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Abstract

The 3D monitoring system based on a surveying robot and the Geomos software is widely used in the slope monitoring
of open pits. The effect of various factors, such as refraction and blasting vibration, is ortlwgahtonitoring process.

The probability of monitoring data to contajrnoss error is significantly higher than 0.3%. Thus, using the Palta criterion

as the elimination criterion of the gross error is unreasonable. In this study, the data epernmgtmonitoring were

used as the source, and the accuracy requirements Gfotthe for Engineering Survey (2007) were set as the goal of the
slope monitoring of open pits. The actual probability of the monitoring data to contain gross error was calculated through
mathematical statistics. An elimination model of gross error waslolged based on probability theory. The practicality

of the proposed model was tested\gis the practical data on the slope monitoring of open pits.
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1. Introduction

Many scholars have conducted-dapth research on
After a long period of mining, the depth and slope length oéarly warning systems for landslidgs, 2], monitoring
an open pit increase, and its slope stabitiigteriorates methods, processing methods of monitoring data, and slope
progressively. The recent local landslides at the gpeinon  stability analysi§3B8] to solve the warning problems related
mine of Qidashan in Anshan, China are shown in Figure 1. to the slope safety of open pits. The 3D monitoring and
warning system based on a surveying robot has been widely
used in slope monitorind9B13]. Figure 2 shows the
monitoring sites of the 3D monitoring system based on a
surveying robot at the opepit iron mines in Qidashan and
Dagushan. Nevertheless, the methods of gross error
elimination based on monitoring data collected by a
surveying robot have not been studied extensively. Thus,
reattime early warning systems and rapid processing of
monitoring data remailimited.

b)The secondandslidearea
Fig. 1 Local slope displacements at the ogah iron mire in
Qidashan, Anshan

a) The Dagusharopenpit iron mine
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- 2. Precision Analysis o Monitored Points

The basic d@ collected by a surveying robot includes
horizontal angle, vertical angle, and slope distance. Figure 3
shows thak; andk, are the station and back sight points, and
their coordinates are, Yi, Xk, andyie. ko iS the
azimuth ketween station poink; and back sight poink,.
Given their orientation deviation, the actual measured
azimuths#"  and/ " are not equal t0” .., «, and’

This difference has tde corrected when calculating the
direction.S is the slope distance between station pkiind
monitoring pointA.

k;) fheQidashampenpit iron mine A f
Fig. 2 Monitoring site at (a) Dagushamd (b) Qidashan opagit iron A 2 / < Y nA

mines in Anshan }__’

The rationality and practicability of using the Palta
criterion as the eliminain model of the gross error data
collected by a surveying robot are worth studying further
The Palta criterion is often used as theoretical basis for th
gross error elimination of monitoring data in various
engineering projectsfibl7]. When v;"3!, wherevy; is the Y
residual of observationd,j and! is the standard deviation, X, 1 ]
L; is referred to as the observations that contain the gro: " :
error when the error probability is assumed to be 0.3%.

However, the probabilities of the gross error of various < >
monitoring data differ because of the varying stability of Vi,
different monitoring equipment and environments. TheFig. 3. Monitoring point location

assumption that the probability of gross error is 0.3% i _ )
unscientific. Studies have found that the probability of If the vertical angle between station poiki and
monitoring data to contain gross erisrsignificantly higher monitoring point A is ", then the increment in the
than 0.3%, particularly when the 3D monitoring systemcoordinates of station poir; and monitoring poin®A are
based on a surveying robot and Geomos software is used /' ! | The coordinates of monitoring point are
under the worst climate conditions, such as severgaiculated as follows:

atmospheric refraction and blasting vibrations. Usirig!

as the elimination model of the gross error often leads tq =y +1x= X, + ¢ cos" cBs )
failure. The processed results do not meet the accuracy !

requirements of opepit slope monitoring, which s

o
v

become the bottleneck of retithe warning. Ya =Y, t1Y= Y+ 8 cog” sh 2
In this study, the precision of azimutlmd vertical
angles is analyzed using the law of error propagation. A total =" " o 'K{ K ©)
1" ™2 2

of 24 cycles of monitoring data on the Qidashan,
Yangianshan, and Dagushan of@niron mines are used as
data source. According to the accuracy requirements of the
rock landsli¢ monitoring in the Code for Engineering 5 5 5

Survey (2007), the precision of azimuths is used as thél{, =M +NT (4)
indicator of eliminating gross error. The actual probability of

observations containing gross error has been analyzed ,

Using the error propagation, we obtain

— 2
through mathematical statistics. The modé gross error My, = My, + M ®)
elimination based on monitoring data collected by a
surveying robot was developed. The practicality of thep =m? +m?  +nd ©6)
proposed model was tested Vizis the practical data of ke kat ko

slope monitoring.

. 2

m. :E+f$ms $cog / $co§#+§ g$ LY $co§#+§: f$rf};$s $cog /
#

2 2
m,,;= ¢ $cos / $cos ” +%$sin2 /! $s°$cos ” +%$sin2 " $s*$cos / )

14
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. 2 >
m §:§Ty‘3{é$m§$co§ / $sin2#+§f"€j{é$ m; $sz$sin2#+§:'y‘§.{é$ M $s°$cog /

"2
s ! #

2 2
m,.=n¢ $cos / $sin® ” +%$sin2 !/ $s°$sin® +%$cos2 " $s’$cos / (8

where# = 206265 (seconds of one radian). Because , &*#m? s°#m’

and k, are the controlling points, the station is set up by™ =z T2 #cos / (13

forced centering, which means that, , mZ , and

mil!kzmay be zero/' and "'y, «, are measured undé¢he m, reaches its maximum wheh is zero.
same observation conditions” = £ therefore, To ensure the practic_ality of the developed model, we let
) ) .1 =0. Therefore, Equatiori8) becomes
m; =2m’. The mean square error (MSE) of the monitoring
point can be expressed as foltow
m :@! s (14

Sm 2 $2m2,
ng =m;, +m;, =m:$cos / +—_—$sin’/ +3 $"22m““$co§ (9

The surveying robot can automatically be monitored
under the control of Geomos software, but the ATR function
of the surveying robot (TCA2003) must be enabled. The
maximum measuring range is 1 km so that the longest
measuring distance is 1 km of the slope distance, that is, S =
1000 m, which when substituted into Equatitd)(yields

According to the adjustment of multiplgeriod actual
monitoring data, the precision of the vertical angled
azimuth are almost the same. Therefore,

m,#m =m (10
Jam,
Substituting EquationlQ) into Equaion (9), we obtain P 10°! 0.00€ 19
s#mt  S#M 0.006
mf =m#cos / +=———+=———#cos / (12) \rd#ﬁ 103" $=08! (16)

According to the requirements of the Code for To ensure the practicality of the developed model for
Engineering Survey (2007), the MSE of rock slopemultiple observation monitoring data, the MSE of one
monitoring points should be 6 mm, which means:that observation should be smaller than or equa0®iv/n,

where n is the number of observation data.
Im|=/m’ +m? | 6mm (12

Based on the processing results of 24 cycles of- Analysis of Probability of Actual Gr oss Error

monitoring data at three opguit mines, the precision of the - ) .

10 to 15 measured values can generally be as prasise The probabilities of the azimuth and vertical angles
submillimeter. som? has limited effect on the MSEf the  containing gross errors in 24 cycles of the monitoring data
monitoring points. Equationl() can then be expressed as were calculated, as shavin Tables 1 and 2, respectively.
follow:

Table 1. Probabilities of azimuth containing gross errors

Cycle 1 2 3 4 5 6 7 8
Probability 3.2A 3.6A 4.1A 2.9A 3.3A 4.2A 2.9A 2.8A

Cycle 9 10 11 12 13 14 15 16
Probability 3.1A 3.4A 3.2A 3.8A 3.7A 3.5A 3.6A 3.4A

Cycle 17 18 19 20 21 22 23 24
Probability 3.0A 2.9A 3.3A 3.6A 3.4A 2.7A 3.3A 3.5A

Table 2. Probabilities of vertical angle contaigy gross errors

Cycle 1 2 3 4 5 6 7 8
Probability 3.7A 2.9A 3.8A 2.6A 3.4A 4.0A 3.1A 3.2A
Cycle 9 10 11 12 13 14 15 16
Probability 3.3A 3.5A 3.6A 3.5A 3.4A 3.4A 3.2A 3.6A
Cycle 17 18 19 20 21 22 23 24
Probability 3.2A 3.3A 3.0A 3.3A 3.5A 3.1A 3.5A 36A

The average of the probability of the azimuth The average of the probability of the vertical angle
containing gross errors is 3¥and the maximum is 4 4. containing gross errors is 3% and the maximum i4.0A.

15
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To ensure the practicality of theewkloped model, we use Thus, when the residuals of the azimuth and vertical
4.2% as the probability of occurrence of gross errors. angley, " 2.1/ | they are considered as the observations

containing gross errors.

4, Model of Gross Error Elimination

o . 5. Practical Test o Developed Model
The errors of the monitoring data measured by the surveying

robot include systemic and random errors. Systemic ermors e 3 shows the values of the azimuth and residual of
can .b? removed throqghiual side observation. The point 2 at the Qidashan iron mine in Anshan on Audist
remaining errors are basically randemors that follow the 5515 The average of the azimuths is 171.8712970j, the
normal  distribution.  According  to  probability - and \sg of the measured angle is 3.1&, and the MSE of the
mathematical statistics, when M($, %2), ;# N(0, 12), average of the azimuth is +0.9&. The distance is 989.25167
. ; m, and the MSE of the average of the distance is £0.09 mm.
we obtain The vertical angle is 3.02211j, and the MSE of the
average of the vertical angle is +0.7&. The MSE of the
)#$(ﬂ) (17) position on point 2 is +6.1 mm.
! According to the requirement of the Code for
Engineering Survey (2007), the MSE of the rock landslide
1 xE 1 1 . F monitoring points is £6 mm so that the E®f the point
where$ (X) =——1 e 2dt==+—=1 e 2dt position exceeds the limit. If the Palta criterion is used as
V2957 2 2™ . the elimination model, then no gross error is found in the
monitoring data, which means that the Palta criterion fails.
If the developed model is used as the elimination model, th

b#u

/

Pla<"<hb)=$(

t2
If we let H(x)=|"e"2dt. then the following equations
L.

_ 2 t2 t1o 10th monitoring datum is found to be the observation
canbe obtainede' ! 1+t +E+§+! +ﬁ' containing gross error. After it is removed, the MSE of the
According to precision requirement in this study, the firstIOOInt position be_comes +3.6 mm.
Six items are taken. so we obtain: The monitoring data of 24 cycles have been processed
! ’ using the developed model and Palta criterion. The tesul
show that the average gross error elimination rates of the

2

2 e agi=_2 H (x) =AL-0.0424¢ 0.958 two methods are 98.9% and 62.49%, respectively. The main
N2# o N2# reason why all the gross errors cannot be completely
eliminated is that the developed model is limited by the

N2/ 0.958= H(x) (18) requirements for the diffences of several observations

2 containing a residual as large as that of the Palta
criterion[18]. Figure 4 compares the gross error elimination
Solving Equation 18), we obtain x = 2.1 so that the rates of the two methods for 24 cycles of the monitoring
model of gross error elimination for the azimuth and verticadata. The model has to be further studied and improved i
angle measured by the surveying robot may be described fure research. Nevertheless, the superior practicability of
follow: the developed model to that of the Palta criterion has been
tested in 24 cyclesf monitoring déa.

v 2.0 (19

Table 3. Values ofazimuth and residual of point

Number of observation set 1 2 3 4 5 6
Azimuth (degree) 171.8702736 171.8711482 171.8705413 171.8714427 171.8707636 171.8708821
Correction (second) £8.7 £0.5 ’.7 0.5 BL.9 BL.5
Number of observation set 7 8 9 10 11 12
Azimuth (degree) 171.8711646 171.8715540 171.8715199 171.8736357 171.8710978 171.8719406
Correction (second) £0.5 0.2 0.1 8.4 £80.7 2.3

B the developed model

0 the Paiita criterion

Cycles

Fig. 4 Comparison of gross error elimination rates of 24 cycles of monitoring data of two methods
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6. Conclusions 3)This study proves the feasibility of the modeling
method with the actual monitoring data as the datarce

A total of 24 cycles of the monitoring data on the op#n and the accuracy requirements of the monitoring data as the
iron mines inQidashan, Yangianshan, and Dagushan wer@oal. This method can overcome the limitations of modeling
analyzed. The accuracy requirements of the Code fohethods based on the assumed probability of gross errors
Engineering Survey (2007) were set as the goal of the slog#d lay the foundation for the rapid processing of monitoring
monitoring of the open pit. The actual probability of thedata and arly reattime warnings.
monitoring data containing gross error wadaulate However, the elimination rate of gross error of the_
through the use of mathematical statistics. An eliminatiorfieéveloped model cannot reach 100% because the model is
model of the gross error was also developed based diinited by the requirements of the differences of several
through the use of mathematical statistics. An eliminatiorPbservations containing a residual as large as that of the
model of the gross error was also developed based dralta aiterion. Therefore, this model should be further
probability theory. Theracticability of the model was tested improved in the future.
using the actual monitoring data. The main conclusions are
as follows:

1)The probability of the gross errors of the monitoring
?haa:i og_?£ e?):gabzee Sg;viﬁggbriﬁg/m c;? st;?: Ifﬁir:g:rl]%he[rhe authors are grateful for the support provided by the
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equipment and cqmplexny of the chgng!ng .Survey41371437), Projects of International Cooperation and
environment. For this reason, the Palta criterion is not ElExchanges NSFC (Nos. 51250110531 and 51350110534)
suitable model of gross error elimination. ajor State Basic Research Development Program (No.

2)The elimination model of the gross error is develope
based on the actual prdbkty of gross errors of the P?;fg]ii?gogl’ d St%tioeﬁ/)ilrorﬁz%rtatorlgro?éctic;ﬁ()ha(zl\?éd
monitoring data collected by the surveying robot. The R N :
practicability of the model is tested against actuaISKLGP2012K009)’ and 0985 ProjectO of Northeastern
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