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ABSTRACT

The accuracy of positional data in cadastral mapping is crucial for various technical activities
within the cadastre and related decision-making processes. With digital maps becoming ubiquitous
in cadastral operations, assessing the positional accuracy of cadastral maps digitised from stable
cadastre systems has become essential. These maps, categorised as DKM and KMD, present
different challenges in determining their overall positional accuracy. While DKM maps offer high
accuracy, KMD maps, derived from stable cadastre systems, pose challenges due to their varied
origins, including potential positional errors inherited from historical data.

This study proposes a methodology for assessing the positional accuracy of KMD maps by
comparing digitised boundaries with actual field measurements. The evaluation considers factors
such as cadastral area characteristics, available survey data, and the timing of digitisation efforts.
The study aims to categorise objects based on their positional accuracy by analysing shifts in
boundary points and building positions.

Results from testing in selected cadastral areas reveal varying degrees of accuracy in KMD
maps. While some areas demonstrate high accuracy, others exhibit significant positional
inaccuracies, particularly in peripheral regions or linear parcels. The study suggests that areas
outside built-up areas may require immediate remapping to ensure accuracy.

Overall, the findings highlight the importance of assessing and improving the positional
accuracy of cadastral maps to enhance their utility in land management and decision-making
processes. Further research could focus on developing automated methods for detecting and
correcting positional errors in digital cadastral maps.
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Cadastral mapping, Positional accuracy, Digital maps, Stable cadastre system, Land parcel,
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POSITIONAL ACCURACY OF CADASTRAL MAPS DIGITISED FROM THE STABLE
CADASTRE SYSTEM

The quality of the positional data is essential for using the existing cadastral mapping work
in all technical activities within the cadastre [1] and in cadastre-related activities where cadastral data
are used as support for further decision-making. At present, it is possible to encounter maps in digital
form in virtually all cases in the cadastre [2]. These can be divided into maps of high positional
accuracy, marked DKM, which have undergone either a new mapping or a redrawing based on the
cadastral map in S-JTSK on a previous numerical measurement basis. These maps constitute
approximately half of the mapping operation and need not be considered further regarding their
positional accuracy. In the second case, these are KMD maps created by reworking from the stable
cadastre system [3]. The very principle of creating KMDs makes it impossible to determine the overall
positional accuracy of such a map in any simple way. This map is partly made up of detailed points
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obtained from previous measurements and partly of vectorisation of the original map data converted
into raster form. The origin of the stable cadastral map dates back to the first half of the 19th century
so that numerous positional errors may be preserved in these maps. The situation is complicated
because each location with a digitised cadastral map may be of varying quality.

Its influence may be the structure and shape of the cadastral area, the amount of available
data from previous surveying works or even the scattered or coherent nature of the intravillans in the
course of refining transformations of map data. Another quality factor may be the time when the
restoration took place, whether at the beginning of the ongoing digitisation or rather towards the end
of it when the processor has already gained some experience. The last and most important influence
on the quality of the resulting digitised map has always been the processor of the renewal, its
diligence and expertise [4].

The stable cadastre system was introduced in all the crown lands of the Habsburg monarchy
by the relevant patent as a means of maintaining the land tenure agenda. In most of them, the
cadastres of the countries divided after the First World War underwent different developments.
However, they retain some common features from the first hundred years of their joint administration.

In Austria, the home country of these cadastral inventories, there have also been efforts in
recent years to establish the quality of the cadastral maps, and further steps in the refinement and
development of the entire register may follow. There are conferences on this topic, e.g., in Austria,
Croatia, Hungary, and Czechia. As can be seen from selected papers, also in Austria [5] or Slovakia
[6], attempts to quantify the residual errors of cadastral maps are being made by comparing identical
points with reality or attempts to assess the overall quality and usability of the graphical part of the
cadastral maps. Polish colleagues [7], among others, attempt to compare the state of cadastres in
post-Habsburg countries and show common and different elements of the related cadastral systems.

METHODOLOGY FOR DETERMINING THE POSITIONAL ACCURACY OF A KMD MAP

The positional accuracy of the map can be obtained, for example, by comparing the position
of individual breakpoints of land boundaries before mapping with their actual position in the field. As
each digitised cadastral map may be of different quality, it was decided to conduct testing in several
territories and then evaluate the conclusions considering several factors.

Coordinates determined by mapping have significantly higher accuracy. Therefore, the
coordinate differences can be used as true coordinate errors according to the statistical principle.
The distance of the identical point in the digitised map (i.e. the image of reality) with its position in
the digital map after the mapping, i.e. with its actual position in the field, was chosen as the tested
element. In other words, the offset of the position of the refractive point of the parcel shown on the
map before mapping with its position in reality shown on the map after the new mapping. This has
always been consistently done within each test site for as many points as possible that can be
declared identical. Thus, apparently corrected boundaries were not chosen for comparison, where a
seemingly straight section of the boundary was drawn with several new breakpoints after mapping
and the boundary did not correspond in shape to its course before mapping. Such cases are possible
in a new mapping. However, in addition to the new mapping, they can also be dealt with by a
procedure where the situation is surveyed and entered in the cadastre using a geometric plan and
related deed. As far as buildings are concerned, the methodology is similar, and all buildings that
have been rebuilt in any way have been ignored in the assessment of displacement. If a building
showed only curvature or displacement in any direction but its perimeter shape was consistent with
the condition before the mapping was carried out, such a building was surveyed, all its fracture points
were examined, and its displacement monitored. In the case of linear parcels, which may include
roads, paths and other communications, as well as watercourses, rivers or streams, the
displacement of the line position was measured as a test feature where specific fracture points could
not be identified (for instance, see Figure 1).
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Fig. 1 — Example of a measured displacement of the rebuilt building (No. 15) and the watercourse
(the Metuje River):

The individual displacements were then evaluated according to different types of objects, namely:

1. buildings,

2. plots,

3. line plots,

4. detailed points.

Furthermore, three intervals were selected, defining the range where the tracked object was
evaluated either as positionally sufficient accuracy or as intended to be refined or corrected. The
evaluation was therefore carried out considering the current possibilities of cadastral management
and boundary refinement [8]. Only an object was selected as an object of sufficient positional
accuracy if the displacement of all refractive points of the object under study lies in the interval zero
to 0.28 m, where the boundary limit was chosen as the size given by the coordinate error limit of the
detailed point with quality code (QC) 3. Such an object, be it a building, a parcel or a linear parcel,
can be evaluated as an object whose position remained unchanged after the new mapping. The
object to be refined has been determined by moving at least one refractive point of the surveyed
object to the distance given by the refinement parameter for the boundary shown by quality code 8,
i.e. to a distance of 2.82 m. All objects with a displacement of at least one of their breakpoints beyond
2.83 m were then identified as objects to be repaired.

Building, parcel and linear parcel objects were divided into intervals according to whether at
least one point on their perimeter was already in the "worse" interval of the assessed accuracy. In
order to avoid some distortion of the overall accuracy of the study area if most of the displacements
on the surveyed object lay in an interval close to zero, and continually one inaccurate breakpoint
would significantly worsen the resulting number of surveyed parcel or building objects, a variant of
the single detailed point as such was added as a separate category.

To better visualize the displacements and conclude, it was decided to sort the displacement
data for the selected object category "detailed point” even more according to their frequency in
intervals of 0.40 m, which is close to multiples of the size of the limiting positional error according to
the cadastral decree. The results clearly showed the quantity and size of displacements of identical
points in individual territories. It is thus evident at a glance which cadastre units show the highest
inaccuracies in the originally examined digitised cadastral map.

In addition, in determining the displacement of individual points, the interval of positionally
sufficient accuracy has been extended by the category of so-called "technically perfect points" in the
interval 0 to 10 cm since 10 cm is the distance from which broken boundaries and protrusions on
buildings are displayed on the cadastral map.

The critical value has been set to establish a limit from which shifts of identical points on the
map before and after mapping will be regarded as gross errors in position that cannot be refined
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even with the consent of the owners. A more apparent numerical limit would be to set a specific
integer figure that is easy to represent, such as 3.00 m, which is what the distance of 2.82 tends to
be in practice. Similarly, the limit was set by looking for an interval of still recognisable points that did
not need to be re-surveyed as part of the new cadastral survey. This is also why a specific interval
of 0.00 to 0.10 m was set for monitoring the displacement of technically perfect points, completely
unrelated to the values of the quality characteristic codes 3 or 8. Another evaluation interval bounded
by a limit value of 0.28 m, identical to the value of the coordinate error limit, is already on the edge
of perceiving points as identical. In this situation, it can be argued that identical points beyond this
distance should already be redetermined in the detailed measurement of the new mapping. A
position error limit of 0.40 m is literally no longer appropriate because a significant number of
insulated corners of buildings would fit behind the positionally accurate points.

Priority was given to the survey to reach conclusions on the technical necessity of the new
cadastral mapping. For these reasons, in further research, it would be advisable to adjust the
intervals completely without reference to the values of mean errors according to the currently valid
cadastral decree but rather with regard to the current measurement possibilities. Thus, the intervals
should be adjusted with the limit criteria of 0.10 m as technically perfect, 0.25 m as sufficiently
accurate and greater than 1 m as inaccurate. In such a case, information on the possibility of the
owners' refinement of these boundaries would then drop out.

Tab. 1 - The overall table for the methodology of determining the positional accuracy of the map
according to the surveyed objects

Building 0.00-0.28 m 0.29-2.83m more than 2.83 m
Plot 0.00-0.28 m 0.29-2.83m more than 2.83 m
Line plot 0.00-0.28 m 0.29-2.83m more than 2.83 m
Point 0.00-0.09 m 0.10-0.28 m 0.29-2.83m more than 2.83 m

The quality of the digitised cadastral map before mapping was determined by the percentage
frequency of individual objects compared to the total number in the mapped area.

This procedure gives a very illustrative overview of the positional accuracy of the digitised
cadastral map of the area. It is, of course, possible to arrive at one particular figure, either the
average displacement or the maximum displacement of a control point. However, given that the
guality factors described above affect each cadastral area separately, this is not essential. The
methodology is based on the fact that we are using the map after the new mapping, i.e. after the
boundary survey, as a comparison file. We obtain the actual difference in the boundary position
agreed by the owners and the boundary registered in the cadastre before the mapping. Thus, it can
be expected that, in the case of a sufficiently large number of identical points, we approach a specific
and realistic result of estimating the positional accuracy of a particular territory.
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Tab. 2 - Analysis of detailed point shifts in individual cadastral areas
i Renewal Renewal o ) .
Cadastre unit ) ) Description of the territory Cadastral office
by reworking | by mapping
built-up part of the village and part
MarSov nad Metuji 28.04.2009 16.07.2020 of the extravilan Nachod
Levin nad Cidlinou 23.11.2009 09.07.2018 built-up part of the village * Hradec Kralové
Bély 19.04.2010 01.12.2021 built-up part of the village Nachod
Vinice v Podkrkonosi 14.04.2016 12.10.2021 built-up part of the village * Jic¢in
Vlasenice u Makova 18.12.2013 15.12.2021 built-up part of the village * Tabor
Skoranov 21.12.2009 18.11.2020 built-up part of the village Chrudim
Sedlatice 27.11.2013 10.11.2023 built-up part of the village * Jihlava
ValaSské
Divnice 12.01.2009 29.11.2023 built-up part of the village * Klobouky

* the area was solved after comprehensive land development

Table 2 lists the cadastral areas selected for testing positional accuracy. The areas were
chosen because they were different sites, fell under the jurisdiction of different cadastral authorities,
were developed at different times, and at least some area covered the extravillage.

The initial assumption was that KMD-type maps produced during early digitisation might have
some inaccuracies, for example, because of the initial experience gained in the production of KMDs
through reworking. In the mapped area, including part of the extravillage, it was assumed that the
inaccuracies of the KMD map type would be significantly more extensive and more frequent outside
the municipality's intravillage due to the insufficient number of identical points for refining
transformations in the KMD production.

For testing, freely available cadastral maps [9] in the cadastral exchange format were used
on the website https://services.cuzk.cz/. The survey of the positional accuracy of the digitised
cadastral maps was carried out only on maps originating from the stable cadastre at a scale of
1:2880.

Tab. 3 - Objects analysed in each location

Cadastre unit Buildings Plots Line plots I?L%i:tgmber
MarSov nad Metuji 50 90 14 657

Levin nad Cidlinou 41 62 302

Bély 123 154 7 995

Vinice v Podkrkonosi |42 46 292
Vldsenice u Makova |98 122 11 792
Skoranov 77 113 6 551
Sedlatice 47 60 305

Divnice 265 358 1768

Total objects 743 1005 38 5662
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RESULTS

The following graphs show the frequency of shifts of detailed points sorted in intervals of 0.4
m. They may represent a clue indicating significant shifts and large positional inaccuracies of the
original map within the particular areas.
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Fig. 2 — MarSov nad Metuji (Cadastral Office for Hradec Kralové Region)
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Fig. 3 — Vlasenice u Makova (Cadastral Office for the South Bohemian Region)

The graphs of the frequency of displacements in Figure 3 show that most of the points lie in
the first interval up to 0.40 m. In these cases, the positional accuracy of the digitised cadastral map
is relatively high.

By testing eight selected areas, many of the KMD-type maps proved to be surprisingly
positionally accurate. Most of the detailed points meet the parameters for QC 3 points, and the
remaining points could be refined with the owners' consent if they were interested.
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Tab. 4 - Summary of the analysis of shifts in the test areas

Cadastre unit Av'erage quimum E]Pimssufficient Po_ints to be|Points to be
shift (m) shift (m) accuracy (%) refined (%) corrected (%)

Marsov nad Metu;ji 2.00 11.09 20.4 52.5 27.1

Levin nad Cidlinou 1.12 6.39 27.8 65.2 7.0

Bély 1.09 7.63 39.0 51.5 9.5

Vinice v PodkrkonoSi 0.36 2.63 65.4 34.6 0.0

Vlasenice u Makova 0.65 9.4 62.5 32.1 5.4

Skoranov 0.56 7.45 69.0 26.1 4.9

Sedlatice 0.37 3.29 70.8 28.2 1.0

Divnice 0.52 7.74 61.1 36.2 2.7

At first glance, the grey-shaded cadastre units have an unexpectedly high positional
accuracy. Almost two-thirds of the surveyed points show only a slight shift of an identical point,
between 0 and 28 cm from its recorded position in the KMD. Even the size of the average shift
confirms the unexpectedly high positional accuracy of most of the surveyed areas. The maximum
shift's magnitude indicates the gross error that may occur in a given area. The very high maximum
displacement at MarSov nad Metu;ji is clearly also due to the mapping of the extravilane and linear
parcels. The lower positional accuracy of the areas digitised in the early years is also confirmed. In
all the grey-shaded areas, we can speak of relatively good-quality KMD maps. However, some parts
of peripheral locations or blocks of parcels may show rough shifts of up to several metres (as in the
case of the cadastral area of Skoranov and Vlasenice u Makova).

The best-quality maps (Vinice v PodkrkonoSi and Sedlatice) of the surveyed areas show a
tiny average shift (0.36 and 0.37 m), a maximum shift ideally within the limiting deviation for boundary
refinement, and a high frequency of sufficient-accuracy points (65% and 70% of the total number of
surveyed points).

Comparative charts of all cadastre units (c. u.) follows.
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SHIFTS OF IDENTICAL POINTS

1 points of sufficient accuracy (%) M points to be refined (%)
M points to be corrected

DIVNICE
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SKORANOV
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(KP JICIN)
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(KP NACHOD)

LEVIN N. CID.
(KP HRADEC
KRAL.)

MARSOV N.
MET.
(KP NACHOD)

Fig. 4A — Comparative charts of the subject cadastral units

Frequency of technically perfect points (0 - 0,09 m)

Marsov n. Levin n. Cid. Bély Vinicev  Vldsenice u Skoranov Sedlatice  Divnice
Met. (KP Hradec (KP Podkr. Makova (KP (KP Jihlava) (KP Val.
(KP Kral.) Nachod)  (KPJi¢in) (KP Tabor) Chrudim) Klobouky)
Nachod)

Fig. 4B — Comparative charts of the subject cadastral units
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BUILDINGS
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Fig. 4C — Comparative charts of the subject cadastral units
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Fig. 4D — Comparative charts of the subject cadastral units
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Fig. 4E — Comparative charts of the subject cadastral units

CONCLUSION

Testing of the displacements of detailed points before and after the mapping clearly
confirmed that the digitised cadastral maps always show a certain number of detailed points whose
displacement from the actual position is significantly greater than the distance that can be considered
as a limiting condition for the refinement of the boundary by the owners. In particular, in areas that
extend outside the built-up area of the municipality, this may involve up to one-third of the measured
points. In such a location, it makes sense to carry out a new mapping as soon as possible. At the
same time, however, the testing has surprisingly revealed a significant number of detailed points
that, in the existing cadastral maps, meet the parameters for a detailed point with quality code 3 with
a mean coordinate error of mxy = 0.14 m. In addition, a relatively large number of detailed points are
technically perfect because their image on the map lies within 0 to 10 cm of the actual position. In
these cases, we can already speak directly of a coincident point. The only reason for the change in
its position in the new mapping is that the connection to the coordinate system is different, or the
prism is attached to the fence post differently, etc.

Specific objects in the cadastral map are linear plots on one side and buildings on the other
side. In the case of buildings, these are very often oversized buildings, which in the end only cause
a shift in the map by insulation. Another widespread case is the exact position of the main building
extended by a specific annexed part, and only the last group are twisted or positionally differently
shifted buildings. These are always in the minority. Very often, one can also encounter a correctly
depicted part of a building clearly visible from the road with one or more corners in the back part
towards the yard or garden wrong, which logically could not be oriented when the digitised map was
created and was therefore only vectorised using the refined grid of the previous land registration
map.
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In the case of linear parcels such as roads, paths, streams or rivers, whether they are located
in the intravilane or extravilane, the cadastral map produced by the reworking of the stable cadastre
is significantly inaccurate.

The following (Figures 5 - 10) are examples of the shift of the position of the objects under
study in selected cadastral areas. The original cadastral map created by the reworking (KMD) is in
grey, and the new digital cadastral map, after mapping used for accuracy testing, is in blue. Geostore
V6 software was used for the analysis.

Q \ . y /

Fig. 5 — c. u. MarSov nad Metuji — gross erfor of curled and displaced homestead in KMD map
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Fig. 7 — c. u. Bély — positionally accurate sample of KMD map
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Fig. 9 — c¢. u. Bély — boundary shifts within the "refinement" derogation
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3 )
- w 73
Fig. 10 — c. u. Vlasenice u Makova — correctly displayed buildings
and error in the road rendition (No. 428/1)
DISCUSSION

This article deals with an unpublished topic and is an original topic for which there are no
previous sources to build on. Itis an innovative theme, and the aim is not only to provoke a discussion
on the positional accuracy of digitised cadastral maps but, in particular, to approach the question of
the need for new cadastral mapping from a technical point of view as a next step. The reason why
the area of the positional accuracy of cadastral maps created by the redrawing from the stable
cadastral system has been rarely addressed in the long term may be precisely because the maps
are gradually being replaced by new mapping [10]. However, the pace of mapping is so slow that
the use of these data is suggested for research into the actual positional accuracy of digitised
cadastral maps.
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ABSTRACT

When a tunnel boring machine (TBM) excavates in poor geological conditions like fracture
zones, soft rock with high ground stress, hard rock with high ground stress, and water inrush ground,
severe problems such as surrounding rock collapse, convergence, rock burst and water and mud
outburst are usually encountered. These problems existed in the Tianshan Shengli Tunnel project in
Xinjiang, China. Several methods and techniques were adopted to reduce the construction risks and
improve the construction efficiency. The seismic wave reflection long-distance geological forecasting
method was employed to forecast and predict these adverse geological conditions. The pre-
reinforcement construction method was employed on the surrounding broken rocks in front of the
tunnel face to lower the risks of tunnel collapse and machine jamming. A combined steel arch was
applied to prevent tunnel arch collapse. An artificial cap method was applied to prevent the jamming
caused by high-ground stress soft rock. Measures such as spraying water on the tunnel face and
drilling stress holes were employed to prevent rock bursts caused by high-ground stress in hard rock.
Implementing the advanced pipe shed method during water influx, sudden mud, and other working
conditions reduced the risk of groundwater damage to equipment and lowered risks to personnel
safety. The successful application of these techniques can provide a reference for TBM tunnel
construction in similar ground conditions.

KEYWORDS

TBM, Poor geology, Geological forecasting, Tunnel face pre-reinforcement, Advanced pipe
shed method

INTRODUCTION

In recent years, the Full-face Tunnel Boring Machine (TBM) has been widely used for hard
rock tunnel construction. A Full-Face Tunnel Boring Machine (TBM) is an engineering device that
crushes rock by rotating and pushing the cutter head. It excavates the entire tunnel cross-section in
a single pass and has other advantages, such as high construction speed and reliable quality, to
mention a few. Recently, it has been popular in highway, railroad, hydraulic tunnels, and other
tunneling projects [1].

TBM construction requires strict geological conditions, the machine is sensitive to
surrounding rock conditions and is often prone to low tunneling efficiency [2, 3]. During tunnel
excavation, unfavorable geological conditions can be encountered, such as fault fracture zones,
high-stress soft rock, rock bursts, and water and mud intrusions. More severe problems such as
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surrounding rock collapse, convergence, rock burst, and water and mud outbursts are usually
encountered, resulting in a hazardous and difficult construction process heavily affecting TBM
efficiency.

Construction measures under a fault fracture zone:

Addressing the issue of tunnel collapse constructed under a fault fracture zone, Chen et al.
[4] put forward the collapse remediation program of "chemical grouting filling in collapsed cavities +
chemical grouting reinforcing in loose bodies + spraying anchors supporting + dense arch supporting
+ overrunning grouting reinforcing”. Yang et al. [5] proposed measures to prevent landslides: setting
up meandering guide pits, pre-strengthening strata, increasing support strength, optimizing
construction methods, and strengthening monitoring and measurement. Longlong et al. [6] used
surface grouting, grouting inside the cave, and pipe shed to address landslide issues. Tong et al. [7]
employed surface directional holes to improve the surrounding rock conditions, enabling smooth
excavation through the fault fracture zone. Chen et al. [8] proposed a design method of pipe shed
support parameters to ensure the safe construction of the tunnel and rock stability of the tunnel face
in the fault fracture zone. The above studies mainly address the issue of tunnel collapse under a
fault fracture zone by grouting reinforcement, strengthening support, and pipe shed support, to
mention a few. Further research is needed on forecasting and predicting the surrounding rock
conditions in front of the tunnel face and exploring the efficacy of using combined steel arches to
mitigate landslides.

Construction measures under high-stress soft rock conditions:

To address the issue of soft rock deformation, enhancing the stiffness of initial support is
crucial in controlling significant deformations in high-stress soft rock tunnels [9]. Liu et al. [10]
conducted a systematic analysis of the failure mechanism of short anchor support in high-ground
stress soft rock tunnels and demonstrated the necessity of lengthening the length of the anchor in
high-stress soft rock tunnels. Wang et al. [11] proposed a design scheme based on active support
with the combination of prestressed long and short anchor ropes + W-type steel belt + flexible fiber
mesh, effectively controlling the deformation of surrounding rock. To mitigate initial support
deformation, elevation arch bulging, and secondary lining compression collapse during the
construction of high-stress soft rock tunnels, Zheng et al. [12] put forward the measures of elevation
arch curvature optimization - early support double-layer steel frame - secondary lining reinforced
lining - the perimeter of the hole limiting anchors and so on. Han et al. [13] searched for the optimal
reserved deformation through the curvature of the characteristic curve for stress relief. The above
research mainly controls the deformation of the surrounding rock by enhancing the support stiffness,
and reserves deformation amount to release stress, controlling the release trend of deformation
energy of the surrounding rock. However, there is relatively little research on solutions to the
occurrence of jamming when there is significant deformation in the surrounding rock in front of the
face.

Construction measures under high-ground stress hard rock conditions:

After the occurrence of a strong rock burst, the main beam of the tunnel boring machine got
buried, and the construction progress was delayed [14]. Li et al. [15] set up reasonable spacing of
tunnels to reduce the probability of rock bursts and used microseismic monitoring to assess the risk
of rock bursts. In the slight rock burst and severe rock burst sections, Wang et al. [16] and He et al.,
[17] used water sprinkling or flooding and stress holes for stress relief, respectively. Li et al. [18]
used steel pipe plates instead of steel arch support to improve the initial support operation efficiency
and support capacity in the section prone to intense rock bursts and installed the whole annular steel
pipe plate in the shield. The above research prevents rock bursts by setting tunnel spacing and
microseismic detection and uses methods such as watering and stress holes to weaken the damage
caused by rock bursts. However, there is relatively little research on the transformation of TBM water
spraying systems under rock burst conditions.

Construction measures under the conditions of water and mud outbursts:

Water outbursts in the tunnel occur near the main channel of groundwater, and the magnitude
of the water outburst is significantly related to the amount of rainfall [19]. Shi et al. [20] carried out
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overrunning small conduit grouting and secondary grouting at the tunnel vault and precise grouting
at the tunnel foot and lower part of the tunnel, which can effectively reduce the occurrence of tunnel
disasters, such as water surge and mud outbursts. To mitigate water and mud outbursts, Liu et al.
[21] constructed drainage channels consisting of drainage wells and connecting channels to make
pressurized karst water flow to the surface by itself to address water gushing and mud bursting. Lang
et al. [22] proposed a water discharge treatment plan of "temporarily shelving the inclined well, high-
pressure water discharge in the main cave work area, implementing in phases, and steadily
approaching the head of the inclined well" to realize the safe discharge of the water in the inclined
well. The above studies mainly control water and mud outbursts by grouting and plugging
reinforcement and setting up the drainage. However, fewer researchers have used the over-advance
pipe shed method to deal with surging water and mud-surge conditions.

This paper uses the Tianshan Shengli Tunnel project in Xinjiang, China, as a case study to
address challenges encountered during construction in adverse geological conditions. It proposes
construction measures such as over-advance geological forecast, pre-reinforcement construction
method for tunnel face, reinforcement construction methods for the surrounding rock at the TBM
gripper shoe, over-advance pipe shed method and the artificial cap method, and so on. These
measures aim to achieve a holistic approach to prevention before, during, and after construction,
ensuring both construction quality and the safety of personnel and equipment while enhancing
construction efficiency.

OVERVIEW OF THE PROJECT AND MAJOR ISSUES

Wuwei Expressway is an integral part of China's highway G0711 Urumgi to Ruogiang and
Xinjiang across the Tianshan Mountains, connecting the north and south of Xinjiang's transportation
trunk line.

Among them, the Tianshan Shengli Tunnel is the control project of Wuwei Expressway; the
tunnel is 22105m long, the maximum depth is about 1150m, the import elevation is about 2767m,
and the export elevation is about 2900m. The technical standard is designed according to a two-
way, four-lane highway design at 100km/h. The tunnel is located near the No.1 glacier of Tianshan
Mountain.

The tunnel is located in the Tianshan No.1 glacier. the tunnel has 16 fracture zones, fracture
zones affect a length of 2000m, the core section length of 768m, rock burst section length of 3940m.
The surrounding terrain is complex and variable, the tunnel geologic cross-section is shown in Figure
1. Water-rich fault fracture zone, soft rock with high ground stress, hard rock with high ground stress,
and water inrush ground are the unique poor geology of this tunnel, severe problems such as
surrounding rock collapse, convergence, rock burst, and water and mud outbursts are usually
encountered.

Tuffaceous Siltstone Interbedded Granite Metasandstone with
with Quartz Schist Quartz Schist with Vein Rocks  anite Slate, and Marble

Carbonaceous Shale - -
/ Granodiorite \‘ Py
Tuffaceous U

Siltstone

Slate and Marble
Granite Porphyry

o

Fig. 1 - Geological longitudinal section of the tunnel

TBM CONSTRUCTION TECHNOLOGY AND APPLICATION IN FAULT FRACTURE
ZONE

Long-range geologic forecasting method for seismic wave reflection

The seismic wave reflection long-distance geologic prediction method is used to detect the
exact condition of the strata in front of the TBM face. This technique utilizes the seismic reflection
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wave and surround wave to detect the geological conditions in front of the tunnel face. During the
propagation of the seismic wave generated by the source to the tunnel front, the rock's relatively
large acoustic impedance interfaces will generate reflected waves, and the relatively small acoustic
impedance interfaces will generate wrap-around waves, collectively called seismic echo waves. The
equipment collects seismic echo data from the tunnel's surrounding rock. The interface position,
spatial distribution, polarity, and energy of the echo are extracted through the professional
processing system, and combined with the comprehensive analysis of the tunnel geologic survey
data, the purpose of the tunnel geologic advance prediction is realized.

Taking the mileage pile number PK76+108~PK76+208 of the Tianshan Shengli Tunnel
project in Xinjiang, China, as an example, this project adopts the TGP (Tunnel Geology Prediction)
Tunnel Geology Advance Prediction System for tunnel geology prediction work. The system is
developed by the Beijing Institute of Hydropower Physical Exploration. Through the work of over-
advance geological prediction, the three-component original record map of seismic wave (as shown
in Fig. 2(a)) and the three-dimensional spatial cross-section scanning result map (as shown in
Fig.2(b)(c)(d)) are obtained.
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Fig. 2 (a) - The three-component original record map of the seismic wave;(b), (c), (d) the three-
dimensional spatial cross-section scanning result map

The construction method of grouting pre-reinforcement on the tunnel face

According to the results of the over-advanced geological forecast and prediction, the fault
fracture zone in front of the tunnel face is pre-reinforced in advance, and then the TBM will dig
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through it, as shown in Figure 3(a)(b). The construction method of grouting pre-reinforcement on the
face can also be used in the construction of a water-rich subgrade.

The Manual handheld YT28-type hand air drilling rig drilled and grouted holes at the gap
between the tool and the cutter plate. In the front of the tunnel face, twenty-two deep grouting holes
were strategically arranged, each with a depth of 10m, as shown in Figure 3(c)(d). The grouting pipe
adopts D25 fibreglass anchors with grouting holes. In situations where the surrounding rock is
broken, and hole formation is difficult to achieve, the self-entry fibreglass anchors are used. The
grouting material adopts chemical grouting, cement water glass slurry, and cement slurry. The initial
grouting pressure ranges from 1.2-1.5 times hydrostatic pressure, and the inal pressure is 2-3 times
hydrostatic pressure. The length of the grouting hole is about 4m, and the length of each cycle of
grouting is 4m; 2m is excavated after the completion of grouting, and 2m is reserved without
excavation for the next cycle of lapping.

Grouting of Grouting
deep holes, of shallow
hole depth holes,

of 10m hole depth
of 4m

* S I

. (c)
Grouting of deep holes,L=10.0m Grouting of shallow holes,L=4.0m
Fiberglass anchor with grouting holes Fiberglass anchor with grouting holes
//7///
"//// A
— (=}
il i o000 OO
= )
" —
D) -
\
200 800 [ Length of excavation after each cycle of grouting
1000 «— Grouting length per cycle (d)

Fig. 3 (a)(b) - Schematic diagram of grouting on tunnel face;(c), (d) design drawing of overtopping
grouting on tunnel face

The construction method for reinforcement of surrounding rock at TBM gripper
shoe

In the event of a localized slump in the tunnel sidewall, adjustments are made to the support
force of the TBM gripper shoe to alleviate pressure on the surrounding rock. Concurrently, the thrust
and propulsion speed of the TBM is reduced accordingly, allowing the TBM to pass through the
slumped section without stopping. In cases where the sidewall is relatively weak, the TBM gripper
shoe is padded with sleepers to increase the grounding area, before proceeding. If the surrounding
rock strength at the support boots is insufficient to provide thrust, a YT28 hand air drilling rig is
deployed to drill holes at the support boots. The reinforcement method is 42mmx3.0m grouting
small conduit with a longitudinal and transverse spacing of 120cm, as shown in Figure 4. The
grouting slurry is cement slurry. Cement grouting materials mainly include: cement, water,
admixtures, admixtures, etc. Its water-cement ratio is generally 0.8:1 and 0.6 (or 0.5):1. The cement
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strength grade of grouting should not be less than P42.5, and acid-resistant cement should be used
for harmful groundwater caverns. The TBM water supply system is used for water supply, the water
quality meets the requirements of drinking water, and the temperature of the slurry mixing water shall
not be higher than 40 °C. For the section with complex geological conditions, sand, fly ash and other
admixtures can be mixed into the cement slurry. The cement grouting equipment adopts 4 sets of
double-barrel vertical mortar high-speed mixers (2 sets standby), 4 sets of 250/50 grouting pumps
(2 sets of standby), and 1 set of DXHB-10ll. multi-function fine stone concrete pumps. The 250/50
grouting pump is a multi-cylinder plunger grouting pump with a maximum working pressure of 5Mpa.
The grouting equipment is arranged near the TBM post-supporting and connecting bridges.

Long conduit: D=108mm.L=30m,a=8°
Interval spacing:400mm
204

10#

Grouting small conduit: D=42mm,L=3m
Interval spacing:120(Vertically)» 120(Circumferential),
~plum blossom arrangement

Fig. — 4 Construction site diagram and schematic diagram of the surrounding rock reinforcement at
the TBM gripper shoe

Construction measures for collapsing rock surrounding the arch based on combined
steel arches

In cases where a substantial amount of slag removal is required after the collapse of a large
amount of rock, and the duration of slag removal is prolonged, it becomes highly unfavorable for
TBM to pass through the fault fragmentation zone. To address this, a combined steel arch is
employed to intercept the slag and rock debris from the collapsed body, ensuring the swift and safe
passage of the TBM. , as shown in the figure (as shown in Figure 5(a)). The combined steel arch is
symmetrically installed from bottom to top; the specific sequence is bottom pipe piece — side pipe
piece — top pipe piece (the first ring and the second ring), and the subsequent rings are assembled
in the order of top pipe piece — side pipe piece — bottom pipe piece. After the first and second rings
are assembled, to enhance the stability, two locking anchor rods are set at the arch foot position of
the side pipe pieces on both sides, and the locking anchor rods adopt 3m long ¢22 drug coil anchor
rods. After the combined steel arch is positioned, 8cm thick steel plate pads are installed to adhere
to the rock surface, and the auxiliary push cylinder of the assembling machine tightens the steel
arch, connecting the transverse and circumferential devices, respectively, to form a whole. Table 1
shows the parameters of each component of the steel arch, and Figure 5(c) shows the scheme of
the combined steel arch.

On the exterior of the top pipe piece of the combined steel arch, several holes are reserved
at intervals of 5m from high to low. These holes are designated for burying the exhaust pipe, blowing
and filling the buffer layer pipe, and concrete backfill pipe, as shown in Figure 5(b). The exterior of
the hole pipe is sealed with geotextile to prevent blocking of the hole pipe when spraying concrete.
The grouting pipe should be inserted into the highest point of the collapsed cavity body, and the
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concrete transfer pump is used to fill C25 fine stone concrete or fibre concrete into the collapsed
cavity body from the reserved grouting holes, as shown in Figure 5(d).

‘Blow fill buffer 7\ exhaust
\

Y54 layer tube pipe
Combined steel arch | ,:'6;; . :collapse /
= : M. |cavity 4

side pipe
piece

Pre-embedded
grouting pipes

\ Combined /
\ / steel arch

Concrete
backfill pipe

Fig. 5 - (a) Combined steel arch construction site; (b) layout of pre-buried pipes ;(c) combined steel
arch construction program diagram; (d) concrete backfill schematic

Tab. 1 - Parameters of each component of combined steel arch

Item Makeup Quantity Weight (Kg) Segment arc
(Ring) length (m)
Top pipe Annular rib: 20b channel steel 1 1006.24  6.46m/ piece
piece Longitudinal stiffener: 120 I-beam
Outside: 10mm steel plate
Side pipe Annular rib: 20b channel steel 2 626.04 6.46m/ piece
piece Longitudinal stiffener: 120 I-beam
Outside: A10 steel mesh
Bottom pipe Annular rib: 20b channel steel 1 569.62 6.46m/ piece
piece Longitudinal stiffener: 120 I-beam,
removable
DOI 10.14311/CEJ.2024.02.0012 174

©



Article no. 12

CIVIL
ENGINEERING
JOURNAL

THE CIVIL ENGINEERING JOURNAL 2-2024

TBM CONSTRUCTION TECHNOLOGY AND APPLICATION IN HIGH-GROUND
STRESS SOFT ROCK SECTION

Measures to cope with large deformations high-ground stress in soft rock

When surrounding rock convergence deformation is severe, the TBM's expansion function is
utilized to increase the excavation diameter through the overbreak cutter, which helps increase the
amount of reserved deformation. Once the surrounding rock emerges from the shield, timely initial
support is applied. Measures such as encrypting steel arch, spraying steel fiber concrete, and
applying anchor cables strengthen the support. In instances where the bearing capacity of the tunnel
wall is insufficient to provide enough counterforce to the support boots, a combination of spray
anchor network, steel arch, and concrete joint support is utilized to reinforce the parts of the cave
wall before excavation. When encountering significant and rapid convergence deformation in the soft
surrounding rock, leading to the TBM shield becoming stuck, the thrust of the TBM digging is
increased. Waste oil and other lubricants are also injected into the shield to reduce friction.
Immediate application of the initial support system follows after passing through the affected area.

TBM drifting solution under deformed soft rock

When there is a significant deformation of the surrounding rock in front of the tunnel face,
which makes the TBM prone to jamming risk, the "artificial cap method" is adopted to over-excavate
from the position of the cutter plate. The excavation adopts the method of reserving the core soil ring
through artificial division excavation, and TBM digs the core soil. TBM lagged behind the manual
excavation surface to shorten the manual slagging distance. The TBM begins digging 3m behind the
manual excavation surface and excavates forward manually. When the manual excavation
encounters surrounding broken rock, which affects construction safety, it is reinforced by overrunning
small conduits or chemical grouting before excavation.

Among them, the "artificial hat method" refers to further expanding the excavation scope
based on a small guide hole and expanding the space radially in the range of 150°~220° from the
upper center of a small guide hole circle. To facilitate manual work, the outer radial direction of the
pipe sheet or shield shell is generally taken as 1500 mm~1700 mm. Support parameters are
selected: System anchor L=3m/®22@1.0mx0.5m. The H150 steel arch is made of single or multi-
layer steel sections with a spacing of @0.5m. The longitudinal connection of the steel arch is made
of the U12 channel steel with a pitch of @1.0m. Reinforcing steel mesh with double layer
®10@10cmx10cm. The lining is made of C40 concrete with a thickness of 30cm.

TBM CONSTRUCTION TECHNOLOGY AND APPLICATION IN HIGH-GROUND
STRESS HARD ROCK SECTION

Modification of water spray system for TBM cutter under high-ground stress hard
rock conditions

Construction under high-ground stress hard rock sections is prone to rock explosion,
threatening the safety of construction personnel and equipment. To mitigate this risk, the TBM cutter
spray system uses water to soften the surrounding rock. However, the original TBM cutter spray
system has drawbacks, such as a high failure rate of rotary joints, prone-to-clog nozzles, and limited
water spray volume. As a result, the cutter spray system was upgraded to a system that is less
susceptible to failures and has a higher water output capacity.

The use of a single pipe pump to the blade water spray system water supply, with an 11KW
booster pump from the tank direct water supply (as shown in Figure 6(a)(b)), the water output from
the original 120L per minute into the current 380L per minute. 1.5-inch water supply pipe will be
thickened for the original 2-inch high-pressure water pipe, give up the original blade water spray
nozzle and rotary joints from the back of the blade to install a spray system on the blade for the full-
coverage spraying, as shown in the figure. After the transformation, the cutter spray system water
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spray volume increased, effectively reducing the risk of rock explosion, and the water supply pipe
blockage is reduced, the cooling makes the tool wear and tear, reducing the delay caused by the
failure of the downtime, and improve the construction efficiency.

‘ Water flows from the back of
| | the cutter plate to the front of

the cutter plate

Fig. 6 - (a) Add a booster pump;(b) TBM cutter head water spray system retrofitted to the back of
the cutter head

Construction measures for rock burst

To reduce the risk of rock explosions, the first countermeasure involves utilizing a cutter spray
system and high-pressure water pipe behind the shield to spray water and soften the peripheral rock
(as depicted in Figure 7(a)). This action facilitates stress release and adjustment. Subsequently,
within the 120° arch range, H150 steel arches are employed along with ®22 steel rows to reinforce
joint support (as shown in Figure 7(b)). The longitudinal spacing of the arches is set at 0.9m. Finally,
steel fiber concrete is sprayed with a thickness of 15cm (as illustrated in Figure 7(c)). The second
measure involves preemptively drilling stress-release holes before excavation and then drilling radial
stress-release holes after excavation. These stress-release holes are drilled perpendicular to the
rock wall (as shown in Figure 7(d)).

o 'ﬁﬁ,—.&"“hasy -
: Steel fiber
concrete

\

= v o A A (d)

Fig. — 7 (a) Water jetting to soften the surrounding rock;(b) Combined support of H150 steel
arches and @22 reinforcing bar row; (d) Strain relief holes

TBM CONSTRUCTION TECHNOLOGY AND APPLICATION IN WATER-SURGE AND
MUD-SURGE SECTION

Construction Measures for Surging Water and Mud Surging Section

Construction of a small-scale water-surge section: water seepage from surrounding rock is in
the form of dripping and linear seepage, while the TBM continues to excavate normally. In the
process of digging, the anchor drilling machine that comes with the TBM is used to set up drainage
holes at the water outlet, bury conduits to drain water and set up blind ditches or water cut-off rings
if the event of poor water conduction.
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Construction of large-scale water influx section: The water influx flow ahead of the tunnel face
is assessed using overrunning geological forecasting methods. If the bottom of the tunnel does not
meet the operating conditions, excavation must stop. Overrunning conduits and grouting are
employed to block and treat the influx. Additionally, temporary high-power submersible pumps and
pipelines are installed to pump water away from the TBM, ensuring at least a 50m area is adequately
supported. If there is no substantial improvement in the surrounding rock conditions at the tunnel
face despite these measures, the TBM's equipment is utilized to reinforce the tunnel face with
overrunning grouting. If conditions still do not improve, the cutter is retracted, and access to the
tunnel face is gained from the shield by drilling winding holes. Subsequently, the overrunning pipe
shed method is implemented to support and block water influx.

Sudden mud section construction: A pre-predictive geological forecast is conducted to gain
an in-depth understanding of the engineering geological conditions. This helps detect the geological
conditions ahead of the tunnel face. To prevent the mud influx from compromising the safety of the
TBM equipment and personnel, the pre-pre-pipe shed grouting method is adopted to pre-strengthen
the surrounding rock before excavation.

Construction measures of over-advance pipe shed method in water surging and mud
surging sections

The over-advance pipe shed method is employed to support, grout, and reinforce the
surrounding rock while also plugging water influx and mud bursts. A schematic overrun pipe shed
reinforcement diagram, is shown in Figure 8(a).

The over-advance pipe shed adopts L=25m, ®=108mm, 6=6mm seamless steel pipe with a
section length of 2m (matching with the drill pipe of the overrun drilling rig), and the joints are
connected by wire fasteners with a wire fastener length of 15cm, and D=6mm grouting holes are
drilled on the steel pipe with a longitudinal spacing of 15cm, and a plum blossom type of holes, and
the length of the flower pipe section is 15.25m, as shown in Figure 8(b)

Within the 100° tunnel arch, the circular spacing is set at 40cm, with an external insertion
angle of 8°. A total of 19 holes are arranged, as illustrated in Figure 8(c)(d). Following the completion
of each cycle of pipe shed construction, the excavation proceeds by 10.1 meters. The sequence of
pipe shed construction is from bottom to top, with a long steel pipe installed after drilling each hole.

Given the surrounding rock conditions of the water surge and mud break section, the grouting
process adopts chemical grouting. Chemical grouting material mainly refers to polyurethane
(polyurethane: PM-200, composed of white and black materials). The technical parameters of
chemical grouting materials are shown in Table 2. The grouting equipment adopts a YZB-200/13
double-group material pump and 3SNS high-pressure grouting machine, which is simple in process,
easy to clean for operation, convenient for transportation, suitable for multiple people to operate
separately, which is conducive to speed up the progress of the project.

Initially, the grouting pressure is 1.2-1.5 times the static water pressure, and the termination
pressure is 2-3 times the static water pressure. According to the actual situation of the site, the
grouting pressure will be increased to the maximum allowable pressure to ensure the density of the
grouting and increase the effective diffusion range. The grouting process is allowed to continue
without interruption.
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Tab. 2 - Technical parameters of chemical grouting materials

Product characteristics

Component A (Bevedol
WF)

Component B

(Bevedan)

Light yellow liquid

Appearance
Viscosity (23+2°C)/mPa.s 200~400
Specific gravity (23+2°C) kg/m3 1020+10

Use ratio (volume ratio)

Full curing time (23+2°C)/S

Foaming property

Maximum compressive

strength /MPa

Maximum tensile strength /MPa

Maximum bond strength /MPa

Flame retardant property

Dark brown liquid

200~400
1230+30

40+5

It is not foaming in itself and will react to foaming in
contact with water

60~80

>10
>5

Non-flame retardant

Lap length:5000mm

Length of excavation after
each cycle of long conduit
application: 10147mm

®108 long conduit,
L=2500mm,a=8°

Length of non-excavated
hole:9700mm

Multi-functional
Overhead Drilling Rig

Fig. 8 - (a) Schematic diagram of over-advance pipe shed reinforcement;(b) Steel pipe sample
drawing;(c) Section drawing of pipe shed reinforcement;(d) Sectional view of the upper 100 °

©

range of the pipe shed reinforcement cutter plate
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CONCLUSIONS AND DISCUSSION

When the TBM encounters a fault fracture zone, the seismic wave reflection long-distance
geological forecast method is employed to forecast and predict the condition of the surrounding rock
ahead of the tunnel face. Based on the over-advanced geological forecast and prediction results,
the fault fracture zone in front of the tunnel face is pre-reinforced. If the strength of the surrounding
rock at the TBM support boot is insufficient to provide thrust, the rock at the support boot is reinforced
by drilling and grouting. In cases where a large amount of slag removal is required and the time for
slag removal is prolonged after the peripheral rock collapses, the combined steel arch is used to
intercept the slag and rocks of the collapsed body, ensuring the quick and safe passage of the TBM.

When the TBM encounters a soft rock section with high stress, it utilizes the TBM's expanding
excavation function to increase the reserved deformation volume. This is achieved by enlarging the
diameter of the excavation through the overbreak cutter, addressing issues of severe peripheral rock
convergence and deformation. In cases where the convergent deformation of the soft surrounding
rock is significant and rapid, resulting in the TBM shield becoming stuck, measures are taken to
increase the TBM digging thrust and inject lubricants such as waste butter outside the shield to
reduce friction force. If the TBM becomes stuck due to the deformation of the surrounding rock in
front of the tunnel face, the artificial cap method is adopted to excavate ahead of the cutter plate
position.

When the TBM traverses a hard rock section with high stress to mitigate the risk of rock
explosion, it employs the cutter spraying system and a high-pressure water pipe behind the shield
to spray water on the surrounding rock, softening it. Additionally, stress relief holes are drilled as a
precautionary measure. However, the original cutter spray system of the TBM presents challenges
such as a high failure rate of rotary joints, easy clogging of nozzles, and limited water spray volume.
Consequently, the cutter spray system has been redesigned. Following the remodeling, the cutter
spraying system boasts increased water spraying volume, reduced clogging of the water supply pipe,
and diminished tool wear. These improvements enhance construction efficiency.

When the TBM traverses the construction section affected by water surges and mud bursts,
it employs the overrun pipe shed method to support the area. This involves grouting to reinforce the
surrounding rock and constructing water plugging. The overrun pipe shed consists of seamless steel
pipe with grouting holes drilled into the steel pipe, arranged in a plum blossom pattern. An overrun
drilling machine is utilized to drill holes in the tunnel arch to install the steel pipe. Given the
surrounding rock conditions of the water surge and mud burst section, the grouting process utilizes
chemical grouting.
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ABSTRACT

This paper is based on the construction of the Haizhuwan Tunnel in Guangzhou, which
passes through predominantly mudstone and sandstone red strata geology. Excavation is carried
out using a slurry balance shield tunneling machine with both atmospheric pressure and pressurized
cutterheads, and real-time excavation parameters recorded by the shield equipment are collected
and statistically analyzed. Discovery: In the initial shallow-buried excavation section, the total thrust
of the shield machine increased as the tunneling distance increased. By continuously adjusting the
excavation parameters during construction, the shield machine gradually tended towards a stable
operating state, leading to a gradual reduction in the range of thrust fluctuations. East Line: After
excavating the reinforcement area, the increase in cutterhead torque is significant, leading to a more
pronounced adaptation process for the shield machine. The cutterhead torque fluctuates more on
rings 20 to 65 on the East Line, showing greater variability. This situation is related to the wear of
the cutterhead and the condition of the shield machine equipment on the East Line. West Line: After
excavating the reinforcement area, the cutterhead torque is initially reduced, with a slow and
continuous increase in torque from rings 20 to 65, eventually stabilizing at around 12 MN-m.
Throughout the excavation process, the shield machine on the East Line maintained a relatively high
excavation speed within the reinforced soil at the face, with an average of 7.76 mm/min. As the
machine excavated beyond the reinforcement area, the overall excavation speed of the shield
machine slowed down. The excavation speed from ring 21 to ring 65 was primarily controlled
between 2 to 6 mm/min, with an average of 4.49 mm/min, showing a relatively stable overall change.

KEYWORDS

Shield tunnel, Complex red strata geology, Shallow buried section, Excavation parameters,
Atmospheric pressurized, Pressurized cutterhead

BACKGROUND

China’s research on large diameter shield tunneling technology started later than that of foreign
countries. In 1994, China introduced a large diameter shield with a diameter of @11.22m from

@ DOI 10.14311/CEJ.2024.02.0013 181



Article no. 13

CIVIL

ENGINEERING THE CIVIL ENGINEERING JOURNAL 2-2024
JOURNAL

Mitsubishi Heavy Industries of Japan for the construction of the south section of the Yantai East
Road tunnel in Shanghai. This model was successfully applied in Shanghai’s homogeneous soft
ground, laying a technical foundation for the application of large diameter shield tunnels in China [1-
3]. Subsequently, by tracking the progress of shield tunneling technology overseas, China began to
research the application technology of large-diameter and super-large-diameter shields in tunnel
construction [4-8]. In the 21st century, driven by large-scale construction projects in the country,
various models and specifications of shield tunneling machines have entered the tunnel construction
field in large numbers, providing a wealth of engineering application experience and technology for
the localization of shield tunneling equipment [9-12]. The Shanghai Shangzhong Road Tunnel was
the first to use a super large-diameter slurry shield tunnel boring machine with a diameter of 14.87
meters. Subsequently, the Shanghai Changjiang Road Tunnel used two 15.43-meter diameter shield
tunneling machines, and Nanjing Weigi Road used two 14.96-meter diameter shield tunneling
machines. This marked the successive construction of large-diameter shield tunneling projects in
China, indicating the widespread application of super large-diameter shield tunneling projects in
China [13]. Currently, China has become the primary market for super large-diameter shield
tunneling projects in the world. In 2015, the Tuen Mun Tunnel in Hong Kong was constructed using
a slurry shield tunnel boring machine with a diameter of 17.6 meters, making it the world’s largest
diameter shield tunnel currently in operation [14].

According to statistical analysis of construction cases, the super large-diameter shield tunneling
machines used in China are mainly of European and Japanese origin, with European machines
accounting for over 60%. In recent years, with the rapid advancement of domestic shield tunneling
technology, domestically produced machines have fully occupied the market in new construction
projects in China. In the field of super large diameter shield tunneling, domestic machines have
achieved complete independent research and development, with some technologies taking a leading
position [15-17]. In terms of shield tunnel types, 90% of them are slurry shield tunnels, as slurry
shield tunnels have better safety and geological adaptability in coping with complex geological
conditions such as high-water pressure, varying soil hardness, and developed fractures [18].

Currently, both domestic and foreign scholars have conducted extensive research on the
correlation between shield tunneling process parameters and the physical properties of rock and soil.
However, most of them focus on theoretical calculations and the establishment of prediction models,
and statistical analysis of a large amount of measured data is not common. In addition, the shallow
buried shield tunnel has the characteristics of high buried depth, and the ground movement is
obvious due to the loss of the bottom layer in the construction process, which has a great impact on
the surrounding environment. Therefore, higher requirements are put forward for excavation,
drainage, grouting and other methods, and the construction difficulty is increased. Therefore, this
article is based on the Guangzhou Haizhuwan Tunnel project. The geological conditions in this
section are unique, with the shield tunneling section consisting of red strata geology, primarily
composed of muddy sandstone. The 1-65 ring of shield tunneling is shallow buried section, and the
construction conditions are more complicated. The Haizhuwan Tunnel is divided into east and west
lines, each using different types of tunnel boring machines (TBM) - one with a constant pressure
cutterhead and the other with a pressurized cutterhead. The study collects and statistically analyzes
six tunneling parameters recorded in real time by the shield tunneling equipment, and investigates
their patterns of change.

INTRODUCTION TO ENGINEERING BACKGROUND

This project is the Haizhuwan Tunnel project, with the main line designed from chainage EKO-
415.730 to EK3+933.057, with a total length of 4348.787 m. The starting point of the main line design
of this project connects to the existing Dongxiaonan Viaduct. The route extends southward and
passes through the Pearl River Lijiao Waterway, Luoxi Island, and Sanzhixiang Waterway in the
form of a double-tube single-layer shield tunnel. After the shield tunnel ends at the northern end of
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Nanpu Road, it continues to pass through Nanpu Road in the form of a buried tunnel and emerges
on the surface, connecting to the bridge of the southern section of the project.

The design adopts the planned centerline revised according to the urban planning standards.
The starting point connects to the Dongxiaonan Viaduct with a dual 4-lane bridge. After crossing
Nanzhou Road, it descends to the ground, and passes under the Pearl River Lijiao Waterway, Luoxi
Island, and Sanzhixiang Waterway using shield tunneling. Moving southward, it goes through Nanpu
Road in an underground buried tunnel, then emerges on the surface to connect to the bridge of the
southern section of the project. The total length of the tunnel is 3463.057 m, with the shield tunnel
section being 2077 m long and the cut-and-cover section being 1386.057 m long. The shield tunnel
has an outer diameter of 14.5 m and is designed to accommodate a dual 6-lane configuration. The
minimum horizontal radius for the shield tunnel section is 1000 m, while for the onshore section it is
450 m, and for the Dongxiao South Viaduct, it is 160 m. The typical minimum clearance between
adjacent tunnel sections is generally not less than 1.0 times the tunnel diameter, while the clearance
at the beginning and ending sections is usually controlled at around 0.6-0.7 times the tunnel diameter.
The minimum spacing for the gradient change points within the tunnel is 342.467m, which meets the
specified regulatory requirements. The mainline has a minimum gradient of 0.3% and a maximum
longitudinal slope of 4%. The vertical curve’s minimum radius for the viaduct section is 3000 m,
meeting the design speed requirement of 60km/h. For the tunnel section, the minimum radius for the
vertical curve is 3800 m, also meeting the design speed requirement of 60 km/h. The strata crossed
by the shield tunnel section are mainly composed of strong, moderate, and slightly weathered silty
sandstone. The longitudinal section layout is shown in Figure 1.

Open Buried Receiving Starting Starting Buried
section  section well well section  section
195m 324w 20w Shield tunneling section length is 2077 meters 22m  125m 45%m
le sl -
€ il 1

Fig. 1 — Illustration of the geological conditions in the shield tunnel section of Haizhuwan

The shield tunneling method is used for the middle section of the tunnel. The shield section has
a circular cross-section with an outer diameter of 14.5 m, an inner diameter of 13.3 m, and a segment
thickness of 0.6 m. The cross-sectional layout is shown in Figure 2.
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Fig. 2 — Cross-sectional diagram

OVERVIEW OF SHIELD TUNNELING MACHINE

Two slurry shield tunneling machines are used in the shield tunneling section. The excavation
diameter of the shield tunneling machine is 15.07 m. The shield tunneling machine in the East line
is divided into a main machine and 4 auxiliary cars behind it. The shield tunneling machine in the
West line is divided into a main machine and 5 auxiliary cars behind it, with a maximum excavating
speed of 50 mm/min. The technical parameters of shield machine is shown in Table 1, and the
technical parameters of cutter head of shield machine is shown in Table 2.

Fig. 3 — The layout diagram of the Fig. 4 — The layout diagram of the
western line disc cutter (atmospheric eastern line disc cutter
pressure) (under pressure)
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Tab. 1 - Technical parameters of shield machine
machine boring machine

Cutterhead diameter (m) 15.07 Cutterhead diameter (m) 15.07
Total length (m) 152 Total length (m) 128
Total weight (t) 4495 Total weight (1) 4300
Total power (kW) 11200 Total power (kW) 9755
Main drive power (kW) 5600 Main drive power (kW) 5600
Rated torque (KN.m) 42972 Rated torque (KN.m) 42784

Operating pressure (bar) 9 Total thrust (kN) 222173

Tab. 2 - Technical parameters of cutter head of shield machine

China Railway Construction Heavy Industry

Herrenknecht slurry balance tunnel boring Corporation with a mud-water balance shield tunnel

machine boring machine
Cutter opening rate (%) 30 Cutter opening rate (%) 35
Knives 246 Knives 387
Edge scraper 12 Edge scraper 16
Atmospheric pressure 50 Center hob 6
replaceable scraper
Pressure replaceable 12 Eront hob 77
center hob
Atmospheric pressure
replaceable front hob 60 Edge hob 22
Atmospheric pressure 4 Wide cutter 180
replaceable edge hob
Ordinary scraper 150 Edge scraper 16
Plain side scraper 12 Over cutter 2

STRENGTHENING MEASURES AT THE DEPARTURE END HEAD

The clear dimensions of the departure work shaft pit are: length of 22 m, width of 54 m, height
of 25.10 m, with a subsequent length of 126 m (114m for the east line). It has an underground four-
story double-box structure and is constructed using an open-cut method in the order of excavation.
The excavation support structure adopts a 1.2 m underground diaphragm wall combined with internal
support bracing as the shoring scheme, and the bottom of the pit is reinforced with a skirt edge
combined with struts. The starting shaft end uses ®850 mm@ 600 triple-axis mixing piles, with a
row of 800 mm @ 600 triple jet grouting piles for reinforcement near the working shaft. The
reinforcement length is 20 m, and the reinforcement depth extends 1m below the strong weathered
silty sandstone. An 800 mm thick plain wall is closely placed around the reinforcement body,
extending to 5 m below the shield tunnel lining structure. The lower end reinforcement uses grouting,
with the grouting range extending to the bottom of the mixing reinforcement body and 5 m below the
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structure bottom. The reinforcement width extends 5 m on both sides of the structure outline, with
the installation of dewatering wells. The mixing pile reinforcement of the work shaft should be
completed before the excavation of the foundation pit, while the jet grouting piles should be
constructed after the completion of the structural filling and before the start of the shield tunneling.
As shown in Figure 5 and Figure 6.
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Nanpu working
cll end point

, ’Wﬁ%"v}'@h—‘ Jet grouting o
800m thick » g -3 g
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Fig. 5 — Plan view of the Fig. 6 — Section view of the
reinforcement at the starting shaft end reinforcement at the starting shaft

ANALYSIS OF THE EXCAVATION PARAMETERS IN THE SHALLOW BURIAL
SECTION

Analysis of the thrust force of the tunnel boring machine

The variation curve of the thrust force of the tunnel boring machine in the process of
excavating rings 1-65 in the shallow burial section can be found in Figure 7.
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Fig. 7 — Graph of thrust variation in shallow burial section
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It can be seen from Figure 7 that after the start of the tunnel boring machine on the west line,
there are stage differences in the variation of thrust in the shallow burial section. During the tunnel
boring process from ring 001 to ring 020, due to the stable soil in the front-end reinforcement area,
the thrust force of the tunnel boring machine continues to increase to 70 MN. However, it is limited
by the initial reaction frame and the stability of the cutterhead, so the thrust is controlled at a relatively
low level. During the tunnel boring process from ring 021 to ring 032, as the tunnel boring machine
excavates out of the front-end reinforcement area and encounters significant changes in geological
conditions, the thrust force of the tunnel boring machine shows a slow decreasing trend, with an
average thrust force of 64.3 MN. During the tunnel boring process from ring 033 to ring 065, as the
tunnel boring machine operates at increasing depths and mainly encounters silty sandstone
formations, the thrust force of the tunnel boring machine continues to steadily increase. Due to the
rapid changes between soft and hard rock and soil formations in this section, the cutterhead
experiences uneven loading, leading to significant eccentric loads and overturning moments on the
cutterhead. When passing through the interface between soft and hard rock and soil formations, the
cutterhead will experience high lateral impact loads, resulting in noticeable fluctuations in thrust force
during excavation in this geological layer.

After the launch of the shield tunnel boring machine in the eastern section, the thrust force of
the tunnel boring machine in the shallow-buried section overall continues to steadily increase. During
the tunnel boring process from ring 001 to ring 020, the tunnel boring machine is located in the front-
end soil reinforcement area, with good geological engineering properties. In the initial ten rings, the
thrust force of the tunnel boring machine continuously and rapidly increases to 50 MN. In the
subsequent ten rings, as the tunnel boring machine is about to excavate out of the front-end
reinforcement area, the thrust force tends to increase slowly due to significant changes in geological
conditions. During the tunnel boring process from ring 021 to ring 050, as the tunnel boring machine
operates at increasing depths, it mainly enters silty sandstone formations. The thrust force of the
tunnel boring machine continues to steadily increase. During the initial rings of tunnel boring, after
the tunnel boring machine adapts to the normal soil layers, the thrust force increases from 60MN to
70 MN in stages. In the subsequent ten rings, the thrust force remains at 70 MN to ensure the stability
of the tunnel boring machine excavation. The variation in thrust from rings 030 to 050 is an adaptive
process for the tunnel boring machine to adjust to the new geological conditions. In the initial rings,
the thrust increases from 70 MN to 86 MN in stages. However, due to the thrust not matching the
geological conditions, the value gradually decreases afterwards, eventually stabilizing at 80kN. In
the tunnel boring process from ring 051 to ring 065, the thrust of the tunnel boring machine continues
to steadily increase. Due to rapid changes between soft and hard rock and soil formations in this
section, uneven loading on the cutterhead causes the cutterhead to bear significant eccentric loads
and overturning moments. When the cutterhead passes through the interface between soft and hard
rock and soil, significant lateral impact loads are generated. In this geological layer, the thrust of the
tunnel boring machine fluctuates significantly, with the thrust maintained at 80 to 90 MN.

In the initial shallow-buried excavation section, the total thrust of the tunnel boring machine
increases with the excavation distance, and the excavation parameters are continuously adjusted
during construction. The tunnel boring machine gradually reaches a stable operating state, resulting
in a gradual reduction in the range of thrust fluctuations. Overall, due to the smaller curve radius on
the western line, the total thrust on the western line is higher than that on the eastern line.

When the tunnel boring machine passes through the reinforcement zone at the starting end, the
thrust increases rapidly due to the greater strength of the soil in the reinforced area. A comparison
of the thrust variation curves between the eastern and western lines reveals that the thrust gradually
increases with the increase of excavation distance, displaying a basic linear change. When
excavating in the formations outside the reinforcement zone, both the eastern and western lines
experience a certain degree of fluctuation in thrust, and the magnitudes of the fluctuations are
essentially the same between rings 20 and 40. Subsequently, the thrust of both the eastern and
western lines continues to increase. The thrust of the tunnel boring machine on the eastern line
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gradually increases from 80.8 MN to 89.5 MN, while the thrust of the tunnel boring machine on the
western line gradually increases from 82.41 MN to 101.83 MN. On the one hand, the thrust required
for the disc cutters to crush the rock mass increases significantly with the increase in the proportion
of the rock mass at the cutter face; on the other hand, in the composite soil-rock formations, the disc
cutters wear out fast, leading to severe abnormal wear and a decrease in the rock-breaking ability
of the cutterhead. During the excavation process in the shallow-buried section, the thrust of the
cutterhead with constant pressure on the western line is between 69MN and 101.83 MN, while the
thrust of the cutterhead with pressure on the eastern line is between 71 MN and 89.5 MN.

Cutterhead Torque Analysis.

The change curve of the cutterhead torque in the process of tunneling from ring 1 to ring 65 in
the shallow-buried section is shown in Figure 8.
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Fig. 8 — Cutterhead torque variation diagram in shallow-buried section

It can be seen from Figure 8 that the cutterhead torque of the westbound shield machine remains
relatively stable overall during the tunneling process in the shallow-buried section. However, due to
the limitations of the initial reaction frame and the stability of the cutting edge, the thrust is controlled
at a relatively low level. During this period, the cutterhead torque frequently experiences sharp
increases or decreases, with frequent fluctuations, while the distribution of the adjacent ring
formations remains unchanged. This indicates significant differences in the flowability of the muck
and the improvement effects in the adjacent ring chambers. During the tunneling of rings 001 to 020
of the shield tunnel, this section is for the stabilization of the end face. The soil is stable, and the
cutterhead torque is continuously adjusted, fluctuating around 4 MN-m, and then steadily increasing
to 7 MN-m. During the tunneling of rings 021 to 038 of the shield tunnel, as the shield machine
excavates beyond the end face reinforcement zone, there is a significant change in the ground
conditions, and the cutterhead torque shows a slow increasing trend. In the tunneling of rings 039 to
065 by the shield tunneling machine, as the depth of the shield machine increases, the shield
machine mainly enters the mudstone and siltstone formations. The cutterhead torque continues to
steadily increase. Due to the rapid changes between soft and hard rock and soil, the disc cutters
bear uneven forces, resulting in significant eccentric loads and overturning moments on the
cutterhead. The cutterhead torque fluctuates noticeably during tunneling in this formation.

After the start of the shield tunneling on the eastern line, there are phase differences in the
overall variation of the cutterhead torque in the shallow buried section. In the tunneling of rings 001
to 020 by the shield tunneling machine, the shield machine is in the face soil reinforcement area,
and the ground engineering properties are good. The cutterhead torque steadily increases to 8 MN-m
in this section. In the tunneling of rings 021 to 065 by the shield tunneling machine, the shield
machine continues to adjust to the new ground conditions after entering. The cutterhead torque
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fluctuates noticeably during tunneling in this formation, with the cutterhead torque maintained at 10
to 16 MN-m.

In the initial shallow-buried tunneling section, as the tunneling distance increases, the tunneling
parameters are continuously adjusted during construction. The cutterhead torque of the twin-shield
tunneling machines is constantly fluctuating. The cutterhead torque can to some extent infer the
working state of the main shaft and the wear of the tools. Overall, the cutterhead torque of the shield
tunneling machine on the eastern line is higher than that of the western line.

When the shield tunneling machine passes through the initial face reinforcement area, the thrust
of the twin-shield tunnels continues to increase due to the higher soil strength in the reinforcement
zone. By comparing the thrust variation curves of the eastern and western lines, it can be observed
that the thrust gradually increases with the tunneling distance, showing a generally linear trend.
During tunneling in the strata outside the reinforcement area, both the eastern and western lines
exhibit a certain degree of thrust fluctuation. Specifically, after tunneling out of the reinforcement
area, the cutterhead torque of the eastern line undergoes a significant increase, leading to a more
pronounced adaptation process of the shield machine. Between rings 20 and 65, the cutterhead
torque of the eastern line shows greater fluctuations and more pronounced dispersion, which is
correlated with the wear of the cutterhead tools and the condition of the shield machine on the
eastern line. In contrast, the western line experiences an initial decrease in cutterhead torque after
tunneling out of the reinforcement area, with a gradual and steady increase in torque between rings
20 and 65, ultimately stabilizing at around 12 MN-m.

Tunneling speed.

The variation curve of the tunneling speed of the west line during rings 1 to 65 of the shallow-
buried section excavation process can be seen in Figure 9.

18
A \\"’cstlinc?
16 4 1
A— East lmc‘
£ 141 A Al
= A ()| A
=
A | A AN
g 12 “A year A -
& \l 4 A\ [\A A
g 101 R Y FYA-A- LAk
1

2, A A [la, A A aat
@ 8- Ak A | A Y
g o A% 44
= 6+ E Replaced the disc
< & AA A A A cutter on the west line
g A 2 “ “A A
g 41 A VW Al
& AA \A ad

24 A

0 T T T T T T T T

-10 0 10 20 30 40 50 60 70 80

Ring number (ring)

Fig. 9 — Variation of tunneling speed in the shallow-buried section

From Figure 9, it can be observed that compared to the fluctuation range of the total thrust and
cutterhead torque of the west line shield machine mentioned earlier, the tunneling speed of the shield
machine in the shallow-buried initial section has a higher degree of dispersion, with average and
standard deviation values of 9.85 and 1.99 for the tunneling speed respectively. Throughout the
entire excavation process, the tunneling speed within the face soil reinforcement area remains at a
relatively high level, with an average of 11.37 mm/min. As the shield machine advances beyond the
reinforcement area, the overall tunneling speed slows down, with the tunneling speed in rings 021
to 065 mainly controlled within the range of 6 to 12 mm/min, and averaging 9.18 mm/min.
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Compared to the fluctuation range of the total thrust and cutterhead torque of the east line shield
machine mentioned earlier, the tunneling speed of the east line shield machine shows a similar trend
to the west line, with a higher degree of dispersion. The average and standard deviation of the
tunneling speed are 5.49 and 2.44 respectively. Throughout the entire excavation process, the
tunneling speed of the east line shield machine within the face soil reinforcement area also remains
at a relatively high level, with an average of 7.76 mm/min. As the shield machine advances beyond
the reinforcement area, the overall tunneling speed slows down, with the tunneling speed in rings
021 to 065 mainly controlled within the range of 2 to 6 mm/min, averaging 4.49 mm/min.

Starting from the shallow-buried starting section, the tunneling speeds of the dual-line shield
machines both increase rapidly. Due to the need for the shield machine to gradually adapt to the
surrounding strata in the initial stages of tunneling, the tunneling speed fluctuates greatly. As the
dual-line shield machines excavate beyond the soil reinforcement area at the face, the ground
conditions become more complex. Therefore, the tunneling speed of the shield machines gradually
slows down and tends to stabilize with mild fluctuations. Furthermore, the shield machine has
gradually adapted to the surrounding strata, so the fluctuations in tunneling speed are relatively
stable. The average and standard deviation of tunneling speed for the west line are 9.85 and 1.99
respectively, while for the east line are 5.49 and 2.44. During the tunneling in the shallow-buried
starting section, the tunneling speed of the east line shield machine is significantly lower than that of
the west line shield machine.

Cutterhead rotation speed

The variation curve of cutterhead rotation speed for rings 1 to 65 during the tunneling process
in the shallow-buried section of the west line can be seen in Figure 10.
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Fig. 10 — Cutterhead rotation speed variation in the shallow-buried section

From Figure 10, it can be seen that after the start of the west line shield tunneling, the rotation
speed of the cutterhead continues to increase to 1.2 rpm during the excavation of the end soil
reinforcement section. From rings 10 to 40, the cutterhead rotation speed is mainly maintained at
around 1.2 rpm with minimal fluctuations. After ring 40, when the shield machine enters the complex
strata with variations in soil hardness, in order to reduce the disturbance to the surrounding soil
during excavation, the cutterhead rotation speed is reduced from 1.2 rpm to 1.0 rpm in the lower
layer of this strata. As the proportion of rock mass on the cutting face increases, the rolling cutter in
the complex strata wears out quickly, experiences severe abnormal wear, and the rock-breaking
ability of the cutterhead decreases. The cutterhead rotation speed gradually increases to 1.2 rpm.
Due to the need for constant adjustments to adapt to the strata, there is significant fluctuation in the
cutterhead rotation speed during excavation in this strata.
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After the start of the east line shield tunneling, the rotation speed of the cutterhead continues to
increase to 1.2 rpm during the excavation of the end soil reinforcement section. From rings 10 to 30,
the cutterhead rotation speed is mainly controlled at around 1.2 rpm, showing significant fluctuations.
After ring 30, in order to better adapt to different strata conditions, the cutterhead rotation speed is
reduced from 1.2 rpm to around 1.1 rpm. With the increasing proportion of rock mass at the face,
the rolling cutter in the composite strata wears out quickly and exhibits severe abnormal wear,
resulting in reduced rock breaking efficiency of the cutterhead. As a result, the cutterhead rotation
speed fluctuates continuously between 0.9 and 1.2 rpm.

In the initial shallow-buried excavation section, the cutterhead rotation speed is continuously
adjusted during construction as the excavation progresses. The cutterhead rotation speed fluctuates
significantly between 0.9 and 1.2 rpm. The average cutterhead rotation speed for the shield machine
in the west line is 1.11 rpm, while in the east line, it is 1.10 rpm. Overall, the cutterhead rotation
speed in the east line shows a higher level of dispersion compared to the west line.

Cutting water pressure and air bubble chamber pressure

The variation curves of cutting water pressure and air bubble chamber pressure in the
excavation process of rings 1-65 in the shallow-buried section of the west line can be seen in Figure
11.
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Fig. 11 — Cutterhead rotation speed variation in the shallow-buried section

According to Figure 11, it can be seen that with the continuous increase of the excavation
distance of the west line shield tunnel, the tunnel depth also increases accordingly. Therefore, the
cutting water pressure and ai bubble chamber pressurer bubble chamber pressure of the shallow-
buried starting section of the west line shield tunnel both show an overall increasing trend. During
the excavation of rings 001 to 010 of the shield tunnel, due to being in the end soil reinforcement
zone, the cutting water pressure and air bubble chamber pressure of the west line shield tunnel both
increased rapidly. The cutting water pressure increased from 0.13 bar to 1.54 bar, and the air bubble
chamber pressure increased from 0.99 bar to 2.38 bar. In the subsequent rings 011 to 065, the
cutting water pressure and air bubble chamber pressure continued to increase, but compared to the
first ten rings, the rate of increase slowed down, with smaller fluctuations and a more stable trend.

The cutting water pressure and air bubble chamber pressure of the shallow-buried starting
section of the east line shield tunnel follow the same pattern as the data for the west line tunnel, with
both values gradually increasing. During the excavation of rings 001 to 010 of the shield tunnel, the
cutting water pressure and air bubble chamber pressure of the east line shield tunnel both increased
rapidly. The cutting water pressure increased from 0.45 bar to 1.59 bar, and the air bubble chamber
pressure increased from 1.29 bar to 2.48 bar. In the subsequent rings 011 to 065, the cutting water
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pressure and air bubble chamber pressure continued to increase, but compared to the first ten rings,
the rate of increase slowed down.

The cutting water pressure and air bubble chamber pressure of the shallow-buried starting
section of the east and west lines both show a gradually increasing trend. The standard deviations
of the cutting water pressure in the shallow-buried starting section of the east and west lines are 0.34
and 0.6, respectively, indicating that the west line cutting water pressure has a higher degree of
dispersion compared to the east line cutting water pressure; the standard deviations of the air bubble
chamber pressure in the shallow-buried starting section of the east and west lines are 0.34 and 0.50,
respectively, indicating that the west line air bubble chamber pressure has a higher degree of
dispersion compared to the east line air bubble chamber pressure.

Grouting volume

The curve showing the changes in the grouting volume of the west tunnel boring machine in
rings 1 to 65 of the shallow-buried section is shown in Figure 12.
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Fig. 12 — C Graph of grouting volume changes in the shallow-buried section

As can be seen from Figure 12, the average grouting volume of the west tunnel boring machine
is 36.66 m3, showing a trend of fluctuation around the average throughout the entire excavation
process of the shallow-buried starting section. The average grouting volume of the east tunnel boring
machine is 30.76 m3. Throughout the entire excavation process of the shallow-buried starting section,
except for the initial 3 rings, the grouting volume at the remaining segment lining rings remains
relatively stable.

The grouting volumes of the east and west tunnel boring machines in the shallow-buried starting
section remained within specific values, with fluctuations in the data corresponding to different ring
numbers. The standard deviations of the grouting volumes for the east and west tunnel boring
machines in the shallow-buried starting section are 5.50 and 13.21 respectively, indicating that the
grouting volume of the west tunnel boring machine has a higher level of dispersion compared to the
east tunnel boring machine.

ANALYSIS OF GROUND SURFACE SETTLEMENT MONITORING SECTION RESULTS

The ground surface settlement caused by shield tunnel excavation is essentially the cumulative
soil loss caused by shield tunnel construction. In order to study the dynamic process of ground
surface settlement during shield tunnel construction, five transverse monitoring sections, DB1 (0 m
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from the starting shaft), DB2 (20 m from the starting shaft), DB3 (40 m from the starting shaft), DB4
(60 m from the starting shaft), and DB5 (80 m from the starting shaft), were selected as target
surfaces. The dynamic relationship curves between ground surface settlement and the excavation
face advancement process are shown in Figures 13 to 17.
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Fig. 13 — Settlement curve of transverse Fig. 14 — Settlement curve of transverse
monitoring section DB1 monitoring section DB

From Figure 13 and Figure 14, it can be seen that before the shield tunneling machine reaches
the section, there is no significant ground settlement. With the excavation of the west line (leading
tunnel) and the east line (following tunnel) shield tunnels, as the transverse monitoring sections DB1
(0 m away from the originating shaft) and DB2 (20 m away from the originating shaft) are both located
within the initial section head reinforcement zone, reinforcement measures such as bored piles
ensure the formation of cement soil in the reinforcement zone, with good engineering properties. No
significant ground settlement occurred near the axis of the twin tunnels and the excavation sections,
indicating the reasonable and effective implementation of the measures taken, ensuring the safe
progress of the originating construction. After the shield tunneling machine of the east line tunnel
passes through, significant settlement occurred at the edge of the originating shaft and the head
reinforcement zone due to the apparent difference in soil properties. The maximum settlement on
the west side of section DB1 is about 18 mm, and on the east side is about 26 mm, the maximum
settlement on the west side of section DB2 is about 7 mm, and on the east side is about 6 mm.
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From Figure 15, it can be seen that with the excavation of the shield tunnel of the west line
(leading tunnel), there is no significant settlement on the ground surface before the shield tunnel
machine of the west line arrives at the section. After the DB3 section (40 m from the starting shatft),
surface settlement gradually occurs. When the tunnel machine reaches Ring 20, it crosses the
monitoring section DB3. At this point, the surface settlement of the DB3 section significantly
increases, and the settlement values and settlement rates at the tunnel axis are noticeably greater
than those on both sides of the tunnel. As the shield tunnel machine of the west line crosses the
section, the settlement curve develops into a normal distribution curve. The single-line excavation of
the west line tunnel conforms to the settlement law of the Peck theory. The maximum transverse
surface settlement value of 42.51 mm is obtained at the axis of the west line tunnel, with a settlement
trough width of approximately 44m, conforming to the settlement trough theory. This indicates that
tunnel excavation will cause lateral differential settlement on the ground surface.

With the excavation of the shield tunnel of the east line (trailing tunnel), monitoring data shows
that before the shield tunnel machine arrives at the section, there is approximately 4.18 mm of ground
uplift at the axis of the east line tunnel section. As the construction progresses, when excavating to
Ring 20, the shield tunnel machine crosses the monitoring section, and the surface settlement of the
DB3 section significantly increases. The surface settlement values and settlement rates at the tunnel
axis are noticeably greater than those on both sides of the tunnel. At this point, the maximum
transverse surface settlement value of 6.24 mm is obtained at the axis of the east line tunnel, with a
settlement trough width of approximately 15 m. As the shield tunnel machine of the east line crosses
the section, after the grouting is completed, the strata slowly undergo consolidation and rheology,
eventually reaching a new stress equilibrium, and the ground surface stabilizes. Due to the
disturbance of the surrounding soil caused by the excavation of the west line tunnel, the surface
settlement values overlap with those generated during the excavation of the east line tunnel. The
position of the maximum settlement point shifts towards the centerline of the two tunnels, ultimately
reaching a maximum settlement value of 56.96 mm. The width of the settlement trough continues to
increase, and the final shape remains V-shaped.

Based on the results of the engineering geological exploration, it is believed that before the
shield tunnel machine reaches the monitoring section DB3, the settlement is mainly caused by
consolidation of the overlying soft soil layer. When the shield tunnel machine crosses the section
until grouting is completed at the tail of the shield, shear stress is generated at the interface between
the shield and the soil, as the diameter of the shield tunnel machine is slightly larger than the outer
diameter of the tunnel lining, and simultaneous grouting cannot instantly fill the gap between the
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tunnel lining and the soil. The surrounding soil rapidly moves towards the gap, leading to a rapid
occurrence of surface settlement, which can be considered as instantaneous settlement. After
grouting is completed, the strata slowly undergo consolidation and rheology, eventually reaching a
new stress equilibrium, and the ground surface stabilizes. It can be seen that significant surface
settlement occurs during the shield tunnel crossing the section and before grouting is completed at
the shield tail.

From Figure 16, it can be seen that as the shield tunnel of the west line (leading tunnel) is
excavated, there is no significant surface settlement before the shield tunnel machine of the west
line reaches the section. Subsequently, surface settlement gradually occurs at the DB4 section (60
m from the starting well). When excavation reaches ring 30, the shield tunnel machine crosses the
monitoring section, and surface settlement at the DB3 section significantly increases. The maximum
lateral surface settlement value at the axis of the west line tunnel is 18.31 mm, with a settlement
trough width of approximately 34 m. The surface settlement value and settlement rate at the tunnel
centerline are significantly greater than those on both sides of the tunnel. As the shield tunnel
machine of the west line crosses the section, the area near the west line tunnel gradually transitions
from settlement to uplift. The maximum lateral surface uplift value within the west line tunnel is 18.07
mm.

As the shield tunnel of the east line (trailing tunnel) is excavated, the monitoring data shows that
there is approximately 1.23 mm of ground uplift at the axis of the east line tunnel before the shield
machine reaches the section. When excavating to ring 30, the shield tunnel machine crosses the
monitoring section, and surface settlement at the DB4 section significantly increases. The surface
settlement value and settlement rate at the tunnel centerline are significantly greater than those on
both sides of the tunnel. At this time, the lateral surface settlement value at the axis of the east line
tunnel is 7.95 mm. As the shield tunnel machine of the east line crosses the section, after the grouting
is completed, the strata slowly undergo consolidation and rheological changes, eventually reaching
a new stress equilibrium, and the ground surface stabilizes. Due to the disturbance caused by the
excavation of the west line tunnel, the surface settlement values generated during the excavation of
the east line tunnel are superimposed. The position of the maximum settlement point shifts towards
the centerline between the two tunnels, resulting in a maximum settlement value of 12.24 mm. The
settlement trough shows a V-shaped pattern.

Compared to the previous three sections, in the lateral monitoring process of this section, there
is a significant ground uplift near the axis of the west line tunnel. Based on the results of engineering
geological exploration and grouting volume data in the shallow buried section (see Figure 12), it is
believed that the main cause of surface settlement is the drastic fluctuation in grouting volume during
the excavation of the west line tunnel. From Figure 12, it can be seen that the grouting volume for
the west line tunnel from ring 29 to ring 30 is 20m3 each, while the average grouting volume for the
west line shield tunnel is 36.66 m3, indicating a significant undersupply of grouting volume. When
the west line tunnel advances to ring 31 to ring 35, significant surface settlement has occurred. It is
reasonable to increase the control of grouting at this point. However, due to insufficient grouting in
the earlier rings, a sudden increase in grouting volume at this stage causes the strata to quickly
undergo rheological changes, leading to surface uplift. The grouting volume for the west line tunnel
shows a significantly higher level of dispersion compared to the grouting volume for the east line
tunnel, indicating that the control of surface settlement during the excavation of the east line tunnel
is clearly better than that of the west line tunnel. It can be seen that it is highly important to make
reasonable adjustments and controls to excavation parameters during shield tunneling.
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Fig. 17 — Shows the settlement curve of transverse monitoring section DB4.

From Figure 17, it can be seen that as the excavation of the west line (leading tunnel) shield
tunnel progresses, monitoring data before the arrival of the shield machine at the section of the west
line tunnel axis shows that a ground uplift of approximately 1.73 mm occurs at the west line tunnel
axis. When excavating through ring 40, the shield machine crosses the monitoring section. The
surface settlement of DB3 section significantly increases, with the maximum lateral surface
settlement value obtained at the west tunnel axis reaching 1.94 mm. The settlement trough width is
approximately 34 m, and the surface settlement value and settlement rate at the tunnel axis are
significantly greater than those on both sides of the tunnel. As the shield machine of the west line
tunnels through the section, the area near the west line tunnel gradually changes from settlement to
uplift. The maximum lateral surface uplift value of 38.85 mm is achieved on the inside of the west
line tunnel.

As the shield tunnel of the east line (trailing tunnel) is excavated, there is no apparent surface
settlement before the shield machine reaches the section. When excavating to ring 40, the shield
machine crosses the monitoring section, and the surface settlement of the DB5 section significantly
increases. Due to the disturbance of the surrounding soil caused by the excavation of the west line
tunnel, the surface settlement values generated during the excavation of the east line tunnel are
superimposed. The position of the maximum settlement point shifts towards the centerline of the two
tunnels. At this point, the maximum lateral surface settlement value of 7.8 mm is obtained at the
inner measuring point of the east line tunnel axis. As the shield machine of the east line tunnels
through the section, after grouting is completed, the strata slowly undergo consolidation and
rheological changes, eventually reaching a new stress equilibrium, and the surface stabilizes. The
maximum settlement value eventually reaches 3.37mm, and the settlement trough appears in a V
shape.

Similar to section DB4, during the lateral monitoring process of the measuring points in this
section, there is also a noticeable surface uplift near the axis of the west line tunnel. This is mainly
caused by improper adjustment of the grouting volume in the excavation parameters. The grouting
volume of the west line is relatively more dispersed compared to that of the east line. In this section,
the advantage of the east line tunnel in controlling surface settlement throughout the excavation
process is more evident, further confirming the importance of properly adjusting and controlling
excavation parameters.
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CONCLUSION
(1) In the initial shallow-buried excavation section, as the excavation distance increases, the

total thrust of the shield machine is continuously adjusted during construction. The shield machine
gradually reaches a stable operational state, resulting in a gradual reduction in the fluctuation range
of the thrust values. Overall, due to the smaller curve radius of the west line, its total thrust is higher
than that of the east line.

(2) After the excavation and reinforcement zone on the east line, the cutterhead torque
experiences significant growth, leading to a more noticeable adaptation process for the shield
machine. The fluctuation of the cutterhead torque is greater in rings 20 to 65 on the east line, showing
higher levels of dispersion. This situation is correlated with the wear of the cutterhead and the
condition of the shield machine equipment on the east line. On the west line, after the excavation
and reinforcement zone, the cutterhead torque is initially decreased. From ring 20 to ring 65, the
torque gradually and slowly increases, eventually stabilizing around 12 MN-m.

3) The excavation speed of the shield machine on the east line displays a similar trend to that
on the west line, with a higher level of dispersion. The average and standard deviation of the
excavation speed are 5.49 and 2.44, respectively. During the entire excavation process, the shield
machine on the east line maintains a relatively high excavation speed within the end soil
reinforcement zone, with an average of 7.76 mm/min. As the excavation progresses beyond the
reinforcement zone, the overall excavation speed of the shield machine slows down. In rings 021 to
065, the excavation speed is mainly controlled between 2 to 6 mm/min, with an average of 4.49
mm/min. Overall, the speed changes more steadily.

(4) In the initial shallow excavation section, the cutterhead speed is continuously adjusted
during construction as the excavation progresses. The cutterhead speed fluctuates noticeably
between 0.9 to 1.2 rpm. The average cutterhead speed for the shield machine on the west line is
1.11 rpm, while the average cutterhead speed for the shield machine on the east line is 1.10 rpm.
Generally, the cutterhead speed on the east line has a higher level of dispersion compared to the
west line.

(5) The water pressure at the cutting face and the air bubble chamber pressure in the initial
shallow excavation sections of the east and west lines are showing a gradually increasing trend. The
standard deviations of the water pressure at the cutting face in the initial shallow excavation sections
of the east and west lines are 0.34 and 0.6, respectively, indicating that the water pressure at the
cutting face on the west line has a higher level of dispersion compared to the east line. Similarly, the
standard deviations of the air bubble chamber pressure in the initial shallow excavation sections of
the east and west lines are 0.34 and 0.50, respectively, indicating that the air bubble chamber
pressure on the west line has a higher level of dispersion compared to the east line.
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ABSTRACT

This paper presents a comparative analysis of mobile and terrestrial laser scanning
techniques in the 3D surveying of Bashtova castle in Albania, showcasing the integration's efficacy
in capturing a comprehensive and accurate representation of this historical structure. Personal laser
scanning (PLS), characterized by its mobility and ability to capture data while in motion, offers
advantages in terms of efficiency and coverage of large areas. Conversely, terrestrial laser scanning
(TLS), with its stationary setup and high precision, excels in capturing detailed information and
intricate architectural features. Thanks to the research on the case study of the Bastova Castle in
the article, it can be stated that the integration of data from PLS and TLS is seamless with the help
of modern software while respecting the basic photogrammetric-geodetic rules and demonstrates
the possibility of creating a complex 3D model, usable for further analyses for architects and
conservation professionals, as well as for restorers and civil engineers. Research has shown that
the difference between point clouds from PLS and TLS is within one centimeter.

KEYWORDS
PLS, TLS, Point Cloud, Accuracy, Bashtova castle, viDOC

INTRODUCTION

In the realm of heritage preservation and archaeological documentation, the marriage of
cutting-edge technologies has become instrumental in unraveling the mysteries of historical
structures or objects. Among these, the integration of PLS (personal laser scanning) and terrestrial
laser scanning (TLS) stands out as a transformative approach, offering a synergistic solution to the
challenges posed by the intricate architecture and expansive landscapes of castles [1].

Geodetic technologies have been used for a long time for the documentation of monuments
and objects of heritage conservation. With the development of computer technology and new
equipment, the speed and accuracy of documentation work have increased significantly. About 150
years ago, photography began to be used for documentation, and photogrammetry was developed.
Electronic systems were gradually integrated into surveying after World War Il, and in the 1970s
satellite data began to be used in addition to aerial photographs. A major change occurred in the
1990s with the development of commercially available computer technology and the digitization of
technology. Nowadays, electronic surveying systems (total stations, GNSS equipment), airborne
systems, satellite systems, terrestrial and mobile laser scanning, and automated close-range
photogrammetry from the ground and drones are used. The synergy of data from different
instruments is a topic of research in many workplaces today [3].

This study delves into the application of this integrated methodology, focusing on the case
study of Bashtova Castle. This castle, with its rich historical significance and complex architectural
features, serves as a compelling canvas to explore the capabilities and effectiveness of combining
mobile and terrestrial laser scanning for the comprehensive 3D surveying of castles.
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The allure of castles lies not only in their historical narratives but also in the intricate details
of their construction, both inside and out. However, traditional surveying methods often fall short of
capturing the full scope of these structures. TLS and PLS, stationed on the ground, specialize in
acquiring detailed and precise data about the castle's interiors and architectural nuances. This
integrated approach promises a holistic understanding by combining the strengths of these
technologies, overcoming challenges such as occlusions, inaccessibility, and the need for
comprehensive datasets [4].

Nestled within a captivating landscape, this castle presents a microcosm of challenges that
the integrated approach aims to address. As we embark on this exploration of Bashtova Castle, the
study not only seeks to showcase the practical implementation of Aerial Photogrammetry and TLS /
PLS but also endeavors to shed light on the broader implications for cultural heritage management,
archaeological research, and the preservation of historical structures [5].

Through a meticulous examination of the integration process, data acquisition strategies, and
the ensuing 3D model generation, this research aims to contribute valuable insights to the evolving
field of castle surveying. The findings from the case study are anticipated to demonstrate the efficacy
of this integrated methodology, providing a blueprint for future endeavors in unraveling the
architectural tapestry of castles and, by extension, our shared cultural heritage [10, 15].

THE CASE PROJECT

This paper uses the castle of Bashtova as a case study. The Bashtova Castle is situated
north of the Shkumbini River, three to four kilometers from Vile-Bashtove settlement.

Built in the fifteenth century, this fortress is a stunning example of the various civilizations
that have passed through Albania. The location is 20 kilometers northwest of Lushnjé, 15 kilometers
south of Kavajé, 36 kilometers north of Fier, and 40 kilometers southwest of Tirana.

It is the only castle in the Balkans to be constructed on a field. The castle is 60 by 90 meters
in size and is aligned north to south in a quadrangular configuration. In the eighteenth century, the
western portion was renovated. The two round towers to the east and north are 12 meters high, and
the walls are nine meters high and one meter wide.

With some brick and tile woven into the structure, it is constructed out of native stone. Three
of the seven towers of the Bashtova Castle—two circular and one rectangular—remain standing.
This castle is believed to have had two stories, the first of which is subterranean. The shooting ports
are still visible, and the castle includes an arcade-style fighting platform that is accessible by stairs.
Three rows extend into the walls, while the towers have five rows.
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Fig. 1 — Location of Bashtova Castle

INSTRUMENTS USED AND DATA CAPTURING
Selection of Instruments

The selection of instruments for Personal and Terrestrial Laser Scanning for the 3D surveying
of the Fortress of Bashtova in Albania necessitated a strategic consideration of the site's unique
characteristics and surveying objectives. PLS instruments, renowned for their ability to penetrate
vegetation and capture detailed elevation data, were invaluable for mapping dense vegetation within
and surrounding the fortress, providing insights into ecological dynamics and historical land use. On
the other hand, TLS instruments, with their high precision and ability to capture fine details of
structures, were instrumental in documenting the architectural intricacies of the fortress itself.
Reduced funding and transportation issues have compelled the usage of smaller instruments. Larger
laser scanners mounted on tripods or traditional total geodetic stations could not be used because
of this. Therefore, portable measuring devices were used in conjunction with the most advanced
geomatics techniques available today [16].

Instruments used

PLS is a basic type of laser scanning and it creates a 3D point cloud with a LIDAR device
(Light Detecting and Ranging). It is capable of collecting millions of points in a short time period. For
this reason, it is used in many applications such as project monitoring, building diagnostics, progress
control, change detection, quality control, and creating part-built, and as-built models [17].

GoSlam RS100i is a PLS instrument and it was used to perform measurements. This PLS
uses SLAM technology (simultaneous localization and mapping), which is real-time positioning and
mapping technology joined with the IMU /inertial measurement unit). GoSlam RS100i has a scanning
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radius of 120 meters and the ability to collect 320,000 points per second. It has a super large field
of view angle 360 degree with a spatial point accuracy up to one cm.

Fig. 2 — GoSlam RS100i laser scanner (https://www.goslam.com/product/RS100).

A low-cost solution for mobile mapping can be the viDOC. The viDoc RTK Rover is a vital
component of the mapping process, providing real-time kinematic (RTK) location to improve the
accuracy of the mapping findings in comparison to the stock GNSS receiver contained in the iPhone.
To provide centimetre-level location precision, the viDoc RTK Rover uses the RTK correction signals
that are continuously monitored by the CORS stations from satellites. The viDoc RTK Rover is able
to improve the system's positioning and receive real-time corrections by pairing it with the iPhone 13
Pro Max over Bluetooth. The accuracy of a VIDOC RTK (Real-Time Kinematic) rover can be quite
high, as RTK technology is designed to provide centimeter-level precision in positioning data. When
connected to any NTRIP service, the rover synchronized with PIX4Dcatch allows the generation of
real-time, RTK-accurate georeferenced photos and 3D models. Studies have indicated that 3D
models with an absolute precision of less than 5 cm can be obtained using viDoc RTK.

Fig. 3 — Vidoc RTK rover paired with a smartphone (DJI Ferntech)

Terrestrial Laser Scanning is a cutting-edge technology used to capture highly detailed three-
dimensional (3D) data from terrestrial environments. It employs laser beams emitted from a scanning
instrument towards an object or surface, measuring the time it takes for the laser pulses to return
[19].

Faro Focus S70 Laser Scanner is a TLS instrument and it was used to perform
measurements. With a maximum range of up to 70 meters (approximately 230 feet), the S70 can
efficiently capture data from large-scale environments, such as buildings, industrial facilities, and
outdoor landscapes. Portability is a cornerstone of the S70's design, allowing users to easily
transport and deploy the scanner in diverse settings. The intuitive interface and seamless integration
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with FARO's software ecosystem make operation straightforward, empowering users to process,
analyze, and visualize captured data with ease.

The FARO S70 Laser Scanner utilizes Time-of-Flight (ToF) technology to capture highly
accurate three-dimensional (3D) data from terrestrial environments.

Additionally, the FARO S70 integrates other advanced technologies such as rotating mirrors
or prisms to direct the laser pulses, high-resolution cameras for capturing color information, and a
positioning system (such as GPS or total station) to determine the scanner's location in space. These
technologies work in tandem to ensure the scanner captures detailed and accurate 3D data
efficiently and reliably.

The combination of ToF technology with these advanced features enables the FARO S70
Laser Scanner to deliver exceptional performance in terms of precision, speed, and versatility,
making it a powerful tool for professionals across various industries. This device delivers a
measurement accuracy of up to £1 mm at a 10-meter range, which can slightly vary with increasing
distances, ensuring minimal error margins even over its maximum range of 70 meters. The scanner's
ability to capture up to 976,000 points per second allows for rapid and detailed data collection,
essential for high-resolution 3D models. It performs reliably in various environmental conditions,
including bright sunlight and complete darkness, thanks to its robust design and IP54 rating for
protection against dust and water splashes. Operating effectively within a wide temperature range
of -20°C to 55°C (-4°F to 131°F), the FARO Focus S70 is adaptable to diverse field conditions,
ensuring consistent performance. This combination of precision, speed, and environmental
resilience makes the FARO Focus S70 an invaluable tool for professionals in surveying,
construction, architecture, and industrial applications requiring meticulous 3D documentation.

Fig. 4 — Faro Focus S70 Laser Scanner (https://www.faro.com/en/Products/Hardware/Focus-
Laser-Scanners)

METHODS

Ground Control Points Marking

For geolocation of obtained point clouds, five ground control points (GCPs) as targets 60 cm
x 60 cm dimensions were used. These GCP targets are easy identifiable on photos; these are placed
on the ground within the boundary of the personal and terrestrial laser scanning and serve to
possibility to georeference the created photogrammetrical model. For this study, five GCPs were
selected and measured with GNSS Trimble R12i receiver, obtaining RTK data from the Albanian
National GNSS System "ALBCORS. It is advisable to make the GCPs visible during the scanning
area, which is achieved by using high-contrast colors and ensuring that the size of the control points
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is sufficiently visible for the flight height at which the work is being performed. The size of the control
points shall be determined by the scale of the image; the GCP for the TLS and PLS shall have a
clearly identifiable center or point within the accuracy of the ground measurement, in this case
approximately two centimeters. The size of the target should be at least 10 pixels for sufficient
detection quality. The GCPs should be placed regularly at the edge of the observed locality and at
least one in the middle due to model deformation. The accuracy of the ground control points (GCPs)
measured using a total station is notably high, achieving an overall precision of approximately two
centimeters. This level of accuracy is essential for ensuring the reliability and utility of the geospatial
data derived from these points. To enhance the robustness of the measurements, a subset of GCPs
was measured twice from different survey stations, allowing for cross-verification of the data. The
observed differences in the measured coordinates from these repeat measurements are around 8
millimeters, which is well within the acceptable tolerance for high-precision surveying. This minor
discrepancy highlights the consistency and reliability of the total station. The workflow involved
meticulously setting up the total station at designated survey stations and precisely measuring the
coordinates of each GCP. For validation, certain GCPs were remeasured from alternative stations,
providing a means to verify and ensure the accuracy of the initial measurements. The consistency
observed in the measurements underscores the effectiveness of the workflow and the reliability of
the equipment used, confirming the GCPs as trustworthy benchmarks for high-accuracy geospatial
tasks.

Fig. 5 — Ground Control Point distributed around the castle (Google Earth).

The coordinates of GCPs were obtained with one cm absolute accuracy in ETRS89 / Albania
TM 2010 coordinate system (epsg:6870).

Tab. 1 - Coordinates of 5 Ground Control Points measured with Total Station

GCP X (m) Y (m) H (m)
1 4,545,881.829 | 457,710.367 3.474
2 4,545,937.371 | 457,697.870 3.246
3 4,545,944.403 | 457,626.342 3.224
4 4,545,864.029 | 457,647.027 3.012
5 4,545,906.751 | 457,671.135 3.491
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Personal and Terrestrial Laser Scanning

Plans and cross-sections of the fortification were the intended output of the documentation.
So, spatial measurement was always the basis. Regarding methodology, all three technologies—
PLS, Mobile Laser Scanning (MLS), and TLS—were employed. It must be acknowledged that each
has benefits and drawbacks and that the objects for which they are used vary. Larger built-up regions
are best mapped using the PLS because it is quick and portable; in the instance of the Vidoc Rtk
Rover, there is no texture because the scanner utilized here lacks a camera and simply produces a
non-textured point cloud with an accuracy of within 5 cm. [21].

TLS requires more work, but the Faro M70 laser scanner has texture and better accuracy.
The drawback is that documentation is done more slowly than with PLS. Currently, photogrammetric
documentation is produced at a very high and quick level using SfM or IBMR, which creates a point
cloud in a manner comparable to laser scanners. The point cloud in photogrammetric technology is
invariably textured. One could argue that photography is a type of scanning as well, albeit one that
uses a matrix of detectors and typically does so in an erratic order. Photogrammetry uses pixels and
lines rather than metric units, thus you will need to add a scale bar or measure at least one distance
on the object [22].

Measurements were conducted using the PLS instrument GoSlam RS100i. This PLS makes
use of SLAM (simultaneous localization and mapping) technology, which combines the IMU (inertial
measurement unit) with real-time positioning and mapping capabilities. With a scanning radius of
120 meters, the GoSlam RS100i can gather 320,000 points in a second. With a spatial point accuracy
of up to 1 cm, it boasts an incredibly broad field of view, spanning 360 degrees. GoSlam took 58
minutes to acquire the data about the castle.

The iPhone 13 Pro Max's high-resolution camera and light detection and ranging (LIiDAR)
technology were utilized to capture images and gather depth data, respectively. Together 3738
images were collected.

The Pix4Dcatch software was paired with the iPhone 13 Pro Max to enable real-time data
gathering and analysis of the LIDAR point cloud data in the field. The Pix4Dcatch program was used
to handle the LiDAR sensor data and produce a point cloud. To improve the geolocation accuracy
of the mapping results, data from the viDoc RTK rover acquired through the VRS network was also
utilised. Using LiDAR point cloud data, the Pix4Dcatch app on the iPhone 13 Pro Max created a
preliminary depiction of the point cloud; however, additional image processing was required to create
a high-resolution point cloud by providing additional camera sensor data.

Subsequently, the data collected by the iPhone 13 Pro Max was transferred to a computer
that was running the Pix4Dmatic application in order to undergo additional processing. Through the
integration of the LIDAR point cloud data with the image captured by the iPhone 13 Pro Max, the
Pix4Dmatic software generated a more accurate and comprehensive representation of the road
infrastructure. Furthermore, the software employed state-of-the-art algorithms and computer vision
techniques to improve the accuracy of the mapping results.

The Pix4Dmatic application includes control points that were acquired by field-based
georeferencing using GNSS receivers in addition to RTK GNSS data. This information was used to
reference the locations in the point cloud that the user had marked and could easily differentiate.
Pix4Dmatic's 3D model of the object space is extremely accurate and detailed thanks to its usage of
photogrammetric image processing. The software automatically aligned the LIDAR point cloud and
picture data, used the RTK GNSS and georeferencing data, and increased the accuracy of the
mapping findings.
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Fig. 6 — The workflow adopted for the study

The FARO S70 Laser Scanner collects extremely precise three-dimensional (3D) data of
terrestrial environments using Time-of-Flight (ToF) technology. In order for ToF technology to
function, laser pulses are directed at surfaces or objects, and the time it takes for the pulses to return
is measured. The scanner generates point clouds, which are accurate three-dimensional depictions
of the scanned area, by computing these distances. By working with Faro S70 laser scanner, only
five scanner position were used, located in the center and in the corners of the fortress. The
integration of ToF technology with these sophisticated functionalities empowers the FARO S70 Laser
Scanner to yield remarkable results in terms of accuracy, velocity, and adaptability, rendering it an
invaluable instrument for experts in several fields. It took 43 minutes to capture the data for the castle
using the Faro S70 [24].

5

Fig. 7 — Laser Scanner Faro S70 during measurements inside the castle.

RESULTS
Personal Laser Scanning (PLS)

The GoSLAM Studio Flagship Version software was used to process personal laser scanning
data. This software is specially designed and developed for the GoSLAM series of mobile 3D
scanners, integrating device application and point cloud processing. It is also compatible with third-
party device point cloud processing.

The program has eight fundamental features: coordinate transformation, automatic horizontal
plane fitting, point cloud splicing, forward photography, automatic point cloud data report production,
one-click point cloud denoising, shadow rendering, and point cloud encapsulation. To facilitate data
access, GoSLAM incorporates one-click heap data production into bulk metering. Using GoSLAM
Studio Flagship, the independently registered PLS point clouds of the castle were aligned. We
combined all the data after this alignment to create a single point cloud. A set of spatially measured
points is called a point cloud. Each pixel in digital photogrammetry is made up of two coordinates, X
and Y. By using photogrammetric processing, it is possible to compute the point cloud from at least
two overlapping photos of the same object. A typical point cloud is composed of millions of points,
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which together form a 3D shape or view; the points can be coloured by a camera in laser scanning
or directly from images in digital photogrammetry.

.........

Fig. 8 — Point Cloud generated from PLS
viDOC

The LIDAR sensor created a point cloud of the region, which gave us a complete 3D
representation of the object space and allowed us to understand the road infrastructure, while the
camera took pictures of the road infrastructure. The mapping procedure was made more accurate
and efficient by using the Pix4Dcatch app for image processing and automated alignment between
the photos and LIDAR data. Pix4Dcatch software was used to process the data collected by the
RTK Rover and iPhone 13 Pro Max, as depicted in Figure 2, and create a 3D reconstruction of the
road infrastructure. The application used RTK data, LIDAR, and image alignment to improve the
geolocation accuracy of the mapping results. The precision of the mapping results was further
improved by the iPhone 13 Pro Max's capability to receive real-time modifications from the RTK
Rover via Bluetooth connectivity.
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Fig. 9 — Results obtained in Pix4Dcatch

Fig. 10 — Paint cloud generated in Pix4Dmatic

Accuracy assessment of viDOC

The absolute correctness of the point cloud data was assessed by contrasting manually
measured RTK-GNSS ground control points with the digital relief model (DRM) created from the
data. Point clouds created by mobile handheld terrestrial laser scanning need a common reference
in order to be compared. In this instance, we used a standard digital relief model (DRM) for evaluation
and chose to interpolate the data sets with irregular spacing, like point clouds, using the inverse
distance weighting (IDW) technique. The optimal grid resolution for this experiment was determined
using Equation 1, which can accurately compute the lowest grid resolution (p) based on the data
density. Different DSM surfaces were generated at various grid resolution calculations for each
dataset.
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where D is the average point density (number of points/dm2)

Every RTK-GNSS GCP elevation (ZGCP) and the elevation of the point at the same position
(ZDRM) in DRM were compared to determine the elevation difference. ZGCP represents the GCP
points with their elevation (Z), while ZDSM represents the points identified in the digital relief model
along with their elevation. Additionally, using the vertical differences between the observed RTK-
GNSS control points (ZGCP) and the points on the DRM surface at corresponding coordinates, the
root mean square error (RMSE) and standard deviation (SD) were calculated. These points are
dispersed over the research region and unrelated to the point cloud and DRM creation. This is how
the RMSE and SD were computed:

_ J ST (Zocr (Xi=YD) ~Zpru (Xi=YD)
n

RMSE 2

(3)

To evaluate absolute accuracy, manually measured RTK-GNSS data were employed. The
calculated error statistics for DSM surfaces with respect to each ground control point are shown in
Table 1. The table shows that all statistical values are below five centimeters barrier. There were not
many changes between the point cloud data that came from each system, according to an analysis
of the error statistics of the two systems.

= J S (Zocr (Xi=YD) ~Zpru (Xi=YD) —4)

n-1

Tab. 2 - Error values of point cloud data

Min (m) Max (m) SD (m) RMSE (m)
-0.08 0.021 0.026 0.048

Terrestrial Laser Scanning

The Faro Scene software was used to process terrestrial laser scanning data. This software
is a versatile and robust platform developed by FARO Technologies, renowned for its excellence in
3D measurement and imaging technology. Designed to process, manage, analyze, and visualize 3D
point cloud data from various sources, including laser scanners and drones.

Terrestrial laser scanning has become a common tool for documenting monuments, but it
has also resulted in a significant surge in data. In two days, more than 16 GB of data—including
photographic ones—were collected. In the best-case scenario, a report is generated, and the scans
are automatically merged based on the correlation. However, a significant overlap of scans is
required, and this can only be done with expertise. For less complicated items, sets of connected
scans are formed that need to be manually linked into one using tie points. For more complex objects,
the scans join well automatically based on overlap, usually more than 50%. Still, the end product is
a 3D model with texture that is of a respectable caliber.

FARO Scene offers a comprehensive suite of tools and features. From efficient data import
and management to advanced registration and alignment capabilities, the software empowers users
to seamlessly integrate and manipulate large datasets with ease. Its powerful visualization and
analysis tools enable precise navigation through point cloud environments, allowing for detailed
measurements, annotations, and modeling directly within the software. With seamless export options
and compatibility with industry-standard formats, FARO Scene facilitates interoperability with other
software applications, ensuring flexibility and efficiency in diverse workflows across industries such
as architecture, engineering, construction, and forensics.

After the expedition, all five scans were processed using the Faro Scene program. The totally
automated "cloud-to-cloud" technique of joining the gathered scans was based on correlation.
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Between four scanner stations, eight linkages were discovered. Due to the Faro S70 laser scanner's
ability to make measurements that are reasonably accurate across short distances, the final
combined point cloud it produced was designated as the reference measurement.

Fig. 11 — Point Cloud generated from TLS

Comparison of PLS and TLS

Point clouds were generated and transferred to the CloudCompare program from laser
scanners. The TLS measurement was chosen as the reference point cloud because, out of the three
approaches, it was the most accurate and complicated. According to the computational report, the
average overlap is more than 78%, and the differences after automatically connecting four observed
point clouds approach only 1 cm. The final point cloud produced by TLS and the point cloud produced
by PLS were compared.

Comparing point clouds in CloudCompare software involves a systematic process to analyze
and visualize the similarities and differences between multiple datasets. After importing the point
clouds into the software, users can utilize various tools and functionalities to conduct the comparison.
Cloud-to-cloud distance analysis allows for the measurement of the discrepancy between
corresponding points in different datasets, enabling the identification of areas of divergence or
alignment. Additionally, registration algorithms can be employed to align the point clouds for accurate
comparison, utilizing features such as lIterative Closest Point (ICP) or manual point picking.
Visualization tools such as color mapping and slicing enable users to visualize and interpret the
comparison results effectively. By leveraging these capabilities, CloudCompare empowers users to
conduct comprehensive analyses of point cloud data, facilitating informed decision-making in various
fields such as archaeology, geology, and engineering. The point cloud obtained from TLS
measurements was used as the reference point cloud. As can be seen from figures 12 and 13, both
point clouds are very similar; the peripheral parts are different, which is logical. They contain
dissimilar parts. We obtained a mean RMS of 1.15 cm and std. dev was 1.56 cm.
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Fig. 12 — Distance computation and histogram in Cloud Compare
[
Gauss: mean = 0.009342 / std.dev. = 0.002124 [4606 classes] =)
5 -1‘107 val = 0.009983
Fig.13 — Results obtained in Cloud Compare
CONCLUSION

TLS and PLS offer distinct advantages and should ideally be selected or combined based on
the desired level of accuracy, data coverage, and visual detail needed to preserve and study cultural
heritage areas effectively.

PLS technology generate direct point measurements. This makes it the preferred choice
when precise dimensional information is critical, such as for intricate architectural elements. It is also
economical and perfect for the detailed scanning of objects. The precision is based on IMU and the
time of measurement, and of course on complexity of movement; the absolute accuracy can be 1-
3cm based on using of GCPs.

Using of iPhone 13 Pro Max with a viDoc RTK Rover was easy to use and sufficiently
accurate. The absolute accuracy of the point cloud data was evaluated by hand measurements
acquired from a GNSS device. The results demonstrate that the vertical precision of the iPhone-
viDoc point cloud data was substantially higher, with error values approaching the centimeter level.
The georeferencing of the dataset was completed satisfactorily at the centimeter scale. This
suggests that all three approaches may be used to extract road borders and evaluate cross-slopes
with a high degree of accuracy. The exact correctness of the point cloud data is determined by
comparing manually measured RTK-GNSS ground control points (GCPs) with digital relief models
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(DRMs) created from the point cloud data.. The results also show that the iPhone-viDoc point cloud
data can be used in place of UAV-LIDAR data for these reasons. PPK application on the viDoc RAW
data may be investigated in future studies in an effort to improve the testing and reach even higher
georeferencing accuracy. The study provides useful information regarding the mapping and
appraisal of heritage sites using low-cost mobile mapping techniques like viDOC.

Personal laser scanning systems, such as handheld or backpack-mounted devices, often
provide high-resolution point clouds with exceptional detail, particularly in confined or inaccessible
areas. However, the accuracy of PLS may be influenced by factors such as operator skill, motion
artifacts, and limited range. In contrast, TLS systems offer superior precision and accuracy over
larger areas due to their fixed position and advanced scanning capabilities. Despite this, TLS may
struggle with capturing intricate details in complex environments or areas with occlusions. One of
the primary advantages of PLS is its portability and flexibility.

PLS systems can be easily transported and deployed in diverse settings, allowing for rapid
data collection and on-site processing. This agility is particularly advantageous for documenting
heritage sites with challenging terrain or restricted access, where TLS may be impractical or time-
consuming to set up. However, the mobility of PLS comes at the cost of reduced scanning range
and potential limitations in coverage compared to TLS. The cost of equipment, software, and
personnel training is a critical factor in choosing between PLS and TLS for heritage site
documentation.

PLS systems generally have a lower initial investment compared to TLS, making them more
accessible to smaller organizations or projects with limited budgets. However, ongoing expenses
related to maintenance, calibration, and data processing may offset these initial savings over time.
In contrast, TLS systems require a larger upfront investment but offer economies of scale for large-
scale projects and long-term data archival. Both PLS and TLS generate point cloud datasets that
can be integrated with other surveying techniques, such as photogrammetry or ground-based
measurements, to create comprehensive 3D models of heritage sites. The complementary nature of
these methods enables researchers to combine the strengths of each approach and mitigate their
respective weaknesses. For instance, PLS may be used for capturing fine-scale details and textures,
while TLS provides accurate geometric data for structural analysis and conservation planning.

The results of the study showed that the TLS offers a constant accuracy than PLS for the
documentation of cultural heritage areas. After analyzing our results, we found that there is a one
centimeter difference between the point clouds obtained from TLS and PLS. It should be added that
the PLS and TLS will not deliver data from the upper parts of the object if it is used as a mobile
device carried by the operator. By comparing the point clouds derived from TLS and UAV in
CloudCompare software, we obtained a mean RMS of 1.15 cm and std. dev was 1.56 cm. In general,
we can recommend both technologies for the documentation of the heritage sites.

REFERENCES

[1] Uysal M, Toprak A.S, Polat, N (2015) DEM Generation with UAV Photogrammetry and Accuracy
Analysis in Sahitler Hill. Measurement, 73, 539-543., https://doi.org/10.1016/j.measurement.2015.06.010
[2] Balazsik V, Téth Z, Abdurahmanov | (2021) Analysis of Data Acquisition Accuracy with

UAV. International Journal of Geoinformatics, Vol. 17 Issue 1, p1-10. 10p.m
https://doi.org/10.52939/ijg.v17i1.1697

[3] Mulakala J (2019) Measurement Accuracy of the DJI Phantom 4 RTK & Photogrammetry.
https://iopscience.iop.org/article/10.1088/1755-1315/1123/1/012015/pdf

[4] Przybilla H.J, Baeumker M (2020) RTK and PPK: GNSS-Technologies for Direct Georeferencing of
UAV Image Flights. In Proceedings of the FIG Working Week 2020, Amsterdam, The Netherlands
https://www.researchgate.net/publication/341312887_RTK_and_PPK_GNSS-
Technologies_for_direct_georeferencing_of UAV_image_flights

[5] Akgul M, Yurtseven H, Gulci S, Akay A.E (2018) Evaluation of UAV and GNSS-Based DEMs for
Earthwork Volume. Arab. J. Sci. Eng., 43, 1893-1909. https://doi.org/10.1007/s13369-017-2811-9

@ DOI 10.14311/CEJ.2024.02.0014 212


https://doi.org/10.1016/j.measurement.2015.06.010
https://www.researchgate.net/publication/341312887_RTK_and_PPK_GNSS-
https://www.researchgate.net/publication/341312887_RTK_and_PPK_GNSS-
http://dx.doi.org/10.1007/s13369-017-2811-9

Article no. 14

CIVIL
ENGINEERING THE CIVIL ENGINEERING JOURNAL 2-2024
JOURNAL

[6] Mohammadi M, Rashidi M, Mousavi V, Karami A, Yu Y, Samali B (2021) Quality evaluation of digital
twins generated based on UAV photogrammetry and TLS: bridge case study. Remote Sens.
https://doi.org/10.3390/rs13173499

[7] Guo M, Sun M, Pan D, Wang G, Zhou Y, Yan B, Fu Z (2023) High-precision deformation analysis of
yingxian wooden pagoda based on UAV image and terrestrial LIDAR point cloud. Herit Sci.;11(1):1.
https://doi.org/10.1186/s40494-022-00833-z

[8] Remondino F (2011) Heritage recording and 3D modeling with photogrammetry and 3D scanning.
Remote Sens.;3(6):1104-38. https://doi.org/10.3390/rs3061104

[9] Logothetis S, Delinasiou A, Stylianidis E (2015) Building information modelling for cultural heritage: a
review. ISPRS Ann Photogramm Remote Sens Spatial Inf Sci.; 11-5/W3:177-83.
https://doi.org/10.5194/isprsannals-11-5-W3-177-2015

[10] Yastikli N (2007) Documentation of cultural heritage using digital photogrammetry and laser
scanning. J Cult Herit.;8(4):423-7. https://doi.org/10.1016/j.culher.2007.06.003

[11] Moon D, Chung S, Kwon S, Seo J, Shin J (2019) Comparison and utilization of point cloud generated
from photogrammetry and laser scanning: 3D world model for smart heavy equipment planning. Autom
Constr.; 98:322-31. https://doi.org/10.1016/j.autcon.2018.07.020

[12] Kwoczynska B, Piech I, Polewany P, Gora K (2018) Modeling of sacral objects made on the basis of
aerial and terrestrial laser scanning. In: 2018 Baltic geodetic congress (BGC Geomatics) p. 275-82.
https://doi.org/10.1109/BGC-Geomatics.2018.00059

[13] Hassan, A.T.; Fritsch, D. Integration of Laser Scanning and Photogrammetry in 3D/4D Cultural
Heritage Preservation—A Review. Int. J. Appl. Sci. Technol. 2019, 9, 16.
https://doi.org/10.30845/ijast.vOn4p9

[14] Albertz, J. A Look Back: 140 Years of Photogrammetry. Photogramm. Eng. Remote Sens. 2007, 73,
504-506.

[15] Aicardi, I.; Chiabrando, F.; Lingua, A.M.; Noardo, F. Recent trends in cultural heritage 3D survey:
The photogrammetric computer vision approach. J. Cult. Herit. 2018, 32, 257 266.
https://doi.org/10.1016/j.culher.2017.11.006

[16] Erdelyi, J.; Kopacik, A.; Kyrinovic, P. Construction control and documentation of facade elements
using terrestrial laser scanning. Appl. Geomat. 2018, 10, 113-121.https://doi.org/10.1007/s12518-018-0208-
4

[17] Wang, Y.; Chen, Q.; Zhu, L.; Liu, L.; Zheng, L. A Survey of Mobile Laser Scanning Applications and
Key Techniques over Urban Areas. Remote Sens. 2019, 11, 1540. https://doi.org/10.3390/rs11131540

[18] 