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Abstract: Crest cracking is one of the most common damage types for high earth-rockfill dams.
Cracking risk of dam crest is closely related to the duration of abnormal deformation state. In this paper,
a methodology for dynamic risk evaluation and early warning of crest cracking for high earth-rockfill
dams is proposed and mainly consists of: (a) The discrimination of abnormal deformation state
related to crest cracking, which is implemented by comparing the crest settlement inclination with
the threshold value. (b) Computation of crest cracking probability and estimation of cracking time.
The exponential distribution is adopted to represent the probability distribution of the duration
TAS of abnormal state before crest cracking. Then the crest cracking probability in a given time
can be computed by integration with respect to TAS. Inversely, the cracking time corresponding
to a given probability can be estimated. (c) Determination of the values of probability adopted to
early warn crest cracking, which are suggested to be selected by statistical analysis of the calculated
probabilities at the observed cracking times. (d) Bayesian estimation and updating of probability
distribution of the parameter λ in the PDF of TAS, according to observed durations of abnormal state
before crest cracking. The methodology is illustrated and verified by the case study for an actual
earth-rockfill dam, of which crest cracking and recracking events were observed during the periods
of high reservoir level. According to the observed values of TAS, the probability distribution for λ is
progressively updated and the dispersion of the distributions of λ gradually decreases. The crest
cracking probability increases with the duration of abnormal state and the width of confidence interval
of the estimated cracking probability progressively contracts with the updating of the distribution for
λ. Finally, the early warning of crest cracking for the dam is investigated by estimating the lower
limit of cracking time. It is shown that early warning of crest cracking can be issued from at least
20 days ahead of the occurrence of crest cracking event. The idea of using duration of abnormal
state of crest settlement to evaluate crest cracking risk of the earth-rockfill dam in this paper may be
applicable to other dams.

Keywords: earth-rockfill dams; cracking; risk; early warning; Bayesian parameter updating

1. Introduction

For favorable adaptability of dam foundations, full utilization of local materials and building-excavated
materials, low construction cost, and low cement consumption, earth-rockfill dams are one of the most
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promising dam types in dam construction [1,2]. In order to obtain hydropower, many high earth-rockfill
dams have been built in China, such as the Nuo Za Du (261.5 m high), Chang He Ba (240 m high),
Pu Bu Gou (186 m high), Xiao Lang Di (154 m high) and Shi Zi Ping (136 m high). Catastrophic
consequences can result from dam breaks, thus the safety of these high earth-rockfill dams has been a
matter of increasing concern. According to the previous statistical works reported in the literature [3–5]
crest cracking is one of the most common damage types for earth dams and embankments. Crest
cracking had also been observed in some of the high earth-rockfill dams mentioned above (i.e., the Nuo
Za Du, Pu Bu Gou, Xiao Lang Di and Shi Zi Ping dams) during construction or operation period.

It is well known that crest cracking is closely related to the deformation behavior of earth dams and
embankments, specifically the differential settlements [3,6–14]. The deformation of high earth-rockfill
dams can be accurately predicted using the Finite Element Method (FEM) with calibrated model
parameters based on the in-situ deformation monitoring data [15–18]. The crest cracking hazard of
high earth-rockfill dams can be evaluated with the settlement inclination computed from FEM [3,10].
If the computed settlement inclination is greater than a certain threshold, the dam crest is prone to
crack, but it does not mean that the dam crest will crack immediately. However, if the abnormal
state (i.e., the settlement inclination of the dam crest exceeds the threshold value) lasts for a long
time, the potential of crest cracking becomes large and increases with the duration of abnormal state.
Due to complex physical mechanisms and stochastic factors, the duration of abnormal state before
crest cracking is uncertain and can be regarded as a random variable. Consequently, the probability of
crest cracking during the period of abnormal state can be calculated.

Since the relevant historical data is scarce, especially for a specific earth-rockfill dam, the Probability
Distribution Parameters (PDPs) for the duration of abnormal state before crest cracking cannot be
obtained by classical (frequentist) statistical analysis. Fortunately, Bayesian theory can be applied to
estimate the probability distribution of the PDPs given the observed time intervals between the starting
of abnormal state and the occurrence of crest cracking [19]. Moreover, the probability distribution of
the PDPs can be dynamically updated along with the accumulation process of the observed evidence.
Therefore, in the Bayesian framework, crest cracking risk of earth-rockfill dams can be dynamically
evaluated according to the progressively updated probability distribution of the PDPs. In addition,
early warning of the crest cracking can be issued in terms of the probabilistically estimated cracking
time range.

The objectives of our works are mainly to address (1) how to evaluate crest cracking risk of
earth-rockfill dams with duration of abnormal state of crest settlement, (2) how to estimate the
cracking times corresponding to a given probability interval for early warning of crest cracking and (3)
how to update the probability distribution for parameter λ in the formulation of crest cracking risk.
The intellectual merit of our works lies in the idea of using duration of abnormal state of crest settlement
to evaluate crest cracking risk of earth-rockfill dams. The remainder of this paper is organized as
follows. In Section 2, brief descriptions of an actual earth-rockfill dam and its crest cracking are
presented. In Section 3, the methodology is detailed. In Section 4, the results and discussion for the
case study are given. In Section 5, some conclusions are drawn.

2. Brief Descriptions of an Actual Earth-Rockfill Dam and Its Crest Cracking

2.1. The Earth-Rockfill Dam

The earth-rockfill dam is located in southwest China. The main purposes of the dam are flood
protection and power generation. The dam crest elevation is 856.00 m, the maximum dam height
is 186 m, and the crest width is 14 m. The upstream and downstream slope ratios are 1:2.0 and
1:1.8 respectively. The seepage prevention component of the dam is the central vertical gravelly soil
core. The top elevation and width of the core are 854.00 m and 4 m respectively. The upstream and
downstream slope ratios of the core are both 1:0.25. The dam shell is mainly composed of rockfills.
There are filter layers and transition zones between the dam shell and the core. The dam is built on
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alluvial deposits and the seepage in the dam foundation is cut off by two closed concrete diaphragm
walls. The highest cross section of the dam and foundation is shown in Figure 1.
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Figure 1. The highest cross section of the dam and foundation, where the red spots represent the
monitoring points for calibration of the constitutive model parameters.

The dam was constructed between March 2004 and September 2009. The first water impoundment
of the reservoir began in November 2009, and the reservoir level rose to the normal water level
(850.00 m) in November 2010. After then, the reservoir level fluctuates periodically between the dead
water level (790.00 m) and the normal water level. The dam filling process and the water level of the
reservoir are shown in Figure 2.
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Figure 2. The dam filling process and the water level of the reservoir.

2.2. The Dam Crest Cracking

After the reservoir level first reached the normal water level, on 14 November 2010, longitudinal
cracks were observed in the dam crest. After that, the cracks were sealed with asphalt materials.
However, in the following years, the sealed cracks were split again and again during the periods of
high reservoir level. The dates of crest cracking and recracking are listed in Table 1. The cracks extend
along the dam axis and are mainly distributed between cross sections 0 + 187.84 m~0 + 234.14 m,
0 + 250.14 m~0 + 300.14 m and 0 + 308.5 m~0 + 419.0 m. The maximum crack width is 6 mm.
The distribution ranges and the photograph of the cracks are shown in Figure 3. In order to investigate
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the depths of the cracks, the dam owner carried out three field surveys in 2010, 2012 and 2019,
respectively. The depths of all the cracks were detected using electrical resistivity tomography and
ground penetrating radar. Moreover, the downward propagations of cracks in several locations were
revealed by excavation. The revealed cracks in exploratory pits are shown in Figure 4. The maximum
depth of the cracks is inferred to be about 1.5 m according to the field survey results. The vertical
distance between the dam crest and the top of the gravelly soil core is 2 m, thus the cracks may not
penetrate into the gravelly soil core. In addition, the monitoring data from piezometers did not show
any anomaly of the seepage in the gravelly soil core.

Table 1. The dates of crest cracking and recracking as well as the corresponding durations of abnormal state.

Crest Cracking Event Start Date of Abnormal
State (y/m/d)

Date of Crest Cracking
(y/m/d)

Duration of Abnormal
State (d)

The first cracking 2010/8/10 2010/12/21 133
The second cracking 2011/7/17 2011/10/18 93
The third cracking 2012/7/6 2012/11/09 126
The forth cracking 2013/7/26 2013/11/25 122
The fifth cracking 2014/7/17 2014/09/27 72
The sixth cracking 2015/7/26 2015/10/13 79

The seventh cracking 2016/8/24 2016/11/3 71
The eighth cracking 2017/7/13 2017/10/15 94
The ninth cracking 2018/7/13 2018/9/24 73
The tenth cracking 2019/8/3 2019/10/24 82
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Although the cracks did not directly harm the safety of the gravelly soil core, the cracks should be
duly sealed, since rains will flow into the cracks and erode the materials inside the dam. Therefore, it is
worth estimating the time range of the dam crest cracking and remediation measures can be prepared
in advance. In the following sections, we propose a methodology for dynamic risk evaluation and
early warning of crest cracking for high earth-rockfill dams in the Bayesian framework and apply it to
the dam mentioned above.

3. Methodology for Dynamic Risk Evaluation and Early Warning of Crest Cracking

3.1. Outline of the Methodology

The first step of the methodology is to define the abnormal state associated with crest cracking
of high earth-rockfill dams. As discussed in the introduction, crest cracking is closely related to the
settlement inclination of the dam crest. If the settlement inclination exceeds a certain threshold, the dam
crest is susceptible to cracking. The settlement inclination is defined as [3]:

γS =
∆S
∆L

(1)

where γS is the settlement inclination, ∆S is the settlement difference of two points at the same elevation,
and ∆L is the horizontal distance between the two points.

The settlements can be computed using FEM. In order to improve the accuracy of the calculated
settlements, the material parameters of the finite element model are calibrated based on the
in-situ deformation monitoring data. The determination of threshold γC of settlement inclination
(when γ S > γC, crest cracking possibly occurs, and vice versa) is an intractable problem and there is
no consensus on the specific value of γC for high earth-rockfill dams. The suggested values of γC for
high earth-rockfill dams in the literature [3,10] roughly range from 0.2% to 1%. In this study, the value
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of γC is taken as 0.5%. Accordingly, the abnormal state, which is indicative of the possibility of crest
cracking, is defined as γS > γC.

Recall that the duration TAS of abnormal state before crest cracking is indeterminate, hence TAS is
treated as a random variable and is assumed to comply with exponential distribution in this study.
Consequently, the probability of crest cracking can be formulated as a function of the duration of
abnormal state, TAS. Once the abnormal state emerges (i.e., γS > γC), the probability of crest cracking
can be estimated in terms of TAS. Moreover, the cracking time corresponding to a given cracking
probability can be derived. Because there is no prior knowledge about the probability corresponding to
the occurrence of crest cracking, the probabilities for estimating cracking time are selected and updated
through the statistical analysis of the computed probabilities at the observed cracking times.

The parameter in the formulation of crest cracking probability is epistemic uncertain. How to
estimate the probability distribution of the parameter is a dominant problem in the application of
the methodology. Bayesian theory is applied to estimate and update the probability distribution of
the parameter based on the observed time intervals from the emergence of abnormal state until the
occurrence of crest cracking.

The procedure of the methodology is shown in Figure 5.
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3.2. Computation of Crest Cracking Probability and Estimation of Cracking Time

As mentioned previously, the duration TAS of abnormal state before crest cracking is uncertain
and the uncertainty in TAS can be quantitatively depicted with Probability Density Function (PDF).
The exponential distribution can be used to describe the probability distribution of the time intervals of
independent random events which follow Poisson distribution [20]. Thus, the exponential distribution
is adopted to represent the probability distribution of the duration TAS of abnormal state before crest
cracking and its PDF is as follows:

f (TAS) =
1
λ

exp
(
−

TAS
λ

)
, TAS ≥ 0 (2)

where λ is the parameter in the PDF of TAS, λ = E(TAS), i.e., λ is the expected value of the duration of
abnormal state before crest cracking.

When the abnormal state of dam crest deformation (i.e., γS > γC) occurs and continues,
the probability of crest cracking in a given time t̃ can be computed as:

P
(
TAS ≤ t̃

∣∣∣γS > γC
)
=

∫ t̃

0
f (TAS)dTAS = 1− exp

(
−

t̃
λ

)
(3)

And the cracking time corresponding to a given probability P̃ can be estimated as:

t̃ = −λ ln
(
1− P̃

)
, P̃ ≥ 0 (4)

It can be seen from Equation (3) that reasonable risk assessment of dam crest cracking depends
on the value of parameter λ. Owing to the lack of historical data on the duration of abnormal state
before crest cracking of high earth-rockfill dams, the determination of the value of parameter λ is quite
difficult, consequently there is great epistemic uncertainty in the value of λ, especially for a specific
dam. The influence of this epistemic uncertainty should be considered in the risk assessment of dam
crest cracking. Epistemic uncertainty can be quantified with subjective probability in the Bayesian
framework. In this study, Bayesian theory is applied to estimate and update the subjective probability
distribution of λ, according to observed durations of abnormal state before crest cracking.

3.3. Bayesian Estimation and Updating of Probability Distribution of λ

The epistemic uncertainty in the parameter λ originates from the lack of analyst’s knowledge
and information on λ. This epistemic uncertainty could be represented quantitatively by subjective
probability in the Bayesian framework. Subjective probability is a measure of the degree of belief
of analysts about a proposition (such as an event, a certain value of a parameter, etc.). For the same
proposition, different analysts would give different subjective probabilities, which depends on the
analyst’s knowledge of the proposition. When the analysts obtain new information about the
proposition, their subjective probabilities will be updated accordingly. Subjective probability is still
required to obey the axioms of classical probability theory, and the algorithm of classical probability
theory is applicable to subjective probability. Therefore, it is possible to formally account for the
influence of epistemic uncertainty in quantitatively probabilistic risk analysis.

As mentioned earlier, since historical information regarding the parameter λ is insufficient,
the epistemic uncertainty in λ cannot be ignored and is characterized quantitatively by subjective
probability in this study. When information related to the parameter λ is gained, the probability
distribution of λ can be estimated and updated according to Bayesian theorem as:
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πi(λ|Ei) =
L(Ei|λ)πi−1(λ)∫

Θ L(Ei|λ)πi−1(λ)dλ
(5)

where πi(λ|Ei) is the updated probability distribution of λ given that the ith information is obtained
(i.e., the posterior probability distribution of λ), πi−1(λ) is the probability distribution of λ before
obtaining new information (i.e., the prior probability distribution of λ), L(Ei|λ) is likelihood function
(i.e., given a value of λ, the conditional probability of observing the ith information or a number
proportional to the conditional probability), and Θ is the possible range of λ.

How to establish the likelihood function is the critical step in updating of the probability
distribution of λ using Equation (5). In the service life of an earth-rockfill dam, one may observe
two types of information directly related to λ estimation. In terms of the two types of information,
likelihood functions can be constructed as follows:

(a) The first type of information: the observed time interval t̃i from the emergence of abnormal
state until the ith crest cracking, and the corresponding likelihood function is expressed as:

L(Ei|λ ) =
1
λ

exp
(
−

t̃i
λ

)
(6)

(b) The second type of information: the observed ith duration t̃′i of abnormal state without crest
cracking, and the corresponding likelihood function is formulated as:

L(Ei|λ ) =

∫ +∞

t̃2

1
λ

exp
(
−

t
λ

)
dt = exp

− t̃′i
λ

 (7)

According to the type of newly observed information, substituting the corresponding likelihood
function and the prior probability distribution of λ into Equation (5), the probability distribution of
λ can be updated. When the probability distribution of λ is estimated for the first time, the prior
probability density function of λ without any observed information, π0(λ), is required. In this study,
uniform distribution is utilized to formulate π0(λ):

π0(λ) =
1

λmax − λmin
, λmin < λ < λmax (8)

where λmin and λmax are the possible minimum and maximum of λ, respectively.
Sampling from the posterior probability distribution of λ and substituting the samples of λ into

Equations (3) and (4), crest cracking probabilities and cracking times can be computed, and the desired
results (such as the mean and confidence interval of the crest cracking probabilities) can be statistically
derived subsequently.

4. Results and Discussion

4.1. Computation of the Crest Settlement Inclination

For illustrative purpose, the highest cross section (as shown in Figure 1) of the dam, where crest
cracking had been observed for many times, is analyzed. According to the methodology proposed in
Section 3, the crest settlement inclination of the dam section is computed using FEM firstly. Figure 6
shows the 2D finite element model of the dam section which consists of 2783 elements and 2686 nodes.
The instantaneous deformation is calculated with Duncan and Chang’s E-B model [21], the creep
deformation is simulated with the improved Merchant model [22], and the wetting deformation,
during the first water impoundment of the reservoir, is estimated by a three-parameter empirical
model [7]. Figure 2 shows the actual dam filling process and impoundment process of the reservoir as
well as the simulated processes in FEM analysis. The dam filling process is simulated with 46 load
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steps. At each load step, one layer of elements is activated for subsequent computation. 218 load steps
are applied to simulate the water level fluctuation in the reservoir after the end of dam filling.Appl. Sci. 2020, 10, x FOR PEER REVIEW 9 of 20 
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The in-situ monitoring data of the seepage pressure measuring point in the upstream rockfill
shows that the pore pressure in the rockfill is completely consistent with the current reservoir water
level due to the strong water permeability of rockfill, and there is no hysteresis. Therefore, the seepage
in the rockfill can be ignored. The seepage coefficient of core wall of Pubugou Dam is 1 × 10−5 cm/s,
which is far smaller than that of rockfill body (1 × 10−1 cm/s). Thus, the core wall can be regarded as
an impermeable structure. In this paper, the seepage process within the dam body is not considered,
and the water load is applied to the upstream surface of the core wall directly. Zhou adopts the
same calculation method [3]. Thus, during the water level simulation, the buoyancy in the upstream
saturated rockfill shell and the hydraulic pressure acting on the upstream face of gravelly soil core are
considered. In addition, the wetting deformation of the upstream rockfill shell is computed in the first
reservoir impoundment.

In order to improve the accuracy of the calculated settlements, the constitutive model parameters
for the finite element simulation are calibrated using the recorded deformation data at four monitoring
points. These monitoring points are selected for their reliable performances and representativeness.
Of the selected monitoring points, TP14, SG18 and SG25 are for measuring the external and internal
settlements of the dam respectively, while CH19 is for measuring the internal horizontal displacement
of the dam. The individual locations of the monitoring points are indicated in Figure 1. Response
surface method (RSM) was utilized to replace the time-consuming finite element calculations of the
displacements at the monitoring points [23], and particle swarm optimization (PSO) method was
used to minimize the objective function and calibrate the parameters [7]. Figure 2 shows that there
was a period from 20 December 2009 to 20 May 2010, during which the water level was relatively
stable, and the monitoring data of this period was selected for back analysis of creep parameters by
RSM-PSO method. Then, these creep model parameters can be used for the complete computation
and the Duncan–Chang parameters and wetting model parameters can be calibrated in the same way.
The deformation back analysis procedure is shown in Figure 7. The calibrated values of the constitutive
model parameters are listed in Tables 2–4.
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Table 2. Calibrated parameters of Duncan and Chang’s E-B model for the materials in dam and foundation.

Material φ (◦) ∆φ (◦) c (MPa) Rf Ke Kb n m

Main
rockfills 44.4 4.9 0 0.7 1350 668.35 0.2 0.22

Secondary
rockfills 42.1 3.7 0 0.7 796 421.34 0.2 0.22

Gravelly
soil core 35.0 0 6 0.8 384 207.70 0.4 0.52

Alluvial
deposits 38.0 0 0 0.7 1350 889.25 0.2 0.27

Table 3. Calibrated parameters of the creep deformation model for the materials in dam and foundation.

Material af/10−2 bf/10−4 cf/10−4 df/10−3 m1 m2 m3

Main
rockfills 0.986 0.518 0.518 1.121 0.514 0.416 0.427

Secondary
rockfills 0.637 0.572 0.572 2.465 0.848 0.455 0.542

Gravelly
soil core 0.632 1.004 1.004 3.014 0.996 0.679 0.518

Alluvial
deposits 0.986 0.518 0.518 1.121 0.848 0.455 0.542

Table 4. Calibrated parameters of the wetting deformation model for the upstream rockfills.

Material cw nw dw

Upstream rockfills 5.47 × 10−4 1.367 2.65 × 10−3

The deformations of the dam and foundation are calculated using FEM with the calibrated values
of the constitutive model parameters. The measured and computed time series of displacements of
the monitoring points TP14, SG18, SG25 and CH19 are compared in Figure 8. It can be seen that the
computed displacements are in good agreement with the measured displacements, and the overall
relative error between the measured and computed displacements is less than 6%. Thus, the finite
element simulation is able to well predict the deformation behavior of the dam during operation.
The contours of settlement and horizontal displacement of the dam, when the reservoir level first
reaches the normal water level, are shown in Figures 9 and 10 respectively. It is observed that the
deformation of the dam is consistent with the general deformation pattern of high earth-rockfill dams.
The maximum settlement of the dam is 2.20 m and the maximum upstream and downstream horizontal
displacements are 0.96 m and 0.29 m respectively.
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Figure 9. The contour of settlement displacement of the dam when the reservoir level first reaches the
normal water level.
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Figure 10. The contour of horizontal displacement of the dam when the reservoir level first reaches the
normal water level.

The time series of crest settlement inclination around dam axis is derived from the computed
crest settlements and is presented in Figure 11. It is shown that the crest settlement inclination is
closely related to the reservoir level, i.e., when the reservoir level rises, the crest settlement inclination
increases correspondingly, and vice versa. The maximum settlement inclination is 0.98% and occurs in
the first period when the reservoir level keeps around normal water level. It is also shown in Figure 10
that crest cracking happens with higher values of settlement inclination. However, crest cracking
is not associated with a specific value of settlement inclination. In addition, the time intervals from
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the emergence of abnormal state (i.e., γS > γC) until the occurrence of crest cracking is of obvious
random nature.
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4.2. Bayesian Estimation of Probability Distribution for λ

The duration TAS of abnormal state before crest cracking is uncertain as observed for the studied
dam and is assumed to be an exponentially distributed random variable in this study. Since the
parameter λ (which is the expected value of TAS) in the PDF of TAS is epistemic uncertain, the Bayesian
approach described in Section 3.3 is applied to estimate the probability distribution for λ given the
observed values of TAS. The values of TAS corresponding to the observed crest cracking events
are provided in Table 1. Given the prior distribution of λ without any observed information and
the successively observed values of TAS, the probability distribution for λ is progressively updated
by recursively applying Equations (5) and (6). The prior distribution of λ without any observed
information is presumed to be uniform distribution and is formulated with Equation (8) where λmin

and λmax are equal to 0 d and 300 d respectively. The updated distributions of λ are shown in Figure 12
and the corresponding statistical characteristics of λ are listed in Table 5.
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Table 5. Statistical characteristics of parameter λ.

After the 1st
Cracking

After the 2nd
Cracking

After the 3rd
Cracking

After the 4th
Cracking

After the 5th
Cracking

Maximum likelihood
probability 0.436% 0.509% 0.568% 0.627% 0.724%

Maximum likelihood value (d) 133 113 117 118 109
Mean value (d) 170.3 162.4 162.0 159.7 148.6

Standard deviation (d) 72.0 68.9 65.1 62.0 59.0

After the 6th
cracking

After the 7th
cracking

After the 8th
cracking

After the 9th
cracking

After the 10th
cracking

Maximum likelihood
probability 0.821% 0.928% 1.008% 1.110% 1.198%

Maximum likelihood value (d) 104 99 99 96 95
Mean value (d) 140.0 131.3 127.2 121.0 116.9

Standard deviation (d) 55.4 51.4 48.1 44.4 41.4

It is observed in Figure 12 that the posterior distributions of λ after the first, second, third and
fourth crest cracking are of apparent heavy-tail features for limited observed information. Along with
the accumulation of information related to the duration of abnormal state before crest cracking,
the dispersion of the updated distributions of λ gradually decreases, which reflects that the cognition
of λ is increasingly clear. After seven updating, the dispersion of distribution of λ has been greatly
reduced, and the values of λ mainly cluster in the range between 70 d and 250 d. It can be seen
in Table 5 that the standard deviation of λ declines from 72 d to 41.4 d with increasing number of
observations on TAS. Therefore, the observed information and evidence can significantly diminish the
uncertainty in λ, which is consistent with the principle of statistics. In addition, the mean value of λ
decreases with accumulation of the observed data on TAS, as shown in Table 5.

4.3. Risk Estimation and Early Warning of the Dam Crest Cracking

In order to implement dynamic risk assessment of the dam crest cracking, after each crest
cracking, the distribution of λ is updated according to the observed value of TAS first, and then the
cracking probabilities, for an arbitrary duration of abnormal state, are calculated by Equation (3) using
Monte-Carlo simulation with the updated distribution of λ [24]. Furthermore, the mean value, 5% and
95% quantiles of the simulated cracking probabilities can be derived. Figure 13 shows the estimated
mean value and confidence interval of cracking probability based on the distribution of λ updated
with the information on last crest cracking event, as well as the observed next cracking time and the
corresponding computed mean value of cracking probability, where the origin of the time axis (abscissa)
corresponds to the beginning of abnormal state for next cracking event. It can be seen that the cracking
probability of dam crest increases with the duration of abnormal state and is gradually approaching
100%. In addition, the increment of cracking probability is larger in the initial stage than that in the
later stage. It is also noticed in Figure 13 that as the uncertainty in λ diminishes with the accumulation
of the observed data on the duration of abnormal state before crest cracking, the width of confidence
interval of the estimated cracking probability progressively contracts. Thus, it is indicated that the
increase of observed relevant information is helpful to improve the accuracy of the risk evaluation
model and reduce the uncertainty in cracking risk assessment. It is worth noting that the computed
mean value of cracking probability corresponding to the observed cracking time is not a fixed value
and ranges from 39.96% to 58.07%.
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There is a requirement for early warning of crest cracking (i.e., prediction of the cracking time) in
safety management of the dam. The cracking time can be estimated using Equation (4) with a given
cracking probability. Therefore, the prediction accuracy of cracking time depends on the specific value
of probability adopted for early warning. As mentioned above, the computed probability related to
the actual cracking time is random, hence reasonable values of probability for early warning could
be selected by statistical analysis of the calculated probabilities at the observed cracking times with
the updated distributions of λ. Figure 14 shows the mean values and confidence intervals of the
calculated probabilities at the cracking times for all the past cracking events. It should be noted that
the mean value and confidence interval are statistically derived from the calculated probabilities at all
the previously observed cracking times. It can be seen that the mean values and confidence intervals
of the calculated probabilities essentially remain constant for the studied dam. The mean values of
the probabilities at the observed cracking times are around 50% and the 5% and 95% quantiles of the
probabilities are approximately 25% and 80%, respectively.Appl. Sci. 2020, 10, x FOR PEER REVIEW 16 of 20 
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For verifying the ability of the proposed methodology in early warning of crest cracking,
the cracking times for the observed crest cracking events (the first crest cracking event is excluded) are
estimated by Equation (4) using the mean values and the 5% and 95% quantiles of cracking probabilities
in Figure 14 with the progressively updated mean value of λ (see Table 5). The estimated mean values
(corresponding to the average cracking probabilities) and upper and lower limits (corresponding to the
95% and 5% quantiles of cracking probabilities) of cracking times are shown in Figure 15, where the
origin of the time axis (ordinate) corresponds to the beginning of abnormal state, and are compared
with the actual cracking times. It is observed that the actual cracking times are between the upper and
lower limits of estimated cracking times and are mainly in proximity to the mean values of estimated
cracking times. The widths of ranges of estimated cracking times are reduced as the mean value of λ
decreases with accumulation of the observed data. However, due to limited observed information
and the significantly random nature of the studied problem, the ranges of estimated cracking times
are fairly broad. Nevertheless, for the specific dam and the observed crest cracking events, the actual
cracking times are essentially located between the mean values and lower limits of estimated cracking
times, with which the possible occurrence times for future crest cracking events would be predicted.
In dam safety management, it is required to early warn crest cracking event, so that preparation for
remediation measures can be made in advance. The early warning of crest cracking could be realized
by estimating the lower limit of cracking time using the proposed methodology. Figure 16 shows the
early warning times (i.e., the period between the actual cracking time and the estimated lower limit of
cracking time) for the crest cracking events. It can be seen that for the specific dam, early warning of
crest cracking can be issued from 20 days to 70 days ahead of the occurrence of crest cracking event.Appl. Sci. 2020, 10, x FOR PEER REVIEW 17 of 20 
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5. Summary and Conclusions

Crest cracking is one of the most common damage types for high earth-rockfill dams and is
closely related to the deformation behavior of high earth-rockfill dams, specifically the crest settlement
inclination. Dam crest is susceptible to cracking as the crest settlement inclination exceeds a certain
threshold, however the dam crest does not necessarily crack immediately. Whereas, if the abnormal
state (i.e., the crest settlement inclination exceeds the threshold value) is sustained for a long time,
the potential of crest cracking becomes large and increases with the duration of abnormal state. Due to
complex physical mechanisms and stochastic factors, the duration of abnormal state before crest
cracking is uncertain and could be regarded as a random variable. Consequently, crest cracking risk
can be evaluated with probabilistic approaches.

In this paper, a methodology for dynamic risk evaluation and early warning of crest cracking
for high earth-rockfill dams is proposed. The key components of the methodology include:
(a) The discrimination of abnormal state related to crest cracking, which is implemented by comparing
the crest settlement inclination (which is computed using FEM with the calibrated constitutive
model parameters based on the in-situ deformation monitoring data) with the threshold value.
(b) Computation of crest cracking probability and estimation of cracking time. The exponential
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distribution is adopted to represent the probability distribution of the duration TAS of abnormal state
before crest cracking. Then as the abnormal state of dam crest deformation occurs and continues, the
crest cracking probability in a given time can be computed by integration with respect to TAS. Inversely,
the cracking time (i.e., the time interval from the beginning of abnormal state until the occurrence of
crest cracking) corresponding to a given probability can be estimated. (c) Determination of the values
of probability adopted to early warn crest cracking, which are suggested to be selected by statistical
analysis of the calculated probabilities at the observed cracking times. In this paper, the mean values
and confidence intervals of the calculated probabilities are used. (d) Bayesian estimation and updating
of probability distribution of the parameter λ in the PDF of TAS, which is the expected value of the
duration of abnormal state before crest cracking. Since historical information regarding the parameter
λ is insufficient, the epistemic uncertainty in λ is characterized quantitatively by subjective probability
and Bayesian theory is applied to dynamically estimate and update the probability distribution of λ,
according to observed durations of abnormal state before crest cracking.

The methodology is illustrated and verified by the risk evaluation and early warning of crest
cracking for an actual earth-rockfill dam. The dam crest cracking and recracking (i.e., the sealed
cracks were split again and again) events were observed during the periods of high reservoir level.
The probability distribution for λ is progressively updated according to the observed values of TAS.
It is observed that the dispersion of the updated distributions of λ gradually decreases with the
accumulation of relevant information. The cracking probability of dam crest increases with the
duration of abnormal state and the width of confidence interval of the estimated cracking probability
progressively contracts with the updating of the distribution for λ. Finally, the early warning of crest
cracking for the dam is investigated by estimating the lower limit of cracking time. It is shown that
early warning of crest cracking can be issued from at least 20 days ahead of the occurrence of crest
cracking event, which is beneficial for safety management of the dam, since preparation for remediation
measures can be made in advance.

The performance of the proposed methodology is primarily dependent on the degree of
randomness in the duration TAS of abnormal state before crest cracking and the amount of observed
values of TAS. If the randomness in TAS is quite large and the amount of observed values of TAS is small,
the performance of the methodology is expected to decline. The randomness in TAS is closely related to
the structural characteristics and operation conditions (such as fluctuation in reservoir level) of rock-fill
dams, thus there is not a guarantee that the proposed approach will be of good performance for other
dams, especially for newly-built dams for which the amount of observed values of TAS is inadequate.
Nevertheless, the presented methodology may be one of alternative tools for risk evaluation and early
warning of crest cracking for earth-rockfill dams.

The future research recommendations are investigations on performances of other indications of
abnormal state of crest deformation in risk evaluation of crest cracking for earth-rockfill dams and
applications of other theories (such as possibility theory and the Dempster–Shafer theory of evidence)
to quantify epistemic uncertainty in parameter λ.
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