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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. 

KEYWORDS 

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  

 

Object 
Technically 
perfect 

Of sufficient 
accuracy 

Intended  
for refinement 

Intended for repair 

Building   0.00–0.28 m 0.29– 2.83 m more than 2.83 m 

Plot   0.00–0.28 m 0.29– 2.83 m more than 2.83 m 

Line plot   0.00–0.28 m 0.29– 2.83 m more than 2.83 m 

Point 0.00–0.09 m 0.10–0.28 m 0.29– 2.83 m 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 
quality 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  

Cadastre unit 
Renewal  

by reworking 

Renewal  

by mapping 
Description of the territory Cadastral office 

Maršov nad Metují 
28.04.2009 16.07.2020 

built-up part of the village and part 
of the extravilan  Náchod 

Levín nad Cidlinou 23.11.2009 09.07.2018 built-up part of the village * Hradec Králové 

Bělý 19.04.2010 01.12.2021 built-up part of the village Náchod 

Vinice v Podkrkonoší 14.04.2016 12.10.2021 built-up part of the village * Jičín 

Vlásenice u Makova 18.12.2013 15.12.2021 built-up part of the village * Tábor 

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 

Divnice 12.01.2009 29.11.2023 built-up part of the village * 
Valašské 
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 
Total number 
of points 

Maršov nad Metují 50 90 14 657 

Levín nad Cidlinou 41 62   302 

Bělý 123 154 7 995 

Vinice v Podkrkonoší 42 46   292 

Vlásenice 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 

https://services.cuzk.cz/
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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. 

 

Fig. 2 – Maršov nad Metují (Cadastral Office for Hradec Králové Region) 

 

Fig. 3 – Vlásenice 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. 

 



 
  Article no. 11 

 
THE CIVIL ENGINEERING JOURNAL 2-2024 

 

 

  DOI 10.14311/CEJ.2024.02.0011         159 

Tab. 4 - Summary of the analysis of shifts in the test areas 

Cadastre unit 
Average 
shift (m) 

Maximum 
shift (m) 

Points  
of sufficient 
accuracy (%) 

Points to be 
refined (%) 

Points to be 
corrected (%) 

Maršov nad Metují 2.00 11.09 20.4 52.5 27.1 

Levín nad Cidlinou 1.12 6.39 27.8 65.2 7.0 

Bělý 1.09 7.63 39.0 51.5 9.5 

Vinice v Podkrkonoší 0.36 2.63 65.4 34.6 0.0 

Vlásenice 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 Maršov nad Metují 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 Vlásenice u Makova). 

The best-quality maps (Vinice v Podkrkonoší 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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Fig. 4A – Comparative charts of the subject cadastral units 

 

Fig. 4B – Comparative charts of the subject cadastral units 
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Fig. 4C – Comparative charts of the subject cadastral units 

 

Fig. 4D – Comparative charts of the subject cadastral units 
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Fig. 4E – Comparative charts of the subject cadastral units 
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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. 

 

 
Fig. 5 – c. u. Maršov nad Metují – gross error of curled and displaced homestead in KMD map 

 



 
  Article no. 11 

 
THE CIVIL ENGINEERING JOURNAL 2-2024 

 

 

  DOI 10.14311/CEJ.2024.02.0011         164 

 
 

Fig. 6 – c. u. Bělý – an example of a twisted building and a gross error in position (No. 33) 

 

 

 
 

Fig. 7 – c. u. Bělý – positionally accurate sample of KMD map 
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Fig. 8 – c. u. Vinice v Podkrkonoší – positionally correct property boundaries in KMD 

 

 
 

Fig. 9 – c. u. Bělý – boundary shifts within the "refinement" derogation 
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Fig. 10 – c. u. Vlásenice 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. It is 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 Urumqi to Ruoqiang 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. 

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. 

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. 

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 φ42mm×3.0m 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 ℃. 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-10II. 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. 

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 φ22 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). 

 

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 
(Ring) 

Weight (Kg) Segment arc 
length (m) 

Top pipe 
piece 

Annular rib: 20b channel steel 

Longitudinal stiffener: I20 I-beam 

Outside: 10mm steel plate 

1 1006.24 6.46m/ piece 

Side pipe 
piece 

Annular rib: 20b channel steel 

Longitudinal stiffener: I20 I-beam 

Outside: A10 steel mesh 

2 626.04 6.46m/ piece 

Bottom pipe 
piece 

Annular rib: 20b channel steel 

Longitudinal stiffener: I20 I-beam, 
removable 

1 569.62 6.46m/ piece 
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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/Φ22@1.0m×0.5m. 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 
Φ10@10cm×10cm. 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. 

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 Ф22 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)). 

Fig. – 7 (a) Water jetting to soften the surrounding rock;(b) Combined support of H150 steel 
arches and Ф22 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, Φ=108mm, δ=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) 

Appearance Light yellow liquid Dark brown liquid 

Viscosity (23±2℃)/mPa.s 200~400 200~400 

Specific gravity (23±2℃) kg/m3 1020±10 1230±30 

Use ratio (volume ratio) 1:1 

Full curing time (23±2℃)/S 40±5 

Foaming property 
It is not foaming in itself and will react to foaming in 

contact with water 

Maximum compressive 

strength /MPa 

60~80 

Maximum tensile strength /MPa >10 

Maximum bond strength /MPa >5 

Flame retardant property Non-flame retardant 

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 Ø11.22m from 
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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 Weiqi 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 EK0-
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. 

 

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 
western line disc cutter (atmospheric 

pressure) 

Fig. 4 – The layout diagram of the 
eastern line disc cutter              

(under pressure) 
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Tab. 1 - Technical parameters of shield machine 

Herrenknecht slurry balance tunnel boring 
machine 

China Railway Construction Heavy Industry 
Corporation with a mud-water balance shield tunnel 

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 (t) 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 

Herrenknecht slurry balance tunnel boring 
machine 

China Railway Construction Heavy Industry 
Corporation with a mud-water balance shield tunnel 

boring machine 

Cutter opening rate (%) 30 Cutter opening rate (%) 35 

Knives 246 Knives 387 

Edge scraper 12 Edge scraper 16 

Atmospheric pressure 
replaceable scraper 

50 Center hob 6 

Pressure replaceable 
center hob 

12 Front hob 77 

Atmospheric pressure 
replaceable front hob 

60 Edge hob 22 

Atmospheric pressure 
replaceable edge hob 

4 Wide cutter 180 

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 Φ850 mm@ 600 triple-axis mixing piles, with a 
row of Φ800 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. 

 

 

Fig. 5 – Plan view of the 
reinforcement at the starting shaft end 

Fig. 6 – Section view of the 
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. 

 

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. 

 

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. 

 

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. 

 

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. 

  

(a) Cutting water pressure            (b) Air bubble chamber pressure 

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. 

 

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. 

  

Fig. 13 – Settlement curve of transverse 
monitoring section DB1 

Fig. 14 – Settlement curve of transverse 
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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Fig. 15 – Shows the settlement curve of 
transverse monitoring section DB3. 

Fig. 16 – Shows the settlement curve of 
transverse monitoring section DB4. 

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 shaft), 
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 



 
  Article no. 13 

 
THE CIVIL ENGINEERING JOURNAL 2-2024 

----------------------------------------------------------------------------------------------------- 

  DOI 10.14311/CEJ.2024.02.0013               195 

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. 



 
  Article no. 13 

 
THE CIVIL ENGINEERING JOURNAL 2-2024 

----------------------------------------------------------------------------------------------------- 

  DOI 10.14311/CEJ.2024.02.0013               196 

 

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 II, 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 Lushnjë, 15 kilometers 
south of Kavajë, 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 (LiDAR) 
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]. 

 

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 – Point 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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                                                         p = 0.5 ∗  √
1

D
                                                                     (1) 

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:  

                                𝑅𝑀𝑆𝐸 = √∑ (𝑍𝐺𝐶𝑃 (𝑋𝑖−𝑌ⅈ) −𝑍𝐷𝑅𝑀 (𝑋𝑖−𝑌ⅈ))
𝑛

𝑖=1

𝑛
                                                         (2) 

                                 𝑆𝐷 = √∑ (𝑍𝐺𝐶𝑃 (𝑋𝑖−𝑌ⅈ) −𝑍𝐷𝑅𝑀 (𝑋𝑖−𝑌ⅈ) −)
𝑛

𝑖=1

𝑛−1
                                                         (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.  

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 Iterative 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 

 

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. 
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ABSTRACT 

During the design process of a new mountainous motorways, multiple route schemes are 
often proposed for a comprehensive design effort. Each route scheme will have its advantages and 
disadvantages, so it is often difficult to choose a route scheme. Usually the expert decision method 
is used to screen the route schemes, but this method mainly relies on the personal experience of 
experts, and it is difficult to measure the criteria, which can lead to the embarrassing situation that 
different experts do not agree on the choice of the routes. In order to optimize the route scheme for 
the design process of mountainous motorways and improve the efficiency and scientificity of route 
scheme selection, evaluation indicators were selected from traffic safety, construction economy, and 
environmental friendliness. The Entropy Weight Method (EWM) was used to assign the weight of 
the evaluation indicators. By improving the Technique for Order Preference by Similarity to an Ideal 
Solution (TOPSIS), the problem of subjective opinions and excessive reliance on objective data by 
designers in the multi factor evaluation process was overcome. An EWM-TOPSIS evaluation model 
was proposed. By analyzing specific examples of mountainous motorway construction, research 
results were obtained. The results indicate that the model can reflect the designer's intention towards 
the route scheme and the actual construction project. There is a high degree of consistency with the 
expert's empirical judgment, which verifies the feasibility and accuracy of the model. This model can 
provide reliable reference and basis for the decision-making of motorway route schemes in 
mountainous areas. 

KEYWORDS 

 Mountainous motorway, Route design scheme, EWM-TOPSIS Model 

INTRODUCTION 

The support role of motorway construction to the national economy is becoming increasingly 
evident with the development of society. In China, the construction of motorways in mountainous 
areas is vigorously underway. The design process can determine the direction and operational level 
of the motorway, and plays a decisive role in the construction of mountainous motorways [1]. The 
route scheme is the beginning of road design, and leads to other professional design work such as 
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roadbed, pavement, bridges, and tunnels. In the design process of mountainous motorways, 
especially in the early stage of route selection, designers need to consider factors such as the 
difficulty of construction, environmental benefits, economic benefits, investment costs, and vehicle 
safety, passenger comfort and travel time in the later operation process, while also taking into 
account factors such as the topography and geological conditions, weather and climate conditions, 
and local socio-economic development level of the region where the motorway is located. 

The geological and topographical conditions of mountainous motorways are complex, and 
the construction requires a large amount of work, resulting in high costs. In the construction and 
operation process of mountainous motorways, there may be various problems that need to be 
solved, and the generation and feasible solutions of these problems are closely related to the route 
scheme selection. An excellent route scheme refers to a centerline that is technically feasible, 
economically reasonable, environmentally friendly, and able to meet the needs of multiple parties 
between the determined starting point and ending point, based on the natural geographical 
environment, socio-economic environment, technical standards, etc. A scientific and reasonable 
route plan is the key to achieving the social, economic, and environmental benefits of motorways. A 
poor route scheme will result in an increase in engineering quantity and construction difficulty. In the 
later operation stage, there will also be adverse consequences such as high energy consumption, 
high traffic safety risks, and high maintenance costs. Therefore, route scheme selection is the most 
important part of the entire design task. In the design process, multiple route schemes are often 
proposed, which is the result of comprehensive consideration of multiple factors. For multiple 
schemes, due to different focus areas, there are often difficult to choose optimal route scheme. Given 
this, scholars have conducted extensive research on this topic. 

Regarding the geographical environment where the highway is located, Chen compared and 
selected route schemes from various aspects such as technical indicators, engineering scale, and 
cost, social and environmental impact based on the Moyu-Hotan motorway project as an example 
in desert oasis of Xinjiang, China. After comprehensive analysis, it proposed a recommended 
scheme [2]. Cao conducted a systematic analysis of the specific impacts of motorway construction 
on the natural environment, ecological resources and social environment in the selection of design 
routes in a reservoir area of the Yellow River in China [3]. Through the theoretical method of multiple 
indicator comprehensive evaluation, it established an environmental impact assessment index 
system and evaluation model for the motorway route scheme. It screened indicators from 
environmental impact and technical and economic aspects, and determined 15 evaluation indicators. 
Wang proposed that at the beginning of conducting route scheme research, it is necessary to 
understand the regional characteristics and constraints of the project location, sort out the project 
characteristics and difficulties, propose targeted countermeasures, and then determine the principles 
of route scheme [4]. Based on comprehensive selection concepts such as standards, terrain, 
geology, safety and cost, multiple scheme comparisons are proposed. After comparing technical and 
economic indicators, the recommended plan is ultimately selected to improve the quality of the plan. 
Zhang et al. introduced the spatial data analysis technology and intelligent evolutionary algorithm of 
Geographic Information System (GIS) into the road routing process in permafrost regions of the 
Qinghai-Xizang Plateau to solve the problem of road routing in complex geographical environments 
[5]. Zhang et al. proposed a scheme optimization method which could realize by using quantum 
particle swarm algorithm in view of the comparison between through mountain highway and winding 
mountain highway in mountain highway route selection [6]. GIS, raster space analysis and Google 
Earth are also commonly used software tools which can be used for rough selection of route design 
schemes [7][8]. Some highway route selection schemes focus on economic indicators [9]. 

Regarding the determination of indexes used in the evaluation of route schemes, the 
following methods have been mainly used. Analytic Hierarchy Process (AHP) method is used to 
determine the weights of various indexes [10]. An improved Fuzzy Analytic Hierarchy Process 
(FAHP) method is adopted to calculate weights [11] [12]. The method that combines AHP and GIS 
is used [13]. The weights of each index are determined by combining AHP with EWM [14]. The 
method of combining AHP with variable weight calculation is used to determine index weights [15]. 
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A multiple-criteria weighting method is applied, which involves combining multiple weighting methods 
to determine the weights of each index comprehensively [16]. 

In terms of comparing and selecting route schemes, the following methods have been mainly 
used. Fuzzy Comprehensive Evaluation Method [17], a comparison made by listing and comparing 
each item one by one [4], Cloud Model Theory [18], TOPSIS method [19] and improved TOPSIS 
method [20], game decision model [21], Preference Ranking Organization Method for Enrichment 
Evaluations method [22]. 

In the evaluation of route schemes, the determination of index weights plays a crucial role 
and is also the focus of research. In previous studies, the methods used either relied too heavily on 
experts’ experiences, required a lot of effort for 3D modeling, or could be influenced by subjective 
factors. Thus, there is still no widely accepted method for evaluating route schemes for motorways 
in mountainous areas, indicating that the evaluation of route schemes is a sustained and worthy 
research topic. This paper uses EWM to determine the weights of indexes and TOPSIS model to 
calculate the proximity values of each scheme for optimal selection, which avoids the limitations of 
consulting a large number of experts and ensures the scientificity of the evaluation results [23]. 

METHODS 

The EWM-TOPSIS evaluation method used in this article can be summarized into 6 steps, 
as shown in Figure 1. The first step is to screen and determine the primary evaluation indexes for 
the design scheme of mountainous motorway routes. The second step is to screen and determine 
the secondary evaluation indexes. The third step is to form an index set. The fourth step uses the 
EWM to calculate the weights of each index. The fifth step is to use the optimized TOPSIS to 
construct a calculation evaluation model and calculate the relative closeness values of each route 
design scheme and the ideal solution. The sixth step is based on the size of the relative closeness 
values, optimal route scheme is decided. 

 
Fig. 1 – Steps of comprehensive optimization selection for route schemes 

Evaluation indexes 

AHP method is used for establishment of an index system. According to the degree of profit and loss 
of the objective, evaluation indexes can be divided into several types. A satisfactory route design 
scheme for a mountainous motorway needs to achieve the goals of traffic safety, good economic 
benefits, and ecological friendliness. Therefore, safety, economy, and ecology are set as the target. 
Based on the goals that need to be achieved, evaluation indexes should be constructed from the 
perspectives of alignment, cost, and environment, which are the primary indexes. In the selection of 
evaluation indexes, it keeps being consistent with the design indicators proposed in Technical 
Standard of Highway Engineering and Design Specification for Highway Alignment in order to 
facilitate the adoption of designers [24] [25]. 
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In the design process of mountainous motorways, horizontal curves are one of the commonly used 
alignment types. The horizontal curves consist of circular curves and spiral. Their length and radius 
directly affect the safety and driving comfort of traffic [26] [27], and are also closely related to the 
visual physiological and psychological load levels of drivers. It is generally believed that the larger 
the radius and length of the horizontal curve, the higher the safety of driving [28]. Therefore, 
horizontal curve indexes can be used as the profit-type indexes in the alignment. Based on the same 
consideration as the horizontal curve, the radius value of the vertical curve can also be used as the 
profit-type index. The steep slope section is a traffic accident-prone section. In the design of 
mountainous motorways, the route scheme is often restricted by the terrain and has to use greater 
grade. It is generally believed that the larger the grade, the more unfavorable to traffic safety [29]. 
Therefore, the maximum grade can be used as one of the loss-type indexes of the alignment. The 
composite slope is an important alignment index for comprehensive evaluation of traffic safety [30], 
which is the combination value of horizontal and vertical cross. The extreme value usually appears 
where horizontal curves and steep slopes are combined. It is determined according to the design 
speed of the motorway. The composite slope is an interval-type index. 

The construction and installation cost is that the project construction party needs to raise for 
the construction. This index belongs to the loss-type. Generally, there is a large amount of excavation 
and filling work in the construction of mountainous motorways, and the excavation work is usually 
more than the filling work, which will cause a lot of waste materials, not only increasing the excavation 
cost but also increasing the disposal cost. The filling and excavation balance degree is the ratio of 
the waste materials to the difference between the excavation and filling before and after soil and 
rock mass allocation. This index belongs to the interval-type, and 0 is the optimal value. The 
construction volume of the high-fill and deep excavation section is huge and is also the focus of the 
later operation and management stage. This index belongs to the loss-type. The length of tunnels is 
a loss-type index that the construction party strives to control. The separated roadbed is a design 
work that compromises with the terrain. Compared with the integral roadbed, its cost is lower. 
Therefore, the length ratio of the separated roadbed can be used as a profit-type index. 

For the environmental evaluation index of mountainous motorways, the spatial are divided 
into open, closed and semi-closed form, which are expressed by the ratio of the height to length in 
the roadside space, which is degree of closure. The larger this index, the narrower the driving vision, 
and the more unfavorable it is for safety [31], which is a loss-type index. The slope masonry ratio is 
the ratio of the exposed masonry to the whole slope area in the surface area of the roadside slope. 
It is found that the raw and dull masonry structure will increase the psychological load of the driver, 
which is unfavorable to the driving safety, and this index is loss-type. In the construction of 
mountainous motorways, there are often adverse geological sections, including landslide slopes, 
karst caves, debris flows, etc. If the motorway route passes through these sections, there will often 
be serious hidden dangers, and the impact of motorway construction on the environment will be 
significant. Therefore, the adverse geological section ratio is proposed as an index, which is the ratio 
of the length of the adverse geological section to the length of the motorway, and is a loss-type index. 
The primary and secondary indexes are listed as shown in Table 1. 
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Tab. 1 - Set of indexes used for route design scheme evaluation 

Primary indexes Secondary indexes Unit Type 

Alignment 

Minimum radius of a horizontal curve  A1 m Profit-type 

Minimum length of a spiral  A2 m Profit-type 

Minimum length of a horizontal curve  A3 m Profit-type 

Minimum radius of crest vertical curve A4 m Profit-type 

Minimum radius of sag vertical curve  A5 % Profit-type 

Minimum length of vertical curve A6 m Profit-type 

Maximum grade A7 % Loss-type 

Maximum composite slope A8 % Interval-type 

Cost 

Construction and installation costs C1 Billion yuan Loss-type 

Cut volume C2 10000m3 Loss-type 

Balance of filling and cutting C3 % Interval-type 

High fill and heavy cut section ratio C4 % Loss-type 

Maximum tunnel length C5 m Loss-type 

Separate roadbed length ratio C6 % Profit-type 

Environment 

Degree of closure E1 % Loss-type 

Slope masonry ratio E2 % Loss-type 

Adverse geological section ratio E3 % Loss-type 

In order to not overlooked the impact of indicators with excessively small or too large values 
on the route scheme, it is necessary to develop a reasonable calculation method for index values. 
In actual cases, there may be more than one poor alignment or special section, such as small radius 
curve and steep grade. If the design speed is different, the required radius of the horizontal curve for 
the route also varies. When the design speed is 80km/h, a small radius curve refers to a curve with 
a radius less than 400m. In order to comprehensively consider the influence of multiple small radius 
curves on the overall route scheme, the formula for calculating the minimum radius of a horizontal 
curve for the profit-type index is as follows: 

1
min( )

1
A b

n
= 

+       (1) 
Formula (1) is also applicable for calculating other indexes under the influence of multiple 

poor alignments or special sections on the overall scheme, such as the minimum lengths of 
horizontal and vertical curves, which are profit-type indexes. 𝐴 represents this type indexes while 

𝑚𝑖𝑛(𝑏)  represents the minimum value of a certain indexes. 𝑛  represents the number of poor 
alignments or special sections in the route scheme, and it is counted when its design value reaches 
the general value specified by the techinical standards. 

For loss-type indexes such as 𝐴7, the formula is as follows: 

max( ) (1 )A b n=  +
      (2) 

𝑚𝑎𝑥(𝑏) represents the maximum value of a certain index in the route scheme. 

For interval-type indexes such as 𝐴8, the formula is as follows: 

1

1
max( )

n

i

A b ni
n =

= + 
     (3) 

𝑚𝑎𝑥(𝑏) represents the maximum value of a certain indexe in the route scheme. 𝑛𝑖 represents the 

specific value of the index corresponding to the 𝑖-th poor alignment or special section. 

The above describes the principles for determining indexes considering the overall impact of 
multiple poor alignments or special sections within a route scheme. For other single indexes, it can 
be obtained directly or indirectly from the design drawings. 
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Weight of evaluation indexes 

In the assigning weights to the above evaluation index, the influence of subjective factors 
cannot be completely avoided, but the relationship between various indexes should be fully 
considered. Therefore, the EWM is adopted to minimize the subjective tendency of designers. 
Entropy is a physical quantity that characterizes the disorderly distribution of information and reflects 
the amount of information. Entropy weight, on the other hand, reflects the amount of useful 
information carried and transmitted by each index. The greater the useful information carried and 
transmitted, the higher its entropy weight [32]. The method and steps for calculating the weights of 
evaluation indexes through EWM are outlined below. 

(1) Assuming that there are m route design schemes to be evaluated and n indexes in each scheme, 
a matrix 𝑅 is established. 

, ,( )ij m nR r   =        (4) 

(2) After the normalization process, the matrix 𝑅 is obtained. 

If an index is positive, 

, ,

, ,

min{ }

max{ } min{ }

ij ix
ij

ix ix

r r
r

r r

−
=

−
     (5) 

If an index is negative, 

, ,

, ,

max{ }

max{ } min{ }

ix ij
ij

ix ix

r r
r

r r

−
=

−
     (6) 

( )ij m nR r  =        (7) 

(3) Calculate the weight of each index, 

1

ij

ij

n

ij

i

r
f

r
=

=


       (8) 

Where 𝑓𝑖𝑗 denotes the element in row 𝑖-th column 𝑗-th. 

(4) Determine the entropy of the index, 

1

1
ln ,

ln

m

j ij ij

i

H k f f k
m=

= − =      (9) 

(5) Calculate the entropy weight of each index, 

1

1 j
j n

j

j

H
W

n H
=

−
=

−
      (10) 

(6) The index weight vector is 𝑊 = (𝑤1,   , 𝑤𝑛), from which the weight matrix 𝑃 is constructed. 
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Routed design scheme evaluation model 

TOPSIS evaluation method is a multi-attribute decision analysis method suitable for 
evaluating multiple route design schemes until the optimal route scheme is found, allowing decision-
makers to more accurately grasp the differences between various schemes [33]. This evaluation 
method can flexibly handle the types of evaluation indicators, and any outliers on the evaluation 
indicators will not affect the evaluation results. It can consider the interdependence between 
indicators. After determining the weights of evaluation indicators, the improved TOPSIS model is 
convenient for evaluating route design schemes. 

(1) Initial judgment matrix. 

There are M route design schemes, and which denote 𝑀 = (𝑚1,   , 𝑚𝑛), and each scheme has 𝑁 

evaluation indexes which denote 𝑁 = (𝑛1,   , 𝑛𝑛). Then the decision matrix 𝐴 is denoted as 

= ij m nA a   （ ）        (12) 

(2) Positive management for indexes. 

For loss-type indexes, 𝑁𝑥 = (𝑎𝑖𝑥), the following formula is used for positive management. 

max{ }ix ix ixa a a= −       (13) 

For interval-type indexes 𝑁𝑦 = (𝑎𝑖𝑦), the positive management is performed using the following 

formula. 

max{ min{ },max{ } }iy iyW x x=  − −    (14) 

1 ,

1 ,

1 ,

iy
iy

iy iy

iy
iy

a
a

W

a a

a
a

W

  −
−    


=              


−  −    



     (15) 

Where 𝜇, 𝜈 represents the upper and lower limits of the interval. 

For interval-type indexes 𝑁𝑧 = (𝑎𝑖𝑧), the positive management is performed using the following 
equation. 

max{ }iz bestM a a= −       (16) 

1
iz best

iz

a a
a

M

−
= −       (17) 

Where abest is the best value for the interval-type index. 

(3) Standardization of the judgment matrix. 

The normalized metrics are dimensionless to obtain the standard matrix 𝑋 , with the following 
equation. 
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2

1

ij
ij

n

ij

i

a
x

a
=

=



       (18) 

(4) Weighting of the standard matrix. 

The weighting matrix 𝑍  is obtained by multiplying the standard matrix 𝑋  with the weight matrix 

obtained in EWM by 𝑃. 

Z XP=        (19) 

(5) Calculation of the minimum and maximum ideal solutions. 

Minimum ideal solution, 

1 2 1 2( , , , ) (min{ },min{ }, ,min{ })n i i inZ Z Z Z z z z− − − −=  =     (20) 

Maximum ideal solution, 

1 2 1 2( , , , ) (max{ },max{ }, ,max{ })n i i inZ Z Z Z z z z+ + + +=  =    (21) 

(6) Calculation the distance from each scheme to the minimum and maximum ideal solution. 

Distance from the minimum ideal solution, 

2

1

( )
n

i ij

j

D Z Z− −

=

= −      (22) 

Distance from the maximum ideal solution, 

2

1

( )
n

i ij

j

D Z Z+ +

=

= −      (23) 

(7) Calculating the relative proximity values of each solution to the ideal solution. 

i
i

i i

D
C

D D

−

− +
=

+
      (24) 

The route design schemes are ranked based on the size of their relative proximity values. 
The larger the value, the closer the route design scheme is to the ideal solution, resulting in a higher 
ranking. This model enables the determination of the priority ranking for each route design scheme 
for mountainous motorway. 

FAHP method 

In design work, designers often use the Fuzzy Analytic Hierarchy Process to select route 
design schemes, which is a common method and will not be repeated here for its calculation process. 
The FAHP method relies heavily on the subjective experience of experts, and the calculated results 
sometimes make it difficult for decision-makers to make up their minds. The purpose of listing the 
FAHP method here is to first calculate a preferred route scheme, and then use the EWM-TOPSIS 
method, forming a comparison between the two calculation methods. 
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CASE STUDY 

Overview of construction of motorways in mountainous areas 

The D-F-W Motorway, situated in the mountainous and hilly terrain of Chongqing, China, is 
currently in design process. The motorway connects to already established motorways at its starting 
and ending points. The project's technical specifications are extensive, with the Mingyue 
Mountainous Tunnel section serving as a two-way six-lane road, boasting a width of subgrade 
33.5m, while the remaining sections are two-way four-lane roads with a width of subgrade 26m. The 
design speed for the section between the starting point and Yanjiang Motorway is set at 100km/h, 
while the rest is designed for 80km/h. The total length of the route is about 160km. 

Proposal of route design schemes 

In the preliminary design stage, when the mountainous motorway passes through Jilong 
Town, the designer studied and proposed five route plans, named as the Feasibility route, K, C11, 
C12, and C13. The project owner must choose one route plan from them as the basis for the 
construction drawing design, and each route design plan is shown in Figure 2. 

 
Fig. 2 – Plan of each line scheme 

In Figure 2, the feasible route is located in a valley, with an overall low elevation. After passing 
the Guanyin Temple section, it passes through as an embankment bridge, with a steep slope and 
many control factors, leading to significant implementation difficulties. Additionally, there will be an 
extra-long tunnel with a total length of 7,600 meters, which will cause significant environmental 
disturbance to the first-level water source protection area. Therefore, during the on-site survey stage 
of the design work, the scheme was found to be not feasible. Next, it is necessary to study four route 
design schemes. This section of the motorway cannot avoid passing through unfavorable geological 
sections such as landslide deposits. After detailed work by the designer, the evaluation indexes of 
the four route design schemes are shown in Table 2.  
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Tab. 2 - Value of indexes for each design scheme 

Primary indexes  Secondary Indexes K C11 C12 C13 

Alignment 

A1 2050 2050 2520 2663 

A2 104 112 90 94 

A3 354 340 286 326 

A4 12000 12000 13000 12500 

A5 7000 7000 5500 6000 

A6 266 331 348 331 

A7 2.5 2.5 3.51 2.98 

A8 3.62 3.62 4.38 4.17 

Cost 

C1 17.985 18.881 20.387 20.135 

C2 192.289 176.715 242.431 209.004 

C3 10.6 15.9 7.5 9.1 

C4 20.6 16.1 23.4 25.9 

C5 4985 4985 2420 2280 

C6 4.3 4.5 5.8 6.1 

Environment 

E1 54.7 82.2 32.3 33.6 

E2 11.9 6.7 19.6 22.8 

E3 9.7 1.3 2.1 2.8 

Based on the index value, a radar chart can be presented to more intuitively reflect the 
differences among the route schemes, as shown in Figure 3. Each route scheme has its own 
advantages and disadvantages. It is difficult to select excellent route design schemes. Here, the 
model presented in this article is used to select the optimal route scheme. 

  

Fig. 3 – Radar chart of evaluation indexes 

RESULTS 

Evaluation result using FAHP method 

The designer uses the Fuzzy Analytic Hierarchy Process to select the route design scheme, 
and the scoring results are shown in Tables 3-6. There are 20 experts recruited, all of whom are 
senior engineers with a working experience of no less than 20 years. Among them, 5 are in the 
alignment major, 5 are in the cost major, 5 are in the environmental major, and 5 are in the bridge 
and tunnel major. Based on the scoring results, the weights of the primary and secondary indexes 

0

0,2

0,4

0,6

0,8

1
A1

A2

A3

A4

A5

A6

A7

A8
C1C2

C3

E1

C5

E3

C6

C4

E2

C11 K C12 C13



 
  Article no. 15 

 
THE CIVIL ENGINEERING JOURNAL 2-2024 

 

 

  DOI 10.14311/CEJ.2024.02.0015         225 

are calculated as shown in Table 7. It can be seen that the cost has the highest weight in the primary 
indexes, followed by the linear indicator. The highest weight among the secondary indexes is the 
construction and installation cost, and the weight of each environmental index is greater than that of 
the alignment index. This indicates that cost indexes are significantly more valued by experts, while 
alignment indexes can make compromises when meeting the specification and standard. 

Tab. 3 - Expert scoring of primary indexes 

Primary index Alignment Cost Environment 

Alignment 0.5 0.3 0.65 

Cost 0.7 0.5 0.85 

Environment 0.35 0.15 0.5 

Tab. 4 - Expert scoring of alignment indexes 

Alignment indexes A1 A2 A3 A4 A5 A6 A7 A8 

A1 0.5 0.7 0.75 0.55 0.6 0.7 0.4 0.45 

A2 0.3 0.5 0.55 0.35 0.4 0.5 0.2 0.25 

A3 0.25 0.45 0.5 0.3 0.35 0.45 0.15 0.2 

A4 0.45 0.65 0.7 0.5 0.55 0.65 0.35 0.4 

A5 0.4 0.6 0.65 0.45 0.5 0.6 0.3 0.35 

A6 0.3 0.5 0.55 0.35 0.4 0.5 0.2 0.25 

A7 0.6 0.8 0.85 0.65 0.7 0.8 0.5 0.55 

A8 0.55 0.75 0.8 0.6 0.65 0.75 0.45 0.5 

Tab. 5 - Expert scoring of cost indexes 

Cost indexes C1 C2 C3 C4 C5 C6 

C1 0.5 0.75 0.7 0.55 0.65 0.7 

C2 0.25 0.5 0.45 0.3 0.4 0.45 

C3 0.3 0.55 0.5 0.35 0.45 0.5 

C4 0.45 0.7 0.65 0.5 0.6 0.65 

C5 0.35 0.6 0.55 0.4 0.5 0.55 

C6 0.3 0.55 0.5 0.35 0.45 0.5 

Tab. 6 - Expert scoring of environment indexes 

Environment indexes E1 E2 E3 

E1 0.5 0.35 0.45 

E2 0.65 0.5 0.6 

E3 0.55 0.4 0.5 
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Tab. 7 - Weight of each index calculated by FAHP 

Primary indexes Weight Secondary indexes Weight 

Alignment 32.08% 

A1 4.44% 

A2 3.39% 

A3 3.13% 

A4 4.17% 

A5 3.91% 

A6 3.39% 

A7 4.96% 

A8 4.70% 

Cost 47.08% 

C1 9.45% 

C2 6.62% 

C3 7.19% 

C4 8.88% 

C5 7.75% 

C6 7.19% 

Environment 20.83% 

E1 5.90% 

E2 8.25% 

E3 6.68% 

According to the weights in the FAHP method, the evaluation results of the four route design 
schemes are shown in Table 8. In the evaluation results, the C12 and C13 schemes were eliminated, 
while the scores of the K scheme and C11 scheme were relatively close. In order to obtain more 
accurate evaluation results, a combination of EWM-TOPSIS model will continue to be used for 
further research. 

Tab. 8 - Evaluation results obtained by FAHP method 

Scheme K C11 C12 C13 

Score 0.46 0.49 0.36 0.39 

Evaluation result using EWM-TOPSIS model 

The weights of each index are calculated using the EWM as shown in Table 9. The cost index has 
the highest weight, accounting for 56.96% of the total weight. The weight of the environmental index 
is 26.31%, while the alignment index has the smallest proportion, accounting for 16.73%. 

Tab. 9 - Weights of each index calculated by EWM 

Primary indexes Weight Secondary indexes Weight 

Alignment 16.73% 

A1 0.18% 

A2 0.09% 

A3 0.08% 

A4 0.01% 

A5 0.13% 

A6 0.12% 

A7 8.12% 

A8 7.99% 

Cost 56.96% 

C1 13.24% 

C2 8.06% 

C3 7.60% 

C4 10.50% 

C5 17.28% 

C6 0.29% 

Environment 26.31% 

E1 7.97% 

E2 11.09% 

E3 7.25% 



 
  Article no. 15 

 
THE CIVIL ENGINEERING JOURNAL 2-2024 

 

 

  DOI 10.14311/CEJ.2024.02.0015         227 

In the EWM-TOPSIS model, the proximity of each route scheme obtained using the weights 
of indexes calculated is shown in Table 10. The results show that the proximity value of the C11-
scheme is the highest, at 0.3812. The proximity value of the K-scheme is 0.2757. The values of C12 
and C13 schemes are 0.2143 and 0.2288, respectively, indicating that even if the tunnel length 
decreases, it is still not enough to offset the contribution of other factors, and the proximity values of 
these two schemes differ significantly from that of the C11 and K schemes. This also demonstrates 
that the results obtained using the EWM-TOPSIS model proposed in this paper are consistent with 
the expert experience. 

Tab. 10 - Relative proximity values for each scheme by EWM-TOPSIS 

K C11 C12 C13 

0.2757 0.3812 0.2143 0.2288 

CONCLUSION 

In response to the problem of difficult selection of route schemes for mountainous motorways, 
it selected 17 evaluation indexers that refer to alignment, cost, and environmental characteristics, 
and proposed a comprehensive optimization EWM-TOPSIS model. This model was applied in a 
mountainous motorway project in Chongqing, China, and more intuitively determined the route 
design scheme than the FAHP method commonly used by designers, verifying the rationality of the 
model. Due to the difficulty in obtaining some data in the case study, such as the construction period 
and the interference of the project to surrounding residents, the evaluation index system constructed 
in this article needs to be improved in subsequent research. The use of EWM can quantitatively 
calculate the weight of indexes, which can reflect the objectivity of the method, but it cannot 
completely eliminate subjective bias factors, especially in the construction of mountainous 
motorways. The opinions of experts who have worked for many years are still important for design 
work. 
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ABSTRACT 

 Based on the Analytic Hierarchy Process (AHP), a comprehensive evaluation system has 
been developed to assess the performance of vertical slot fishways. This system incorporates 30 
factors related to fish passing efficiency, thereby facilitating a detailed analysis of hydraulic 
characteristics, engineering layout, operation management, and monitoring. For its practical 
application, the vertical slot fishway at the Laolongkou Hydro-junction project’s comprehensive 
evaluation was assessed and consequently rated as "Operating Excellently". This rating accurately 
reflects the fishway’s operational status. The case study demonstrates that the established index 
system and the model calculation method are capable of thoroughly considering the operational 
conditions of fishways and the applicability of the model. Moreover, the methodology offers valuable 
experiences and guidance for creating evaluation systems in various other water conservancy 
project sectors.  

KEYWORDS 

 Analytic hierarchy process (AHP), Vertical slot fishway; Fish passing efficiency; 
Comprehensive evaluation  

INTRODUCTION 

The fishway is a project designed to mitigate the damage to the aquatic ecosystem caused 
by water conservancy projects. It has gained an increasingly important role as advocacy for 
ecological protection grows. 

Researchers have found that different types of fish are attracted to varying flow velocities and 
patterns. These variations are present at the entrance of the fishway and throughout the fishway 
chambers [1]. Through experiments, researchers concluded that the main environmental factors 
affecting fish passage are flow velocity, discharge, upstream water level, and transparency [2]. They 
proposed: (1) The key points of fishway entrance design include entrance location, entrance flow, 
flow pattern, entrance structure, the number of entrances, and the entrance working water level; (2) 
Induction facilities, such as water replenishment facilities and fish barriers, can help improve 
entrance efficiency; (3) The key points in the design of the main structure are to ensure that the 
slope, fishway length, flow velocity, turbulent kinetic energy, and other indicators are moderate to 
prevent fish fatigue; (4) Strengthen the assessment of fish passage facility effectiveness [3]. 
Researchers have identified that the effectiveness of a fishway is determined by the upstream water 
level and the fishway's water temperature. Optimal function occurs only when both conditions satisfy 
the necessary fishway requirements [4]. It has been found that the upward movement of fish is 
related to season, water temperature, and discharge [5]. In comparing and selecting design plans, 
factors considered include topography and geology, operation management, and fish migration 
patterns, which influence the choice of fish passage facility plans [6]. Researchers have found that 
by conducting hydrodynamic model experiments and implementing measures including the addition 
of guide vanes, adjusting the width of gaps, and altering the proportions of the fish pass dimensions, 
the water flow characteristics in the fishway have been significantly enhanced. The direction of flow 
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distribution is more uniform, and the scale of the resulting counter currents and eddy zones is 
moderate [7]. The researchers, utilizing staggered arrangements of reed modules, have engineered 
a fish passage that mimics the natural environment; physical model experiments revealed that these 
vegetation modules efficiently decelerate the water flow, generating a current akin to that of natural 
watercourses [8]. Researchers have discovered that placing pylons in the center of fish passages 
can significantly reduce the size of recirculation zones and decrease the energy of turbulence, with 
a maximum reduction of up to 18% [9]. Researchers have found that the position of vertical slots can 
adjust the specific location of the main flow zone within the pool chamber, which in turn influences 
the layout, size of the recirculation zones, and the overall characteristics of the flow field [10]. 
Researchers, through studies combining model experiments and numerical simulation methods at 
three different flow rates, have demonstrated that juvenile silver carp tend to avoid areas with 
turbulence intensities of 8.5 to 9.2 cm/s during their movement, and prefer waters with turbulence 
intensities ranging from 5.25 to 8.40 cm/s [11]. Researchers found that the number of fish collected 
at the outlet of the Ice Harbor fishway is positively correlated with the water level at the dam [12]. In 
a study of a fishway in Australia, it was noted that environmental factors are associated with fish 
passage efficiency, with salinity accounting for 21%, flow velocity for 38%, and surface water 
temperature for 11% [13]. In the Alaskan Steep-pass fishway, researchers observed a significant 
positive correlation between water temperature and the number of fish passing through [14]. A study 
on lamprey revealed that the rate of fish entering the fishway increases with temperature [15]. 
Furthermore, researchers found that water flow velocity within the fishway is positively correlated 
with fish passage efficiency, while the slope and length of the fishway are negatively correlated with 
passage efficiency [16]. The researchers' model experiments show that by adjusting the width of the 
pool, the slope of the fishway, and the roughness of the bottom, it can be confirmed that the flow 
patterns are significantly influenced not only by the slope and the width of the pool but also by the 
roughness of the bottom. At the same time, the flow coefficient is constrained by the slope and width 
of the pool chamber and is not significantly related to the magnitude of the flow and the degree of 
roughness [17]. According to the researchers' observations, the Iberian barbel fish tend to choose 
areas with lower turbulence energy as their resting zones and then proceed to move through areas 
with higher velocity and turbulent energy along the main current [18]. Researchers have found that 
catfish tend to linger longer in regions where the turbulent energy ranges between 0.02 to 0.043 
m²/s², suggesting that this level of turbulence is preferred by the catfish [19]. Researchers have found 
that Reynolds shear stress, 𝜏𝑢𝑣, exerts the greatest influence on fish movement, particularly in fish 
of smaller size with less swimming capability. This observation is notably pronounced [20]. Judging 
from current research, many experts and scholars have conducted numerous experiments and 
identified many factors that affect the efficiency of fish passage. However, due to the multitude of 
influencing factors, there is currently no scientific, effective, and systematic method for combining 
these factors to comprehensively evaluate fishway efficiency. 

Therefore, based on the Analytic Hierarchy Process (AHP), this paper establishes a vertical 
slot fishway operation evaluation system considering 30 factors for the fishway's operation.  

METHODS 

In this study, the Analytic Hierarchy Process (AHP) was primarily used to establish a fishery 
efficiency evaluation system. In the 1970s, Professor T. L. Saaty [21], an American operations 
researcher, proposed the Analytic Hierarchy Process (AHP), a method that incorporates both 
qualitative and quantitative assessments for decision-making. It is designed to tackle evaluation 
issues involving a variety of scenarios, criteria, and objectives, especially suited for systems that are 
large in scale, complex in structure, diverse in goals, and abundant in qualitative factors. 
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ESTABLISHING AN EVALUATION SYSTEM VIA THE ANALYTIC HIERARCHY 
PROCESS 

Basic Principles 

The main principle adopted by the Hierarchical Analysis Method is to gradually decompose a 
complex issue into multiple levels. Starting from the ultimate goal, it identifies and breaks down the 
various influencing factors that impact the goal, step by step, thereby constructing a hierarchical 
diagram. Within this diagram, elements at each level correspond to a set of relative importance 
criteria. These criteria can be assessed through quantitative analysis in order to calculate the relative 
weight of each criterion, which then guides the selection of the optimal plan or decision-making. 
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Fig.1 - Structure concept diagram of AHP 

Implementing the Hierarchical Analysis Method involves the following steps: 

1. Creating a hierarchical model: Based on the nature and key characteristics of the problem to 
be solved, a tiered model structure is formed, which is refined into different levels step by step. 
2. Selecting criteria and factors: For each level, determine the relevant evaluation criteria and 
key factors. 
3. Establishing the judgment matrix: Build a judgment matrix based on the relative importance 
of each criterion and factor. The size of the matrix is determined by the number of relevant factors, 
and the values in the matrix reflect the relative importance between factors, typically expressed on 
a scale of 1 to 9. 
4. Calculating weight values: Use mathematical methods to obtain the weight values of each 
criterion and factor, which are usually presented in the form of a vector. 
5. Consistency verification: Conduct a consistency check on the constructed judgment matrix 
to ensure the reasonableness and accuracy of the obtained weights, thereby increasing the scientific 
application of the method. 
6. Synthesizing weights: By integrating the weights at various levels, we ultimately obtain a 
weight vector that represents the importance of each factor in the overall structure, which then 
assists in the assessment of plans or decision-making. 

Overall, the Hierarchical Analysis Method is a practical tool for solving complex decision-
making problems and is widely applicable to multiple aspects such as investment choices, strategic 
planning, product development, project management, and risk assessment. 
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Tab.1 - Construction form of judgment matrix 

 C1 C2 ⋯ Cn 

C1 C11 C12 ⋯ C1n 

C2 C21 C22 ⋯ C2n 

⋮ ⋮ ⋮  ⋮ 

Cn Cn1 Cn2 ⋯ Cnn 

Tab. 2 - Judgment matrix scale 

Quantitative scale Qualitative description 

1 Two factors have equal importance. 

3 One factor is slightly more important than the other. 

5 One factor is moderately more important than the other. 

7 One factor is significantly more important than the other factor. 

9 One factor is extremely important, almost to the sum of all other factors. 

2,4,6,8 Intermediate Judgment Value 

System Establishment 

The evaluation of fishway operation needs to include as many factors as possible that can 
affect the operation from an overall perspective, including the impact of hydraulic characteristics, 
engineering layout, and operation management and monitoring. Therefore, combined with existing 
research conclusions, an evaluation system for fishway operation has been established based on 
the current mainstream evaluation methods. The results are shown in Table 1.  
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   Tab .3 - Vertical slot fishway operation evaluation system  

Goal Level Criteria Level Indicator level Sub-indicator level 

Vertical slot 
fishway 

operation 
evaluation 

system 

B1 
Hydraulic 

characteristics 

C1 Water depth 

D1 Water depth at entrance 

D2 
Head difference between 

the upstream and the 
downstream 

D3 Water depth in fishway 

C2 Flow rate 

D4 Inlet flow rate 

D5 Maximum flow rate 

D6 Flow velocity amplitude 

D7 Outlet flow rate 

C3 Discharge 
D8 Maximum discharge 

D9 Runoff volume 

C4 
Other 

characteri-
stics 

D10 Water temperature 

D11 Transparency 

D12 Salinity 

D13 Sand content 

D14 PH 

D15 
Turbulence kinetic 

energy 

D16 Vortex 

B2 
Engineering 

layout 

C5 
Fishway 
import 

D17 Location 

D18 Import quantity 

D19 Hydraulic jump 

C6 
Inside the 
fishway 

D20 Slope 

D21 Total length 

D22 Length of each level 

D23 Vertical slot width 

C7 Fishway exit 
D24 Export quantity 

D25 Auxiliary facilities 

B3 
Operation 

management and 
monitoring 

C8 Management 
D26 Management level 

D27 Operational model 

C9 Monitor 

D28 Species of fish 

D29 Number of fish passed 

D30 Seasonal differences 
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ESTABLISH EVALUATION INDICATORS AND ASSESSMENT CRITERIA 

Quantitative Criteria for Determining Hydraulic Characteristics 

1) The Standardized Criteria for Determining Water Depth Quantitatively 

Establishing standards based on the ratio of the operational water depth determined by design 
or measurement to the optimum swimming depth for key fish species. 

Tab.4 - Quantitative Evaluation Standards for Water Levels 

 A B C D E 

D1 ＞0.80 0.80~0.70 0.70~0.60 0.60~0.50 ＜0.50 

D2 ＞0.80 0.80~0.70 0.70~0.60 0.60~0.50 ＜0.50 

D3 ＞0.80 0.80~0.70 0.70~0.60 0.60~0.50 ＜0.50 

 

2) Quantitative Determination Criteria for Flow Rate 

Developing standards based on the designed or measured operating flow velocity and the 
optimal swimming flow velocity ratio of the main fish species. 

Tab.5 - Quantitative assessment standards for flow rate 

 A B C D E 

D4 0.9~1.1 
0.8~0.9, 
1.1~1.2 

0.7~0.8, 
1.2~1.3 

0.6~0.7, 
1.3~1.4 

＜0.6, 

＞1.4 

D5 0.9~1.1 
0.8~0.9, 
1.1~1.2 

0.7~0.8, 
1.2~1.3 

0.6~0.7, 
1.3~1.4 

＜0.6, 

＞1.4 

D6 0.9~1.1 
0.8~0.9, 
1.1~1.2 

0.7~0.8, 
1.2~1.3 

0.6~0.7, 
1.3~1.4 

＜0.6, 

＞1.4 

D7 0.9~1.1 
0.8~0.9, 
1.1~1.2 

0.7~0.8, 
1.2~1.3 

0.6~0.7, 
1.3~1.4 

＜0.6, 

＞1.4 

 

3) Quantitative Assessment Standards for Discharge 

           Establish standards based on the ratio of the designed or measured operational flow rate to 
the preferred flow rate for the primary fish species. 

Tab.6 - Discharge quantitative assessment standards 

 A B C D E 

D8 0.9~1.1 
0.8~0.9, 
1.1~1.2 

0.7~0.8, 
1.2~1.3 

0.6~0.7, 
1.3~1.4 

＜0.6, 

＞1.4 

D9 0.9~1.1 
0.8~0.9, 
1.1~1.2 

0.7~0.8, 
1.2~1.3 

0.6~0.7, 
1.3~1.4 

＜0.6, 

＞1.4 
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4) Quantitative Assessment Standards for Other Characteristics 

           Tab.7 - Quantitative assessment standards for other attributes 

 A B C D E 

D10 

Best 
Temperature 

(±1℃) 

Optimal 
Temperature 

(±5℃) 

Critical Activity 
Temperature 

（±10℃) 

Unsuitable 
Temperature 

（±15℃) 

Extreme 
Temperature 

（±25℃) 

D11 Turbid Water / / / Clear Water 

D12 Specific Fish Species targeted Plan 

D13 Specific Fish Species targeted Plan 

D14 7.12~7.20 / 
7.04~7.12, 
7.20~7.34 

/ 
＜7.04, 

＞7.34 

D15 ＜0.15 m²/s² 0.15~0.2 m²/s² 0.2~0.3 m²/s² 0.3~0.5 m²/s² ＞0.5 m²/s² 

D16 without eddy 
There are a few 

small eddies. 
Occasional 
large eddies 

Fixed 
occurrence of 

whirlpools. 

The water flow 
is particularly 

turbulent. 

Establishing Quantitative Judgment Criteria for Engineering Layout 

1) Fishway Import Quantitative Assessment Criteria 

The entrance of the fishway is crucial for allowing fish to enter the fishway, and its location, 
the number of entrances, and the water leap conditions have a significant impact on the efficiency 
of the fishway operation. Optimizing the placement of the entrance, the number of entrances, and 
the water leap conditions can greatly improve the operational efficiency of the fishway, facilitating 
the smooth migration and protection of fish. 

Tab.8 - Fishway Entrance Quantitative Evaluation Criteria 

 A B C D E 

D17 

The best 
location is far 

away from 
power stations 

and other 
hydraulic 

structures. 

The location is 
suitable, far 
away from 

power stations 
and other 
hydraulic 

structures. 

The location is 
average, not 

far from power 
stations and 

other hydraulic 
structures. 

The location is 
poor, very 

close to power 
stations and 

other hydraulic 
structures. 

The location is 
very poor, very 
close to power 
stations and 

other hydraulic 
structures. 

D18 more than one one / / / 

D19 
no-water jump 
phenomenon 

/ 
minor water 

splash effects 
 

significant 
water splash 

effects 
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2) Quantitative Criteria for Inside the Fishway Assessment 

            The length of the pool chamber within a fishway, as well as the total length and slope of the 
fishway, are crucial factors influencing the migration of fish. Additionally, the width of the vertical 
slots plays a key role in determining the successful passage of migrating fish through the fishway. 

Tab.9 - Quantitative Evaluation Criteria for Inside the Fishway 

 A B C D E 

D20 ＜2° 2°~4° 4°~6° 6°~8° ＞8° 

D21 ＜200m 200~300m 300~400m 400~500m ＞500m 

D22 ＜3m 3~3.5m 3.5~6m 6~8m ＞8m 

D23 ＜0.35m / 0.35~0.5m / ＞0.5m 

3) Quantitative Criteria for Fishway Exit Assessment 

Tab.10 - Quantitative Evaluation Standards for Fishway Exit 

 A B C D E 

D24 more than one one / / / 

D25 
There are 

floating debris 
barriers. 

/ / / 
No floating 

debris barriers 

Operation, Management, and Monitoring of Quantitative Determination Standards 

1) Management of Quantitative Determination Standards 

Tab.11 - Management of Quantitative Assessment Standards 

 A B C D E 

D26 Excellent Good Average Below average Below standard 

D27 
Beneficial 

management 
/ 

Partially 
effective 

management 
/ 

Ineffective 
management 

2) Monitoring Quantitative Determination Standards 

The standards for the types and quantities of migratory fish should be based on the 
percentage of the fish species and quantities passing through fishways to the total number and 
species of upstream migrating fish in the basin. Seasonal variations should be considered based on 
the number of months when major fish migrations occur each year to establish standards. 

Tab.12 - Monitoring Quantitative Assessment Standards 

 A B C D E 

D28 90%~100% 75%~90% 60%~75% 50%~60% ＜50% 

D29 85%~100% 75%~85% 60%~75% 50%~60% ＜50% 

D30 ＞4 months 3~4 months 2~3 months 1~2 months ＜1 month 
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INTEGRATED EVALUATION METHOD 

Construct the Judgment Matrix 

Use the AHP method to determine the weight of each factor, to compare the importance of 
the various indicators, and to quantify the significance of each factor [22]. 

Through multi-channel research, 10 expert evaluation forms were collected. These forms 
underwent screening and analysis, after which the sum-product method was applied to address the 
problem. The formula for the sum-product method is as follows: 

∫  
b1

a1
∫  

b2

a2
⋯∫  

bn

an
f(x1,x2,⋯,xn)dx1dx2⋯dxn = ∫  

b1

a1
∫  

b2

a2
⋯∫  

bn-1

an-1
[∫  

bn

an
f(x1,x2,⋯,xn)dxn] dxn-1⋯dx1 (1)  

Assessment of Consistency in Judgement Matrices 

After constructing the judgment matrix, it is essential to verify that the weights are credible 
and reasonable by performing a consistency test to determine if the matrix satisfies the required 
consistency criteria. 

To determine whether the matrix satisfies consistency, it should be evaluated based on the 
Consistency Ratio (CR), which is the ratio of the Consistency Index (CI) to the Random Index (RI). 
The CI is calculated using the maximum eigenvalue and the order of the matrix, while the RI is 
derived from a standardized table corresponding to the matrix's order, as shown in Table 11. 
Generally, if CR is less than 0.1, the judgment matrix is considered consistent; otherwise, if CR is 
0.1 or greater, the judgment matrix is not consistent, and adjustments to the matrix are necessary 
before recalculating and analyzing it again. 

Tab. 13 - Random Index (RI) Values [21] 

Order n 1 2 3 4 5 6 7 8 9 10 

RI 0 0 0.52 0.89 1.12 1.26 1.36 1.41 1.46 1.49 

Weight Calculation in Evaluation Systems 

First, we carry out the weight calculation for the criteria layer of the vertical slot fishway 
operation evaluation system, which includes hydraulic characteristics, engineering layout, operation 
management, and monitoring. The corresponding judgment matrix is as follows: 

A= [
1 1.33 2.5

0.75 1 2

0.4 0.5 1

] (2) 

After the calculation, the weights for the criteria layer—which comprises hydraulic 
characteristics, engineering layout, operation management, and monitoring—are as follows: 

[0.4634 0.3551 0.1815] (3) 

The maximum characteristic root is 3.000, the CI is 0.000, and the RI is 0.520. The calculated 
CR is 0, which is less than 0.1, indicating that the judgment matrix passes the consistency test. 

Similarly, the weights of the indicator layer and the sub-index layer within the vertical slot 
fishway operation evaluation system have been calculated. The corresponding judgment matrix and 
the results are presented in Table12 as follows: 
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Tab.14 - Computed Weights for the Indicator Layer and Sub-Indicator Layer 

Criteria 
Level 

The judgment matrix 
Indicato
r level 

Weigh
t 

Consistency 
Test 

B1 
[

1 0.625 1.5

1.6 1 2.33
0.667 0.667 1
0.667 0.500 1.5

1.5

2
0.667

1

] (4) 

 

C1 
0.256

5 
CI=0.005 
RI=0.89 

CR=0.006<0.
1 

C2 
0.388

5 

C3 
0.156

1 

C4 
0.198

9 

B2 
[

1 2 2.5
0.5 1 2

0.4 0.5 1

] (5) 

 

C5 
0.517

4 CI=0.012 
RI=0.52 

CR=0.024<0.
1 

C6 
0.304

2 

C7 
0.178

4 

B3 [
1 0.652

1.533 1
] (6) 

C8 
0.394

7 CI=0 
RI=0 

C9 
0.605

3 

Indicato
r level 

The judgment matrix 
sub-

indicato
r level 

Weigh
t 

Consistency 
Test 

C1 
[

1 2.143 1.5
0.467 1 1.154
0.667 0.867 1

] (7) 

 

D1 
0.471

2 CI=0.014 
RI=0.52 

CR=0.027<0.
1 

D2 
0.261

3 

D3 
0.267

5 

C2 [

1 0.8 1.4

1.250 1 2.667
0.714 0.375 1
0.500 0.333 0.667

2

3
1.5
1

] (8) 

D4 
0.279

6 
CI=0.006 
RI=0.89 

CR=0.007<0.
1 

D5 
0.406

2 

D6 
0.182

5 

D7 
0.131

7 

C3 
[

1 1.385
0.772 1

] (9) 

 

D8 
0.580

7 CI=0 
RI=0 

D9 
0.419

4 

C4 

[
 
 
 
 
 
 

1 6.5 2.091

0.154 1 0.267
0.478
0.278

0.5

0.6
0.286

3.750
1.5

0.867

3.5
2.333

1
0.588
0.429

1.667
0.625

3.6
0.677
1.7
1

1.25

3.25
2.5

2

1.154
2.333

0.8
1

2.5
0.435

1.667

0.286
0.6

0.308
0.4

1
0.467

3.5
0.429
1.6
0.4
2.3

2.143
1 ]

 
 
 
 
 
 

(10) 

D10 
0.295

0 

CI=0.058 
RI=1.36 

CR=0.092<0.
1 

D11 
0.056

7 

D12 
0.157

9 

D13 
0.071

4 

D14 
0.105

0 

D15 
0.212

8 

D16 
0.101

2 
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C5 
 

[
1 7.5 3.125

0.133 1 0.588
0.320 1.7 1

] (11) 

 

D17 
0.695

4 CI=0.007 
RI=0.52 

CR=0.013<0.
1 

D18 
0.104

9 

D19 
0.199

7 

C6 
[

1 1.067 1.154

0.938 1 1.250
0.867 0.8 1

2.75 1.444 1.7

0.364

0.692
0.588

1

] (12) 

 

D20 
0.197

8 
CI=0.019 
RI=0.89 

CR=0.022<0.
1 

D21 
0.226

9 

D22 
0.190

0 

D23 
0.385

3 

C7 
[

1 0.88
1.136 1

] (13) 

 

D24 
0.468

1 CI=0 
RI=0 

D25 
0.531

9 

C8 
[

1 1.6
0.625 1

] (14) 

 

D26 
0.615

4 CI=0 
RI=0 

D27 
0.384

6 

C9 
[

1 1.143 0.364
0.875 1 0.455

2.750 2.2 1

] (15) 

 

D28 
0.226

5 CI=0.007 
RI=0.52 

CR=0.014<0.
1 

D29 
0.223

1 

D30 
0.550

4 

The assessment model built on this premise is complex, with numerous factors impacting the 
operational efficiency of fishways. However, due to variations in the construction location, 
environment, and design management of fishways, not all factors are considered in the assessment 
model. Additionally, certain functionalities are challenging to monitor and indicators are difficult to 
determine, which hinders the formation of quantifiable results. In such scenarios, it is necessary to 
eliminate unconsidered or non-quantifiable indicators from the model and recalculate the weights 
accordingly. 

Quantitative Grading and Composite Scoring 

The article quantifies sub-indicator levels by referencing various engineering evaluation 
systems, with scores presented in Table13. 

Tab.15 - Sub-indicator Level Quantification Chart 

Level Non-quantifiable Metrics E D C B A 

score 0 1 2 3 4 5 

After obtaining the quantitative data for various indicators, one can calculate the 
comprehensive score Ssum of the fishway operation level using the following formula. 

Ssum= ∑∑ Wi×Wij×Sij

mi

j=1

n

i=1

(16) 

In the formula,'Ssum' is the comprehensive score of the operational level, 'n' is the number of 

indicators; 'mi' is the number of sub-indicators under each indicator; 'Wi' is the weight of the indicator; 

'Wij' is the weight of the sub-indicator; 'Sij' is the score of the sub-indicator. 
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After calculating the comprehensive score of the fishway operation assessment using the 
formula, the grade of the evaluated project can be determined according to Table14. 

Tab.16 - Comprehensive Scoring Table for Fishway Operational Efficiency 

Comprehensive 
score 

Level Judgment Conclusion 

0~1.0 
Totally 

Srapped 

The fishway project is in a completely scrapped state, with all 
indicators failing to meet the requirements. It needs to be 

redesigned, demolished, and rebuilt. 

1.0~2.0 
Operating 
Marginally 

The actual operation condition is poor, and most indicators do not 
meet the design requirements, which seriously affects the normal 

operation of the fishway. It needs to be decommissioned and 
overhauled, and the entire fishway needs to be monitored for a long 

time after reuse. 

2.0~3.0 
Operating 
Normally  

More than half of the actual operating conditions meet the design 
requirements. The indicators that do not meet the requirements 
have only a slight impact on the operation of the fishway. It is 

necessary to improve certain aspects, optimize the operating status, 
and conduct long-term monitoring of the overall fishway. 

3.0~4.0 Operating Well 

Most of the actual operations align with the design specifications, 
but a small number of indicators do not meet the requirements, 

which have a minimal impact on the overall operation of the fishway. 
Regular monitoring of individual components is sufficient. 

4.0~5.0 
Operating 
Excellently 

The actual operation conditions meet the design requirements, and 
all data monitoring is normal. 

Computational Procedure for Evaluating the Efficiency of Fishway Operations 

Determine Vertical Slot 
Fishway Factors

Assign Indicator 
Weights for 

Evaluation Matrix

Consistency 
Test

Reallocate Weights

Fishway Status 
Evaluation Level Division

Assign Quantitative 
Values to Indicators

Comprehensive rating of 
operating conditions

Determine Operating Level and 
Propose Remedial Measures

Yes

No

 

Fig.2 - Vertical Slot Fishway: Operation Evaluation & Calculation Flowchart 
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CASE ANALYSIS 

Basic parameters 

The fish passage project for the Laolongkou Hydro-junction is situated in the middle and lower 
reaches of the Hunchun River. The highest water level for fish in the reservoir is 109 m; the highest 
normal tailwater level downstream from the reservoir is 82 m, resulting in a design water level 
difference of 27 m. The main migratory fish species in the Hunchun River include masu salmon, 
common salmon, humpback salmon, and Japanese lamprey. There are also anadromous species 
such as the ridge head fish, Asian smelt, and dace. The period from mid-August to mid-October 
marks the upstream migration season for spawning adult fish, while mid-April to mid-May is the 
season for juvenile fish to descend to the sea, following the current [23,24]. 

 

Fig.3 - Site View of the Fishway Project at Laolongkou 

Indicator Weight Reassignment and Scoring 

Based on the basic parameters and monitoring values described in the data for the case, the 
weight coefficients for parameters or indicators that are unlisted or cannot be quantified are set to 
zero, and the weights of the indicators are redistributed. The coefficients for D4, D6, D7, D9, D10, 
D11, D12, D13, D14, D26, and D27 are zero. Consequently, the weights for C9, D5, and D8 are set 
to one. The weights for D15 and D16 undergo redistribution. After calculation, the weight ratio of the 
two sub-indices is: 

[0.6818 0.3182] (17) 

Next, each sub-indicator is individually scored. The scores are detailed in Table15.  
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Tab.17 - Table of Comprehensive Scores for Sub-indicators [23-27] 

Indicator 
level 

Sub-indicator 
level 

Parameters & Data Score 

C1 

D1 The normal operating water depth is between 2.9 and 3.9 m. 4 

D2 The maximum water level difference is 27m. 2 

D3 The water depth of the fishway ranges from 0.6 to 2.2 m. 5 

C2 D5 The maximum flow rate is 2.35 m/s. 3 

C3 D8 The maximum discharge is 1.65 m³/s. 5 

C4 
D15 The turbulent kinetic energy range is from 0.01 to 0.12 m²/s². 5 

D16 There are no obvious vortices. 5 

C5 

D17 The fishway is arranged within the spillway. 4 

D18 There is one fish inlet. 4 

D19 There are no obvious water jumps in the channel. 5 

C6 

D20 The bottom slope of the fishway is 1:10. 3 

D21 The total length of the fishway is 281.6m. 4 

D22 The spacing between partitions in the fishway is 3.2 m. 4 

D23 The width of the vertical slots in the fishway is 0.32 m. 5 

C7 

D24 The fishway has five outlets at varying heights. 5 

D25 
The exit is equipped with gates, trash racks, protective fences, and 

an auxiliary water supply system. 
5 

C9 

D28 
The main migratory fish species include salmon, lamprey, and 

beachhead fish. 
4 

D29 
The theoretical maximum capacity of the fishway is 7,000 fish per 

day. 
5 

D30 The main fishing season occurs from August to October each year. 4 

Comprehensive ratings and reviews 

According to formula (2), the comprehensive score of the fishway operation assessment for 
the project is calculated as:  

Ssum= ∑∑ Wi×Wij×Sij

mi

j=1

n

i=1

=4.12 (18) 

Referring to Tab.5, the comprehensive score table for fishway operation evaluation, it is 
determined that the operation level of the fishway project is 'Operating Excellently.' The actual 
operating conditions meet the design requirements, and all data monitoring is normal. 

CONCLUSION 

(1)  This study references assessment theory and draws on existing methods to establish for the 
first time an operational evaluation analysis based on the Analytic Hierarchy Process for vertical slot 
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fishways. This method encompasses three main categories - hydraulic characteristics, engineering 
layout, operational management, and monitoring - including a total of 30 factors.  

(2)  Based on the literature of numerous fishway studies, the study adopted a five-level 
classification method to divide the operational efficiency grades of vertical slot fishways, providing a 
qualitative description for each corresponding grade. Using a scale of 1 to 9, the weights of each 
indicator were evaluated, criteria were established, and a comprehensive score was given to the 
performance of each indicator for the vertical slot fishway operation. 

(3)  After presenting a method for assessing the operation of vertical slot fish passages, the 
passageway project at the Laolongkou Hydraulic Junction was examined as a case study. Using 
actual measured data from the project and applying it to the evaluation system for the efficiency of 
vertical slot fishway operation, the project was rated as ' Operating Excellently ' in its operation, which 
confirmed the validity and reliability of the proposed assessment system. 
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ABSTRACT 

This paper deals with the building modifications in the building of the Cathedral of St. Vitus, 
St. Wenceslas, St. Adalbert and St. Mary during the period of normalization - the 1970s and 1980s. 
This period has so far been neglected by researchers, although many articles and publications have 
been written about the history, development and artistic decoration of the cathedral. Normalization, 
like the entire period of communist rule in Czechoslovakia, meant the oppression of church leaders, 
the suppression of sacred themes in religious buildings and in everyday life. Nevertheless, the 
cathedral was the scene of necessary reconstruction works, as well as modifications aimed at 
improving the use of space and interventions based on the change of the Roman Catholic liturgy. 

St. Vitus Cathedral is the most important Catholic church in the Czech Republic, formerly in 
Czechoslovakia, and even earlier in the Czech Kingdom. Its construction, spanning almost 700 
years, demonstrates the development in culture, technical possibilities, architectural and building art. 
The cathedral is an essential part of the Prague Castle complex and the Hradčany panorama. 
Prague Castle was and still is the center of secular and ecclesiastical power. This connection was 
symbolically fulfilled by the most important ruler ceremonies (coronations, funerals, marriages, 
christenings), which took place in the cathedral.  

One of the most beautiful and most photographed views of Hradčany is dominated by the 
silhouette of Prague Castle and especially the cathedral. The St. Vitus Cathedral rises from the base 
formed by the uniform design of the facades of Prague Castle, which was created during the reign 
of Empress Maria Theresa. For a long time, the cathedral itself looked like a torso, as only the bell 
tower with a Renaissance and later Baroque helmet was built. The transept and the towers in the 
facade were not completed until the late 19th and early 20th centuries.  

On the basis of archival research, interviews with witnesses and the study of specialist 
literature, the reader is introduced to the interventions in St. Vitus Cathedral and the associated 
change in the space for the celebration of the liturgy, as well as the space for ordinary visitors to this 
church during the period under study. Further attention is given to the unrealised designs and other 
sacred buildings in the grounds of the Castle. 

KEYWORDS 

 Prague Castle, St. Vitus Cathedral, Sacral Buildings, Building Modifications, Reconstruction, 
Liturgical Modifications, Normalization  

INTRODUCTION 

Between 1948 and 1989, Czechoslovakia was ruled by the Communist Party, which enforced 
the totalitarian character of Czechoslovakia and later the Czechoslovak Socialist Republic. An anti-
religious policy was applied. It was manifested by the crackdown on religious men and women in the 
1950s, the suppression of religious and Christian themes from ordinary public life, the emphasis on 
atheistic education of children and youth, and the holding of civil ceremonies [1],[2]. One of the typical 
elements of the communist persecution was "the dilapidation, sanitation and profanation of existing 
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sacred buildings, efforts to minimize sacred architecture, and, on the contrary, alternative offerings 
in the form of civil ceremonies and quasi-sacred spaces" [1]. At the turn of the 1950s and 1960s, 
some churches were even expropriated (for example, the Basilica of St. George at Prague Castle) 
[1], [3]. In the 1960s, "there was a gradual relaxation of the cultural policy of the state, which heralded 
the development and significant success of Czechoslovak artistic creation, the adoption of Western 
cultural patterns and a broad social relaxation" [1]. In 1968 the believers rode the wave of enthusiasm 
of the whole society, they also experienced a very intense period when they expected the correction 
of the state's ecclesiastical policy. This period was followed by the so-called normalization, when 
there was a return to "the violent suppression of expressions of discontent and dissent in the public 
space, the displacement and real persecution of groups of citizens with different and critical views, 
although the draconian nature was not equal to that of the 1950s" [1]. For the Church, normalization 
meant the end of promising prospects; it was once again persecuted by the state, this time in the 
form of working for the widespread atheization of civil society, rather than through public trials of 
Church leaders [1], [4].  

St. Vitus Cathedral is the seat of the Archbishop of Prague, the highest representative of the 
Czech Roman Catholic Church. Quite naturally, together with Prague Castle, "it has become a kind 
of the center and heart of the Czech lands, an obvious sign of Czech national and state identity" [5]. 
The cathedral is also a major attraction for tourists from all over the world. The pre-Romanesque 
rotunda, dedicated to St. Vitus and built by Prince Wenceslas, gradually became a chapter, bishop's 
and finally archbishop's church. It has undergone two major structural and architectural 
transformations from a Romanesque Basilica from the late 11th century to a magnificent torso of a 
Gothic cathedral [6]. The Czech national revival led to ideas for the completion of the extensive 
western part of this building. The completion took place from the end of the 19th century until 1929 
on the occasion of the St Wenceslas Millennium (900 years since the martyrdom of St Wenceslas). 
The medieval construction of the cathedral and the 19th and 20th century completions, the artistic 
decoration of the exterior and interior, the liturgical and musical programme became an important 
"part of the artistic and social discourse, a symbolic and cultural phenomenon. It retained its position 
even in times that were not conducive to the development of cultural and religious activities, and it 
has not lost its significance even today" [7]. 

The strategic location in the middle of the castle, where first the prince, later the king and the 
president resided, brought the connection of secular and ecclesiastical power, thus another 
important and functional characteristic of St. Vitus Church. "It became the site of the most important 
ceremonies associated with the life and function of the monarch - coronation ceremonies, royal 
funerals, marriages and baptisms. Meetings and assemblies connected with the function of the 
feudal state and its internal and foreign policy were held here" [6]. 

The Cathedral of St. Vitus together with Prague Castle form the dominant feature of the so-
called Hradčany panorama. The most frequently observed and recorded view of Hradčany is from 
the Charles Bridge or from the embankment leading from the National Theatre to the Charles Bridge, 
as shown in the attached picture Figure 1. Several towers rise above the small historic houses of the 
Lesser Town (St. Nicholas Church, St. Thomas Church, Lesser Town Bridge Tower, and others), 
the horizontal roofline of Paccasi's South Wing (rebuilding and unification of the facades under Maria 
Theresa) rises above them, and the main motif is the richly articulated silhouette of St. Vitus 
Church [8]. 
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Fig. 1 – Hradčany panorama (Prague Castle, Charles Bridge, Lesser Town) [9] 

SACRAL BUILDINGS AT PRAGUE CASTLE IN HISTORY 

The Rotunda of St. Vitus was built by Prince Wenceslas as the third Christian building at 
Prague Castle and the fifth in the then Czech Principality [7]. The oldest Christian building in the 
Castle was the Church of Our Lady. According to tradition, it was built during the reign of Prince 
Bořivoj at the end of the 9th century, and rather surprisingly it was built outside the central part of 
the future Přemyslid Castle. Around 920, a second Christian building, the Basilica of St. George, was 
founded on the eastern elevation (today's St. George Square) [10]. "In 972-973, when the Prague 
bishopric was founded, the rotunda of St. Vitus became the bishop's church. It is very likely that the 
bishop must have been given space to build his residence at that time, first in wood, later in stone, 
with the Chapel of St. Moritz. It looks as if the space that would become the spiritual center of the 
country during the 11th century had already been defined in this early period" [7].  

Fig. 2 – Reconstruction of a pre-Romanesque hillfort – the predecessor of today's Castle. The 
main buildings are: the princely palace, the rotunda of St. Vitus, the three-nave basilica of St. 

George, the bishop's house with the chapel of St. Moritz, several towers and gates, log buildings of 
peasants and servants, cemeteries. Colour suite according to the stable cadastre of 1879 [8] 

Subsequent rulers of the Přemyslid family supplemented the ground plan of Prague Castle 
with other sacral buildings, see Figure 2. The Rotunda of St. Vitus ceased to be sufficient, and it was 
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decided to replace it with a new church. Starting in 1060, a two-chambered, three-aisled 
Romanesque Basilica with two towers, crypts, a transept and several attached or related chapels 
was built over a period of about 30 years. By the second half of the 13th century, the episcopal 
complex with the basilica had been extended by several other buildings. On the north side of the 
basilica a chapter house with an ambit and the chapel of St. Thomas was added. The Romanesque 
bishop's house with the Chapel of St. Moritz was gradually expanded to the west. In the south, the 
basilica was connected by a long corridor with the church of St. Bartholomew (located in the 
excavation area under the third courtyard, excavations were carried out in 1920-1922). The 
disappearance of parts of this complex was related to the construction of the Gothic cathedral [7]. In 
the second half of the 12th century, Prince Spytihnev built a new princely palace in the south and 
also new walls, which were essentially part of the palace. The castle chapel of All Saints was added 
to the eastern side of the palace [11]. In 1142, the church and the monastery of St. George burned 
down, after which both buildings were rebuilt. "The original short, three-aisled basilica with a crypt 
under the altar was extended (...) and a south tower was added to the north tower" [8]. To the east 
of the basilica, a monastic hospital with the Church of St. John the Baptist was built, but it soon 
disappeared, see Figure 3. 

 

Fig. 3 – Reconstruction of Prague Castle during the last Přemyslids at the end of the 13th century, 
drawn in the contour lines of today's Castle. Three main buildings stand out: the Romanesque 

Basilica of St. Vitus with the bishop's house next door, the three-nave Church of St. George with 
the monastery and the paradise court, and the princely palace, which is flanked on the south side 

by the wall. It is reinforced by square towers, 2 of which are the gates of the Castle, the White 
(west) and the Black (east) [8] 

The reign of Charles IV (1346-1378) brought unprecedented prosperity to the Bohemian 
lands, but also to Prague Castle. The old Romanesque castle, similar to the German Falci, was 
rebuilt according to the principles of French Gothic. A Gothic church of All Saints was built on the 
eastern side of the palace on the site of the original Romanesque chapel. The builder was Petr Parléř 
and his model was the Sainte-Chapelle in Paris. Unfortunately, the church was severely damaged 
by fire in 1541 and the subsequent rebuilding was done in a soberer Renaissance style. It has 
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retained this appearance to the present day, serving as the private chapel of the adjacent Institute 
of the Nobility since the mid-18th century [8]. The monarch had the Chapel of Our Lady created 
within the first floor of the royal palace and was also instrumental in the elevation of the Prague 
bishopric to an archbishopric. The foundation stone of the new cathedral was laid on 21 November 
1344. The famous French architect Matthias of Arras was chosen for the construction, but he died 
prematurely (1352) and the construction was continued by an unknown master. At the same time 
the old basilica was being demolished [12]. By the time the new young architect, Peter Parléř, arrived, 
the nine pillars of the arcade around the choir, the eight choir chapels at the end of the church and 
the eight bays of the choir gallery had already been built [7]. Petr Parléř completed the sacristy with 
the treasury, built the chapel of St. Wenceslas, the south vestibule (Golden Gate) with a new sacristy 
on the first floor, completed the perimeter chapels on the north and south sides, and began the 
construction of the Great South Tower. Work on the cathedral was stopped by the Hussite wars. 
During the Jagiellonian reign, many successful and high-quality building interventions are associated 
with the name of Benedikt Ried (Rejt). He was responsible for the creation of Vladislav Hall, a 
magnificent Gothic airy hall with ribbed vaulting and Italian Renaissance windows. During the 
construction of this hall, the partitions between the three existing rooms on the floor of the royal 
palace were demolished. The original hall, the Chapel of the Virgin Mary and the Charles Room were 
thus lost [8]. Towards the end of the 15th century a new oratory was built in the cathedral in place of 
the Luxembourg oratory (probably under the direction of Hans Spiess or Benedikt Ried) [7]. Vladislav 
Jagiellon attempted to complete the cathedral, and the north tower was founded (Figure 4) [13]. Only 
a part of the new tower was built, it was badly damaged by fire, so it was demolished and the 
construction was never continued. A huge fire in 1541 also affected the cathedral, the fire spreading 
from the Great South Tower, which was temporarily covered with a shingled roof. The fire 
subsequently spread to the roof of the western part, with the entire roof trusses burnt and the interior 
furnishings damaged [7]. The fire also affected the church and the monastery of St. George. 

Fig. 4 – Prague Castle during reign of Vladislav  Fig. 5 – Prague Castle during reign of Rudolf II 
Jagellonsky (early 16th century) [14]    (early 17th century) [14] 

The aforementioned fire facilitated the arrival of the Renaissance in the area of Prague 
Castle. From 1541 to the middle of the 19th century, the silhouette of the cathedral did not change 
significantly. Around 1560, a Renaissance porch and the complex Renaissance helmet of the Great 
South Tower (architect Bonifác Wohlmuth) were added (Figure 5) [8]. The helmet was replaced in 
1769-1771 by a Baroque cupola which remains on the cathedral to this day. The high choir was 
covered by a much lower roof with three spires [13]. A temporary wall was built to the west of the 
Gothic cathedral before the Hussite period. Between the wall and the cathedral was the Chapel of 
the Holy Trinity adjacent to the Great Tower (demolished 1887) and the central Renaissance chapel 
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of St. Adalbert (demolished 1879) [7]. The nave of the cathedral consisted of a Renaissance royal 
mausoleum, which was and still is surrounded by an iron grille [15]. During the Baroque period (after 
the Battle of White Mountain in 1620), new furnishings were created, new decorations were added 
to the chapels and altars (mural, paintings) [7]. The Baroque period brought the reconstruction of the 
main façade of St. George's Basilica (around 1671) and also a new building of the Chapel of St. 
John of Nepomuk (1718-1722, F. M. Kaňka), which was added to the façade of the basilica. The 
early Baroque façade has been preserved to this day. The Archbishop's Palace moved outside the 
Prague Castle but remained very close to Hradčany Square [8].  

The reign of Maria Theresa and Joseph II in the second half of the 18th century meant the 
reconstruction of the Castle into office space and a change of the facade towards the city. Nicolo 
Pacassi created a single long façade in the French Classical style, a façade that has survived to the 
present day [8]. The Chapel of the Holy Cross was built in 1758-1763 on the site of the building office 
with the kitchen in the second courtyard, according to the same architect's design. The marble high 
altar with statues of angels and the Crucifixion painting have survived. The other furnishings date 
from 1852-1856, when the church was refurbished for the exciseman Ferdinand [14]. Joseph II 
abolished the monastery of St. George and had it converted into a barracks, and the basilica began 
to decay [8].  

Fig. 6 – St. Vitus Cathedral with the Chapel of St. Adalbert, 1860s [16] 

The middle of the 19th century brought ideas for the completion of St. Vitus Cathedral. The 
condition of the cathedral at this time can be seen in figure 6. In 1859, the Unity for the completion 
of the main cathedral of St. Vitus at Prague Castle was founded, and in 1873 the foundation stone 
of the completion was laid. The first builder of the cathedral was Josef Andreas Kranner in 1861. He 
built a stonework on St. George's Square, in the first phase he started with the repairs of the medieval 
part - he began with the reconstruction of the choir chapels, then he dealt with the placement of the 
neo-Gothic gargoyles, finally the work moved to the high choir and its support system. After Kranner's 
death, Josef Mocker became the second builder. He presented a new plan for the completion of the 
cathedral - a five-aisle version (as opposed to Kranner's three-aisle version), a west front with two 



 
  Article no. 17 

 
THE CIVIL ENGINEERING JOURNAL 2-2024 

 

 

  DOI 10.14311/CEJ.2024.02.0017         252 

towers and three portals. Mocker worked on his concept until his death in 1899, commissioning 
additional gargoyles and sculptural decoration. He added neo-Gothic altars to the interior, restored 
the royal oratory, and modified the choir for the high altar. The last builder was Kamil Hilbert, who 
reworked some parts of the design and completed the whole process of completion by 1929. He 
continued the reconstruction of the tower, built the staircase to the first and second bell towers, 
finished some chapels, and the restoration of St. Wenceslas Chapel was a major task. He often used 
the motif of a spiral staircase [7]. 

The period after the Second World War, and especially with the advent of the communist 
regime, is associated with the decay, sanitation and profanation of existing sacral buildings [1]. There 
was no dilapidation and destruction at Prague Castle, but there were several adaptations and 
conversions of church buildings. This was related to the process of desacralization. The premises 
were to serve other than ecclesiastical purposes. This was to symbolically contribute to the 
separation of the state from the church. The cathedral began to be referred to as a mere burial place 
of Czech kings, and even the transfer of the crown jewels to other premises was considered [17]. 
The Church of All Saints was modified in 1952-1953, the Baroque grille was moved from its original 
position separating the chancel from the nave to a new position, which closed off the space of the 
Baroque tomb of St. Procopius. A Baroque Gothic organ was installed in the same building in 1964. 
They were transferred from the church in Skapce near Klabruby [14]. A Memorial to the History of 
the Czechoslovak People was to be built in the Monastery of St. George (considerations began in 
1959, the project ran from 1961-1967), but due to construction complications this project was never 
completed. Another example was the conversion of the Chapel of the Holy Cross into a jewellery 
store, a project that was undertaken by the architect Studený in 1960. Another example was the 
reconstruction of the refreshment chapel in the Kajetán Garden according to the implementation 
project by architect Hrubý in 1966. At the turn of the 1950s and 1960s, churches were also 
expropriated as part of the atheisation process. In the Castle, this concerned the Basilica of St. 
George [3]. 

The newly elected first communist president, Klement Gottwald, attends a Te Deum mass in 
the cathedral in 1948. It was the last time a communist president attended a solemn mass, other 
presidents preferred other rituals after their election. In the 1950s, the primary religious character of 
the cathedral was suppressed. The spiritual center moved to several Prague churches where popular 
priests preached [7]. According to Government Decree No. 55/1954 Coll. on the protected area of 
Prague Castle, all real estate (including church buildings) became the property of the Czechoslovak 
state. In 1957 it was stipulated by contract that "the Metropolitan Chapter will continue to take care 
of the management and preservation of the internal facilities of the Metropolitan Cathedral" [18]. The 
interior furnishings, except for the objects of worship, were handed over to the administration of the 
Office of the President of the Republic. There were many disagreements between these two 
institutions in the administration of the Cathedral, as their rights and duties were not clearly defined. 
There were few spiritual activities in the cathedral, which improved only in the second half of the 
1960s with the arrival of the apostolic administrator František Tomášek, which was of course also 
related to the social change [7]. 

The artistic activity in the St. Vitus Cathedral was very limited, the last action connected with 
the Unity was the completion of the south portal according to the architectural competition won by 
Jan Sokol and Josef Wagner. The work had been going on since 1950, completed in 1959 only 
under the direction of Sokol, as the sculptor Wagner died in 1957. Of the few other completed 
projects, mention can be made of the carving and installation of the relief tympanums of the west 
portals, the central one was installed in 1953, the southern one in 1956 and the northern one in 1966. 
During the total renovation of St. Wenceslas Chapel, which took place between 1964-1967, new 
stained-glass windows were installed by the well-known Libenský and Brychtová duo and Josef 
Soukup [7]. 
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SACRAL BUILDINGS AT PRAGUE CASTLE IN THE PERIOD UNDER STUDY 

Even during the period of normalisation, the process of desacralisation begun in the 1950s 
and described above was not stopped. Adaptations and conversions of religious buildings continued. 
Most of them did not serve their original purpose. After the unsuccessful project of the Memorial of 
the History of the Czechoslovak People in the monastery of St. George, it was decided to use this 
monastery for the needs of the National Gallery. Between 1969-1975 the monastery was adapted 
for exhibition purposes for the exposition of old Czech art from the Middle Ages to the end of the 
Baroque period (fig. 7 and 8). "Professor František Cubr and architect Josef Pilař designed the 
restoration to create a set of exhibition spaces. The sightseeing circuit was extended to include part 
of the ambit and the chapel area. In the interior and on the south façade, the architecture of the 
various stages of development was retained. The western and southern parts of the ambit, together 
with the Paradise Court, served as entrance and relaxation areas (...) The monastery was previously 
composed of several smaller rooms, which was not suitable for exhibition purposes. The partitions 
between the rooms were demolished and the whole space was unified" [19]. 

Fig. 7 – View of the exposition in the monastery of   Fig. 8 – View of the exposition in the  
St. George – Gothic part [20]   monastery of St. George – Baroque part [21] 

Another sacral space within the monastery of St. George was also newly designated for 
exhibition purposes - the Chapel of St. Anne. The implementation project was completed in 1973 by 
the aforementioned architects. The Chapel of the Holy Cross was used as a treasury, and only after 
the revolution (in 1991) was the entrance and information system of this chapel redesigned. The 
architect Miloslav Burian was in charge of it [22]. In the Church of All Saints, restoration work was 
carried out in the late 1980s (1987-1988). The younger paintings were removed and the original 
gilding was restored [14]. 

MODIFICATIONS IN THE CATHEDRAL IN THE PERIOD UNDER STUDY 

The end of the 1960s was marked by social relaxation, and in 1969 a funeral mass was 
celebrated in honour of the late Cardinal Beran, who had died in Rome. It was considered to bring 
his body back to Bohemia, to the cathedral. The new people in the Communist Party leadership, 
however, did not want this to happen, and they had been trying for more consistent atheist 
propaganda since childhood. Their attitude towards the cathedral remained the same even during 
this period, as evidenced by the words of historian Jiří Burian, who was employed in the Office of 
the President of the Republic, in 1975: "St. Vitus Cathedral, as part of the National Cultural 
Monument - Prague Castle - has been the subject of constant care by the socialist state for two 
decades, which has maintained it as a jewel of Czech architecture, the scene of significant events 
in national history and an unrepeatable collection of cultural values of the past" [6]. 
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The beginning of the 1970s brought serious thoughts about adjustments to the liturgical 
space, which should adapt to the liturgical requirements arising from the Second Vatican Council, 
which took place between 1962 and 1965. This modification was completed in 1973 and will be 
discussed in more detail in the following chapter. The celebration of the St. Adalbert's Millennium in 
the same year was greatly reduced. The year 1978 played an important role for the further 
development and promotion of the importance of the cathedral in the eyes of the faithful, when the 
Archbishop of Cracow, Karol Woltyla, was elected Pope and chose the names John Paul II. He 
encouraged Cardinal Tomášek and the whole community of the faithful to greater activity. In the 
1980s, there was a growing interest in spirituality, especially in large cities and intellectual circles. 
The cathedral became "a space of spiritual resistance to the regime, moreover, naturally connecting 
the Catholic faithful with people of other beliefs" [7]. Once again, it became a spiritual centre during 
major church festivals and celebrations of the country's patrons. Masses of people gathered in the 
cathedral and its immediate surroundings, even turning into spontaneous demonstrations at the end 
of the 1980s, which, of course, did not please the state authorities [7]. 

The prevailing view of scientific communism was that of the temple as a historical monument 
and burial place of Czech rulers. This is probably why very few new interventions were made in the 
cathedral, but restoration work and many repairs were carried out. In the 1970s this included a new 
altar table by Professor Jan Sokol in connection with liturgical reforms. In the 1980s, the only new 
work of art was a figural sculpture of Agnes (the future saint) by Karel Stádník. It was placed in the 
chapel of the Bartons of Dobenín [7].   

Unfortunately, repairs and maintenance work were not carried out in the 1950s and 1960s, 
although the Department of Historic Preservation (later the Department) of the Office of the President 
of the Republic often pointed this out. The beginning of the repair’s dates back to 1968-1969, when 
the Central Bohemian Enterprise for the Conservation and Restoration of Cultural Monuments 
repaired the top floor, the roof of the Great South Tower and structurally secured the Royal Oratory 
[7]. Pavel Mošťák was the architect of the reconstruction of the Renaissance gallery of the tower, 
and other collaborators took part in the project. The architect Karel Kovář and Marie Plachtová were 
responsible for the survey, the statics were designed by Dr. Jan Rudolf, the scaffolding by Miroslav 
Hurych, and the budget by Matěj Drofa. Photo documentation was provided by academic painter 
and restorer Jiří Novák. The technical report described "the reconstruction of the surface treatment 
of the Renaissance gallery of the main tower of St. Vitus with the creation of a suspended scaffolding 
system (fig. 9 and 10) for the survey and repair of the tower helmet" [23]. The report began with a 
brief historical overview of previous modifications to the tower. It assessed the condition at the time 
and proposed a solution: "In recent decades, the plastered surface of the arcaded gallery has 
deteriorated to the point that it threatens the safety of traffic and the plastic members of the lower 
structure at the exposed location of the main south portal with the so-called Golden Gate. Also, the 
copper cover of the tower is considerably loose at the joints as a result of rotten formwork" [23].  

The actual design of the individual modifications is described in detail, firstly the surface 
treatment of the gallery arcade of the main tower (careful removal of the plaster, cleaning of the 
exposed brickwork - with emphasis on washing out the salt deposits, dampening of the brickwork, 
spraying with hydraulic mortar and filling the joints, execution of a one-layer plaster with a tightened 
surface - manually processed using an oak and then iron trowel, restoration repair of the plastic links 
of the ionic heads with new plaster, execution of the internal plastering according to the same 
principles, cleaning of the reinforced concrete structure's surface, finally careful cleaning of the 
gallery of tower from all impurities, all surfaces preserved about a month after the end of the work 
with a mist hydrophobizing spray LUKOSIL L). The recipe for the preparation of the new mortar was 
also described here. This was followed by adjustments to the plumbing work, as the Gothic profiles 
of the medieval section overhanging the outer outline of the Renaissance arcade were to have their 
plywood and brick covers removed and replaced with covers of hard copper sheeting. A detailed 
survey of the copper bath was also to be carried out. The last reference was to the modification of 
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the stonework (products). It was proposed to clean the stone parapets, stone repairs to minor 
damage, and treatment with multiple saturation with lime water solution [23].  

Fig. 9 – St. Vitus Church – perimeter scaffolding of  Fig. 10 – St. Vitus Church – perimeter  
   the gallery – floor plan and vertical section [24]  scaffolding of the gallery – view of the  

scaffolding [24] 

The following year was full of explorations, measurements and tests with new materials (e.g. 
artificial sandstone). In the following years, loose stone elements were brought down, weeds and 
trees were removed, the sandstone surface was cleaned and joints were restored, without the use 
of scaffolding. Businesses with climbers were used. The wooden trusses of the choir and Great 
Tower, as well as the steel truss over the completed section, were treated in this way until 1974 [7]. 

Already in 1972, due to the fall of the cross cover, a protective scaffolding was erected, which 
was gradually enlarged, and as other stone elements also fell down, this led to systematic care of 
the entire shell and the support system under the direction of the Štuko cooperative. The repair of 
the first pillar was not completed until November 1977. Between 1978 and 1985, seven more pillars 
were successfully repaired.  This was followed by the reconstruction of the main roof between 1985 
and 1989, during which the slate roofing was replaced. It was possible to extract rock from the same 
quarries as in the 19th century. The pattern was also preserved, which is made up of stencils with 
two colours. The interior underwent changes during an extensive electrical renovation in 1983-1987. 
An archaeological survey was associated with this action. In the following period between 1988-
1991, interior defects were removed and conservation of the exterior parts was resumed [7]. 

THE MOST SIGNIFICANT MODIFICATION 

The greatest change in the interior of the cathedral came in the early 1970s, when it had to 
be modified in response to the liturgical reforms of the Second Vatican Council. It took place, as the 
name suggests, at the Vatican, and had four sessions from October 1962 to December 1965. It 
brought about a major liturgical reform, bringing many initiatives to express the Church's relationship 
to the ever-evolving world, to other faiths, to individual believers. The Council made possible the use 
of national languages in the liturgy (previously the Mass had been celebrated in Latin), provided 
more space for reading from the Bible, dealt with liturgical singing and music, emphasized the 
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simplification of the rites, their greater clarity and shortening, but also the active participation of the 
faithful. The new conception of liturgy brought requirements for the worship space, and more detailed 
requirements were provided by the publication of liturgical instructions. A huge change occurred in 
the celebration of the Mass, as the priest now served facing the people. This change necessitated a 
new altar in the form of a table (mensa) as the center of the presbytery, and an elevated place called 
the ambo was to be created for the reading and singing of biblical texts. The nave of the church is 
also described, but it did not undergo major changes [1]. 

The Archbishopric of Prague, and hence the Metropolitan Chapter, requested modifications 
in the interior of the cathedral according to the liturgical reform. The request argues that the altar is 
too far from the pews where the faithful sit. Thus, there is no active participation of all the faithful and 
the formation of a community during the service [25]. The Department of Heritage Conservation (part 
of the Office of the President of the Republic) had drawn up conservation guidelines stating that "any 
attempt to reanimate and functionally adapt the cathedral space must be based on a historical and 
architectural-spatial analysis of the cathedral interior" [26]. The question of the modifications was 
discussed on behalf of the Metropolitan Chapter by its canon Miroslav Vlček, while the architectural 
aspect was entrusted to Professor Jan Sokol, who had been thinking about changes to the 
cathedral's interior (fig. 11 and 12) for some time [7]. Archival documents show that interior work 
began in December 1972 and was completed in June of the following year [27].  

Fig. 11 – Perspective of the Considered Altar in  Fig. 12 – Considered Plan of the Cathedral, 
the Nave Crossing of the Cathedral [28]     1973 [28] 

Sokol's ideas about the St. Vitus Cathedral did not correspond to the perception of the then 
communist society. For him, the cathedral represented above all the first church in Czechoslovakia, 
a sacred object. Sokol had been thinking about interior modifications for a long time. The original 
design was drawn up after the Second World War. He considered moving the royal mausoleum in 
front of the organ chancel to the north arm of the nave. A new high altar would have been built on 
the vacant site, which would have included the tomb of St. Adalbert. In a new design in the 1970s, 
he continued with the original ideas, but abandoned the idea of moving the mausoleum and no longer 
considered a table altar because of liturgical regulations. He would have used the mausoleum as a 
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backdrop for the new altar and as a separating element between the new and older sections. The 
new mensa (mensa Domini = altar table) was to be located at the crossing of the nave, was to 
become the spiritual center of the cathedral, and was to house the tomb of St. Adalbert. It was also 
to be used during visiting hours. The center of the cathedral would be closed to tourists, while the 
side aisles would be used for sightseeing tours. This proposal received the support of the 
Archbishopric, but the Conservation Commission (more accurately called the Subcommission for 
History, Art History and Archaeology) gave its opposition [28]. 

Another opportunity was provided by his collaboration with Canon Miroslav Vlček to create a 
new altar according to the conclusions of the Second Vatican Council. Sokol tried to extend this task 
to the reconstruction of the entire choir (presbytery), which demonstrates his efforts to save at least 
some of the previous study. He proposed an extension of the choir platform where a new altar could 
be placed along with a lectern (ambo) and cross. A new staircase would be built in front of the podium 
leading to the side aisles. The bishop's throne was going to be placed on the enlarged stage of the 
main altar, which was built by Josef Mocker. He was not too fond of this altar, but there was no 
possibility of removing it, so he wanted to use it as a backdrop to the cathedral. From the back of the 
altar, a stone spiral staircase leads to the upper porch, where the monstrance was formerly 
displayed. Behind these stairs was the tomb of St. Adalbert. In the space between the main altar and 
the tomb, a back room with church supplies was built. Sokol proposed to remove this facility and to 
remove the staircase by the main altar in order to restore dignity to this part of the church. He again 
submitted his plans to the castle monuments, but again received a negative opinion [28].   

Fig. 13 – View of the church presbytery in the        Fig. 14 – View of the Presbytery after  
1920s [29]    Modifications Designed by Architect Jan Sokol 

 [30] 

Although the grandiose ideas did not come to fruition in the end, at least a relatively minor 
but significant modification of the presbytery (the space for priests and assistants) with a new altar 
table and lectern (ambo) was implemented (fig. 14). Architect Sokol, in cooperation with architect 
Jan Fröml, used a simple but inventive solution. He envisaged the mensa as a marble altar slab 
supported by six legs made of gold-plated steel I-profiles, see Figure 15). The altar was successfully 
constructed, but the marble slab was replaced by a slab of Romanian limestone during the execution, 
to the displeasure of Sokol [28]. 
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Fig. 15 – Altar Table and Pulpit, Gilded Rolled Profiles, Limestone Slab [30] 

CONCLUSION 

The history of Prague Castle has been associated with sacral buildings since the earliest 
times; over the centuries several new ones have been built, several have disappeared and several 
have changed their original function. The Rotunda of St. Vitus was the third building of this type to 
be built on the Castle grounds, which was first converted into a basilica and then into a cathedral. It 
became the spiritual center of the Bohemian kingdom, and later of Czechoslovakia and the Czech 
Republic. The exception was the period of the communist regime, which includes the period under 
study (1970s and 1980s). During this period, there was an attempt to suppress the religious 
dimension as much as possible and, on the contrary, to give priority to its other functions - a burial 
place of Czech rulers, a document of outstanding Gothic and Neo-Gothic architecture, a repository 
of other cultural and historical monuments of the past, a tourist attraction. It was not until the end of 
the 1980s that the restoration of a leading role in the spiritual direction of Prague and the whole 
country was brought about. 

The communist government marked a period of decline and disinterest for church buildings. 
Sacred monuments fell into disrepair, were destroyed, and were converted for other profane 
purposes (exhibition halls, music halls, etc.). The transformation of religious buildings did not avoid 
the Castle either. An unambiguous example of this principle is the approach to the Monastery of St. 
George, which was first to become a Memorial to the History of the Czechoslovak People and 
eventually became the exhibition space of the National Gallery. Thanks to its presence on the Castle 
grounds, the sacred buildings were spared dilapidation, although, for example, repairs and building 
maintenance of the cathedral were neglected in the 1950s and 1960s despite the proclaimed care 
of the socialist state. However, the period under review brought about a change in this respect and 
systematic restoration and conservation work began to take place. 

The times did not favour the construction of new religious buildings or new interventions in 
them. Apart from the interventions in the context of conversions, the only significant modification was 
the new design of the presbytery with the altar table and lectern (ambo) in the Church of St. Vitus by 
Professor Jan Sokol. This architect worked on the interior of the cathedral for several years, first 
after the Second World War and then especially in the 1970s, when new liturgical regulations 
appeared in connection with the Second Vatican Council. 
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ABSTRACT 

This paper investigates the issue of beam misalignment in curved continuous beam bridges. 
Taking the D0 to D6 spans of the viaduct as the basis, the main influencing factors causing 
misalignment in curved beam bridges are analyzed and the causes of transverse and longitudinal 
misalignment in curved beam bridges are calculated and analyzed using Midas/Civil finite element 
simulation software. The results indicate that the main influencing factor causing misalignment in the 
operation of curved continuous beam bridges is the system temperature, with the displacement 
caused by it being larger than the cumulative displacement caused by self-weight, construction 
phase, gradient load, vehicle load, and bearing settlement. During operation, the failure of expansion 
joints changes the boundary conditions of the beam, preventing the bridge from freely expanding 
and contracting longitudinally under temperature load. As a result, the transverse displacement 
increases to 2-3 times the normal working state of the expansion joint, leading to beam misalignment.  

KEYWORDS 

Continuous beam bridge, Jacking simulation, Translation simulation, Misalignment, 
Simulation analysis 

INTRODUCTION 

Small and medium-span bridges account for approximately 88% of the total number of highway 
bridges in our country, and due to their large quantity, they deserve more attention in terms of daily 
maintenance and repair work [1-3]. Due to the fact that many of these bridges were built in the 
previous century, they were limited by the technology available at that time. As a result, their design 
load standards and capacity are inadequate to meet current requirements [4-7]. Currently, in China, 
the majority of funds allocated for highway bridge construction are focused on major bridge projects. 
As a result, there is limited funding available for small and medium-span bridges. For those smaller 
bridges that cannot meet current traffic demands, it is nearly impossible to demolish and reconstruct 
them on a large scale. Instead, it is necessary to modify these existing bridges, making them 



 
  Article no. 18 

 
THE CIVIL ENGINEERING JOURNAL 2-2024 

----------------------------------------------------------------------------------------------------- 

  DOI 10.14311/CEJ.2024.02.0018               262 

compliant with current traffic requirements [8-11]. 
To better renovate small and medium-span bridges and ensure their efficient service to the 

people, it is crucial to address the common structural defects. However, there is still insufficient 
attention given to these issues. One such concern is the significant problem of lateral displacement 
in the superstructure, which severely affects the normal functioning of the bridges. In particular, small 
and medium-span curved continuous beam bridges are more prone to such displacements due to 
their complex structure and load characteristics under long-term effects [12]. Analyzing the causes 
of bridge lateral displacement is of great significance for improving the efficiency of treating this issue, 
reducing structural defects in small and medium-span bridges in China, and ensuring the safety of 
bridges during their operational phase [13-15]. This article will establish bridge models using finite 
element software to identify the influencing factors contributing to beam displacement. The objective 
is to analyze the extent to which these factors impact the lateral and longitudinal displacements of 
the bridge. 

INTRODUCTION TO ENGINEERING BACKGROUND 

The design load level for the elevated bridge is Class A. The main span of the bridge consists 
of 119 segments. This study mainly focuses on the displacement analysis of spans D0 to D6. The 
upper structure of spans D0 to D6 is a continuous curved box girder made of ordinary reinforced 
concrete, with a span combination of 20+4×25+20=140 m. The box girder is a twin-box six-cell 
structure with a height of 1.4 m. The total width of spans D0 to D6 is 27 m, and the width distribution 
is as follows: 0.5 m crash barrier + 12.0 m roadway + 2.0 m median strip + 12.0 m roadway + 0.5 m 
crash barrier. The lower structure consists of pier D1 to D5#, which are column-type bridge piers, 
and pier D6 is a prestressed concrete inverted T-shaped cap beam pier. The substructure also 
includes reinforced concrete rectangular abutments. The aerial view of the elevated structure is 
shown in Figure 1, and the elevation, plan, and cross-sectional views of the bridge are shown in 
Figure 2 - Figure 4. The cover beam and retaining block are provided at the expansion joint position, 
and the cover beam and retaining block are not provided at the other positions. 

 

Fig. 1 – Aerial view of the elevated bridge 

 

Fig. 2 – Bridge elevation layout diagram (unite: mm) 
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Fig. 3 – Plan layout diagram (unite: mm) 

 

Fig. 4 – Cross-section layout diagram (unit: mm) 

OFFSETTING DEFECT 

(1)   During the inspection of a curved continuous beam bridge, significant lateral displacement 
of the main beam towards the outside of the curve was observed. The D6# pier box beam exhibited 
the most noticeable lateral displacement, with a measured lateral displacement at the end of the 
continuous box beam of at least 90 mm at the outer side of the curve abutment. Due to this lateral 
displacement, the continuous box beam has caused severe structural damage to its lower bearings, 
the bridge piers, and even the adjacent ramp bridge. At the end of the 6# pier cap beam (outer side 
of the curved beam), the retaining block has fractured under the lateral pressure exerted by the main 
beam, posing a risk of falling as shown in Figure 5. 

 

 

Fig. 5 – Diagonal splitting of bridge abutment cap beam block 
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(2) ¨  The lateral displacement of the curved girder bridge will cause the steel plate on the bearing 
to move along with it. Inspection revealed that there is a common phenomenon of outward sliding 
movement of the upper steel plate in the bidirectional movable bearings, and in some severe cases, 
there is a 40 mm displacement between the upper steel plate and the steel basin, as shown in Figure 
6 and Figure 7. 

 

  

Fig. 6 – Compression deformation of 
lateral restraining steel bar 

Fig. 7 – Sliding of upper steel plate out of 
steel basin by 40 mm 

(3)   The lower outer surface of the bridge pier column has several semi-circular cracks, as 
shown in Figure 8. The maximum width of the cracks is 0.26 mm. The crack distribution schematic 
is shown in Figure 9. The analysis indicates that this is due to the presence of fixed basin-type 
bearings above the bridge pier. The lateral displacement tendency of the main beam is constrained 
by the fixed bearings. According to the principle of force interaction, the main beam exerts radial 
forces on the bearings in the crawling direction, causing a transition of the bridge pier column from 
an axially compressed state to an eccentrically compressed state and even resulting in tensile stress 
in the outer concrete. 

  

Fig. 8 – Bottom half-ring crack in bridge 
pier concrete 

Fig. 9 – Schematic diagram of crack in 
bridge pier column 

MODEL ESTABLISHMENT 

The process of bridge jacking and translation may appear simple, but the selection of 
construction schemes and the control standards during construction are extremely complex. The 
main challenge lies in how to control the displacement and stress of the beam within a reasonable 
range during the construction process, without causing damage to the beam. To address this issue, 
a focused analysis is conducted on the causes of beam deformation and stress during construction, 
in order to identify corresponding avoidance measures. 
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Simulation of the Boundary for Curve Continuous Beam Jacking 

(1)   Selection of jacking method. Bridge jacking techniques can be divided into two categories: 
integral jacking and partial jacking. Due to the fact that the D0~D6 spans of the Elevated Bridge 
consist of a 6-span continuous beam structure, and considering the relatively large jacking height 
required for this project, the integral jacking method is adopted to minimize damage to the beam. 
The jacking process mainly includes installing temporary supports, jacking the beams, replacing 
bearings, and releasing the oil from the jacks. The specific operational steps are illustrated in Figure 
10. 

Determine the foundation of reaction 

force, the model of the hydraulic 

jack, and the placement position

Mark the centerline of the 

original support base

Temporary 

security support

Security of 

surveillance 

equipment

Install the hydraulic jack 

and test the load-bearing 

capacity of the beam

Formally lift the beam
Installing temporary 

shoring system

Repeatedly jack 

up to the design 

height

Hydraulic jack 

refilling

Replacement or 

maintenance of 

bearing pads

Installing new 

bearing pads

Lifting and removing 

temporary supports

Hydraulic jack refilling, 

beam repositioning

Composite bridge deck leveling, 

inspecting the appearance of beams 

and the tightness between supports 

and beams

 

Fig. 10 – Jacking construction steps 

(2)   In the process of synchronously jacking a bridge, the main control is the variation of the 
beam stress values generated by the height difference during the start of synchronous jacking and 
the final placement of the beam. Therefore, the simulation of the supports is controlled by node 
displacement to achieve the desired effect. 
(3)   The main beam supports of the original bridge design adopt the form of GPZ8000 pot rubber 
bearings. Therefore, this paper simulates the bridge supports using compressed springs. 
(4)   Br 80% of the stress uplift force and lifting height design. 

Based on the size of the beam and considering the effects of various adverse loads, the rated 
lifting force of the jack is increased by 200% as a safety margin. When lifting the bridge, a 650 t 
hydraulic jack with mechanical locks is used. The method of staged synchronous lifting is adopted. 

Simulation of The Translation Boundary of a Curved Continuous Beam Bridge. 

(1)   The bridge displacement construction method adopts the whole top pushing and resetting 
construction method. 
(2)   During the vertical boundary simulation of bridge displacement and resetting construction, 
the pot rubber bearings have been removed. Horizontal sliding devices are used as vertical supports 
for the beam structure during the displacement construction. Polyethylene PTFE sheets are applied 
with silicone oil to reduce friction during construction. Therefore, during the simulated process of top 
pushing and displacement, compressed rigid supports are used to replace the vertical boundary 
conditions of the main beam. 
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(3)   During the lateral boundary simulation of bridge displacement and resetting, the lateral 
boundary conditions of the beam are released. Under the thrust of the jacks, the beam overcomes 
the frictional resistance of the slide and moves towards the inner side of the arc. During the 
displacement process, the beam mainly undergoes rigid body motion; at the same time, the beam 
may experience small recoverable deformations. When the beam is translated to the contact with 
the stopper at the end of the beam and the bridge abutment, the stopper acts as a lateral rigid 
constraint. The beam will cease rigid body rotation and accompanied by significant recoverable 
deformations. 
(4)   The design of lateral top pushing force and displacement for the bridge. When the main 
beam is laterally pushed, considering the adverse factors such as temperature stress and the shear 
deformation of the bearings themselves, the principle of adding a 200% safety margin to the rated 
lifting force of the jacks is followed. For the displacement process, a 150 t jack is selected for 
controlled top pushing with graded control. The top pushing speed of the jacks during horizontal 
displacement should not exceed 1mm/min to ensure that the entire beam moves towards the inner 
side of the curve as per design requirements. 

Control of The Uplift and Translation Reaction Forces. 

During the uplift and translation resetting operation of the bridge under traffic closure, it is crucial 
to ensure that there is no void under the bearings. This means that the bridge, in its displaced state, 
must have a minimum reaction force of the jacks that is not less than 0 under the most unfavorable 
load combinations, controlled by hydraulic pressure. This is necessary to prevent the risk of beam 
overturning and to perform stress verification. 

In the condition of traffic closure, the minimum reaction forces of each bearing of the bridge 
under the load combination of 1.2 dead load + 1.4 live load are shown in Figure 11. 

 

Fig. 11 – Bearing reaction forces 

When the bridge reaches its maximum displacement of 90 mm under traffic closure, the 
minimum value of the inner-side bearing reaction force for a curved girder bridge is 2683.9 kN, and 
the support force of the jacks is greater than 0. Therefore, it can be concluded that when the beam 
displacement reaches 90 mm under traffic closure, the bridge support is in a safe condition. 

In the condition where traffic is not controlled and vehicles travel along the original lanes, the 
reaction forces at each support position are shown in Figure 12. In this state, the minimum bearing 
reaction force is 2432.5 kN. Hence, it can be concluded that when the bridge is in a displaced 
condition without traffic control, the support forces decrease under the action of eccentric loads. If 
the bridge is not properly maintained and continues to operate in the displaced state, the 
displacement will continue to increase, and there is a risk of overturning under the action of eccentric 
loads. 

 

Fig. 12 – Bearing reaction forces 
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Hydraulic Lifting Stress Control 

Traffic control is required during the construction of hydraulic lifting and translation to ensure 
construction safety and normal travel for the public. The stress increment generated at the most 
critical section during the construction process should be less than the stress increment generated 
by live loads at the same section. 

Under the action of the most unfavorable eccentric load, tensile stress is generated at the upper 
edge of the main beam section as Pt, and compressive stress is generated in the main beam section 
as Pc. The stress of key section of main beam under carriageway load is simulated by finite element 
method. In the jacking process, there is uneven jacking between piers, which causes secondary 
internal force of the main beam, and the change of secondary internal force should be controlled. To 
ensure the safety and sufficient safety factor of the main beam during the hydraulic lifting and 
translation construction process, the stress variation at the most critical section is controlled to not 
exceed 80% of the stress increment under the action of live loads at the same section. Specifically, 
the incremental tensile stress at the most critical section of the main beam should not exceed 0.8 Pt, 
and the incremental compressive stress at the most critical section of the main beam should not 
exceed 0.8 Pc, which ensures the safety of the construction. The calculation results are shown in 
Figure 13. 

 

Fig. 13 – The stress limits during the bridge translocation 
and repositioning process 

Using this stress control method is safer and more accurate compared to directly using the 
design value of concrete tensile strength as the construction stress control criteria. 

SIMULATION ANALYSIS OF CURVED CONTINUOUS BEAM BRIDGE. 

Simulation of the Jacking Process 

In the jacking process of the bridge, a step-by-step jacking method is adopted, with a jacking 
increment of 5-10 mm per step. This study takes a step increment of 10 mm as an example to 
analyze the stress increment of each section under different jacking conditions. The specific 
conditions are listed in Table 1.  
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Tab. 1 - Simulation of Jacking Conditions 

Operating condition The jacking height 

Operating condition one 10mm single-point jacking for Pier 0 and Pier 3 

Operating condition two 
Pier 0 jacked up by 10 mm, Pier 1 jacked up by 
5 mm, Pier 3 jacked up by 10 mm, Pier 2 and 

Pier 4 jacked up by 5 mm 

Operating condition three 
Pier 0 jacked up by 10 mm, Pier 1 jacked up by 
8 mm. Pier 3 jacked up by 10 mm, Pier 2 and 

Pier 4 jacked up by 8 mm 

Operating condition four Synchronized jacking up by 10 mm 

(1)   Condition 1: The single-point jacking of Piers 0 and 3 by 10 mm. The increment of stress 
and deformation of the main beam is shown in Figure 14 – Figure 17. 

  

Fig. 14 – Stress distribution diagram of main 
beam (0# Abutment raised by 10mm) 

Fig. 15 – Stress distribution diagram of main 
beam (3# Pier cap raised by 10 mm) 

  

Fig. 16 – Increment of stress on the lower 
edge of the main beam during single point 

jacking 

Fig. 17 – Increment of stress on main beam 
cross-sections for each pier during single point 

jacking 

From the above figure, when the single point is raised to 10 mm, the main beam section at the 
0# abutment is in an unconstrained state, resulting in no increase in the bottom stress increment. 
However, the adjacent main beam section at the 1# pier has a positive increase in bottom stress, 
indicating tensile stress, and the maximum stress value. When the single point is raised to 10 mm at 
the 3# pier, the bottom stress increment at the 3# pier is negative, indicating compressive stress and 
the maximum stress value, while the bottom stress increment at the adjacent piers 2# and 4# is 
positive, indicating tensile stress with relatively large stress values. 

(2)   Condition 2: The lifting height at the 0# abutment and the 3# pier is 10 mm, while the 
adjacent piers on the left and right have a lifting height of 5 mm. The stress increments and 
deformations of the main beam section are shown in Figure 18 - Figure 21. 
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Fig. 18 – Stress distribution diagram of main 
beam (0# Abutment raised) 

Fig. 19 –Stress distribution diagram of main 
beam (3# Pier raised) 

  

Fig. 20 – Increment of stress on the lower 
edge of the main beam (0# Abutment, 3# 

Pier raised) 

Fig. 21 – Maximum increment of stress on 
the main beam (1#~5# Pier raised) 

From the above figures, it can be observed that when the 0# abutment is lifted to 10 mm and 
the 1# pier is lifted to 5 mm, the main beam section at the 0# abutment experiences no increase in 
bottom stress increment due to its unconstrained state. However, the bottom stress increment at the 
adjacent 1# and 2# piers undergo significant changes. When the 3# pier is lifted to 10 mm and both 
the 2# and 4# piers are simultaneously lifted to 5 mm, the stress increment across the entire bridge 
remains large. 

(3)   Condition 3: The lifting height at the 0# abutment and the 3# pier is 10 mm, while the 
adjacent piers on the left and right have a lifting height of 8 mm. The stress increments and 
deformations of the main beam section are shown in Figure 22 - Figure 25. 

  

Fig. 22 – Stress distribution diagram of the 
main beam (0# Abutment raised) 

Fig. 23 – Stress distribution diagram of the 
main beam (3# Pier raised) 

  

Fig. 24 – Increment of stress on the lower 
edge of the main beam (0# Abutment, 3# 

Pier raised) 

Fig. 25 – Maximum increment of stress on the 
main beam (1#~5# Pier raised) 
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From the above figures, it can be seen that when the 0# abutment is lifted to 10 mm and the 1# 
pier is lifted to 8 mm, the stress increments across the entire bridge are not significant. However, 
when the 3# pier is lifted to 10 mm and both the 2# and 4# piers are simultaneously lifted to 8 mm, 
the stress increment at the 3# pier is relatively large and compressive, while the stress increments 
at the other piers and abutments are relatively small. 

(4)   Condition 4: Synchronized lifting of the entire bridge by 10 mm, the stress increments of the 
main beam section are shown in Figure 26. 

 

Fig. 26 – Increment of stress on the lower edge of the main  
beam during synchronized lifting 

From the above figure, it can be observed that when the entire bridge is synchronously lifted by 
10 mm, the stress increments at the piers 1# to 5# are relatively uniform and the magnitude of the 
stress increments is also similar. 

SIMULATION ANALYSIS OF THE TRANSLATIONAL PROCESS 

The translational process simulation is carried out by simulating the top pushing force through 
the application of concentrated forces. Multiple loading conditions are simulated based on different 
directions and magnitudes of the top pushing force. The details are as follows. 

(1)   Condition 1: During the translational process, the jacks exert equal pushing forces in a 
direction perpendicular to the beam end, pushing towards the inside of the curve. The angle between 
the pushing force direction and the tangent line of the curve is shown in Table. 2. When simulating 
the pushing force direction of the bridge using finite element software, the angle between the pushing 
force direction and the Y-axis is shown in Table 3. The displacement in the transverse, longitudinal, 
and vertical directions of the main beam is shown in Figure 27 - Figure 29. The maximum stress 
increments on the upper and lower edges, as well as the inner and outer sides of the main beam, 
are shown in Figure 30 - Figure 33. 

Tab. 2 - Angle between the top-down direction at various support point 
locations and the normal of the curve 

Pivot 

point 
0# 

Abutment 
#1 Pier #2 Pier #3 Pier #4 Pier #5 Pier 

#6 
Abutment 

Angle ( °) -9.96 -7.16 -3.58 0 3.58 7.16 9.96 
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Tab. 3 - Angle between the top-down direction and the Y-axis at various support point 
locations 

Pivot 

point 

0# 

Abutment 
#1 Pier #2 Pier #3 Pier #4 Pier #5 Pier 

#6 

Abutment 

Angle ( °) 0 0 0 0 0 0 0 

 

Fig. 27 – Three-dimensional elastic displacement of the main beam 
during translation process 

 

 

Fig. 28 – Deformation diagram of the main 
beam during translation process 

Fig. 29 – Stresses on upper and lower flanges, 
inner and outer sides of the main beam during 

translation process 

  

Fig. 30 – Stress distribution on the upper 
outer surface of the main beam section 

during translation process 

Fig. 31 – Stress distribution on the upper inner 
surface of the main beam section during 

translation process 

  

Fig. 32 – Stress distribution on the lower 
outer surface of the main beam section 

during translation process 

Fig. 33 – Stress distribution on the lower inner 
surface of the main beam section during 

translation process 

(2)   Condition 2: The pushing force is applied in the direction perpendicular to the main beam’s 
line form, pushing towards the inside of the curve. The pushing force magnitude is the same for each 
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pier section. The angle between the pushing force direction and the curve’s normal vector is shown 
in Table 4. When simulating the pushing force direction of the bridge using finite element software, 
the angle between the pushing force direction and the Y-axis is shown in Table 5. 

Tab. 4 - Angle between thrust direction and curve normal at various support locations 

Pivot 
point 

0# 
Abutment 

#1 Pier #2 Pier #3 Pier #4 Pier #5 Pier 
#6 

Abutment 

Angle (°) 0 0 0 0 0 0 0 

Tab. 5 - Angle between thrust direction and Y-axis at various support locations 

Pivot 

point 
0# 

Abutment 
#1 Pier #2 Pier #3 Pier #4 Pier #5 Pier 

#6 
Abutment 

Angle (°) 9.96 7.16 3.58 0 -3.58 -7.16 -9.96 

The maximum deformation in the transverse, longitudinal, and vertical directions of the main 
beam is shown in Figure 34. The stress deformation cloud diagram of the main beam during 
translation is shown in Figure 35. The maximum stress increments on the upper and lower edges, 
as well as the inner and outer sides of the main beam, are shown in Figure 36. 

 

Fig. 34 – Three-dimensional elastic displacement of the 
main beam during translation process 

 

 

Fig. 35 – Deformation diagram of the 
translated main beam 

Fig. 36 – Stresses on the upper and lower 
flanges, inner and outer sides of the translated 

main beam 

(3)   Condition 3: The pushing force direction is along the line perpendicular to the beam end 
and pushing towards the inside of the curve. The maximum deformations in the transverse, 
longitudinal, and vertical directions of the main beam are shown in Figure 37. The stress deformation 
cloud diagram of the main beam during translation is shown in Figure 38. The maximum stress 
increments on the upper and lower edges, as well as the inner and outer sides of the main beam, 
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are shown in Figure 39. 

 

Fig. 37 – Three-dimensional elastic displacement of the main beam  

during translation process 

 

 

Fig. 38 – Deformation diagram of the 
translated main beam 

Fig. 39 – Stresses on the upper and lower 
flanges, inner and outer sides of the 

translated main beam 

Condition 3, when compared to conditions 1 and 2, exhibits smaller stresses and elastic 
deformations during construction, ensuring the safety of the beam structure. However, controlling 
the pushing force of the jacks during the pushing operation in Condition 3 can be challenging. If not 
finely controlled, there is a possibility that the pushing force may not overcome the frictional 
resistance, resulting in the inability of the beam to rotate. 

Condition 2, in comparison to condition 1, offers superior stress and deformation characteristics. 
With the project located on a curved surface with a radius of curvature of 400 m, when pushing 
forces are applied perpendicular to the beam’s end line, significant horizontal bending deformations 
of the main beam will occur during the pushing process, and the radius of curvature will decrease.  

CONCLUSION 

Discussion on the rigid body state of the bridge during the lifting, translation, and resetting 
construction process, deriving a reasonable method for bridge lifting and translation construction, as 
well as establishing a model. Proposing stress limitation criteria during the lifting and translation 
process. Then, based on the aforementioned model establishment method, a finite element model 
of the actual bridge is established, and a simulation analysis is conducted on the lifting and 
translation process of the project. The following conclusions are reached: 

(1)   The beam section stresses were calculated by using node forced displacement simulation 
during the beam lifting construction phase. It was found that when the main beam was lifted at single 
point bridge abutment and pier locations, significant differences in the section stress values of the 
main beam were observed. At the same time, the closer the lifting height of the main beam at the 
pier and bridge abutment, the more similar the growth pattern of the section stress values. When 
synchronous lifting was employed, the stress values were all within 0.45 MPa and below the ultimate 
stress limit. Due to the large lifting height required for the project, it is necessary to control the stress 
differences. Therefore, the synchronous lifting construction method was adopted. 
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(2)   During the translation construction phase of the beam, a concentrated force was applied to 
simulate the pushing force of a hydraulic jack. Combining with the model, the movement form and 
stress state of the beam under different pushing force directions and magnitudes during the 
translation process were discussed. Safety in construction and the difficulty of construction control 
were taken into consideration to derive a reasonable construction plan. 
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ABSTRACT 

The construction of the intercity railroad tunnel beneath the airport causes surface 
subsidence and affects the operation safety of the airport runway. It is necessary to 
comprehensively consider many factors to determine the optimal construction plan and control the 
impact within a safe range. This study employs theoretical analysis and numerical simulation to 
conduct a comprehensive comparison between the open excavation method and shield method, 
considering various factors. The findings reveal that: (1) Compared with the open excavation 
method, the shield method is more suitable for the construction of the interval tunnel crossing the 
airport under the conditions of groundwater and silty soil layer. (2) The open excavation meets the 
rapid timelines required by rail transit, and the total cost is close to two shield machines. When the 
shield method is used for construction, only one shield machine is preferred from reducing the total 
cost, and two shield machines are preferred from shortening the construction period. (3) The 
maximum ground settlement resulting from shield tunneling construction is 20mm, and the 
maximum vertical differential settlement perpendicular to the tunnel is 2.8cm, and the maximum 
differential settlement ratio is 0.93‰. Which meets the requirements of airport post-construction 
settlement and differential settlement and can ensure the seamless operation of the airport 
infrastructure amidst tunnel construction. The research results presented in this paper can serve as 
a reference for the optimization of tunnel construction scheme and the safety impact control in 
similar projects in the future.  

KEYWORDS 

Tunnel, Intercity railroad, Shield method, Open excavation method, Airport; Construction 
program 

INTRODUCTION 

In the context of integrating rail transportation into airport collection and distribution 
systems, the advent of subways and intercity railroads accessing airports has been increasingly 
significant. Globally, numerous instances exist of subway tunnels intersecting with airport 
infrastructure [1-6], albeit fewer examples are found regarding intercity railroads. Given the 
stringent environmental and safety requisites for projects involving intercity railroad tunnels under 
airports-where operation must proceed without halting flights-the selection of construction 
techniques is paramount. This necessitates a careful consideration of both the environmental 
constraints at the construction site and the scale of tunnel construction. The predominant 
construction methodologies include the box culvert jacking method, mining method, shield method, 
and open excavation method, among others. 

The construction of a tunnel beneath an airport invariably leads to the loosening and 
disturbance of surrounding rock and soil, causing a radial movement towards the tunnel section 
and resulting in surface deformation and movement. For critical structures like airports, where 
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settlement control standards are strict, this can impede the normal functionality of runways 
(including taxiways and aprons), posing safety risks. Thus, it is crucial to choose the optimal 
construction method, predict surface movement and deformation during the tunnel construction, 
and assess the construction's impact on airport operations to ensure the safety and integrity of 
runway operations (taxiway and apron) throughout the tunnel construction phase. 

The discourse on tunnel construction methods through airport areas has been enriched by 
several studies. Lu Xingbang et al [7] analyzed various construction methods for underground 
crossings in non-stop airport flight areas, highlighting the open excavation method's key 
technologies for Shanghai Pudong and Hongqiao airports' taxiway crossings. Jiang Xiaorui [8] 
explored the feasibility of employing the mining method for intercity railroad tunnel crossings under 
Guangzhou Baiyun International Airport and its taxiways through numerical analysis, presenting a 
comparative discussion on the shield and mining methods. Li Xinggao [9] examined the 
advantages, disadvantages, key technologies, and application scopes of different tunneling 
methods through airports (flight zones) with typical engineering cases. Yue Renhui [10] analyzed 
four different construction schemes for a major urban trunk road tunnel beneath the runway of 
Luogang Airport, employing finite element software to evaluate the pipe curtain + box culvert 
jacking method's impact on runway safety. Jiang Xiaorui [11], through numerical simulation of the 
Xinbai-Guangzhou Intercity Railway tunnel construction process under the airport taxiway, 
evaluated three different excavation methods, ultimately advocating for the upper and lower steps 
with reserved core soil method. Mi Sixing et al [12] conducted an examination of various schemes 
for underground crossing of the service lane in the runway area of Pudong Airport, and concluded 
the feasibility of implementing an underground crossing beneath Pudong Airport's existing runway. 

The interaction between tunnels and surrounding soil is typically investigated through field 
monitoring, model tests, and numerical simulations. Field monitoring can be time-consuming, 
cumbersome, and may occasionally result in sensor damage. Model tests often simplify complex 
strata or detailed structures, which might not accurately represent real-world conditions [13-16]. 
Numerical simulations offer a more efficient means to model soil properties, subway tunnels, 
adjacent structures, and their interactions, despite requiring some simplifications in the calculation 
process. This method proves particularly effective for large-scale engineering problems. Ning Jiao 
et al. [17] conducted deformation analysis of a railway undergoing an under-crossing by a double 
shield tunnel in a composite stratum of soil and rock through numerical simulations. Liu Xiang et al 
[18] explored the subgrade settlements of four national railway lines affected by twin shield tunnel 
excavations, highlighting the correlation between shield machine operational parameters and 
subgrade settlements. Boonyarak [19] utilized an advanced hypoplasticity constitutive model for 
numerical back-analysis to discuss the influence zone of new tunnel excavations on existing 
tunnels. Yao Jianshi et al. [20] analyzed the effects of constructing a new shield tunnel under an 
existing high-speed railway on the settlement deformation and stress changes of the existing 
structure via ANSYS. Fei Ruizhen et al [21] combined centrifuge tests with three-dimensional 
numerical simulations to study the dynamic response of shield tunnel undercrossing an existing 
high-speed railway, examining the impact on the railway lines and tunnel structures and 
establishing control standards. Zhao Jinpeng et al [22] Investigated the effectiveness of umbrella 
arch in controlling deformation of the surrounding rock when a tunnel passes through wear and 
fragmented surrounding rock by using numerical modeling and field monitoring method. Wu 
Jingang et al [23] analyzed the mechanical characteristics of the piles and evaluated the reliability 
of the reinforcement measures by using finite element software to simulate the process of shield 
tunnelling through bridge piles.   

However, research on the impact of tunnel construction on adjacent airports is limited. Yuan 
Xinpeng [24] applied three-dimensional numerical analysis to simulate the shield tunnel 
construction process for an intercity railroad under an airport roadway, identifying soil disturbance 
levels and the extent of construction impact. Li Zhijun [25] developed a three-dimensional model to 
calculate changes in surface settlement during shield tunneling under an airport runway, assessing 
the impact on runway operations. Xiao Ming [26] used three-dimensional numerical analysis to 
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investigate subsidence in the flight zone runway caused by shield construction of the Kunming Rail 
Transit Project, analyzing soil disturbance and the influence of tunnel depth on runway subsidence.  

The above scholars mainly studied the tunnel construction scheme and construction impact 
of the accessing airport, but failed to comprehensively consider the navigation, technology, 
construction period, cost, construction impact and other factors. This paper leverages theoretical 
analysis and numerical simulations to assess the comparative viability of open excavation and 
shield tunneling methods beneath airports for intercity railroad projects. It aims to provide technical 
references for the design and construction of similar tunnel projects while ensuring the planning 
and safe operation of future airport areas. 

PROJECT OVERVIEW 

The Guangzhou-Dongguan-Shenzhen Intercity Railway (illustrated in Figure 1), originating 
from Xintang Station on the Guangzhou-Shenzhen Line 4, spans a length of 97.6 km. This route 
traverses through Guangzhou Xintang, Wanghong, Humen Railway Station, Jinsha and terminates 
at Shenzhen Airport. The airport section connected to the west side of Shenzhen Airport's T3 
Terminal spans 1,800 meters, necessitating penetration through the existing Vertical Liaison Road 
and the proposed area to the west of the T3 Terminal's station apron. This construction phase is 
critical as it impacts the usage of the second runway and the operational launch of the T3 Terminal 
Building. Given the airport expansion project's current state and the planned operational launch, 
constructing the tunnel access to the T3 Terminal is constrained by the operation of the second 
runway, geological conditions, existing roadways, and the mandate to maintain uninterrupted flight 
operations, thereby complicating excavation and construction efforts. Consequently, it is essential 
to gather and analyze airport-related information and relevant management regulations to devise 
an appropriate construction strategy. 

 

Fig.1 – Guangzhou-Dongguan-Shenzhen intercity railway line  
 

Surrounding environmental conditions 

The surrounding environment of the Shenzhen Airport section of the Intercity Railway 
extends from the north end of the T3 Terminal Building through the vertical connecting road and 
the west station site to the west side of the T3 Terminal. The surrounding environment is shown in 
Figure 2, Key points of the construction environment include: (1) the second runway and 
connecting road, which have been completed and are now operational, including road surface and 
navigational aids; (2) the vertical connecting road, designed to link the second runway with 
Terminals No. 1 and No. 2, is operational following the completion of its road surface; (3) the T3 
Terminal Building has reached structural completion, with the west wing corridor's foundation 
constructed using prefabricated pipe piles approximately 30.0 meters deep; (4) on the south side of 
the T3 Terminal, construction has commenced on the foundation piles for the airport 
communication center and hotel, with deep foundation pit excavation reaching about 6.0 meters.  

Chyba! Objekty nemohou být vytvořeny úpravami kódů polí. 
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Fig.2 – Surrounding environmental condition of Shenzhen Airport section of Guangzhou-
Dongguan-Shenzhen-intercity railway 

According to the Regulations on the Administration of Non-stop Construction of Civil 
Airports [27], once an airport's flight area becomes operational, it must be closed for management. 
Construction within this closed area must adhere to specific conditions: (1) Construction activities 
within 300 meters beyond the runway end and 60 meters alongside the runway centerline are 
prohibited during flight operations; (2) Construction equipment and vehicle heights in the 
aforementioned areas must not penetrate the obstacle limitation surfaces; and unless specially 
authorized, construction beyond the taxiway and aprons must maintain a distance of 7.5 meters 
from the roadway (aprons) plus half the wingspan of the largest aircraft type utilized at the airport. 

Engineering geological conditions 

Originally a combination of sea area and fishponds, the site underwent reclamation six 
months prior, followed by soft foundation treatment through the drainage consolidation preloading 
method. The ground elevation ranges from 3.0 to 3.4 meters, with the constructed road surface 
elevation between 4.0 and 5.0 meters. The stratigraphic sequence from top to bottom comprises:  

(1) A sand filling layer beneath the reclaimed ground surface, predominantly consisting of medium-
fine to medium-coarse sand with less than 5% mud content, measuring 5.0 to 6.0 meters in 
thickness and possessing a standard penetration number greater than 11, indicating a slightly 
dense to medium dense state.  

(2) Muddy soil, which post-treatment transitions from fluid-plastic to soft-plastic, with water content 
reduced by 20% and in-situ shear strength exceeding 30 kPa over a thickness of 3.0 to 7.0 meters.  

(3) The reserved apron area north of the T3 Terminal was backfilled with 4.0 meters of silt, totalling 
more than 12.0 meters in thickness, characterized by fluid-plasticity and unconsolidated state.  

The groundwater level lies at 1.0 to 1.5 meters deep, interconnected with seawater and 
influenced by tidal changes, resulting in abundant water storage. Given these environmental and 
geological conditions around the Shenzhen Airport section of the Intercity Railway, coupled with 
the requirements for uninterrupted construction within the flight area, a comparative analysis of 
tunnel construction plans assesses the feasibility of construction and its impact on airport 
infrastructure.
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COMPARISON AND SELECTION OF CONSTRUCTION SCHEME OF TUNNEL UNDER 
AIRPORT 

Open excavation construction 

Construction scheme analysis 

Given the site's geological conditions, which include layers of sand filling and muddy soil 
rich in groundwater, the risk associated with foundation pit support is considerable. Drawing on the 
engineering experiences from the Shenzhen Airport deep foundation pit project, the depth of the 
foundation pit required for tunnel excavation via the open excavation method approaches 15.0m. 
The chosen foundation pit support structure comprises an underground continuous wall (or 
borehole occluding pile) reinforced with steel support across three tiers. The second tier of support 
is dismantled and replaced by the third after the construction of the footing slab and portions of the 
sidewall. 

The primary construction sequence is as follows: installation of the underground continuous 
wall (or borehole occluding pile), layered soil excavation, tiered erection of steel supports, 
construction of the base plate and sections of the sidewall, swapping to the third layer of support, 
removal of the second support for the completion of the sidewall and top slab, backfilling, repairing 
holes reserved for the partition wall, and finalizing the main tunnel structure. 

Influence of open excavation construction on the airport 

The impact of open excavation tunnel construction on the airport primarily manifests in 
three areas: 

(1)  Construction Alongside the Vertical Connecting Road: The airport's flight area is 
categorized as 4F, accommodating a runway that is 3800m long and 60m wide, suitable for the 
world’s largest passenger airplane, the Airbus A380, with the Boeing 747-400 freighter being the 
largest aircraft currently operating. Given the enclosure and patrol road requirements, construction 
activities must maintain a minimum distance of 15m from the roadway for the 747 model and at 
least 30m for the A380. To ensure aircraft passage is not obstructed, an additional connecting road 
is required on each side of the construction site. 
(2)  Impact on the T3 Building: The construction necessitates reserving space along the west 
side of the apron for the rail transit line. The open excavation and subsequent backfilling delay the 
west apron of the T3 building’s availability by one year. 

Cost and duration analysis 

The demolition and reconstruction of the connecting road pavement, measured at a width of 
30 meters, necessitate additional connecting road surfaces on either side to accommodate 
construction. Using several tunnel excavation projects with similar geological conditions in this 
region as benchmarks, the project's cost is analyzed as listed in Table 1, with direct expenses 
amounting to approximately RMB 329 million.  
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Tab. 1 - Project Cost Analysis on Open Excavation Method 

Serial 
number 

Item Unit Number 
Unit cost 

/CNY 

Total cost/ 
ten thousand 

CNY 

1 
Underground diaphragm 

wall 
m3 72000 1800 12960 

2 Lock beam m3 3600 1100 396 

3 Steel bracing t 6440 8000 5152 

4 Steel waist beam t 1037 8000 830 

5 
Outward transport earth 

volume 
m3 432000 45 1944 

6 
Reinforced concrete 

structure 
m3 75600 1100 8316 

7 Water proofing m3 90000 100 900 

8 Earthwork backfilling m3 135000 50 675 

9 
Pavements 
removing 

m3 6750 200 135 

10 
Pavements 

recovery 
m3 6750 1000 675 

11 New added pavement m3 4500 1000 450 

12 
Non-stop flight cooperation 

fee 
Item - - 500 

Total cost 32933 

Several tunnel open excavation projects with similar geological conditions in this region are 
taken as reference, The analysis on the duration of open excavation method is shown in Table 2. 
Since the vertical connecting road section needs to be constructed upside down, it is the 
controlling duration of the project. It is estimated that constructing one side of the tunnel will take 7 
months, with an additional 4 months required for two instances of connecting road surface 
restoration, culminating in a total construction period of 18 months. Factoring in the vertical contact 
road restoration, the overall construction timeline extends to 19 months. This schedule aligns with 
the rail transit project's opening timeline. However, due to the reversed construction of the 
connecting road, compliance with airport uninterrupted construction management regulations 
introduces significant uncertainty into the actual construction duration. 
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Tab. 2 - Construction Period Analysis of Open Excavation Method 

Shield Method Construction 

Analysis of construction scheme 

The airport section's site is characterized by a significant depth of bedrock and a 
considerable thickness of pulverized clay and sandy clay layers, with a shallow burial depth. 
Furthermore, the absence of obstacles, such as abandoned building foundations, renders it well-
suited for construction utilizing the shield tunneling method. The shield tunnel section for the airport 
segment of the intercity rail transit, as illustrated in Figure 3, boasts a track depth exceeding 15.5 
m, a center spacing of 17.0 m, and an outer shield diameter of 8.5 m. 

Tunnel 2 Tunnel 1

8.5m

9
.7

5
m

8
.5

m

Central lines of track ground

 
Fig.3 – Schematic drawing of shield design section  

The shield tunnel construction for this project benefits from several favorable conditions: (1) 
The considerable depth of the site's bedrock and the presence of soft and weak strata through 
which the shield tunnel will pass, devoid of soft-hard interlayers and obstacles, makes it ideal for 
shield tunnel construction; (2) The construction process does not necessitate the dismantling and 
rebuilding of the vertical liaison road and the apron construction; (3) Concealed excavation 
construction facilitates uninterrupted navigation, ensuring that the construction does not impede 
the west apron road surface construction and its subsequent operational launch. 

 

Serial 
No. 

Item 
First year Second year 

1 2 3 4 5 6 7 8  10 11 12 1 2 3 4 5 6 7 8 9 

1 Preparation for 
construction 

                     

2 First-sequence 
construction of 

connecting road 

                     

3 Connecting road 
recovery  

                     

4 Second-sequence 
construction of 

connecting road  

                     

5 Connecting road 
recovery  

                     

6 Open excavation of 
west station 

                     

7 West station 
pavement 
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Numerical simulation analysis of the influence of shield construction on airports 

The primary challenge in employing the shield tunneling method within the airport section is 
the potential impact on the existing roadway surface and the proposed roadway surface on the 
west apron of the T3 building. Consequently, this section focuses on calculating and analyzing 
both the ground settlement and the deformation of the shield tunnel during construction, ensuring 
minimal disruption to airport operations and infrastructure. 

(1)  Model calculation 

As depicted in Figure 4, following the selection of the tunnel shield construction section, 
FLAC3D software is utilized to create a three-dimensional finite difference grid for the construction 
path. This grid encompasses a length of 160 m, a width of 137 m, and a depth of 33 m. Within the 
calculation domain, the Y-axis (longitudinal) represents the direction of shield tunneling, the Z-axis 
(vertical) points upwards, and the X-axis (horizontal) extends to the left. The site's soil model is 
categorized into 8 layers, with the dual tunnel model centrally positioned. Both the soil and grouting 
material, alongside the tunnel, are represented using hexahedral solid elements, whereas the 
lining segments are modelled with plate elements and the shield machine itself with shell elements. 

In instances where displacement occurs between the shield advance and the surrounding 
soil, it's essential to establish a contact surface element between the shield's shell element and the 
adjacent soil element. This arrangement accounts for the surrounding soil filling the shield's tail 
gap and the outward soil expansion due to the shield tail grouting. A dislocation between the shield 
shell and the cured slurry at the rear necessitates a contact surface on the cross-section to 
simulate their separation accurately. For this purpose, the Goodman contact surface element, 
which is without thickness, is employed. The computational model is divided into 66,880 units and 
71,400 nodes. 

To minimize boundary effects on the calculation area, the model enlarges the surrounding 
grid and imposes constraints on each boundary. The X-direction movement is restricted at the 
X=60 and X=-77 side nodes; Y-direction movement at the Y=80 and Y=-80 side nodes. Rigid 
constraints are applied to the nodes on the Z=-20 plane at the model's base to emulate the 
bedrock's constraint on the site. The ground level is represented at Z=14 on the model’s top 
surface, designated as a constraint-free plane. 

 

 

Fig.4 – Numerical simulation geometric model 

(2)  Parameters calculation 

Current soil constitutive models for foundation pit and underground engineering analysis 
predominantly include the Duncan-Chang (DC) model, Mohr-Coulomb (MC) model, modified 
Cambridge (MCC) model, hardened soil (HS) model, and small strain hardened soil (HSS) model 
[28]. The DC model, a non-linear elastic framework, captures the soil's stress-strain non-linearity 
but fails to account for soil plastic strain or varying stress paths. The MCC, HS, and HSS models, 
which demand extensive parameterization often requiring complex stress-path testing, are more 
challenging to implement [29]. The Mohr-Coulomb (MC) model, by contrast, simplifies parameter 
acquisition and tends to overestimate construction-induced environmental deformations, thereby 
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ensuring safer estimated outcomes within acceptable engineering error margins [30]. It is the most 
commonly applied model in foundation pit and underground engineering analyses and serves as a 
preferred soil hardening model. Consequently, this model's soil employs the Mohr-Coulomb 
criterion’s elastic-plastic framework. 

Based on survey [31] and test data [32], the calculation parameters are outlined in Table 3. 
The shield shell, grouting layer material, and lining segments of the shield machine adhere to the 
elastic criterion, with stiffness and Poisson's ratio for steel and concrete derived from the elastic 
model. The shield shell’s elastic modulus is 3.45×10^5 MPa with a Poisson's ratio of 0.2. The 
segment utilizes C50 concrete, and the calculation parameters for both grouting material and lining 
segments are detailed in Table 4. 

(3)  Simulation on construction process  

Reflecting the operational principles of a soil-pressure balance shield, the numerical 
simulation incorporates the thrust and torque effects of the shield machine on the cutting face. 
Given that soil units ahead of the cutting face are disturbed by the excavation process, a reduced-
strength unloading unit is established. Additionally, a shield tube sheet structure unit is 
incorporated to emulate the lining effect of the shield, with relevant mechanical parameters set to 
simulate the interactive dynamics between the tube sheet and the surrounding tunnel rock. The 
simulation unit's mechanical properties are adjusted to represent the shield machine's propulsion 
process. 

Tab. 3 - Physical and Mechanical Parameters for Soil Layer 

Name 
of rock 

and 
soil 

Dept
h 
/m 

Constituti
ve model 

w 
/% 

Interna
l 

friction 
angle 
φ 
/ 

Cohesi
on 

force 
c/ kPa 

Elasticit
y  

modulus 
E/MPa 

ν 
Volume  
modulus 
K/MPa 

Shear  
modulus 
G /MPa 

ρsat 
/ 

(g·cm-

3) 

tensile 
strengt

h 
T/kPa 

 

expansion 
angle 
ψ/̊ 

Rockfill 0～1 
Mohr 

coulomb 
- 40 0.1 14 0.3 11.7 5.4 2.30 0.1 0 

Sand 
filling 

1～6 
Mohr 

coulomb 
- 30 0.1 9.4 0.3 7.8 3.6 1.80 0 5 

Muddy 
soil 

6～
11 

Mohr 
coulomb 

59.3 1.2 14.5 2.67 0.35 2.96 0.98 1.64 0 0 

Clay 
11～
13 

Mohr 
coulomb 

29.6 20 35 5.9 0.35 6.6 2.2 1.94 1 0 

Muddy 
clay 

13～
15 

Mohr 
coulomb 

40.8 15 8 2.8 0.35 3.1 1.0 1.91 0.5 0 

Mediu
m-

coarse 
sand 

15～
17 

Mohr 
coulomb 

16.6 25 0.1 9.1 0.22 5.4 3.7 2.04 0 5 

Pulveri
zed  
Clay 

17～
19 

Mohr 
coulomb 

29.5 18 26 11.6 0.35 12.9 4.3 1.88 5 0 

Gravel
ous  
clay 

19～
34 

Mohr 
coulomb 

- 23 30 9.3 0.35 10.3 3.4 2.10 5 0 

 

Tab. 4 - Parameters of Lining Concrete 

Supporting structure γ/(kN·m-3) E/MPa ν Thickness /m 

Grouting layer 24 2 0.2 0.15 

Lining segment 24 3.45E104 0.2 0.40 

To gauge the impact of dual-tunnel excavation on surface settlement, observation points 
were established above the tunnel (illustrated in Figure 5), arranged across one lateral and three 
longitudinal axes. 
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Fig.5 – Location diagram of observation points 

(4)  Analysis on simulation results 

The surface settlement curves for three longitudinally distributed observation points during 
the Tunnel 1 shield tunneling are displayed in Figures 6, 7, and 8, respectively. Figure 6 indicates 
that the surface directly above Tunnel 1 exhibits a pattern of initial slight elevation, followed by 
settlement. When the shield machine passes directly below point S11, rapid settlement occurs, 
stabilizing at 2.2 cm once the shield advances 20 m further. As depicted in Figure 7, the ground 
subsidence pattern at the line's center mirrors that directly above Tunnel 1, characterized by an 
initial uplift followed by subsidence post-shield passage, with the subsidence not exceeding 1.0 
cm. Moreover, the surface subsidence or uplift deformation stabilizes relatively swiftly after the 
shield's passage. Assuming a propulsion speed of 10 m/day, the ground surface deformation 
stabilizes within 2-3 days. Figure 8 illustrates that Tunnel 1's shield tunneling construction causes a 
maximum uplift of 0.4 cm on the surface directly above Tunnel 2, with this point horizontally aligned 
with the bottom arch depth of Tunnel 1. 

 
 

 

Fig.6 – Settlement of the surface observation point directly above tunnel 1 
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Fig.7 – Settlement of the surface observation point in the center of the line 

 

 
 

Fig.8 – Settlement of the surface observation point directly above tunnel 2 

The surface settlement curves for laterally distributed observation points during Tunnel 1's 
shield excavation are presented in Figure 9. It shows that points h1 and h11, being distant from the 
tunnel, are minimally affected by the shield excavation; whereas, h4 and h5, located directly above 
Tunnel 2, experience an uplift following the shield's passage. Points h6, h7, and h8 undergo a 
degree of settlement after Tunnel 1's excavation. This suggests that during single-line shield 
construction, areas distanced more than 20m from the shield tunnel experience negligible impact. 
Based on the surface settlements at points h7 and h11 in Figure 9, the maximum settlement 
difference perpendicular to the tunnel's longitudinal direction is calculated at 2.8 cm, with a 
maximum differential settlement of 0.93‰, fulfilling the airport's requirement for differential 
settlement to be less than 1.5‰. 

Figures 10, 11, and 12 display the surface settlement curves for three longitudinally 
distributed observation points during Tunnel 2's shield excavation. Figure 10 reveals that surface 
settlement directly above Tunnel 1 diminishes post-Tunnel 2 excavation due to the soil extrusion 
effects. Figure 11 illustrates a pattern of initial uplift followed by settlement at the two-line tunnel's 
center during Tunnel 2 excavation. Figure 12 shows a decrease in surface uplift directly above 
Tunnel 2 during its excavation, eventually transitioning to settlement, with a settlement value of 
about 1 cm. The soil body above Tunnel 2, having been pre-affected by tunnel excavation, 
experiences a smaller magnitude of surface settlement after Tunnel 2's excavation compared to 
that during Tunnel 1's excavation. 
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Fig.9 – Surface settlement of the transverse arrangement observation point of tunnel 1 during 
construction 

 

 
 

 

Fig.10 – Settlement of the surface observation point directly above tunnel 1 during construction of 
tunnel 2 

 

 
 
 

Fig.11 – Settlement of the surface observation point in the center of the line 
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Fig.12 – Settlement of the surface observation point directly above tunnel 2 

The lateral distribution of surface settlement observation points during the shield tunneling 
of Tunnel 2, as illustrated in Figure 13, reveals that the maximum settlement difference 
perpendicular to the tunnel's longitudinal direction—calculated between points h7 and h11—is 2.8 
cm, with a maximum differential settlement rate of 0.93‰. This falls within the airport's stipulated 
differential settlement requirement of less than 1.5‰. 

Analysing the surface settlement observations across all designated points, it's noted that 
once the tunnel shield progresses directly below S11 and continues for an additional 20 m, the 
peak ground settlement atop Tunnel 1 reaches 2.2 cm. This settlement is a direct consequence of 
the loosening and subsequent settling of strata surrounding the tunnel due to the shield tunnelling 
method, manifesting visibly as surface subsidence. Consequently, this affects the integrity of the 
airport's built pavement directly above the tunnel and the flat pavement at the west station of the 
T3 building, inducing approximately 2 cm of settlement. Such settlement results in damage and 
compromises the functional evenness of the pavement, thereby impacting traffic operations on the 
surface. 

Moreover, during the shield tunnelling activities for Tunnels 1 and 2, varying degrees of 
surface settlement were observed at each point. The most significant settlement difference, 
standing at 2.8 cm perpendicular to the tunnel's longitudinal direction, and a maximum differential 
settlement rate of 0.93‰, could potentially induce cracks and damage to the airport pavement 
above the tunnel and the T3 building's west station flat pavement. This poses potential safety risks 
for the movement of aircraft and vehicles. 

 

 
 

 

Fig.13 – Settlement of surface lateral arrangement observation point during tunnel 2 construction 
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Drawing upon the shield construction experience from the Shenzhen metro, the 
advancement rate in the soft soil layers at the airport is observed to range between 5-7 loops daily, 

O
b
serv

atio
n

 p
o

in
t settlem

en
t (cm

) 

Stable 

period 

Stable 

period 

Tunnel 1 
construction 
period 

Tunnel 2 
construction 
period 

Stable 

period 

O
b
serv

atio
n

 p
o

in
t settlem

en
t/cm

 

Stable 

period 

Stable 

period 

Stable 

period 

Tunnel 1 
construction 
period 

Tunnel 2 
construction 
period 



 
Article no. 19 

 
THE CIVIL ENGINEERING JOURNAL 2-2024 

 
 

  DOI 10.14311/CEJ.2024.02.0019 288 

translating to approximately 10 meters with each loop measuring 1.5 meters. Notably, the highest 
daily advancement recorded is 30 meters, with the domestic record standing at 40.5 meters. Given 
the necessity for maintenance and the integration of various processes, an average shield 
penetration rate of 8 meters per day is considered both reasonable and achievable. The design 
service life of a shield machine for subway projects is estimated at 10 kilometers, implying that the 
cost of the shield machine is amortized over a construction span of 10 km. 

For this project, which spans an interval of 1800 meters, economic analysis suggests that 
employing a single shield machine, for designed interval turnaround use, is the most appropriate 
strategy. Should the construction timeline require acceleration, the deployment of two shield 
machines could effectively shorten the construction period by approximately 8 months. It is 
advisable to establish shield initiation and reception shafts on the north side of the vertical 
connecting road, integrating shield turning shafts in conjunction with the T3 building station. The 
construction strategy involves propelling the shield machine from north to south for the station 
turnaround, then reversing the direction back to the reception shaft. In scenarios where two shield 
machines are utilized, the starting well is positioned at the northern extremity, with the machines 
advancing from north to south in 15-20 day intervals, and emerging at the T3 building station. 
Reflecting on the shield construction experiences within the Shenzhen metro, the deployment of a 
single shield machine results in a total construction duration of 28 months; conversely, the use of 
two machines reduces this to 20 months. 

Tab. 5 - Construction Period of One Shield Machine 

Tab. 6 - Construction Period of Two Shield Machines 

 

N
o 

Item 
First year Second year Third year 

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 
1 Shield 

customizati
on 

                            

2 Preparation 
for 

constructio
n 

                            

3 Originating 
shaft  

                            

4 Originating                             

5 Turning 
shaft 

                            

6 Right line                             

7 Turning                             

8 Left line                             

9 Out of the 
shaft 

                            

No Item 
First year Second year 

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 
1 

Shield customization 
                    

 

2 
Preparation for construction 

                    
 

3 
Originating shaft  

                    
 

4 
Starting on the right line 

                    
 

5 
Right line 

                    
 

6 
Out of shaft on the right line 

                    
 

7 Starting on the left line                     

8 Left line                     

9 Out of shaft on the left line                     
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Cost of the shield scheme 

Considering similar subway shield tunnel projects in the region with analogous geological 
conditions, the cost for constructing a single tunnel is calculated at 70,000 RMB/m, and 140,000 
RMB/m for a dual tunnel using one shield machine. Consequently, the expenditure for a 1800 m 
dual-line tunnel amounts to 252 million RMB. The introduction of two shield tunneling machines 
escalates the cost for a dual tunnel to 190,000 RMB/m, culminating in a total expense of 342 
million RMB, marking a 90 million RMB increase. 

Construction schemes comparison between open excavation method and shield 
method 

A comparison of tunnel construction methodologies for the airport section, between the 
open excavation and shield methods, indicates a preference for the latter. The open excavation 
approach is considerably influenced by subsurface and groundwater conditions, presenting a 
higher risk in excavation and support. Moreover, constrained by the operational demands of the 
airport's second runway and the station on the west apron of the T3 building, this method is less 
favorable due to higher economic and technical requirements. Specifically, the unit price for a dual-
line tunnel is roughly 183,000 RMB/m with a construction timeframe of 19 months, which is shorter 
than that of the dual-line tunnel utilizing the shield method. However, given the stratum conditions 
at the site, the shield method is deemed more suitable, offering minimal impact on the vertical 
connecting road and the west station apron, thereby ensuring negligible disruption to the opening 
of the second runway and the routine operations of the T3 building. 

The ground settlement and differential settlement resulting from shield construction align 
with the airport's control index standards. Utilizing a single shield machine for turnaround 
construction positions the unit price of the dual-line tunnel at approximately 140,000 RMB/m, with a 
construction duration of about 28 months; employing two machines adjusts the unit cost to around 
190,000 RMB/m, reducing the construction period to about 20 months. Upon conducting a 
comparative analysis of the technical, economic, and construction period indicators for tunnel 
construction in the airport section, the shield method emerges as the preferred choice. The 
decision to opt for one or two shield machines hinges on prioritizing cost savings versus a 
reduction in the construction timeline, respectively. 
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Tab. 7 - Comparison of Open Excavation Method and Shield Method 

           Construction  
scheme 

Comparison  
aspects 

Open excavation  
method 

Shield method 

One shield machine 
Two shield 
machines 

Unit cost of double-
line tunnel / (Ten 

thousand RMB/m) 
18.3 14 19 

Total cost 
/(Hundred million 

RMB) 

3.29 2.52 3.42 

Duration /Month 19 28 20 

Construction 
unfavorable or 

favorable factors 
and influence 

Unfavorable factor: 
There are sand layers and 
muddy soil layers with a 
thickness of 5-6 m in this 
site, and the groundwater 
is rich and the risk of open 
excavation supporting is 
high. 
 
Influence:  
(a) If the construction of 
the connecting road does 
not affect the passage of 
the aircraft, a connecting 
road should be added on 
both sides. 
(b) During the open 
excavation construction, 
the west side of the T3 
terminal was delayed by 
one year. 

Favorable factors:  
(a) The bedrock is deeply buried, the pulverized 
clay and sandy clay layers are thick and shallow 
burial depth, and there is no boulder and waste 
building foundation, which is suitable for shield 
construction. 
(b) It can operate without stopping and does not 
affect the construction and operation of the west 
station pavement. 
 
Influence:  
(a) The maximum ground settlement at the top 
of the shield tunnel is 22 mm, not exceeding 30 
mm, which meets the requirements of airport 
settlement less than 15 cm. 
(b) The maximum settlement difference 
perpendicular to the longitudinal direction of the 
tunnel caused by shield construction is 2.8 cm, 
and the maximum differential settlement is 
0.93 ‰, which meets the requirement that the 
differential settlement of the airport is less than 
1.5 ‰. 

MAIN PROBLEMS AND SUGGESTIONS FOR TUNNEL SHIELD CONSTRRUCTION 

Considering the critical importance of the airport, alongside the inherent risks and 
uncertainties associated with underground engineering, an analysis of potential risks associated 
with shield construction is undertaken, tailored to this project's specific characteristics. To mitigate 
these risks, appropriate construction strategies and emergency response plans have been 
developed to ensure flawless execution. 

(1)  Settlement Control Issues: Shield construction has the potential to cause significant ground 
settlement, impacting the safe movement of aircraft on taxiways and the integrity of various 
pipelines across the station apron. To address these concerns, the following measures are 
proposed: 1) Select optimal construction parameters, such as propulsion speed and soil chamber 
pressure, and conduct trial section construction to validate the chosen parameters before 
commencing work on the vertical connecting road and tunnels beneath the station; 2) In line with 
geological assessments, increase the burial depth to circumvent strata prone to sand flow; 3) 
Enhance the implementation of synchronized and secondary grouting to effectively fill and compact 
any construction-induced voids. 
(2)  Ground Collapse: The risk of ground collapse in front of the shield machine poses a 
significant threat, potentially disrupting flight zone operations and, in severe cases, leading to 
catastrophic incidents. To mitigate this risk, the following precautions are recommended: 1) Avoid 
halting the shield machine beneath the vertical connecting road or flight station areas. Necessary 
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repairs or part replacements should be performed in zones where the shield machine's presence 
minimally impacts operations; 2) Establish a temporary 30×30m no-travel zone ahead of the shield 
machine's front to safeguard against collapses that could compromise aircraft safety. 
(3)  Construction Monitoring: With the second runway operational, access to the vertical 
connecting road and the station apron is strictly regulated, with construction personnel required to 
undergo thorough vetting and inspections prior to site entry. Consequently, airport boundary 
ground monitoring should be automated and require no manual oversight. 

CONCLUSION 

The impact of tunnel construction on airport infrastructure and the operational efficiency of 
rail transit access sections has been extensively analyzed, comparing open excavation and shield 
construction methodologies. This analysis considers various factors including navigability, 
technological aspects, construction timelines, costs, and overall construction impact, leading to the 
following conclusions: 
(1)  Given the susceptibility of tunnel excavation strata and groundwater conditions, the open 
excavation method, utilizing diaphragm walls or borehole pile steel supports, presents a higher 
risk. The shield method, in contrast, is more suitable given the ground conditions, exhibiting 
minimal impact on the vertical connecting road and the west station, ensuring negligible disruption 
to the operational readiness of the airport's second runway and the T3 Terminal. 
(2)  While the open excavation method boasts the shortest construction timeline, its unit cost 
falls between those of the shield method employing either one or two shield machines, closely 
aligning with the total cost of utilizing two shield machines. 
(3)  For extended tunnels in silt soil strata, the shield method emerges as the preferred option, 
praised for its maturity, safety, reliability, and minimal environmental footprint. This method also 
minimizes impacts on navigation, making it the favored choice. Cost considerations favor the 
deployment of a single shield machine, whereas timeline efficiencies advocate for the use of two. 
(4)  The anticipated maximum ground settlement resulting from shield construction is 20 mm, 
observed atop the tunnel. The greatest settlement variance perpendicular to the tunnel's 
longitudinal axis is 2.8 cm, with the maximum differential settlement recorded at 0.93‰. These 
figures comply with the airport's post-construction settlement and differential settlement control 
requirements, which are less than 15cm and 1.5‰, respectively. The shield construction's impact 
on ground deformation is minimal, extending to areas 24 m from the shield construction centerline. 

These findings offer valuable insights for similar future projects. However, it's important to 
note the assumptions made regarding soil behavior, modeled on the Mohr-Coulomb elastic-plastic 
criterion, in the three-dimensional finite difference analysis. These assumptions may lead to 
overestimations of the maximum surface settlement and differential settlement compared to actual 
measurements. Additionally, estimations of the construction period and costs for subway tunnel 
projects, whether through open excavation or shield methods, carry certain inaccuracies, derived 
from extrapolating engineering experiences from similar geological conditions within the region.  
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ABSTRACT 

With the increasing intensity of evapotranspiration caused by the changing climate, there is 
a growing need for water. This is especially true in locations where water-intensive vegetables are 
grown in intensive agriculture. Historically, irrigation systems were built in many intensive agriculture 
areas in Czechia, but they fell out of use, and evidence of their location was lost. However, Water 
Management Maps, which were only issued in paper form and have never been fully digitized, can 
provide evidence about the location of these large-scale irrigation systems. In this paper, we present 
a method for digitizing irrigation systems using the segmentation and classification of individual 
segments in the ArcGIS environment. The resulting raster is converted to polygons and is blended 
with the Land Parcel Identification System layer, resulting in a layer of irrigated land. Two statistical 
analyses were performed on this layer: statistics of the areas corresponding to the individual source 
watercourses, and statistics of the type of source. 

KEYWORDS 

Python, ArcGIS, Segmentation, Machine learning, Water Management Map, Climate change 

INTRODUCTION 

The social-economic changes following the end of the communist period in Eastern Europe 
led to the privatization of agriculture and to a decline in vegetable production, resulting in significant 
loss of data related to irrigation systems [1], [2]. The transfer of the irrigation agenda to various new 
authorities in the early 1990s and the abolition of the State Reclamation Administration resulted in 
the loss of entire archives containing project and operational documents for irrigation systems [3]. 
Moreover, the generational change of workers in agriculture and in government offices has further 
increased the unavailability of information sources [4], [5]. 

The extensive and planned construction of large-scale irrigation systems also came to an 
end in the early 1990s. The best remaining record of the irrigation systems at their greatest extent is 
preserved in the Water Management Maps, which were last updated in 1997 [6]. 

The prolonged drought between 2015 and 2017 highlighted the insufficient state of the 
information resources related to irrigation systems [7], [8]. Reanalysis of the irrigation systems from 
the Water Management Maps offers a way to obtain topographical, hydrological, and pedological 
data on implemented irrigation systems, even if they are no longer in operation [9]. 

Information on the location of the irrigation systems can help with planning, and with 
allocating resources when irrigation structures are restored or reconstructed. Large-scale irrigation 
systems were often implemented in areas with a historical need for irrigation, or in areas with a 
proven recurrence of dry years [10], [11]. Integrated irrigation solutions are more efficient than 
separate solutions for locations of limited size [12], [13], [14]. Large-scale irrigation systems also 
allow agricultural enterprises specializing in growing vegetables to rotate their crops without the need 
to build new irrigation systems [15], [16]. 
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Information about the location of large-scale irrigation systems can be gathered from 
historical maps. These maps are in raster form, and automatic image classification is a valuable tool 
for speeding up the identification process. 

Classification of images into groups with multiple labels is a fundamental but challenging task 
in computer vision. Remarkable progress has been made recently by predicting image labels with 
deep convolutional neural networks [17]. Traditional machine learning techniques have achieved 
good performance for terrain perception; however, most of the techniques require manually designed 
classifiers [18]. Many studies and research efforts follow the conventional pattern recognition 
paradigm, and some methods exploit a Convolutional Neural Network to conduct the classification 
task [19]. Data from RGB sensors classified using artificial, deep neural networks are often used in 
terrain recognition tasks. The results of this earlier work demonstrate the performance of artificial 
neural networks in terrain recognition tasks, and provide some hints on how to improve classification 
in the future [20]. 

Information extraction from historical maps using a Convolutional Neural Network for the 
recognition task was applied to extract human settlement symbols in the United States Geological 
Survey historical topographic maps [21]. Convolutional Neural Networks were used for digitizing 
historical maps to extract vector shapes of the objects of interest from raster images of maps. 
Convolutional Neural Networks provided efficient edge detection and filtering [22]. Techniques of 
deep learning were applicated for extraction of information from historical maps in an automated 
manner on the Early Twentieth Century Map series. These maps utilize standardized symbology and 
conventions, which greatly enhance the effectiveness of the method. The results obtained 
demonstrate that deep learning serves as an efficient tool for recovering georeferenced information 
represented in the form of conventional signs or lines. The method has consistently yielded excellent 
outcomes, particularly when sufficient training data is available. It performs optimally when applied 
to large map series that can furnish ample information for training. Deep learning approach offer the 
potential to map features across entire map series with significantly improved speed and coherence 
compared to other available methods [23]. 

The aim of our work is to find a way to usefully digitalize the irrigation systems depicted on 
the Water Management Maps. The irrigation system should be identified at the level of areas of 
agricultural land that receive water through these irrigation systems, such as irrigated fields. 
Furthermore, it should identify the source watercourses and the source types of these systems for 
example: river, reservoir or well [24]. Digitalized maps of irrigation pipes and pumping stations will 
later be used as a source for further analyses of systems, their position or irrigated soils. 

METHODS 

The 1:50,000 Water Management Map of the Czech Republic (hereafter referred to as ZVM) 
was published by the Czech Land Surveying and Cadastral Office. The map was processed and 
printed by the Land Surveying Office on 58x47 cm paper in a set of medium-scale basic map sheets. 
Around 20 map sheets were updated every year. 

The map shows the network of watercourses, the distribution points and the hydrological 
division of the basin, structures in the state observation networks, structures and measures for the 
use of surface and underground water, protection zones of water structures, structures and 
equipment of the main water users (e.g., water pipes and sewers, use of water energy, water 
transport, industry) and other information [6]. 

Scans of ZVM sheets in tif format were imported into ArcGIS. These are rasters with a pixel 
size of 3.18 m. and a range of values in one pixel between 0 and 255. 

For the purposes of the reanalysis, the most important lines were the lines symbolizing the 
underground irrigation pipes and the symbols of the irrigation pumping stations. These lines consist 
of a blue dashed line, with every 3 to 5 lines containing a bump. Due to the manual creation of these 
maps, the lengths of the spaces and dashes vary, there are different widths, and the shade of the 
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blue color used varies slightly (See Figure 1). However, the lines on any single map sheet are always 
very similar. 

    

Fig. 1 – Examples of different variants of the irrigation piping symbol 

Convolutional Neural Network method. 

Our model is based on the winning model of the Kaggle machine learning competition [25] 
held in 2013, commonly known as Kaggle Cats vs. Dogs [26]. This model takes its name from the 
competition dataset that consists of photos of dogs and cats. The dataset was originally created as 
the Completely Automated Public Turing test to tell Computers and Humans Apart (CAPTCHA). 
Specifically, the task was known as Animal Species Image Recognition for Restricting Access 
(Asirra) [27]. 

The model was specifically designed to handle 25,000 labeled photos [28]. Due to its 
simplicity and the fact that it can be easily stored in memory, this model has become popular among 
beginners in the field of computer vision as a starting point for learning about convolutional neural 
networks. Additionally, this model's architecture is straightforward and adaptable, making it suitable 
for our purposes. While we considered other models, such as more complex deep learning 
architectures, the simplicity and robustness of the Kaggle Cats vs. Dogs model made it an ideal 
choice for the initial stages of our project. As we progress, we may explore more advanced models 
to further refine our approach.  
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Pipeline scheme 

 

 

Fig. 2 – Analysis scheme 
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Input data treatment 

Creation of training polygons 

During the model training process, polygons were manually created on the georeferenced 
ZVM list of maps. Three distinct training categories were established: Irrigation, Other area, and 
Pumping station. The Irrigation Polygons closely replicated the line symbolizing the lines of irrigation 
pipes, with a slight offset (Figure 3). Creating these polygons proved to be a time-intensive task. 
Polygons belonging to the Other area class were predominantly rectangular in shape and 
encompassed areas where the irrigation lines were not visually identifiable. Pumping station 
polygons were delineated around the corresponding pumping station symbols, ensuring accurate 
representation within the dataset. 

Fig. 3 – Example of training polygons at ZVM, red - Irrigation, orange - Other areas, blue - 
Pumping stations 

Segmentation 

Each map sheet is split into segments. The selected segment edge length was set to 31 
pixels, equivalent to approximately 98.58 meters. By implementing the Segment shift technique, the 
resulting accuracy was effectively doubled, resulting in a segment size of 49.29 meters. This size 
was chosen to accommodate the dimensions of the pumping station symbol, ensuring that the entire 
symbol could be contained within a single segment. Opting for a larger segment size would have 
compromised the accuracy of the digitization process, increasing the risk of misclassifying non-
irrigated fields as irrigated. 

Next, the raster was systematically traversed in steps corresponding to the size of the edges 
of the individual segments. If training polygons were present within a segment, the segment was 
marked accordingly. 

Segment shift 

The shift was applied by half the length of the segment edge either in the horizontal direction, 
or in the vertical direction, or in both simultaneously (Figure 4). This adjustment generated additional 
mosaics that could be classified or utilized for model training purposes. 
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Fig. 4 – Example of segment shift. Segment side length is 31 pixels. 

Building and training of the model 

Model architecture is a Visual Geometry Group type and consists of blocks, where each block 
is composed of a 2D Convolution layer and a Max Pooling layer. As the number of layers increases 
in the Convolution Neural Network, the ability of the model to fit more complex functions also 
increases. Each layer will use the Rectified Linear Activation Function and He weight initialization, 
which are generally best practices. In a neural network, the activation function is responsible for 
transforming the summed weighted input from the node into the activation of the node or the output 
for that input. 

Training the model 

The original classification model categories were changed from Cats and Dogs to Irrigation, 
Other area and Pumping stations and model was trained on the relevant training data. The training 
data is loaded and split into a calibration part and a validation part for model calibration purposes. 
This split ratio was chosen to be 20%, which is a commonly used value. 

Classification of the data 

Individual map sheets not used for model training are classified by the trained model. The 
probability value with which the segments are classified as Irrigation, Pumping station or Other area 
is then saved as Classified Data. Training segments are omitted. The sum of these probabilities is 
equal to one. This process repeats for each classified segment, and for several thousands of 
segments per map sheet. This is the most time-consuming part. 

Treatment of classified data 

Averaging 

By shifting the segments from each other, four classified rasters are created from a single 
map sheet. By calculating the arithmetic mean, a raster of average probabilities is created. During 
this step, the raster is also resampled. The edge length of the pixel of the new raster is 49.12 m, i.e., 
half the edge length of the classification segment. 

Filtration 

Filtering was done using Python script. This script first created a new raster with a value of 
0. Subsequently, the filtered irrigation raster was scanned pixel by pixel, and the pixels or their 
immediate surroundings (a 3x3 pixel window) were analyzed. If the conditions for considering a pixel 
as a pixel containing irrigation were met, a value of 1 was written into the new raster. 

The first filtering step was to zero out pixels with a value smaller than 0.5. Next, isolated 
pixels were zeroed. If a pixel had a value greater than 0.5 and was also in the neighbourhood of a 
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pixel with a value greater than 0.5, a value of 1 was written into the resulting raster. For pixels with 
a value greater than 0.75 and their immediate surroundings, the resulting raster value 1 was written 
to the filtered raster (Figure 5). 

  

Fig. 5 – Example of filtration. The picture on the left shows pixels with high probability (green), and 
with lower probability (orange), and the picture on the right shows filtered data (red) 

Creation of polygons 

The filtered rasters were converted to a polygon. Subsequently, circular buffers with a radius 
of 1,000 m were created for all polygons with an area greater than 30,000 m2. Polygons with an area 
smaller than 30,000 m2 and not lying inside the buffers were deleted. 

Manual cleaning 

The resulting polygons were marked with the cadaster of the municipality where they were 
located and were subsequently combined into multipart polygons according to the cadaster 
designation. This was followed by going through this layer manually, from the smallest polygons 
according to size and erasing of them in cases when the polygon did not correctly mark the symbols 
of the irrigation pipe. 

This is where the problem of the interchangeability of the irrigation pipes and the waste pipes 
became apparent. The waste pipe is symbolized by the same type of line, except that every fifth 
piece or so has the opposite orientation. In addition, the drinking water feeder from the Želivka water 
treatment plant was incorrectly marked, using the same symbology, only doubled (Figure 6). 

   

Fig. 6 – Example of resulting polygons, correctly classified irrigation on the left; part of the feeder 
from the Želivka water treatment plant in the middle; and waste pipe on the right 

The result was a layer with more than 2200 polygons, which was converted to a single-part 
polygon layer and was further edited and refined. The result is 220 polygons. 
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Information enhancement 

First, pumping stations were located and were signed with a point. These pumping stations 
were then given a name according to the particular irrigation system. The water source for these 
pumping stations was also found. The identified water sources are river, well, artificial channel, dam, 
storage tank, and others (Table 1). 

Tab. 1. - Attribute table 

Column name Description 

System_name The unique identifier or name of the specific irrigation 
system polygon. 

Source_type The classification of the irrigation system based on a 
source type. River, lake, reservoir, well, or other. 

Source_name The name of the specific water source supplying the 
irrigation system. This could be the name of a river, 
artificial channel, dam, storage tank, and others. 

River_name The name of the river associated with the irrigation 
system, if applicable. This identifies the primary 
watercourse that supplies or is connected to the 
irrigation network. 

Importance The significance or priority level of the irrigation 
system. 

RAD_III Name of the third-class watershed in which is the 
system source located. 

Referencing with LPIS data 

The polygon layer is then merged with the LPIS layer, showing the agricultural land in use as 
of 2021. This layer was obtained from the Ministry of Agriculture website (https://eagri.cz). This 
creates a polygon layer of agricultural land that sits on top of the large-scale irrigation system. Final 
map is shown on Figure 9. 

RESULTS 

Efficiency of the model 

During the run of the model, a total of 23 658 174 segments were generated, including the 
segment shift. 136 309 of these segments were used for training. The training dataset consisted of 
106 942 Others class segments, 6 835 Pumping Station class segments and 22 532 Irrigation class 
segments (Fig. 7). This means less than 1% of the total number of segments was used for training 
the model. The trained model was then used to classify 23 521 865 segments. 

https://eagri.cz/
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Fig. 7 – Graph showing statistics of the training dataset distribution classes. Class Others 
(Orange), class Irrigation (Blue) and class Pumping station (Grey). 

After the creation and filtration of classified averaged rasters, a total of 344 615 irrigation 
pixels was reached. That amounts to 83 724,36 ha. These pixels were converted into polygons, and 
a total of 4783 polygons were created. Due to the Raster to Polygon tool, due to the use of the 
Simplify Polygon option, the area of these polygons is only 77 524,61 ha. Buffer filtration reduced 
the number of polygons to 1962, with an area of 58 617,46 ha. Subsequent manual go through and 
edit resulted in 238 polygons with an area of 69 082,97 ha (Figure 8). This sharp decrease in the 
number of polygons is created by joining the continuous nets polygons and merging them into the 
multipart feature. 

 

Fig. 8 – Graph showing the development of the number of pixels and hectares during the treatment 
of the data 

Irrigated area and number of irrigation systems 

Joining the manually edited polygons with the LPIS database resulted in 17 912 polygons 
belonging to 198 systems (Figure 9), covering an area of 189 743 ha. Most of the systems are in 
South Moravia. The rest of the systems follow the course of the Elbe River from East Bohemia to 
North Bohemia. There is one isolated irrigated region in Northwest Bohemia, in the rain shadow 
area. Several small systems are distributed all over the territory of Czechia. The only region without 
an irrigation system is West Bohemia. These results will be compared with further data sources 
(ISMS, SPÚ) in consecutive papers.  
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Fig. 9 – Distribution of identified irrigated fields across the territory of Czechia 

The model for Digitalization of Irrigation systems is characterized by its high accuracy. This 
is a natural characteristic of neural networks. However, a lack of training data and the similarity 
between some symbols limited the use of the model for finding pumping stations. By segmenting the 
input data, the neural network processed smaller batches of data at a time. This allowed us to reduce 
the computational resources needed to train the model and enabled the use of ordinary computers 
instead of computational stations. 

The main disadvantage of the model that we found is the need for a large, labeled dataset: 
Supervised neural networks require a large, labeled dataset for training. However, this was time-
consuming and elaborate to create, especially for segmentation tasks that require precise labeling, 
e.g. pumping. Although the model provides the required results, it was overfitted in some locations. 

Classification success level 

The digitization success rate was rated as good. However, due to the time-consuming training 
and running of the model, the optimal segment size was not determined iteratively, and the required 
accuracy value was based on a value of approx. 50 m. A lower digitization success rate can also be 
tolerated because it was a one-time analysis, and the digitized polygons will not change. Digitized 
lines were subsequently used to mark fields specified in the LPIS database, thereby significantly 
reducing the influence of digitization errors on the result, as missing line elements will not prevent 
the marking of LPIS polygons. 

A comparison between the model results and the Research Institute for Soil and Water 
Conservation database of irrigation systems (https://meliorace.vumop.cz) shows high agreement 
between the datasets. However, the database of irrigation systems also stores information about 
newly built systems. The Water Management Maps do not contain information about systems built 
after 1994, or about the current working status of the systems. Further comparison with newer data 
is planned in consecutive papers.  

https://meliorace.vumop.cz/
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CONCLUSION 

The application of segmentation in a supervised neural network model for digitalizing 
irrigation systems depicted on Water Management Maps has demonstrated significant potential. This 
method allows for the precise identification of irrigation fields, source watercourses, and source 
types. Compared to classical methods, our approach offers a more automated and scalable solution, 
addressing the current lack of information on irrigation infrastructure effectively. 

However, there are certain limitations to consider. The accuracy of the model heavily relies 
on the quality of input data and labeling. Inadequate or inaccurate data can lead to less reliable 
results. Additionally, while our model has shown promise in initial tests, further validation with diverse 
datasets is necessary to confirm its robustness and generalizability. 

The potential for practical applicability is substantial, particularly within the context of the Land 
Parcel Identification System (LPIS). The digitalized maps of irrigation pipes and pumping stations 
created by our model can serve as valuable resources for agricultural planning and resource 
allocation. This can lead to more efficient water management, especially in regions facing water 
scarcity and the impacts of climate change. 

In summary, our solution offers a viable and innovative approach to addressing the 
information gap regarding irrigation systems. With further refinement and validation, it has the 
potential to significantly enhance the management and optimization of irrigation resources, 
contributing to more sustainable agricultural practices. 
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