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Abstract: The condition of the reinforcement cage during hoisting can be treated as a multi-supported
overhanging beam under the combined action of distributed and concentrated loads, where the support
corresponds to the hoisting point. Based on the singular function and Laplace transform, the deflection
curve equation of the beam is solved, and a new method of setting the optimal lifting point of the in-line
reinforcement cage is proposed in combination with the genetic algorithm. The feasibility of the method is
evaluated and verified by calculation examples and numerical simulation. The results show that the
proposed method can control the deformation of the reinforcement cage during hoisting more effectively
than the existing method of determining the hoisting point.
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1 Introduction

Due to the limitation of above-ground space
resources, the deployment of underground space
becomes of growing interest, particularly in large

cities!"). In deep foundation pit engineering, underground

diaphragm wall"®! is often used as the enclosure structure.

The most concern in constructing the underground
diaphragm wall is the setting of the hoisting points for
erecting the reinforcement cage (Fig. 1). If the number
and/or location of the hoisting points used are not

appropriate, it will lead to not only the increase in
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construction cost but also some safety issue.
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Fig.1 Schematic diagram of hoisting of reinforcement cage

In recent years, many studies have been carried out
on the hoisting point setting of the reinforcement cage in
the in-line diaphragm wall®'%. The methods used can
be divided into two categories. One is to use the finite

element analysis software to establish a reinforcement
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cage model to simulate the hoisting process and
determine the positions of optimal lifting points by
examining the deflection and internal force variations of
reinforcement cage!'"). For example, Yang et al’”) carried
out the finite element analysis of the in-line steel cage of
55 m using ABAQUS software. Their work demonstrated
that the use of additional longitudinal and transverse
trusses could improve the stiffness and stability of the
overall steel reinforcement cage and the rationality of
using four-point lifting scheme. Wang et al®® reported a
numerical simulation of the multi-angle hoisting of the
in-line steel reinforcement cage using ANSY'S software,
in which the position of hoisting points and the
specification of truss bars were optimized. However,
due to the complex in the distribution of reinforcement
and the working condition in construction site, there are
very fewer reinforcement cages that are with high
similarity. Thus, the result obtained from the finite
element analysis for a specific reinforcement cage may
not be applied to other reinforcement cages.

The other is the commonly used engineering
method®'®, in which the number of vertical and
horizontal lifting points is first determined by the length
and width of the cage, combined with the engineering
lifting experience (there is a corresponding relationship
between the side length of the cage and the number of
lifting points). The final position of the lifting point is
determined by using the principle of moment balance;
that is, the sagging bending moment and hogging
bending moments are equal in the value. Assume that
the six longitudinal lifting points have been determined
according to the cage length L (Fig. 2).
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Fig. 2 Longitudinal bending moment calculation diagram
The specific method of determining the position of
the lifting points is as follows:
M =M,, (1)
where M; is the sagging bending moment, M, is the

hogging bending moment. Note that
M, =qL’/2, )

M, =qL’/8-qL’/2, 3)
where ¢ is the density of uniform distribution load, L; is
the overhang span length, and Z, is the inner span length,
respectively. Substituting Eq. (2) and Eq. (3) into Eq. (1),
it yields

L, =22L,. (4)

According to the beam length L, we have the
following equation:

2L +nlL, =L, %)
where 7 is the number of inner spans and n-1 represents
the number of hanging points. The reinforcement cage
between the two hoisting points is regarded as a
simply-supported beam model under uniform load,
getting maximum deflection by w,  =5qL} /(384EI),
where I =bh® /12, b is the width of the cage, and 7 is
the height of the cage. In what follows, the position of
the hoisting point will be fine-tuned according to the
hoisting experience, including the distribution of
reinforcement bars in the cage and the condition of the
embedded parts. This assumes that the self-weight of the
reinforcement cage is evenly distributed along the
longitudinal direction. However, the actual situation is
that the diameter or spacing of the reinforcement bars in
each section of the reinforcement cage is different. The
diameter of the horizontal reinforcement needs to be
increased near the support of the reinforcement cage.
This leads to the load that equivalent to the distribution
of the reinforcement in the actual reinforcement cage is
not simply a uniform load in the longitudinal direction
but forms a distributed load with different sizes of m
segments, as shown in Fig. 3. Momeni et al'"® proposed
to manufacture reinforcement cages through automated
production cells. So, can we develop a program that
automatically determines the best hoisting point of the
steel cage? In this way, as long as the professionals
complete the drawings, the manufacturing and hoisting
automation of the reinforcement cage can be realized in
the future. To get closer to the reality of the cage, in this
paper, the deflection functions of multi-support
cantilever beams under the combined action of

distributed loads and concentrated loads are deduced by
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using singular functions and Laplace transforms. The
calculated deflection function is taken as the
optimization objective function. Taking the extreme
value of deflection as the evaluation index, the optimal

lifting point is determined by using a genetic algorithm.
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Fig. 3 Schematic diagram of the model

2 Derivation of deflection curves

The overhanging beam simulates the hoisting
conditions of the actual reinforcement cage. The first
and last hoisting points must be kept at a certain
distance from the cage head and end, and they must be
set near the area where the transverse truss exists. The
values of distributed loads and concentrated loads in
different action intervals are different. The distributed
loads are used to equate the self-weight of steel bars in a
specific area (Ensure that the steel bar diameter and
spacing are consistent in the area). Since some
reinforcement cages contain I-beams, concentrated loads
are used to equate to the weight of the I-beam during
hoisting. Meanwhile, they also can equate some special
steel bars, which are difficult to be simplified into
distributed loads. As shown in Fig. 3, the cantilever
beam model is established, with the left endpoint of the
beam as the origin of the coordinates. In the figure, a, is
the coordinate of the nth support, equivalent to the
hoisting point of the reinforcement cage, x,,-; and x,, are
the left and right boundary coordinates of the distributed
load, g; is the distributed load, p, and xp; are the value
and coordinate of the concentrated load, respectively.

[13-14]

The following differential equation is used to

calculate the deflection and force of the beam:

EWY =q(x), (6)
where ¢(x) is the load density in the solution area. For
this model, it is not easy to unify the load profile due to
the complexity of the loads acting on the entire beam.
Therefore, it can only be divided into several parts to
solve, and the deflection function obtained from the
solution is a piecewise function. The singular function!'!

can describe the discontinuous load, which is defined as

n w’xza’
whenn<0, <x—a>"= (7N
0, x#a,
x—a)',x=a
whenn =0, <x—a>"= ( V', x=a, (8)
0, x<a.

The distributed load in the interval [a, b] can be
expressed as

g(x)=—q[<x—-a>"—<x-b>"]. 9)

The concentrated load can be expressed as

p(xX)=-p<x-a>". (10)

Then the load density of the beam can be expressed
as follows:

q(x) =—Z:ql.[<x—xl._l > —<x—x,>']-

i=1
ipj <X—Xxp; > +ZH:R% <x-a,>",(11)

j=1 o=1
where the support reaction force is equivalent to a
concentrated load, its value is R, . the x coordinate is a,,.
qn 1s the distributed load value, x,, is the distributed load
coordinate, p; is the concentrated load value, the x
coordinate is xpy. It satisfies the deflection function

equation:

E[y4 =_Zqi[<x_xi—l > —<X-X >0]_
-1

k n
p; <X—Xxp, > +ZRa, <x-a,>".(12)
o=1

j=1
Laplace transform!'® can be used to transform the
differential equations into algebraic equations to
simplify the calculation. Laplace transform is performed
on both sides of Eq. (12).

Because
4

d 4 4 4—w w—1
L[dxf]=sY(s)—Zs 7 0), (13)

where L is the symbol for Laplace transform, Y(s) is the

image function of y, and s is the complex variable!'*.
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And point O at the left end of the beam is used as
the free end. The boundary condition at this point
always satisfies the bending moment and shear force as
zero, which is

M =0,0=0;y"(0)=0,y"(0)=0. (14)
So, the left side of Eq. (12) changes by Laplace
transform into

EI[s*Y (s)— s’ »(0)—s°y'(0)] . (15)

Since the Laplace transform formula of singular
functions is

—as

e “n!

n=0, [[<x—a>"]=—7, (16)
s

—as

n<0,Ll<x-a>"]="_, (17)
S

the right side of Eq. (12) changes by Laplace transform

into

(18)
In summary, Eq. (12) after Laplace transformation

becomes

EI[s*Y(s) -5 1(0) -5 VO] = 3 [—q,» S

e’xis k pAefxpjs n Ra efa(,s
q; = j_z ’ + “s4 . (19)

4
j= N o0=1

From Eq. (19), the expression of the image function is

; . xp ;s
—X;§ k Pj

Y(s) =Z[_qi < _ +4; Z,ISSJ_ZPJC +

P EIs’ ~ EIs'

R, e p(0) (0
o=1

The object function (20) performs the inverse

Laplace transform to obtain the deflection function

, Z q;
y=y(0)+xy'(0)+ (— :
2\ “2am

<x-x_ >+

PN —i P <x—xp >+
' “<6EI /

—<x—a, > . 21

To determine the above formula, there are n+2
unknown quantity demand solutions, namely
R, R, ,+,R, ,¥(0),'(0).

Among them, R, , R R, can be used to guide the

selection of the crane and the specifications of the lifting
wire rope. We solve n+2 unknowns by n+2 boundary
conditions. Respectively, the deflection in the
y-direction of the n supports is zero, and the right
endpoint of the beam (i.e., the steel cage tail) is the free
end. Therefore, its boundary conditions always satisfy
that the bending moment and shear force are both zero,
that is,

y(a)=0,y(a,)=0,--, y(a,) =0,

V'(x,)=0,»"(x,)=0.

When there are loads and the number of supports
corresponding to the working conditions, it is
transformed into #+2 equations to solve the problem of
nt2 unknowns, and the corresponding hoisting
deflection function of the reinforcement cage is

determined.
3 Hoisting point optimization

Using Eq. (21) as the optimization objective
function, after inputting the number of supports
(corresponding to the number of lifting points) and load
distribution, the equations are solved to determine the
unknown parameters and the optimal support position
(corresponding to the location of the lifting point) is
combined to make the maximum value of deflection
smallest. Due to the existence of <x—-a,>°, when a
specific support position a, changes, the objective
function also changes. In fact, this is a functional
extremum value problem.

7] js the mechanism of gene

Genetic algorithm
inheritance and mutation by Holland"™ based on
Darwin’s theory of biological evolution, which conducts
natural selection through fitness to simulate the spatial
random search for optimal solution model method
established by the biological evolution process. The
genetic algorithm directly operates on the optimization
function object, which is different from the traditional

[19]

maximum principle'”' of the variational method, and

other ways to solve the functional extreme value
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problem, which has the Ilimitations of function
continuity, derivability, and limited types. It is suitable
of the

reinforcement cage. The workflow of the genetic

for solving the optimal hoisting point

algorithm is shown in Fig. 4.

Set an initial population

!

Calculate the fitness value

Judge
whether to
break

Generate optimal solution)

Selection, crossover, mutation
i
Generate the next generation

]
Fig. 4 Workflow of genetic algorithm

This article uses the genetic algorithm that
enhances elite retention in the toolbox Geatpy”, which
comes with Python for optimization. Geatpy is an
efficient and valuable object-oriented evolutionary
algorithm framework. The operation steps are as
follows:

(1) Parameter encoding: Population chromosomal
element differences ensure that the generated support
positions are different using permutation coding, and the
value range of the discrete variable is between 0 and the
beam length L. The minimum accuracy is taken as 1 cm,
which meets the engineering accuracy of the placement
error of the lifting point of the reinforcement cage. This
code converts the phenotype data into genotype data and
can also represent the corresponding decision variable
without decoding.

(2) Genetic algorithm parameters™”’: According
to the experimental test results of different parameters,
the variation scaling factor of differential evolution is
set to 0.9, which is used to control the individual
variation behavior of the parent, ensure the diversity of
the population, and prevent the population from falling

into an optimal local situation. The probability of

cross-recombination is 0.9%? which serves as the basis
for the cross-over behavior of the parent individuals.
Both of them set a more significant likelihood to reduce
the duplication of the parent in the new generation
population. The maximum evolutionary generations and
population size must be determined according to the
number of lifting points and load complexity. To ensure
the optimal effect of the algorithm, they are preset to
100 and 1000 respectively'®*!. At the same time, since
the optimization efficiency of the algorithm is unknown,
the other algorithm termination condition is not set, and
it only automatically stops when iterating a preset larger
evolutionary generation number.

(3) Select the initial population: An initial
population of 1000 individuals is randomly generated
independently, and each individual corresponds to a set
of support positions.

(4) Crossover, mutation, and evolutionary
selection: The deflection extremum can be calculated by
substituting the support position of the initial population
into Eq. (21) with #+2 boundary conditions. The
deflection extremum tensor is used as the basis for the
evolution of the population. The 1 000 individuals of the
mother generation and the 1 000 individuals of the next
generation after cross-mutation were combined to obtain
a new population of 2000. According to the
evolutionary selection basis, 1 000 new individuals are

selected as the new generation population.
4 Examples

4.1 Uniform load

Taking Ningbo Rail Transit Line 2 Phase II Civil
Engineering Standard A (Honglian Station) underground
diaphragm wall in-line reinforcement cage as an

example, its specific parameters are shown in Table 1.

Table 1 The specific parameters of reinforcement cage
Weight/t Length/m Width/m Thickness/m  E/MPa
66.64 53.5 6.6 0.86 206 000

According to Table 1, we get the moment of
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inertia 7 =bh’ /12=3.5x10" mm* , g=weight/length=
12.207 N'mm " and L,=2.82 m, L,=7.97 m by the law of
moment balance, so the coordinates of the hoisting point
are 2.82, 10.79, 18.76, 26.73, 34.70, 42.67, and 50.64 m,
W, =5qL} / (384El) =8.89x107° mm. The  Wiax
obtained by this method is much smaller than the
deformation deflection generated when the actual
reinforcement cage is hoisted. This phenomenon occurs
due to two reasons. One is that the simplification of the
model has limitations. The mechanical properties
inevitably change with the simplification of the
reinforcement cage from three-dimensional to planar,
and the model derived in this paper cannot avoid this
problem. The other one is that the value of the moment
of inertia is too large, which is calculated by the moment
of inertia of the center axis of the rectangle.

Due to the need to verify the optimization effect of
this model and algorithm, the same uniform load,
flexural rigidity, number of hoisting points, and the
length of reinforcement cage are still controlled, and the
deflection is used as the effective evaluation criterion.
Run the optimization algorithm to get the relationship
between the evolutionary generations and the minimum
value of the contemporary population wy,y, as shown in
Fig. 5. Due to the larger population size, the minimum
value of 8.35x107° mm of Wmax Of the 2nd generation is
less than the extreme value of 8.89x107° mm of the
reinforcement cage deflection after the suspension
points are arranged by the moment balance law. Starting
from the 21st generation, the hoisting point’s position
converges to a specific value and the minimum value of
Winax 18 near 4.28x107° mm. Compared with the moment
balance law, the optimization effect reaches 51.9%.
Export its lifting point coordinates, which are 3.74m,
12.62, 20.69, 30.12, 39.46, 48.25, and 51.06 m, the
support reaction force on each corresponding hoisting
101648.61, 100604.49, 106294.04,
116 570.45, 114138.17, 73257.76, and 40560.99 N,

these bearing forces and uniformly distributed loads

point  are

satisfy the force balance condition, the corresponding

deflection curve is shown in Fig. 6. Using the same
bending stiffness, load, and the location of the hoisting
point obtained by the new method, a finite element
simulation of the plane beam element was performed to
obtain the deflection curve as shown in Fig. 7, basically

consistent with Fig. 6.

12
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Fig. 5 The relationship between evolutionary
generations and the minimum value of wy,,, in
contemporary populations
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Fig. 6 The deflection curve and hoisting point in the

longitudinal direction of the reinforcement cage

Fig. 7 Deflection of the beam under finite element
simulation
4.2 General distributed load
When the length and weight of the steel cage are

the same, but the distribution of the steel bars is quite
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different, there is no difference considering it as uniform
load distribution and using the moment balance law to
obtain the location of the hoisting point. Therefore, it is
necessary to consider the influences of the steel bars to
the distributed load. With a specific in-line underground
diaphragm wall reinforcement cage project as the
background, its particular parameters are shown in Table
2 and Fig. 8. The longitudinal primary reinforcement of
the reinforcement cage is arranged in upper and lower
double rows, using HRB400 grade ®25 and ®22 steel
bars, respectively. The properties of the horizontal
reinforcement are HRB400 grade ®20 and ®16. The
deflection curve equation is applicable in the online
elastic range, the distributed load can be determined by
sequentially including various steel bars for load
stacking. The diameter, spacing of horizontal steel bars,
and the length of the corresponding area initially
determine the position and value of the distributed load.
increase the

Longitudinal main bars

distributed

uniformly

load wvalue, and the non-full-length
longitudinal main bars increase the original distributed
length The load

distributions of the steel cage are shown in Table 3-5.

load value within the range.

Table 2 A certain in-line underground diaphragm wall

reinforcement cage project

Table 3 Longitudinal distributed load of

reinforcement cage

Coordinate .
Number . Load/(N-mm )
interval/mm
1 0-6 000 5.986
2 6 000-8 000 8.916
3 8 000-27 500 9.439
4 27 500-30 500 8.916

Table 4 Transverse distributed load of

reinforcement cage

Coordinate .
Number ) Load/(N-mm ")
interval/mm
1 0-3 600 47.29
2 3 600-6 000 44.68

Table 5 Transverse concentrated load of

reinforcement cage

Number Coordinate/mm Load/kN
1 10 31.32
2 1050 0.67
3 1200 0.67
4 1 800 0.67
5 1950 0.67
6 3000 0.67
7 4 050 0.67
8 4 800 0.67
9 4950 0.67
10 6 000 31.32

E/MPa
206 000

Length/m Width/m
30.5 6

Thickness/m
0.663

2)

022@150 <

500 8000

®2@150

D6@250 D16@200, ¥

Dl 6@250 Pl 6@

6000

~ 022@150

@

Two improvement schemes are given for the

treatment of the moment of inertia. First, the formula for

30 000 1000500 °

.2000] 000

19500

2 451 0003 Bl P9 3 Ha20@200°

<441 00031 Bl P4 i H020@200

~ 022@150

Fig. 8 Rebar cage reinforcement diagram (in Chinese)



8 TR (TR

2024

calculating the moment of inertia of the rectangular
section is still used. Still, it needs to combine many
engineering-measured data to set the safety factor to
reduce the equivalent bending stiffness. Second, for it’s
the longitudinal main bars that provide the main flexural
stiffness, we use Eq. (22) to calculate the moment of
inertia (this paper adopts this method).
YoaD? (kY

I =;Tx(5j , (22)
where N is the number of longitudinal main
reinforcement bars, D; is the diameter of the longitudinal
reinforcement, and /4 is the thickness of the steel cage.
Substitute the data to get /=2.2x10°mm®, which is
11/730 of I =bk*/12 =146x10° mm*. Although only
the deflection is taken as the optimization index, it can
be closer to the actual deflection value.

Set the maximum evolutionary generation and
population size to 50 and 1000, then run the algorithm.
The positions of the longitudinal hoisting points are 1.08,
7.15, 15.19, 21.36, and 27.72m, respectively. The
transverse positions are 1.07, 2.19, 3.88, and 4.91 m.

This algorithm does not have the limitation of the
load type. For reinforcement cages with relatively
regular structures and small differences in steel
distribution, that is, under uniform load conditions, it
can be used as a reference for subsequent adjustment
of the hoisting point position determined by the
moment balance method. For reinforcement cages with
apparent differences in steel distribution, it needs to be
simplified to a generally distributed load, and this
algorithm can determine the position of the hoisting

point.

5 Finite
analysis

element modeling and

To verify the correctness of the new method for
determining the hoisting point, we used ABAQUS to
simulate the state of the reinforcement cage when it is
hoisted to 0°, 30° 45° and 60° to explore its
deformation and internal force changes. Reference Fig.
8 for the establishment of the model, that is, the detailed
reinforcement configuration corresponding to Table 2.
Summing up the hoisting point positions obtained for
the law of moment equilibrium, field program, and the
new method in Table 6. Due to the large gap between
the hoisting point position of the law of moment
equilibrium and the other two, in the numerical
simulation, the longitudinal hoisting point position is
only selected in the field program and the new method,
and the transverse position is fine-tuned to the same
according to the arrangement of horizontal bars due to
their proximity.

The linear elastic B31 beam element is used for
reinforcement, and the S4R reduced integral shell
element is used for I-steel. Simpson is selected for the
shell thickness integral rule, and the thickness integral
point is elastic
modulus E =2.06x10* GPa , Poisson’s ratio u=0.3,
3

5. Material properties of steel:
mass density p =7850kg'm °. In the simulation, the
node degree of freedom coupling is used to simulate the
welding of reinforcement, and the tie of node-surface is
used to set the contact between I-steel and reinforcement.

The boundary condition of the hoisting point is to

Table 6 Summary of horizontal and transverse hoisting points m

The serial Longitudinal

Transverse

number of the Law of moment

Law of moment

. i o Field program  New method o Field program  New method
hoisting point equilibrium equilibrium
1 2.29 1.0 1.08 0.57 1 1.07
2 8.77 8 7.15 2.19 2 2.19
3 15.25 14 15.19 3.81 3.8 3.88
4 21.73 21 21.36 5.43 5 4.91
5 28.21 27.71 27.72
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restrict the displacement freedom of X, Y, and Z, and
release the angular displacement freedom of Ry, Ry, and
R7. The hoisting situation of the reinforcement cage at
0°, 30°, 45° and 60° is simulated by adjusting the
acceleration of gravity, the specific parameter settings
are shown in Table 7.

Table 7 Parameters of gravity component corresponding

to hoisting angle

Hoisting Gravity Gravity Gravity
angle/(°)  component 1 component2  component 3
0 0.00 0 -9 810.00
30 0.00 -4 905.00 -8495.71
45 0.00 -6936.72 -6936.72
60 0.00 -8495.71 -4 905.00

Max: +2.835e+01

Max: +1.893e+02

Max: +1.972¢+01

Max: +1.229¢+02
(c) 45°

The deflection and stress changes in the hoisting
process of the reinforcement cage at different angles are
shown in Fig. 9-10, and the maximum deflection, stress,
and optimization rate are summarized in Table 8 and
drawn in Fig. 11. With the increase in hoisting angle, the
maximum deflection and maximum stress of the cage
gradually decrease. Therefore, the horizontal position is
the most dangerous position for the hoisting, which
should be the focus of hoisting process control, and the
new method is just based on the horizontal position of
the reinforcement cage. Compared with the field
program, the maximum deflection and maximum stress
of the reinforcement cage are greatly optimized by the

new method, especially the stress optimization effect,

Max: +2.432¢+01

Max: +1.545¢+02

Max: +1.378e+01

Max: +8.667e+01
(d) 60°

Fig. 9 Deflection and stress of reinforcement cage hoisting at different angles under field program

Max: +2.546e+01

Max: +9.609¢+01

Max: +1.846e+01

Max: +6.778e+02
(c) 45°

Max: +2.237e+01

Max: +8.310e+01

Max: +1.330e+01

Max: +4.854e+01
(d) 60°

Fig. 10 Deflection and stress of reinforcement cage hoisting at different angles under the new method
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Table 8 Statistical table of maximum deflection, maximum stress, and optimization rate

Hoisti Maximum deflection/mm Deflection Maximum stress/MPa Stress
oistin
£ . optimization ) optimization
angle/(°) Field program New method Field program New method
rate/% rate/%
0 28.35 25.46 10.19 189.3 96.09 49.24
30 24.32 22.37 8.02 154.5 83.10 46.21
45 19.72 18.46 6.39 122.9 67.78 44.85
60 13.78 13.30 3.48 86.67 48.54 43.99
2001 150
r - 712 [ [ ]Field
Field ® program
sof _ ERd g I B N | e
E i ~ .- #- -The optimization rate of deflection 10 'g & 160 o R LU GUR BRI G P
= 25F ~ i r =)
g ~ = 2 a0f N 1z
gt - TP S s
8 20 5 El120f 146 3
% T — 15 &7 5
s I LN 16 = € 100 TR TG
E 15 ~ E 2T - g
E F 7 .% '5 80: = 144 E
5 10F 14 8 E eor 4 E
St 1§ 2 .0 2
2 | 1Pt 2 [= 40: 142 ©
= 5 1) =
| | e 20F ST,
0 0 - OV 40
0 30 45 60 0 30 45 60
Hoisting angle/(°) Hoisting angle/(°)
(@) (b)
Fig. 11 Changes of maximum deflection, maximum stress and optimization rate

reaching more than 40%. The maximum stress point in
the field program appears near the longitudinal second
and transverse fourth lifting point, and the maximum
value is 189.3 MPa. The new method transfers it to the
end of the reinforcement cage and reduces it to 96.09
MPa. It is beneficial to the hoisting of the cage. The
steel bars will be added near the hoisting point to
increase the strength. Due to the large internal force and
welding damage, the steel solder joints at this position
are more prone to open welding. For HRB400 steel bars
used in the reinforcement cage, the standard yield
strength is 400 MPa, and the maximum stress meets the
specification requirements.

Under the field program, the overall maximum
displacement appears at the I-steel at the end of the
reinforcement cage, while the maximum displacement in
the new method appears at the longitudinal main
reinforcement near the I-steel without horizontal
reinforcement. The maximum deflections are 28.35 mm

and 25.46 mm, respectively. The node displacement

along the horizontal reinforcement path at the maximum
deflection is selected to obtain the lateral deflection
variation curve of the reinforcement cage as shown in
Fig. 12. The existence of the I-steel leads to larger
transverse deflection on both sides of the reinforcement
cage, and smaller deflection between 1-2 and 3-4
transverse hanging points. The overall deflection curve
is in the shape of the ‘camel’, and the deflection of the
cage in the new method is smaller than that in the field
program. Combined with the requirements of the
diaphragm wall regulations, the allowable deviation of
the wall verticality should be less than 1/200 of the wall
body, and the local protrusion of the wall should not be
greater than 100 mm (source: Technical specification for
diaphragm wall of foundation pit engineering, DB 33/T
1233—2021, in Chinese). The maximum deflections of
the reinforcement cage are both less than the critical
value required by the specification. It proves that the
location of the hoisting point determined by the new

method conforms to the hoisting specification, and the
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effect is better than the field program.
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Fig. 12 The relationship between width and vertical

displacement in the field program and the new method
6 Conclusions

In this paper, according to the characteristics of the
I-shaped reinforcement cage, the shortcomings of the
existing engineering methods are analyzed, and a new
method for setting the lifting point based on singular
function, Laplace transform and genetic algorithm is
proposed. Firstly, this method can simulate the case of
an arbitrary combination of concentrated loads and
distributed loads, which corresponds to the hoisting
process of complex reinforced cage members. Secondly,
the genetic algorithm is used to find the best bearing
position of the extended beam to obtain the optimal
lifting point position, which has a fast random search
and high scalability (this method has been made into a
web client as shown in Fig. 13, language: Chinese). Two
sets of calculation examples also verify the optimization
effect. The

demonstrates that 0° is the crucial point in the hoisting

corresponding numerical simulation
process of the reinforcement cage, which verifies the
rationality of the horizontal extended beam model in the
new method. It is proved from two aspects of
deformation and stress that the position of the hoisting
point determined by the new method conforms to the
specification, and the effect is better than that of the
field scheme based on the bending moment balance law.

This method can provide theoretical guidance for the

determination of the hanging point position of the
one-shaped steel cage in the future, provide scientific
data for the revision of relevant regulations in the future,
and provide reliable control methods for the information

construction of the diaphragm wall.

o

Fig. 13 'Web client of the reinforcement cage

computing system
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