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As a common water conveyance structure, aqueduct is widely used in cross-regional water conveyance and diversion projects.
However, large double-trough aqueduct structures are prone to damage under earthquake, resulting in water leakage and even
interruption, endangering the safety of people’s lives and property in surrounding areas. In this paper, the nonlinear reinforced-
concrete material program is compiled based on the FORTRAN language. Taking the Shuangji River aqueduct project as an
example, the numerical model of the fber beam element of the double-trough aqueduct structure is established, and the nonlinear
dynamic time-history response analysis of diferent ground motion inputs is carried out. Based on the midspan displacement and
acceleration time history, pier bottom bendingmoment and shear force time history, the nonlinear response law of large aqueduct
structure is studied. A criterion for determining the overall collapse of aqueduct structure based on efective energy is proposed.
Te correctness and feasibility of the nonlinear numerical model of the aqueduct structure and the dynamic catastrophe analysis
method are verifed by focusing on the overall seismic response of the aqueduct structure and the material yield status of key parts,
and comparing with the collapse criterion based on the limit value of pier top displacement angle. Te conclusions will provide a
basis for seismic analysis, optimization design, and operation and maintenance safety assessment of large aqueduct structures and
have important theoretical signifcance and engineering application value.

1. Introduction

Large aqueduct structures, as important structures for
transporting water across complex terrain, have been widely
used in the South-to-North Water Transfer Project. Many
large reinforced-concrete aqueduct structures have been or
will be built in high-seismic-intensity areas, and the seismic
fortifcation intensity of some areas is as high as 9°. Under
the action of strong earthquakes, large reinforced-concrete
aqueduct structures are prone to damage and destruction. In
addition, various problems occurred, such as the short-time
concentrated discharge of water from the water transmission
line, difculty in postearthquake repair, and local secondary
disasters [1, 2]. Terefore, the study of the nonlinear re-
sponses of large double-channel aqueduct structures under
earthquakes is urgently required.

At present, the seismic responses of reinforced-concrete
aqueduct structures are mainly studied through experiments
or numerical simulations using fnite element software. Li
et al. [3] used the fnite element software ANSYS, by
establishing a numerical model considering the interaction
between fuid and structure, and the time history and re-
sponse spectrum of the seismic efect of aqueduct structure
are calculated. Several authors studied the efects of soil-
aqueduct-water coupling via numerical analysis of the
transverse channels of aqueduct structures and performed
pseudo-dynamic tests of structure models. Te results
showed that the water conditions can play a role in shock
absorption [4–6]. Wang et al. [7, 8] established a dynamic
analysis model of beam segment elements considering the
impact efect at the expansion joint of an aqueduct, and they
discussed the impact of the collision at the expansion joint of
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adjacent aqueducts on the seismic responses of aqueduct
structures under the seismic action of a longitudinal
channel. Wang et al. [9] studied the dynamic interactions
between an aqueduct and a water body through scale tests
using a shaking table model. Te above studies explored the
seismic performance of the aqueduct structure and its
infuencing factors from diferent aspects and provided an
important reference for the seismic design and evaluation of
the aqueduct structure. However, most studies in numerical
simulations used linear elastic models, lacked consideration
of the nonlinearity of reinforced-concrete materials, and
there is still a big gap between the theoretical analysis results
obtained and the actual situation, and solid elements
common numerical simulation calculation time and high
cost. Tis paper used ABAQUS to compile a reinforced-
concrete material subprogram suitable for aqueduct struc-
tures and established a numerical model of a large-scale
double-trough aqueduct structure with refned fber beam
elements, and the nonlinear response analysis method of
aqueduct structure under earthquake is studied.

In recent years, some researchers have also carried out
fruitful research on the seismic reliability analysis of aq-
ueduct structures. Zhang et al. [10, 11] studied the reliability
of the water conveyance function of the aqueduct structure
through the physical response of the structure under the
action of an earthquake. Ma et al. [12] established the re-
liability analysis model of the aqueduct system based on the
main failure mode and the comprehensive correlation co-
efcient method and discussed the system reliability of the
multiside walls of the piles and beams of the Minghe Aq-
ueduct. However, the research on the nonlinear analysis of
aqueduct structure and the judgment criterion of the overall
structure failure under the action of the strong earthquake is
relatively insufcient. Key problems such as strain locali-
zation and size efect in seismic damage analysis of tradi-
tional aqueduct structures have not been efectively resolved,
which hinders the development of current seismic research
on aqueduct structures. In fact, the nonlinear response
analysis of the aqueduct structure often refers to the research
results of the seismic response of the bridge structure. Parool
and Rai [13] carried out a study on the seismic performance
of a multispan steel-supported simple-supported girder
bridge. Te seismic response analysis of a four-span bridge
model showed that the failure of the main-span steel support
was the main cause of bridge failure; Li et al. [14] studied the
dynamic response of continuous girder bridge structures
under strong earthquakes, designed and produced a two-
span continuous girder bridge scale model, considered
diferent types of supports, and selected four types of seismic
waves refecting the soil characteristics of diferent sites and
the seismic simulation shaking table array test of the scaled
model bridge under diferent ground motion input test. At
present, since a unifed collapse criterion has not yet been
formed, a simplifed collapse criterion is often used from the
perspective of macroscopic physical quantities, and it is
difcult to determine the critical limit state of the overall
structure collapse by numerical or experimental analysis for
a certain component. Moreover, due to its “top-heavy”
structure, the aqueduct structure has many special features

compared with ordinary bridge structures in terms of
working mode. Te collapse process under the action of
catastrophic earthquakes is often extremely complicated.
Terefore, this paper based on the established refned nu-
merical model considering material nonlinearity deeply
discusses the failuremechanism of large-scale double-trough
aqueduct structure under catastrophic earthquake. From the
perspective of efective characteristic energy and efective
input energy, a material-unit-structure multiscale aqueduct
structure collapse criterion is proposed, and a refned
analysis method for the whole process of large-scale aque-
duct structure dynamic catastrophe is established.

2. Fiber Beam Theory

Tree-dimensional solid element models and fber beam
element models are mainly used in the numerical analysis of
reinforced-concrete beam and column members. In recent
years, it has been found that fber beam elements can refect
the typical nonlinear mechanical behaviors of reinforced-
concrete structures with small numbers of elements [15].Te
fber beam element model is shown in Figure 1; that is, the
constructed cross section is divided into several fber sec-
tions along the length of the rod. Based on the assumption of
a fat section, the relationship between the force and de-
formation of the entire section of the member can be cal-
culated according to the uniaxial stress-strain relationship
(see Section 4 for the cyclic stress-strain relations) of the
material corresponding to each fber [16].

Te model is based on the following assumptions: (1) the
deformation of the fber section meets the assumption of the
plane section, and the strain of all fbers in the section can be
obtained only by determining the strain and curvature in the
middle of the section. (2) Te slip between reinforcement
fber and concrete fber is ignored, and the infuence of
section shear and torsional deformation is ignored. (3) Each
fber material satisfes the uniaxial stress-strain constitutive
relationship.

In this model, the element is divided into several integral
segments, and the cross-sectional force at the integral point
[17] is obtained through a linear interpolation method. Te
linear interpolation function is shown as follows:

b(x) �

x

l
− 1 

x

l
0

0 0 1
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. (1)

Te fexibility matrix of the cross section is integrated
along the axial direction of the member to obtain the ele-
ment fexibility matrix, as follows:

F � 
L

0
b

T
(x)f(x)b(x)dx. (2)

Te unbalanced force vector of the cross section is
transformed into the residual deformation, and the defor-
mation increment of the element in the next iteration is
obtained by integrating along the axial direction of the
member, as follows:
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Te section stifness matrix is shown as follows:
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Te stifness matrix of the thin-walled fber beam elements
of the aqueduct thin-walled structure is fully considered in the
model. Te coupled vibrations of the lateral bending and the
torsion and warpage deformation of the aqueduct thin-walled
structure are fully considered.Te deformation of the aqueduct
section satisfes the assumption of a fat section.Te reinforcing
steel bar and concrete fbers are in a uniaxial stress state. Te
elastic and plastic tensile constitutivemodel of concrete and the
steel hardening constitutive model under repeated loading are
adopted. Because the buckling deformation efect on the overall
deformation of the aqueduct thin-wall structure is larger, the
deformation at any point within the unit is obtained by in-
troducing the warping functionω(y, z) of the displacement, as
follows:

U(x, y, z) � u(x) − yθz(x) + ω(x) + zθy(x) + ω(y, z)θx(x),

V(x, y, z) � v(x) − zθx(x),

W(x, y, z) � w(x) + yθx(x),

⎧⎪⎪⎨

⎪⎪⎩
(5)

where U(x, y, z), V(x, y, z), W(x, y, z) represent the linear
displacement function in three directions; u(x), v(x), w(x)

are the angular displacement function; θx(x), θy(x), θz(x)

are the angular velocity.
When the aqueduct structure begins to undergo elas-

toplastic deformation and large-displacement deformation,
the infuence of the material nonlinearity and geometric
nonlinearity on the stifness matrix is considered. Te strain
matrix is as follows:

[B] � B0  + BL( δ{ }) , (6)

where [B] and [B0] are the total strain matrix and linear
microdisplacement strain matrix, and [BL( δ{ })] is a geo-
metrically nonlinear strain matrix.Te stifness matrix of the
fber beam segment element model of the aqueduct thin-
walled structure considering geometric nonlinear defor-
mation is as follows:

[k] � 
Ω

[B]
T
[D][B]dv � k0  + kL . (7)

3. Determination Criterion of Structural
Dynamic Collapse Based on Energy

Many studies have shown that the failure modes and collapse
mechanisms of structures in the collapse process are ex-
tremely complex [18], and most of them are caused by the
comprehensive action of many factors. It is difcult to ac-
curately evaluate the nonlinear collapse behaviors of
structures under catastrophic earthquake loads by using a
single macrostructural response parameter.

Te response of the structure under an earthquake is
actually a process of energy input, transformation, and
consumption. For a general multidegree-of-freedom dy-
namic system, the equation of motion is as follows:

Μ€u (t) + C _u(t) + fu(t) � F(t), (8)

whereΜ is the mass matrix of the system, C is the damping
matrix of the system, fu(t) is the restoring force vector, F(t)

is the external excitation vector, €u(t), _u(t), and u(t), re-
spectively, are the acceleration, velocity, and displacement
vectors of the nodes.

Te energy balance equation is obtained by multiplying
_u(t) both sides at the same time and integrating 0 to t time:

Ek(t) + Ed(t) + Es(t) � Einput(t). (9)

Among them,
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t

0
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Einput(t) � 
t

0
FT

(t)du(t),

(10)

Ek(t) represents the kinetic energy of the system at time t;
Ed(t) represents cumulative plastic energy consumption
during the [0, t] period; Es(t) represents the deformation
energy of the system; Einput(t) represents the total energy
input from outside during the [0, t] period in the nonlinear
analysis of structures; Es(t) can be obtained by integrating
the strain energy of the unit body in the region of the
structure:

Es(t) � 
t

0


V
σ: _ε dV dt. (11)

Among them, σ is stress tensor, _ε is strain tensor, and V

represent all domains to be solved.
Te total strain at time t is decomposed into elastic part

εe and plastic part εp, and then

Confined concrete fiber

Plain concrete fiber

Reinforced fiber

ξ

η

Figure 1: Schematic diagram of fber beam element model.

Advances in Civil Engineering 3



Es(t) � Ees(t) + Eps(t)
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σ: _εp  dV dt,

(12)

where Ees(t) represents the elastic deformation energy of the
system, and Eps(t) represents the plastic deformation energy
of the system.

A dynamic critical collapse state criterion based on the
efective intrinsic energy and the efective input energy of the
structure was proposed in the literature [19, 20].

Te efective intrinsic energy is defned as follows:

Eeff intr(t) � |Π(t)| � fT
(u, t)u(t) − 

V
σ: _εe  dV




. (13)

Te efective input energy is defned as follows:
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t

0
FT(t)du(t) − 
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1
2

_uT
(t)M _u(t) + 

V
σ: _εe  dV,

(14)

where Ek(t) is the kinetic energy of the system, and Ees(t) is
the elastic deformation energy of the system. Te criterion
for the overall collapse of the structural system is as follows:

Eeff intr ≤Eeff inp, Dynamic  stability,

Eeff intr >Eeff inp, Dynamic  instability.

⎧⎨

⎩ (15)

Terefore, the function that determines the critical state
of the structural collapse can be defned as follows:

Sc(t) � Eeff inp(t) − Eeff intr(t), (16)

when Sc(t)≥ 0 for all t≥ 0, the structure maintains dynamic
stability. Te structure collapses when Sc(t)< 0.

4. Material Constitutive Relationship

4.1. Rebar Reinforcement. Te reinforcement constitutive
model proposed in the literature [21, 22] was adopted in this
paper (as shown in Figure2). Te steel skeleton line is com-
posed of two sections: OA (elastic section) and AB
(strengthening section). In the OA section, the elastic modulus
is E0, and the yield of the steel bar is ignored. When entering
the AB section, the stifness coefcient α is 0.01. Unloading
begins when the maximum strain point εu is reached.

4.2. Concrete Constitutive Relationship. To better simulate
the material failure behavior of a large aqueduct structure
under strong earthquakes, a concrete constitutive model
[23, 24] considering the tensile strength was selected in this
paper (as shown in Figure 3).Te initial modulus of elasticity
is the slope of the tangent line of the skeleton line at the
origin (E0 � 2fc0/εc0). Te tensile skeleton line is a double
line with a softening section, and the elastic modulus of the

rising section is E0. After reaching the axial tensile strength
ft, the line enters a descending section with a stifness of
csE0(cs � 0.1). Te compression skeleton line is determined
by the following formulas:

σ � fc0 ·
ε
εc0

2 +
ε
εc0

 , 0< ε< εc0,

σ � fc0 +
fu − fc0

εcu − εc0
ε − εc0( , εc0 < ε< εcu,

σ � fu, ε> εu,

(17)

where fc0 is the axial compressive strength of concrete, and
fu is the concrete strength corresponding to the ultimate
compressive strain εcu.

Te degradation of the unloading and reloading stifness is
controlled by a virtual pointR, whose position is determined by
the damage parameter dcu.Te corresponding strain at point R
is calculated according to (18), and the corresponding stress is
E0εR. Te value range of dcu is shown in (19).

εR �
fcu − dcuE0εcu

E0 1 − dcu( 
, (18)

fcu

εcuE0
≤ dcu ≤ 1. (19)

After R point is determined, the loading and unloading
rules within the compression skeleton line are as follows: the
intersection point of the line between the unloading point
and the R point with the horizontal axis is the residual strain
εre, and the slope of the line is the damage stifness, denoted
as dcE0, where dc is the compression damage coefcient.
When unloading, it is frst unloaded according to the initial

0.2fcmax

0.2fcmax

fcmax
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fy

σs

αE0
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D
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O–εu
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Figure 2: Concrete constitutive model.
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stifness E0, and when the unloading reaches the residual
strain point and the stifness is 0.5dcE0, the unloading
stifness was changed to 0.5dcE0. During reloading midway
through unloading, the initial stifness E0 was added load
until the connection between the unloading point and R
point is reached, then load according to the damage stifness
dcE0 (as shown in Figure 2).

According to the paper [23], the constraint index λt is
adopted to consider the constraint efect of stirrup on
concrete in reinforced-concrete beam-column members,
and the concrete stress-strain curve equation in the code is
modifed. Te formula for calculating λt is as follows:

λt � ρv
fyv

fc0
, (20)

where fyv is the yield strength of stirrup; ρv is the volume
ratio of stirrup in concrete beam-column members.

In this case, the compressive strength fcc and the peak
strain εpc are as follows:

fcc � 1 + 0.5λt( fc0,

εpc � 1 + 2.5λt( εcu.
(21)

5. Engineering Examples

In the following examples, the upper structure was a pre-
stressed concrete rectangular groove structure, and the body
was C50 concrete.Te elastic modulus was 3.45×1010 Pa, the
bottom width of the cross section was 5.00m, the depth of
the groove was 4.25m, the total length was 197.80m, and the
dimension of the cross section through which water passed
was 4.00m× 3.40m× 2 (the number of wide and high slots).
Te lower part was the foundation of the bored pile sup-
ported by a single row frame. Te concrete density was
2500 kg/m3, the elastic modulus of the material was designed
as 2.55×1010 Pa, and Poisson’s ratio was 0.3.Te support for
a single row of the three-column structure had a height of
10.40m and a circular cross section with a diameter of
800mm. Te cover beam and the connection beam were
arranged between the two columns, both of which were
rectangular sections. Te dimensions of the upper beam

section were 1100mm× 1000mm. Te elevation structure
diagram and cross section diagram of the aqueduct are
shown in Figures 4 and 5, respectively.

Te fber beam element in ABAQUS was used to es-
tablish a numerical model of the above-mentioned double-
channel aqueduct structure, as shown in Figure 6. Te cross
sections of the elements constructed in the fnite element
model were consistent with an actual engineering design.
Te B31 [25] beam element was selected for the erection and
cover beams, as shown in Figures 7 and 8 [26]; the open thin-
walled beam element B31OS [25] was selected for the aq-
ueduct body, as shown in Figure 9; and rebar was added to
the concrete through common node technology based on the
concept of equivalent area and equivalent position [25]. Te
rubber bearing was replaced by a spring element, and the
horizontal stifness was set as K= 1.53×106N·m. In the
numerical model, there were 121 nodes and 110 units in
total. Using the Westergaard model, the hydrodynamic
pressure in the trough is applied to the aqueduct wall in the
additional water mass method.

To explore the nonlinear dynamic responses of large
aqueduct structures under strong earthquakes, seismic
waves of four diferent site types were input [27]: Northridge
wave, El Centro wave, Taft wave, and Tianjin wave. Tey
were input along the transverse channel with the maximum
amplitude modulated to 0.6 g. Te damping was Rayleigh
damping with a damping ratio ξ � 0.05.

6. Result Analysis

6.1. Frequency and Mode Shape of Natural Vibrations of
Aqueduct. It can be seen from Table 1 that the frst, second,
and fourth orders of the fnite element model of the double-
slot aqueduct structure are lateral vibration; the third, ffth
and seventh orders are lengthways vibration; the sixth and
tenth orders are vertical vibration; and the eighth and ninth
orders are pier bending vibration. Tis showed that the
lateral stifness of the double-channel aqueduct structure
was relatively weak, and the aqueduct shelf was prone to
bending failure under the action of a strong earthquake.
Terefore, the dynamic nonlinear analysis of the double-
channel aqueduct structure under the action of a lateral
earthquake will be carried out.

6.2. Stress andStrainof theFiber at theColumnBottomSection
of the Aqueduct. Since the bottom of the column of a large
aqueduct structure could easily enter the elastoplastic de-
formation regime, the section with the maximum plastic
strain of the concrete in the column member was extracted
for analysis. Figures 10 and 11 show the stress-strain curves
of the concrete fber at the bottom of the shelf. Te stress-
strain curves show that the compressive strength of the
concrete element was much greater than the tensile strength.
When the initial seismic excitation was small, the structure
was in the linear elastic stage, and the concrete unit entered
the plastic stage with the increase in the seismic wave peak
value. Under the action of the 0.1 − gEl Centro wave, the
positive tensile strength of the material was nonlinear, but at

R

ε
εRεre

dcE0

E0

0.5dcE0

(1-dt)E0

E0

σ

γsE0

Figure 3: Rebar constitutive model.
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this time, the seismic excitation was small, and there was no
residual deformation after unloading. Under the action of
the 0.4 − gEl Centro wave, the concrete unit was subject to
tensile yield. At this time, the tensile stress of the section was
reduced to zero, but the strain continued to increase until the
concrete crack exited the work. When the structure was
subjected to a reverse force, the crack surface was closed, and
the crack surface efect was generated.Te tensile strength of
concrete could be recovered when the structure was again
under positive tension. Te hysteresis curve is disordered
because of the high axial compression ratio of aqueduct
structure, and the irregular elastic-plastic deformation of
reinforced-concrete members occurs when the local seismic
excitation increases.

6.3. Nonlinear Response Analysis of Aqueduct Structure.
To compare the seismic response diferences between the
nonlinear state and the linear elastic state of the aqueduct,

two calculation models were used: ① the elastic model, in
which the structural materials always retained linear elas-
ticity during the earthquake, and② the elastoplastic model,
in which the material exhibited nonlinear characteristics
during the earthquake.

Figures 12–15 show the time-history curves of the aq-
ueduct structure under elastic and elastoplastic conditions
due to lateral ground motion. Te displacement, velocity,
and acceleration under elastoplastic conditions were greater
than those predicted by the elastic model. Te peak accel-
eration response increased by 75%, the peak velocity re-
sponse increased by 50%, and the peak displacement
response increased by 68%. Te reason was mainly that after
entering the elastoplastic phase, the stifness matrix changed,
and the infuence of the concrete after reaching the yield
stifness decreased. Te amplitude of the seismic wave was
small in the initial stage of the earthquake, the aqueduct
structure was in the elastic stage, and the seismic responses
under the elastic and elastoplastic conditions were basically
consistent. With the increase in the seismic amplitude, the
tensile yield of the structure entered the nonlinear phase.Te
acceleration and displacement responses of the structure
were signifcantly greater in the nonlinear phase than those
under linear elastic conditions.

Table 2 compares the values of the shear force, bending
moment, acceleration, velocity, and displacement of the cross
section at diferent positions under the action of the 0.4 − gEl
Centro wave under elastic and elastoplastic conditions. Te
results showed that the peak responses of the shear force and
bending moment under elastic conditions were larger than
those under elastoplastic conditions. Te reason was that the
elements in the total stifness matrix of the structure

1996
150 200 1296

1996 1996
200 150

Figure 4: Aqueduct elevation diagram (unit: mm).
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Figure 5: Cross section diagram of aqueduct (unit: mm).

Figure 6: Structural model of double aqueduct.
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y

Figure 7: Column fber beam element model.
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decreased signifcantly after entering the nonlinear state, and
plastic damage occurred due to the large plastic deformation
of the members, which led to a corresponding increase in the
displacement and acceleration. In addition, the plastic
damage increased the damping of the structure and the plastic
energy dissipation, which reduced the decrease in the internal
force of the structure caused by the earthquake to a certain
extent. By comparison, it was found that the peak response of
the midspan section was the largest.

In order to compare and study the infuence of seismic
waves of diferent site types on the nonlinear seismic

response of large double-slot aqueduct structure, four
seismic waves suitable for diferent site types are selected (as
shown in Figure 16). Northridge wave of weak site type, Taft
wave of medium-soft site type, EL Centro wave of medium-
hard site type, Tianjin wave of hard site type, input along the

-0.0002 -0.0001 0.0000 0.0001 0.0002

-5

-4

-3

-2

-1

0

1

2

3

St
re

es
 (M

Pa
)

Strain

Figure 10: Stress-strain curve of concrete fber at peak value of
0.1 g.

Plain concrete fiber

Confined concrete fiberReinforced fiber

y

x

Figure 8: Capping beam fber beam element model.

Plain concrete fiber

Reinforced fiber

Confined concrete fiber

Figure 9: Fiber beam element model of double aqueduct.

Table 1: Te frst 10 modes and frequencies of the aqueduct
structure (Hz).

Number Vibration mode Frequency
1 Lateral 3.2523
2 Lateral 5.7160
3 Lengthways 8.1072
4 Lateral 8.9255
5 Lengthways 9.8401
6 Vertical 10.0124
7 Lengthways 10.9620
8 Pier bending 11.5463
9 Pier bending 12.1347
10 Vertical 12.8715
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transverse trough, the maximum amplitude are adjusted to
0.6 g. At the same time, using Rayleigh damping, damping
ratio ξ � 0.05.

Figures 17–20 show that the seismic responses of the
aqueduct structures were diferent under the excitation of
diferent seismic waves at diferent sites. Te peak dis-
placement responses of the Tianjin, Northridge, Taft, and El
Centro waves were 0.23, 0.145, 0.078, and 0.11m. Te dis-
placement responses of the aqueduct structure at the soft site
were larger, and the maximum diference between the
displacement responses at this and other sites was 0.149m.
Terefore, the infuence of the site type on the nonlinear
response of the aqueduct structure should be considered in
the seismic design. Figure 21 compared the displacement
response of the elastic model and the elastic-plastic model of
the aqueduct structure under the ground motion excitation
of four diferent site types. It can be clearly seen that the
displacement response of the elastic-plastic model of the

aqueduct structure under diferent seismic waves is greater
than that of the elastic model. Te aqueduct structure can
dissipate the seismic energy in the form of plastic energy
dissipation under the earthquake action to reduce the
damage and failure of the structure under the earthquake.

7. Determination of Dynamic Collapse of
AqueductStructureBasedonEffectiveEnergy

Based on the numerical model of the fber beam element of
the aqueduct structure, four Northridge waves with diferent
amplitude sizes were input to simulate the collapse of the
structure. Te seismic amplitude of each working condition
is shown in Table 3.

An aqueduct structure will enter the strong nonlinear
stage under a disastrous earthquake load. At this time, the
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Figure 12: Time-history curve of speed in the second span.
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Figure 13: Time-history curve of acceleration in the second span.
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Figure 14: Time-history curve of displacement in the second span.
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collapse of the structure cannot be accurately predicted by
physical responses, such as the displacement, velocity, and
acceleration. Figure 22 shows the characteristics of the ef-
fective energy of the aqueduct structure and the efective
energy input for comparison. Te efective energy values of
the structure under conditions 1 and 2 were always less than
the input energy. Under condition 3, the efective energy
exceeded the input energy for the frst time at 5.7 s, whereas
this occurred at 5.3 s under condition 4. According to the
efective energy collapse criterion, it was determined that the
structure under conditions 1 and 2 maintained dynamic
stability, while the aqueduct structure under conditions 3
and 4 collapsed.

Figure 23 shows the time-history curves of the energy of
the structural system under conditions 1 (dynamic stability)
and 3 (dynamic instability). Among them, ALLKE repre-
sents the kinetic energy in the system, ALLPD represents the
plastic energy in the system, ALLSE represents the elastic
energy in the system, and ALLWK represents the energy
exerted by the external force on the entire model system.Te
structure was basically in the linear elastic stage in the initial
stage of the earthquake, and the energy in the system also
reached the maximum value at the moment of the earth-
quake’s peak action. Under condition 3, when the aqueduct
structure was on the verge of collapse, the energy of the

system suddenly changed. Under condition 1, the plastic
energy dissipation of the structure continued to increase,
with a maximum value of 192 kJ. Under condition 3, the
plastic energy dissipation of the structure rapidly increased
to 413 kJ within 4.6 s. At this time, the structure experienced
dynamic instability, while the plastic energy dissipation
basically remained unchanged. Te plastic energy dissipa-
tion played an important role before the structural dynamic
instability occurred.

In order to verify the reliability of the collapse criterion
of the aqueduct structure based on efective energy, Fig-
ure 24 shows the time-history curves of the displacement
angle at the pier top of the aqueduct under four working
conditions. It can be seen from Figure 24 that the dis-
placement of the pier top of the aqueduct structure does not
appear drift phenomenon in condition 1 and condition 2,
which refects that the aqueduct structure does not collapse
under these two conditions. However, it is found from the
fgure that the time history of the displacement angle at the
pier top of the aqueduct in Condition 3 and Condition 4
shows a large drift, indicating that the aqueduct structure is
unstable and collapsed due to structural stifness degrada-
tion and material softening. Referring to the previous re-
search results, the initial collapse of the aqueduct structure is
roughly defned with the displacement angle of the pier top
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Figure 15: Time-history curve of bending moment in the second span.

Table 2: Internal force values of cross sections at diferent positions.

First straddle in middle Second straddle in
middle

Tird straddle in
middle Pier top

Elastoplastic Elastic Elastoplastic Elastic Elastoplastic Elastic Elastoplastic Elastic
Bending moment (N∙m) 8.55E6 1.30E7 9.87E6 2.33E7 8.52E6 1.23E7 1.17E7 2.68E7
Shear force (N) 1.41E6 1.92E6 2.66E6 3.12E6 1.37E6 1.85E6 2.48E6 3.02E6
Acceleration (m/s2) 4.16 3.27 5.11 4.22 4.87 3.58 5.13 3.79
Speed (m/s) 0.40 0.33 0.72 0.53 0.41 0.32 0.39 0.24
Displacement (m) 0.087 0.049 0.28 0.14 0.095 0.052 0.11 0.083
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Figure 16: Time-history curves of four seismic waves. (a) Northridge wave time history curve. (b) Taft wave time history curve. (c) EL
Centro wave time history curve. (d) Tianjin wave time history curve.
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Figure 17: Displacement time-history curves of Tianjin wave under diferent modulated amplitudes.
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exceeding 5% for the frst time. It can be seen from Figure 24
that the initial collapse time of the aqueduct structure in
Condition 3 is about 5.8 s, and that in Condition 4 is about
5.3 s. By comparison, it is found that the collapse criteria of
the aqueduct structure based on the efective energy crite-
rion and the collapse criterion of the aqueduct structure
based on the displacement angle of pier top can accurately
determine whether the aqueduct structure collapses or not.
When the limit value of pier top displacement angle is
defned as 5%, the prediction of the initial collapse time of
the two methods is basically consistent, which verifes the
reliability of the collapse determination method of aqueduct
structure based on an efective energy criterion. Te above

results show that the collapse criterion based on efective
energy can accurately predict the dynamic stability of the
aqueduct structure under an earthquake, whether it is under
collapse or not.

Te material stress-strain curve can further explain the
collapse behavior of the aqueduct structure from the
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Figure 18: Displacement time-history curves of Northridge wave
under diferent modulated amplitudes.
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Figure 19: Displacement time-history curves of Taft wave under
diferent modulated amplitudes.
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Figure 20: Displacement time-history curves of El Centro wave
under diferent modulated amplitudes.
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Figure 21: Maximum displacement response of pier roof under
seismic waves at diferent sites.

Table 3: Acceleration amplitude of input aqueduct structure in
diferent working conditions.

Working condition X (g) Y Z
Condition 1 0.8 0 0
Condition 2 1.0 0.4 g 0
Condition 3 1.0 0.8 g 0.4 g
Condition 4 1.5 0.8 g 0.8 g
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microscopic point of view of material yield. Taking condi-
tion 3 as an example, the stress-strain curves of concrete
elements at the bottom and top of the left pier and middle
pier are extracted, respectively, as shown in Figure 25. It can
be seen that the increase in plastic energy dissipation caused
by plastic damage of a large number of concrete members in
condition 3 is basically consistent with the change in plastic
energy dissipation in Figure 25. Compared with the stress-
strain curves of the four parts, the pier in the aqueduct
structure does not yield in the early stage of the earthquake,

and the top of the pier is mainly a compressive failure, and
the bottom of the pier is more prone to tensile failure in the
early stage of earthquake. It can be seen that the concrete
elements at the bottom of the left pier, the bottom of the
middle pier, and the top of the middle pier are subjected to
tensile yield under the action of the disastrous earthquake,
and the compression does not reach the yield state. Te
concrete element at the top of the left pier reaches the yield
state under tension and compression, and there is a certain
degree of yield failure in the four parts.
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Figure 22: Time-history curves of efective characteristic energy and efective input energy of aqueduct structure under diferent working
conditions. (a) Condition 1. Dynamic stability. (b) Condition 2. Dynamic stability. (c) Condition 3. Dynamic instability. (d) Condition 4.
Dynamic instability.
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Figure 23: Variations of aqueduct structural energy under diferent conditions. (a) Condition 1. (b) Condition 3.
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Figure 24: Time-history curve of pier top displacement angle. (a) Condition 1. Dynamic stability. (b) Condition 2. Dynamic stability.
(c) Condition 3. Dynamic instability. (d) Condition 4. Dynamic instability.
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8. Conclusion

In this paper, the nonlinear dynamic analysis model of
double-slot aqueduct structure based on fber beam element
is established by taking the nonlinear development process
analysis of large aqueduct structure as the breakthrough
point. Taking Shuangji River aqueduct in the middle route of
South-to-North Water Diversion Project as an example, the
dynamic nonlinear whole-process response analysis under
diferent working conditions is carried out, and the collapse
criterion of the aqueduct structure based on efective energy
is proposed.Te main work and research conclusions of this
paper are summarized as follows:

(1) Te seismic response time history calculation results
of the linear elastic and nonlinear model of the
aqueduct structure are compared and analyzed. Te
nonlinear response value of acceleration, velocity,
and displacement of the aqueduct structure under
seismic action is greater than that of linear elastic

dynamic response value, and the internal force re-
sponse value is less than that of the linear elastic
response value.

(2) According to the four site types of hard site, me-
dium-hard site, medium-soft site and soft site, four
representative seismic waves are selected to study the
nonlinear response of the double-slot aqueduct
structure under diferent sites and diferent ampli-
tude-modulated ground motions. Te nonlinear
response value of the aqueduct structure increases
with the weakening of the site conditions.

(3) Te criterion of overall instability and collapse of
aqueduct structure based on efective energy is
proposed, and compared with the maximum dis-
placement angle criterion. Te results show that
when the efective characteristic energy formed by
the aqueduct structure under earthquake action is
always less than the efective input energy, the aq-
ueduct structure will maintain dynamic stability;

-0.002 -0.001 0.000 0.001 0.002 0.003 0.004 0.005
-30

-25

-20

-15

-10

-5

0

5

strain

str
es

s (
M

Pa
)

(a)

-0.010 -0.005 0.000 0.005 0.010 0.015 0.020 0.025
-30

-25

-20

-15

-10

-5

0

strain

str
es

s (
M

Pa
)

(b)

-0.001 0.000 0.001 0.002

-25

-20

-15

-10

-5

0

5

strain

str
es

s (
M

Pa
)

(c)

-0.0010 -0.0005 0.0000 0.0005 0.0010 0.0015 0.0020

-20

-15

-10

-5

0

strain

str
es

s (
M

Pa
)

(d)

Figure 25: Stress-strain curves of concrete units at diferent positions under working condition 3. (a) Stress-strain curve of concrete at
bottom of left pier. (b) Stress-strain curve of concrete at top of left pier. (c) Stress-strain curve of concrete at bottom of middle pier. (d)
Stress-strain curve of concrete at top of middle pier.

14 Advances in Civil Engineering



when the efective characteristic energy in the aq-
ueduct structure system exceeds the efective input
energy for the frst time, the aqueduct structure will
collapse at this time.
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