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Abstract
Whenever a need arises to construct a high retaining wall, the construction of a mechanically stabilized earth (MSE) retaining 
wall in a multi-tiered configuration is a viable approach than the construction of a single-tiered (rectangular wall). However, 
the behavior of multi-tiered MSE walls is complex, and unfortunately, the behavior of such walls under seismic loading has 
not yet been entirely investigated. Therefore, this study performs an exhaustive comparative analysis, on multi-tiered and 
rectangular MSE walls through a finite element method-based numerical computational tool to look into its performance 
under seismic loading and their potential failure envelope, i.e., wedge angle. Additionally, this study investigates the influence 
of the parameters such as the number of tiers, offset distance (D), and horizontal seismic acceleration coefficient (kh) on the 
walls. The potential failure envelopes of the various wall models are explored, which indicate a combination of overturning 
and sliding failure accompanied by a distortion of the leveling pad of the walls. However, the sliding behavior reduces as 
the kh increases and the overturning failure is more prominent. This study proposes a wedge angle correction factor (CΘ) to 
normalize the deviation of the angle of the potential failure plane under seismic loading, based on the assumption that the 
standard value of the potential failure plane defined by Federal Highway Administration (FHWA) is valid for all multi-tiered 
walls since none of the design manuals have suggested clear guidelines that can demonstrate the formation and progression 
of the wedge angle under seismic loading conditions for multi-tiered walls. The factor of safety (FOS) of the various wall 
models simulated in the present study satisfies the FHWA guidelines, thus suggesting the construction of tiered walls, at 
places where huge excavation required for the construction of a rectangular wall is impractical. In the numerical simulations, 
where the FOS obtained is unsatisfactory as per FHWA guidelines, the current study suggests increasing the length of rein-
forcement and/or decreasing the vertical spacing between the reinforcing layers to enhance the overall stability of such walls.
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List of symbols
L  Length of the reinforcement layer (m)
FOS  Factor of safety
D  Offset distance between the two consecutive tiers of 

the tiered wall system (m)
H1  Height of the lowermost wall (m)
H2  Height of the middle wall (m)
H3  Height of the topmost wall (m)

v  Vertical spacing between the two reinforcing layers 
(m)

ϕ  Angle of internal friction of soil (degrees)
β  Critical wedge angle
β*  Critical wedge angle suggested by FHWA
kh  Horizontal seismic acceleration coefficient
Rint  Interface coefficient
CΘ  Wedge angle correction factor

Introduction

The accelerated necessity for the futuristic and visionary 
construction technology, to contest the numerous innova-
tive upcoming challenges while erecting high-rise, heavy 
engineering infrastructures such as dams, embankments, 
and retaining walls, has uncovered the incompetency and 
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obsoleteness of the conventional methods of earth mass 
retention. The conventional gravity or cantilever walls 
require a bulky cross section to withstand the horizontal 
thrust exerted on the wall in case of high retention of the 
earth mass. To minimize the horizontal thrust on such stiff 
retaining walls, mechanically stabilized earth retaining walls 
are constructed, which are reinforced with polystyrene geo-
foam, geonets, geosynthetics, knitted geotextiles, galvanized 
steel strips, geocomposites, etc. [1–4].

A mechanically stabilized earth (MSE) wall is a com-
pound structure comprising alternate layers of compacted 
backfill and embedded soil reinforcements, attached to a wall 
facing. The addition of reinforcements in the soil improves 
the engineering properties of the soil mass and provides 
substantial tensile strength, thus increasing the load-bearing 
capacity of the structure [5]. These walls can accommodate 
high differential settlement without distress and also can 
withstand extreme loads (bridge abutment footings, cranes) 
and have a high resistance to seismic and other accidental 
forces. They also perform the primary function of prevent-
ing erosion of the backfill material, resulting in a coherent 
gravity structure that is flexible and can carry a variety of 
heavy loads [6].

The design and construction of tall MSE walls have esca-
lated owing to their unmatched performance, improved qual-
itative index, and serviceability. As a result of their superior 
geometry, bigger wall heights can be achieved for critical 
applications in earthquake-prone areas as well [7]. The 
increased restrictions of wetlands, right of way, and other 
space restraining conditions have also contributed to their 
growing familiarity and acceptance among designers and 
engineers [8, 9]. For instance, MSE walls have been built in 
many cities around the world such as Florida, Georgia, Penn-
sylvania, California, New York, and Texas covering more 
than 850,000  m2 of landmass. These walls include a rectan-
gular, two-tiered, and multi-tiered construction pattern. Few 
examples of the aforementioned walls comprise a four-tiered 
wall system in the USA 290 in Austin, Texas, a two-tiered 
wall system in the USA 375 at the Socorro Bridge, a Hybrid 
Soil–Nail MSE Wall for St Jacques-Pullman Walls, Mon-
treal, Quebec, and a tiered MSE wall constructed in Kanaka 
Durga temple in Vijayawada, India [10–12].

Often, the favorable geographical and topographical con-
ditions required for the construction of tall MSE walls are 
hard to achieve. Moreover, for a high MSE retaining wall, 
tensile stresses in the reinforcing layers situated at the bot-
tom quarter of the wall are very high. Under such circum-
stances, the construction of MSE walls in a tiered configu-
ration is preferred as it eradicates the requirement of high 
tensile reinforcement to be placed at the bottom quarter of 
the walls.

As suggested by FHWA [13], when there arises a need 
to construct tall walls, preference must be given to the wall 

construction in a tiered manner. The reconfiguration of a 
tall wall in the form of superimposed shorter walls reaching 
similar height provides a fresh beginning with a new leveling 
pad. It offers reduced vertical stresses on the rigid facing 
elements and allows better control of the vertical alignment 
of the wall facing. Analytically, the offset distance between 
the superimposed walls renders another beneficial effect as 
an equivalent sloped face of the wall leads to lesser lateral 
forces on the whole wall system.

From the available literature on MSE retaining walls, 
which is attained by continuous exhaustive experimental 
procedures, field study, analytical derivations, and numeri-
cal simulations, it is evident that multi-tiered walls render 
a better outcome in comparison with rectangular tall walls, 
especially when it is necessary to erect a high-rise MSE 
retaining wall which is competent in terms of stability, fis-
cal concerns, and visual appeal. The findings from limited 
studies on multi-tiered reinforced soil walls using numerical 
simulations clearly show that the performance of a tall MSE 
wall can be significantly improved by constructing it in a 
tiered fashion [14–17].

The design and analysis of tiered MSE walls are usually 
more complex than the conservative MSE retaining walls 
due to their compounded geometrical configuration whose 
limited guidelines can be found in AASHTO, FHWA, and 
NCMA design manual [13, 18, 19]. In contrast to the con-
ventional MSE walls, the reinforcing parameters (vertical 
spacing, length, and offset distance) for tiered walls cannot 
be estimated by applying available design calculations [20]. 
The performance analysis of the multi-tiered MSE retain-
ing walls is multifaceted, and regrettably, available previous 
studies are not sufficient for a satisfactory examination of 
multi-tiered walls and their behavior under seismic loading 
conditions.

Hence, the objective of this study is to examine the sta-
bility of multi-tiered MSE walls using finite element-based 
strength reduction method and investigate its behavior by 
quantifying the effects of reinforcement length (L), offset dis-
tance (D), and the number of tiers of the wall under seismic 
loading. Also, in the prior studies, both sophisticated and 
general constitutive models for geosynthetic reinforcements 
and soils have been engaged to mathematically analyze the 
performance of multi-tiered geosynthetic reinforced earth 
retaining walls [21]. Furthermore, this study also evaluates 
the potential failure planes for all the walls since it provides 
an insight into the possible mode of wall distortion. Further-
more, the strength reduction factor for all walls is also evalu-
ated which in turn provides the FOS of the wall systems. 
The FOS aids in improving the understanding regarding the 
improved design of such walls when constructed in a tiered 
fashion. Hence, the scope of this study is to incorporate the 
various force transfer mechanisms in tiered MSE retaining 
walls, the complex interactions between the backfill and the 



Innovative Infrastructure Solutions (2021) 6:159 

1 3

Page 3 of 16 159

reinforcing elements, and the interaction between the back-
fill and the facing panels to examine the outcomes obtained 
from the numerical simulation of such walls.

Numerical modeling

The numerical analysis in the current study is carried out 
using a computational tool OPTUM G2 [22], an FEM-based 
program dedicated to geotechnical deformation and stability 
analysis under plane strain conditions. A two-dimensional 
prototype is considered for the regeneration of the MSE 
walls in rectangular and tiered fashion both 18 m high, 
modeled under three different conditions as, an 18-m-high 
single-tiered wall (T1), a tiered wall system having two tiers 
each 9 m high (T2), and another tiered wall system having 
three tiers each 6 m high (T3).

Each of the tiered wall systems has further been catego-
rized and configured based on the three offset distances (D) 
between the consecutive tiers, D1, D2, and D3, where D1 = 
0.9 m, D2 = 4.0 m, and D3 = 6.0 m. The variation in the off-
set distances significantly affects the behavior of the tiered 
MSE walls. These various offset distances are calculated 
to examine the difference in the wall behavior thoroughly.

The horizontal seismic acceleration coefficient (kh) is 
varied at 0, 0.12, 0.24, and 0.36 in the present study. The 
wall heights (H1, H2, and H3), reinforcement lengths (L1, 
L2, and L3), and offset distances (D1, D2, and D3) between 
the walls for a tiered superimposed wall are described in 
Figs. 1, 2, and 3.

Reinforcement lengths and offset distances for different 
tiers considered in this study as per FHWA [13] are sum-
marized in Tables 1 and 2.

When the offset distance is small, there is an overlap-
ping of the reinforcements such that the interaction of two 
walls occurs, and full active thrust is mobilized. On the other 
hand, in the case of large offset distance, no overlapping of 
the reinforcements takes place and each wall behaves inde-
pendently and can be designed individually [23]. Hence, no 
active earth pressure acts from the backfill, which needs to 
be taken into account during external stability calculations. 
The upper tiers, in the tiered MSE retaining wall, can be 
considered as a corresponding surcharge whose magnitude 
relies on the offset distance, and its extent is calculated con-
ferring to the offset distance as stated in NCMA [19]. If the 
offset distance is small, the wall behaves as a single entity, 
and if the tiers lie far away, each tier behaves independently 
and imparts no effect over the other. As it is evident that the 
offset distance plays a major role in the behavior of such 
walls, consideration of all possible cases (three cases, as 
mentioned earlier) of offset distances is taken into account.

In the present numerical model, the geosynthetic rein-
forcement is demonstrated as an elastic material that can 
endure the tensile load [24]. An elastoplastic model is 
taken to simulate the backfill following the Mohr–Cou-
lomb failure criterion as the Mohr–Coulomb failure cri-
terion is widely used for geotechnical applications, and 
indeed, a large number of the routine design calculations 
in the geotechnical area are still performed using the 
Mohr–Coulomb criterion. Modeling the interfaces within 
the reinforced soil walls has always been an essential task 
to predict the behavior of such walls precisely. In the cur-
rent study, interface elements are assigned at three differ-
ent locations, viz. at the interface of reinforcements–facing 
panels, soil–geosynthetic reinforcement, and soil–facing 
panels [25, 26]. The roughness of the interaction was 

Fig. 1  Geometrical configuration of the 18 m high rectangular MSE wall modeled in the present study



 Innovative Infrastructure Solutions (2021) 6:159

1 3

159 Page 4 of 16

established by selecting an appropriate value of the inter-
face coefficients, Rint at all the positions of the interfaces. 
The interface coefficient values of 0.7, 0.8, and 0.8 have 
been assigned in the MSE walls for the soil–geosynthetic 
interface, concrete facing panel–geosynthetic interface, 
and soil–facing panels, respectively [27].

To provide apt boundary conditions for the reinforced 
soil wall system, the bottom boundary of the model is kept 
fixed and roller supports are provided at the vertical bounda-
ries of the mesh [28]. For maintaining the accuracy of results 
obtained from the numerical simulations, a suitable number 
of elements are provided in the mesh [29, 30]. To achieve a 

Fig. 2  Geometrical configuration of the 18 m high two-tiered MSE wall modeled in the present study

Fig. 3  Geometrical configuration of the 18 m high three-tiered MSE wall modeled in the present study

Table 1  Reinforcement lengths 
considered in static analysis for 
different tiers as per FHWA [13]

H1 = height of the upper-tier,  H2 =  H3 = height of the lower tier, H = total height of the wall

Wall Height Static analysis (length of 
reinforcement)

Wall description

T1 18 m L = 0.9H = 16.2 m
L = 0.7H = 12.6 m

For the first two layers
For other layers

T2D1,  T2D2,  T2D3 H1 =  H2 = 9 m L1 = 0.7H1 = 4.2 m
L2 = 0.6H = 10.8 m

T3D1,  T3D2,  T3D3 H1 =  H2 =  H3 = 6 m L1 = 0.7H1 = 4.2 m
L2 = 0.6H = 10.8 m
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satisfactory level of the accuracy of the obtained results, a 
sensitivity analysis is performed by varying the number of ele-
ments from 5000 to 20,000. It is found that while keeping the 
number of elements above 10,000 for the considered mesh, the 
results do not vary considerably, thus establishing an optimum 
number of elements to be 10,000 for the wall models used in 
the current study [31, 32].

The FOS of the MSE wall models is evaluated by using the 
strength reduction method (SRM). In the strength reduction 
method, only the strength of the soil mass is reduced while 
calculating the FOS during various iterations of the analysis 
process. The results demonstrate that the FOS values of the 
walls converge after a few iterations. The reduction in strength 
has diverse impacts on the FOS depending upon the properties 
of the soil, facing, and the reinforcements [33].

Results and discussion

The significant results of this study are discussed in the fol-
lowing section. This section of the current study deals with 
the development of the wedge angle, the progression of the 
displacement vectors, failure planes, and the effect of the hori-
zontal seismic acceleration coefficient and offset distance on 
the performance of the tiered wall systems.

Critical wedge angle in the tiered wall system

This study incorporates a Mohr–Coulomb model in which for 
a given retaining wall, the potential failure plane is assumed to 
be inclined at angle of 45° + ϕ/2 with respect to the horizontal 
which coincides with the locus of maximum reinforcement 
tension [13]. Figure 4 illustrates the position of critical wedge 
angle in a two-tiered wall system where the offset distance (D) 
satisfies the following condition:

(1)H
2
tan

(

45
◦ +

𝜙

2

)

< D ≤ H
2
tan (90◦ + 𝜙).

This condition is satisfied at offset distance D3 = 6 m in the 
present study. Here, it is worth mentioning that the guide-
lines suggested by FHWA [13] do not discuss the progres-
sion of critical wedge angle (β) for walls having more than 
two tiers or MSE walls under static or seismic loading.

Figures 5, 6, and 7 illustrate the critical wedge angle (β) 
obtained for various wall models simulated in the present 
study.

These results highlight the fact that the critical wedge 
angle decreases with an increase in the magnitude of kh. The 
increase in the kh causes a declination in the stability of the 
wall system, leading to a failure having lesser tolerance to 
seismicity. For the rectangular MSE wall, with an increase 
in kh from 0 to 0.36, a reduction of 25.4% in β is observed. 

Table 2  Reinforcement lengths 
considered in the seismic 
analysis for different tiers as per 
FHWA [13]

H1 = height of the upper-tier,  H2 =  H3 = height of the lower tier, H = total height of the wall

Wall details Reinforcement configuration Wall description

T1 L = 1.1H = 19.8 m
L = 0.9H = 16.2 m

For the first two layers
For other layers

T2D1_0.12,  T2D1_0.24,  T2D1_0.36 L1 = 1.0H1 = 9 m
L2 = 1.0H = 18 mT2D2_0.12,  T2D2_0.24,  T2D2_0.36

T2D3_0.12,  T2D3_0.24,  T2D3_0.36
T3D1_0.12,  T3D1_0.24,  T3D1_0.36 L1 = 1.0H1 = 6 m

L2 = 1.0H = 18 m
L3 = 1.0H = 18 m

T3D2_0.12,  T3D2_0.24,  T3D2_0.36
T3D3_0.12,  T3D3_0.24,  T3D3_0.36

Fig. 4  Position of the critical wedge angle (β*) for two-tiered MSE 
wall as suggested by FHWA under static loading conditions [13]
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Fig. 5  Critical wedge angle (β) obtained for rectangular MSE wall at a kh = 0; b kh = 0.12; c kh = 0.24; and d kh = 0.36

Fig. 6  Critical wedge angle (β) obtained for two-tiered MSE wall at a kh = 0; b kh = 0.12; c kh = 0.24; and d kh = 0.36
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Similarly, for two-tiered walls by varying the kh from 0 to 
0.36 at D = 0.9, 4.0, and 6.0 the declination in β is 20.6%, 
25.4%, and 30%, respectively. It is also worth noticing here 
that an increase in the D has caused an increased declination 
in the β values, thus implying that the β also gets affected 
with the change in the offset distance of the wall.

For the three-tiered walls, on varying the kh from 0 to 
0.36 at D = 0.9 m, 4.0 m, and 6.0 m, the declination in the 
β is 28.5%, 4.2%, and 15.0%, respectively. Here, for three-
tiered walls, the assumption of decrement of β w.r.t increas-
ing D is not justified since β of  T3D2 is lesser than β of  T3D3. 
The critical wedge angle β obtained in the present study for 
the rectangular wall at kh = 0, 0.12, 0.24, and 0.36 is 59°, 
54°, 47°, and 44°, respectively, and β for two-tiered walls at 
D3 = 6 m and kh = 0, 0.12, 0.24, and 0.36 is 62°, 55°, 42°, 
and 42°, respectively. The critical wedge angle under static 
loading recommended by the FHWA, β* [13], equals 62° 
which is exactly equal to the β obtained in the current study 
under static loading. The similarity in the results validates 
the numerical model simulated in this study.

All the values of the β noted from the simulations of all 
studied models of the MSE wall are summarized in Table 3. 
Furthermore, a wedge angle correction factor (CΘ) is intro-
duced to show the variation of β obtained for all wall mod-
els with the recommended β* based on FHWA [13]. This 
wedge angle correction factor CΘ is defined as the ratio of 

the critical wedge angle based on FHWA [13], β* and the 
critical wedge angle obtained for the rectangular and tiered 
MSE walls under static as well as seismic loading, β. The 
numerical range of CΘ for various walls under seismic load-
ing is summarized in Table 3 and is between 1.0 and 1.90. 
Both β and CΘ are inversely proportional to each other. A 
higher β value causes a lower CΘ, and a smaller β value 
results in a higher CΘ.

It is also observed that the variation of the horizontal 
seismic acceleration coefficient (kh) affects the potential fail-
ure wedge (β) of the walls significantly. Figure 8 denotes 
a graphical representation of the variation of wedge angle 
(β) w.r.t the horizontal seismic acceleration coefficient (kh).

As the kh increases, β decreases, in turn increasing the 
correction factor. The rectangular wall shows a reduction of 
β by 25.4% when the kh is raised from 0 to 0.36. For the walls 
 T2D1,  T2D2, and  T2D3, the β decreases by 26.1%, 28.7%, and 
30%, respectively, whereas for  T3D1,  T3D2, and  T3D3, the β 
decreases by 28.6%, 4.2%, and 15%, respectively, when the 
kh is raised from 0 to 0.36 of the wall systems. Although 
for the walls  T2D3 and  T3D3, the above deduction fails to 
lead to a conclusion that D3 influences the behavior of the 
wall system and a farther offset distance causes the walls 
to behave independently from each other. Also, the offset 
distance (D) affects the β of the tiered walls significantly. It 
is noticed from Table 3 that on increasing the offset distance, 

Fig. 7  Critical wedge angle (β) obtained for three-tiered MSE wall at a kh = 0; b kh = 0.12; c kh = 0.24; and d kh = 0.36



 Innovative Infrastructure Solutions (2021) 6:159

1 3

159 Page 8 of 16

the β of the tiered walls decreases significantly. This might 
be attributed to the fact that as the offset distance increases, 
the effect of the surcharge of the walls above each other is 
reduced, in turn reducing the wedge angle (β).

Potential failure modes of the walls

For the appropriate and sustainable design of any geotechni-
cal structure, understanding of the potential failure modes of 
such structure is a prime requirement. In view of the above, 
the potential failure modes of the multi-tiered and rectan-
gular walls under static and seismic loading conditions are 
evaluated in the present study and shown in Figs. 9, 10, and 
11.

From a extensive comparison of all the potential failure 
modes of walls obtained from the simulation, it is evident 
that the rectangular wall experiences overturning failure 
combined with a slight sliding failure as the base of the wall 
gets displaced minorly, but the upper structure upturns onto 
the left, disrupting the wall geometry as illustrated in Fig. 9. 

Table 3  Critical wedge 
angles β, β* and wedge angle 
correction factor (CΘ) obtained 
for various wall models 
simulated in the present study

Wall description Wedge angle (β) (obtained in 
the present study)

Wedge angle (β*) (FHWA) 
[13] (45◦ + �

2
)

Wedge angle correc-
tion factor, CΘ = β*/β

T1, kh = 0.0 59° 62° 1.05
T1, kh = 0.12 54° 62° 1.14
T1, kh = 0.24 47° 62° 1.31
T1, kh = 0.36 44° 62° 1.40
T2D1_0.0 56° 62° 1.06
T2D1_0.12 56° 62° 1.10
T2D1_0.24 46° 62° 1.24
T2D1_0.36 46° 62° 1.34
T2D2_0.0 56° 62° 0.93
T2D2_0.12 47° 62° 1.16
T2D2_0.24 45° 62° 1.34
T2D2_0.36 46° 62° 1.31
T2D3_0.0 51° 62° 1.03
T2D3_0.12 42° 62° 1.12
T2D3_0.24 43° 62° 1.47
T2D3_0.36 42° 62° 1.47
T3D1_0.0 55° 62° 1.10
T3D1_0.12 46° 62° 1.34
T3D1_0.24 40° 62° 1.44
T3D1_0.36 40° 62° 1.55
T3D2_0.0 44° 62° 1.31
T3D2_0.12 38° 62° 1.37
T3D2_0.24 38° 62° 1.40
T3D2_0.36 42° 62° 1.37
T3D3_0.0 36° 62° 1.55
T3D3_0.12 38° 62° 1.44
T3D3_0.24 32° 62° 1.55
T3D3_0.36 33° 62° 1.82

Fig. 8  Variation of the critical wedge angle (β) w.r.t the horizontal 
seismic acceleration coefficient kh for all MSE walls studies in the 
present study
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Fig. 9  The mode of failure for rectangular MSE wall at a kh = 0; b kh = 0.12; c kh = 0.24; and d kh = 0.36

Fig. 10  The mode of failure for two-tiered MSE wall at a kh = 0; b kh = 0.12; c kh = 0.24; and d kh = 0.36
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With an increase in the magnitude of kh values, the sliding is 
reduced and the failure mode is purely overturning in nature.

The two-tiered and three-tiered wall system perceives a 
similar phenomenon in which at a lower magnitude of kh, 
the wall experiences sliding and overturning failure both 
but with the increase in the kh, it is observed that the failure 
mode is purely overturning. The offset distance also plays 
a significant role in the failure mode of the two-tiered wall 
as demonstrated in Figs. 10 and 11. For smaller offset dis-
tances, the soil mass in between the two interacting tiers is 
not affected at all, but as the offset distance (D) between 
two successive tiers increases, that soil mass participates 
in the progression of the wall failure, being the highest at 
D = 6 m. Moreover, with an increase in the offset distance, 
the magnitude of overall wall sliding and overturning is 
greater than that witnessed at a lower magnitude of the off-
set distance. Moreover, for the single-tiered and multi-tiered 
wall systems, the critical plane of failure originates at the 
bottom junction of the vertical facing and the leveling pad, 
creating a severely stressed zone underneath the leveling 
pad. This specific behavior may be accredited to the fact 
that the overall reinforced soil mass acts as a single entity, 
which causes the entire enormous reinforced zone to shift 
horizontally away from the backfill. Here, in the two-tiered 
MSE walls, under static loading, a combined plane of failure 
passes underneath the walls and interacts at the ends of the 

lowermost reinforcement layer, further dispersing toward the 
backfill surface. Under seismic loading conditions, a clear 
gap in the path of the failure plane is seen, again originating 
at the toe of the wall with a stress zone beneath it, barely 
touching the geosynthetics of the lower tier. The failure 
plane does not interact with the upper tier at all, and the 
upper tier of the wall behaves as a surcharge load to the 
lower wall and consequently increasing the stresses in the 
bottommost portions of the lower tier of the wall.

In the three-tiered walls, under static loading, the critical 
failure plane originates from the bottom end and transmits 
through the end of reinforcements of the second tier and 
further extends toward the backfill surface without inter-
acting with the topmost tier at all and acting as a single 
entity. This also explains the maximum stress is caused on 
the geosynthetic layers of the middle tier and the shifting of 
the high-stress zone from the toe to the backfill to the rigid 
boundary in the three-tiered walls. Similar to the other cases 
discussed earlier, the failure plane does not interact with the 
topmost tier of the wall at all.

It is also witnessed that the earth mass underneath the 
offset distance does not overlap the failure path in case 
of a tiered MSE retaining wall when the offset distance is 
smaller; however, with an increase in the offset distance, 
this backfill mass gets disrupted as well and participates 
in the failure envelope, thus explaining the fact that after a 

Fig. 11  The mode of failure for two-tiered MSE wall at a kh = 0; b kh = 0.12; c kh = 0.24; and d kh = 0.36
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designed offset distance the walls employ no influence over 
each other. Also, in the rectangular MSE retaining wall, it 
is observed that an increase in the magnitude of the hori-
zontal seismic acceleration coefficient causes disruption in 
the soil mass below the leveling pad instead of the soil mass 
reinforced in between the geosynthetics, which causes the 
leveling pad to sink in advance to any other failure occurring 
in the reinforced wall section.

Progression of the displacement vectors

The finite element simulation of the geotechnical problems 
facilitates looking into the displacement of each node with 
their actual magnitude and direction. This helps one to look 
into the actual displacement of such structure, which might 
not be possible in the small-scale or full-scale model testing. 
Such practices help to locate the positions, from where a 
failure in the structure propagates. In view of the above, the 
progression of the displacement vectors of the single-tiered 
wall, two-tiered wall, and three-tiered wall, under static and 
seismic loading, is compared and shown in Figs. 12, 13, and 
14, respectively.

The displacement vectors of the rectangular MSE wall 
are clustered along with the failure wedge, on the mod-
ular block facing and at the end of the reinforcements, 
thus depicting the dislocation of these entities as the wall 

begins to fail. As the kh values are increased from 0 to 
0.36, it is observed that the density of these displacement 
vectors reduces on the facing and the backfill, but is inten-
sified on the reinforcing ends and below the leveling pad. 
This observation highlights the fact that under the high 
horizontal seismic acceleration, maximum force is exerted 
on the leveling pad and the reinforcements, which combats 
the failure of the wall.

The displacement vectors for the two-tiered wall system 
are illustrated in Fig. 13. As apparent from the figure, these 
vectors are bunched at the topmost facing blocks, beneath 
the leveling pad, behind the reinforcements, and on the fail-
ure wedge. It is worth noticing that since there are two fail-
ure wedges present for two-tiered walls, these vectors are 
positioned along with both failure wedges and can be distin-
guished. With an increase in the kh value from 0 to 0.36, it 
is witnessed that the displacement vectors are concentrated 
more toward the lower reinforcing layers, thus explaining the 
highest affected sections of the MSE wall changes as the kh 
is increased. The offset distance creates a noteworthy control 
on the position of the displacement vectors. With an increase 
in D, the reinforcing layers of the bottom tier suffer distor-
tion, whereas when the D was considerably low, there was 
no disruption in the layers of the bottom tier of the wall. This 
can be correlated with the fact that when the offset distance 
is small, both the tiers act as a single entity, behaving as a 

Fig. 12  The progression of displacement vectors for rectangular MSE wall at a kh = 0; b kh = 0.12; c kh = 0.24; and d kh = 0.36
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Fig. 13  The progression of displacement vectors for two-tiered MSE wall at a kh = 0; b kh = 0.12; c kh = 0.24; and d kh = 0.36

Fig. 14  The progression of displacement vectors for three-tiered MSE wall at a kh = 0; b kh = 0.12; c kh = 0.24; and d kh = 0.36
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single wall. Hence, all the distortion of the wall is ensured 
by the upper layers of the reinforcement.

The displacement vectors of the three-tiered walls exhibit 
similar behavior as those experienced by the two-tiered 
walls. From Fig. 14, it is observed that as the offset distance 
increases, the position vectors along the failure wedge of 
the wall are more condensed, thus clarifying the effect of 
D on the three-tiered walls. Also, the reinforcing layers of 
the bottom tiers are highly influenced by both D and kh. The 
increase in the horizontal seismic acceleration causes more 
effect on the leveling pad, reinforcing layers, and the facing 
rather than the backfill.

Effect on the factor of safety of tiered walls 
with the variation of the offset distance

With an increase in the offset distance, the effect exerted by 
the surcharge of the upper tiers on the lower one is reduced. 
However, when the offset distance is sufficiently increased, 
the surcharge effect is negligible and the wall behaves inde-
pendently. Figure 15 illustrates the effect on the factor of 
safety (FOS) of the two-tiered and three-tiered wall system, 
w.r.t variation in D.

As per the guidelines laid by FHWA [13], FOS of 1.1 
and above is acceptable for the MSE walls under seismic 
loading conditions. As evident from the graph, the FOS of 
the two-tiered and three-tiered walls at kh = 0.12 is more 
than sufficient to be feasible for seismic loading conditions. 
At kh = 0.12, on increasing the offset distance, the FOS of 
 T2D2 increases by 5.2% than  T2D1, and the FOS of  T2D3 
increases by 2.9% than  T2D2. For  T3D2, a hike of 4% in FOS 
is observed than  T3D1.

Similarly at kh = 0.24, the FOS of  T2D1 observes an incre-
ment of 4.6% than  T2D1 and an increment of 2% when the 
FOS of  T2D3 and  T2D2 is compared with each other. In the 
case of comparison of  T3D2 and  T3D1, a total hike of 6% is 
observed than the FOS of  T2D3 increases by 2.9% than  T2D2.

Further, at kh = 0.36, a similar trend of the increment in 
FOS w.r.t increment in D is identified as well. The FOS 
increases by 5.1% and by 2.2% in between  T2D1–T2D2 and 
 T2D2–T2D3, respectively. Moreover, a surge of 6.9% is wit-
nessed when the FOS of  T3D1–T3D2 is compared. However, 
this study also notices a declination in the FOS of  T3D3 on 
varying the kh of the wall systems. Therefore, this study sug-
gests that when the wall height is quite high, constructing a 
two-tiered wall with seismic loading consideration provides 
the best results.

Moreover, it is noticed that at high kh at 0.24 and 0.36, the 
FOS of the tiered wall falls short than the FOS suggested by 
FHWA [13]. Since design guidelines presently available are 
ambiguous for multi-tiered walls under seismic loading con-
ditions, it leaves a good scope for the researchers, to perform 
a thorough study and suggest concrete solutions. To meet 
the serviceability criteria for the two-tiered and three-tiered 
walls under higher values of kh, this study suggests increas-
ing the length of the reinforcement and the stiffness of the 
reinforcement. Also, the spacing in between the reinforcing 
layers can be reduced. Since the length, stiffness, and spac-
ing can be easily monitored, modifying the aforementioned 
parameters can significantly improve the FOS of the walls.

Effect of the variation of horizontal seismic 
acceleration coefficient  (kh) on FOS

The rectangular and multi-tiered wall systems experience 
some substantial changes in FOS due to the variation in the 
horizontal seismic acceleration coefficient (kh), which is rep-
resented in Fig. 16.

As recommended by FHWA [13], for a securely designed 
wall system, “a factor of safety against sliding of 1.5 is typi-
cal for non-seismic loads and a factor of safety of 1.1 is 
used for seismic loads (engineering judgment must still 
be applied as to the applicability of pseudo-static analyses 
and the acceptable factor of safety might be varied with the 
uncertainties involved in a particular analysis).” For the rec-
tangular wall of 18 m high, on increasing the kh from 0.0 to 
0.36, the FOS of the wall system deteriorates by 49.4%, thus 
making it unserviceable under seismic loading conditions. 
For  T2D1,  T2D2, and  T2D3 at kh = 0 and 0.12, the FOS of both 
the walls exceeds the values established by FHWA [13] and 
emerges as a better alternative than the rectangular wall. 
However, with further increase in seismic loading (kh from 
0.24 to 0.36), the FOS of  T2D1,  T2D2, and  T2D3 declines by 
18.3%, 17.7%, and 17.8%, respectively.

Fig. 15  Variation of the FOS w.r.t the offset distance for the two-
tiered and three-tiered walls
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The FOS of the three-tiered wall at different offset dis-
tances  T3D1,  T3D2, and  T3D3, increases as the kh is increased 
from 0 to 0.24. At kh = 0.12, the FOS of  T3D1 and  T3D2 and 
 T3D3 is 7.8%, 12.2%, and 9.6% more than the FOS sug-
gested by FHWA [13]. Hence, it can be proposed that if 
there occurs a necessity to construct a tall wall along with 
seismic loading circumstances, a tiered wall is a highly suit-
able alternative.

Again, it is perceived that at high kh the FOS of the rec-
tangular and tiered wall both falls below the FOS suggested 
by FHWA [13]. The present study suggests decreasing the 
spacing between the reinforcement and increasing the length 
of the reinforcement and the stiffness of the reinforcement to 
meet the serviceability criteria for the two-tiered and three-
tiered walls under higher values of kh.

Conclusions

The current study evaluates the stability of the MSE walls 
and their failure modes with the deviation of horizontal seis-
mic acceleration coefficient kh, offset distance D, in a sin-
gle-heightened rectangular one, two-tiered, and three-tiered 
MSE wall system. From the results obtained, it is evident 
that all these parameters play a significant role in improving 
the overall stability of reinforced retaining walls of greater 
height. Also, this study presents an insight into the failure 
modes of the wall, where the rectangular, two-tiered, and 
three-tiered walls exhibit sliding and overturning failure both 
at a lower magnitude of kh, but with the increase in the kh, it 
is observed that the failure mode turns to purely overturning 
in nature. The factor of safety (FOS) values observed in this 
study are at par with the FOS suggested by FHWA[13], and 

where they are not, this study suggests suitable measures to 
fulfill the respective serviceability criterion of these walls. 
The progression of the position vectors is also presented 
in-depth in this study, which states the influence of rein-
forcements, as they obstruct the overturning of the wall and 
assists in maintaining the stability of these walls. Further-
more, the critical wedge angle (β) is calculated for all the 
wall models. A wedge angle correction factor is introduced 
in this study to calculate the deviation of β from the β* (criti-
cal wedge angle suggested by FHWA [13]), since there are 
no clear guidelines for multi-tiered walls under seismic load-
ing conditions. These outcomes can be used as a reference 
for the further improvement in design manuals for high walls 
under seismic loading conditions.

Moreover, some characteristic conclusions obtained from 
the study are stated as follows:

1. From all the wall models simulated, the wedge angle 
obtained is not same as suggested by FHWA. Therefore, 
a wedge angle correction factor, CΘ, is derived which is 
the ratio of the β* obtained by the FHWA [13] guide-
lines and the β acquired for various wall models of the 
current study. It is noted that the wedge angle correction 
factor CΘ for various walls under seismic loading ranges 
from 1.0 to 1.90 as given in Table 3. If the β* suggested 
by FHWA shall be considered as the benchmark, then 
CΘ helps in normalizing the deviation obtained in β 
derived for the rectangular, two-tiered, and three-tiered 
walls at varied kh values.

2. The current study observes that at higher values of kh 
specifically at kh ≥ 0.24, the obtained FOS of the multi-
tiered walls, designed as per recommendations of FHWA 
[13], is not fulfilling the minimum required FOS values 
suggested by FHWA [13]. Therefore, to meet the ser-
viceability criteria for the two-tiered and three-tiered 
walls under higher values of kh, this study suggests 
increasing the reinforcement length compared to the 
recommended values by FHWA [13]. Alternatively, the 
spacing in between the reinforcing layers can also be 
reduced.

3. The rectangular and multi-tiered wall system experi-
ences a combination of overturning and sliding fail-
ure. However, the sliding behavior reduces as the kh 
increases, and the overturning failure is more prominent. 
For smaller offset distances, the soil mass in between 
the two interacting tiers is not affected at all, but as the 
offset distance increases, the soil mass participates in the 
progression of the wall failure, being highest at D = 6 m. 
Also, with an increase in the offset distance, the magni-
tude of wall sliding and overturning is greater than that 
witnessed at lower D. A triangular wedge shear failure 
formation is observed in both two-tiered and three-tiered 
MSE wall system where the critical failure plane of the 

Fig. 16  Variation of the FOS w.r.t the horizontal seismic acceleration 
coefficient (kh) for the two-tiered and three-tiered walls
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upper tiers combines with the failure plane of the lower 
tiers into a single failure plane propagating toward the 
horizontal backfill surface with a significant inclination 
with the vertical.

4. The FOS obtained for the two-tiered wall and the three-
tiered wall is almost equal to the FOS obtained for the 
rectangular wall of similar height at the varied D and kh. 
Thus, in regions where the land topography prohibits a 
deep excavation of 18 m, construction of tiered walls is 
a safe alternative as these walls need lesser excavation 
and are excellent in terms of serviceability as derived in 
this study.

5. It is evident that the two-tiered and three-tiered walls 
disperse the position vectors from the backfill and the 
failure wedge to the facing, reinforcing layers and soil 
mass beneath the leveling pad as the D and kh increase, 
thus reducing the chances of the wall failure which is 
highly anticipated in case of rectangular walls. Since 
the quality of facing, reinforcements, and leveling pad 
can easily be controlled, rather than managing the qual-
ity of the backfill, it is feasible to build a safer wall in 
a tiered system rather than one single high rectangular 
wall. Hence, this study suggests building a tiered wall 
system instead of a rectangular wall.
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