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he aim of this paper is to investigate the effects of soil properties associated with the pro-

ject requirements and environmental conditions, on the prediction of the design dimen-
sions of L-Shaped restricted reinforced concrete retaining walls by the use of optimization al-
gorithms. Numerous parametric analysis was conducted with Flower Pollination Algorithm

to examine the influence of soil geotechnical properties such as internal friction angle and
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unit weight. The backfill soil, surrounding earth and foundation soil was modelled same

and assumed to be comprised of granular soils for modelling. Additionally, dual effects of ex-

ternal surcharge load application and excavation depth change was also analyzed against the

change of soil properties. As a result, the change of the retaining wall height and the founda-

tion base width has been discussed and the achievement of the cost-effective optimized sizing

of the system has been obtained. Finally, the design differences caused by the changes in soil

properties have been revealed and the practicalness of the use of the optimization algorithms

for the design of restricted type of retaining walls are shown.
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INTRODUCTION

Reinforced concrete retaining walls are the most
preferred type of supporting structures that are
constructed in order to resist lateral soil forces, espe-
cially activated due to the excavation works which the
soil properties of the construction field cannot per-
mit to hold the unbalanced soil mass with slopes. The
shape and dimensions of the retaining wall system
can be changed due to the project requirements, soil
conditions, land ownership situation, infrastructure
locations or environmental restrictions and it can be
essential to build the sections of the wall with restric-
tions. The most known type of restricted reinforced
concrete retaining walls is L-shaped type. L-shaped
retaining walls (LSRW) are generally used for simp-
le loading applications where the foundation length
is extended only on the heel side of the wall. In this
study, the mentioned L-Shaped type of reinforced
concrete retaining walls was considered due to the
preferability rather than other restricted type of sup-
porting structures, according to the easiness of their
construction works, the attainability of used materi-
als and easiness of the mobilization of necessitated
equipment for construction. The design process of

the L-shaped retaining walls is being divided into two
main steps as geotechnical and structural, similar
with other non-restricted types. The control of sta-
bility requirements like sliding, overturning and be-
aring capacity adequateness, forms geotechnical part
of the design process. But in order to perform stabi-
lity calculations, pre-design has to be done generally
according to the suggested sizing by well-accepted
literature sources [1]. These pre-design methods en-
visage some restrictions to the structural sections of
the wall and require to control if the stability necessi-
ties are supplemented. Trial and error method is used
to check all proposed walls sizing at pre-design step
and this recalculation loop leads loss of time [2].

Because not only the dimensions of the system will
be the variants of the stability analysis of the first design
stage, but also the geotechnical properties of soil condi-
tions will change the necessitated sizing. The achieve-
ment of soil geotechnical properties is associated with
the existence and interpretation of site investigations [3].
But only for the construction of such simple structures
like retaining walls, it is a common application all over
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Front face

the world not to do a soil survey to reduce expenses for the
constructions or it will not be possible to obtain the essen-
tial parameters of the design directly with the performed
tests. This condition directs designers to predict soil pro-
perties with the use of existing site investigations or to use
envisaged upper and lower limits of defined values of soil
properties by well-known sources of literature or to use em-
pirical relationships [1, 4]. In this context, the recalculation
loop that is performed at the first step of the pre-design will
be grown up and unexpected additional analysis will have to
be done to find optimum sizing and cost balance. On behalf
of to reduce these undesired additional analysis, it has been
a significant factor to acquire proper geotechnical conditi-
ons representing the general characteristics of encompas-
sing earth of the wall. At the second step of the design, it
is being necessary for the wall sections to ensure enough
shear and moment capacities and besides this the steel re-
inforcement must satisfy the proper code requirements to
obtain structural design adequateness [5]. According to the
pre-design procedure of the retaining walls, it will be hard
to achieve the proper stability conditions against concei-
vable sizing for restricted type. Because the lack of one of
the structural part of the wall leads to decrease the resis-
ting forces [6]. In addition to this condition, necessitation to
the extension of the wall heel is being arose. In such a case,
the construction of L-Shaped walls caused to be chargeable.
Therefore, new techniques are developed based on the ad-
vancing information and computer technologies to design
retaining walls, considering the optimization of sizing and
cost. Optimization methods are one of the technique that
is used to design retaining walls effectively and nowadays
there performed lots of studies to possess the most useful
and cost-effective method to design wall systems [7, 8, 9, 10,
11, 12]. In this study, an optimization algorithm is used to
predict optimum dimensions of L-Shaped retaining walls
via minimum cost achievement against the change of soil
geotechnical properties. The main theme of the study is to
investigate the effects of the soil geotechnical properties
individually and calculate the rate of influence on the de-

sign with dual comparisons. For that purpose, the effects of
the loading conditions and excavation depth is also taken
into consideration as secondary influence parameters and
105000 different analysis cases are conducted with Flower
Pollination Algorithm (FPA). In the analysis, the surroun-
ding soil was assumed to be sandy and its shear strength is
represented by the existence of only internal friction angle.
The unit weight of soil was evaluated as other definer pa-
rameters of soil conditions to reach the minimum value of
the safety of static limit equilibrium analysis. The results of
the optimization analyses are estimated according to the
change of foundation base width and thickness respectively.
Consequently, it is shown that the internal friction angle is
the most significant geotechnical parameter in the design
of retaining walls for the fictionalized structures that are
embedded in sandy soils. The width and thickness of the
wall base are both affected by the change of internal fric-
tion and also the dual effect of the increase of the external
load and excavation depth raises the wall sizing significantly.
The unit weight of the soil affects the width of the base but
has little influence on the thickness. The results of the op-
timization analyses show that L-Shaped restricted walls are
not proper to resist lateral earth pressures which are caused
because of bigger than 9 meters deep excavations.

MATERIAL AND METHODS

In the context of this study, reinforced concrete retaining
walls are taken into consideration to designate the restric-
tions of construction that are caused by the variety of soil
geotechnical properties against the achievement of quick
and cost effective design. The retaining wall system was
assumed to be L-Shaped and restricted by the absence of
a foundation toe. The structural elements of a standard
type of retaining wall and an L-Shaped retaining wall
is shown in Fig. 1 for comparison. It can be clearly seen
from Fig. 1 that the absence of wall toe causes to reduce
resisting wall forces that is acting according to the we-
ight of the wall base. H, represents the height of the wall
stem; h, is the excavation depth and D, is the thickness
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Figure 1. The structural parts of T-Shaped (TSRW) and L-Shaped (LSRW) reinforced concrete retaining walls

206



of foundation base in Fig. 1. The generated pressures and
related forces that are acting on the wall system and the
distances to “O” turning point are given in Fig.1. W_and
W, is the weight of the wall stem and the foundation base
and x_and x, is the horizontal distances of the mentioned
weights to the O point respectively. W_and W, can be cal-
culated by the multiplication of unit weight of concrete
with the dimensions of the related sections according to
plain strain condition. W is the weight of the backfill soil
retained on the heel of the foundation and xs is the lateral
distance of this weight to O point. Ws can be calculated
by the multiplication of the unit weight of the backfill
soil (y, is the unit weight of the surrounding soil for this
study) with the cross-section of backfill material that is
retained on the heel of the wall. P, is the average value
of foundation base pressures acting at the center of the
gravity of foundation. P_is the lateral active soil force and
P_is the lateral reflection of applied vertical surcharge
loading. y, and y, represents the vertical distance of active
soil force and lateral surcharge loading to the moment
point O. The achievement of lateral reflection of vertical
loadings like surcharge or the calculation of lateral soil
forces can be determined by the use of earth pressure
theories that are proposed by several researchers [13, 14,
15]. The Rankine earth pressure theory has been prefer-
red to be used to calculate the lateral earth coefficients
in this study because of its simple form containing only
the effect of internal friction angle [14]. K, is the active
lateral earth pressure coefficient that can be determined
by a function of internal friction angle (K = tan*[45-®/2]).
K, is used for the calculation of lateral value of affected
active forces like Ps=0.5H?y K. The term y_is used for
representing the unit weight of the soil and it is evaluated
as a variant of this study. P_is the lateral effect of the
applied vertical infinite surcharge load like q and it can
be calculated by the use of K (P =K, q). According to the
calculated forces and moments, the wall structure has to
be controlled against sliding, overturning stability safety
and bearing capacity adequateness.

Lateral active forces can lead the wall to slide lengthwi-
se of the base but on the contrary situation, the self-weight
of the wall tries to resist to ensure stability. The division of
the whole lateral resisting forces to the active forces has to
i ding). Besides sli-
ding safety research, the existence of unbalanced active and

be procured enough safety for sliding (SF

passive forces in a structure causes to enforce the system
to turn about its toe point (point “O” in Fig. 1) so another
component of safety has born and it is called overturning

(SE, oiumi
verturning
forces to the moments induced by sliding forces gives the

). The division of moments induced by resisting

degree of overturning safety. The third ingredient of safety
is bearing capacity research. The bearing capacity failure
has to be checked with the division of ultimate bearing pres-

sure to the maximum mobilized soil pressure through the
base foundation of the wall. The limits of ultimate bearing
pressure of the base of the wall can be determined by the
use of traditional equations of shallow foundation ultimate
bearing capacity calculations [16, 17, 1, 3]. The obtainment
of the stability against the mentioned three stages allows to
continue designing with regard to structural necessities. In
the context of this research, all the design steps of the wall
are controlled by the use of Flower Pollination Algorithm
(FPA) with the analysis performed by Matlab Software. The
algorithm is a population-based metaheuristic algorithm
confirmed for its simple formulation and the effectiveness
in terms of computational performance [18, 19]. The logic
of the Flower Pollination Algorithm is based on the evolu-
tionary mechanism of biological flowering plant systems
via pollination either biotic or biotic and developed by Yang
(2012). Abiotic pollination happens at short distances so a
local pollination mechanism is noted. Biotic pollination is
eased by the pollinators like bees and butterflies that can
travel long distances during their routine circulation. Here-
with the method is utilized as a global pollination procedure.
Flower constancy can be evaluated as the other significant
property of the algorithm. Actually the pollinators have a
direct tendency to choose certain flower species and ignore
the other types [20]. By this way, the risks are decreased by
pollinators and the intake of nectar is ensured. In addition
to all these, four standard rules are described to determine
the calculation of FPA.

1. The movement of the pollinators satisfies Levy
flights.

2. Abiotic pollination is evaluated as a local pollina-
tion.

3. Flower constancy is equivalent to a reproduction
probability and this situation is proportional to the simila-
rity of the involved flowers.

4.  The switch probability; p is a pre-fixed situation
that is constant in [0, 1] and used to control the type of pol-
lination either local or global.

Flower Pollination Algorithm consists a candidate so-
lution vector x; that is characterized by a flower i in a popu-
lation of n flowers. The flowers can present global or local
pollination for the text population modelling. The global
pollination algorithm regarding to flower constancy rule
can be determined by Equation 1.

XM =x+L(g -x) )

x; is the flower i at iteration t, g’ is the best flower of all

the populations at iteration t, and L is a Levy distribution.
Besides Equation 1, the local pollination in relation to flower
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Table 1. The design variables of the wall system

Symbol Description of parameter
Variables X, Width of the heel
interrelated
with X, Thickness of the wall stem at the top
Cro_ss-sec_tlon X Thickness of the wall stem at the bottom
dimension 3
X Thickness of base foundation
4
Variables X, Area of the reinforcing bars of the stem
interrelated
with reinforced X Area of the reinforcing bars of foundation
concrete design 6 heel

constancy rule can be modelled by Equation 2.

M =x +£(x;. —x,'() )

i

In Equation 2, x; and x represents the different flo-

wers of a same population and ¢ is drawn from a uniform
distribution in [0, 1]. This rule calculates the type of flower
pollination is either local or global. If the random number
drawn in [0, 1] is evaluated lower than p, the global pollina-
tion is carried out. In the contrary case, local pollination is
conducted. In order to perform cost-effective analysis of
L-Shaped retaining walls with FPA it is necessary to specify
the parameters of design and additionally it is essential to
note the ranges of these parameters for obtaining the initial
solutions. Six design variables (X, X,, X, X, X,, X) selected
to perform the analysis of L-Shaped walls (Table 1).

The design of the wall is started with the achievement
of safety against the failure modes then if the satisfaction
is ensured it becomes essential to identify the application
of the requirements of reinforced concrete design. ACI 318-
05 code is used due to its prevalent usage. The ACI 318-05
code suggests to identify equivalent rectangular compressi-
ve stress distribution. By the equivalent compressive stress
distribution, the moment capacity of the wall can be calcu-
lated and only the critical sections of the stem and base is
checked. The constraints of design about strength of safety
and dimensions are given in Table 2.

Width of the wall base (m)
0 2 4 6 8

T N T W O T T (A CH I ST S . |

2.

—

Table 2. The design constraints of solution

Description Description of parameter
Safety for overturning 8 (X): FOS . mmgetesion = FOS ertuening
Safety for sliding 8,(X): FOS 1 tein = FOS
Safety for bearing capacity g,(X): FoS design = FOS

Minimum bearing pressure (q,,) 8,X):q,,, 20

Flexural strength capacities of

" . _(X):M, >M
critical sections (M) 8:,(X): M, = M,

Shear strength capacities of

- . X):V,.2V
critical sections (V) Buo(X): Vg2V,
Minimum reinforcement areas o,
m reinfor f 800 AZA,,
critical sections (Asmi n)
Maximum reinforcement areas o,
f f gl-’t—lé(x): As S Asmﬂx

critical sections (A_ )

Width of the wall base (m)
4 6

The objective function is only consisted with the evalu-
ation of material costs. Material costs are defined by the use
of the costs per unit volume/weight. The mathematical for-
mulation of the used objective function can be shown with
Equation 3. In Eq. 3, unit cost of the concrete is C_ and its
volume is V and the unit cost of the reinforcement is C_
and its weight is W_.

minf =C, .V,

con

+ Cw 'VVSI (3)

The proposed algorithm is used with the mentioned
restrictions and equations to acquire the optimal dimensi-
ons of the wall against the change of soil geotechnical pro-
perties.

RESULTS AND DISCUSSION

In the light of this mentioned study method, parametric
analyses were conducted to control the effects of soil ge-
otechnical properties on the optimal design of L-Shaped
retaining walls. Arbitrarily selected cases have been used
to model the cost and dimension optimization processes.
The excavation depth was selected 3, 5, 7 and 9 meters
and the surcharge load application were assumed to be
0, 10, 20 kPa respectively for all the fictionalized cases.
The variants of the soil geotechnical properties were as-
sumed to be the internal friction angle and the unit we-
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w
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Figure 2. Change of wall base width against the unit weight of soil
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y=18 KN/m?
D=30°

External loading (kPa)
]

0 2 4 6 8 10

Width of the wall base (m)

BH="m OH=m BH=3m
Figure 3. Change of wall base width against external loading

ight of the soil. The internal friction angle was selected
30 and 32° to represent medium dense sandy soils and 34
and 36° to represent dense sandy soils according to the
given limits by Bowles (1988). Numerical analyses were
performed to obtain the cost-effective sizing in relation
with both geotechnical safety and structural necessities.
Consequently, the optimization based design of LSRW
is taken into consideration with the evaluations done by
individual and dual interaction of parameters to desig-
nate the influence on optimum sizing. The optimization
based design of LSRW is investigated with the performed
105000 analyses by Matlab software. The design has
been controlled by evaluating the changes happened for
the width and thickness of the foundation base. The wall
height is also taken into consideration with the sum of
excavation depth and foundation base thickness. In Fig.
2, the change of wall base width is identified for different
soil unit weights in relation with the change of internal
friction angle. All graphs were illustrated for three dif-
ferent excavation depths (3, 5, 7 meters). The absence of
external surcharge load is assumed to be applied in whole
selected cases. It has to be noted that the vertical and ho-

y=16 kN/m? q=0 kPa

Internal friction angle (%)

Internal friction angle (°)

Width of the wall base (m)

BH="m OH=5m BH=3m

(a)

Figure 4. Change of wall base width against the internal friction angle
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Figure 5. Change of wall base width against external loading and
friction angle

rizontal axes of the illustration are selected as the same
to ease comparison.

The unit weight of soil has been selected 16 kN/m?, 18
kN/m?® and 20 kN/m? in Fig. 2 a, b and c respectively. As a
general evaluation, the comparison of Fig. 2 a, b and ¢ shows
that the increase of unit weight of soil leads to enlarge the
width of soil base. This condition is especially significant for
the cases that are identified for deeper excavation depths.
The increase of soil unit weight from 16 to 20 kN/m?, for 3
meters excavation depth, leads the design to enlarge the fo-
undation base width %6. Besides this if the excavation depth
is increased to 7 meters, the increment of soil unit weight
leads the design to enlarge the foundation base width %20
for all the internal friction angle assumptions. The evalua-
tion of the increase of excavation depth from 3 meters to 7
meters, by the consideration of same soil conditions, leads
the foundation base to be bigger than %150 for 16 kN/m? soil
unit weight, bigger than %170 for 18 kN/m? soil unit weight
and bigger than %190 for 20 kN/m? soil unit weight approxi-

y=20 kN/m? q=0kPa

T 36
Q2
o
S
g
2 3
&
=
= 30
3z
4 6 8 0 2 4 6 8

Width of the wall base (m)

BH=7m BH=5m @H=3m

(c)
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Figure 6. Change of wall base width against the change of soil unit weight and excavation depth

mately. In addition to these, it can be said that the increase  also important to interpret the interaction behavior thro-
of internal friction angle tends to decrease the width of fo-  ugh the obtained variants.
undation base related to the increment degree. Fig. 3 shows
the change of wall foundation base width against different Fig. 5 shows a detailed relationship between the effects
external surcharge loading conditions. The absence of surc-  of external load change related to different internal friction
harge loading and 5, 10, 15, 20 kPa loading situations has  angles. The unit weight of the soil is assumed to be same
been investigated as a case within the concern of this paper.  with Fig. 4 (18 kN/m?) and the excavation depth is selected 5
The internal friction angle was 30° and the unit weight of =~ meters as a constant value. It can probably seen from the Fig.
soil was 18 kN/m? for the selected reference case. The diffe- 5 that the increase of external loading is perceived bigger
rentiation of wall base width was also investigated in relati- by dense sands in terms of the dimension change. In such a
on with the change of excavation depth. It can be seen from case that, if the relative base width increase difference bet-
Fig. 3 that the wider base width causes the bigger external ~ ween upper and lower bounds of the surcharge is evaluated,
loading. The reference case was selected the absence of an  the dimension change of the wall happens approximately %
external loading situation for comparisons. In a situation 10 bigger than the loose sand condition for dense sand.
which the excavation depth is assumed to be 3 meters, the
increase of the external load from zero to 5, 10, 15, 20 kPa In Fig. 6, the effect of the unit weight change of the soil
leads the base width to enlarge 10%, 17%, 24%, 30% respec-  on the wall base width is investigated based on different ex-
tively. If the excavation depth was assumed to be 7 meters,  cavation depths. The relative width differentiation between
the increase of external load causes to widen the base width  the upper and lower limits of soil unit weight for 3 meters
%9, %19, %31, and % 43 as regard to the reference case. Asa  excavation depth seems not to be important vis-a-vis the
result, it is clear to say that the degree of the surcharge effect ~ changes happened for 7 meters excavation depth. Corres-
is raised in accordance with the depth of excavation. pondingly, it can be said that the influence ratio of the soil
unit weight increases depending on the increase of the ex-
Fig. 4 is illustrated to define a clear relationship of the ~ cavation depth.
effects of internal friction change on the design of the reta-
ining wall system. The absence of the surcharge was assu- Fig. 7 considers the subject from a different angle by as-
med and the difference of soil unit weight was also shown.  suming the foundation base thickness as an affected dimen-
The increase of soil internal friction angle decreases the  sion by the variants of the analyses. Fig. 7 is an integrated
width of the wall base for the cases evaluated. But the ma- illustration of the dual interaction of variants. The change
ximum dimension change between the maximum and mi-  of soil unit weight is drawn with the use of subdivisions of
nimum values of envisaged internal friction angles were not  the figure and also the change of internal friction change
bigger than %25. Fig. 4 a, b and c is drawn for different soil ~ and the deepening of the excavation depth is taken into con-
unit weights to make dual interacted evaluations between  sideration. The absence of the surcharge load is assumed for
variants of the analyses. Depending on, it will be proper to  all the cases. The thickness of the foundation base was unaf-
say that, excavation depth is the most influencer parameter ~ fected till 5 meter excavation depth and 36° internal friction
of design process. The change of internal friction angle is  angle. At 5 meters excavation depth, the increase of internal
almost more effective than the change of unit weight of soil  friction angle to 36° was caused to increase the thickness of
for L-Shaped walls especially in the cases assumed in this  the base at a rate of %33. The increment of the excavation
study. In addition, it is necessary to say that the envisaged ~ depth has been increased the thickness of the base approxi-
numerical difference between the selected parameters are  mately %100 for dense sandy soils.
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Figure 8. Change of wall base thickness against the change of soil unit weight (q=10 kPa)
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Figure 9. Change of wall base thickness against the change of soil unit weight (q=20 kPa)

In Fig. 8, the change of foundation base thickness is gi-
ven based on the increase of external load to 10 kPa. The
subdivisions of the figure are drawn to show the change of
soil unit weight and internal friction angle and excavation
depth is also taken into account. Comparison of Fig. 7 and
Fig. 8 shows that the increase of external load directly ra-
ises the thickness of the wall base nearly at a rate of %33.
On the other hand, the change of soil unit weight under the
condition that the increase of surcharge is actual, had not
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got an influence on the thickness of the base. A similar be-
havior trend is seen in Fig. 8 with Fig. 7 and the increasing
of the excavation depth causes to increase the thickness of
the foundation base. But differentiated from Fig. 7 that the
effect of the increase of internal friction angle had affected
the thickness of the base for all selected cases.

Fig. 9 represents the change of base thickness with the
increase of external load to 20 kPa value. Same subdivisions
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are prepared with the same parameters in Fig. 7 and Fig. 8
for to ease comparison. The change of soil unit weight has
no effect on the base thickness dimension of the wall. Besi-
des this, if the application of external load to an envisaged
maximum value was occurred (10 kPa for this study), the
thickness of the wall base was not changed. Therefore, it can
be said that the dominant effect of the change of the design
parameters on the sizing of the wall is reflected to the width
of the foundation base.

CONCLUSION

In this study, huge number of comparative parametrical
analyses were conducted to achieve the effects of soil
geotechnical properties on the cost effective sizing of
L-shaped reinforced concrete retaining walls. The studi-
es about the design of L-shaped retaining walls are very
limited in the literature so this study is special for the ac-
hievement of design limits of restricted type of walls. The
width and thickness of the retaining wall were assumed
to be the affected dimensions of the wall structure. The
parametrical analyses were performed by the use of Mat-
lab software Flower Pollination Algorithm. The results of
the analyses show that:

+ The change of excavation depth is the major influencer
factor of sizing. The increase of the excavation depth rai-
ses the wall dimensions directly proportional.

« Internal friction angle is the most important soil geo-
technical parameter for the design of retaining walls that
are embedded in sandy soils. The increase of internal
friction angle leads to narrow the width of the base. In ad-
dition to these, the increase of the friction angle of sandy
soils leads to decrease the thickness of the base after a
boundary excavation depth (this depth is 7 meters for the
cases analyzed in this study).

+ The increase of surcharge is also an effective external
factor in sizing because the increase of surcharge causes
enlarging the base. This increase ratio increases propor-
tional to the excavation depth. The increase of external
loading is perceived bigger by dense sand in terms of the
dimension change. In addition to these, the raise of surc-
harge increases the thickness of the base nearly one third
of the dimension that is acquired in the case which the
absence of the external load is assumed.

+ The increase of the unit weight of the soil enlarges the
foundation base width, but has no effect on the thickness.
+ The thickness of the wall base is not influenced by the
change of variants until a reference excavation depth is
reached.

+ The results of the optimization analyses show that
L-Shaped restricted walls are not proper to resist lateral
earth pressures which are caused because of bigger than
9 meters deep excavations. Because there could not be
obtained a proper design due to the lack of technical ade-

quateness (either geotechnical or static design safety re-
quirements) within the limits of defined design variables.
+ It has to be noted that these mentioned results are ac-
quired based on the fictionalized cases within this study.
According to this situation, the change of the assump-
tions of the cases will affect the influence ratios of the
design variables.
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