

B Length of relief shelf (m)

B, Single and top-shelf length (m)

B, Second and middle shelf length (m)
B; Third and bottom shelf length (m)
(o Stem concrete weight (kN)

C, Base slab concrete weight (kN)
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Top shelf concrete weight (kN)

Middle shelf concrete weight (kN)

Bottom shelf concrete weight (kN)

Acceleration due to gravity (m/s)

Total height of wall (m)

Center-to-center distance between shelves (m)

Point of application of static active force above each shelf and heel
(m)

Point of application for seismic force (m)

Point of application of resultant earthquake force (m)

Active earth pressure coefficient

Horizontal pseudo-static seismic coefficients

Vertical pseudo-static seismic coefficients

Respective lever arm of concrete force in the stem, base slab, and for
the single shelf (m)

Lever arm of static earth pressure from the base of retaining wall (m)
Lever arm of dynamic earth pressure from the base of the retaining
wall (m)

Heel length (m)

Toe length (m)

Normal reaction to the downward stabilizing force (kN)

Static component of active thrust (kN)

Horizontal earthquake force (kN)

Earthquake pressure developed above top shelf (kIN)

Earthquake pressure developed above middle shelf (kN)
Earthquake pressure developed above bottom shelf (kN)
Earthquake pressure developed above the heel (kN)

Dynamic component of active thrust (kN)

Static component of active thrust above top shelf (k)

Static component of active thrust above top shelf (kIN)

Static component of active thrust above top shelf (k)

Static component of active thrust above top shelf (k)

Friction force at the base slab and foundation soil (kN)

Thickness of the base slab (m)

Thickness of the stem (m)

Thickness of the shelves (m)

Soil weight of top shelf (kN)

Soil weight below top shelf length (kN)

Soil weight with the difference between the tip of the bottom shelf
length and base slab (kN)

Soil weight with the difference between tip of middle and bottom
shelf lengths (kN)

Soil weight with the difference between tip of top and middle shelf
lengths (kN)

Soil weight below middle shelf length (kIN)

Soil weight below bottom shelf (kIN)



Transportation Infrastructure Geotechnology

s Slope angle for superimposed load

o Friction of the soil-wall interface (°)

¢ Internal friction of backfilled soil (°) and foundation soil (°)
¥ Unit weight of backfilled soil (kN/m?)

Yconc Unit weight of concrete (kN/m?)

U Coefficient of friction

0 Inclination of the retaining wall

1 Introduction

To sustain vertical or almost vertical backfills, retaining walls are built to withstand
the lateral pressure of soil. There have been instances, where lateral earth pressure
must be resisted with tall retaining walls. Such scenarios may be suitable for rein-
forced soil walls. Nevertheless, if undrained conditions prevail, it is better to use
a well-graded granular material to build such walls because of its higher shear
resistance and good soil-reinforcement interaction. Thus, the availability of suit-
able backfill material is a requirement for its appropriateness in the construction of
reinforced soil walls. Reducing the lateral thrust on the wall is one way to address
these problems; this will, of course, lower the project cost and the wall’s sectional
dimensions. In the counterfort retaining wall, as opposed to the cantilevers in the
cantilever retaining wall, the vertical stem, and the heel slab function as a single
slab because the stem and the rear slab are connected by counterforts at appropriate
intervals. Even though these walls are built all over the world, the observed behavior
is not uniform at all locations. For retaining walls of any height, there are no design
standards available for choosing the ideal quantity, sectional size, and placement of
relief shelves.

The reinforced concrete cantilever retaining walls can be utilized successfully
for higher altitude retaining walls if the stem has shelves. The effective lateral earth
pressure on the wall is significantly reduced if the shelves are extended up to the
rupture surface, which is advantageous in comparison to a cantilever retaining
wall without shelves (Jumikis 1964). Up to a height of 10-12 m, counterforts are
affordable.

A pressure relief shelf is a horizontal cantilever platform that is monolithically
built with the retaining wall stem and extends into the backfill at right angles. The
inclusion of shelves reduces the earth pressure on the stem and thus improves the
factor of safety against sliding and overturning compared to the cantilever retaining
walls without shelves. In the present study, the effectiveness of shelves by varying
numbers of shelves ranging from none to four shelves and spaced equally along the
stem height is investigated under static conditions.

The present study also highlights the significant impact of relief shelves in
improving safety factors against sliding and overturning, under seismic conditions.
The methodology includes a pseudo-static analysis, which applies a seismic force as
a static force at a particular location and is also performed to evaluate seismic stabil-
ity. The equations are developed for the pseudo-static factor of safety against sliding
and overturning and are compared with the static case, revealing that retaining walls
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with shelves are more stable under both static and dynamic conditions than those
without shelves.

This advancement offers a practical solution for constructing taller and slender
retaining walls in challenging terrains, contributing to safer and more economical
infrastructure development. The findings provide valuable insights into the design
and application of retaining walls, promoting the adoption of this innovative tech-
nique in engineering practices. The results are compared with existing static studies;
however, no meagre data is available on pseudo-static analysis of retaining walls
with shelves.

2 Literature Review

Over time, numerous studies on single-shelf retaining walls have been carried out to
determine the parameters that affect the pressure distribution along the wall height
as the shelf positions and dimensions change in response to varying loads. These
variables also affect the type of pressure variation on the wall and the shelf because
the wall moves forward due to stress in the backfill soil (Yakolova 1974). A decrease
in lateral earth pressure was ascertained in counterfort retaining walls by adding one
or more shelves beyond the theoretical rupture surface (Jumikis 1964). Coulomb’s
earth pressure could be applied to cantilever walls with relieving shelves. The intro-
duction of relieving shelves reduced the overall active earth pressure and its distri-
bution. The extent to which the width of the shelf is provided reduces the overall
active earth pressure and its distribution (Chaudhuri and Garg 1973).

In retaining walls with shelves, the earth must be adequately compacted up to
the relief shelf, the shelf must be built, the soil must be deposited and compacted,
etc. It is challenging to predict how much consolidation will take place beneath the
shelves, and it will be irrespective of the compaction condition. The wall needs to
be sufficiently thick and well-reinforced on both faces to carry this moment of unex-
pected shear (Bowles 1996). Optimization was done using a single shelf in a coun-
terfort retaining wall, using finite element analysis PLAXIS-2D AE, the influence
of shelf stiffness, number, and position on the lateral earth pressure distribution,
top wall movement, and maximum bending moment on the wall (Greco 2001). A
manual method to examine the best location of the shelf the earth pressure, and the
bending moment is a very difficult task and time-consuming (Dharshan and Keerthi
Gowda 2016). The impact of relief shelf width on the distribution of lateral earth
pressure was investigated through parametric simulations. Analysis revealed that, in
comparison to retaining walls without relieving shelves, the lateral thrust on retain-
ing walls with shelves can be lowered to 43 to 48% (Singla and Gupta 2015). A
model study was conducted with 31 cantilever retaining wall models with shelves
to examine the effects of height, width, thickness, and the number of shelves on the
distribution of earth pressure and the deformation of the wall. Reduced earth pres-
sure and reduced bending were noted in the retaining wall, which increased the sta-
bility (Farouk 2015). The stability of a retaining wall with a shelf is usually checked
for factors of safety against sliding, overturning, and bearing pressure. According to
numerical findings, there is less ground pressure when there is a relief shelf behind
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the wall (Chauhan et al. 2015). The stability of the retaining wall is studied for dif-
ferent failure criteria in FEM by the Mohr—Coulomb (MC) and hardening soil (HS)
model, which presented more stress at the stem of the retaining wall in the HS model
(Gokkus and Tuskan 2017). Retaining walls are proven to reduce the earth pressure
on the stem by providing multiple shelves of equal or varying lengths. To ensure that
junction moments are balanced without increasing stem moments, it is advisable to
maintain shelves of different lengths (Choudhury and Nimbalkar 2008).

Cantilever retaining walls above 6 m height in hilly terrains work out to be more
effective and show improved performance and are therefore recommended. Based
on the parametric study, the stem displacement is reduced by 24.05 to 82.87% along
with the reduction in the lateral earth pressure, when the shelves along the cantilever
retaining wall are positioned at identical heights. The analysis with three shelves
resulted in the least amount of stem top movement and the greatest reduction of wall
pressure (Goel and Patra 2008). For retaining walls with varying heights, the behav-
ior and optimal design were studied. The relieving platform reduces the cross-sec-
tion of the retaining wall, thus reducing the consumption of the construction mate-
rial and increasing stability. A failure case of a retaining wall with five shelves, in
the city of Hyderabad was reported. The failure observed was compressive in nature
under the shelf whereas tensile stresses were observed above the shelf. Providing
longer widths of shelves drastically increases the bending moment and develops
unanticipated stresses that might have been neglected and thus cause distress and
failure (Chauhan et al. 2015). The concept of placing a pressure relief shelf on the
rear fill side of a retaining wall reduces overall earth pressure on the wall, resulting
in fewer sections of the wall and, ultimately, a more inexpensive wall (Singla and
Gupta 2015).

The relieving platform’s feasibility and economy are checked for varying heights
from 3 to 10 m and are proven to be economical with relieving platforms for heights
above 5.5 m (Dhamdhere et al. 2018). An average of 15-25% execution economy
is achieved when the pressure relief shelves are extended to failure planes for
shelves up to three numbers (Bhoyar and Awachat 2019). Economical location for
one, two, three, and four shelves was compared with no shelves and it was found
that the economy improved with an increase in the number of shelves (Faldesai and
Savoikar 2019). Shelves reduce the bending moments in the stem and also the out-
ward deflection of the stem. The deflection of the stem decreases when the friction
angle increases. If the shelf width is kept constant, the thrust on the stem is reduced,
but the bending moment at the junction of the stem and shelf increases. Varying
shelf length reduces the moment at stem shelf junctions (Aldonkar and Savoikar
2022). The displacements in the reliving shelf and at the bottom of the retaining
wall are compared using Mohr—Coulomb (MC) and hardening soil (HS) models.
It is observed that the displacement at the retaining wall base in the MC model is
more critical than in the HS model (Aldonkar and Savoikar 2020). The top displace-
ment of stem and lateral earth pressure decreases with an increase in the number
of shelves and the friction angle (Aldonkar and Savoikar 2021). Providing relief
shelves reduces the earth pressure, and as a result, the stem section and its cost are
reduced (Padhye and Ullagaddi 2011).
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For free-standing walls, the Mononobe-Okabe (M-O) method (Mononobe and
Matsuo 1929) (Okabe 1926) gives conservative values of earthquake forces acting
on it (Wood 2023). For stiff walls, where the M—O method is not applicable, seismic
forces can be evaluated based on equations given by Wood (Wood 2019).

From the above literature survey, it can be seen that the retaining wall with
shelves is not a new technique and was studied in 1964. Provision of shelves at regu-
lar intervals decreases the earth pressure on the stem and also increases the factor of
safety. However, in most of the cases, the shelf length was uniform and shelves were
located at regular intervals on the stem. Also, in most of the cases, the earth pressure
acting on the stem was assumed to be triangular and shelves were designed as a can-
tilever. In the present study, the shelves at equal intervals along the stem height are
considered, but of varying length, which is calculated such that the sum of moments
at the shelf-stem junction is minimum.

3 Model Dimensions

In the present study, a fixed base vertical cantilever rigid retaining wall having a
height of 12 m and having progressively longer shelves from top to bottom was
taken into consideration. The wall supporting a cohesionless backfill material with
horizontal ground is considered in the analysis. The retaining wall was dimensioned
as per the IS 456:2000 (IS 2000). A 40 cm shelf thickness was adopted in all the
succeeding analyses. Furthermore, the shelves are located at equal heights along the
stem in case of one, two, and three shelves. The minimum base slab length should
be in the range of 0.5H to 0.7H. The adopted base slab length in the present study
is 0.6H. The thickness of the base slab is H/10 to H/14 or should not be less than
300 mm. Similarly, the minimum stem thickness should be 300 mm. The toe length
to be maintained is 0.2H. The shelf lengths are calculated based on Egs. (1) to (5).

4 Material Properties

The foundation and the backfill soil are considered as dry, non-cohesive soil. A par-
ametric study is carried out by considering the backfill, foundation soil having a
unit weight of 16 kN/m3, 18 kN/m?>, and 20 kN/m? and internal friction angle of
25°, 30°, and 35°. In the present parametric analysis, a standard range of values of
friction angle is used, which is 25-35° and a corresponding unit weight of 16 to 20
kN/m®. These values are so chosen based on the specifications of governing agen-
cies like the American Association of State Highway and Transportation Officials
(AASHTO) (American Association of State Highway and Transportation Officials
(2002)), the Ministry of Road Transport and Highways of India (MORTH) (Ministry
of Road Transport and Highways (2013)), Indian Road Congress (IRC) (IRC:SP:102
2014) specifications recommend standard friction angles in the range of 25-40° to
represent loose, medium dense to well-graded soils with corresponding unit weights
of 15, 16.5, and 20 kN/m> (Dinesh et al. 2010; Choudhury and Nimbalkar 2007).
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Backfill soil carries no surcharge load and is analyzed for cantilever retaining walls
for no and one to four shelves.

5 Methodology
The moment equilibrium approach was adopted and the spreadsheet was used to
compute the shelf lengths as shown in Fig. 1. Expressions are generated for the shelf

lengths, considering the moment equilibrium at each junction, and maintaining the
height of each segment constant.

B, = h/K,/3 )

B, = h.\/5K,/6 ©))

By = h.\/5K,/3 3)

B,+By\ K,y
_M+B§.y.h/2+3.y.h.(34—33).< . 3>— a? (” ):0

- 3h
> > 3 +h+2h+
4)
B, =h./17K,/6 5)

Shelf lengths for varying stem heights are presented in Table 1 for stem heights
10 m, 12 m, 15 m, 18 m, and 20 m. The shelf lengths are graphically represented
for all unit weights of soil in the form of a chart. Figure 2 depicts a bar graph for
a stem height of 10 m and Fig. 3 depicts a bar graph for a stem height of 12 m. As
seen from Table 1 and Figs. 2 and 3, the shelf length is inversely proportional to the
friction angle, and the shelf length provided increases from top to bottom. Similar

o

te

\
N

Fig. 1 Typical sketch showing earth pressure acting on retaining wall with and without shelves
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Table 1 Shelf length calculation

Shelf length (m) for all unit weight (kKN/m®) of soil

The angle of internal ~ No. of shelves Wall height (m)
friction (¢b)
H=10 12 15 18 20
25° 1 1.75 2.1 2.6 3.15 3.15
2 1.15 14 1.75 2.1 2.35
1.85 22 2.8 33 3.7
3 0.9 1.05 1.3 1.6 1.75
1.4 1.65 2.1 2.5 2.7
1.95 2.35 2.95 35 3.9
4 0.7 0.85 1.05 1.3 1.4
1.1 1.35 1.65 2 22
1.55 1.9 2.35 2.8 3.15
2.05 2.45 3.1 3.7 4.1
30° 1 1.6 1.9 2.5 2.85 3.15
2 1.05 1.3 1.6 1.9 2.1
1.7 2 2.5 3 3.35
3 0.8 0.95 1.2 1.4 1.6
1.25 1.5 1.9 225 2.5
1.8 2.15 2.65 32 3.6
4 0.65 0.75 0.95 1.15 1.3
1 1.2 1.5 1.8 2
14 1.7 2.15 2.6 2.85
1.85 22 2.8 3.35 3.7
35° 1 1.45 1.7 2.15 2.6 2.8
2 0.95 1.15 1.4 1.7 1.9
1.5 1.8 23 2.7 2.95
3 0.7 0.85 1.1 1.3 1.4
1.15 1.35 1.7 2 22
1.6 1.9 2.4 2.9 3.15
4 0.6 0.7 0.85 1 1.1
0.9 1.1 1.35 1.6 1.8
1.3 L5 1.95 23 25
1.7 2 2.5 3 33

results were obtained by Chauhan et al. (2016) (Chauhan and Dasaka 2018). These
tables and figures can be used as a handy guide in finding out the required length of
shelves for given values of friction angle and number of shelves.

6 Static Analysis

Expanded polystyrene, glass fiber inclusion, geo-inclusion materials, cardboard,
and recycled tire chips combined with sand as a lightweight backfill material
are just a few pressure-relieving methods to lower the horizontal earth pressure
acting on the stem. The most practical way is to use retaining walls with relief
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Shelf length Chal‘t For all unit weights of soil
2.5 Height of wall=10 m
One shelf
Two shelves
105 2.05 Three shelves
2 1.85 18 1.85 Four shelves
175 17 ’ 17
1.6 16
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= 1 0.9 -9 0.9
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% 0.7 0.65 0.7 e
=
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0
@=25° ¢=30° @=35°
Number of shelves
Fig.2 Shelf lengths for 10 m stem height
3 Shelf length Chart For all unit weights of soil
Height of wall=12 m
One shelf
25 245 Two shelves
- 235 Three shelves
1 22 2.15 22 Four shelves
2 2
2 1.9 1.9 1.9
1.8
165 17 17
~ 3
é 15 15
= 15 14 135 13 135
by 12
& 1.05 - 11
= 0.95
o 0.85 0.85
> 0.75 o
= 7
w
0.5
0
p=25° @=30° @=35°

Number of shelves

Fig.3 Shelf lengths for 12 m stem height

shelves, which lower the overall earth pressure across the wall height. The retain-
ing wall proportions are impacted by the horizontal earth pressure that the back-
fill exerts on it. Relief shelves help in lowering the earth pressure which results in
a cost-effective design. The relieving shelves are R.C.C. horizontal platforms that
are inserted in the stem of the cantilever retaining wall. By adding such shelves,
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the retaining wall height can be extended even higher as the pressure on the stem
of the wall is narrowed.

6.1 Parametric Studies

In the present study, a 12-m high retaining wall with progressively longer shelves
from top to bottom was taken into consideration. Using Eqs. (1) to (5), the shelf
lengths are computed based on the minimal moment at the stem and shelf junction.
The retaining wall dimensions are determined using 1S:456-2000 and the funda-
mental design thumb rule; a 40 cm thick shelf is used in all analyses. Shelves are
located at equal spacing along the stem heights. A parametric study is performed
to compute the factor of safety against sliding and overturning with unit weight (y)
varying from 16 kN/m3, 18 kN/m3, 20 kN/m3, and soil friction angle varies from
25°, 30°, 35° and for no shelf and one to four shelves.

6.1.1 Effect of the Number of Shelves on the Factor of Safety

The static study of cantilever retaining wall with relieving shelves is done for no
shelf and one, two, and three shelves located equidistance on the stem is studied
and the factor of safety against sliding and overturning is found out. The coefficient
of friction y=0.5 between the concrete base and cohesionless soil is considered. A
minimum factor of safety of 1.5 is desirable to resist sliding. Table 2 shows the vari-
ation of factors of safety against sliding and overturning for no shelf, single shelf,
two shelves, three shelves, and four shelves. As the number of shelves increases,
the stabilizing forces increase and the destabilizing forces and moments decrease. It
can be seen that as the number of shelves increases, the factor of safety against slid-
ing and overturning also increases, indicating that shelves help in reducing the earth
pressure on the stem and hence are advisable. Figure 4 shows the variation of the
factor of safety with several shelves. It is observed that the highest factor of safety
against sliding and overturning is observed for the shelves case, which indicates
that the higher the number of shelves, the higher the level of safety since disturbing
forces and moments get reduced drastically.

Table 2 Effect of several shelves on the factor of safety

Stem Factor of safety (sliding) Factor of safety (overturning)
height

& No shelf One shelf Two Three No shelf One shelf Two Three
(m)

shelves shelves shelves shelves

10 1.93 4.21 6.62 12.54 3.8 6.25 9.9 17.46
12 1.87 4.04 6.3 12.1 3.83 6.12 9.7 17.1
15 1.83 3.88 5.99 11.61 3.84 5.99 9.47 16.67
18 1.79 3.76 5.8 11.35 3.85 591 9.33 16.4
20 1.77 3.7 5.7 11.2 3.86 5.87 9.27 16.3
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Fig. 4 Effect of number of Effect of number of shelves on factor of safety
shelves on the factor of safety 24 0
Wall height =12 m 4
22 4 ’
Friction angle (¢)=35“ y=16 kN/m’ L7
201 —e—Sliding L7
18 4 - o- Overturning P .
& 16 !
a‘-c; 14 ’
@ 4 o
5 121 .
5 10+ o
= 8 .-
N ’ ’O’/.
44,-7" .
. _./

Number of shelves
6.1.2 Effect of Unit Weight of Factor of Safety

To understand the effect of the unit weight of soil, variation in unit weight is con-
sidered for no shelf and one shelf case. With the increase in unit weight, the factor
of safety against sliding and overturning is observed to decrease marginally. This
may be because, with the increase in unit weight, the earth pressure also increases
resulting in higher destabilizing forces. A plot of a factor of safety against sliding
and overturning with variation in unit weight of soil is represented in Fig. 5 for a
typical case of one shelf and ¢ =35°. The slightly higher factor of safety is observed
for a unit weight of 16 kN/m? compared to 18 kN/m? and 20 kN/m?. Also, a large

Fig.5 Effect of unit weight on Effect of unit weight on factor of safety

the factor of safet 10
e factor of safe
Y 9 Wall height =12 m; Friction angle (¢)=35"
—4— Overtuning (No shelf)
8- —e— Sliding (No shelf')
- o= Sliding (One shelf)
& 74 - 2- Overturning (One shelf)
% 64 Amm e e ool A== e - e e oL oL L A
w2
S 5-
15
8 o -
g 4 4 ool Sl Q
=
34
24
14
0 T T T
16 18 20

Unit weight of soil (kN/m’)
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difference in the factor of safety in the case of a single shelf compared to no shelf is
observed. Similar results are observed for more number of shelves. Table 3 shows
the variation of the factor of safety for varying stem heights.

6.1.3 Effect of Friction Angle on the Factor of Safety

The effect of friction angle on the factor of safety against sliding and overturn-
ing is studied by varying friction angle in degrees from 25, 30, and 35 and for a
unit weight of 16 kN/m>. With the increase in friction angle, the factor of safety
increases, with unit weight being constant. This is because since the coefficient of
earth pressure decreases with the increase in friction angle, the lateral earth pressure
intensity also decreases on the stem leading to higher stability and enhancement in
the safety factor against sliding and overturning. A plot comparing the effect for no
shelf and one shelf cases is represented in Fig. 6 for the wall height of 12 m. Table 4
shows the variation of the factor of safety against sliding and overturning for various
values of friction angle and different stem heights from 10 to 20 m.

7 Pseudo-Static Analysis

The pseudo-static analysis represents the shaking caused by an earthquake through
seismic acceleration that generates inertial forces acting through the failure mass
centroid. The seismic coefficient values have a major impact on the outcomes of
pseudo-static analysis. The seismic effect is modeled using the pseudo-static tech-
nique. The evaluation of seismic slope stability and ensuring serviceability of the
slope after the earthquake is significant. The seismic slope stability can be ascer-
tained by evaluating the safety factor using pseudo-static or pseudo-dynamic
approaches and the force-based equilibrium method. Pseudo-static method of analy-
sis does not consider the time effect of the applied earthquake load and the effect
of shear and primary waves passing through the soil media. Pseudo-static analysis
is one of the simplest approaches used in earthquake engineering to analyze the
seismic response of soil embankments and slopes. In the pseudo-static analysis, the
peak ground acceleration is converted into a pseudo-static inertia force and applied
as a horizontal incremental gravity load. Figure 7 shows the forces acting on the
cantilever retaining wall under static and pseudo-static cases.

Pseudo-static analyses represent the effects of an earthquake by applying static
horizontal and/or vertical accelerations to a potentially unstable mass of soil. The
inertial forces induced by these pseudo-static accelerations increase the driving
forces and may decrease the resisting forces acting on the soil. Stability is expressed
in terms of the pseudo-static factor of safety calculated by limit equilibrium proce-
dures. Selection of an appropriate pseudo-static acceleration requires great care and
attention, values considerably smaller than the peak acceleration of the sliding mass
are usually used. As a pseudo-static extension of the Coulomb analysis, however, the
M-O0 analysis (Mononobe and Matsuo 1929; Okabe 1926) is subject to all the limi-
tations of pseudo-static analyses as well as the limitations of Coulomb theory. As in
the case of pseudo-static slope stability analyses, determination of the appropriate
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Fig.6 Effect of friction angle on Effect of friction angle on factor of safety
the factor of safety 8
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pseudo-static coefficient is difficult and the analysis is not appropriate for soils that
experience significant loss of strength during earthquakes (e.g., liquefiable soils).

The pseudo-static acceleration required to bring a slope to the point of incipient
failure is known as the yield acceleration. The coefficient of minimum active earth
pressure is given by Eq. (6):

K, = (1 —sin@)/(1 +sin @) = tan*(45 — &/2) (6)

K, is the coefficient of minimum active earth pressure given by Eq. (7) for the
case of a cohesionless backfill inclined at an angle § with the horizontal which is
considered zero in this study,

cos? (@ — 6)
fa= - : 2 .
cos2 6 cos (5 + 0) {1_,_\/31“(5"‘@) Sm(@—ﬁ)J ™)
cos(6+0) cos(f—0)

— tan—1 F_
where 6 = tan =y

k Horizontal component of earthquake acceleratin
h =
8

_ Vertical component of earthquake acceleratin
8

v

2=9.81 m/sec.’

For dry cohesionless backfill, Rankine’s theory predicts a triangular active pres-
sure distribution oriented parallel to the backfill surface. The active pressure P, acts
at a point located at H/3 above the base of a wall of height H, with magnitude given

by Eq. (8):
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Fig.7 Static and pseudo-static forces and pressure on retaining wall with relief shelves

1
Py = SKiH? @®)

Under earthquake excitation, the horizontal earthquake force can be calculated as

follows by using Eq. (9):

1
Pyp = EKAEsz(l —k,) )

cos> (@ — 0 — @)

sin(6 + @) sin(0 — f — @) ?
cos (640 + @) cos(f—0)

cos @ cos2d cos(6+ 0+ @) l1+\/
(10)
APjp=Pup— Py (11)

The force P, will act as a height (H") from the top of the base slab as given by
Eq. (12) below:
_ Py H/3+ AP,0.6H
Pag

HI

12)

The overturning moment created by the horizontal pseudo-earthquake force is
calculated by using Eq. (13) as below:
Moverlurning = PAEH, (13)
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Following are the equations (Eq. 14 to 37) to calculate the stabilizing and driv-
ing forces of retaining walls with relief shelves for investigating factors of safety
(Eq. 38) under static and seismic conditions. The relief shelves are of concrete and
add to the stabilizing force as shown in Fig. 7.

C, is the weight of concrete in the stem acting vertically downward

Cy =0hY o (14
G, is the base slab concrete weight acting vertically downward
Gy = mhtyY cone (15)
C; is the concrete shelf force acting vertically downward
G = L1537 cone (16)

C,., Cs is the concrete shelf force acting vertically downward in case of two, or
three shelves.
Weight of soil (W) on shelf, single shelf case

W, =L,(H-0.58)y (17)
The weight of soil (W,) below shelf 1 is given by:
W, =L,(H - 0.5t3)y (18)

Weight of soil (W;) on base slab beyond the shelf and till end of base slab, single
shelf case is given by:

Wy = h(nh—nyh—1y)y (19)

Similarly, the weight of soil on the shelves and beyond shelf length is calculated
as W,, W5, Wy, and W7 for two, or three shelves.

8 Driving Forces

Earth pressure of the soil above the shelf is given by:

1

Py =K,y (H-051)" x 3 (20)
Earth pressure of the soil below the shelf is given by:
2 1

Py =K, y(H-055) x 3 1)

The horizontal force in the case of two shelves and three shelves is calculated as
Py Pyo, Pps, and Py, Pyo, Py3, Py
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Earthquake pressures developed above and below the shelves are calculated as
follows:

lKAE.;/(H - 0.5t3)2 (1 - KV) ...in case of the single shelf (22)

PAE1=2

Py = %KAE.)/(H —0.56,)°(1 = K,) ... in case of the single shelf ~ (23)

The horizontal earthquake force in the case of two shelves and three shelves is
calculated as Pyy P, Py, and P, P, PaPa,,
The point of apphcatlon of the pressure above and below the shelves is given by:

hy = % (H —0.53) ... in the case of a single shelf for P, (24)

L»)I»—

h, = = (H — 0.5t3) in the case of a single shelf for Py, (25)

u.)l»—

The lever arm for two shelves and three shelves cases are calculated as h,h,, h;
for two shelves and 4 ,h,, h;h, for three shelves.

The lever arm is calculated for the moment developed due to the forces on the
retaining wall as below:

LA, =h+1t, — %(H —=0.563) v for P, (26)

LAy =hy+1t......... for P, (27)

The points of application of the earthquake pressure P, and P,g acting above
and below the shelf are calculated below.

;= 0.6(H - 0.53) (28)

hyt = 0.6(H — 0.513) (29)

Lever arm for forces exerted at stem (L)), shelf (L 3), and base slab (L) are cal-
culated as below:

Ly=(t,+h)/2 (30)
Ly = (nyh+1,+nh)/2 31
Ls=(m.h+1,+L/2) (32)

L, =single shelf length
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LA, =h+1, —0.6(H - 0.5t;) (33)

LAyt =t + hy! (34)
Point of application of the resultant earthquake force

[(PAl XLy )+ (Py, + LAz)] + [(PAEI — Py JLA ) + (P, — PAZ)LAZI]
Pup, + Pag,

Hr =

(35)

To determine the factor of safety, the above equations aid in analyzing the stabil-

ity against sliding and overturning. The friction force (R) is developed at the base

slab and foundation soil and acts in the opposite direction of the sliding action. u

is the coefficient of friction adopted as 0.5, where N is the normal reaction to the
downward stabilizing force.

R=uN (36)

N= (W +W,+W;+C +C,+C;)(1-K,) (37)

The factor of safety against sliding for retaining walls with relief shelves is there-
fore given as

w(Wy+ Wy + W5+ C + C, + G3) (1 -K,)

V

Pug, +Pap, + K, (W, + W, + Wi+ C, + C, + C;)

FS (38)

sliding =

9 Results and Discussions

The pseudo-static analysis is performed to assess the effect of seismic acceleration
coefficient, number of shelves, friction angle, etc., on the factor of safety against
sliding and overturning. A spreadsheet program is developed to calculate the seis-
mic earth pressures, the point of application of seismic force, and the factor of
safety against sliding and overturning. The results are presented in the following
discussions.

9.1 Effect of the Horizontal Seismic Coefficient on the Pseudo-Static Factor
of Safety

The seismic acceleration coefficient used in the analysis is assumed to vary between
0 to 0.30 and is assumed to act as the horizontal pseudo-static coefficient k; and
the vertical component k, (usually taken as 0.5 k). Selecting an appropriate seis-
mic coefficient is the most essential and challenging step in performing a pseudo-
static stability analysis. The values of the seismic coefficient should, in theory, be
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Fig. 8 Effect of the horizontal Effect of horizontal seismic coefficient on factor of safety
seismic coefficient on the factor 14
of safety against sliding . Wall height =12 m
12 4 Friction angle (¢) =35 ; y =16 kN/m’
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Table 5 Effect of the horizontal seismic coefficient on the factor of safety

No. of shelves  Factor of safety for different values of horizontal seismic coefficients and for H=12 m,
7=16 kN/m?, and ¢=35°

Factor of safety (sliding) Factor of safety (overturning)

k,=0 0.05 01 015 02 025 k=0 005 01 015 02 025

1.87 143 114 092 076 0.64 188 3.11 255 2.1 1.74 144
405 264 192 148 1.18 097 6.12 513 43 365 31 26

6.3 357 244 182 143 115 9.7 819 695 591 503 426
121 513 318 226 173 138 17.1 145 123 105 89 7.63

W N = O

determined by the strength of the inertial forces that the dynamic forces produced
by an earthquake impose on the retaining wall system. The effect of the horizontal
seismic acceleration coefficient on the factor of safety against sliding and overturn-
ing is presented in Fig. 8. With the increase in the seismic coefficient, the pseudo-
static factor of safety drops considerably compared to the static case (k,=0). With
a three-shelf case, the reduction in the factor of safety is rapid up to k;,=0.15 and
then proceeds more slowly after that. For a given k,, value, it is observed that the
factor of safety increases with the number of shelves, unit weight, and friction angle
remaining constant. The effect of the horizontal seismic acceleration coefficient on
the factor of safety is presented in Table 5. It can be seen that the factor of safety
against sliding drastically reduces as the horizontal seismic acceleration coefficient
increases. This is because seismic forces increase the disturbing forces, resulting in
a lower factor of safety. However, it is further observed that this drastic fall in the
factor of safety can be controlled by the introduction of more shelves. For instance,
in Table 5, the highlighted values indicate safer limits for 12 m height retaining wall
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Fig.9 Effect of friction angle Effect of friction angle on factor of safety against sliding & overturning
i 14
on the factor of safety against Wall height 12 m; Friction angle (§) = 25, 30°.35".
sliding and overturning 134 3
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Table 6 Effect of friction angle on the pseudo-static factor of safety for k;, =0.2 for wall height of 12 m

No. of shelves Factor of safety (sliding) Factor of safety (overturning)
¢$=25° $=30° $=35° ¢$=25° ¢$=30° ¢$=35°
y=16kN/m> y=16kN/m’> y=16kN/m> y=16kN/m> y=16kN/m*> y=16 kN/m>

No shelf 0.6 0.68 0.76 1.24 1.47 1.74

One shelf 0.99 1.08 1.18 2.18 2.6 3.08

Two shelves  1.24 1.33 1.42 3.53 4.22 5.02

Three shelves 1.55 1.64 1.72 6.03 7.4 8.9

Four shelves  1.67 1.76 1.83 7.76 9.4 11.5

with y=16 kN/m> and ¢=35°, for the factor of safety against sliding and overturn-
ing. A similar reduction in the factor of safety was reported by Karkanaki et al.
(2019) for cantilever retaining walls without shelves for given values of friction
angle and for &, ranging from 0 to 0.2 g. Also, it was reported that with an increase
in friction angle from 20 to 40°, there was an improvement in the factor of safety
against sliding.

9.2 Effect of Friction Angle on the Pseudo-Static Factor of Safety

The factor of safety is computed to determine the impact of varying friction angles
for a given horizontal seismic coefficient (k;) of 0.2, unit weight of soil of 16kN/
m>, and friction angle of 25°, 30°, and 35°. Figure 9 shows the variation of the
factor of safety with friction angle for a particular value of k. It is observed that
the pseudo-static factor of safety increases with an increase in friction angle and
number of shelves. The increase is more rapid for the factor of safety against over-
turning than the sliding factor of safety. Table 6 shows the variation of the factor
of safety against sliding and overturning for various values of ¢ and no, one, two,
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Fig. 10 Effect of friction angle Effect of friction angle on K,
on seismic earth pressure coef- 08
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Table 7 Effect of friction angle on seismic earth pressure
The angle of inter-  No. of shelves Coefficient of seismic lateral earth pressure (K,.)
nal friction (¢) For height H=12m, y=16 kN/m?

k=0 0.05 0.1 0.15 0.2 0.25 0.30

25° 0 0.37 0.4 0.45 0.5 0.56 0.65 0.77
1 0.37 04 0.45 0.5 0.56 0.65 0.77
30° 0 0.3 0.33 0.37 0.42 0.47 0.54 0.64
1 0.3 0.33 0.37 0.42 0.47 0.54 0.64
35° 0 0.24 0.27 0.31 0.35 0.39 0.46 0.54
1 0.24 0.27 0.31 0.35 0.39 0.46 0.54

three, and four shelves. The increase in the pseudo-static factor of safety against
sliding increases gradually with the number of shelves but the pseudo-static factor of
safety increases very rapidly. Also, the increase in the pseudo-static factor of safety
against sliding with friction angle is gradual, while the pseudo-static factor of safety
against overturning increases considerably with friction angle. The factor of safety
against sliding increases by 140 to 178%. It can thus be seen that for a given value of
k,=0.2 g, a retaining wall with three or more shelves is safe against sliding (factor
of safety > 1.5), indicating the usefulness of multiple shelves in giving stability to
retaining walls under seismic forces.

9.3 Effect of Friction Angle on Seismic Earth Pressure Coefficient(K,,)

Figure 10 and Table 7 show the effect of friction angle on seismic earth pressure
coefficient for a single shelf case. The seismic earth pressure coefficient increases
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considerably with horizontal seismic acceleration but reduces with an increase in
friction angle. As a result of this seismic earth pressure also increases in the same
proportion and hence there is a reduction in the pseudo-static factor of safety. Com-
paring these values with the static case (k;,=0), it is observed that the earth pres-
sure coefficient is lowest in the static case. As the seismic earth pressure coefficient
increases from O to 0.3 g, it is observed that the seismic lateral earth pressure coeffi-
cient also increases rapidly by 108 to 125%. Karkanaki et al. (2019) reported a simi-
lar reduction in seismic earth pressure coefficient, with an increase in friction angle.

9.4 Point of Application of Seismic Active Thrust (PAE)

It is necessary to determine the point of application of the resultant seismic force
from the base of the wall. In the case of several shelves, since seismic earth pressure
acts at different levels, the location of the resultant earth pressure shifts upwards.
Table 8 shows the point of application of this resultant seismic force for various k;
and friction angle values for no shelf, single shelf, two shelves, three shelves, and
four shelves. On comparing with the static case, it is observed that, for no shelf,
the point of application is 0.333H, but as the number of shelves increases, the point
of application shifts to 0.473H. However, in the pseudo-static case, the point of
application of resultant seismic force varies from 0.355H to 0.477H (for no shelf to
four shelves case) for k;,=0.05. For k,=0.3, the corresponding values are 0.456H
to 0.495H. However, the point of application of this resultant force almost remains
constant with an increase in friction angle values. Based on these results, the

Table 8 Point of the location of seismic active thrust (P,g)

The angle of inter- No. of shelves  Point of application of seismic active thrust (P,g) from the base

nal friction (¢) (x/h) for different values of k;, and k,= 0.5k,
k=0 0.05 0.1 0.15 0.2 0.25 0.30
25° 0 0333 0355 0376 0397 0417 0437 0456
1 0419 0430 0440 0450 0460 0.469 0479
2 0.450 0457 0464 0470 0477 0483  0.489
3 0464 0469 0474 0479 0484 0489  0.493
4 0.473 0477 0481 0485 0489 0493  0.496
30° 0 0333 0353 0372 0392 0412 0431 0452
1 0.419 0429 0438 0448 0457 0467 0477
2 0.450 0456 0462 0518 0475 0481 0487
3 0.464 0469 0473 0527 0483 0487 0492
4 0.473 0477 0481 0.533 04838 0492  0.496
35° 0 0.333 0351 0369 0.388 0407 0428 0451
1 0.419 0428 0437 0446 0455 0465 0476
2 0.450 0456 0461 0467 0473 0480  0.487
3 0.464 0468 0472 0477 0482 0487 0492
4 0473 0477 0480 0484 0487 0491  0.495
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Table 9 Recommended values of point of application of seismic active thrust (P,) from base for differ-
ent values of k, and k,=0.5k,

The angle of internal ~ No. of shelves Point of application of seismic active thrust (P ,g) from base for
friction (¢) different values of k, and k,=0.5k,

k,=0 0.05 0.1 0.15 0.2 0.25 0.3

0.333H 0.353H 0.372H 0.393H 0.412H 0.432H 0.453H
0.419H 0.429H 0.438H 0.448H 0.458H 0.467H 0.477TH
0.450H 0.456H 0.463H 0.469H 0.475H 0.482H 0.488H
0.464H 0.469H 0.473H 0.478H 0.483H 0.488H 0.492H
0.473H 0.477H 0.481H 0.484H 0.488H 0.492H 0.496H

For all values of y
and ¢

EESRVC R S T e}

recommended values of the point of application are presented in Table 9 for differ-
ent k;, values and several shelves, friction angle, and unit weight remaining constant.

10 Summary and Discussions

The concept of using relieving shelves is not new. (Jumikis 1964) had presented the
same in 1964. However, for a considerable time, it had not gained popularity. Of
late, research has been taking place on the same concept and this concept has found
certain applications in the field. Shelves are treated as cantilevers in the present case
and the lengths of shelves are calculated to reduce the joint moment to a minimum,
which results in increasing the length of shelves from the top to the bottom of the
stem. The present case compares the static and the seismic factors of safety against
sliding and overturning for different parameters such as several shelves, friction
angle, seismic acceleration coefficient, etc. The results provide a very good com-
parison between the static and seismic cases (Chauhan and Dasaka 2018; Karkanaki
et al. 2019). Pseudo-static case provides first-hand information for designers about
the seismic stability aspects, i.e., reduction in factor of safety due to earthquakes and
the benefits of providing the shelves. The purpose of this analysis is to find a stable
and safe configuration for cantilever retaining walls with shelves which will reduce
the cost of construction of retaining walls when heights exceed 10 m. Data about
shelf lengths for various cases, factors of safety, seismic earth pressure coefficients,
and point of application of resultant seismic forces under various cases will be very
helpful for designers to plan and design the retaining walls when the height of soil
retained exceeds 10 m, under varying shelf length case.

The seismic analysis performed in the present study is limited to pseudo-static
analysis of cantilever retaining walls with shelves for cohesionless backfill. The
active earth pressure distribution behind the stem and above the shelves is assumed
to be triangular in nature as per Rankine’s theory. However, in the shorter relief
shelves (not extended to the rupture line), the pressure distribution may not be tri-
angular Klein Solution (Klein 1964). The future scope lies in the seismic analysis
of cantilever retaining walls with longer and shorter relief shelves under pseudo-
dynamic or time history analysis. Also, the cost comparison of retaining walls with
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relief shelves with other similar retaining structures like counterfort retaining walls
can be made.

The practical issues may arise in construction of shelves. Shelves are to be cast
monolithically with stem. While constructing the retaining wall with shelves, the
soil within shelves must be well compacted up to the shelves; then, shelves are cast
and subsequently soil is placed and properly compacted above the shelves. Over
period of the time, improper compaction may result in settlement of the soil below
the shelves leaving a gap between shelf and the soil. It is difficult to assess the actual
level of consolidation expected below the shelves. The shelf may bend like a cantile-
ver and may break, which can result into inward movement of wall toward the back-
fill, resulting in passive pressure. The stem and the shelves need to be adequately
reinforced to take care of these additional bending stresses developing due to pas-
sive pressures (Bowles 1996). However, since the shelves are designed as cantile-
vers, there may not be any design issues as regards to the behavior of the shelves as
cantilever, but it may affect the stability of the system as a whole, which needs to be
investigated.

11 Conclusions

In the present case, the parametric analysis for the cantilever retaining wall with no,
one, two, three, and four shelves is presented under static and pseudo-static cases by
varying the number of shelves, unit weight, friction angle, and horizontal seismic
acceleration coefficient. Based on this parametric study undertaken in the present
case the following important conclusions are drawn:

i)  When the shelf is provided, the lateral earth pressure acting on the stem of the
retaining wall decreases. As the number of shelves increases, the Rankine earth
pressure distribution decreases on the stem.

ii) Moment equilibrium at the junction of stem and shelf has been used to design
the shelf length since the number and length of cantilever shelves can increase
the moment at the stem shelf junction. With the increase in friction angle of the
soil, the shelf length reduces due to less earth pressure. The design chart of shelf
length can be used as a handy guide in finding out the required length of shelves
for given values of friction angle and number of shelves.

iii) As the number of shelves and angle of internal friction increases, the earth pres-
sure on the stem decreases, and the safety factor against overturning and sliding
is observed to increase considerably, thus indicating the usefulness of the relief
shelves. Similar results have been reported by other researchers.

iv) The seismic analysis indicates that the factor of safety against sliding and over-
turning decreases considerably with an increase in retained height and no shelf
case. Also, as the horizontal seismic acceleration coefficient increases, there is
a drastic decrease in the factor of safety. However, as the number of shelves
increases, there is considerable improvement in the factor of safety, tending
toward the safer side. The factor of safety against sliding is found to increase by
140 to 178% when relief shelves are provided.
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v) For the higher seismic acceleration coefficients such as k,=0.2 g and above,
the retaining wall with three or more shelves is safe against sliding (factor of
safety > 1.5), indicating the usefulness of multiple shelves in giving stability to
retaining walls under seismic forces.

vi) With the increase in the horizontal seismic acceleration coefficient, the seismic
earth pressure coefficient also increases leading to an increase in seismic earth
pressure for a given value of friction angle. The point of application of resultant
force increases from 0.333H to 0.473H for the static case from no shelf to four
shelves case and from 0.453H to 0.496H for the seismic case with k;,=0.3.

vii) The tables and graph provided for shelf length, the seismic earth pressure coef-
ficient, the point of application of resultant force, and the factors of safety for slid-
ing and overturning will be very helpful for the designers to choose the number
of shelves and arrive at the stable and economical design of retaining walls with
height of retained soil more than 10 m.
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