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Abstract: Reinforced concrete retaining walls are concrete structures that are built to retain natural
soil or fill earth. This study examines the lower cost-optimized design of retaining walls. Recently,
a large number of modern optimization techniques were published, but a small number of them
were proposed for reinforced concrete retaining walls. The proposed method develops a heuristic
optimization approach to achieve the optimal design of these structures. This method
simultaneously satisfies all structural, geotechnical, and European Code design restraints while
decreasing the total cost of these structures. In order to confirm the efficiency and accuracy of the
proposed method, characteristic retaining wall examples are demonstrated. Furthermore, the
parametric investigation is examined to study the result of pertinent parameters on the minimum-
cost static and seismic design of retaining structures.

Keywords: retaining walls; European codes; geotechnical design; seismic safety; heuristic
optimization

1. Introduction

Reinforced concrete retaining walls (RCRW) set up an essential part of infrastructures which are
commonly erected for various applications, generally for road and transportation structures, bridge
abutments, lifelines, etc. RCRW must safely and consistently support the backfill ground and have
enough stability against sliding and overturning failures. Furthermore, crucial stresses in both the
structure and the soil should be limited to avoid all failure modes, using appropriate values of safety
factors, e.g., the foundation should have enough bearing capacity while tensile stresses are not
allowed, since an ineffective area in the foundation—soil interface is developed. Moreover, various
structural requirements for both foundation and wall should be fulfilled, e.g., these structural
elements should have enough shear and moment capacity or the configuration of steel rebars should
comply with structural code provisions.

Undeniably, the cost-effective objective is the leading apprehension of holders and engineers at
the beginning of an engineering project. Nevertheless, it cannot state all the apprehensions for the
entire estimated service period of an engineering project. With the intention of minimizing the total
cost of RCRW while simultaneously satisfying design (geotechnical and structural) constraints, the
engineer needs to examine a variety of dimensions and steel reinforcement, making the procedure of
design quite tiresome and repetitive. Taking into account that it is particularly demanding to achieve
a final design entirely sustaining the safety requirements, it is advantageous to set this procedure as
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an optimization problem. One can mention here the recent and pertinent works of Dembicki and Chi
[1], Saribas and Erbatur [2], Rhomberg and Street [3], Sivakumar and Munwar [4], Yepes et al. [5],
Kaveh and Behnam [6], Gandomi et al. [7], Moayyeri et al. [8], and Dagdeviren and Kaymak [9]. It
should be mentioned that the reliable and minimum-cost design of a structure is one of the key
objectives of engineering science. Minimization of cost in design in conjunction with the satisfaction
of modern code provisions for structural safety can be reached using an optimization technique,
which is a characteristic step of entirely engineering procedures. The objective of optimization can be
achieved by means of heuristic or deterministic methods. The heuristic methods cannot at all times
provide the finest overall results, but they are regularly found to attain a rather fast and almost global
optimum result. On the other hand, a deterministic approach requires the objective function generally
to be continuous, differentiable, and convex while a heuristic scheme is not constrained in the above-
mentioned restrictions. Heuristic methods appear to have various procedures, for example,
simulated annealing methods, genetic algorithm schemes, etc. These approaches are mostly beneficial
for complicated optimization engineering problems where deterministic methods are frequently
incapable of catching the optimal results within an affordable and rational time. Consequently, many
research works were recently published to develop heuristic methods to elucidate difficult problems
such as Lee et al. [10] for the optimization of trusses, Li et al. [11] to find optimal pin-jointed
structures, Kaveh and Talatahari [12] for the optimum design of skeletal structures, and Minoglou et
al. [13] where a heuristic algorithm was examined to find the optimum design of steel thin-wall tanks.

This study develops an optimization method for RCRW which is based on a heuristic algorithm.
The optimization design constraints of the problem result from the provisions of European Codes
and more specifically from Eurocode 2 [14] for the design of concrete sections (considering the
bending moment-axial force—shear force triplet for all loading combinations), from Eurocode 7 [15]
for the geotechnical design, and from Eurocode 8 [16] for the definition of earthquake loads. The
proposed method is simple and effective, and the engineer can directly use the provided design
charts and tables or the proposed empirical expression in order to (a) find the optimum dimensions
of the retaining structure under his consideration taking into account both the regional seismic
requirements and the local soil properties, and (b) compute the total cost of the retaining structure.
Thus, in contrast to previous research studies, this work requires a small amount of time and effort
to be applied, thereby avoiding difficult programming techniques. The paper is completed by
presenting valuable conclusions about the effect of various parameters on the optimum design of
RCRW.

2. Reinforced Concrete Retaining Walls

2.1. Design Procedures of Reinforced Concrete Retaining Walls

The design of reinforced concrete retaining walls involves two independent stages:
Stage 1. Stability checks (see Figure 1)

la. Restraints related to bearing capacity

1b. Restraints related to sliding

1c. Restraints related to overturning
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(a) Bearing capacity failure (b) Sliding failure (c) Overturning failure

Figure 1. Stability checks for reinforced concrete retaining walls.

Stage 2. Section strength and steel reinforcement checks

RCRWs are constructed to resist horizontal soil pressures corresponding to both static and
dynamic loads where their design takes into account the Eurocode 7 provisions for the calculation
bearing resistance of shallow foundation with eccentric load, as well as Eurocode 8 provisions for
bearing capacity in seismic condition [15,16]. The first scheme for computing the combined static and
dynamic soil pressure on a RCRW was proposed by Okabe and Mononobe [17,18], which is also
known as the Mononobe-Okabe technique. More specifically, this approach is based on the theory of
plasticity and it appears to be an extension of the well-known theory of Coulomb [19], where the
transient seismic loads are replaced by an appropriate static load. Consequently, the result of the
seismic ground motion can be represented by equivalent inertial loads where they act at the gravity
center of the soil-mass system [20]. The reader can also consult other improved pseudo-static or
dynamic methods that extended or improved the Mononobe—-Okabe method such as References [21-
23].

The application of the Mononobe—-Okabe approach for a typical RCRW is shown in Figure 2.

KyW

Figure 2. Stability checks for reinforced concrete retaining walls.

It should be mentioned that the Mononobe-Okabe method was initially developed for a dry
cohesionless soil medium assuming that the soil and the wall behave as rigid bodies where the
acceleration effectively becomes constant through the soil wedge mass. Furthermore, it is considered
that the wall yields appropriately such that a triangular earth wedge behind the wall is formed at the
point of initial failure with the maximum shear strength activated along the surface of sliding.
According to the Mononobe—Okabe approach, the dynamic load, P, is given by



Infrastructures 2020, 5, 46 4 of 17

%7H2(1+KU)COSZ((DO —H—ﬂ)

sin(qp" +5)sin(qp" —6—1')]2 I O

PAE:

2
cosf cos ,Bcos(5+,6’+t9)[1+\/ c0s(3+ 3 + 0)cos(i— )

where

—tarr| Ko
O=ta (1+KJ' @)

In Equations (1) and (2), y is the soil weight density, H is the height of the active pressure wedge,
@ is the soil’s friction angle, i is the sloping of the ground surface, 6 is the wall-soil friction angle, K
and Ky are the design seismic factors in the horizontal and vertical direction, respectively, and 6 is
the seismic angle. It is worth noting that the abovementioned Mononobe-Okabe equations are valid
for the case where i < (¢°-0), while, in the case where i > (¢°—0), the sloping backfill behind the
retaining wall will be unstable, especially if the soil medium has inadequate cohesive strength.
Furthermore, there are more advanced approaches, such as the boundary element method [24], finite
element method [25], and dynamic response analysis [26], which are more appropriate to simulate
the dynamic behavior of the soil-wall system. However, these approaches are generally not used in
everyday engineering routine for the analysis and design of RCRW under the action of seismic loads,
while the Mononobe-Okabe approach seems to be simple, straightforward, and familiar in the
engineering community. For this reason, the Mononobe-Okabe approach is examined here.

2.2. Design of Reinforced Concrete Retaining Walls According to European Codes

In this study, the analysis and design of reinforced concrete retaining walls are based on
European Provisions, i.e., according to
e Eurocode 2, for reinforced concrete structures [14],

e Eurocode 7, for geotechnical design [15], and
e Eurocode 8, for seismic design [16].

The aforementioned codes were implemented into BetonExpress software [27], a simple but
effective analysis and design commercial program for reinforced concrete walls, as well as for
simplified structures consisting of reinforced concrete.

Four basic typologies, named Al, A2, B1, and B2, of reinforced concrete retaining walls are
examined here, as shown in Figure 3. It should be mentioned that the total height of soil on the left is
equal to H, i.e., the height of the active pressure wedge (see also Figure 2).
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Figure 3. Reinforced concrete retaining walls examined in this study (types A1, A2, B1, and B2) and a
typical example of a 2.5-m-height Al-type retaining wall (dimensions in meters).

It should be mentioned that the examined profiles of retaining walls are the most common ones
applied in everyday engineering practice. Additionally, the symbol “1” is used to denote angle-
shaped footing, while the symbol “2” corresponds to the constant section (or constant height) for the
footing. Retaining walls type A have arelatively small back heel. In this case, the active earth pressure
is computed using Coulomb’s theory [28] at the back face of the wall. On the other hand, retaining
walls type B have an adequate back heel where the active earth pressure is computed using Rankine’s
theory [28] at a vertical surface at the end of the heel. Thus, the appropriate adoption of different
theories to quantify the active earth pressure has to do with the type and relative dimensions of the
retaining wall under consideration, which was also noted by previous studies, e.g., Reference [29]. It
is evident that the static earth pressure is evaluated using either Rankine’s or Coulomb’s approaches,
but the Mononobe—Okabe solution is exclusively used for all types of retaining walls under seismic
conditions. Indeed, seismic active earth pressures based on the Mononobe—Okabe solution or on the
limit analysis theorems are in close agreement. This can be explained examining the log-spiral failure
curves taken from limit analysis, which are practically planar [30]. Furthermore, planar failure
surfaces were also found when executing dynamic model experimental tests using either centrifuge
methods [31] or shaking tables [32].

It should be mentioned that angle-shaped footings are used to save material costs, but the labor
and formwork costs are higher in comparison with constant-height footings. Furthermore, in order
to develop a fairly broad databank for reinforced concrete retaining walls, the following cases are
examined:

(1) Four wall profiles: A1, A2, Bl and B2 (see Figure 3).

(2) Two concrete grades C25 and C30, with compressive strength equal to 25 and 30 MPa,
respectively.

(3) Four different total heights: 2.5 m, 5.0 m, 7.5 m and 10.0 m.

(4) Three values of peak ground acceleration, PGA, equal to 0.15 g, 0.25 g, and 0.35 g, which denote
the seismic intensity.

(5) Four different type of soil types, i.e., gravel, grit (sand—gravel), sand, and clay.
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The steel rebars of reinforced concrete are not examined here as an additional parameter of the
problem considering that, in southern Europe, steel rebars with yield stress 500 MPa (e.g., S500s,
B500, etc) are exclusively used today in everyday engineering practice.

The mechanical properties for the aforementioned soil types under consideration appear in
Table 1.

Table 1. Mechanical properties of soil materials.

Soil Dry Density =~ Density y Friction Cohesion ¢ Compressive
Type ya (kN/m3) (kN/m3) Angle ¢° (kPa) Strength (kPa)
Gravel 16.0 20.0 45.0 0.0 500.0
Grit 16.0 20.0 35.0 0.0 400.0
Sand 15.0 19.0 25.0 0.0 300.0
Clay 20.0 21.0 20.0 20.0 150.0

Rankine’s theory assumes that the wall is frictionless (wall-soil friction angle, 5 = 0) while, for
Coulomb’s theory, it is assumed that 6 = ¢°/2. Furthermore, BetonExpress software [27] requires the
knowledge of compressive strength of soils, qu, under consideration, where this parameter is
evaluated here using the American Society for Testing and Material (ASTM) standards for clay [33],
for sand [34], and for grit and gravel soil types [35]. It should be mentioned that factorized
geotechnical parameters in the Mononobe—-Okabe formulation are used here in order to be compatible
with European norms [16]. From the abovementioned five sets, all possible combinations are
examined, i.e., 4 (wall profiles) x 2 (concrete grades) x 4 (wall heights) x 3 (PGAs) x 4 (soil types) = 4
x 2 x 4 x 3 x 4 =384 different cases. All these design cases of retaining walls were designed using the
force-based design approach of European provisions [16]. The basic objective of this study is to design
all these (384) reinforced concrete retaining walls and, for any case with specific restraints, to
determine the optimum dimensions for the parts of the structure, as well as the optimum
reinforcement. The optimization has to do with the best possible way to provide the most economical
solution, combined with the resistance of the wall against seismic loads. The results of this work could
be an indicative guide for the designer to have a fairly realistic view of the optimal dimensions for
the retaining wall and of the number of reinforcement bars, as well as a reliable evaluation for the
cost of construction.

In order to achieve in any case the most economical solution, the material prices and labor cost
(including taxes VAT) are taken into account according to current values of everyday engineering
practice in Greece and other countries in southern Europe, such as Italy and Spain, where the
engineering practice, the material and labor costs, and structural code provisions are common. The
following costs are considered:

e  Excavation

e  Supply, transport on site, laying and compaction of concrete using a pump or tower crane
e  Supply, transport on site, setting of reinforced concrete bars

¢ Molded wall formwork —placement and removal

e  Rebar spacers

e  Concrete maintenance

In order to quantify these, Table 2 depicts the analysis cost of the aforementioned works, which
are applied in southern Europe (spring-summer 2020).



Infrastructures 2020, 5, 46 7 of 17

Table 2. Material/labor costs for reinforced concrete retaining walls.

Work/Material Quantity Costs
Gravel: 11.00
L . Grit: 10.60
Excavation (including transport of excavated products) m3 Sand: 10.00
Clay: 9.80
Earth fill-in (including transport) m? 9.50
Supply, transport on site, laying and compaction of concrete €/m? C25/30: 110.00
using a pump or tower crane C30/37: 125.00
Supply, transport on site, setting of reinforced concrete bars €/kg 2.40
Molded foundation formwork —placement and removal €/m?2 32.50
Molded wall formwork —placement and removal €/m?2 34.80
Rebar spacers €/m? 3.50
Concrete maintenance €/m?2 4.00

3. Analysis and Design Results

This section depicts the results from the aforementioned 384 cases of retaining walls. It should
be noted that, in some cases, the results are not shown since the stability of the wall could not be
achieved, i.e., for the combination of intense earthquakes (large PGA), very tall walls, and poor soil
type. In these unfavorable cases, the adoption of reinforced concrete retaining walls like those shown
in Figure 3 is not advisable, and other solutions should be considered, such as the usage of anchors.

The analysis results are shown in Figures 4-12. These figures depict diagrams where each one
shows the type of wall under consideration (Al, A2, B1, and B2), the concrete grade (C25 and C30),
and the height of each wall (2.5 m, 5.0 m, 7.5 m, and 10 m). Thus, by selecting the above parameters
and variables, it seems to be straightforward to draw significant conclusions, e.g., the effect of
earthquake intensity on the total cost of the retaining wall and its dependence on wall geometry, soil
type, etc. Each retaining wall was implemented, analyzed, and designed 3040 times, using trial-and-
error procedures to minimize the total cost and simultaneously to comply with the Eurocode
provisions [14-16]. It should be mentioned that, in comparison to structures made by a single material
(e.g., steel), member sections consisting of reinforced concrete have bigger dimensions. Furthermore,
especially for the case of retaining walls, the minimization of dimensions should take into account
both strength and stability criteria (e.g., sliding of the structure) while the “above-ground”
constructions, such as building framed structures, were mainly designed using strength criteria only.
Finally, the heuristic optimization applied here examined the optimum dimensions of the structural
members using a “5 cm” rounding for the case of member length or thickness (5 cm, 10 cm, 15 cm, 20
cm, etc.). Despite the small incompatibility for the rigorous mathematical process of heuristic
optimization, this consideration is used in everyday engineering practice and simplifies the whole
procedure.
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Figure 12. Cost of retaining walls type B2 made by reinforced concrete C30.

4. Discussion: Results and Implications

In this section, a brief discussion of results presented in Section 3 is provided. More specifically,
the effects of various parameters on the total cost of retaining walls are critically discussed, and some
useful conclusions about the optimal seismic design of these infrastructures are underlined.
Furthermore, comparisons of these results with those of previous pertinent studies are also
considered, while future research directions are highlighted.

Firstly, the influence of height of retaining wall on its total cost is examined. From Figures 4-12,
it is found that a higher total height leads to a higher total cost, independently of soil type and peak
ground acceleration. Although this conclusion appears to be self-evident, Figures 4-12 depict that,
upon increasing the retaining wall height by a factor “x”, the increment of total cost is higher than
“x"”, e.g., upon doubling the height of the wall, the cost can be tripled or quadrupled.

Then, the influence of soil type on retaining walls total cost is investigated. From Figures 4-12,
it is obvious that soil types with good enough mechanical properties lead to lower values of total cost,
independently of peak ground acceleration and total height of walls. Specially, for the case of clay
soils, the total cost of retaining wall appears to be very high, while it seems to be impractical to
construct retaining walls with total height >7.5 m for the case of clay soils and medium or intense
earthquakes, i.e., for PGA >0.25 g. For these reasons, all these cases are not shown in Figures 4-12,
where other construction techniques (e.g., anchored walls) are required. It should be mentioned that
Jia et al. [36] found qualitatively similar results where soils with low level mechanical properties led
to large dimensions for retaining wall elements, i.e., high total costs.
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Furthermore, the influence of peak ground acceleration on the total cost of retaining walls is
examined. From Figures 4-12, it can be concluded that a higher seismic intensity leads to a higher
total cost, independently of soil type and retaining wall total height. Although this finding appears
to be self-evident, especially for the case of clay soils, the total cost of retaining walls appears to be
huge, while it seems to be impractical to construct retaining walls with total height >7.5 m for the case
of clay soils and medium or intense earthquakes, i.e., for PGA >0.25 g. As mentioned above, in these
cases, other construction techniques (e.g., anchored walls) are required. It is worth noting that other
previous studies, e.g., Bakr and Ahmad [37] or Nimbalkar et al. [38], found quite similar results where
the increase of seismic intensity led to large dimensions for retaining wall elements, i.e., high total
costs.

Finally, the influence of the compressive strength of concrete on the retaining walls total cost is
critically discussed. From Figures 4-12, it is observed that the compressive strength of concrete, i.e.,
the concrete grade, mildly affects the total cost of retaining walls, independently of soil type, peak
ground acceleration, and total height of walls. This behavior has to do with the relatively small
increase for the cost of the material from C25 to C30 and, simultaneously, the pertinent relatively
small decrease for the dimensions of the structural members. Therefore, this study found that the
influence of concrete grade on the total cost of retaining walls can be ignored.

5. Simplified Optimization of Reinforced Concrete Retaining Walls

In this section, a simplified optimization technique is investigated for the direct optimum design
of reinforced concrete retaining walls. The direct evaluation of total cost can be achieved using
Figures 4-12. Examining these figures, it can be concluded that all the examined parameters, i.e., soil
type, height of wall, type of wall, peak ground acceleration intensity, and concrete grade, affect more
or less the optimum design and the minimization of cost. In this work, the following unique empirical
expression is proposed for the evaluation of the optimal dimension of retaining wall members:

(a,+a,-PGA +ay-PGA 2)-(by+ b, -q, +bs 02 )-(c, + ¢y £.)-(dy +dy - H +dy -H?), ©)

where a1, a2, and a3 are parameters related to the peak ground acceleration, PGA (in g; for example,
0.15 g), by, bz, and bs are parameters related to the soil type, through its compressive strength g« (in
kPa, e.g., 300 kPa for sand, see also Table 1), c1 and c2 are parameters related to the uniaxial
compressive strength of concrete, fc (in MPa, e.g., 25 MPa), and d1, d2, and ds are parameters related to
the total height of retaining wall, H (in m., e.g., 5.00 m).

The set of 11 parameters (a1, az, as, by, bz, bs, c1, ¢2, di, d2, and ds) can be determined using the least-
square method of regression analysis from the databank of 384 retaining walls that were designed
using the European codes [14-16]. Empirical Equation (3) can be adopted to evaluate the optimal
dimension for the members of a retaining wall, i.e., footing length, footing section thickness, base
thickness of the wall, top thickness of the wall, or the total cost. In the Appendix of this paper, Table
Al is provided to give the values for the set of 11 parameters examined above, for each member’s
dimension. It should be mentioned that Equation (3) was one of the simplest equations which
adequately described the numerical data following upward and downward concave curves, obtained
using the Table Curve 3D program (Table Curve 3D v.5 © Systat Software, Inc,
https://systatsoftware.com/) after examining about 8000 various mathematical equations. The
criterion for the selection of Equation (3) has to do with its minimum absolute residual error using
the Pearson VII limit, i.e., minimum sum of In[(1 + residual?)].

5.1. Application Example

Here, the optimum design of a reinforced concrete retaining wall with total height H = 6.0 m
founded in a sand-type soil (compressive strength 280 kPa) made by concrete C20 is investigated.
The expected peak ground acceleration in the construction area is 0.18 g. Applying Equation (1), the
optimization results for this retaining wall are shown in Table 3. In parentheses, the results applying
a trial-and-error procedure using BetonExpress analysis program [27] are shown to also find the
optimum (minimum cost) design.
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It is evident that the most economical case appears to be the retaining wall type Al. Furthermore,
it is obvious that the results using the proposed empirical Equation (3) are very close to those from

BetonExpress.

Table 3. Optimization results.

Parameter Wall Al Wall A2 Wall B1 Wall B2
Footing length 3.04 m (3.00 m) 5.38 m (5.40 m) 4.47 m (4.50 m) 417 m (4.15m)
Footing thickness 0.33 m (0.35m) 0.61 m (0.60 m) 0.47 m (0.45 m) 0.61 m (0.60 m)
Base thickness 0.86 m (0.85 m) 0.36 m (0.35 m) 0.45 m (0.45 m) 0.46 m (0.45 m)
Top thickness 0.39 m (0.40 m) 0.24 m (0.25 m) 0.30 m (0.30 m) 0.34 m (0.35 m)
Total cost 1256 €/m (1265 €/m) 1416 €/m (1425 €/m) 1290 €/m (1290 €/m) 1334 €/m (1330 €/m)

This can also be seen examining the whole set of 384 retaining walls. For example, Figure 13
depicts the optimal values of footing length and thickness (section height) for both procedures
(Equation (1)) and BetonExpress design [27], where the agreement between them is obvious. Finally,
the validity of Equation (1) can be demonstrated by the square of Pearson correlation coefficient, R?,
between the optimal values from this empirical expression and BetonExpress [27], which is equal to
0.954 for footing length, 0.972 for footing thickness, 0.970 for wall thickness at its base, 0.969 for wall
thickness at its top, and 0.952 for total cost.

All these values are very close to the unity, verifying the accuracy and applicability of Equation

3).
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Figure 13. Optimum dimensions for retaining wall footing: Equation (3) vs. BetonExpress [27].

6. Conclusions

This work proposed new design aids for the optimum design of reinforced concrete retaining
walls under the action of soil pressures and seismic loads. Four different profiles, named A1, A2, B1,
and B2, were examined where the first dyad (type A) correspond to retaining walls with a relatively
small back heel and active earth pressure was computed using Coulomb’s theory, while the second
dyad (type B) has to do with retaining walls with an adequate back heel and active earth pressure
computed using Rankine’s theory. Then, the analysis and design of 384 retaining walls was
investigated, showing useful diagrams where various heights, soil types, and concrete grades were
considered. Furthermore, empirical expressions for the direct evaluation of the optimum cost of walls
was provided. A comprehensive analysis was conducted and the following conclusions can be
drawn:

e  The stability of the tall reinforced concrete retaining walls (height 7.5 m or 10.0 m) founded on
clay could not be achieved for the case of medium or intense earthquakes (PGA >0.25). In order



Infrastructures 2020, 5, 46 14 of 17

to achieve stability, other solutions than those shown in Figure 3 should be considered, such as
the usage of anchors.

e Examining the case of soil with very good (gravel, grit) or good mechanical properties (sand),
for low-height retaining walls (H < 5.0 m) and for low or medium peak ground acceleration
(PGA < 0.25 g), retaining walls type B appear to be more economical in comparison with
retaining walls type A. On the other hand, for intense peak ground acceleration (PGA =0.35 g),
type B is more expensive than type A for retaining walls.

e  Examining retaining walls founded in clay, the type B seems to be more expensive than type A,
independently of the height and for any value of peak ground acceleration under consideration.

e  Thetype “2” of retaining walls with constant height footing is preferable as more economical for
low-height retaining walls (<5.00 m) and for soil with very good (gravel, grit) or good mechanical
properties (sand) in comparison with retaining walls with angle-shaped footing. On the other
hand, a retaining wall founded on clay should have, in any case, angle-shaped footing,
independently of the wall’s height or seismic load intensity.

e  The concrete grade mildly affects the total cost of the retaining wall, where the small reduction
of dimensions of wall and footing due to the usage of a higher grade of concrete is balanced by
the slight increment of material cost.

e  The peak ground acceleration strongly affects the total cost of the retaining wall especially in the
case that the structure is founded on clay. In this case, the maximum height of the walls under
consideration is 5.00 m.

e  The most critical parameters affecting the total cost of retaining structures are their height and
the type of soil medium. In any case, the height of the wall nonlinearly increases the total cost,
especially for the case where H > 7.50 m. Furthermore, the total cost is increased as the
mechanical properties of soil are degraded.

e  This study proposed a very simple yet effective empirical expression, Equation (3), to directly
evaluate the optimum dimensions of reinforced concrete retaining walls subjected to soil
pressure and seismic loads. This empirical expression is unique since it can be used for the
optimal dimensioning of wall thickness at its base and top, footing length, and thickness, as well
as the total cost. It was found that this empirical expression has sufficient accuracy and
applicability.

e  The retaining walls examined here were designed using the force-based design method of
European norms [16]. In an oncoming paper by the authors, the performance-based seismic
design approach will be examined to directly fulfill the requirements for serviceability.
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Appendix A
Table Al. Optimization parameters ai—ds.
Wall . .. Optimization Parameters (a1—ds)
Parameter/Dimensioning
Type a1 az as b b2 bs c1 c2 d1 d2 ds
footing length 8.6968 x 10+ -5.0644 x 103 1.8236 x 102 1.0333 x 10*3 -2.7312 22996 x 103 1.7021 x 102 7.7216 x 10* -5.9457 x 10*1 7.8489 x 10! -8.8757 x 10!
footing thickness 1.3681 x 10* 2.4888 x 10 2.5779 x 103 3.0308 x 10*2 -1.0067 1.1379 x 103 2.3711 x102 -2.9783 x 10 5.7139 x 10*1  3.7946 x 10*1 -8.5380 x 10!

Al wall thickness—base 8.0393 x 105 5.0548 x 103 -1.1372 x 102 3.0246 x 10*2 -4.5360 x 10! 2.6752 x 10+ 2.4517 x 102 -1.0836 x 10+ 1.0015 x 102 3.3953 x 10*1  3.3140 x 10!
wall thickness—top 2.6460 x 104  7.8958 x 10# —1.5416 x 103 4.6447 x 102 -1.7126 x 10! -3.2764 x 10+ 3.0696 x 102 -2.1535 x 10# 7.0449 x 10"1  5.8047 x 101 8.9349 x 10!

total cost 8.5397 x 10! -1.4583 8.1006 -6.0027 x 10*2 1.5907 -1.5143 x 103 -7.1848 x 101 -6.0130 x 103 -3.8649 x 101 5.9152 x 10~  9.0146 x 102
footing length 1.3333 x 101 -2.1575 x 101 9.7996 x 10! -1.5654 x 10*> 6.0029 x 10! —6.6377 x 10+ -3.3566 x 101 —2.2111 x 103 -3.0301 x 10! 5.2224 x 101 -1.6849 x 103
footing thickness 1.8082 x 102 -2.0424 x 102 1.0175 x 10" -1.5168 x 10*2 4.9570 x 10" -5.2943 x 10+ -1.5683 x 101 1.9658 x 103 1.5078 43992 x10' 3.3978 x 102

A2 wall thickness—base 1.2661 x 102 4.3167 x 102 -1.8194 x 102 -7.7596 x 10*1 5.4781 x 102 2.9755 x 105 -1.1832 x 101 5.0544 x 10~ 2.3182 -1.6513 x 101 4.1250 x 102
wall thickness —top 5.7671 x 103 5.6805 x 102 —4.5974 x 102 —2.2966 x 10*! -7.3614 x 102 1.5163 x 10* -1.5611 x 10" 8.6747 x 104 3.4870 -3.1496 x 10! 6.1764 x 102

total cost 3.8513 x 103 -7.0226 x 103 3.5859 x 102 -1.6133 x 10*> 6.1770 x 10*2 -6.8278 x 10! 7.5154 x 102 7.7879 x 10* 6.9343 -7.3161 -1.7329
footing length 4.5986 x 10+ -5.6533 x 10~ 7.0530 x 103  7.9222 x 10+ -2.4672 2.3584 x 103 5.5091 x 102 -9.1514 x 10* 6.5469 x 10*1 7.1491 x 10*! 6.3607
footing thickness 3.3044 x 10+ -1.1709 x 103 2.8988 x 103  5.8540 x 10+2 -1.1702 9.7582 x 10+ 2.1325x 102 -3.4266 x 10+ 1.2895 x 10*2 2.8479 x 10+ 4.3132
B1 wall thickness—base 3.3341 x10# 1.3096 x 103 -1.1874 x 103 1.4216 x 103 -2.4317 1.8309 x 103 4.7186 x 103 —-6.5037 x 10> 1.0204 x 10*2 9.2898 3.4690
wall thickness —top 9.1520 x 105 1.4467 x 103 —2.2652 x 103 2.0180 x 10 -8.6799 x 10-' -1.1992 x 103 3.8174 x 10 -4.8734 x 10> 1.0645 x 102 1.7552 x 10" 4.1711 x 10!
total cost 29310 x 103 -5.8828 x 103 4.2487 x 102 6.4767 x 10" -1.9443 x 10*2 1.8416 x 10" 7.0130 x 102 -1.5442 x 103 6.5782 x 10" —2.1732 x 10*1 1.3142 x 10+
footing length -1.5512 x 103 -5.7629 x 103 —2.5433 x 103 —6.9217 x 10*3 2.7290 x 10*1 -3.1357 x 102 1.9198 x 103 -4.7276 x 10-° -2.9451 x 10" 9.1583 x 10! -7.9214 x 10!
footing thickness -9.8832 x 10 2.5018 x 103 —9.3267 x 103 -3.8783 x 10*> 1.3341 x 10*1 -1.4841 x 102 3.1315 x 103 -2.0978 x 10> 1.9169 x 10*1 2.5268 x 10*1  9.5916 x 10!

B2 wall thickness—base ~ -1.0355 x 103 —2.0164 x 10 —4.5153 x 10* -5.8504 x 10+ 1.6354 x 10*! -1.5664 x 102 1.2941 x 103 -1.9225x 106 1.5587 x 10*! 1.2931 x 10*!  2.8980 = 10!
wall thickness —top -6.0910 x 10+ —2.4521 x 103 1.6845 x 103 -5.3867 x 10*> 1.1271 x 10*1 —8.4126 x 103 1.2408 x 10 -1.4738 x 10° 3.1379 x 10*1 9.1666 2.2505 x 107!
total cost 3.3265 x 103 —6.4403 x 103 3.5007 x 102 6.8619 x 10+ -2.6000 x 102 2.9120 x 101  2.3211 x 10> 1.1070 x 10~ -1.1304 x 10*2 8.6826 x 101 1.2235 x 10*!
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