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Abstract

Rockfill dams are generally constructed on thick overburden layers in mountainous and valley areas due to their high adapt-
ability to complex geological and geographical conditions. The safety of rockfill dams is a research focus worldwide, espe-
cially with the increase of dam heights. Significant differential settlement may be induced by different embankment materials
in a dam body and various stratum properties in thick overburden layers. The accurate prediction of settlement is particularly
important to guarantee the serviceability and safety operation of rockfill dams. Therefore, a novel settlement forecasting
model is proposed in this study. This model can achieve a successful prediction of dam settlement during the construction
and operation periods. Compared with the traditional model, the settlement influential factors in the proposed model are
determined based on the existing theory of coarse-grained soil deformation calculation, causing the selection of factors to
have clearer physical meanings. Additionally, the geometric characteristics of the dam, the different material properties in
various zones of the dam and the foundation, and the complicated external loading conditions are all considered. Then, the
improved regression model for forecasting the settlement of dams is proposed. The proposed settlement forecasting model is
further employed to estimate the deformation of a high rockfill dam in China. The results prove that this novel method shows
high accuracy and agrees well with the monitoring consequences, and this method is superior to the traditional statistical
regression model in predicting dam settlement during the construction period.

Keywords Rockfill dam - Settlement - Physical causes - Forecasting model - Statistical regression model

Introduction

Various types of dams have been increasingly constructed
all over the world for hydropower generation, flood control,
irrigation, and water supply. However, with the exploitation
and exhaustion of natural satisfactory dam sites, many new
dams have had to be constructed in adverse conditions; fac-
ing problems such as thick overburden layers, complex topo-
graphical, and geological conditions; high seismic intensity
areas; and inconvenient transportation routes. In this type of
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harsh natural environment, rockfill dams are one of the most
promising dam types due to their excellent adaptability to
diverse geological and geographical conditions, full utiliza-
tion of local materials, and low construction costs.

At present, there are more than 600 rockfill dams around
the world, and China possesses the largest number of these
dams (Ma and Chi 2016). Some of the typical rockfill dams
that have been recently constructed in China are listed in
Table 1. Challenges can be found in both the height of these
dams and the thickness of the overburden layers. With the
increasing dam height, the internal stress within the dam
is high, the stress is distributed within the various zones or
layers within the embankment, and the foundation is compli-
cated, making an accurate prediction of the dam deformation
even more difficult.

Dam deformation is the nonlinear behavior caused by
the coupling action of multiple random factors (such as the
time, weight of the dam, water pressure, and temperature
effect) and it has been widely discussed in fields such as
earth dams, slopes, and landslides (Herrera et al. 2009;
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Table 1 Typical rockfill dams constructed in China

No Name Location Finish time H, . (m) T nax (M) Reference

1 Xiaolangdi Huanghe Basin, Henan Province 2000 160 80 Li (2009)

2 Qiaoqi Baoxing River Basin, Sichuan Province 2006 125.5 72 Feng et al. (2019)

3 Shuiniujia Fujiang River Basin, Sichuan Province 2006 108 30 Zhu and Zhou (2010)
4 Yele Nanya River Basin, Sichuan Province 2006 124.5 420 Wang et al. (2010)

5 Shiziping Min River Basin, Sichuan Province 2010 136 101.8 Zhang et al. (2016)

6 Pubugou Dadu River Basin, Sichuan Province 2010 186 75 Xue et al. (2012)

7 Maoergai Heishui River Basin, Sichuan Province 2011 147 57 Feng et al. (2019)

8 Luding Dadu River Basin, Sichuan Province 2011 84 148 Jiang et al. (2011)

9 Nuozhadu Lancang River Basin, Yunnan Province 2014 261.5 30 Dong et al. (2012)

10 Houziyan Dadu River Basin, Sichuan Province 2016 223.5 70 Xiang and Hu (2016)
11 Huangjinping Dadu River Basin, Sichuan Province 2016 85.5 133.92 Wan and He (2016)
12 Changheba Dadu River Basin, Sichuan Province 2018 242.5 79.3 Wu and Shui (2019)
H,,. the maximum dam height; 7, , the maximum thickness of the overburden

Macfarlane 2009; Tomas et al. 2013; Rashidi and Haeri
2017; Alnedawi et al. 2019; Yu et al. 2020). Regression
analysis has been widely used to forecast dam deforma-
tion in previous research, but for this type of analysis,
the adopted influential factors can seriously affect the
prediction performance. The selection of influential fac-
tors for the commonly used regression models includes
prior knowledge, linear correlation coefficients, multiple
linear regression, principal component analysis, the gray
correlation analysis method, partial mutual information,
cluster analysis, and neural networks. The advantages and
shortcomings of some normally used methods for selecting

Table 2 Main selection of influential factors in the regression model

influential factors of dam deformation models are listed in
Table 2 (Chen et al. 2010; Yu et al. 2010; Yao et al. 2011;
Kan et al. 2015; Han et al. 2020). Most of the traditional
regression models are mainly composed of factors of the
environmental variables (such as water level, temperature,
and rainfall), time effect, and dam height, which place less
emphasis on the effects of the foundation geological condi-
tions and material properties in different dam zones (Sortis
and Paoliani 2007; Léger and Leclerc 2007; Mata et al.
2014). Additionally, the selection of influential factors is
mainly based on previous experience, a large quantity of
monitoring data, and mathematical calculations without

Method Basic principles Parameters

Advantages Shortcomings

Prior knowledge Using experience and /
knowledge

Linear correlation

Correlation coefficient

Convenient Relying excessively on

experience

coefficient
Multiple linear regression

Principal component
analysis
Gray correlation analysis

Partial mutual information

Cluster analysis

Neural network

Using simple linear
correlation of variables

Using the significance
degree of variables

Using the contribution
index

Using the gray relational
grade among variables

Using the significance
degree of variables

Using the similarity
relationship of variables

Using the correlation
between the dependent
and independent
variables

F-test of significance
Characteristic value

Gray correlation
coefficient

Hampel test of

significance
Similarity degree

Correlation coefficient

Simple and accurate
Less computation

Avoiding the influence of
factor correlation

Avoiding the influence
of insufficient original
information

Removing the irrelevant
variables

Displaying the differences
of variables intuitively

Mapping any complex
nonlinear relationship

Ignoring the nonlinear
relationship of variables

Only one set of regression
factors can be identified

Poor accuracy when the
factor collinearity is poor

No clear evaluation index to
select factors

Relying on the discrete data

Cumbersome calculation
when the factor
combination is too much

Cumbersome calculation
when the factor
combination is too much
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very clear criteria for the physical causes of dam defor-
mation. However, even for two dams with similar heights,
crest lengths and alluvium overburden thickness can
exhibit completely different deformation patterns (Feng
et al. 2020), which indicates that the imperfect selection
criteria and neglection of important factors will lead to
significant differences in dam deformation prediction. The
deformation calculated by the theory of soil deformation
is closely related to the material properties and structure
characteristics, and the influential factors determined
by the theory of soil deformation can better represent
the relationship between dam deformation and internal
characteristics.

Recently, with the development of artificial intelligence
(AI) technology, some new models have been proposed
for dam deformation predictions, such as artificial neu-
ral network models, gray models, and time series models
(Gurbuz 2011; Tasci and Kose 2016; Behnia et al. 2016;
Nie et al. 2017; Salazar et al. 2017; Zou et al. 2018; Kim
and Kim 2018; Zhang et al. 2019; Li and Wang 2019;
Gu et al. 2020; Lawal and Kwon 2021; Liu et al. 2021).
Kim and Kim (2018) established a neural network model
for the prediction of the relative crest settlement of con-
crete-faced rockfill dams. Su et al. (2018) established a
prediction model of dam deformation combined with a
support vector machine, phase space reconstruction, wave-
let analysis, and particle swarm optimization. Although
these models performed with high accuracy, most of them
were developed based on a mathematical algorithm with-
out consideration of physical and mechanical causes that
induce dam settlement (Niu et al. 2019), particularly for
rockfill dams, which are generally divided into several
zones with different materials and constructed with harsh
geological conditions such as thick overburden layers. The
materials with various physical and mechanical properties
in the dam body and the foundation may induce significant
differential settlements, which threatens the serviceability
and safety operation of a dam.

Therefore, a novel settlement forecasting model is pro-
posed in this study that evaluates dam deformation from the
perspective of its physical mechanism, which is the defor-
mation caused by the dam body and the foundation. The
proposed method can successfully achieve the prediction of
dam settlement during both the construction and operation
periods. The physical and mechanical properties of materials
in the different zones of a rockfill dam and the foundation, the
complexity of the geological conditions, and the dam geo-
metric characteristics are all considered. A detailed introduc-
tion and comparison of the developed settlement forecasting
model and the traditional regression models are presented
first, followed by a case study of the PB high rockfill dam
to verify the high accuracy and advantages of the proposed
method.

Traditional regression model

Dam behavior has strong interactions with boundary conditions
such as water level, rainfall, and temperature (Hampel 1974). The
monitoring period of dam deformation can be generally divided
into two stages: the construction period and the operation period.
The deformation characteristics in the two stages are different
due to the loading conditions and environmental factors.
During the construction period, the temperature in a dam
remains stable, which has little effect on the internal deforma-
tion of the dam. Therefore, the types of regression statistical
models of settlement can be expressed as (Tang et al. 2001):

ag + boh(co — ™) (A)
S=13a,+bh" +clg(l+p1) B, (1
f® ©)

where S is the total settlement; A; is the vertical distance
between point i and the filling dam crest; ¢ is the time in
the day from the beginning of the analysis; a;, b;, a;, ¢;, and
p; (i = 0,1) are the undetermined coefficients; and f(¢) is
the curve function of time. Power exponential, hyperbola,
exponential, and logarithmic curves are the commonly used
functions in the regression statistics of settlement. In this
research, a multivariate nonlinear regression (MNR) model
in the form of (A) in Eq. (1) is adopted, in which the regres-
sion coefficients are solved based on the least square method.

During the operation period, the deformation is mainly
affected by the hydrostatic pressure, temperature, and time
effect, and thus, the hydrothermal time (HTT) model (Léger
and Leclerc 2007; Mata et al. 2014) is selected and the defor-
mation y can be written as:

y=yg+yr+y +c )

where c is a constant and y;;, y; and y, are the contributions
due to the elastic effect of hydrostatic pressure, temperature,
and the effect function of time. The functional forms are
normally considered to be (Sortis and Paoliani 2007; Mata
et al. 2014; Prakash et al. 2018):

3 3

Yu = 2 ayH,' + z ayH,/, (3)
i=1 i=1

yr= 2, bT, )

Y, = ¢t + ¢,lnt, 3)

where a;, ay;, b;, ¢,, and c, are the regression coefficients,
H, and H, are the heights of the water in the reservoir and
downstream, 7; is the recorded temperature, and ¢ is the time
of day at the beginning of the analysis.
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on physical causes

Model of settlement during the construction period

The settlement of a rockfill dam on overburden layers during
the construction period consists of the immediate settlement
deformation caused by filling and the creep settlement with time.

Immediate settlement

Generally, the immediate settlement in an arbitrary point of a
dam is composed of the compressive deformation of the dam
body and the associated deformation of the dam foundation,
which can be presented as:

Si = Sai + Sii» 6)

where §; is the immediate settlement of point i, S is the
compressive deformation of the dam body, and §; is the
associated deformation of the dam foundation.

Figure 1 shows a simplified cross-section of an embankment
dam (Dam height: H) with point i. Based on the position rela-
tionship, the compressive deformation S can be calculated as:

H-z
/ / & iz, dz,, (7

with

2
" o, — 03 )(1 — sin @)

EvzkePa 2 1- f(1 3> 3
’ P, 2c cos @ + 205 sin @

= frz
o3 =nyz’

©))

where a is the correction coefficient of the compressive
stress, y is the bulk density of the materials, z; and z, are the

Fig. 1 Position relationship of
point i

Overburden layer

integration variables, E; is the compressive modulus, k, and
R; are the experiment constants, P, is the atmospheric pres-
sure, c is the cohesion of the soil, ¢ is the friction angle of
the soil, o, and o5 are the major and minor principal stresses,
and f and 7 are the coefficients of the axial and confining
stresses of the soils in the dams, respectively.

The compressive deformation S can then be deduced
based on the Duncan-Chang model:

H-z
/ / 7+ Z2 dz,dz, =
(1-m2-n) n)(2 n) (10)
2-n _ _ 2\ —
(H —(H-2") = a—m@—mf
with
B=ay'"™"/(kp.(n/p,)"A), 11
A=1-=R,(f —n)(l— sinp)/(2n sin ¢), (12)

where z is the vertical distance between point i and the dam
foundation surface; n is the parameter in the Duncan-Chang
model used in dams; f, is the power function of the dam
height for settlement deformation; and the other symbols
have the same meaning as before.

The influence of the overburden layers on the dam defor-
mation is defined as the associated deformation S;;, and this
can be expressed by:

H-z zay Bl
= —dz.dz, = ——m8M
/0 /OE_Y Qe (l—n')(Z—n')

’

[(H1 +H-2)"" T —(H - (13)
_ B, f
B (1 —n’)(Z—n/) P
with
Dam body
I Dam-foundation surface
1
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B, = ¢a1y1—"'/<kepa(m/pa)" Al), (14)

Ay =1=Re(p =) (1 = sin )/ (2n sin @), (15)

where f; and 5, are the coefficients of the principal stress
of the soils in the foundation, f is the power function of
the overburden layer depth for settlement deformation, n’
is the parameter in the Duncan-Chang model used in the
foundation, ¢ is the diffusion coefficient of the stress in the
dam foundation, and H, is the depth of the overburden layer.

Therefore, the immediate deformation §; of an arbi-
trary point i can be obtained based on Egs. (10) and (13).

Figure 2 further shows the settlement results of a homo-
geneous earth rock dam induced by the dam body and
foundation using the promoted model and the numerical
simulation method, in which FLAC-3D software is applied
in this research. The height of the dam is 100 m, and the
height of the overburden layer is 50 m. More details can
be seen in Fig. 1. It can be found that the laws of settle-
ment revealed by f; (the power function of dam height
for settlement deformation) and f; (the power function of
overburden layer depth for settlement deformation) are
consistent with those obtained with FLAC-3D, implying
that the abovementioned formulas based on the physical
and mechanical causes of dam settlement during the con-
struction period are reasonable.

Fig.2 Laws for the settlement 100 7 Note:
de.fOI’ mation with the dam /i is the power function of dam height for settlement;
height /; is the power function of overburden layer depth for settlement
80 T
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Fig.3 The relationship between the dam height and time
Creep settlement

Generally, the creep strain g, can be obtained with the
empirical creep model as (Qian and Yin 1995):

€, =£f(1 —e_‘”), (16)

where & is the total creep strain, « is the constant of the
exponential decay curve, and ¢ is the time.

In the triaxial creep test, the ultimate axial creep strain £,
has a specific relationship with the ultimate volumetric creep

Fig.4 The layout of the PB
hydropower station

strain €, and the ultimate shear creep strain &g, which can
be expressed as (Shen 1994; Li et al. 2004a, 2004b):

1
L = v + 2¢gy, (17)
03\ q \™
=b(7) +el(7)
Ev Pa +c Pa (18)
S 3
eSf=d<1_LS> : (19)
L

where b, ¢, d, m,, m,, and ms are the material parameters of
the creep, o5 is the confining pressure, gq is the deviatoric
stress, and S is the stress level, which can be theoretically
represented as:

< - (0'1 —63)(1 — sin @) 0)
L7 2ccosp+ 20, sing

Therefore, the ultimate axial creep strain €, is given by:

(Y e(£)] S, \"
=3 [b(Pa Te Pa +2d 1-5,) @h

Equation (21) can be rewritten in the following form:

Yangtze Basin

Dadu River \
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erp= Ci2" +Cyze +D, 22)
with
_b(m\"
“1=3 <pa> ’ =
2 2 2 %
- G-’ + G-+ = )r) " 24)
6p,"™
(B—m(1 = sing) 1™
D=2d :
[(ﬂ +n)sing —(f—n) @)

where 7 is the depth of the soils, 4 is the coefficient of the
intermediate principal stress, and the other symbols have the
same meaning as before.

Figure 3 shows the relationship between the filling height
and the time, in which ¢, is the total filling time, ¢, L and 7, are
the times of finishing the ith, jth, and kth fillings (i < k < j, and
the maximum of j is N). The cumulative settlement induced by
creep within a dam height of z; can be obtained as:

Szj _ /%‘Aei<e-a(zj_zi) _ e—a(tc—ti )dz.

0

(26)

The creep incremental strain Ag;, which stands for the effect
of the kth filling on the creep-induced settlement of the ith
layer below can be defined based on Eq. (16):

Ag; =fk(Zi) =C [(Zk - Zi)ml - (Zk—l - Zi)ml]

m m @7
+ CZ[(Zk -z)? —(z-2)" ] +D.

(Fresh or slightly weathered
granite and basalt)

Sand and gravel overburden

Fig.5 Typical section of the PB hydropower station

EL. 856.00

Then, the creep incremental deformation in any filling layer
can be obtained as:

g
SZ] = / Agi<g_a(tj_ti) — e_a(tc_ti))dz

0
j N
~2, IZk '+1A6"<e_a(tj_ti) - el )
= =j
J —alt— J a1~
- 8 B0 - B0,

where g, is the intermediate variable.
Thus, the ultimate creep deformation of a dam is given
by:

(28)

J

J
i=1 i=1

where K; is the constant coefficient and z is the vertical dis-
tance between the point and the dam foundation surface.
Finally, the total settlement of a dam during the construc-

tion period can be calculated as:
S=84+Si+S,+S,, (30)

where S, is the creep of the overburden layer.

Model of settlement during the operation period

After the completion of dam construction and filling, the
settlement of a rockfill dam mainly consists of the wetting
deformation caused by impounding and the unfinished creep
deformation during the construction period, namely

Heavy stones

EL. 806.00

Main rockfill
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Table 3 Specific information Points Elevation (m) Starting data Points Elevation (m) Starting data

for monitoring points
VE1-4 718.920 2007/12/18 VEI1-22 819.458 2009/05/04
VEI-5 734.651 2008/02/13 VEI1-23 824.764 2009/05/16
VE1-6 741.134 2008/03/06 VE1-24 829.834 2009/06/05
VE1-7 744.574 2008/04/13 VEI1-25 833.718 2009/06/26
VEI-8 749.096 2008/05/02 VE1-26 839.354 2009/08/17
VEI-9 752.800 2008/05/07 VEI1-27 842.020 2009/08/17
VEI-10 755.912 2008/06/14 VE2-33 673.057 2007/04/21
VEI-11 759.358 2008/07/05 VE2-34 683.816 2007/07/15
VEI1-12 762.648 2008/07/24 VE2-36 703.901 2007/11/17
VEI1-13 767.037 2008/09/06 VE2-37 713.468 2007/11/24
VEI-14 772.388 2008/11/08 VE2-38 722.408 2008/01/12
VEI-15 776.634 2008/11/15 VE2-39 735.629 2008/01/22
VEl-16 782.331 2008/12/04 VE2-40 745.764 2008/04/19
VEI1-17 788.394 2008/12/24 VE2-41 756.204 2008/06/12
VEI1-18 794.425 2009/01/17 VE2-42 761.039 2008/06/19
VEI1-19 801.075 2009/02/20 VE2-43 771.089 2008/08/12
VEI1-20 806.690 2009/03/20 VE2-44 778.591 2008/09/11
VEI1-21 813.632 2009/04/14 VE2-45 786.213 2008/09/18

S = Sw + Sz’ (31)
where S is the settlement, S;V is the wetting deformation, and
S/Z is the unfinished creep deformation during the construc-
tion period.

During the initial operation period, the rockfill area and
the core wall at the upstream side will be saturated or wet-
ted by water, causing collapse deformation. The value of the
collapse deformation is closely related to the physical and
mechanical properties of the embankment materials and the
initial water level. Based on the modified Shen Zhu-jiang’s
wetting deformation model (Li and Liu 1998), the wetting-
induced volume deformation and shear deformation can be
expressed as:

03\
A V= C ( > ’
e =Cul 3, (32)
SL
AyY =D, ——,

where Ae’ and Ay™ are the wetting-induced volume defor-
mation and the shear deformation, respectively, and C,,, D,
and n,, are the constant parameters of the materials.

Then, the total wetting stress can be obtained based on
the Prandtl-Reuss flow rule (Li et al. 2005):

{Ae} = ﬂAsw + ﬂA]/W,
q

[
3 v (34)
where { Ae} is the strain tensor, {S} is the deviatoric stress
vector, [I] is the identity matrix, and ¢q is the generalized
shear stress.

Consequently, the settlement of the embankment materi-

als in a rockfill dam can be expressed as:

ver s -]
YT\ wH, [H””“’ —(H- HW)”"”’] z>H,’
(35
where H is the height of the monitoring point, H,, is the
height of the water level in the monitoring point, and ¢ and y
are parameters to be solved through the least square method.
Moreover, the creep deformation after the construction
period can be calculated at the time of completion of the
dam construction and filling, namely, the time ¢, in Fig. 3.
Therefore, the settlement of a rockfill dam during the initial
operation period can be calculated using Eq. (29) with the
beginning time of 7. and Eq. (35).

Fig.6 The time span of the con-

. . . Activity Year
struction and operation periods
of the PB dam name 2007 I 2008 2009 2010 2011 2012 20...
Dam |

Water storage

Operation
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Table4 The multi-correlation Points 20 21 2 23 24 25 26 27 LD59
coefficients of the models

during the initial operation HTT 0959 0969 0976 0966 0981 0982 0985 098  0.994
period Thisresearch 0965 0971 0975 0978 0980 0983 0984 0981  0.985
Case study downstream secondary rockfill region, and downstream

Project specification

The PB hydropower station is located on the Dadu River on
the border between Hanyuan County and Ganluo County,
Sichuan Province, China. This enormous hydroelectric pro-
ject has a total electric generating capacity of 3600 MW
and the ability to seasonally regulate output. The storage
capacity is 5.39 billion m?, the maximum height of the dam
is 186 m, and the normal water storage level is 850 m. The
maximum thickness of the foundation overburden layer is
77.9 m. The hydropower station is mainly composed of three
parts: a gravel soil core rockfill dam, a waterpower genera-
tion system, and a discharge structure (Fig. 4).

As shown in Fig. 5, from the upstream side to the down-
stream side of the dam, the rockfill materials are divided
into the upstream main rockfill region, transition region,
inverted layer, gravel core, inverted layer, transition region,

1.00

—=— Monitoring —e— MNR —4— This research /;

0.50

Settlement (m)

025

0.00

Settlement (m)

main rockfill region. The stratum lithology at the dam site
is mainly composed of the shallow metamorphic basalt of
the pre-Sinian system, the rhyolitic tuff of the Sinian system,
and the coarse-grained granite of the Chengjiang system.
The overburden of the dam foundation can be divided into
four layers: the floated boulder and pebble layer (Q2) the
pebble and gravel layer (Q}™"), the pebble layer with the
boulder layer (Q}~?) and the boulder and pebble layer (Q?).

An integrated monitoring system is installed inside
the dam to measure the settlement. Figure 5 shows the
layout of the settlement points and the geological condi-
tion of Sect. 0+ 240 m. Two groups of settlement rings
named VE1-VE2 are adopted, which consist of 20 and 13
monitoring points numbered VE1-4-23 and VE2-33-45,
respectively. Other information about the monitoring
points is listed in Table 3, and the time spans of the con-
struction and operation periods of the PB rockfill dam are
shown in Fig. 6.

2.0

—=— Monitoring —s— MNR —4— This research

0.5

0.0

2008/3/18 2008/6/6 2008/8/25 2008/11/13 2009/2/1

Time (day)
(a) VE1-7
20

2009/1/15

2009/3/12 2009/5/7

Time (day)

(b) VE1-18

2009/7/2 2009/8/27

—=— Monitoring —e— MNR —4— This research

——
15 .;E%A

W
e

Settlement (m)
o

05 p 37‘/

s

0.0

2007/11/1 2008/2/9 2008/5/19 2008/8/27 2008/12/5

Time (day)
() VE2-37

Settlement (m)

2.0

—=— Monitoring —e— MNR —a— This research

o

0.5 -
" o
1=

0.0 ﬁ/i

2008/1/4

2008/3/21 2008/6/6 2008/8/22 2008/11/7

Time (day)
(d) VE2-38

Fig. 7 Prediction results for the typical monitoring points during the construction period
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Results and analysis

According to the model of settlement during the construc-
tion period (Eq. (30)) and that during the initial operation
period (Eq. (35)), the prediction statistical regression mod-
els of settlement based on physical causes are established,
and the coefficients to be solved are determined with the
least square method using the monitoring data, which is
also introduced for the solution of the traditional statistical
regression model. Table 4 shows the multi-correlation coef-
ficient of the two models during the initial operation period.
Initially, the multi-correlation coefficients of the two regres-
sion models are all above 0.95, which indicates that the fit-
ting effect is good. A detailed comparative analysis of the
proposed method and the traditional method is shown below.

Settlement during the construction period

The monitoring data for VE1 and VE2 in Sect. 0+ 240 dur-
ing the construction period are selected to build the tradi-
tional MNR model and the proposed model in this research.
Some of the typical results are shown in Fig. 7. It can be
found that although both of the methods can describe the
diachronic process of dam settlement well, the promoted
forecasting model performs with better accuracy. The

25

monitoring point of VE1-18 is taken as an example, and
when using the MNR model, the maximum relative error
is 8.1% on the date of April 14, 2009, while the minimum
relative error is 0.03% on Aug. 17, 2009. Nevertheless, the
maximum and minimum relative errors are reduced to 5.61%
and 0.01% by using the proposed forecasting model. Since
the accuracy of the MNR model strongly depends on the
reliability and length of the monitoring data, the predicted
results of settlement for VE1 with more monitoring points
display a better law than that for VE2.

The indexes of the average relative error 6 and the mean
square error (MSE) are adopted to verify the accuracy of
the method, and these indexes can be calculated as shown
below:

|)’i - 3’\z|
Vi

5= x 100%, (36)

(37

where y, is the measured value, ¥, is the calculated value for
the models, and 7 is the number of measured values.

The average relative errors and MSEs of the points in
VEI and VE2 are shown in Fig. 8. The results illustrate the
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Fig.8 Average relative errors and MSE of results during the construction period
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fact that the average relative error of every single point at
different altitudes varies. Using the proposed method, the
average relative errors of all points in VEI and VE2 are
5.98% and 6.48%, respectively, which is significantly lower
than the values obtained with the traditional MNR method
at 9.58% and 9.44%, respectively. Additionally, the MSE of
the proposed method was smaller than that of the traditional
method. The results prove the validity of the proposed model,
which agrees well with the monitoring data and performs
with higher accuracy than the traditional MNR method to
forecast dam settlement during the construction period.

Settlement during the initial operation period

The monitoring data for VEI and LD59 (at the dam crest) in
Sect. 0+ 240 during the initial operation period are selected
to build the traditional HTT model and the proposed model
in this research. The results of the relative error, MSE, and
the development of the dam settlement over time using the
two methods are shown in Table 5 and Figs. 9 and 10. It
can be found that the average relative error of the results
obtained with the HTT method is between 1.19 and 3.52%
and that predicted by the proposed method is between 1.02
and 4.48%. For both of the two methods, the maximum
average relative errors can be found at the point of VE1-27,
while the minimal average relative errors occur at the point
of VE1-20, indicating that the precision of the two methods
slightly decreases with the increase of the dam height.

The accuracy of some points using the proposed method
is slightly lower than that of the traditional method. For
example, the maximum and average relative errors of LD59
are 9.43% and 3.31%, respectively, which are higher than
those of the HTT model. Although the maximum relative
error of VE1-27 using the proposed method is lower than
that of the traditional method, the average relative error
and the MSE are higher. It is noted that the average relative
errors of both methods are all smaller than 5%, indicating
that the accuracy of these methods meets the engineering
requirements.

Discussion

The results show that the average relative errors of the set-
tlement obtained during the initial operation period are
smaller than those obtained during the construction period
when using either the traditional MNR (HTT) method or
the method proposed in this paper. This may be because
the regularity of the settlement sequences during the initial
operation period is better than that during the construction
period, which is less affected by external environmental
factors.

Table 5 Relative errors of the prediction results during the initial operation period

VEI1-21 VEI1-22 VEI1-23 VEI1-24 VEI1-25 VEI1-26 VEI1-27 LD59

VEI1-20

Relative
error

HTT This

This

This HTT

HTT

HTT This HTT This HTT This HTT This HTT This

HTT This

Method

research research research research research research research research

research

9.43%
0.24%
3.31%

8.91%
0.00%
1.28%

8.11%
0.36%
4.48%

15.09%
0.01%

7.44%
0.01%

10.89%
0.01%
2.76%

6.64%
0.02%
2.54%

6.12%
0.00%
2.15%

5.49%
0.02%
2.01%

5.37%
0.01%

4.02% 9.26% 6.68%
0.01%

3.60%
0.00%
1.31%

4.93%

3.81% 4.80%
0.01%

3.26%
0.01%
1.19%

Max

0.06% 0.02%

0.04% 0.01%
1.22%

Min

3.52%

2.93%

1.70%

1.32% 1.25% 1.64% 1.75%

1.02%

Aver
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Compared with the traditional method, the accuracy
advantage of the proposed method is more obvious during
the construction period. The reason for this may be that the
main influential factor during the construction period is the
filling height, which is better quantified in the method pro-
posed in this paper; that is, the proportion of the filling com-
ponent (immediate settlement) in the settlement displace-
ment is relatively high (as seen in Fig. 11).

However, the accuracy advantage of the proposed method
is not obvious during the initial operation period. The reason
for this may be that the cracks in the dam crest have a great
influence on the deformation, as shown in Fig. 12. It can
be found that there is a long, deep crack in the section of
0+ 240 m found on 26 August 2010. Figure 13 shows the

daily range of the water levels of the dam during the opera-
tion period. The figure also shows that there is an obvious
correlation between the crack development and the water
level. The water level is 841.95 m when the first crack is
found, and the daily range of the water level is not very fast,
with the value of less than 0.4 m/day, but there are obvious
rapid rises and falls of water level in the 2—5 months before
this time. Additionally, the prediction accuracy of the first
half of Fig. 9b is high and occurs before the crack is found.
The prediction accuracy of the new method in the second
half of Fig. 9b may be affected by the crack, and the influ-
ence of water level can be simulated by the HTT model. The
analysis results imply that the surrounding environment of
the dam has a great effect on the dam deformation during

Fig.9 Prediction results for 1.0
VE1-25 and LD59 during the
initial operation period
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Fig. 10 MSE of results during
the initial operation period

Fig. 11 Filling and creep com-
ponents of settlement in VE2-36
during the construction period

Fig. 12 Development of the
crest cracks in the PB dam
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Fig. 13 The water level and the

daily range of the dam during

the initial operation period 840
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the initial operation period and that the improvement of the
accuracy of the model by considering the impact of envi-
ronmental variables during the operation period needs to be
further studied.

In addition, the method proposed in this paper is applica-
ble for core rockfill dams and concrete-faced rockfill dams
(CFRDs), and the precondition is to adjust some material
parameters correspondingly. For the CFRDs, wetting defor-
mation is not considered during the operation period.

Conclusions

The safety of high rockfill dams has been a research focus
worldwide. With the increase of the dam height, the defor-
mation patterns become more complicated. Thus, strength-
ening the settlement forecasting models of high rockfill dams
is of great importance for high-performance prediction tar-
gets. In this study, a novel settlement forecasting model is
proposed. This model can achieve a successful evaluation of
dam deformation during both the construction and operation
periods. The factors of the proposed model are determined
based on the physical mechanism of dam deformation, which
can be used to describe the settlement induced by the dam
body and the dam foundation. Additionally, the factors are
different due to different causes of settlement deformation
during the construction period and initial operation period,
and the dam geometric features, complex geological condi-
tions, and different physical and mechanical properties of
the materials in the dam body and the foundation are all
considered in the promoted model.

The settlement of a rockfill dam during the construction
period is made up of immediate settlement and creep set-
tlement. The immediate settlement is defined and derived
based on physical causes. The rationality of the model of the

@ Springer

immediate compression settlement is verified by a contras-
tive study using FLAC-3D software. The settlement defor-
mation during the initial operation period includes two parts,
the wetting deformation and the unfinished creep deforma-
tion, for which the former can be calculated using the modi-
fied wetting deformation model of Shen Zhu-jiang.

The proposed novel model is further employed in the PB
high rockfill dam in China. The results prove that the new
model provides excellent accuracy and agrees well with the
monitoring data, and the new model is superior to the tradi-
tional regression model in predicting dam settlement in the
construction period. The promoted new model expands the
theoretical and knowledge of dam settlement prediction and
ensures the service safety of high rockfill dams.
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