2611. Real-time dynamic substructure testing of soil-
adjacent structure system based on branch mode
method

Tao He', Nan Jiang?

1-2School of Civil Engineering, Tianjin University, Tianjin, China

2Key Laboratory of Coastal Civil Engineering Structure and Safety, Tianjin University,
Ministry of Education, Tianjin, China

2Corresponding author

E-mail: ! /19hetao@sina.com, *jiangnan@tju.edu.cn

Received 6 March 2017; received in revised form 19 August 2017, accepted 20 August 2017 W) Check for updates
DOI https://doi.org/10.21595/jve.2017.18301

Abstract. The concept of inertia coupling terms among substructures was proposed. Based on the
branch mode method, the superstructures and foundation soil of one soil-adjacent structure system
were divided into different branches. The branch mode method was effectively introduced to
real-time dynamic substructure testing (RTDST) by decomposing and transforming the motion
equation of the entire system. It was also applied for the interaction coupling terms to exchange
data between the physical and numerical substructures. This method decreased the
degree-of-freedom of the linear substructure effectively and considered the effects of foundation
translation and rotation on the upper structures. One system composed of two adjacent four-story
steel structures (S1 and S2, respectively) and foundation soil was presented in this study. S1 was
applied on a shaking table as the physical substructure, whereas the foundation soil and S2 were
set as two numerical substructures and simulated in a computer. The seismic response of the entire
coupling system was analyzed by real-time data exchange among substructures. Test results agree
with numerical solutions. The RTDST based on the branch mode method is a feasible and reliable
method for the investigation of soil-adjacent structure interaction (SASI) problems, and provides
a new way to consider SASI problems in the RTDST.

Keywords: soil-adjacent structure interaction (SASI), branch mode method, coupling terms,
real-time dynamic substructure testing (RTDST), seismic response.

1. Introduction

Given the advancement of means and methods to study the soil-structure interaction (SSI)
problems [1, 2], the problem of soil-adjacent structure interaction (SASI) [3-6] attracts more
attention from researchers in recent years. Theoretical analysis methods of SSI mainly include
overall and substructure analyses. In the experimental studies, indoor model testing and prototype
measurement are often used to solve SSI problems, which can also be introduced to the SASI
problem. Researchers have achieved a series of valuable theoretical conclusions and outcomes
after unceasing endeavors [6]; however, they gained few achievements in an experimental study
because of the complexity and size of the adjacent structure system, as well as the limitations
under laboratory conditions. Aldaikh H. et al. carried out a shake table test of the dynamic
interaction on a group of three buildings. The adverse and beneficial effects of SASI under seismic
excitation were explored [7].

At present, the shaking table test is an effective method for a structural model test. The model
soil box method [8-10] is common in a shaking table test that considers SSI. The method starts
with fixing a predesigned and full-model soil box at a shaking table. The superstructure model is
subsequently placed above soil mass. Then, the ground motions of an earthquake are applied
through the shaking table to accomplish the test. However, the model soil box method still has
various limitations. Test results are bound to be affected by the restricted bearing capacity of the
shaking table and the manual model boundary conditions of the soil box. The limited space allotted
for foundation soils cannot fully simulate the scattering of seismic waves.
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The real-time dynamic substructure testing (RTDST) [11-13] provides a new method for
solving SSI and SASI problems. This method is currently an important development trend for
testing the earthquake resistance of a large complicated structure system. Researchers started the
procedure by dividing the building structure into several substructures. They used the bottom [14],
middle [17], or top substructures [18] as a physical substructure, and uploaded it using an actuator
[14-16] or shaking table [18-20], or both [17]. The remaining substructures were used as numerical
substructures and simulated in a computer through the established numerical models. The dynamic
response of the entire structure was analyzed through real-time coupling. The RTDST was applied
to a two-story steel frame structure in Reference [21], considering SSI by setting the foundation
soil as the numerical substructure. The foundation soil was simplified as two degrees of freedom
unduly and the acceleration impact of foundation rotation was not considered for the
superstructure. In previous tests, the interfacial force for data exchange between physical and
numerical substructures worked as the horizontal shear force. In engineering practice,
experimental studies of SSI or SASI problems produce excellent results when the impacts of
foundation translation and rotation on the superstructure are considered. However, the RTDST of
SSI and SASI has two challenges. First, if the foundation soil is set as a physical substructure,
then only the foundation soil within a limited range can be simulated. This limitation is due to the
restricted bearing capacity and size of the shaking table, which only allows the superstructure
model to occupy a considerably small portion of the test structure. These factors significantly
influence test results [22]. Second, if the foundation soil is set as a numerical substructure, then it
is calculated in real-time and the data exchange becomes challenging. This difficulty is due to a
large amount of DOFs of the foundation soil, and the fact that the loading step of RTDST finishes
in a few milliseconds. Narrowing of the computation scale of the numerical substructure to
increase the computation efficiency and convenient solution of the problem to RTDST after
reasonable simplification are important issues to be resolved.

The branch mode method [23]is a dynamic substructure method that can significantly reduce
the DOFs of structures and computation scale. This method is used for a dynamic analysis and
solution of linear structures. In this study, the branch mode method was introduced into the
RTDST of SASI. On the basis of this method, the concept of the coupling term was used in data
exchange and transmission between physical and numerical substructures, in order to provide
convenient conditions to study the SASI in RTDST. The branch mode method divided the
superstructures and foundation soil in the soil-adjacent structural system into different
substructures. This method could be used in the RTDST effectively with inertial coupling terms
among different substructures by decomposing and transforming the kinetic equation of the entire
system. In this study, an RTDST based on a shaking table considering SASI was implemented to
the soil-adjacent structure system, which was composed of two same-steel structures and
foundation soil. Each steel structure has four stories and one span. The SASI mechanism and law
were explored by analyzing test results under different working conditions, which fully reflected
the RTDST characteristics based on the branch mode method. Results provided data support and
experimental verification for studying such a complicated system and related problems.

2. Theory of branch mode method and its application in RTDST

For the effective use of the branch mode method for the RTDST of SASI, the soil-adjacent
structure system in Fig. 1 is divided into three substructures: foundation soil substructure D, and
upper substructures S1 and S2. These substructures are analyzed in this section, respectively.

2.1. Substructure D analysis

The research indicated that only a small region of the foundation soil, which was remarkably
close to the upper structures, would produce plastic strain when the texture of the foundation soil
was good in a seismic response analysis. Conversely, the foundation soil region, which is far from
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the upper structures, has the linear working condition throughout the process of seismic excitation.
Thus, the entire structure system may have local nonlinear characteristics under earthquakes. For
convenience, foundation soil is simplified to be elastic in this study. For the linear foundation soil
substructure, stiffness [K]p, mass [M]p, and damping [C], matrices of the elastic foundation are
used to obtain the eigenvalue problem:

[K1p{d}p = Ap[M]p{d}p, (1

where A, is a characteristic value, and {¢}, is the dominant mode of substructure D. According
to Eq. (1), the first m orders of the dominant modes are obtained and then the modal matrix [¢]p
is formed as follows:

[#1p = [{$35{¢35 - {P}5], @

where {¢}},{¢}3,....{p}} are the first m orders of the dominant modes of foundation soil
substructure. Characteristic matrices of D after the modal transformation are:

[K*1p = [¢1p[K]p[Pln, [M"]p = [@]5[M]p[¢]p, 3)
[C*1p = [91L[CTn[@1p, [F*1p = [#1[F1p,

where [K*]p, [M*]p, [C*]p, and [F*]p are the generalized stiffness, mass, damping, and external
load matrices, respectively, after the degrees of freedom (DOFs) of the linear foundation soil
substructure have been reduced. [C], can be calculated by the general damping theory, and load
matrix [F]p is the earthquake input load at the bearing platform.

Structure S1 Structure S2

22,

Bearing platform M Bearing platform

el

Foundation soil

Fig. 1. Soil-adjacent structure system
2.2. Substructure S1 (S2) analysis

Given that S1 (S2) involves relatively few DOFs, the DOFs of S1 (S2) are not reduced to meet
the elastic-plastic analysis. If the bearing platform is rigid, then the acceleration at different points
of the bearing platform will be the same. The deformation pattern of the upper structures is shown
in Fig. 2. Horizontal and angular displacements of the upper bearing platform surface at S1 (S2)
caused by foundation deformation are marked as u.; and ¢ (u., and @.,), respectively (Fig. 3).
The deformation (or displacement) of the foundation soil will cause the rigid body displacement
of the upper structures; thus, the rigid mode [R]g; of S1 can be calculated by the base point method
(using the surface center of the bearing platform as the base point). The horizontal displacement
of S1 at any height (h;) is:
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u
Up, = Uy + hiper = [1 Ry {(pccll}; 4)

where h; is the distance from any height of S1 to the top foundation (Fig. 1). Subsequently, the
rigid mode matrix of S1 ([R]s,) is obtained as follows:

1 h, 0 - 0
[1 Bpy O - 0]
[R151=|s h P | ©)
1 , 0 - 0
l1 h, o0 - ol

where [R]s; is an X k matrix, n is the number of stories and k is the number of DOFs of the
foundation soil. Similarly, the rigid mode matrix of S2 ([R]s,) can be achieved.

»??ructure S1 »_§tructure S2 Structure S1 Structure S2
| ]
L]

Bearing§ platform Bearingi platform

Bearing platform Bearing platform

Foundation soil Ucy Foundation soil |, ugo

Fig. 2. Deformation pattern of upper structures Fig. 3. Rigid body displacement of upper structures
(rigid foundation) caused by foundation deformation

2.3. Motion equation building

The implemented modal is substituted into transformation, considering [R]s; and [R]s,. The
relationship between the physical and generalized coordinates of the substructures can be obtained
as follows:

{ulp = [Plp{adp, {Whs1 = {q}s1 + [Rls1[@lp{adp, {Ws2 = {q}s2 + [Rls2[@1p{d}p, (6)

where {u}p, {u}s;, and {u}s, are displacement vectors of substructures D, S1, and S2,
respectively, under the physical coordinates. {q}p, {q}s1, and {q}s, are displacement vectors of
three substructures under the generalized coordinates. Based on Eq. (6), the entire equation of
motion of S1 and S2 with physical coordinates, and the linear foundation substructure with the
generalized coordinates is obtained as follows:

[M*]p [015[R151[M]s1  [P1B[RIS[M]s2] ({iido

[M1§:[R]s1[¢]p [M]s: 0 {it}s1

[M15;[R]s2[¢]p 0 M]s, {ii}s2 @
[C*], O 0 | ({4} [K*]p 0 0 {4} {F'}p

+[ 0 [Clss O {Ws1p+] O [Klsy O {Ws1p = {{F}s1 v
0 0 [Clsz| ({tt)s2 0 0 [K]sz] ({u}s2 {Fls2

where [K*]p, [M*]p, [C*]p, and {F*}, are stiffness, mass, damping, and external load matrices of
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substructure D, respectively, with the generalized coordinates; [K]gq, [M]s1, [C]s1, and {F}¢, are
stiffness, mass, damping, and external load matrices of S1, respectively, with the physical
coordinates; and [K]s,, [M]s2, [Cls2, and {F}s, are the related matrices of S2 with the same
meanings as S1.

2.4. Equation of branch modal transformation and its application in RTDST

Eq. (7) is the dynamic equation of the soil-adjacent structure system. This equation reveals
that the mass matrix has non-diagonal items (i.e., [¢]5[R]5:[M]s1 and [P]5[R]5,[M]s,) that
combine S1, S2, and D. Herein, the items are named as interaction coupling terms. For RTDST,
the data exchange between physical and numerical substructures is completed through mutual
transmission of interfacial force. Eq. (7) is divided into motion equations of D, S1, and S2 for the
RTDST of soil-adjacent structure system, and unknown coupling items are moved to the right of
equations, as follows:

[M*1p{@}p + [C*1p{d}p + [K"1p{adp = (F*}p — [@15[R151[M]s1 i} )
—[@15[R152[M]s2{il}s2,

[M1s51{it}s1 + [Cls1{ti}s1 + [K]s1{u}s1 = {F}s1 — [M15:1[R]s1[@]p{G3p, )
[M]s2{il}sz + [Cls2{t}sz + [K]s2{u}s2 = (Flsz — [MI§:[Rs2[¢1p{d}p, (10)
where:

{F}s1 = _[M]s1[1]ﬁg1 = _[M]Sl{ﬁgl}' (1
{Fls2 = _[M]Sz[l]ﬁgz = —[M]sz{ﬁgz}' (12)
{F3p = [#]5[F1p = ~[¢15[M]p{itg1} — [#15[M]p{ilgz)- (13)

In Egs. (11-12), [I] is a unit matrix. iig; and iig, are ground accelerations applied onto the
bearing platforms of S1 and S2, respectively; ily, is the traveling wave of iig, (Fig. 1), which only
has time delay and amplitude attenuation. Two variables meet, as shown as follows:

d
ity = ilgy (£ = =), (14)

where y is the amplitude attenuation coefficient (y < 1); d is the distance between two bearing
platforms; v and t are the velocity and time of seismic wave propagation, respectively.

In Egs. (8-10), the interaction coupling items appear as a load when they are on the right of
the equations. The interaction coupling forces are obtained by multiplying the interaction coupling
items with the related terms. The interaction coupling forces constitute the external forces of three
substructures together with the earthquake forces on D, S1, and S2 ({F*}p, {F}s1, and {F}s,),
respectively. The interaction coupling forces can be calculated given that acceleration vectors of
S1 and S2 ({ii}s; and {ii}s,, respectively) are known. The motion equation of the foundation soil
(Eq. (8)) can be solved. The calculated acceleration vector of the foundation soil ({§}p) is brought
into Egs. (9-10) to implement the independent loading of S1 and S2, respectively, thereby
providing a great convenience to the shaking table-based RTDST.

3. Test design
3.1. Division of physical and numerical substructures

The transformed branch mode method can use the above interaction coupling terms in the
loading of upper substructures and in the independent numerical solution of the foundation soil
substructure; thus, this method is used in the RTDST of SASI in this study. The substructure

43 98 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. SEP 2017, VOL. 19, ISSUE 6. ISSN 1392-8716



2611. REAL-TIME DYNAMIC SUBSTRUCTURE TESTING OF SOIL-ADJACENT STRUCTURE SYSTEM BASED ON BRANCH MODE METHOD.
TAo HE, NAN JIANG

division of the soil-adjacent structure system, composed of two similar four-story shear frames
and foundation soil, is shown in Fig. 4. In the RTDST, physical substructures should be set
according to equipment conditions and interested substructures. Foundation soil involves the
bearing capacity and table size of the shaking table, as well as soil boundary settings. Thus, S1 is
set as a physical substructure for a load test on the shaking table, whereas S2 and D are set as two
numerical substructures. The seismic response of the entire system is analyzed through real-time
data transmission among different substructures. In the test, the SIMULINK simulation program
is applied for signal transmission and solution of the motion equation. Meanwhile, S2 is set as an
independent numerical substructure to be prepared for the follow-up shaking tables test. The data
exchange method between S2 and D is the same as that for S1.

Structure S2

Structure Sl

Numerical
substructure 2

Physical
substructure

Shaking table

K

e e
Earthquake force + Earthquake force +
interaction coupling force 1 interaction coupling force 2

M N

Finite element model of foundation soil

A1epunoq d1se[a09s! A

AIepunoq onSe[O0ISIA

Numerical substructure 1

Fig. 4. Division of physical substructure and numerical substructure
3.2. Parameters and similarity relations of physical substructure

To make the model structure, the dynamic features of the prototype structure are reflected, and
the test model is designed according to the similarity theory. In this test, 1:5 scale model is applied
to the physical substructure. The main parameters and similarity relations of the model are listed
in Table 1. The plane dimension of the physical substructure (Fig. 5) is 1.6 mx1.6 m. The height
of the ground floor is 0.68 m, and that of the other floors is 0.63 m, with the total height of
2.57 m. All beams and columns use H-shaped Q345 steel.

Fig. 5. Physical substructure
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Table 1. Main model parameters and similarity relations

Parameters Expressions | Similarity relations | Parameters | Expressions | Similarity relations
Modulus of elasticity Sg 1 Mass Sy =S? 0.04
Length S 0.2 Stiffness | Sx = Sg X §; 0.2
1
. S \2Z ) S
Time S, = (2 0.45 Acceleration| S; =3 1
t Sk St

The cross-section dimension is 100 mmx45 mmx6 mmx8 mm. Elasticity modulus
E =2.02x10° MPa is measured in a material property test. Floors use 3-mm-thick steel plates,
and one horizontal and one vertical beam are underneath the floors. Masses of different floors are
m; =m, =my = 1.7x10° kg, and m, = 1.54x10° kg. The resonant fixed-base period of
structure S1 is 0.42 s, and the damping ratio is 0.02.

3.3. Numerical substructures
3.3.1. Adjacent structure (S2)

In the test, S2 is divided as an independent numerical substructure. S2 is simplified into a serial
multi-DOF system, which is a shear model (Fig. 6). The mass of each story of the structure (m;)
is concentrated on the floor, and the stiffness of each story (k;) is the sum of the lateral stiffness
of all columns on this floor. Meanwhile, the double broken line constitutive model, known as the
Ramberg-Osgood model, is used (Fig. 7). In Fig. 7, F, is the yield load, u,, is yield displacement,
K; is the initial shear stiffness, and K, is the post-yield stiffness (K, = aK;, where a is the
stiffness reduction coefficient and is 0.01 in this test). The masses of floors in S2 are the same
with those in S1. The story stiffness of the ground floor is 3.87x10°% N/m, and story stiffness of
the second to fourth floors is 4.86x10% N/m.

m, FA
1 ks B
1 [(2
m3 g Fl_4
Il k3 Kl
: m, >
H kz 0 uv u
! ml
H k, 1 D ¢
7077 007
V.0 /4 V.0 /4

Fig. 6. Simplified model of S2 Fig. 7. Double broken line constitutive model

3.3.2. Foundation model

In the SSI problem, the boundary effect slightly influences the dynamic response of the
structure when free boundaries are applied to the sides of the foundation soil, and given that the
plane size ratio between the foundation soil and structure is higher than five. In this study, the
length, width, and depth of the foundation soil are set as 30 m, 15 m, and 15 m, respectively. The
buried foundation sizes are 2.2 mx2.2 mx0.4 m. The material foundation parameters and the
different soil mass layers are listed in Table 2. According to the consensus of the Rock Physical
Simulation Technical Committee of International Association for Soil Mechanics and
Geotechnical Engineering, the deformation trend of soil particles and the agglomeration effect of
particle motion in the model are almost similar with those of an undisturbed soil when the
model/soil particle size in the model is higher than 175 [24]. This soil mass can be used as model

4400
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test materials. Therefore, the similarity of the foundation soil in this study is determined as one.

When soil mass is considered as a numerical substructure in the analysis, a three-dimensional
finite element analysis model is used, where the bottom of the soil mass is fixed, and
viscoelasticity boundaries are set surrounding the soil mass. The foundation soil is simplified
appropriately considering the long computation time because of the abundant DOFs involved in a
finite element model of the foundation, as well as the timeliness (generally 0-99 ms) of data
transmission between the physical and foundation soil substructures. Given that the width
direction of the foundation soil is not the main vibration direction, relative displacements of
different nodes along the width direction are relatively small and viewed approximately consistent.
On this basis, modal reduction of the foundation soil is conducted. Relative model parameters are
listed in Table 3. The specific implementation method is introduced as follows.

Table 2. Material parameters of foundation and foundation soil

Material Material Thickness Elasticity modulus Density Poisson’s
type No. (m) (Pa) (kg/m?) ratio
Foundation 1 0.4 3.5x101° 2650 0.2
2 3.6 2.1x108 1730 0.3
Soil layer 3 8.4 3.6x108 1950 0.3
4 3.0 4.3x108 2030 0.3

1) The numerical substructure model of the foundation soil is established in the finite element
software ANSYS. The mass, stiffness, and principal modal of the foundation soil substructure are
extracted.

2) Data are inputted into MATLAB for an analysis. All calculated soil mass modals are
rescreened and ranked in the descending order according to the mass participation coefficient
along the vibration direction. The final computing modal number, together with the requirements
on analysis accuracy and computation power of test equipment, is determined (Table 3) to make
the sum of the mass participation coefficients of the vibration model reach the value higher than
95 %.

3) The chosen modal number is used in Eq. (3) to calculate the modal mass and the stiffness
matrices of the soil mass. The modal damping matrix can be calculated according to the Rayleigh
damping assumption. Subsequently, these three matrices are inputted for computation in the
Simulink program of the soil-adjacent structure system based on the branch mode method. This
treatment method reduces the order of the characteristic matrix of linear foundation soil
substructure. Therefore, the goal of DOF's reduction and high-efficiency computation is achieved,
guaranteeing real-time computation in the RTDST.

Table 3. Parameters of finite element model of foundation soil

Length| Width |Depth |Element| Element | Element Node Number of Number of
L(m) | W(@m) [D(m)| type size (m) number | number DOFs chosen mode
30 15 15 | Solid45 1 15876 17974 2286 60
3.4. Test

In this test (Fig. 3), the overall model is divided into a physical substructure S1 and two
numerical substructures (foundation soil and upper substructure S2) based on the branch mode
method. The dynamic interactions of these substructures are achieved by the force balance and
displacement coordination at the connection points. The experiment was conducted on the shaking
table. The main parameters and technical indexes of the shaking table are as follows. The table
sizes of the shaking table are 3 mx3 m; the platform weight is 60 kN; the maximum weight of the
specimens is 100 kN; the frequency range is 0.1-50 Hz; the shaking table only shakes in the
horizontal direction; and the control method is used with three-parameters simulation and digital
iteration.
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Eq. (4) and Eq. (9) show that the seismic excitation to S1 is composed of the horizontal
earthquake acceleration ii,y, as well as the translation (ii.;) and rotation (¢, ) accelerations of the
foundation that causes rigid body displacement of the upper substructures. In the RTDST based
on the branch mode method, iy, and ii.,, but not ¢4, can be applied to S1 through the shaking
table. The effect of ¢4 on S1 is the horizontal inertial load related to the height; thus, the
horizontal inertia force in an inverted-triangle distribution caused by ¢, at the lumped mass of
S1 is equivalent to an evenly distributed horizontal inertia force. This finding follows the principle
of base shear force equivalence (unrelated to the height after equivalence, and the equivalence
coefficient is 1.6).

In the test, the acceleration vector of S1, which is measured by the sensor ({ii}s;), the
calculated acceleration vector of S2 ({ii}s,), and seismic force (Eq. (8)), are inputted into the
numerical foundation soil substructure for the implementation using the Simulink program. The
calculated acceleration vector of the foundation soil ({¢}p) is used in Egs. (9-10), and the
interaction coupling force is gained. The physical substructure S1 and numerical substructure S2
are uploaded and solved after the superposition of the interaction coupling force and seismic force.

Original seismic acceleration| Traveling wave effect Traveling wave i)
at step i (i=1)

il at step i (i=1) J

[Input into the shaking table to drive S1J Loading S2
1

Measure {ii}, at step i (i=1) and calculate
the interaction coupling force 1
T

l
Input interaction coupling force 1, interaction coupling force 2 and

Calculate {ii} g, at step i (i=1) and gain
the interaction coupling force 2
T

seismic force into the foundation soil to calculate G}, (i=1,2,3, ......)
Original seismic acceleration} Traveling wave effect Traveling wave i,
Uy at step i+1 J at step i+1

(i=it]

Superpose {G}, and ii,, . Input them
into the shaking table to drive S1

Superpose {G},and [
Loading S2

Calculate {ii}, at step i+1 and gain
the interaction coupling force 2
]

Measure {ii}, at step i +1 and calculate
the interaction coupling force 1
L

Yes .
i<n

No
End

Fig. 8. Test flowchart

The entire process of test is divided into n equal steps:

1) The original seismic acceleration record iiyq at step i ({ = 1) is inputted into the physical
substructure S1 through the shaking table. Meanwhile, ii,,, which is gained at step i (i = 1) after
the traveling wave effect, is applied to the numerical substructure S2. The acceleration ({ii}s;) of
the physical substructure S1 at step i (i = 1), which is used to calculate the interaction coupling
force 1 (Eq. (8)), is measured. Simultaneously, the acceleration ({ii}s,) of the numerical
substructure S2 at step i (i = 1), when the traveling wave effect is considered, is calculated and
used to compute the interaction coupling force 2 (Eq. (8)).

2) The interaction coupling forces 1 and 2, and the seismic forces (Eq. (8)) are inputted into
the foundation soil substructure as external forces for a numerical calculation. Subsequently, the
acceleration vector ({G}p) of the foundation soil at step i (i = 1,2,3, ...) can be calculated.

3) The superposition of {¢}, at step i and the original seismic acceleration (iiyq ) at step (i + 1)
is inputted into S1 through the shaking table. Meanwhile, the superposition of iy, and {G}p is
inputted into the numerical substructure S2. {ii}s;, which is used to calculate the interaction
coupling force 1, is measured. Simultaneously, {ii}s, is calculated and used to derive the
interaction coupling force 2.
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4) Steps (2) and (3) are repeated until the end of test.

In this process, each loading time step is accomplished timely, thus obtaining real dynamic
response of the entire structural system to a given earthquake force. The test flowchart is shown
in Fig. 8.

In the test, the collected data of S1 is inputted into the numerical substructure of the foundation
soil in a control computer through an I/O equipment plate. The seismic response data of S2 is
transmitted simultaneously to the numerical substructure of the foundation soil by combining
Newmark-f8 method and Newton-Raphson iteration. The numerical substructure of the foundation
soil is solved using the state-space equation method [25]. Calculated data is used as the output
command and output to the control system of the shaking table through the I/O equipment plate
to drive S1. The remaining data is directly transmitted to S2. This way, a closed circulation
pathway for the real-time data exchange is established among three substructures through the data
acquisition system, I/O equipment plate, and Simulink simulation platform in the control computer.
The Simulink simulation platform comprises the main program of state-space equation of the
foundation soil, the elastic-plastic analysis subprogram of S2, and analog input and output. All of
these forms the RTDST for soil-adjacent structure system based on the branch mode method.

4. Test result analysis
4.1. Seismic motion input

In this study, El Centro, artificial, and Tianjin waves are used as seismic motion inputs of the
test. The time history and corresponding Fourier spectrum are presented in Figs. 9-10, respectively.
S1, S2, and soil mass are in the elastic state under the effect of frequently occurring earthquakes
according to the numerical simulation analysis before the test. However, the soil mass is still under
the elastic state under moderate and rarely expected earthquakes, whereas S1 and S2 enter into a
nonlinear working state. In the test, the amplitudes of three seismic waves are regulated.
Frequently occurring (0.07 g), moderate (0.2 g), and rarely expected (0.3 g) earthquakes are
loaded, respectively.

—— El Centro wave —— Atificial wave —— Tianjin wave
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Fig. 9. Time history of earthquake waves used in RTDST
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Fig. 10. Fourier spectrum of earthquake waves used in RTDST
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4.2. Analysis of test results

To verify the accuracy and validity of RTDST based on the branch mode method, a numerical
simulation of the soil-adjacent structure system is performed using the branch mode substructure
method. Calculated results of the numerical simulation method are compared with RTDST results.
S2 and foundation soil in the numerical simulation are equivalent with those in the RTDST. S1 is
simplified into a serial multi-DOF system, which is a shear model. Eq. (8) is solved by the
Newmark-f method. Comparisons between RTDST and numerical simulation results of S1 under
the El Centro wave (0.07 g, 0.2 g), Artificial wave (0.07 g, 0.2 g) and Tianjin wave (0.07 g, 0.2 g,
and, 0.3 g) are presented in Figs. 11-17, respectively.

—— RTDST ——RTDST
I Numericalmetnod || ] |- Numerical method

—RTDST
———— Numerical method
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a) Displacement time-history b) Acceleration time-history ¢) Shear force time-history
of top floor center of top floor center of ground floor
Fig. 11. Seismic response of S1 under El Centro wave (0.07 g)
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Fig. 12. Seismic response of S1 under El Centro wave (0.2 g)

Figs. 11-12 show the comparison between the results of RTDST and numerical simulation
under the El Centro wave (0.07 g and 0.2 g, respectively). They are consistent with each other
with regard to amplitudes and frequencies.

In Fig. 11, the peaks of the top floor displacement, acceleration and ground floor shear force
are 2.96 mm, 0.104 g and 3.78 KN, respectively, by the RTDST while the numerical simulation
results are 2.83 mm, 0.101 g and 3.57 KN, correspondingly. The errors are 4.7 %, 2.9 % and 5.8 %,
respectively.

From Fig. 12, in the peak comparison, the numerical solutions of top floor displacement and
acceleration are 8.74 mm and 0.294 g, respectively, while the RTDST results are 9.56 mm and
0.309 g. Thus, the errors are 9.4 % and 5.1 %, respectively. For ground floor shear force, the
numerical solution is 11.08 KN while the experimental result is 11.23 KN, or an error is 1.4 %.

Figs. 13-14 show the comparison between the experimental and numerical results under the
Artificial wave (0.07 g and 0.2 g, respectively) and they produced almost identical results except
that there are some differences in amplitude between two time histories.

In Fig. 13, the numerical results of the top floor displacement peak, top floor acceleration peak
and maximum shear force of the bottom story are 8.335 mm, 0.150 g and 4.78 KN, respectively,
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while the test results are 9.44 mm, 0.15 5 g and 5.25 KN with errors of 13.2 %, 3.2 % and 9.6 %,

respectively.

In Fig. 14, the amplitudes of the test results are bigger than those of the numerical solution.
For the displacement peak comparison, the experimental result is 26.85 mm while the numerical
solution is 25.98 mm. The error is 3.3 %. The peak of the top floor acceleration in test is 0.418 g
with an error of 2.7 % in comparison to the numerical simulation. For the ground floor shear force,
the peak is 14.21 KN while the numerical result is 13.58 KN, or an error is 4.6 %.
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Fig. 13. Seismic response of S1 under Artificial wave (0.07 g)
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Fig. 14. Seismic response of S1 under Artificial wave (0.2 g)
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Fig. 15. Seismic response of S1 under Tianjin wave (0.07 g)

The comparison of RTDST and numerical simulation results under the Tianjin wave (0.07 g)
is shown in Fig. 15. The maximum displacement of the top floor center, acceleration peak of the
top floor center, and the maximum shear force of the ground floor are 9.16 mm, 0.227 g, and
11.85 KN in RTDST but 8.54 mm, 0.205 g, and 10.41 KN, in the numerical simulation, showing
differences of 7.3 %, 10.7 %, and 13.8 %, respectively.

Fig. 16 shows the comparison between the results of RTDST and numerical simulation under
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the Tianjin wave (0.2 g). The maximum displacement of the top floor center, the acceleration peak
of the top floor center, and the maximum shear force of the ground floor are 26.14 mm, 0.528 g,
and 27.75 KN in the RTDST respectively. However, in the numerical simulation, the results are
24.91 mm, 0.497 g, and 25.58 KN, showing differences of 4.9 %, 6.2 %, and 8.5 %, respectively,
in comparison with the RTDST.
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Fig. 16. Seismic response of S1 under Tianjin wave (0.2 g)
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Fig. 17. Seismic response of S1 under Tianjin wave (0.3 g)

The comparison of the results of RTDST and numerical simulation under the Tianjin wave
(0.3 g) is shown in Fig. 17. The maximum displacement of the top floor center, acceleration peak
of the top floor center, and the maximum shear force of the ground floor are 46.13 mm, 0.732 g,
and 36.49 KN in the RTDST but 40.35 mm, 0.679 g, and 33.41 KN in the numerical simulation,
with differences of 14.3 %, 7.8 %, and 9.3 %, respectively.

From the comparisons between test results and numerical solutions, it can be found that they
coincide well with each other in regard to vibration frequency despite existing some differences
in vibration amplitude. The RTDST based on the branch mode method can obtain satisfactory
results. The accuracy is acceptable even though some errors still occur in test. The errors are
mainly attributed to two aspects. First, the controlling accuracy of the shaking table, the
measurement accuracy of the experimental instrument, and noise of the electronic equipment have
influenced the test results. Second, the serial multi-DOF system shear model, which is a
simplification of S1 in numerical simulation, is bound to cause errors.

In the test, the presented case is simple, but the problem will become very complicated after
considering the numerical experimentation of foundation soil substructure. On one hand, with the
increase of the DOFs of numerical substructure, it will be more difficult in a real-time computation
and data exchange because the loading step in the RTDST must be finished in a few milliseconds.
On the other hand, the controlling accuracy and stability of the shaking table is a great challenge
for a large-scale physical substructure with a heavy weight. The agreement between test results
and numerical solutions proved the correctness of the proposed method. In addition, the
application of substructure equations to RTDST is another key problem not solvable so easily. In
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the process of implementation, inertia coupling terms in substructure equations are used to obtain
interaction coupling forces on the interface of the foundation and superstructures. For the shaking
table that can only vibrate in the horizontal direction, it also involves the equivalence and
transformation of the foundation wobble effect here. Both the real-time data exchange between
substructures and loading of the upper substructures precisely benefit from the reliability of the
substructure equations.

5. Conclusions

The branch mode method is introduced into the RTDST of soil-adjacent structure system in
this study. A soil-adjacent structure system composed of two adjacent steel structures and
foundation soil is built. One steel frame is set as the physical substructure, and the rest ones are
set as the numerical substructures for the RTDST based on a shaking table, which considers the
SASI effect. The method is a novel way to study SASI problems. The research scope is expanded
to the structure seismic test. The main conclusions are summarized as follows.

1) The upper structures and foundation soil of the soil-adjacent structure system are divided
into different substructures based on the branch mode method. The concept of coupling item is
proposed and used in the data exchange between physical and numerical substructures. The branch
mode method is applied into the RTDST effectively.

2) Given that rotation acceleration produced by foundation deformation in test cannot be
applied to the experimental substructure through the shaking table, it is converted into an
equivalent horizontal acceleration according to the principle of base shear equivalence. This
equivalent horizontal acceleration can be conveniently applied to the experimental substructure
through the shaking table, further increasing the accuracy of RTDST.

3) The calculation efficiency of the numerical substructure of the foundation soil increases
significantly through reasonable effective reduction of the DOFs of the foundation soil
substructure. This solution guarantees the real-time calculation and data exchange. The solution
also has a certain reference to the RTDST of complicated structure system with abundant DOFs
and large computation scale.

4) The comparative analysis between RTDST and numerical simulation results verifies that
the proposed RTDST based on the branch mode method is a feasible and reliable method to study
SASI problems, which provides a novel idea and method to the RTDST of SSI or SASI.
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