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Abstract

Robotic total stations have been widely used in continuous automatic monitoring of dam
deformations. In this regard, monitoring accuracy is an important factor affecting deforma-
tion analysis. First the displacements calculation methods for dam deformation monitoring
with total stations are presented, and the corresponding mean square error formulas are
derived. Then for errors caused by atmospheric refraction, two correction methods are
described. Simulations were conducted to compare the displacement accuracy calculated
through different methods. It indicated that the difference between polar coordinate method
and forward intersection is less than 0.5mm within around 400m’ monitoring range, and in
such cases, the polar coordinate method is preferred, as only one total station is required.
Refraction correction tests with observations from two dams demonstrated that both correc-
tion methods could effectively enhance the monitoring accuracy. For observation correction,
correction through the closest reference point achieves better correction results.

1. Introduction

As one of the most important engineering infrastructures, reservoir dams play an essential role
in flood control, power generation, and irrigation [1]. Safety cannot be ignored when operat-
ing dams, because if failures occur, they will have devastating consequence for people, property
and the environment. We have witnessed several such cases in history [2]. To fully understand
the health of a dam, dam safety monitoring is indispensable [3]. Dam safety monitoring runs
through its whole lifecycle. During the planning phase, the overall plan of the safety monitor-
ing system is designed with the list and layout of the monitoring equipment. And the instru-
ments are installed or buried into the dam structure during the construction phase. In
operation phase, periodic and special monitoring are carried out to assess the safety of the
dam. Geodetic, geotechnical, and environmental sensors can be employed to monitor the
deformation, internal stress, seepage, water level, etc [4]. Deformation monitoring is one of
the most important aspects of dam safety monitoring [5]. With the development of geodetic
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surveying technology, geodetic sensors represented by level, total station, global navigation sat-
ellite system (GNSS) receiver, terrestrial laser scanner (TLS), and ground-based synthetic aper-
ture radar (GB-SAR) have been applied to dam deformation monitoring [6].

Leveling is a reliable method for monitoring the vertical displacement and is currently exten-
sively employed in dam deformation monitoring [7]. However, it is a time-consuming method.
Hydrostatic leveling is an effective alternative for providing continuous automatic monitoring of
the vertical displacement [8], but the deployment difficulties limit its monitoring range. GNSS
technology does not require visibility among monitoring points. It can realize continuous three-
dimensional displacement monitoring in all weather conditions, which has several advantages in
dam deformation monitoring [9, 10]. However, the monitoring accuracy is highly affected by
satellite visibility and the multipath effect. Terrestrial laser scanning technology has good appli-
cation prospects in deformation monitoring since it can rapidly obtain a high-density point
cloud of the dam and can achieve entire dam deformation analysis [11, 12]. Due to the slightly
low accuracy of a single point acquired by TLS, for example about 10 mm when the TLS is
located at a distance of about 100 m [13], highly accurate deformation analysis through modeling
is still challenging. GB-SAR technology can provide long-distance, large-scale, and continuous
spatial coverage of deformation results and its monitoring accuracy can reach 0.1mm [14]. Cur-
rently, it is used in dam monitoring [15, 16]. The main disadvantage of GB-SAR is that only
deformation in the line of sight can be obtained. Furthermore, the equipment is expensive.

The total station is one of the most representative geodetic instruments, and it plays an
important role in the field of deformation monitoring. It has been broadly employed in defor-
mation monitoring and geological hazards monitoring of dams [17], bridges [18], tunnels [19],
and other civil infrastructures. Especially with the improvement of accuracy and automation in
the total station [20-22], the birth of the robotic total station (RTS) makes its advantages in con-
tinuous automatic monitoring of deformation more obvious. The monitoring accuracy of hori-
zontal and vertical displacements is the key to the success of deformation analysis. Regarding
deformation monitoring using total stations, the monitoring accuracy in tunnels has been ana-
lyzed and tested [23, 24]. However, dams are somewhat different from tunnels, and typically
the monitoring range is broader. Therefore, it is necessary to analyze the monitoring accuracy
in dams to guide the actual deployment of the dam deformation monitoring system based on
robotic total stations. Moreover, dam deformation monitoring is more susceptible to atmo-
spheric conditions, which may bring large errors to distance and angle observations collected
by the total station due to refraction [25]. Atmospheric refraction affects all kinds of remote
measurement systems [26, 27]. Some studies have employed meteorological sensors on-site to
establish atmospheric models to rectify observations [28]. The main drawback of such methods
is that additional meteorological sensors are needed. Following the introduction of the continu-
ous automatic monitoring system of dam deformation with robotic total stations, this study
presents mathematical models for obtaining the horizontal and vertical displacements and cor-
responding accuracy estimation formulas. As for the influence of atmospheric refraction, two
approaches to correcting monitoring results without meteorological measurements are
described, which are observation correction and coordinate correction. The monitoring accu-
racy of different monitoring models was analyzed and compared through simulation and rele-
vant suggestions are given with a view to actual deployment. The performance of the two
refraction correction methods was validated through observations from two dams.

2. Methodology

For a continuous remote unattended monitoring system of dam deformation based on robotic
total stations, the main objective is to measure the displacements of the dam embankment and
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the slopes on both banks and to grasp the health status of the dam structure and its
surroundings.

Unlike indoor or underground monitoring tasks, weather is an important factor to consider
in dam deformation monitoring. First, long-term sunlight, rain, and snow may corrode the
total station if the setup is in the open air. Therefore, an observation room must be built and
the total station has to be set up inside it. The observation room only opens the door for the
total station to perform observation with specified monitoring frequency, which protects the
instrument from harsh weather and wild animals. Then the station point should be equipped
with meteorological sensors, which can be used to get the real-time meteorological data not
only for correcting observations but also for determining whether the weather conditions are
suitable for performing observing. In addition, as an unattended monitoring system, the site
needs to be equipped with video surveillance and alarm systems for the sake of the safety con-
sideration of the instruments. Besides, the prisms also should be shielded to ensure long-term
usability as reflectors. Fig 1 shows a typical dam deformation monitoring system based on
robotic total stations. For displacement calculations, plane displacement and vertical displace-
ment are usually calculated separately. The plane displacement calculation adopts the polar
coordinate method and forward intersection method. Furthermore, the vertical displacement
is mostly calculated through trigonometric leveling.

2.1 Polar coordinate method

Because the monitoring area of the total station is small, the effect of earth curvature is negligi-
ble when calculating the plane coordinates of monitoring points. For the polar coordinate
method (Fig 2(a)), the total station is set up at station point T with known plane coordinates
(X1 Yp). The station point should be stable during the monitoring period and should be con-
venient for the instrument observing monitoring points. Reference point R is usually located
in a stable area, which is away from the deformation area, with known plane coordinates (X,
YR). The function of the reference point is to help the orientation of the total station. For each
monitoring epoch, the total station at station point T first sights the reference point R as back-
sight. Then it rotates to the monitoring point M to obtain the horizontal angle observation S,
vertical angle observation ¥, and slope distance observation Sty,. With the known plane coor-
dinates of point T and R, the azimuth of TR, denoted as a1y, can be calculated. Also, the plane
coordinates of monitoring point M, denoted as (Sys, Yas), can be computed with the following
equations [29]:

X, = X; 4 Dy % 080ty = Xy 4 Sy % €08y * cos(atpy + f5) W
1
Y, = Y, + Dy, * sinot,y, = Y, 4 Sy, % cosy * sin(oy, + f)
where Dy stands for the horizontal distance from station point T to monitoring point M, and
oy signifies the azimuth of TM.

Ignoring the coordinate errors of the reference point R and station point T, and without
considering the impact of refraction and assuming that the accuracy of monitoring point M is
only related to the observations, the mean square errors of monitoring point M in the X-axis
and Y-axis are estimated using the rules of error propagation as follows:

my = V/A%%c08? (01, + ) + B2#cos? (o, + ) + CPsin® (0o, + f3) o)

my, = VAZxsin? (o, + B) + B2sin® (o + f) + C2xcos? (ot + f)

— — - my — mp
where A = cosyxmg, , B = Sy + siny * =t and C = Sy pkcosy+ ==.myg, , mg, and m, are the

nominal precision of Sy, f, and ¥, respectively, which are usually given by the manufacturer
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Fig 1. Dam deformation monitoring system based on robotic total stations.

https://doi.org/10.1371/journal.pone.0251281.9001

of total stations. p = 206265, which is the constant used in the conversion of the radian into
the degree.

The plane displacement Ad, of monitoring point M can be derived by comparing the ith
monitoring epoch coordinates (X, Y},) with the initial coordinates (X3, Y?,):

AX, = Xi — X0
AY, =Y - Y, (3)

Ady =/ (8%,,)" + (aY,,)°

The mean square error of plane displacement m,, can be calculated by combining Egs (2)

and (3) as follows:

2 in2 2 2 2
S2* (sm y*m: + cos y*mﬁ)

Mg, = 1/2m3 +2m} = |2]|cos?yxmi + I (4)

It can be observed from Eq (4) that, for the polar coordinate method, the accuracy of plane
displacement of monitoring point M has nothing to do with the horizontal angle observation
B. For a given instrument, the vertical angle and slope distance observations determine the
monitoring accuracy.

2.2 Forward intersection method

For the forward intersection method, at least two total stations are needed to procure the plane
displacement of the monitoring point [30]. Two total stations are set up at stable station points
T, and T, with known plane coordinates (XT17 YTI) and (XTQ, YTz)’ respectively (Fig 2(b)). In

each monitoring epoch, the two total stations first sight each other as backsight, and then their
telescopes rotate to monitoring point M to earn the corresponding horizontal angle 3, f,, ver-
tical angle 1, 7, and slope distance Sy, ,, Sy, observations. As only the plane coordinates of

monitoring point M are required here, the horizontal distance observation Dy = St * cosy is
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Fig 2. Dam deformation monitoring principle for plane coordinates with total station. (a) Polar coordinate
method. (b) Forward intersection method.
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applied for simplicity to construct the observation equation as follows:

N2 2
DT,M + Vp, = \/(XTl _XM> + (YT1 - YM)
Y, - Y
By + vy = arctan———2 o,
1 X'T1 _XM 142
(5)
N2 N2
DTZM +vp, = \/<qu —Xu) + (YT2 YM)
YT - ?M
By + vy, =Opp — arctanXT2 3.
2

where v, , v, , v, , v represent observation residuals, X,,, Y, indicate the unknown parame-
ters (which should be determined) and coordinates of monitoring point M, respectively, and
%y 1, g, stand for the azimuths of T\ T, and T,T;, which can be calculated based on the

known coordinates of (XTI, YTI) and (XTz’ YTz)'

By writing the observation equations in matrix form, linearizing it using Taylor’s series,
and truncating at the first order, we can reach the following equation:
of(X°)

L+v=f(X) %f(XOH‘a—X’? (6)

where L symbolizes the observations matrix;

v denotes the residuals matrix;

X signifies the unknown parameters matrix to be determined, which includes X ,,, Y ,;

X° represents the approximate values of X, which can be calculated according to the necessary
observations; and % indicates the corrections for X°.

With the weight matrix P of observations, which can be obtained through the accuracy of
the total station, the unknown parameters matrix X, its cofactor matrix Qy, and the posteriori
variance factor G, can be estimated according to the principle of least squares adjustment. Sim-
ilar to the polar coordinate method, the plane displacement Adj, of monitoring point M can
be derived by comparing with initial coordinates. The mean square error of plane displace-
ment m,, can be calculated as follows:

My, = 50\/2 (QXMXM + QyMyM> (7)

where Qg 5 ,Qjy ¢, are the diagonal elements of Q.

MXM

2.3 Vertical displacement calculation

When calculating the vertical displacement of the monitoring point with the total station, trig-
onometric leveling is utilized [31]. With no simultaneous reciprocal observations, the effect of
curvature and refraction must be taken into account when calculating the vertical displace-
ment of the monitoring point. As shown in Fig 3, the height of stable station point T is known
as Hr, and the total station at station point T sights the target F at monitoring point M to get
the slope distance S and vertical angle y observations in each monitoring epoch. Although the
line of sight is refracted to target F, the telescope points to G, thus, S * siny = EG requires a cor-
rection for refraction r = FG. The effect of curvature ¢ = BE is the difference between the
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Fig 3. Dam deformation monitoring principle for height with total station.

https://doi.org/10.1371/journal.pone.0251281.g003

horizontal line and level line crossing the instrument center I at the monitoring point M. The
height of the instrument and target are expressed as h; and h,, respectively. Then the height
H), of the monitoring point M can be computed as follows:

H, = HT+hTM

, (8)
=H,+S«siny+c+h,—r—h,

Usually, the effect of curvature and refraction can be approximately computed as ¢ = ?—;

andr = KQ—’;Z. Here, D symbolizes the horizontal distance, R represents the radius of the Earth,
and K stands for the coefficient of refraction. By comparing the heights of M with the initial
value, the vertical displacement Ak}, can be calculated. For a continuous automatic monitoring
system, the instrument and monitoring targets are fixed. The changes of horizontal distance D
are very small relative to the radius of the Earth R. Then the height of the instrument /; and
target /1, and the effect of curvature ¢ can be neutralized when calculating the vertical displace-
ment Ak}, That is, they do not constitute factors that affect the accuracy of Ahj,. However, the
coefficient of refraction K is affected by the meteorological conditions, by the morphology of
the ground, and by other complex factors. It can change substantially during different moni-
toring epochs. Therefore, the effect of refraction needs to be corrected when calculating the
vertical displacement to keep monitoring accuracy. Assuming the effect of refraction has been
corrected, the mean square error of vertical displacement m,, ~can be calculated based on Eq

(9):

m;
My, = \/2 (sin”y*m% + S2xcos?yx p—;) 9)

3. Refraction correction

Affected by changes in temperature, humidity, and air pressure, the distribution of atmo-
spheric density in the monitoring area is usually inhomogeneous in both vertical and
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horizontal planes. Especially for large hydropower dams built in the alpine-gorge area, topo-
graphic factor makes the meteorological conditions very complex, resulting in an extremely
inhomogeneous distribution of atmospheric density. Then for long-term continuous auto-
matic monitoring of dam deformation with robotic total stations, the refraction caused by
uneven atmospheric density has a significant effect on the angle and distance measurements.
Although reciprocal observing can eliminate the refractive error, it is not practical for auto-
matic monitoring. It is essential to find a way to rectify the effect of refraction to retain the
monitoring accuracy. The conventional method is to establish a model of the atmosphere to
describe the change of the refraction index in space. And together with angle and distance
measurements, the temperature, humidity, and air pressure are measured simultaneously and
used to carry out corrections according to the certain atmosphere model. The deficiency of the
atmosphere model based correction method is that high accuracy meteorological sensors are
required. Moreover, meteorological measurements at the station point do not reflect the atmo-
spheric conditions along the whole line. Instead, by using the known stable points as a refer-
ence, the measurements towards monitoring points can be corrected without meteorological
data. The principle of which is similar to that of GNSS differential positioning.

When deploying the deformation monitoring reference net, some stable points are chosen
and constructed to cover the monitoring area, which can be used for correction of observa-
tions. The fixed distances and angles between the station point and these points are treated as
references. In each monitoring epoch, the observations from station point to monitoring
points and those reference points are obtained in sequence. The differences between the fixed
values and observations towards reference points are considered to be predominantly caused
by changes in meteorological conditions. As one monitoring epoch conducted with a robotic
total station takes a short time, it is assumed that the influence of meteorological conditions on
observations towards reference points is similar to that of monitoring points. And those differ-
ences for reference points can be employed to rectify observations towards monitoring points
with proper models to eliminate the influence of refraction. Depending on the mode of correc-
tion, the correction can be conducted on distance and angle observations, or the coordinates
are directly rectified.

3.1 Distance correction

In monitoring epoch i, the total station at station point T obtains the distance observation d(r,
i) towards reference point R. As the station point and reference point are considered as stable

with known coordinates, the distance between them is fixed as d(r). Moreover, the difference

between d(r) and d(r, i) can be thought to be caused by changes in meteorological conditions.
The distance correction coefficient Ad(r, i) can be calculated as follows:

T 1o

If the raw distance observation d(m, i) from station point T to monitoring point M in the

same monitoring epoch is measured, the corrected distance d(m, i) between them is:

d(m,i) = d(m,i) — Ad(r,i)xd(m, i) (11)
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3.2 Horizontal angle correction

In deformation monitoring, the deformation value is generally determined relative to the first
monitoring epoch. Then the horizontal direction measurement 3(r) towards the reference
point R in the first monitoring epoch can be taken as reference. The difference AS(r, i) between
the measurement f(r, i) in monitoring epoch i and B(r) can be derived as:

AB(r,i) = p(r,i) — B(r) (12)

The difference AS(r, i) is chiefly caused by the change in zero direction of the horizontal cir-
cle and the atmospheric refraction in the horizontal plane, which has the same impact on hori-
zontal angle observation S(m, i) towards monitoring point M in the same monitoring epoch.
ApB(r, i) needs to be subtracted from B(m, i) for corrected horizontal angle measurement

B(m,i):

B(mv i) :B(mv i) —Aﬁ(i’, i) (13)

3.3 Height difference correction

The main function of the vertical angle is to calculate the height difference between points.
Hence, we consider the correction for height difference instead of the vertical angle. The height
difference between stable station point T and reference point R is fixed as h(r), and the height
difference h(r, i) can be calculated based on the distance observation d(r, i) and vertical angle
observation y(r, i) in monitoring epoch i. The difference between h(r, i) and h(r) is largely
caused by curvature and refraction, and the correction coefficient C is usually derived as fol-
lows:

B h(r) — h(r,i)
€= d*(r,i)cos*y(r, i)

(14)

As each monitoring epoch takes a short time, it is believed that the curvature and refraction
have the same influence on both reference point R and monitoring point M. Then based on
the distance observation d(m, i) and vertical angle observation y(m, i) towards monitoring

point M in monitoring epoch i, the corrected height difference h(m, i) can be calculated as fol-
lows:

h(m,i) = h(m,i) + Cd*(m, i)cos’y(m, i) (15)

After rectifying the observations towards monitoring points, the coordinates of monitoring
points can be calculated, and corresponding displacements can be derived.

3.4 Coordinate correction

Instead of correcting observations, coordinate correction utilizes uncorrected observations to
calculate the coordinates of reference points first. The differences between calculated coordi-
nates and known coordinates are considered as a result of refraction. Then the differences can
be used to rectify the coordinates of monitoring points calculated with raw observations under
a proper assumption.

For reference point R with known coordinates (Xg, Yz, Hz), the approximate coordinates
(Xr(i), Yr(i), Hg(i)) in monitoring epoch i can be calculated with raw observations from sta-
tion point T and principles mentioned in section two. The differences between them, which
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are thought to be principally caused by refraction, can be calculated as:
AXp(i) = Xg(i) — Xq
AY,(i) = Y(i) — Y, (16)
AH,(i) = Hy(i) — Hy

In the same way, the approximate coordinates (X(i), Ya(i), Hy(7)) of monitoring point M
in the same monitoring epoch can be calculated with raw observations towards it. And the dif-
ferences calculated in Eq (16) are employed to rectify the approximate coordinates of monitor-

ing point M and hence to get the corrected coordinates (X w(@), Y, (), H u(i))-

4. Data analysis
4.1 Accuracy analysis

The accuracy of displacement monitoring for dams using total station was analyzed through
simulations. First, the monitoring accuracy of horizontal displacement using polar coordinate
and forward intersection methods was analyzed and compared. Then the monitoring accuracy
of vertical displacement with trigonometric leveling was analyzed. In the simulation, the rang-
ing accuracy was set as mg = 0.6mm + 1 x 10~°S and horizontal and vertical direction measure-
ments accuracy were set as mg = m, = 0.5”, which was consistent with the commonly used
Leica Nova TM50 robotic total station in dam deformation monitoring. Note that the effect of
refraction was not taken into consideration here.

For the polar coordinate method, the accuracy of plane displacement of the monitoring
point was mainly affected by vertical angle and slope distance observations when the instru-
ment was given according to previous theoretical derivation. Then the mean square errors of
plane displacements under different vertical angles and slope distances were analyzed. The ver-
tical angle changed from 0° to 60°, and the slope distance varied between 0 and 1000 m (Fig 4).
It can be observed from the figure that when the vertical angle was fixed, the mean square
error of plane displacement increased with the slope distance. To ensure the accuracy of plane
displacement of the monitoring point, it was necessary to limit the slope distance from the sta-
tion point to the monitoring point. When the slope distance remained fixed, the mean square
error of plane displacement showed a decreasing trend with the increase of the vertical angle.
This was because the horizontal distance diminished with the increase of the vertical angle.
However, for actual monitoring, it is not recommended to increase the vertical angle to
enhance the accuracy of plane displacement since a larger vertical angle will bring about
greater atmospheric refraction for observations. Because of the symmetry, the accuracy of
plane displacement when the vertical angle changed between 0° and -60° was consistent with
that when the vertical angle varied from 0° to 60°.

For the forward intersection method, when analyzing the accuracy of plane displacement of
the monitoring point, the simulation scenario was set as follows: the distance between the two
station points Ty and T, was 100 m, and the corresponding coordinates were (0, —50) and (0,
50). According to the nominal accuracy of the Leica Nova TM50 robotic total station, the hori-
zontal angle and distance observations between station points and the monitoring point were
simulated. Then the plane displacement of the monitoring point was estimated and the accu-
racy was evaluated by the principle of least squares adjustment. Taking into account the sym-
metry of the observations, only the mean square errors of plane displacements for monitoring
points located in the first quadrant were evaluated. Fig 5(a) indicates that if the midpoint of
the two station points is considered as a reference, the mean square errors of plane displace-
ments will almost be consistent when the distances from monitoring points to the reference
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Fig 4. Plane displacement accuracy with the polar coordinate method.

https://doi.org/10.1371/journal.pone.0251281.9004

point are equal. The mean square error of plane displacement for the monitoring point
increased with the increase of the distance to the reference point. To further understand the
influence of the distance between station points on the accuracy of plane displacements of
monitoring points, four representative monitoring points ((200, 200), (400,400), (600, 600)
and (800, 800)) were chosen for analysis. Taking the origin as the midpoint, the distance
between the two station points varied from 100 m to 1000 m along the y-axis with an interval
of 100 m. Fig 5(b) reveals that the accuracy differences in the plane displacement of the four
representative monitoring points at different station point intervals did not exceed 0.5 mm. It
could be concluded that the distance between station points had little effect on the accuracy of
plane displacement. The above analysis results provided references for point deployment in
actual dam monitoring.

To compare the accuracy of the polar coordinate method and forward intersection method
in calculating the plane displacements of monitoring points, the simulation was carried out.
The setting of the simulation scenario was similar to the previous simulation. Here the distance
between the two station points T} and T, was set to be 400 m, and the corresponding coordi-
nates were (0, —200) and (0, 200). Then the mean square errors of plane displacements for
monitoring points located in the first quadrant were calculated. To keep the consistency of the
comparison, the vertical angle was set as y = 0 for the polar coordinate method, which meant
that the slope distance was equal to the horizontal distance. From the previous analysis, it
could be known that the mean square error of plane displacement calculated with the polar
coordinate method increased with the increase of the distance from the monitoring point to
the station point. Then the station point T, was selected for the polar coordinate method as it
was closer to monitoring points located in the first quadrant. Fig 6(a) shows the mean square
errors of plane displacements calculated with the forward intersection method, which further
proved that the distance between station points had little impact on the accuracy of plane dis-
placement because the result was similar to Fig 5(a). Fig 6(b) displays the mean square errors
of plane displacements calculated with the polar coordinate method. It can be found from the
figures that the accuracy of plane displacement obtained by the forward intersection method
was better than that of the polar coordinate method. Moreover, it is seen that the gap increased
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as the distance from the station point T, to the monitoring point increased, with a maximum
of more than 2 mm. On the whole, the advantage of the polar coordinate method was that only
one total station was needed to conduct the monitoring work. Hence, it was better to be
applied to situations where the distances between the station point and monitoring points
were short. The forward intersection method required the participation of multiple total sta-
tions. In this method, the mean square error was positively correlated with the distance from
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the monitoring point to the reference point. It mostly suited situations that monitoring points
were far from station points and high monitoring accuracy was required.

When trigonometric leveling was applied to calculate the vertical displacement of the moni-
toring point, the accuracy of vertical displacement was predominantly affected by vertical
angle and slope distance observations when the effect of refraction was not taken into
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consideration. Then the mean square errors of vertical displacements under different vertical
angles and slope distances were analyzed. The vertical angle changed from 0° to 60°, and the
slope distance varied between 0 and 1000 m (Fig 7). It can be observed from the figure that
when the vertical angle was fixed, the mean square error of vertical displacement increased
with the slope distance. When the slope distance was short (less than 400 m), the mean square
error of vertical displacement was positively correlated with the vertical angle. However, when
the slope distance was large, the mean square error of vertical displacement exhibited a
decreasing trend with the increase of the vertical angle. The same result could be derived when
the vertical angle varied from 0° to -60°. For actual monitoring, the vertical angle needs to be
limited to reduce the effect of refraction.

4.2 Correction tests

To verify the performance of refraction correction, two hydroelectric dams called Zhentouba I
and Dagangshan in the Dadu River basin located in Sichuan province, China, were chosen for
tests and analysis. According to the deployment of the dam deformation monitoring system,
the observation correction test was conducted in Zhentouba I hydropower station, and the
coordinates correction test was carried out in the Dagangshan hydropower station.

The Zhentouba I hydroelectric dam is a concrete gravity dam, located in the middle and
lower reaches of the Dadu River. As shown in Fig 8(a), the maximum dam height is 86.5 m,
the elevation of the dam crest is 626.5m, and the total length of the dam crest is 317.55 m. To
ensure the safety operation of the dam, an automated monitoring system of deformation was
established using robotic total stations to monitor the displacements of the dam body and the
slopes on both banks. When conducting the observation correction test affected by refraction,
the established station point, reference point, and monitoring points were unitized. The Leica
Nova TM50 robotic total station (m; = 0.6 mm + 1 x 107°S, mg = m, = 17) was set up at known
station point T on the left bank (Fig 8(b)). The known reference point R; far from the moni-
toring area on the right bank was selected as backsight, and raw distance and angle observa-
tions towards monitoring points M; ~ Mg were obtained in sequence. Then the polar
coordinate method was used to calculate the coordinates of monitoring points. At the same
time, the observations towards the reference point R; were utilized to correct the observations
towards monitoring points in the same monitoring epoch. The corresponding coordinates
were calculated with corrected observations. The whole test lasted about 17 hours from morn-
ing to evening. A total of 17 monitoring epochs were conducted with a one-hour interval. Dur-
ing the test, it was presumed that the monitoring points remained stable. That is, their
displacements were zero. The mean square errors (MSEs) of plane displacements for monitor-
ing points with different observations are shown in Table 1.

Table 1 indicates that the MSE of plane displacements for monitoring points calculated
directly with raw observations were much larger than the theoretical situation assuming no
refraction. The difference widened with the increase of the distance from the monitoring point
to the station point. This proved that refraction had a significant adverse effect on the accuracy
of plane displacements for monitoring points. Hence, it must be taken into consideration in
actual monitoring tasks. After taking R, as a reference to correct the raw observations towards
monitoring points, the accuracy of plane displacements for monitoring points calculated with
corrected observations was effectively enhanced. It appeared that the closer the monitoring
point was to the reference point used for correction, the better the correction effect could be
achieved, which could be caused by the similarity of the refraction effect. On the other hand, as
the vertical angles from the station point to monitoring points were small in the test, the dis-
tance was the main factor affecting the correction effect. It is found from Table 1 that when the
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distance from the monitoring point to the station point was closer, a weaker correction quality
was obtained. In this regard, when correcting the observations towards the monitoring point,
a reference point closer to the monitoring point should be selected, and correction in groups
can be carried out if necessary. At the same time, for effective correction, the monitoring
points should not be too close to the station point when deploying the monitoring system. For
height difference correction, the MSE values of vertical displacements for monitoring points
with different types of observations are shown in Table 2. The table demonstrates a similar
trend for plane displacements.

The Dagangshan hydroelectric dam is a concrete double-curved arch dam located in the
middle reaches of the Dadu River with a maximum dam height of 210 m. An automated moni-
toring system of deformation based on robotic total stations was established in 2019, and two
station points were deployed on both sides of the strait to monitor slope displacement. To ana-
lyze the impact of coordinate correction for refraction, the data collected by station point T
on the right bank was used for analysis. As shown in Fig 9(a), the robotic total station at station
point T took station point T, on the same bank as backsight to obtain the angle and distance
observations towards the reference and monitoring points on the left bank. According to
actual group observation, observations towards four stable reference points R;~R, located
around the slope of the left bank and six monitoring points M;~Mj participated in the analysis.
Their distribution can be seen in Fig 9(b). A total of 23 monitoring epoch observations during
approximately two weeks were utilized, of which some monitoring epochs were excluded
because observations towards some points were not collected. The observations in each moni-
toring epoch were employed to calculate the approximate coordinates of reference and moni-
toring points with the polar coordinate method. Then, combined with the known coordinates
of reference points, the differences in coordinates of each reference point were used to rectify
the approximate coordinates of monitoring points in turns. Similarly, the monitoring points
were considered stable during the monitoring period. Taking the initial coordinates of each
point as the reference, The mean square errors (MSEs) of plane displacements for monitoring
points under different situations are shown in Table 3.

Table 3 shows that since the distances from each monitoring point to the station point were
all around 700 m, the MSE in the plane displacement for each monitoring point was around
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7-8 mm in the theoretical situation assuming no refraction. When the raw observations were
used to directly calculate the plane displacements of monitoring points, the MSEs increased

several times compared to the theoretical situation. Overall, the plane displacement accuracy
of monitoring points was improved when coordinate correction was conducted with each of

the four reference points. For some monitoring points, the plane displacement accuracy after
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Table 1. Plane displacement accuracy comparison with observation correction.

Point

ID
M1
M2
M3
M4
M5
M6

https://doi.org/10.1371/journal.pone.0251281.t001

MSE without
refraction(mm)

6.7
4.6
2.6
1.3
3.7
4.2

MSE with uncorrected MSE with corrected Distance from R, to Distance from T, to
observations(mm) observations(mm) monitoring point(m) monitoring point(m)

26.4 7.5 120.414 661.645

19.5 5.7 369.628 448.028

11.2 4.2 680.600 234.378

6.5 4.6 738.478 91.932

13.1 4.4 700.503 359.144

10.1 8.9 980.780 407.830

the correction was even better than the theoretical situation, such as using the reference point
R, to correct monitoring points M, and Ms. However, there was no obvious rule by which ref-
erence point could be used to produce the best correction effect. It did not seem that the closest
reference point to the monitoring point could provide the best correction effect for the coordi-
nate correction method based on the result of Table 3. Therefore, it is necessary to study how
to use multiple reference points to make comprehensive corrections to the monitoring points.
This is required to achieve the best correction result. Besides, the MSEs of plane displacement
for monitoring point M, under uncorrected and corrected situation greatly exceeded a certain
limit. The main reason might be that the initial coordinates of the monitoring point M, were
acquired incorrectly.

5. Conclusion

This study mainly focused on the monitoring accuracy and refraction correction issues of con-
tinuous automatic monitoring of dam deformation based on robotic total stations. Simulation
analysis showed that for the robotic total station with a given accuracy, the plane displacement
accuracy of the monitoring point calculated by the forward intersection method was better
than the polar coordinate method. But within a certain distance (around 400 m), the difference
between the two was less than 0.5 mm, Then, for short distance monitoring, the polar coordi-
nate method is preferred as only one total station is required, which could save the cost of the
monitoring system. The distance between two total stations generally does not affect the accu-
racy of displacement for the forward intersection method, and it can be applied to conduct
monitoring tasks with long-distance and high accuracy requirements. The actual refraction
correction tests in two hydropower dams demonstrated that both the observation and coordi-
nate corrections could effectively reduce the influence of refraction and could enhance the
monitoring accuracy. For observation corrections, the closer to the reference point, the better
the correction effect. Thus, it is advisable to conduct group observing according to on-site con-
ditions. While for coordinate correction, the correction effect of a single reference point on a

Table 2. Vertical displacement accuracy comparison with observation correction.

Point

ID
M1
M2
M3
M4
M5
M6

https://doi.org/10.1371/journal.pone.0251281.t1002

MSE without
refraction(mm)

4.5
3.1
1.6
0.6
2.5
2.8

MSE with uncorrected MSE with corrected Distance from R, to Distance from T, to
observations(mm) observations(mm) monitoring point(m) monitoring point(m)

15.3 7.6 120.414 661.645

7.8 4.4 369.628 448.028

4.4 3.4 680.600 234.378

2.3 2.2 738.478 91.932

7.5 5.2 700.503 359.144

8.9 5.9 980.780 407.830
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Fig 9. Refraction correction test in Dagangshan hydropower station. (a) Station point on the right bank. (b)
Reference/monitoring points on the left bank.
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Table 3. Plane displacement accuracy comparison with coordinate correction.

Point MSE without MSE with uncorrected MSE when corrected MSE when corrected MSE when corrected MSE when corrected
ID refraction(mm) observations(mm) with R;(mm) with R,(mm) with R;(mm) with R,(mm)
M1 8.4 30.7 23.9 30.1 23.6 38.6
M2 7.9 162.1 179.9 173.5 189.6 195.1
M3 8.2 34.4 15.4 24.2 6.8 13.6
M4 7.4 23.6 53 15.0 7.9 18.4
M5 6.8 24.8 5.8 14.6 7.8 13.8
M6 7.0 28.4 12.9 16.9 14.5 52

https://doi.org/10.1371/journal.pone.0251281.t003
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monitoring point lacked certain rules. Then the use of multiple reference points to achieve the
better correction effect is the objective of our future research. Moreover, obtaining reliable ini-
tial coordinates of monitoring points is also crucial because it affects the accuracy of
displacements.
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