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For dams and rock foundations of ages, the actual mechanical parameters sometimes differed from the design and the experimental
values. Therefore, it is necessary to carry out the inversion analysis on main physical and mechanical parameters of dams and rock
foundations. However, only the integrated deformation modulus can be inversed by utilizing the conventional inversion method,
and it does not meet the actual situation. Therefore, a new method is developed in this paper to inverse the actual initial zoning
deformation modulus and to determine the inversion objective function for the actual zoning deformation modulus, based on the
dam displacement measured data and finite element calculation results. Furthermore, based on the chaos genetic optimization
algorithm, the inversion method for zoning deformation modulus of dam, dam foundation and, reservoir basin is proposed.

Combined with the project case, the feasibility and validity of the proposed method are verified.

1. Introduction

In design and construction of major projects, in the past peo-
ple mostly focused on the planning, design, and construction
of the project, and the safety assessment is usually utilized
with the traditional positive analysis method [1], but the
various parameters of the mathematical model for positive
analysis are generally determined by experts experience or
experiment. The values of physical and mechanical param-
eters of dams are the foundation of design and analysis of
the operation behavior of dam body, dam foundation, and
reservoir basin. But for dams of ages, the actual mechanical
parameters differed from the design and experiment. It is
often difficult to reflect the overall mechanical behaviors
of dams by utilizing the values of mechanical parameters
determined by design or experiment [2-4].

Therefore, it is necessary to carry out the inversion anal-
ysis of the main physical and mechanical parameters of dam
body, dam foundation, and reservoir basin [5, 6]. By utilizing
the dam zoning displacement measured data, application of
inverse theory and method for quantitative calculation is the
basic idea of inversion analysis which can effectively solve

the inversion problem for zoning deformation modulus of
dam body, dam foundation, and reservoir basin [7]. An inver-
sion analysis model and method are proposed by considering
the influence factors of deformation, load, the dam zoning
material characteristics, and topographical and geological
conditions of dam body, dam foundation, and reservoir basin.
Aiming at the shortage of conventional inversion method, the
inversion method for zoning deformation modulus of dam
body, dam foundation, and reservoir basin is put forward and
with the help of chaos genetic optimization algorithm [8], the
inversion process can be realized.

2. The Inversion Analysis Method

2.1. The Conventional Inversion Method. For the dam of ages,
the elastic modulus of dam body E, and deformation moduli
of dam foundation and reservoir basin E,, E,, differed with the
original design values. If utilized the original design modulus
and other mechanical parameters directly for the analysis
of dam deformation behavior may result in a big difference
with the actual situation. Therefore, the inversion method



is needed through the structure analysis and calculation [9,
10] and, based on the measured data of dam displacement
to determine the average elastic modulus of dam body,
deformation modulus of dam foundation and reservoir basin.
The conventional inversion analysis principle is as follows.

2.1.1. Determination of Dam Displacement Field. Within the
linear elastic range and under water pressure H, the balance
equation [11] of dam system composed by dam, dam founda-
tion, and reservoir basin is

[K1{0} = {Ry}. o

In this equation, [K], {0}, and {Ry} are the overall stiffness
matrix, node displacement matrix, and node load matrix,
respectively. One has

[K]= ) [Cl K], [Cl, + ). [C K], [Cl,
ejeﬂl ejeQ2
. 2)
+ ) [Cl,, [K],, [CL,,

e;€Q,

In the above equation, Q;, Q,, and Q;, respectively, represent
the calculation domains of dam, dam foundation, and reser-
voir rock foundation and [C] ¢; and [K] ¢, Tepresent stiffness
transformation matrix and the stiffness matrix of element e .

Analysis shows that Poisson ratios p, y,, and y, of dam,
dam foundation, and reservoir basin could be considered
as constant parameters due to their small changes. As for
the dam system, the geometric properties basically remained
unchanged in the loading process. So [K] in (2) can be
expressed as follows [12]:

[K1= ) [Cl, [ij (€., + Y [CI, [f]ej €],

e;e) e;€,

+ ) [cl [ij €],

e;€Q;3

(3)

In (3), [E]ej is mainly concerned with Poisson ratio of
corresponding part and geometric characteristics.

Node displacement array according to (1) can be
expressed as

{0} = [K]™" {Ry}, (4)

where {Rp} is a fixed value under water pressure H.
The nodal displacement f(H,x, y,z) can be shown as the
sum of displacement caused by deformation f.(H, x, y,z),
f,(H,x, y,z),and f,(H, x, y, z) of dam, dam foundation, and
reservoir basin. That is,

f(H,x,9.2) = f.(H,x,y,2) + f, (H, x, y,2)
+f, (H,x, 5,2).

In (5), H is the depth of the water; x, y, and z are the node
coordinates.

)
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Reference [1] shows that node displacement caused by the
dam, dam foundation, and reservoir basin is

3(4) 3
f(H’x’y’Z) = z Z AklmnHkxlymzn

k=0 I,m,n=0

3(4) 3
k 1
+ Z Z BklmnH x}’mzn (6)

k=0 I,m,n=0

34 3
+Z Z CklmnHkxlymz".

k=0 I,m,n=0

In (6), Aty Brimns and Cyy,,,,, are fitting coeflicients of node
displacement component factors of dam, dam foundation,
and reservoir basin under water pressure H.

Dam displacement field can be determined by (6).

2.1.2. Inversion of E, E,, and E,. Under the assumption
of average deformation moduli E), E,;, and E,, of dam,
dam foundation, and reservoir basin, dam displacement
component field caused by deformation of dam, dam foun-
dation, and reservoir basin can be obtained under differ-
ent water pressure H as f,,(H, x, y,z), f,o(H,x, y,z), and
JfooH, %, ,2) in (5). Agpm> Briyms and Cyyppy, in (6) can
be obtained by utilizing optimization method. Due to the
assumption of average deformation modulus of dam, dam
foundation, and reservoir basin in structural calculation, each
field component should be adjusted to get the real dam
displacement field f(H,x, y,z) and the node displacement
equation after adjustment is

£ (H %, 7,2) = X fog (Ho,302) +Y fr (Hy %, 7,2)

+ Zfyo (H. X, ,2)

3(4) 3
=X < Z Z AklmnHk'xlymZn>

k=0 I,m,n=0

7)

3(4) 3
+Y ( Y Y By H Y y'”z”>

k=0 I,m,n=0

34) 3
+Z < Y Y CupnH ymz"> .

k=0 I,m,n=0

In (7), Aty Bitmm> and Cyy,,,,, are fitting coefficients after the
optimization of node displacement in structural calculation
under different water pressure.

Put (3) into (4) and obtain (7) after expansion; the
component adjustment coeflicients of X, Y, and Z are

X = @;
EC
E E
Y = ﬁ; (8)
ECOET
Z — EbOEC
ECOEh
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Utilize various measured displacement data to obtain adjust-
ment coeflicients X, Y, and Z in (7) through the optimization
analysis. Then average elastic modulus of dam body E_ and
average deformation moduli of dam foundation and reservoir
basin E,, E, can be obtained by utilizing (8).

2.2. Zoning Modulus Inversion Method. Since conventional
inversion methods can only inverse the integrated modulus
of dam, dam foundation, and reservoir basin, the material
composition differed. The dam foundation can be divided
into different zones, as the dam body and reservoir basin.
Therefore, the zoning deformation measured data is utilized
to inverse dam zoning elastic modulus, dam foundation
zoning, and reservoir basin zoning deformation modulus.
The following analyzes the detailed zoning inversion analysis
method.

2.2.1. Method for Determining Initial Zoning Modulus. Dam
elastic modulus is referred to deformation modulus for the
convenience below. Assume that dam, dam foundation, and
reservoir basin are divided into # zones, and the correspond-
ing modulus is E; (i = 1,2,...,n). For the zone i, the
deformation measured data of corresponding zone can most
reflect the impact. Make use of deformation measured data
to establish deformation safety monitoring model and the
equation is similar to (5). Utilize (5) to separate the water
pressure component f;(H,,) from the value of deformation
measuring point j in zone i under the action of water head
H,,. On the basis of above, assume that the deformation
modulus of zone i is E; and the rest of moduli of the other
zones utilize the design values. Then calculate water pressure
component §;; (j = 1,2,...,k, where k is the number of
measuring points; m = 1,2,..., M, where M is the number
of water pressure components) of measuring point j in zone i
under different water level by structure analysis method such
as finite element. The equation of 6 is

8 =F(H,.E). ©)
Assume
kK M X
sz Z (fj(Hm)_x(Sme) . (10)
j=1m=1
Minimize Q, without constraint conditions; then
k M
_ Zj:l Zrn:l f] (Hm) 5]H
- k M 2
Zj=1 Zm:l 5me

Assume that the initial value of the actual modulus is E; in
zone i and the equation of x according to its physical meaning
is

(1)

S — 12
x E, (12)

1

Equation (12) can be used to determine the actual initial
modulus in zone i as

E!
Ey = — (13)
pe

1

2.2.2. Method for Determining Actual Zoning Deformation
Modulus. E,; is the initial deformation modulus, which
assumes that other zones utilize design values except zone i. It
differed from the actual situation, so multipoint deformation
measured data combined with the finite element structure
analysis results is needed to inverse the actual deformation
modulus [13-16]. The inversion method is as follows.

Firstly, the zoning initial actual deformation modulus
Ey (i = 1,2,...,n) obtained above is utilized to calculate
deformation value 8y of deformation measuring point under
effect of different water head H, with application of structural
analysis method. For example, the calculated deformation
value of measuring point p in zone i is 8,y as

8ipr, = F(Hp By (i=1,2,...,1)), (14)
where (Si'PHl is the measured deformation value of measuring

point p, which is separated by safety monitoring mathemati-
cal model from the measured data. Make

%p,Oipn, )2

(15)

In (15), n is the number of zones. n, is the number of
measuring points in zone i. N is deformation monitoring
frequency. The meaning of x,, is the same as that in (12).

x,, is the final deformation modulus adjusting coefficient
of zone i when Q in (15) reaches the minimum. Then the
actual deformation modulus of zone i can be obtained by (13).
Therefore, the following focuses on determining method of

Xps which is also the process of zoning modulus inversion of
dam, dam foundation, and reservoir basin.

3. Zoning Modulus Inversion of Dam, Dam
Foundation, and Reservoir Basin

Qin (15) is the undetermined parameter. Under the condition
of satisfying constraints, get the minimum Q. Then inversing
zoning deformation modulus of dam, dam foundation, and
reservoir basin is actually an optimization problem [17, 18].
Zoning deformation modulus E; (i = 1,2,...,n) is denoted
as S vector. That is,

1. (16)
Assume

Q=S(E;) — min (i=12,...,n). 17)
To meet the end condition

E,in <E <E

imin = 1max

(i=1,2....,n). (18)

In (18), E;in> Eimax are the minimum and maximum value of

E;, respectively.

imax



The inversion problem of zoning parameters in (16)
cannot be directly solved to meet the constraints of (18),
which needs positive analysis methods for repeated trial
calculation, and finally get the solution of the optimal zoning
parameters. This paper applies chaos genetic optimization
algorithm [19, 20] to inverse analysis.

In the process of zoning modulus inversion by chaos
genetic optimization algorithm, the equation of random
disturbance of zoning modulus is

E, = (1-a)E" +aE,. (19)

In (19), E* is the optimal chaotic vector of zoning deformation
modulus obtained by mapping the current optimal solution
(E},E;,...,E,) to the interval of [0, 1]. Ej is the chaotic vec-
tor of zoning deformation modulus after iteration for k times.
E, is the corresponding chaotic vector of zoning deformation
modulus after adding random disturbance (E,, E,, ..., E,).
« takes value between 0 and 1. When (E,, E,,...,E,) are
gradually close to the optimal solution, « takes the smaller
value [21].

Under normal circumstances, « can be determined by the
following equation:

e [ o

In (20), m is the integer according to the optimization
objective function and k is the number of iterations [8].

Chaos genetic parameter disturbance method is clear
after the random disturbance analysis of zoning deformation
modulus above. The following focuses on inversion process
and steps of zoning deformation modulus utilizing chaos
genetic algorithm.

(1) Initialize zoning deformation modulus. Under
the condition of constraint as (18) generates
randomly a set of initial values of zoning modulus,
E) L ES By € [Eimins Eimaxdoi = 1,2,...,n.nis
the number of parameters to be optimized. k is the
number of initial values generated by deformation

modulus of each zone.

(2) Produce the initial values in chaotic sequence of
zoning deformation modulus. Map E?)i to the interval

[0, 1] via
E' —E .
=, i=1,2,.,m j=12,. k(2D
’ Eimax_Eimin
(3) Produce zoning deformation modulus chaotic
sequence of this generation. The sequence

X;f)i’l) (I = 0,1,...,m) is obtained utilizing the
Logistic equation with the initial value X%i. Among

those, X?,i = X;?i’o) and m is the number of chaotic
iterations.
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(4) Generate family members of zoning deformation
modulus. After inverse mapping the following seq-
uence is obtained:

EY =E

(0,))
ok imin + (E Eimin) X

i

M j=1,2,..0,k 1=1,2,...,m.

imax
(22)
i=12,...

(5) Choose and calculate F (E;f)i’l)). Identify individuals in

each zoning deformation modulus family, so that they
have the opportunity to become the father generation.

(6) Coding: encode the selected father generation.
(7) Cross: cross according to crossover probability.

(8) Variation: produce variation according to the muta-
tion probability.

(9) Make chaos genetic optimization operations to the
individual of highest fitness.

(10) If the new individual fitness is higher than that of
the original individual, then replace the original indi-
vidual; otherwise the individual remains unchanged.
Repeat steps (2)~(10), until Q in (15) reaches the min-
imum. Then zoning deformation modulus inversion
results are obtained. The process is shown in Figure 1.

4. Case Study

A concrete hyperbolic arch dam is located in Southwest
China. The crest elevation is 1245.0 m, the minimum foun-
dation surface is 950.5m, and the maximum dam height is
294.5m. Vertical measuring points are set in different dam
sections to measure dam horizontal displacement. Normal
water level is 1240 m. The arch dam is divided into 43 sections.
Among them, spillway sections are 22 m~26 m and the rest of
dam sections are 20 m. Crest width changes gradually from
the center to the arch from 12m to 16 m. The maximum
central angle of arch dam is 92.791°. The bottom width of
crown cantilever is 73.124 m, arc-height ratio is 3.035, and
thickness-height ratio is 0.248.

In order to analyze the effect of reservoir basin deforma-
tion on the hyperbolic arch dam, a wide range finite element
model of reservoir basin is established. The displacement
boundary condition is extracted from finite element model
of the near dam area, which is the basis for analyzing the
hyperbolic arch dam working behavior under the influence
of reservoir basin deformation. This case focuses on the
zoning deformation modulus inversion of the near dam area.
According to the characteristics of dam foundation, structure,
and material, the dam body will be divided into the left bank
A, river bed B, and right bank C. According to the geological
condition, the dam foundation is divided into 9 zones. The
established near dam area finite element model is composed
of altogether 142455 elements and 154960 nodes. Among
them, 19559 elements and 24889 nodes are for the dam body.
The model is shown in Figure 2.

In the process of inversion analysis, the values of mea-
sured data are shown as follows: the left bank of the dam
(Zone A) utilizes the radial displacement measured data of
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Modulus initialization

Generate the initial value X(}J

Produce chaotic sequence of this

generation XD
sk

Generate family members E§01.’1)

Is Q small enough?

Output E;

Chaotic genetic
optimization
operation

Variation

Choose and calculate F (EE%I))

Coding Cross

FIGURE 1: Flow diagram for chaos genetic algorithm to inverse deformation modulus.

FIGURE 2: Finite element model of near dam area.

number 1 vertical on dam center and crest. The river bed
(Zone B) utilizes the radial displacement measured data of
number 2 vertical on dam center and crest, and the right
bank of the dam (Zone C) utilizes the radial displacement
measured data of number 3 vertical on dam center and
crest. The dam foundation is divided into 9 zones. Zone I

utilizes the radial displacement measured data from a, b,
and ¢ measuring points disposed on Rock I. Zone II utilizes
the radial displacement measured data from d, e measuring
points disposed on Rock II. Zones III,, III,, III,,, and IV,
utilize the radial displacement measured data from the f, g,
h, and i measuring points disposed on the corresponding
rocks. Zones F,, F,;, and F,, utilize the radial displacement
measured data from the j, k, and 1 measuring points disposed
on the corresponding rocks. Selected measured data series is
from June 1, 2010, to January 31, 2013. The material types for
different zones can be seen in Table 1. Utilizing (9)-(13), based
on the radial displacement measured data corresponding to
the zoning, the actual initial zoning deformation modulus
values obtained by inversion are shown in Tablel. The
modulus value range for each zone is also shown in Table 1
according to the modulus obtained by inversion.

Combined with the actual situation of the case, consider-
ing the effect of initial value and utilizing radial displacement
measured data of the selected representative measured point
in each zone from June 1, 2010, to January 31, 2013, the
displacement statistical model of each measuring point is
established:

4
8 =8 +8,+8p = ay+ Y [ay (H. - H,)]
i=1

27it 27it
+ b-(sin——sin 0)
Z [ o 365 365




TaBLE 1: The actual initial modulus and modulus ranges correspond-
ing to different material types.

Actual initial Modulus range

Material types
v i (GPa)
Zone A (dam body) 25.89 10.0-40.0
Zone B (dam body) 25.17 10.0-40.0
Zone C (dam body) 24.25 10.0-40.0
Zone I (rock) 24.56 10.0-40.0
Zone II (rock) 20.17 10.0-30.0
Zone ITI, (rock) 14.32 5.0-25.0
Zone III,; (rock) 9.87 5.0-20.0
Zone III,, (rock) 7.05 1.0-15.0
Zone IV, (rock) 5.21 1.0-15.0
Zone F7 (cataclastic rock) 2.02 1.0-10.0
Zone F11 (slightly weathered) 3.30 1.0-10.0
Zone F10 (slightly weathered) 3.42 1.0-10.0
+by,; (cos it cos 2mity )] +d, (0-6,)
365 365

+d,(In6-1n6,).
(23)

In (23), &' is the radial displacement of corresponding mea-
suring point; 8}, 87, and 8y are water pressure component,
temperature component, and aging component, respectively;
a, is the constant term; ay; is the water pressure fitting coefti-
cient; by;, by; are the temperature factor fitting coefficients; d,,
d, are the aging factor fitting coeflicients; H,, is the upstream
water depth of present measured data; H,,, is the upstream
water depth of the first measured data in the data series; t is
the cumulative days from the initial day to the present day; 0
takes t/100; 0, takes 1/100.

According to [1], Zle [ali(H; - HLO)] is utilized to
compute the radial displacements caused by the water pres-
sure. Since it is an arch dam, &}, has a linear relation
with H*. During the operation period, the temperature of
the dam body is affected by air temperature and water
temperature, and the temperature of the dam presents a
periodic variation. Therefore, the temperature variation of the
dam is regarded as a simple harmonic variation, such that
Zil [by,(sin(27it /365) —sin(27wit,/365)) + by;(cos(2mit /365) —
cos(2rit,/365))] is utilized to compute the radial displace-
ments caused by the temperature. According to the rule of
aging variation, at the beginning of the impoundment, the
aging changes greatly and then gradually to be steady. In this
paper, d,(0 — 6,) + d,(In6 — In6,) is introduced to compute
the radial displacements caused by the aging.

Make use of displacement monitoring mathematical
model in (23) to separate water pressure component &y;, tem-
perature component 87, and aging component 8y from dis-
placement value of corresponding measuring point. Figure 3
is the radial displacement separation results of number 2
vertical crest measuring point in river bed (Zone B) arch
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2012/4/1
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—— Water pressure
- - - Temperature
—— Aging

—=— Corresponding data
—— Water level

FIGURE 3: The radial displacement separation results of number 2
vertical crest measuring point.

TABLE 2: The zoning modulus inversion results.

Actual deformation

Material types modulus inversion (GPa)
Zone A (dam body) 2791
Zone B (dam body) 2715
Zone C (dam body) 26.31
Zone I (rock) 25.23
Zone II (rock) 20.73
Zone III, (rock) 14.59
Zone III; (rock) 10.09
Zone I, (rock) 7.58
Zone IV, (rock) 5.41
Zone F7 (cataclastic rock) 2.07
Zone F11 (slightly weathered) 3.52
Zone F10 (slightly weathered) 3.37

crown beam section. The rest of displacement separation
results of measuring points are similar to the above and will
not be described here.

According to the above analysis, the water pressure com-
ponents can be separated from actual radial displacement
of each measuring point by (23), which are S{PHI in (15).
Utilizing the initial actual zoning modulus E,; in Figure 1,
the finite element analysis model is established to obtain
the water pressure components under different water loads,
which are §;,y, in (15). Then the zoning deformation modulus
optimization objective function equation (15) is formed.
Finally zoning deformation modulus in this case is obtained
utilizing the deformation modulus value range of each zone in
Table 1as the optimization constraints and deformation mod-
ulus inversion method based on chaos genetic optimization
algorithm. The results are in Table 2. The modulus inversion
process of Zone A can be seen in Figures 4-6.

In order to verify the correctness of inversion of the
zoning deformation modulus, utilizing zoning deformation
modulus in Table 2 as calculation parameters, water pressure
component values are calculated by finite element method
under different water loads in Table 3, and measured water
pressure component values are also shown as the comparison.
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TABLE 3: Calculated values and measured values of radial displacements from vertical measuring points (unit: mm).
Water pressure component Water pressure component calculated by finite element Measured water pressure component
Water level (m) 1165.85 1181 1225 1233 1240 1165.85 1181 1225 1233 1240
Measuring points
Number 1 vertical dam crest 20.09 30.42 60.58 70.81 79.69 21.61 31.17 61.60 71.34 80.25
Number 1 vertical dam center  15.45 21.96 34.97 38.65 41.21 15.93 22.20 35.52 39.10 41.92
Number 2 vertical dam crest 42.91 56.74 103.05 121.23 141.78 43.10 5714  104.34 12210 143.69
Number 2 vertical dam center ~ 37.25 52.17 76.73 84.95 92.61 37.99 52.66 7711 85.61 93.09
Number 3 vertical dam crest 18.31 25.54 54.68 63.79 72.81 18.74 26.08 55.03 64.11 73.13
Number 3 vertical dam center  14.11 19.05 31.96 35.03 38.14 14.48 19.93 32.41 35.94 38.91
!
E 4.028¢ — 004 E, 4.019¢ - 004
—1.387e — 002 —-1.379¢ — 002
—2.815e — 002 —2.799e - 002
—4.243e — 002 —4.219¢ — 002
—5.670e — 002 —5.638e — 002
25.89
200 ~7.098e — 002 ~7.058¢ — 002
—8.526e — 002 —-8.477e — 002
-9.954e — 002 —-9.897e — 002
—-1.138e — 001 —-1.132e - 001
—1.281e — 001 —1.274e - 001
—1.424e - 001 —1.416e - 001
Displacement Y 7 Displacement Y’ Z
X X

Y

FIGURE 4: The assumption modulus E'.

As can be seen from Table 3, inversed water pressure
components of vertical measuring point under different water
loads are close to measured water pressure components. The
relative errors are all below 5% which reflect the rationality of
the zoning deformation modulus inversion results and show
the effectiveness of the proposed inversion analysis method
in this paper.

5. Conclusions

The inversion method of zoning deformation modulus is
mainly focused on, based on the conventional inversion
method for the deformation modulus of dam, dam founda-
tion, and reservoir basin. The inversion objective function for
zoning deformation modulus is established and the inversion
analysis steps are shown. The conclusions are as follows.

Y

FIGURE 5: The actual initial modulus E,,.

(1) Dam displacement field characterization method is

developed under the effect of water load based on
the basic balance equations. On the basis of this, the
method for inversing deformation modulus of dam,
dam foundation, and reservoir basin is introduced
by utilizing temporal and spatial distribution safety
monitoring model of space displacement field. The
inversion equations of average deformation modulus
of dam, dam foundation, and reservoir basin are
derived.

(2) The actual initial zoning deformation modulus of

dam, dam foundation, and reservoir basin is put
forward, based on the analysis for the defect of con-
ventional inversion method and the comprehensive
utilization of the actual displacement measured data
and finite element calculation results. Furthermore,
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FIGURE 6: The final inversed modulus E.

the inversion objective function for the actual zoning
deformation modulus is determined.

(3) The method and implementation steps are proposed
to inverse zoning deformation modulus of dam,
dam foundation, and reservoir basin based on chaos
genetic optimization algorithm. The effectiveness of
the zoning inversion method in this paper is verified
through the actual project application.
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