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Abstract

To examine the deformation behavior and failure mechanisms of large-scale mine chutes
under complex service conditions, we performed multiple C-ALS three-dimensional laser
scanning surveys on the 1#, 2# and 3# chutes at an iron mine in Anhui Province. The results
showed that all three chutes had severe non-uniform expansion, with maximum diameters
of 12.2 m, 14.8 m and 16.9 m, respectively. The maximum annual wear rates during the
detection period were 2.4 m, 6.0 m and 2.5 m, respectively. The failure of the chutes
was mainly caused by local block collapse drops, influenced by the joints and fissures of
the surrounding rock, and the wear showed significant discontinuous and non-uniform
characteristics. Based on the detection data, a three-peak Gaussian model is established
to describe the nonlinear distribution of the expansion along depth, with peak centers
located at −462 m, −497 m and −520 m. By comparing linear and exponential models, it is
determined that the expansion exhibits a linear evolution trend with time. Based on the
maximum diameter and annual wear rate, we estimate the remaining safe service life of
each chute, and provide the confidence interval for the expansion value at a 90% confidence
level (such as [1.31 m, 4.83 m] at −520 m). Research shows that high-precision 3D laser
scanning can effectively reveal the deformation and evolution laws inside the chute. It
is recommended to immediately take reinforcement measures for chute 2 and establish
a dynamic monitoring system for the common weak zone between −480 m and −520 m.
Research on the evolution of surrounding rock fractures should be carried out to provide a
scientific basis for chute life assessment and risk control.

Keywords: chute; 3D laser scanning; wall expansion; wear rate; remaining service
life prediction

1. Introduction
The function and service environment of the ore chute: As a key structure in the

mining production system, the ore chute primarily undertakes the efficient transportation
of ore and waste rock and has the advantages of continuous operation, strong transporta-
tion capacity, and a high space utilization rate [1]. However, its service environment is
extremely complex and harsh [2]. During prolonged operation, the wellbore interior is
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subjected not only to high-frequency, high-intensity ore impacts and abrasion, but also to
adverse geological conditions, including rock fragmentation, severe ground pressure, and
extensively developed joint networks [3,4]. This multi-factor coupled service environment
poses serious problems of wear, expansion, and stability to the chute structure, which in
turn affect the safety and production efficiency of the entire mine [5].

Taking the 1#, 2# and 3# main shafts of a large iron mine in Anhui Province as an
example, serious structural damage has occurred during long-term service. The 3D laser
scanning detection results show that the local expansion of the three shafts is extremely
significant, with maximum diameters of 12.2 m, 14.8 m and 16.9 m, far exceeding the
original design section. Among them, the expansion value of the 2# chute at −520 m is
as high as 5.0 m, and the annual wear rate is 6.0 m. With the development of expansion,
the surrounding rock undergoes local block collapse under the influence of joint fissures,
further exacerbating the instability of the wellbore structure [6]. This type of deformation
and damage problem has seriously threatened the normal use of the chute, resulting
in a significant reduction in its design service life [7,8]. Therefore, it is urgent to adopt
high-precision detection methods to systematically obtain the three-dimensional shape
changes inside the wellbore, and based on this, conduct expansion trend prediction and life
evaluation, providing a basis for stability judgment and reinforcement decision-making.

The C-ALS 3D laser scanning system, as a portable device dedicated to underground
space exploration, can quickly obtain high-precision point cloud data without touching
the wellbore wall and generate a 3D model of the interior of the chute and a horizontal
cross-section map at any depth, and is suitable for quantitative analysis of chute defor-
mation, expansion, and wear [9–11]. By using this technology to conduct multi-stage
on-site inspections of the 1#, 2# and 3# chutes of the iron mine, key data such as the
three-dimensional shape changes, expansion range, and wear rate inside the shaft can be
accurately obtained [12], revealing the evolution law of non-uniform wear of the shafts and
the characteristics of non-uniform wear influenced by joint fissures [13,14]. This provides
a scientific basis for evaluating the stability of the shaft structure and identifying weak
areas of the surrounding rock, effectively guiding subsequent reinforcement design and
maintenance decisions [15].

Based on this, this article takes the 1#, 2# and 3# ore shafts of the iron mine as the
research object, and uses the C-ALS three-dimensional laser scanning system to carry
out multi-stage on-site inspections. The aim is to systematically grasp the deformation
characteristics and spatial distribution laws of the three shafts, and focus on the following
prediction research: firstly, to construct a three peak Gaussian model to reveal the nonlinear
spatial distribution law of the expansion value along depth, and to achieve expansion
prediction at any depth within the range of 440 m to 540 m [16]. The second is based on
the four-phase detection data of the 3# chute, comparing linear and exponential models to
determine the dominant trend of brush expansion over time [17]. Thirdly, by combining
the set limit diameter with the annual wear rate of each chute, quantitatively estimate the
remaining safe service life and identify key chutes that urgently need reinforcement [18].
The fourth is to introduce confidence interval methods to quantify the uncertainty of
expansion prediction and provide risk boundaries for engineering decision-making [19].
The research results can provide systematic engineering reference and data support for
the stability evaluation of the chute structure, optimization of reinforcement schemes,
deployment of dynamic monitoring systems, and life assessment [20].
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2. Project Overview and Testing Methods
2.1. Project Overview and Chute Descriptions

This iron mine is a large underground mine in Anhui Province, see Figure 1a,b, which
adopts a main chute system [21] to undertake the centralized transportation of ore and
rock, see Figure 1c. This study focuses on the deformation detection and failure mechanism
analysis of three main shafts, namely 1#, 2# and 3#, in the mine. All three chutes serve the
main production stage of the mine, with the 3# chute connected to the −525 m horizontal
roadway, through which the ore and rock at this level are primarily transported [22].

Figure 1. Relationship between geographic location and bottom position of the chute: (a) geographic
location; (b) geomorphology; (c) position relationship of the chute.

According to the detection data, the depth range of the three chutes is roughly from
−440 m to −550 m. In terms of specific service life, previous documents indicate that
as of the inspection in 2014, the remaining design service life of 3# chute is 21 years [23].
The specific initial usage time of the 1# and 2# chutes is not clearly listed, but from the
inspection time nodes (2013–2014) and wear degree, it can be seen that the chutes had
been put into use until the first inspection, showing varying degrees of expansion and
deformation [24].

The surrounding rock conditions where the chute is located are relatively com-
plex, with developed joints and fissures, resulting in significant unevenness in wellbore
wear, mainly characterized by local block collapse drops rather than continuous uniform
wear [25,26]. This geological background is a key factor in influencing the failure mode
and evolution process of the chute. The significant role of geological structure in ore pass
failures has been widely recognized in previous studies [27].

2.2. Testing Methods and Equipment

This study used the C-ALS 3D laser scanning system to perform underground 3D
shape scanning of the 1#, 2# and 3# chutes of the iron mine. C-ALS is a portable 3D laser
scanning device specifically designed for underground space exploration; see Figure 2. It
can generate a 3D model of the chute interior and horizontal cross-sections at any depth.
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This system is suitable for quantitative analysis of chute deformation, expansion, and
wear [11,28,29].

Figure 2. Equipment diagram: (A) Scanning method, (B) principle of 3D laser detection,
(C) C-ALS scanning rod, (D) C-ALS scanning head, (E) horizontal scanning method, (F) vertical
scanning method.

The detection-time nodes for the three chutes are as follows:
The 1# chute: Two inspections were conducted, one on August 3, 2013 (first) and the

other on 23 October 2014 (second).
The 2# chute: Two inspections were conducted, one on December 30, 2013 (the first)

and the other on 23 October 2014 (the second).
The 3# chute: Four inspections were conducted from August 2013 to October 2014,

with specific inspection dates of 3 August 2013 (first inspection), 30 December 2013 (second
inspection), 12 May 2014 (third inspection), and 23 October 2014 (fourth inspection) [30].

After each inspection, the system generates cross-sectional views of the wellbore at
various depth levels (such as −440 m, −445 m, −450 m. . . −550 m, etc.), and displays
them in the same proportion and uniform direction (with the chute orientation pointing
directly above the image), facilitating intuitive comparison of inspection results at different
times [31]. The maximum diameter and expansion value of all cross-sections are based
on the last test result, and the expansion value refers to the change in the maximum wear
position at each level during the two tests [32]; see Figure 3.
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Figure 3. Method flow chart.

3. Inspection Results of the Chute
3.1. The 1# Chute

According to the results of two C-ALS 3D laser scanning inspections (on 3 August
2013 and 23 October 2014), (see Figure 4), the 1# chute shaft experienced varying degrees of
expansion and deformation at different depth levels [9]. The maximum diameter appears at
the −520 m level, reaching 12.2 m, far exceeding the original design cross-section. During
the time span of the two inspections (approximately 14.7 months), there was significant
local expansion of the wellbore, with the most severe expansion occurring at the −520 m
level, with a maximum expansion of 2.8 m. Based on this calculation, the maximum annual
wear rate of the 1# chute is approximately 2.4 m [33].

From the cross-sectional morphology, see Figure 5, the wear of the 1# chute is not
uniformly distributed, but exhibits obvious local block collapse drop characteristics, influ-
enced by the joints and fissures of the surrounding rock [25,34]. Within the depth range of
−440 m to −550 m, multiple horizontal sections exhibit irregular expansion patterns, which
are particularly prominent around −520 m [35]. The detailed test results are summarized
in Table 1.

The detailed cross-sectional information of the two inspections of the 1# chute is as
follows (all cross-sections are uniformly pointed towards the top of the picture in the
direction of the chute, and all pictures are displayed at the same scale for comparison).
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Figure 4. The 1# shaft inspection results: (a) first time on 3 August 2013 and (b) second time on 23
October 2014.

Table 1. Summary of inspection results for 1# chute.

Position −440 m −445 m −450 m −455 m

Diameter (Max) 4.0 m 7.0 m 6.7 m 8.4 m
Expansion value 0.5 m 1.0 m 0.5 m 0.7 m

Position −460 m −465 m −470 m −475 m

Diameter (Max) 9.1 m 7.7 m 7.6 m 8.0 m
Expansion value 1.7 m 0.9 m 0.5 m 1.2 m

Position −480 m −485 m −490 m −495 m

Diameter (Max) 9.6 m 10.3 m 9.5 m 9.8 m
Expansion value 1.7 m 1.0 m 1.6 m 1.7 m

Position −500 m −505 m −510 m −515 m

Diameter (Max) 10.1 m 9.2 m 10.4 m 12.0 m
Expansion value 1.5 m 1.0 m 0.5 m 1.8 m

Position −520 m −525 m −530 m −535 m

Diameter (Max) 12.2 m 11.9 m 10.1 m 9.2 m
Expansion value 2.8 m 1.4 m 1.0 m 1.8 m

Position −540 m −545 m −550 m

Diameter (Max) 9.9 m 7.7 m 5.5 m
Expansion value 1.6 m

Note: The maximum diameter is based on the last test result, and the expanded brush value refers to the value of
the maximum wear position at each level during the two tests.
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Figure 5. The 1# comparison of cross-sectional data before and after shaft inspection.

Analysis of the two inspections of the 1# chute shows that the maximum diameter
occurs at the −520 m level, with a maximum diameter of 12.2 m. During the time span
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of the two inspections (3 August 2013–23 October 2014), varying degrees of expansion
occurred in the shaft. Among them, the maximum expansion value reached 2.8 m at
−520 m, and the maximum annual wear rate during the inspection period was 2.4 m [33].

3.2. The 2# Chute

The 2# chute underwent two inspections (on 30 December 2013 and 23 October 2014),
see Figure 6, and the inspection results showed that its deformation degree was the most
severe among the three [9]. The maximum diameter is located at the −515 m level, reaching
14.8 m. During the time span of the two inspections (approximately 9.8 months), the
maximum expansion of the brush at the −520 m level reached 5.0 m, and the annual wear
rate was as high as 6.0 m, significantly higher than that of the 1# chute [36,37].

Figure 6. The 2# shaft inspection results (a) first time on 30 December 2013 and (b) second time on
23 October 2014.

From the analysis of cross-sectional morphology, the expansion of the 2# chute also
exhibits non-uniform characteristics influenced by joint fissures [25,34], and some horizon-
tal depths (such as −455 m, −480 m, etc.) also show significant expansion values (3.4 m
and 2.2 m, respectively). Overall, the structural stability of the 2# chute is the worst, with
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the fastest wear rate, and reinforcement measures are urgently needed to prevent further
deterioration [38,39]; see Figure 7. The detailed test results are summarized in Table 2.

Figure 7. The 2# comparison of cross-sectional data before and after shaft inspection.
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Table 2. Summary of inspection results for 2# chute.

Position −440 m −445 m −450 m −455 m

Diameter (Max) 6.7 m 5.6 m 9.8 m 9.9 m
Expansion value 0.5 m 0.2 m 1.6 m 3.4 m

Position −460 m −465 m −470 m −475 m

Diameter (Max) 9.5 m 9.6 m 9.1 m 10.7 m
Expansion value 3.0 m 2.0 m 1.8 m 2.2 m

Position −480 m −485 m −490 m −495 m

Diameter (Max) 12.7 m 10.7 m 10.3 m 10.1 m
Expansion value 2.5 m 2.9 m 4.0 m 2.1 m

Position −500 m −505 m −510 m −515 m

Diameter (Max) 12.1 m 12.0 m 12.1 m 14.8 m
Expansion value 4.7 m 3.9 m 2.9 m 4.7 m

Position −520 m −525 m −530 m −535 m

Diameter (Max) 14.0 m 10.9 m 10.8 m 12.1 m
Expansion value 5.0 m 2.9 m 2.6 m 3.0 m

Position −540 m

Diameter (Max) 10.1 m
Expansion value 3.0 m

Note: The maximum diameter is based on the last test result, and the expanded brush value refers to the value of
the maximum wear position at each level during the two tests.

The detailed cross-sectional information of the two inspections of the 2# chute is as
follows. (All cross-sections are uniformly pointed towards the top of the picture in the
direction of the chute, and all pictures are displayed at the same scale for comparison).

Through the analysis of the results of two inspections of the 2# chute, the maximum
diameter of the chute shaft was located at the −515 m level, with a maximum diameter of
14.8 m. During the time span of the two inspections (30 December 2013 to 23 October 2014),
varying degrees of expansion occurred in the shaft. Among them, at −520 m, the maximum
expansion value reached 5.0 m, and the maximum annual wear rate was 6.0 m [36,37].

3.3. The 3# Chute

The 3# chute underwent four inspections (on 3 August 2013, 30 December 2013,
12 May 2014 and 23 October 2014), see Figure 8, covering a period of approximately
14.7 months. The maximum diameter is also located at the −485 m level, reaching 16.9 m.
The maximum brush expansion occurs at the −480 m level, with a brush expansion value
of 3.1 m and a maximum annual wear rate of 2.5 m [40].

As noted in Section 2.1, the 3# chute serves the −525 m level. The test results show
that the wellbore walls at −525 m and below are mainly affected by the friction of the ore,
and the expansion phenomenon is not obvious, which will not have a significant impact on
the production level of the lower part temporarily. However, due to the cutting effect of
rock joints and fissures [41,42], the overall wear of the wellbore still exhibits non-uniform
characteristics, and there is a risk of block collapses falling in some areas [25,34]. The
occasional occurrence of large rock blocks during the mining process also confirms this [26];
see Figure 9. The detailed test results are summarized in Table 3.

The detailed cross-sectional information of the 3# chute is shown below. (All cross-
sections are uniformly oriented towards the top of the picture in the direction of the chute,
and all pictures are displayed at the same scale for comparison).

Through the analysis of the four inspection results of the 3# chute, the maximum
diameter of the chute shaft is located at the −485 m level, with a maximum diameter of
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16.9 m. During the time span of the four inspections (3 August 2013–23 October 2014),
varying degrees of expansion occurred in the shaft. Among them, at −480 m, the maximum
expansion value reached 3.1 m, and the maximum annual wear rate was 2.5 m [36,37,40].

Figure 8. The 3# shaft inspection results: (a) first inspection on 3 August 2013; (b) second inspection
on 30 December 2013; (c) third inspection on 12 May 2014; (d) fourth inspection on 23 October 2014.
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Figure 9. The 3# comparison of cross-sectional data before and after shaft inspection.
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Table 3. Summary of inspection results for 3# chute.

Position −440 m −445 m −450 m −455 m

Diameter (Max) 5.6 m 6.5 m 7.6 m 9.8 m
expansion value 0.5 m 0.6 m 2.0 m 1.6 m

Position −460 m −465 m −470 m −475 m

Diameter (Max) 9.0 m 11.3 m 12.1 m 14.3 m
expansion value 1.6 m 2.3 m 1.1 m 1.5 m

Position −480 m −485 m −490 m −495 m

Diameter (Max) 14.6 m 16.9 m 12.4 m 12.7 m
expansion value 3.1 m 2.5 m 2.3 m 1.9 m

Position −500 m −505 m −510 m −515 m

Diameter (Max) 12.4 m 10.3 m 8.2 m 7.2 m
expansion value 1.8 m 1.6 m 0.9 m 0.8 m

Position −520 m −525 m −530 m −535 m

Diameter (Max) 7.3 m 9.1 m 8.5 m 7.2 m
expansion value 0.4 m 1.2 m 1.2 m 1.1 m

Position −540 m

Diameter (Max) 6.9 m
expansion value 0.8 m

Note: The maximum diameter is based on the last test result, and the expanded brush value refers to the value of
the maximum wear position at each level during the two tests.

The 3# chute is connected to the −525 m level, and after the main production stage
enters the −525 m level, the ore and rock at this level will be transported from there. At
present, the wellbore wall of the −525 m level and below is mainly affected by the friction
of the ore, and the expansion phenomenon is not obvious (see the profile diagram of
−525 m and below mentioned above), which will not have an impact on the lower −525 m
level for the time being [41,42].

Due to cracks and joints in the surrounding rock, the wear is relatively uneven. It
is not a continuous uniform wear, but a sudden drop of rock blocks in some weak areas.
This can be verified by the occasional occurrence of large rock blocks during the mining
process [25,26,34].

4. Analysis and Prediction of Chute Detection
4.1. Section and Shape Analysis

By comparing and analyzing the cross-sectional views of three chutes at different
depths (−440 m to −550 m), all sections are uniformly oriented towards the top of the
picture in the direction of the chute and displayed at the same scale. The following common
conclusions can be drawn:

Uneven wear and tear: The wear and tear of the chute shaft is not continuous and
uniform, but concentrated in local weak areas, manifested as block collapses, that are
influenced by the joints and fissures of the surrounding rock [25,34,43].

Concentrated expansion positions: The maximum expansion position is mostly con-
centrated in the range of −480 m to −520 m, which may be related to the poor quality of
the surrounding rock, joint development, or high frequency of ore rock impact within this
depth range [36,44,45].

There is a significant difference in wear rate among the three shafts: the annual wear
rate of shaft 2 (6.0 m) is much higher than that of shaft 1 (2.4 m) and shaft 3 (2.5 m),
indicating that its surrounding rock conditions or service strength are more severe [9,36].
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Through the C-ALS 3D laser scanning system, a full stage scanning inspection was
conducted on the 1#, 2# and 3# chutes, which accurately obtained the 3D morphological
changes inside the chutes (Figure 10). All three shafts have undergone significant defor-
mation, with a maximum diameter of 16.9 m and an annual wear rate of up to 6.0 m
(Figures 11 and 12). The test results indicate that the damage to the chute is mainly affected
by the block-shaped falling formed by the downward erosion and rebound of the ore during
this impact (Figure 13). By comparing the test results and analysis of three chutes, data
support was provided for the subsequent stability evaluation and reinforcement design of
the chutes (Figure 14) [46].

Figure 10. Maximum diameter of each chute (m).

Figure 11. Expansion value of each chute (m).

4.2. Prediction of Cross-Sectional Morphology

Let the absolute depth value x = −Depth (unit: m, positive value), and the expansion
value E (x).

Because there are roughly three main concentrated areas of spreading in each set of
data, the superposition of three Gaussian peaks is adopted; refer to Formula (1) [16,47]:

E(x) =A1· exp(− (x−µ1)
2

2δ1
2 ) + A2· exp(− (x−µ2)

2

2δ2
2 ) + A3· exp

(
− (x−µ3)

2

2δ3
2

)
(1)

among which
E(x) = predicted expansion value (m).
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Ai: Peak height.
µi: Peak center depth (m).
δi: Peak width.

 

Figure 12. Heat map of expansion values.

Figure 13. Distribution map of expansion values for each chute (1#, 2#, 3#) in different depth
intervals (m).
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Figure 14. Comprehensive comparison chart of maximum diameter and expansion value of
each chute.

Based on the expansion values of shafts 1#, 2#, and 3# at the same depth, the miss-
ing values in each shaft’s data are first removed, and the arithmetic mean of the expan-
sion values of shafts 1#, 2#, and 3# at the same depth is taken to obtain a comprehen-
sive expansion value sequence. On this basis, three main peak intervals (approximately
462 m, 497 m and 520 m) were identified, and a model with three peak Gaussian functions
superimposed on a constant baseline was used for fitting. By adjusting the amplitude,
center position, and width parameters of each peak, the predicted values were as close as
possible to the measured comprehensive mean. Finally, a brush expansion value prediction
formula applicable to the depth range of 440 m to 540 m was established [48].

In the model validation, the fitted prediction formula was substituted into a typical
depth (such as 500 m) for calculation, and it was found that the preliminary predicted value
was slightly higher than the measured comprehensive mean. Therefore, the amplitude,
width parameters, and baseline values of the three Gaussian peaks were fine-tuned. Finally,
an empirical formula containing a constant baseline of 0.5 and three Gaussian terms was
determined, with peak centers located at −462 m, −497 m and −520 m, respectively, which
can comprehensively reflect the three chutes’ expansion pattern and be used for predicting
expansion values at any position within the depth range of 440 m to 540 m; refer to
Formula (2) [16,47,48].

E(x) = 0.5 + 1.0· exp

(
− (x − 462)2

2·182

)
+ 1.3· exp

(
− (x − 497)2

2·142

)
+ 1.4· exp

(
− (x − 520)2

2·102

)
(2)

Among them: x = absolute depth value (m, for example, 460 is taken as −460 m).
E(x) = predicted expansion value (m).
This model can predict the average expansion value at any depth within the range of

−440 m~−540 m, integrating the rules of three chutes [16,47].

4.3. Analysis of Prediction Results

Based on multi-period 3D laser scanning detection data, this section further constructs
a time evolution model, residual life prediction method, and probability confidence interval
for the expansion of the chute, providing a quantitative basis for the dynamic evaluation
and maintenance decision-making of the chute [47–49].
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4.3.1. Time Evolution Prediction: Comparison Between Exponential and Linear Models

Taking the 3# chute with the highest number of detections as an example (a total of
four detections, spanning from August 2013 to October 2014), select the depth level with
the most significant expansion (such as −480 m), and record the maximum expansion
value E (t) for each period. Assuming the initial detection time is t0 with expansion E0, and
subsequent times ti with expansions Ei, a linear model Formula (3) is used [47]:

E(t) = a · t + b (3)

The exponential model Formula (4) was also tested: [50,51]

E(t) = c·ek·t + d (4)

where a, b, c, k and d are undetermined parameters, which can be obtained by fitting the
measured data. Determine the parameters using the least squares method and compare
the goodness of fit (R2) and residual distribution of the two models. The results showed
that the expansion of the 3# chute at −480 m was more consistent with a linear growth
trend, with an annual growth rate of about 2.5 m/year, while the exponential model did
not show significant acceleration characteristics, indicating that the current stage of wear
is dominated by mechanical friction and local block drops and has not yet entered the
unstable acceleration stage [42,43,47].

4.3.2. Remaining Life Prediction: Safety Life Estimation Based on Extreme Diameter

The safe-limit diameter for the use of the chute is defined as Dlim. Based on engi-
neering experience and structural stability requirements, Dlim = 16 m (the original design
section is approximately 6 m) [36,44,52]. Assuming the current maximum diameter is Dcurr
and the annual wear rate is v (unit: m/year), the remaining safe service life Trem can be
estimated by the following Formula (5):

Trem =
Dlim − Dcurr

v
(5)

Dlim: Safety-limit diameter for chute use.
Dcurr: Current maximum diameter.
v: Annual wear rate.
Trem: Remaining safe service life.
Taking the 2# chute as an example, the current maximum diameter is 14.8 m

(−515 m horizontal), and the annual wear rate is v = 6.0 m/year [9,36]. Substituting
the above equation yields, refer to Formula (6).

Trem, 2 =
16.0 − 14.8

6.0
≈ 0.2 a (6)

That is about 2.4 months. Considering that the expansion of the chute at −520 m has
reached 5.0 m, and the actual local diameter may have approached or exceeded 16 m, there
is a high risk of sudden instability. It is recommended to immediately stop using it or take
high-strength reinforcement measures [53].

For the 1# and 3# chutes’ remaining lifetimes, refer to Formulas (7) and (8):

Trem, 1 =
16.0 − 12.2

2.4
≈ 1.58 a (7)

Trem, 3 =
16.0 − 16.9

2.5
≈ − 0.36 a (8)
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It is worth noting that, upon data verification, the maximum diameter of chute No.3 at
the −485 m level has reached 16.9 m, exceeding the prescribed safe limit diameter of 16 m.
Its nominal remaining service life is negative, indicating that the chute is in an over-limit
state. Accordingly, it shall be assigned the highest priority, and high-strength reinforcement
or suspension of service shall be implemented immediately, rather than continuing routine
monitoring [36,44].

These results indicate that the surrounding rock dimensions should be re-evaluated
using rock mechanics, and the limit values are empirical and may differ in other projects.
When these values are referenced in other engineering practices, optimization design
should be carried out based on the actual situation.

4.3.3. Probability Prediction: Estimation of Confidence Interval for Expanding Brush Value

To quantify the uncertainty of the expansion prediction, based on the expansion
value samples of three chutes at the same depth, we calculate the mean

_
E(x) and stan-

dard deviation σ(x) at each depth level. Assuming that the expansion values follow a
normal distribution [50,54], the (1 − α) × 100% confidence interval at a certain depth x is
Formula (9).

[
_
E(x)− zα/2·

σ(x)√
x

,
_
E(x)+zα/2·

σ(x)√
x

] (9)

n: Sample size (total number of chute cases, 3).
α: Significance level.
Zα/2: The (upper) quantile of the standard normal distribution.
1 − a: Confidence level.

Here, n = 3 represents the number of chutes, and zα/2 is the quantile of the
standard normal distribution (e.g., when α = 0.1, z0.05 = 1.645, corresponding to a
90% confidence interval).

Taking the −520 m depth as an example, the expansion values of the three shafts
are 2.8 m, 5.0 m and 1.4 m, respectively. The calculated

_
E is 3.07 and σ is 1.85 m. The

90% confidence interval is as follows:

[ 3.07 − 1.645·1.85√
3

, 3.07 + 1.645·1.85√
3

] ≈ [1.31, 4.83]m (10)

This interval reflects the statistical fluctuation range of the expansion value of the chute
at −520 m, which can provide a risk boundary for engineering decision-making [47,54].

4.3.4. Suggestions for Comprehensive Prediction Process

In summary, it is recommended to establish a dynamic and quantitative process for
predicting and evaluating the expansion of the chute in practical engineering. Firstly,
based on multi-period 3D laser scanning data, the critical depth range with the most
severe expansion (such as −480 m to −520 m) should be accurately extracted, and the
evolution trend of expansion should be judged according to the time series. The appropriate
form should be selected between linear and exponential models [47,50]. On this basis,
combined with the set limit diameter (such as 16 m) and the current maximum annual
wear rate, estimate the remaining safe service life of each chute [36,44]. At the same time,
the expansion value samples of multiple chutes at the same depth should be used to
calculate their mean and standard deviation, and then provide a confidence interval for the
expansion value at a certain confidence level (such as 90%) to quantify the uncertainty of
the prediction [47,54]. As the number of detections increases, it is necessary to continuously
update the model parameters and prediction results to achieve a closed-loop system of
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monitoring, modeling, prediction, and update, providing a scientific basis for the priority
ranking and risk control of the reinforcement of the chute [11,28,29].

5. Discussion
From the perspective of the wear rate, the 2# chute has expanded by 5.0 m in less

than 10 months, with an annual wear rate of up to 6.0 m [9,36], while the 3# chute, with a
maximum diameter of 16.9 m, has an annual wear rate of only 2.5 m and a remaining design
life of 21 years (based on 2014) [23]. This stark contrast indicates that the wear rate is the
key indicator determining whether the chute can reach its designed service life, rather than
simply the maximum diameter. If reinforcement measures are not taken for the 2# chute
and its current wear rate continues, its diameter at −520 m will exceed the safety threshold
of 16 m within 1 to 2 years, posing a serious risk of failure [36,38,44]. Therefore, the wear
rate must be comprehensively evaluated based on the surrounding rock conditions, service
strength, and reinforcement measures [3,5,25].

From the perspective of spatial distribution, the deformation of the chute shows obvi-
ous unevenness, with the maximum expansion location concentrated near three depths
of −462 m, −497 m and −520 m, corresponding to the three peak centers of the Gaussian
model, indicating that the above intervals are the common weak zones of the chute struc-
ture [16,40,47]. Among them, the range of −480 m to −520 m is particularly prominent,
which is speculated to be related to the poor quality of the surrounding rock, dense joints,
or high frequency of mineral rock impact within this depth range [25,34,36]. The expansion
prediction formula established through the three-peak Gaussian model can effectively
reflect the nonlinear multimodal distribution of expansion along depth in the range of
−440 m to −540 m, and the predicted values have good consistency with the measured
comprehensive mean [16,47,48].

It is worth noting that although the three chutes show obvious common characteris-
tics at the peak of expansion, individual differences are also significant. The expansion
amplitude of the 2# chute at −520 m is much higher than that of the 1# and 3# chutes,
indicating that even in the same geological environment and depth range, local differences
in surrounding rock conditions or service strength can still have a significant amplifi-
cation effect on the expansion amplitude [16,36,44]. This discovery suggests that in the
design and reinforcement of chutes, unified management should not only be based on
depth intervals, but also differentiated assessments of the actual service status of each
chute, and the −480 m to −520 m interval should be the focus of monitoring and manage-
ment [16,40,47,55,56].

The innovation and contribution of this study are as follows. Firstly, at the level of
data acquisition, unlike most studies that rely on theoretical analysis, numerical simulation,
or indirect measurement, this study used a C-ALS portable 3D laser scanning system
to conduct on-site measurements of the actual cross-sectional profiles and high-density
point cloud data of three in-service large chutes, overcoming the objective difficulty of
direct contact measurement for such vertically constrained structures. Secondly, at the
spatial modeling level, this study proposes a three-peak Gaussian superposition model
to describe the non-uniform and multimodal distribution characteristics of the expansion
amount along depth, breaking through the common assumption of uniform wear or
empirical linear contour in previous research, and providing a new mathematical tool
for the quantitative characterization of the deformation of the chute. Thirdly, at the level
of time evolution, using the four-phase detection data of the 3# chute, the fitting effect
of the linear model and the exponential model was quantitatively compared, confirming
that the current wear stage is still in the linear growth interval. This conclusion directly
serves the formulation and priority ranking of maintenance plans. Fourthly, at the level of
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engineering decision-making, an integrated probabilistic life prediction framework was
constructed by combining deterministic residual life estimation based on limit diameter
with uncertainty quantification (confidence interval) based on three chute samples. This
framework provides a more comprehensive risk boundary and decision support than the
commonly used single value prediction in the literature.

It should be acknowledged that the present study lacks systematic quantitative charac-
terization of discontinuities (e.g., orientation, spacing, persistence, RQD, and RMR/Q/GSI)
and in situ stress data. Consequently, the interpretation that the observed non-uniform
wear is controlled by joints and fissures remains a working hypothesis based on defor-
mation phenomena, rather than a rigorously validated conclusion. To further verify this
mechanism, future work should include systematic discontinuity mapping, rock mass
classification, and numerical modeling incorporating a discrete fracture network (DFN)
coupled with continuum–discontinuum methods, following the approach of Esmaieli [57].

6. Conclusions and Suggestions
6.1. Conclusions

Through multi-stage C-ALS 3D laser scanning detection and comparative analysis of
the 1#, 2# and 3# chutes of the iron mine, the following main conclusions are drawn:

Severe deformation: Significant wellbore expansion and non-uniform deformation
occurred in all three chutes. Among them, the maximum diameter of the 1#, 2# and 3#
chutes reached 16.9 m (located at the −485 m level), far exceeding the original design
section, indicating that the structure of the chutes has been severely damaged.

During the inspection period, the maximum annual wear rates of the three shafts
were 2.4 m, 6.0 m and 2.5 m, respectively. The wear rate of shaft 2 was significantly
higher than those of the other two shafts, indicating that its surrounding rock conditions or
service loads were more severe, with the highest risk of damage, and urgent reinforcement
was needed.

The damage mechanism is influenced by joint fissures: the expansion of the chute is
mainly manifested as local block collapses falling, rather than continuous and uniform
wear. The cross-sectional maps at various depths show that the expansion is mostly
concentrated in the weak areas in zones with well-developed joints and fissures, indicating
that the structural planes of the surrounding rock are the key factors influencing the failure
mode and evolution process of the chute. It should be noted that this interpretation is
presently proposed as a working hypothesis based on observed deformation phenomena,
and further site-specific discontinuity mapping and numerical modeling are required for
rigorous verification.

Parts of the sections are relatively stable. Taking the 3# chute as an example, the
level of −525 m and below mainly bears the frictional effect of the ore, and the expansion
phenomenon is not obvious, indicating that there are differences in the failure modes at
different depth levels, and the wear rate of the friction-dominated section is relatively low.

In terms of prediction, the expansion depth of the three chutes is concentrated near
−462 m, −497 m and −520 m, forming a common weak zone that should be monitored
and reinforced as a key area. The expansion shows a non-linear multimodal distribution
pattern along depth, and the predicted values are in good agreement with the measured
mean. Although the peak position of expansion is similar, the expansion amplitude of the
2# chute at −520 m is much higher than that of the 1# and 3# chutes, indicating a significant
amplification effect of differences in the surrounding rock or service conditions.
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6.2. Suggestions

Based on the above conclusion, the following suggestions are proposed for the sub-
sequent operation and maintenance of the iron ore slide. Firstly, for the most severely
deformed 3# chute, systematic reinforcement measures such as anchor spraying, steel
lining, or grouting should be taken immediately to prevent sudden instability. Secondly, it
is recommended to install a dynamic monitoring system that integrates 3D laser scanning
and displacement sensors, focusing on monitoring the common weak zone from −480 m
to −520 m, to achieve real-time feedback on wellbore deformation and surrounding rock
stability. Finally, further research should be conducted on the evolution of rock joints and
fractures, combined with geological radar and other methods to reveal the coupling mecha-
nism of impact friction fracture propagation, providing a theoretical basis for predicting
the life of the chute and evaluating its long-term stability.
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