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A Structural Design Comparison Between Two Reinforced
Concrete Regular 6-Level Buildings using Soil-Structure
Interaction in Linear Range

Comparacion de disefio estructural entre dos edificaciones de concreto
armado de seis niveles utilizando interaceion suelo-estructura en el
rango lineal

Nelson A. Lépez M.(', Gabriela E. Pérez M. ¥, Christian F. Castro P.0°%, Juan C. Vielma P..00%, Leonardo
J. Lopez M. 0", José D. Alviar M.(0%, Carlos A. Romero R.(07, David P. Guerrero C.0°%, and Vanessa V.
Montesinos M, ("

ABSTRACT

Structural engineers commonly design superstructures as fixed at the base and transmil the reactions to the infrastructure in order
to design the foundation system and estimate the displacement of the soil while disregarding the change in seismic response that
this induces, In this article, the foundation system was transformed into equivalent springs, and the seismic response in the linear
range was compared and quantified, obtaining results such as increased periods, increased amounts of steel reinforcement in beams
(between 7% and 25%) and columns (between 29% and 39%), an increase in the number of stirrups per linear meter (bebween 3%
and 11% in columns and between 5% and 45% in beams) and drifts (between 1% and 14%), and a decrease in basal shear (up 1o
2055}, which directly affects the design of the structure, This study concludes that the inclusion of the soil-structure interaction is
necessary for structural design in the linear range,

Keywords: seismic response, foundation system, soil-structure interaction, linear range

RESUMEN

Combnmente, los ingenieros estructurales disehan superestructuras como empotradas en la base y transmiten las reacciones a la
infrapstructura para disenar el sistema de cimientos y estimar los desplazamientos del suelo, obviando el cambio en la respuesta
sfsmica que esto induce. En este articulo se transformb el sistema de cimientos en resortes equivalentes v se comparb y cuantifich la
rispuesta slsmica en el rango fineal, obleniendo resultados como aumento de los perfodos, aumento de las cuantfas de acero de
refuerzo en vigas (entre 7% y 25%) y columnas (entre 29% v 39%) un aumento de la cantidad de estribos por metro lineal (entre 3%
¥ 11 % en columnas y entre 5% y 45 % en vigas) y las dervas (entre 1% y 14%), y una disminucibn de cortantes basales (hasta 20%),
lo que afecta de forma directa el disefo de la estructura. Este estudio concluye que es necesaria la inclusibn de la interaccibn suclo
estructura en el diseho estructural en el rango lineal.
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Introduction

Structural engineering always aims for the best way Lo rep-
resent a real structure in a mathematical model in order to
obtain the best approach to the reality. Soil-structure interac-
tion is one of many ways to get closer to the behavior of a real
structure. There are many ways Lo represent this relationship:
it could be static or dynamic, linear or non-linear, and the
possible combinations among them (Zeevaert, 1980; Mejla-
Bermejo, 201 7; Hermandez-Velasco, 2013; Galicia and Lebn,
2007; Villareal, G, 2009). To represent soil and substructure
displacements, it is necessary 1o calculate the foundation
system, in order to substitute it with equivalent springs using
the concepts of rotational and translational stiffness {Uribe-
Escamilla, 2000; Weaver and Gere, 1990; Lbpez ef al,, 2019},
which express that a structural element can be represented
through its rotational and translational stiffness coefficients,
as shown in Equations (1) and (2).

F=Kyd i1

F=Kgt! (2]

where F is the force applied on a structural element; Ky
is the element's translational stiffness constant; o is the
displacement in the force's direction; M is the torsional or
bending moment applied on the structural element; Ky is the
element's rotational stifiness constant; and (7 is the rotation
in the moment’s direction. To make soil-struclure interaction
possible, it is necessary to obtain the values of F, d, M, and
. Thus, the values of K and Ky, can be caleutated for each
direction, representing the equivalent spring constants for the
foundation system, as shown in Figure 1. It is worth noting
that that Ky and F = Kg remain linear, with a single value for
each direction (Wu and Pantelides, 2019},

Figure 1. Equivalent springs for foundation system.
Source: (Castro-Pileo and Phrez-Martinez, 2020)

After calculating the equivalent springs, the initial structural
model fived at the base is submitted to a new structural
analysis using springs (Figure 2), thus allowing changes in
global stiffness and, hence, a variation in the results,

Methodology

This research was based on basic structural concepts for soil-
structure interaction in linear range. The structure used for
this research was residential and consisted of six levels, one
clevator, one stair module, with 3 types of foundation soil and
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Figure 2. Structural masdel with fixed supports (left) and equivalent
springs (rigth) at the base.
Souirce: (Aithors)

spectral parameters typical from Quito, Ecuador, The main
objective of this research was 1o quantify the differences in
seismic response and structural members design of the same
regular reinforced conorete structure using soil-structure in-
teraction in linear range. Basic structural dynamics applied 1o
building analysis and design explains how lo obtain the main
structural criteria in order to accept or reject the structural
member cross section, with the vibrational modes, periods,
and drifts being the most important, including the force di-
agrams for structural member design. Based on the basic
concepts of structural dynamics, the modal matrix and the

structure’s frequencies can be calculated from Equations (3),
{4), and (5).

[M] €] + [C] 2] + [Kel{z] =0 (3

(= eigenoectors {[Kel IM]) (4)

wt = vigenvalues [[Ke] [M]) (5

where [Ke] is the structure’s equivalent stiffress matrix, which
depends on the cross section, inertia, length, supports, and
material of each structural member for 2D planar analysis;
|M] is the mass matrix of the structure; [C] is the matrix
of damping factor, which is considered to be constant in
this research; ¥ is the structure acceleration vector; © is the
structure velocity vector; x is the structure displacement
veclor; ¢ is the modal matrix; and w is the angular velocity
for earh vibrational mode.

In this research, three different inelastic specira were consid-
ered, and the general sofution was obtained by performing
modal-spectral analysis, with modal truncation for three vi-
bration modes per floor, and then obtaining the response of
each degree of freedom (DOF) by applying Equations (6) and
(7).

D + 2CamwnDy + WDy = iy (6)
M
_ L
e e 2y (7

where L, is the damping value per mode; w, is the angular
velocity per mode; D, is the modal displacement value per
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muode; il is the spectral acceleration; ¢ is the directional vector
for the spectral acceleration (x, y, z); u, is the displacement
for each DOF and each vibrational mode; m is the modal
mass; and # is the number of each vibrational mode. The
tolal response is estimated through the CQC method, These
caleulations were made with Autodesk Robot Structural 2020,
academic version (54711, 900-95470127).

The [Ke] factor is the key for the structural changes in results
using soil-structure interaction due to the change in stiffness
in the first level, which directly affects global stiffness. If a
structure is assumed to be fixed at the base or uses equiv-
alent springs, stiffness changes according to the case. The
fixed element has translational and rotational restrictions at
the base, whereas the non-fixed element has no restrictions,
thus allowing displacements and rotations at the base and
increasing displacements. According to the literature (Fal-
conl, 2008; Chopra, 1980); Reyes, 1998; Paz, 1992), stifiness
decreases are in accordance with equivalent stiffness the-
ory, which expresses an Eq‘l.li‘-"ﬂlEl‘lDE with the configuration
through Equation (8), for springs in parallel arrangement, and
Equation (9}, for springs in conlinuous arrangement,

L

Kﬂ:ZK (8)
|

1 v 1

Kﬂ—};x—n (a)

The stifiness madification at the base directly affects the [Ke|
structure matrix, modifying the periods, Trequency, modal re-
sponse, and madal displacements, Some studies express that
damping is another important factor (Lutes and Sarkani, 1995;
Cruz, and Miranda, 2017). However, this value has remained
constant, imposing a 5,00% damping value corresponding to
structures provided with reinforced concrete.

Analysis and discussion

Inelastic design spectrum

This research was based on three typical soil types from the
city of Quito, Ecuador, with an acceleration value on rock
according to a seismic hazard of 0,40 2. The three soil types
were A, C, and E, based on the scale from A to E, with A
being the best soil type, with a shear wave velocily greater
than 150000 m/s; C, an intermediate soil, with shear wave
velocities between 360 mis and 760 mys; and E, the worst
soil type, with a shear wave velocity of less than 180 m/s,
The inelastic spectrum by soil type used for the analysis
are shown in Figure 3, as a fraction of gravity according
to the Ecuadorian building regulations for seismic hazard
(NEC, 20141,

Fixed superstructure analysis and design

The first step in the analysis is the correct design of the
structure, in accordance with the regulations (ACI, 2014
2019; NEC, 2015; ASCEFEMA, 2000), aiming to guarantee a

Inclastic spectrm

LIy i LA i
]I:‘."l\” &)

Figure 3. Inelastic scismic design spectrum for each soil type
Source: Authors

good capacity, stiffness, and seismic response. Vibrational
modes and displacements (mm) for the three main periods
are shown in Figures 4, 5, and 6 for modal analysis with fixed
structure, Nole that these displacements are the resull of
the application of Equations (&) and (7) for each DOF and for
each vibrational mode,

Figure 4. First vibrational mode (period 0,78 s).
Source: Authors

Figure 5. Second vibrational mode (period 0,65 s).
Source: Authors

Substructure analysis and design

Following the traditional procedure, reactions from the super-
structure are lurned into actions on the substructure, in order
to analyze and design the foundation system for the three
soil types. The sizes of the foundations have been selected
so as not o exceed the allowable stresses at the foundation
level, which are represented in Figures 10 and 11 by sail
type. The influence of the foundation system was checked,
concluding that there was no considerable difference in stress
and displacements. The foundation system was analyzed
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using equivalent springs for vertical displacements at the
base to simulate soil elasticity (Figure 7}, based on Ballast
coefficient (Meli Piralla, 1986). The equivalent soil stiffness
is shown in Table 1, using a finite element node spacing of
25 cm (de Macedo Wahrhaltig, 2020) (Figures 8 and 9),

Figure 6. Third vibratinal mode (period 0,58 s).
Source: Authors
i (1]
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Figure 7. lsolines for displacements.
Sowurce: Authors
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Figure 8. Foundafion system using equivalent springs at the isolated
foundation base (kM, kN.m}.
Source: Authors

Table 1. Ballast coefficient for each soil type

Sl type Ballast Coefficient  Equivalent stifiness

Wemr®) {Nfcm)
A 270,480 4 306,00
B 196,20 TEE G250
C AN 44 OO0
Source: Authors

The definitive dimensions for each foundation system and for
each soil type are shown in Figures 10 and 11, according to
(Perez-Valcarcel, J., 2013; Garza-Vasquez, 2000; Paz, 1992).
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Figure 9. Toundation system using equivalent springs af the combined
foundation base (kM, kN.mj},

Source; Authors
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Figure 10, Foundation system for soils A and C (m).
Source: Authors

Figure 11. Foundation system for sofl E {m).
Source: Authors

According to Equations (1) and (2), stiffness constants for
each soil type are shown in Tables 2 to 7. After calculating
the equivalent spring constants, the fixed supports were
replaced, thus changing structure stifiness. Please note that,
on average, stiffness decreases for soils A to E, with soil A
being the best, and E the worst in terms of behavior.
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Table 2. Equivalent franstational springs constant for soil A

Translational stifiness (MN/m)

Aacis q b | 2 1
Akt 16LE 127,78 126,47 56,81
A ky 0,5 2,72 54,45 R
A ke 103000 144200 144200 TRS1Y
B kx 242, Ti2,52 131,38 49 51
B ky 56,22 30,46 59,48 62,00
B ez 1177, LR FFAUH 1 FF AN T OHHD R
O kx  TSHE? 124,90 1267 BT
C ky 55,448 58,01 52,50 b AF
[t e 1177, 0Kk 1 177,00 117700 T 0000 EKR
0 kx 202,59 134,92 125051 50,70
0D ky 54,24 TLAh 41,95 4,62
D k103000 14400 144200 76515

Source: Authors

Tahle 3. Equivalent rotational springs constant for soil A

Kolational stiffness (MM myjrad)
Axis i Y z 1
A kx 3UBLS 243,77 247,05 .y
A ky mmm 267,74 169,1 77
A kr 54T baE  Ba0ET 15067
B kx 19667 254,24 247,51 113,
B by 220,77 15066 169,24 B1,66
B kzr  S50E05 2706 2a0Et maoEt
ks 400,97 D623 24577 ThE
C ky L0, 40 173,36 T84, b |
C  kr 2BOEDY  S6TY 1G0ETY  LBO0ES
[ 224 dEE 117,66
D ky 2T 13498 21623 ik 6
[ 2306t 18067 8pogEt L

Source: Authors

Table 4. Equivabent rotational springs constant for soil C

Rotathsnal stiffness (MMN.mrad)
A 4 3 2 1
A kx 462 38 243,77 HAT05 94,97
A ky 247,21 267,74 16,1 7B
A ke ASET sA0EY B30ET 150
B ke 19RAT 2R429 R4TH1 1146
B oky T 25066 16824 #1,66
B ke 955 rAEt paER 7 BOEF
C o kx ADDGT 260,23 24577 74,69
o ky 20,40 173,36 189,31 Fr
C ke zaoe? seobt pe0E? 3 mo0Ed
0 341,03 241 24808 111,61
0 ky  EETAS 13498 R1623 18,68
D ke 1067 180ET  BE0EY S00Et
Source: Auithors

Analysis and design of the superstructure using equiv-
alent springs

As shown in Figure 2, the fixed supports were replaced, and
a new modal analysis including the new global stiffness was
made. The first main comparison takes place on displace-
ments and periods, as shown in Figures 12 to 14, Periods
and displacements remained closer with the use of equiva-
lent springs, and they were located at different points of the

Table 5. Equivalont translational springs constant for smil C

Translational stiffness (MM/m)
Aui 4 ¥ 2 1
A kx 19312 127,78 12647 5681
A ky 54,05 F s 54,45 fd i
L) ke Fry R 1TSS 1078 52732
B kx 2420 122,52 Ta1,.38 49,58
B ky 5622 30,16 5946 62,03
Bk WTRFD BPRTT EPEST 4TLTY
€ kx  IERET 1741 12678 62L73
C ky 5548 58,61 52,5 3,0
C kx OTRTE BTRFT  BPRET 47N
O kx 239891 13432 12581 50,78
0o ky 5031 72,36 41,85 4,67
0Ok FFRET 107910 10700 5I734
Source: Authors

Table 6. Equivalent translational springs constant for soil E

Translalbonal stiffness (MM/m)
A & 3 2 1
A [+ T4, 41 1A TE 12647 Sh, 81
A ky  snom 31,72 59,45 (55
A kz L RLEHRL ] T AL, ) T 442 i} 51
B kx 24232 132,58 137, 44,58
BE ky 5622 30,46 59,48 62,00
B ok 11FFO0 117700 11FA000 T 000,00
€ kx 15867 124,1 126,75 62,75
C ky 5548 8,61 5.5 3,09
C ke TITR00 T1FT000 1IFEO00 100000
D kx5 4,592 12581 50,78
o ky 54,24 72,36 41,95 14,52
Dk TOSIN T4 T 442,00 7Bb5,15
Source: Authors

Table 7. Equivalent rofational springs constant for soil E

Rotational stiffness (MMmdrad)
Auis A 3 2 1
A ko 39365 43,77 2ATO5 94,97
A ky 23X ZAT,TA 169,1 77AR
Ak 540EY  pa0Et  pane™ 150
B kx THEAT ZR4ZY 24751 11536
B ky 220,77 25066 TeS2d 1,66
B ke 950r®  2P0FY 2amt 7m0ET
C kx ABBA7 2e023 24577 FhES
C ky 22048 173,36 e 31 77,
€ ke zamw?  se0et et 3m0EC
0l 2AT58 224 2400 111,64
0 ky 22477 13488 216,23 11,66
B ke A20ETY 1BO0ET Ba0EY So0E

Source: Authors

structure, in comparison with Figures 4 to 6, which means
that foundation equivalent system reflects a similar response.
On the other hand, results for frequencies and periods are
shown in Tables 8 and 9, and the maximum displacements
are shown in table 10 for each soil lype and the first three vi-
brational modes. The frequencies decrease while the periods
increase, as well as the maximum displacements. Addition-
ally, the global stiffness estimate is shown in Table 11, which

Insmairmin F Invesncacn voL 42 No. 1, Ama - 2022 Sof 1o 1
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decreases from soil E to soil A, meaning that the stiffness is
not related only to the size of the foundation system, but also
to the Ballast coefficient and the type of foundation (isolated
or combined).

b P r pi— » 0
i ¥ = ‘ﬂh.t = L1 #
! 4 =]
| 5

5w

,__1 'l
]

mes
] 1=

N

Figure 12. Masimum displacements for soil A (om): 1% mode on the
lett, 2 modde in the middie, and 3 mode on the right.
Source: Authors

gk

Figure 13. Maximum displacements for seil C (em): the 1 mode on
the bedt, the 2™ mode in the middle, and the 3™ maode on the right.
Source: Authors

| Lk R ¢

| |
sl L] | |

! H A ) B i
! | | ! I
;--—.a"_{'..-—.& - 2 : i 4
= ety ey

3 3 Rl —s

Figure 14, Maximum displacements for soll E (em): 1% maode on the
teft, the 7 miode in the middle, and the 3™ mode on the right.
Source: Authaors

Table 8. Frequencies

Frequencies w (rad's}
Mode  Foeed  Springs (A1 Springs (C)  Speings (E)
1 1,27 1,49 1,18 137
2 1,54 1,44 1,42 1,41
E] 1,73 1,60 1,59 1,54
Source: Auithors

Comparisson between fixed models and with springs
models

To compare the structural response among the fixed and non-
fixed models, a complete design for each sail type was made.
The final dimensions for the fixed structure remained the same
for the non-fixed structure, in order to compare them against

B ol 10 ivceaedas Invisncacen vor 42 No. 1, A - 2022

Table 9. Periods
Perbods T (5)
Masbe:  Fesd Springs (A} Springs (0 Springs (E)
1 76 i, B 0,85 45
2 65 o710 0,70 71
3 3,58 k2 63 0,63
Source: Authors
Table 10. Maximum displacements
Maximum displacoments (com}
Fiwed  Springs (A) - Springs (€} Springs ()
1,158 1,131 1,134 1,137
1,640 1,505 1,541 151
2,051 24002 2,000 2002
Source: Authors
Table 11. Global stifiness
Kx (kMimm) Ky (kM/mm) K averago (kN/mm)
Fixead Thi, b4 126,38 146,53
A 129,06 123,17 126,12
[ 147,506 100,11 T18.483
F 133,749 HH, L5 116,22
Source; Authors

the reinforcement steel areas and drifts, Reinforcement steel
areas for beams and columns for each model are shown
in Tables 12 to 16, It can be observed that, for soil A, the
required reinforcement increase is related to the stiffness,
which is the highest among the three soil types, approaching
to fixed model (Wahrhaftig and Brasil, 2017).

Table 12. Average required reinfrrcement

Average required Average required
relnforcement (om?) relnfrcement (%)
f— J:an.il.-ﬂ D
SRS
Saal type A As+ As- As+ Az Ast
A 198 2GT 437 024 4aEg 24,04
C 474 o0 487 314 475 o,
T 478 AT 542 315 705 9,79

Source: Authors

Table 13. Total required reinforcement for beams (enline struciure)

Total required reinforcement for beams (o]

Fixed Tt
prings
Soil typr | Aw Ast As Ast
A 312823 2 050,05 3 437 65 2 542,90
C ATISED 2ITRAT AG0RA6 250273
E 3 7RO N 225632 A 024, 0= 2 ATTE
Source: Authors

The increase in positive and negative reinforcement areas
implies an increase in the maximum deflection of beams,
as shown in Table 17. Please note that these increases
were negligible, but, if a structural design is susceptible
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Table 14. Differences on total required reinforcement for beams jentire
structune}

Difference (o) Difference (%)
Sl type A5 As+ s As+
A YA 49LEBE BB 2404
C 17704 X650 475 LAt
E 64595 2I0B6 705 979

Source: Authors

Tahle 15. Total reinforcement required for columns (entire strocture)

.I.H:hy.- rd]'l'll‘dl Tolal fu]ﬂﬂ:ﬂ reinlorcemenit
reinforcement for columns
fem’) fem’)
Soltpe  Fusd AR e EEe
springs aprings
A 16,492 23,54 1 760,00 2 444,51
C 18,13 23,54 1 114,16 i 440,500
E 17,30 23 54 1 799,25 2 4837

Source: Authors

Table 16. Differences on total reirforcement required for columns
{entire struciune)

Table 18. Average ratios for masamum dieflection for beams

Averape ralios (spring/Ticed)
Lewerl A i« F

T 1,61 %6 10103 10218

2 0999 05940 10087

3 0446 G599 71,0068

4 09991 10004 10066

5 OEE DS94 T,0009

3 10002 1,000 10072

Average D999 (9959 10119

Source: Authors

consistent with these results, whereas, for soils A and C, a
reduction is observed while gravitational forces still increase,

Table 19. Stirrups per length in columns (16 mm}

Soil type  Difference (cm?)  Dilference (%)
A it 51 9,12
C 563,64 24,90
E 9,12 b,

Equivalent  Difference
Sail Fined
frpe sparings (%
A 4,51 4,67 55
C 4,71 501 bA5
T 1,55 506 10,56
Source: Authors

Tahle 20. Stirrups per length in beams (10 mm)

Source: Authors

to deflections, the amplification must be considered, even
though the increases for positive bending moments are being
countered by the increase in negative bending moments,
thus compensating the deflection increase, For columns, the
quanlities of reinforcement areas remain almost equal for
each soil type, bul, for all cases, there was a considerable
increase associaled with the new bending moments of the
beams.

Table 17. Averige maximum deflection for beams

Average deflection (mm)

Lewid  Fied A C E
1 412 A4 416 42
) 08 405 4R 402
a A0 408 410 410
| 411 410 41 406
5 A% A6 46 410
i 437 A7 337 346

Source: Authors

The direct relationship between bending moment and shear
force implies an increase in shear effects; hence, a measure-
ment of quantities of stirrups per length was established, as
shown in Tables 19 and 20. Please note that stirrups quanti-
ties increase in average for beams and columns, and this is
related to the increase bending moments due to gravitational
effects and the reduction of the stifiness. Tabhles 21 and 22
show the base shear, and, for soil E, there is an amplification

Sollype  Fixed TNl Difference

springs (%}
A 7,50 7,86 4.8
[ 44 1 as f,41
I 755 11,00 L7
Source: Authors

As an example, the calculation of drifts for soil E are shown
in Tables 21 and 22, while the total drifis and ratios for each
soil type are shown in Table 23, Ratios were calculated using
Equation (10). Elastic drifts were calculated according o
(NEC, 2014), which specifies that, if ratio > 1, then drifts
using equivalent springs are greater than drifts using fixed
supports, and vice-versa,

Equivalent springs drits

fin =
g Fixed drifts

{10)

The procedure shown in Tables 21 and 22 was applied to all
frames in both directions to obtain a global average for each
structure (Table 23).

The results for drifts were as expected, which means that they
were greater in models based on equivalent springs than in
the fixed models. Although drifts for models with equivalent
springs are greater, all models still remained within admissible
values, which did not exceed the value of 0,02. Ratios
increased from soil A to soil E, which is related to the global
stiffness, modified due to the change from fixed supports o
spring supports. Torsional imegularity was checked according
to regulations and standards (FEMA, 2006, 2018; NEC, 2014),
by applying Equation (8). H r = 1,4, then the torsional
irregularity is extreme. 1f 1,2 < r = 1,4, then the torsional
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Table 21. Bample for calculation of inelastic dnfts for spectral ¥

displacements (z0il E, one frame)
Spectral (¥)
Equivalent
Level  Fexd imm)  Dirifis springs Drilts  Ratio
imm)
~ & 20095 004 34847 0005 1,15
X 26,65 0006 384 0007 1,10
4 21,614 00 27499 o000 108
3 17,146 oM 2503 o0t 1,07
2 1,671 0mMo 14EIS 0011 108
1 4,152 (LR 7oA (00 T8
o {1,006 3,000 2,351 0,004 .
Average ratio ¥ 1,13

Source: Authors

Table 22. Bample for caleulation of inelastic drifts for spoctral X
displacements (s0il E, one frams)

Speciral (X)
Equivalen

L=l Fisod (rmpmf Dinifits springs Diriits Rati

L)
[ 15,562 0,002 17,554 0008 1,74
5 14177 G004 T5E25 0004 1,09
4 11,580 0,005 13,360 o005 104
b o, (K 0,005 0,324 0005 1,02
z 5617 0,005 6, 855 0005 100
1 2100 40,0003 3,365 LIRE ] 140

o 0,00 0,000 1,159 0,002 .
Avirage rati X 1,06
Source: Authors

Tahle 23. Average ratios for each soif type {all frames)

Average ratbos
Soil type Specindl X Spectml ¥ Average
A 1,00 0,98 1,
[ 1,04 1,01 1,00
E 1,16 1,12 T.14

Source: Authors

irregularity must be considered in the structural analysis and
design by reinforcing columns or changing their configuration
or orientation, If r < 1,2, then the torsional irregularity can
be dismissed from the analysis, The results for torsional
irregularity are shown in Tables 24 1o 26,

Tahle 24. Averdge ratios for sofl A (all frames)

Condition Eusd Equivalent
spring

Direction X ¥ X ¥
Displacements fmm) 1417 13,25 1458 14,96
965 1531 1062 1281
Average (mm) 119 1428 1260 1388
Flirmd ) 1,19 07 1,16 1,08

Source: Authors

Tables 24 to 26, show that torsional irregularity values remain
admissible, and that the difference between fixed and equiva-

Wi 10 ivceedas Invisncacen vor, 42 Neo. 1, A - 2022

Table 25. Average ratios for soil C {all frames)

Condition Fized o
springs
Diirection X ¥ X ¥
Displacements {mm) 21,71 21,07 26489 2375
1754 2496 18,41 FEs]
Asvestagaps imimi JERI 23,001 2PER 1573
F i) 1,21 1,06 1,18 1,08
Source: Authors
Table 26. Average rafios for soil E (all frames)
. Equivalent
Condition Fined
springs
ires-tiom X ¥ X ¥
Displacements {mm) 2258 24,93 25 Hu7
1432 92 1813 21988
Aoerrage (mimp 1840 26592 2338 3237
siiman/inim) 1,23 107 1,20 1,008
Source: Authors

lent springs models remain closer. Despite using equivalent
springs, the structure still has admissible values. Additionally,
the ratios for torsional moments were evalualed. Therefore,
if ratio = 1, then the torsional moment increases using equiv-
alent springs and vice versa, The same equation was used
to calculate ratio for base shear forces; Figure 15 shows
the results for base shear forces and torsional moments for
soil C,

Tables 27 o 29 show a decrease in shear forces in direclions
X and ¥ for soil A and C, although, for soil E, an incremenl is
visible in the direction of the applied spectral forces. These
results reflect that the displacements and rotations at the
base using equivalent springs not only imply that the behavior
of the structure changes for bad (in the form of drifts, rein-
foreement, or increasing torsional moments), but the spectral
forces can also be reduced for each spectral load state. Table
30 shows similar results for torsional moments, decreasing
for soils A and C, and increasing for soil E. These results can
be attributed to the stiffness, given the fact that it decreased
fromi soil A 1o E.

g:g.;\m =

MZT=327. e i .
| i
L e
s |

2 T B it v l_;igﬁ-- -:11-.-.-
| Sl

_%‘q wﬂ
T R
|

o

A

Figure 15. Baze shear for soil C (kh, K. mj.
Source: Authors
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Table 27. Soal A (spectral)

X L

L=l Bame shear ralis
Fa Fy Fx Fy
h 0,91 08 a7 0,56
5 a9  OBEE 083 0,156
4 B8 OHR G838 OHS
3
1

088 088 083 0485
1185 AR 2,50 Chith
(TS R (1 - ¢ I ¥
Average. 009 GBS 009 (A

Source: Authors

Table 28. Soil € (spectral)

X L
Lewrl Rase shear ralo

LL R e Fy

6 096 092  0g3  oul
5 095 ol 093 094
4 095 BEr 093 094
3 095 %2 093 094
2 09 093 094 095
1 098 A%k 095 o4

Average. 096 082 083 0,95

Source: Authors

Table 29. Sodl E (spectralk

L] Base shear rato

106 102 f0r 10
L0y 143 708 106
Average.  T,05 101 T 4R

[ 1,05 1,00 1M 1,00
5 .06 o059 1,00 14
1 L5 160 1M 1,01
3 P I P % . P
2
1

Source: Authors

Table 30, Ratios for larsional maoments for each sail type

Leweld Soll A Sadl C Sail E
X i | X ¥ X L
Towsional Moment ratio (Mz)
i maEr ss 0A2 10 oay o 108
5 L1 N L S N T SO I
4 o A5 082 01 o8 108
k|
2
1

LT T SR 5 R S 4 11
naT  Bas o8 04 om0
03 088 085 106 091 1,13
M. OAT 0S4 043 103 o8 1,10

Conclusions

According to the results, for this regular structure, soil-
structure interaction in linear range has an impact on the
analysis and design. The former is related with reinforcement
areas for structural elements which increased for positive and

negative bending moments in all the structural models, while
also increasing the quantities of stirrups per length.

Drift walues showed an expected increase, being greater for
soil E (14%), which was the most critical in terms of stiffness
and soil resistance, as well as subjected to gravitational and
seismic influences, thus allowing more displacements and
rofations at the base. However, it could be enhanced by
giving more stiffness to its foundation system by mechanically
altering the soil properties to preserve the superstructure’s
cross section,

A similar response was ohtained for torsional irregularity,
but, in this case, it remained almost equal in terms of dis-
placement, which is related with stiffness reduction and
increasing displacements. Despite this, the torsional risk is
the same, and il does not imply a significant change in the
superstructure’s design, so it could be enhanced by changing
the subsiructure’s stiffness,

A structure generally functions as a filter for seismic move-
ment, that is, depending on the structure and its transfer
function, it can be susceptible to the frequencies a certain
earthguake. The transfer function, in turn, depends directly
on the stiffness of the structure: when the structure is fixed
at the base, it has more stiffness than it would with springs
on it, but cven so, this does not mean that the structure with
springs at the base will have greater lateral displacements
than the fixed structure, given that, when placing translational
and rotational springs, vertical and lateral displacements and
rotations will occur at the base, which can even reduce lateral
displacement.

The shear forces and torsional moments increased and de-
creased, and so did the drifts, but the stiffness of the structure
with springs decreased, which produced a reduction of shear
foroes in soils A and C, but increased with soil E, which is not
the case for torsional moments, {it only increased for soils
Cand E}. The explanation for this lies in the linear stiffness
of the structure {translational and rotational}. In the case
of springs, the stiffness decreased, but the displacements
increased, so there is a compensation comparable to the fixed
model.

It is highly recommended to apply this study for other soil
types and the same structure by optimizing the superstructure
and substructure, Additonally, it is recommended to avoid
displacements with higher variations al the base, which allows
to control additional stresses on the superstructure,
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