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ABSTRACT
Currently, for tunnels, the design centerline amsigh cross-section with time
stamps are used for dynamic three-dimensional (B@yeling. However, this
approach cannot correctly reflect some qualitiesioheling or some special cases,
such as landslips. Therefore, a dynamic 3D modelaotunnel based on
spatiotemporal data from survey cross-sectionsrégpgsed in this paper. This
model can not only playback the excavation protegsalso reflect qualities of a
project typically missed. In this paper, a new @pigal model for dynamic 3D
modeling of tunneling survey data is introduced. mBospecific solutions are
proposed using key corresponding technologies émrdinate transformation of
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Xiaolong Liet al 355

cross-sections from linear engineering coordinadegiobal projection coordinates,
data structure of files and database, and dynamien®deling. A 3D tunnel TIN
model was proposed using the optimized minimumctima angle algorithm. The
last section implements the construction of a sudaga collection, acquisition, and
dynamic simulation system, which verifies the fbdity and practicality of this
modeling method.

Keywords. Tunnel; Survey Cross-Section; Dynamic; Three-Disienal Modeling.

RESUMO
Normalmente, para tlneis, o projeto do alinhamenttas se¢fes transversais e a
marcacéo do tempo sdo usadas para a modelagemetnglonal. No entanto, esse
procedimento pode néo refletir algumas qualidadegrdcesso ou em alguns casos
especiais, como deslizamento de terra. Portangte retigo, propde-se um modelo
dindmico de um tunel baseado em dados espaco-taimpopartir de levantamentos
de secdes transversais. Esse modelo pode ndo sdduejp o0 processo de
escavacao, mas também refletir qualidades que ajgtpmormalmente nao atende.
Assim, introduz-se um novo modelo conceitual paracalelagem dinamica 3D da
topografia de tlneis. Sdo propostas algumas sdugdpecificas: o uso da
tecnologia de chave de correspondéncia para tramafacoordenadas de uma secao
transversal de coordenadas lineares locais pardeadas de uma projecéo global,
estrutura de dados de arquivos e banco de dadesdelamento 3D dindmico. Um
modelo de tanel TIN 3D foi proposto usando o altgeoi do angulo de minima
diregdo otimizado. A Ultima secao implementa a tagdo da coleta e aquisi¢éo de
dados de campo e de sistemas de simulagéo din&mieajerificam a viabilidade e
praticidade desse método de modelamento.
Palavras-chave: Tunel; Secdes Transversais; Dinamica; Modelagem
Tridimensional.

1. INTRODUCTION

Sometimes during the construction of hydropoweti@hs or transportation
systems, scores of tunnels must be excavated. Tusweavation positioned
underground or inside mountains, is often conceafegineering. Project managers
cannot see the complete picture of a project, éslhei the case of long tunnels,
with many branches and different shapes. Thus,difficult to control construction
progress and quality. A dynamic 3D tunnel modelpsufs construction progress
and quality by allowing a project manager to grdmpoverall project progress, and
thus to optimize the allocation of resources, amdupport decision-making, and
command.

As seen in relevant existing studies, design ckmeeand design cross-section
data are often used to build 3D tunnel models (WiEal.,, 2005; WANG and FU,
2006; ZHOU et al., 2008; YAO, 2009). Primitivestafinel components and design
centerlines are also used to build models (CHE1P2(ome construction time data
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356 Dynamic modeling of tunnel survey spatiotemporahda

(ZHONG et al., 2007) can be attached to a 3D tunmadlel to dynamically show
the progress of a project, and even optimized latinth time data (WANG, 2009).
Although these methods represent tunneling prosesswitively, they cannot
express real tunneling information. In recent yeéaser scanning data are have
been used to build 3D tunnel models (SEO et al082WIKAS, 2012), some
management systems have been developed to mantgéndhe form of cross-
sections. These data and models are able to aelyudatscribe the quality of tunnel
excavation, however, these systems do not managava&don time data, so
dynamic construction processes cannot be representésualized. Although laser
scanning data can show more details about the sbifee tunnel, total station
survey data is still used for most tunnel constancsurveys because of the large
qguantity of point cloud data from laser scanningd ahe high costs of the
technology and equipment as compared to traditiswahvey methods. Thus
research on methods using the total station sude¢g (BERBERAN, 2007) and
survey time to dynamically build 3D tunnel modetstpractical significance.

One of the motivations behind this research ibdtier understand dynamic
processes. Not only is a 3D modeling and visuatimatlynamic, but so too are the
data sources. In order to understand the amount caradity of construction
completed in a month, tunnel construction surveymg must make a survey of a
part of the new excavation at least once a monttheéntunneling process. These
construction survey data results are a series axfsesection graphs that show the
contours of the tunnel by location, representing thverbreak or underbreak,
landslides, and other special events. This providesiable and timely data source
for dynamic 3D modeling. After these cross-sectjpaphs are sorted according to
mileage and survey time, a 3D tunnel model is hayhamically using adjacent
time stamped survey cross-sections. A 3D tunnelahoan not only represent the
tunneling construction schedule, but also can ately reflect the quality of the
project and back date the tunnel excavation process

This paper focuses on dynamic 3D modeling of tumeastruction survey
data, the processing, storage, 3D modeling, anghlimtion of cross-section data.
Furthermore, tunnel construction processes arelatety and key technologies are
described. The second section describes the mgdetincept. The third section
explains the key technologies. The fourth sectlows a study use case to illustrate
the feasibility of dynamic modeling, and the fiffbction summarizes and outlines
future directions for this research.

2. A SPATIOTEMORAL DATA MODEL FOR TUNNEL SURVEYS

The simulation of a tunnel construction procesa isomplete system. From
accessing time-stamped survey data to processidgstoring data quickly, to
dynamic data modeling, and to efficient visualiaatieach step is closely linked. A
large underground earth-rock project may contaimymtunnels, with multiple
construction teams operating synchronously in difié zones in order to improve
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work efficiency. Each tunnel has a corresponding afedesign data prior to
excavation, and real survey data for each tunredsesection in new excavation is
obtained through construction survey. The crosiesesurvey data and the design
data are processed as a data file uploaded toathdake during preprocessing, the
main content of this file is to record the datanfroross-sections in the new tunnel
excavation. In accordance with the survey time Qrde Triangular Irregular
Network (TIN) is built between adjacent survey &r@gections. In this way, the
dynamic construction process of a tunnel is sinedan time, and project quality of
tunnel excavation can be represented. Based oa thedeling ideas, a conceptual
model, expressed in a simple class diagram of UfdiLdynamic three-dimensional
tunnel modeling was developed as shown in Figure 1:

Figure 1 — Conception Model.

ConstructionProcess

1
l..*
DataAccess Tunnel
?
1.* 2.*
DesignData CrossSection
AN N

- L
Preprocessing '

1) Tunnel construction processCgnstructionProcess): this class is the
gateway for queries and for management of the eegtinstruction process
simulation. It includes all tunnels in a projeds life cycle starts before the
first tunnel is excavated and ends after the lastél is completed.

2) Tunnel {Tunnel): this class is responsible for organizing and aggamg
tunnel design and survey cross-sectional data. Eaotel is composed of a
set with the design data and at least two survegsesections, since a 3D
TIN model of the tunnel cross-section is built beéw at least two cross-
sections.

3) Design data@esigeData): this data refers to the design centerlines ef th
model, a node in the design centerline containonbt a linear engineering
coordinate, but also corresponding global projectamordinates, so the
centerline can be used for identification of thertel trend and reference for
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358 Dynamic modeling of tunnel survey spatiotemporahda

coordinate conversion of a survey cross-sectiosidbedata may include the
design cross-section according to the actual demand

4) Cross-Section{rossSection): this class is responsible for organizing and
managing survey cross-sections in global projectioordinates and can be
used for visualization. Each cross-section must agsociated with its
adjacent cross-section, in order to build a tuimetel formed from TINs
between adjacent cross-sections.

5) Data accesdataAccess): this class is used to quickly obtain the raweyr
cross-section data in a linear coordinate systemnsad in engineering. The
data are generally derived from a total stationsthi@ tunneling survey
process file uploaded after coordinate transforomatit provides a data
source for timely adding cross-sections to a tuobgtct.

6) Data preprocessingP(eprocessing): data preprocessing refers to the
transformation of point coordinates in a surveyssreection for modeling.
Since the tunnel cross-section survey commonly w@sdmear reference
system making the design centerline the axis, tordinates of the survey
cross-section must be converted based on the desigarline data in order
to draw the cross-section data correctly in a dlgrajected coordinate
system.

3. KEY TECHNOLOGIES

3.1 Coordinate Transformation

The survey data of tunnel cross-section is a fsatseries of coordinate points
based on a linear reference system (LAM and TAN@32, the form of original
coordinates isP_ (N, O, M, E, T), where N represents serial number of point (No.),

orl
O represents offset, M represents mileage, E repte®levation, and T represents
time. The offset O is a horizontal offset distategween a survey point and the
design centerline of a tunnel, following the desigmterline mileage direction. The
offset value on left side is negative and the rigidie is positive. The mileage of
each survey point in the same survey cross-seb@sra deviation when compared
with the preset mileage during surveying, but teeiation is small, so the mileage
M of each survey point in the same cross-secti@eigo the same value. Since the
unified standard vertical datum is used directlyewlthe cross-section is surveyed,
the elevation E of a survey point can also be uliegttly, and therefore does not
participate in the coordinate transformation. FegRrshows the tunnel survey cross-
section and its position offset.

In Figure 2, the number 1120 represents a milelsigef cross-section,
meaning the cross-section is located at 1200m geleaf design centerline, and
perpendicular to the design centerline.
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Figure 2 — Survey cross-section and position affset
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The design centerline is composed of both strdightand arc segments. The
circular arc can be decomposed to arc segment$ &adpoint of segment in the
design centerline contains a mileage value anadheesponding global projection
coordinate values. As shown in Figure 3, a segnoérthe design centerline is
composed of two straight line segments(and CD) and circular arcgc). From
the cross-section mileage, the cross-section paosil in the centerline can be
located in line or arc segments. Because they aleulated in different ways,
different methods are needed for line and arc sagnwordinate transformation.

Figure 3 — Design centerline.

design

X . centerline ,, .

v e
P2 &e}‘ — "“*i/\ {f'@ C?é) e

. g

S2 e W\x
: D

S1

A *0 Y

In Figure 3, the axes X and Y are the two coortdinaxes of the global
projected coordinate system, the direction of arivis true north,p point is a

position of cross-section in a straight line segm&mdp, is a position in an arc
segment, and the thick lines between the two poisesent two survey cross-
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360 Dynamic modeling of tunnel survey spatiotemporahda
sections § and s)). Along the design centerline mileage directidr offset value
on left side is negative and the right side is {passi The two angles called, and
g, are the two azimuths between two cross-sectiottstive direction of true north.

The point O represents the center point of thesagmenBC .

1) Coordinatetransformation on a straight line segment
Assuming that the survey cross-section is locatethe straight line segment

AB, at point B is shown in Figure 3. Granted a plane coordinate,v,)and a
mileage M , at point A, the plane coordinat¢X,,Y,) and mileagev, of point B,
and miIeageMpl of point p, the process for a coordinate transformation ef th

survey cross-section in the straight line segm&mitis as follows:
Firstly, given these conditions, the plane coortting,, and Y, at pointp are

easily calculated using the straight-line intergiolaformula.
Secondly, the azimutly,, of AB is calculated according to the formula (1)

(GAO and ZHENG, 2005).
G, = T-Sgr{A V) [% +arcsif X4 SAJ )

In the formula (1) AX s = Xg = X, AY,s = Y5~ Yoo Sg = Mg — M,
Thirdly, the azimuthg, of cross-sectiorg perpendicular to design centerline, is
calculated according to the formula (2).

6, = (B, * 5)Mod(271) 2)

Finally, according to the plane offset of each syrpoint in the cross-section at
mileagel) , the plan projection coordinates for the crossisas are calculated by
the formula (3), to complete coordinate transfoiamat

X, = Xp, + Offsetx cosg,

Y, =Y, + Offsgtxsing, )

2) Coordinate transformation on a circular arc segment
Assume the survey cross-section is located owithalar arc segmengC, at
the point of B as shown in Figure 3. Granted a plane coordirfg,Y,) and
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mileageM , for point B, a plane coordina{ex,Y,) and mileageM for point C, a
mileage M 02 for point B,, a plane coordinatéXB,YB) at the center of the circle

O of the circular arc segment, and a raoﬁB% and a radiu:=RErC for BC, then the

process of coordinate transformation of a survegsisection aBC is as follows:
Firstly, according to the coordinates of point BlaD, azimuthd,, of BO is
calculated by the formula (1).
Secondly, the arc length,. between point B and C and the arc length is
obtained from the mileages of pointB,and C. Then, the azimutll, of PO is
calculated according to the formula (4).

6,=(6,0+ 2%/ IMod(2) @
BC

In the formula (4).L,. =M -Myg, Lgy =M —M
Thirdly, given the radius R, the azimugh), and the center of the circle O, the

plan projection coordinategxX 00 Yo,) of the point P, are calculated by the formula

(5).
= X, — Rcosg,
=Y, - Rsing,

X
y ” 5)
P2

Finally, according to the plane offset of eachveyrpoint in the cross-section
at the mileagé’,, the plan projection coordinates in the crossisestare calculated

by the formula (3), to complete the coordinate ¢farmation.
After the coordinate transformation, the standacdordinate form
P.4(N, X,Y, E O of the cross-section survey data is obtained.hin form, N

represents a point number (No.), X and Y repressnt components of a plane
rectangular coordinate system, E represents aratadey O represents a plane
coordinate offset in the linear coordinate system.

3.2 Data Storage Structure

The coordinates of a survey cross-section dataransformed to the plane
coordinates, and then a DAT format file in plairttss generated and uploaded to a
database. The file contains not only the coordidata of the cross-section, but also
the relationship between the adjacent cross-sectieither a back and/or a front
adjacent cross-section. This assists the buildihga 8D TIN model between
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362 Dynamic modeling of tunnel survey spatiotemporahda

adjacent cross-sections, and the dynamic simulaietunneling process (WANG
and LU, 2011).

The adjacency relationship between the crossesectis related to the
tunneling direction, and not directly related t@ thnileage of each cross-section.
The first excavated portion is a front, and the kecavated portion is the back
portion. As shown in Figure 4, assuming the ledtiesof each graph is the starting
point (i.e. mileage value is 0) and the right sgléhe endpoint (i.e. mileage value is
maximal). Figure 4(a) shows tunneling along miledgection from the position at
mileage O, Figure 4(b) shows tunneling along ingemsleage direction from the
position at maximum mileage, Figure 4(c) shows #limg along mileage direction
from the position at an intermediate shaft, andufégd(d) shows tunneling along
inverse mileage direction from the position at ateimediate shaft. The actual
tunneling process can be one of them, or any ccatibim of the various types.
Because a group of tunnel cross-sections are seavigytime at set intervals, and
the cross-section data is uploaded after processauh upload file contains a group
of sequential and adjacent tunnel cross-sections.

Figure 4 — Tunneling direction: along mileage dii@t from mileage 0 (a),

along inverse mileage direction from maximum mikedly), along mileage

direction from an intermediate shaft (c) and alongrse mileage direction
from an intermediate shaft (d).

T )
////////// 2 W/ﬁ ///
Wi Ty, S Sh??/ )

= Y/ /
() (d)

According to the conditions above, the data stmecbf cross-section in the
upload file was designed. The adjacent cross-sectio different excavation
directions are connected into a whole after severahvations, the relationship
between them is expressed using the linked listept in which the first and the
last cross-section of each upload file uses a goliftked list, and the rest of the
cross-sections use a singly linked list, as showrigure 5.
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Figure 5 — The cross-section data structure ofag#d file.

Mileage: M ; SurveyTime: T,

(FrontMileage : M ,_;) BackMileage: M

NL"XI’Yi’El’Ol

Ny, X, 1, E,, O,

......

In Figure 5,M represents a mileage of the current cross-secTjorgpresents
the time of the current cross-sectian, , represents a mileage of the current front

adjacent cross-section (only the first cross-sactb each uploaded file has this
option), M,,, represents a mileage of the back adjacent cres@sef the current

cross-sectionN,, X,,Y,, E, Q respectively represent serial number, coordinate X

coordinate Y, the elevation value E and linear dowte offset O at the first point
of this cross-sectionN,, X,,Y,, E,, Q represent respectively the serial number,

coordinate X, coordinate Y, elevation value E anédr coordinate offset O in the

second point of this cross-section, and END remitssehe data description

completion for the current cross-section. If there following cross-section, then

the structure is repeated, until all the crossigest uploaded at this time are
described. If the cross-section is the first cresstion in the uploaded file, and does
not have (temporarily or not) a front adjacent sresction, thenM,_ =NULL; If

the cross-section is the last cross-section in tipaded file and has no (or
temporarily no) back adjacent cross-section, then =NULL.

In the database, two core tables are createdtdoing tunnel survey cross-
sections, they are SurveySections and ModelSectmus The first table is used to
store the basic data for a cross-section, and ¢eensl table is used to store
adjacency relations between the cross-sectionauré&i§ shows the main table
structures and relations.

Figure 6 — Table structure and relation.

SUI"\"O\’SCC'EI'OT]S . :
: modelsectiongroup
I

] int(10) <pk> ,
Mileage double - lD M o
SS ID int(10) <fk1>

degiion ploh BSID int(10) <fk2>
SurveyTime datetime

In the table SurveySections, ID represents thgueicurrent cross-section
identifier in an automatically numbered form, Mitgais used to store the mileage
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value M of the current cross-section, Cross-sectorused to store the serial
numbers and 3D coordinates of all survey pointhéncurrent cross-section using a
BLOB field in binary form; and SurveyTime is usenl gtore survey time of the
current cross-section. In the table ModelSection@rdD represents the current
adjacent relation as an automatically numbered f@8) ID (StartSection_ID) and
ES_ID (EndSection_ID) are used to store IDs of delifacent cross-sections along
the tunneling direction, the ID is dependent onlihén the table SurveySections.

Some previous designs directly write the adjacesiation to the table
SurveySections as a field, the next and/or the pbicf cross-section is recorded in
this field. But the design has two problems: fitkg adjacent relation field for other
records must be updated when a cross-section isdagiddeleted. This presents a
threat to the consistency management of the databasond, each record contains
coordinate point data for the cross-section supa@mgts. The amount of data is very
large, leading to inefficiencies when querying adjacy relations. However, the
survey data and adjacency relations of the crosiiess are managed separately,
when a cross-section is added or deleted. The tgers only associated with
adding or removing cross-section data in the tableveySections, while the
adjacent relation between adjacent cross-sectisnexpressed clearly in the
lightweight table ModelSections. These table stmed for database storage can
flexibility manage uploaded survey data for crossti®ns, and provides support for
the following dynamic 3D modeling.

3.3 Dynamic 3D Modeling

Firstly, the cross-section data set is queried &agiven time range in the
database table SurveySections and ModelSectionGsegpndly, each group cross-
sections (SS_ID, ES ID) are sorted by the SurveglToh ES_ID in ascending
order; finally, each group cross-sections (SS_IB, IP) are successively modeled
using the triangulated irregular network (TIN), shealizing dynamic 3D modeling
for tunneling survey data.

After querying survey cross-sections from the blase, each survey point in
the cross-section is sorted in order to build TBtwWeen the adjacent cross-sections.
An angle sort method was used in this researchatigde is determined in the
coordinate plane constituted by the directions e thorizontal offsetO and

elevationE, as shown in Figure 7.
In Figure 7, P represents a survey point in tunnel waltepresents serial
number of the survey point; anl represents geometric center of all survey points

in the cross-section. Its coordinates akgQ, E) in which O represents the
coordinate average of all survey points in the siection ancE represents the

coordinate average of all survey points; the refeeevectolWE is determined by a
reference pointV and the reference direction is the positive diogcof elevatiorE,
and connected thé/ point with each survey point as a direction o§ thirvey point.
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The angle between each survey point and the referdinection is calculated in the

clockwise direction, such 53 and g, et al.

Figure 7 — Sort angle of cross-section.

A plane rectangular coordinate system is builbgithe mileage valu® and
direction angle valug, and then each group cross-section (SS_ID, ESslBjawn
to the coordinate system. On this basis, a TIN rhizdbuilt between the adjacent

cross-sections, as shown in FigureR, represents each survey point in the cross-
section in which the mileage value is 255, @ld represents each survey point in

the cross-section in which the mileage value is 260

Figure 8 — Building TIN.

M
5 P1o P11 Pio
60 l\ . AR | The optimized minimum
/ \ / ‘,\ <7 direction angle algorithm
“' \/ \ .‘ (delete line PosP11, add
755 L4 v N . line PosP11)
Poo Por Pz Rax P Pos Pio
0 om -

All survey points in the two cross-sections arseitted respectively to their
queues Q, and Q) according to a value of direction angle with agending sort.

For ease of calculation, the direction angle of thi# node in each queue is
constituted by addin@srto the direction angle of their head node, suctPgsand

P, as illustrated in Figure 8. Then, each triangleicrconstitutes the TIN is
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366 Dynamic modeling of tunnel survey spatiotemporahda

calculated, according to the following steps: 1eTtead node of queue is output
from the queue, such Rg and B, in Figure 8; 2) The head node with smaller

direction angle is found in the two new queueshsagP, ; 3) The angle difference
between the head node, of the other queu&), and the head nodg), of this
queueQ, is calculated, the angle difference betwdgnand the nodeR, that just
output of the queue fron, is also calculated, and an absolute value of rdiffee
between the two differences is calculated using thirmula
A :‘(49pll -6,) _(9%_9:)10)‘; 4) The head nodd?; with smaller direction angle

in step 3) is replaced by the no@g which is outputted from queu®,, then the
same calculation is performed using the formy&a:|(9pl -6,)-(6, -6, )|; 5)

The two difference absolute valueyy( and Y, ) are compared, iy, is the smaller
one, the head nod&), of the queueqg, and the two nodesH,, and B,) are

combined to form a triangl&P, B P, then P, is outputted from the queue; ¥,

is smaller o, the head node, of the other queu), and the two nodesH, and
B,) are combined to form a trianglaP PP, then B, is outputted from the

gueue; 6) Repeat steps 2) through 5) until all eddethe two queues are output
from the queue. Some researchers have built Tigtes based on the principle of
minimum direction angle, without the calculatiorddngical steps 3), 4), and 5) of

the algorithm presented in this article. As shownFigure 8, AP_P,P, and

AR,P,P, are generated when the four poings,( P,,, B,, and B, ) are connected,

but AB,P,P,; and AR,P,R, are generated using the proposed method. This

method is defined as the optimized minimum direcaagle algorithm. The current
TIN generation algorithms for tunnels apply the TdBheration algorithm with the
same number nodes (XU et al, 2008; LV and ZOU, 120however, the
Constrained Delaunay Triangulation algorithm (CDNYI(LI et al., 2011), and
constrained triangulation net generation algoritbetween the adjacent cross-
sections (CHEN, 2009), are excessively restricéind not flexible enough, with a
computational cost that is too large.

Accordingly, Figure 9 shows a result of a builNTbetween adjacent cross-
sections. The TIN stereogram is built between ftii@cent cross-sections that are
queried from table ModelSectionGroup, and displaye@scending order by the
survey time of the SS_ID cross-section, to dynahyiceimulate the tunneling
process.
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Figure 9 — The TIN stereogram between the adjamess-sections.

//

Using the optimized
minimum direction
angle algorithm

4. IMPLEMENTATION AND DISCUSSION

4.1 Implementation

In order to speed up the progress of a projeatstcoction teams excavate
from both ends to middle of the diversion tunndieTonstruction survey team used
the electronic total station to survey tunnel cyesstions along the design
centerline for new excavation at set intervals (& WANG, 2006). The raw
survey data are ultimately transformed into a dyica®® model through software
processing. In practical applications, it is ofteatessary to build a 3D model of the
construction survey data to represent the construgirogress and quality of the
project, and a complete software system must tebkstied for decision support
managers (JIA et al., 2008; CUI et al., 2010).

Using the proposed model, a diversion tunnel ptdgr an embankment dam
hydropower station in western China is taken as)grerimental example, so as to
use the construction survey data in a dynamic sy$te better effect. The system
architecture is shown in Figure 10:

Figure 10 — System architecture.
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The construction survey data acquisition and dyoaystem consists of three
major components. The first is the data accesspamcessing subsystem based on
the AutoCAD development platform; this subsystenreisponsible for accessing
and processing cross-section survey data. It wamsfthe raw data into the form of
linear coordinates exported from all the statiants iglobal projection coordinates.
The data are stored in a DAT file with a prescribdcture, as shown in Figure 11.
The second is a Web management subsystem, thessetimsis responsible for the
importing the standard data files, data managenast,dynamic 3D modeling. A
Web site was developed with Visual C# 2008 ASP.N&Tused to import and
manage data, and an ActiveX control developed Witual C++ 2008 is used for
the dynamic 3D modeling. The control is embeddedame pages of the Web site
and responsible for dynamic 3D modeling and modslalization. It shows the
progress and quality of construction. The visudedf delivered by dynamic
modeling is shown in Figure 12. The last componienthe data storage and
distribution subsystem. This subsystem uses MyS®Ltha database management
system and directly provides data to the Web git&/ebService was developed
with Visual C# 2008 providing data for modeling avidualization to the ActiveX
control.

Figure 11 — Preprocessing data: the raw survey(datthe uploaded data after
pretreatment (b).
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Figure 12 — Dynamic modeling visualization: Tirhéform start time to

02-06-2010) (a), Timé, (form start time to 28-07-2010) (b).
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A comparison of the two graphs in Figure 12, iinely illustrates the

progress of a tunnel project, as well as the coostm quality. The 3D ActiveX
control can also be used to fill the tunnel TIN rabtb better visualize the external
and internal forms of tunnel, as shown in Figure 13

Figure 13 — The forms of tunnel: External form gpart is built by
survey cross-section) (a), Internal form (indiget pabuilt by design

cross-section) (b).
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Tunnel section is dynamically built with the 3D tA®X for accurately
representing the quality of tunnel excavation. Twverbreak and underbreak are
decided according to the actual excavation line gamed with the design cross-
section line and the maximum allowable overbreak,liso the tunnel excavation
quality can be represented. A tunnel cross-secfiaph is shown in Figure 14.

Figure 14 — Dynamically build a tunnel cross-seattjpaph.

G MERE | ==y .
o y l ‘7 The design cross-
L] 7 N # . .
 sagnen Vi R8.22./ & section line (red)
E 7
fi]
[ TEER 2 \“\\ ,//’ 15, 67\6/ 4 Iv S
A = | *~ The actual excavation
\d line (green)
’ . The maximum allowable
2583.80 | overbreak line (blue)
W v
F—b.10 6,12 o
4.2 Discussion

This paper describes how a 3D tunnel model wals dymamically using the
tunnel construction survey data, and how a tunr@isttuction survey data
management system was developed. As compared wittelt modeling methods
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and data management systems, the proposed methed thea following
characteristics:
1) A stabledata source
In order to compute the amount and progress ofttheeling process, newly
excavated parts need to be surveyed by the sueaey &t least once a month. The
construction survey data is processed into crosese graphs. Dynamic 3D
modeling data can be easily be extracted from ¢imstcuction survey data through
coordinate transformation without resurveying.
2) An optimized TIN modeling method
An optimized minimum direction angle algorithmpgoposed for building 3D
tunnel models, this method increases rationalitemwbuilding TIN between two
cross-sections.
3) Fast dynamic modeling
Construction survey cross-section data is uploadieda database after it has
been processed in a specified format. A tunnel ehcan be automatically built
by using query conditions in the data managemerstesy without human
intervention. This modeling method is simple anfitemt, while tunnel excavation
progress can be viewed as a time sequence.
4) Anintegrated structurefor the data management system
The construction survey data management systerarhagegrated functional
system, from data preprocessing, to data uploadata storage, to data query, and
to data visualization.
5) High application value
Real construction survey data is stored and mahageviding a reliable data
source for this application and other applicatiding survey data is stored in the
database instead of files, for be easily query;etk@avation progress and quality is
expressed intuitively through visualization.

5. CONCLUSION

At present, in order to show the dynamic tunnefingcess some researchers
often increase the time information from the desifgtta to support a 3D tunnel
model. This research instead uses real surveytdatgnamically build a 3D tunnel
model, responsive to tunneling progress, but atpoassing tunneling quality.

In this paper, the conceptual mode was proposedynamic 3D modeling
using tunnel survey data. The various aspects ef dgnamic model were
comprehensively expounded, from the data accessfastdprocessing, to data
organization and dynamic 3D modeling, and thenyadically visualization, to
form a complete system architecture. We exploradraber of key technologies for
dynamic 3D modeling using the tunnel constructiorvey data, including means to
transform linear coordinates to the global promtticoordinates, data storage
structure design, and TIN models to dynamicallyidb@ai tunnel model. The TIN
model is built dynamically, using the proposed mited minimum direction angles
algorithm which improves the flexibility and ratmlity of modeling. Finally, a
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construction survey data collection and dynamic efiod system was designed and
realized based on this conceptual model and the tmmhnologies, in which the
progress of project and the quality of constructman be easily and quickly
expressed.

This paper argues that this system is dynamitiieet areas: Firstly, the data
sources are dynamic, providing relevant data inueky, timely and accurate
manner, as well as a means to update the datayatiaa. Secondly, the data
modeling is dynamic, meaning that the data, storéte database, is not created in
advance for 3D model, but that the 3D tunnel mageéh a TIN form and built
dynamically using the survey points of cross-sedtio Thirdly, dynamic
visualization, in accordance with the survey timeascending order, the mining
process is shown dynamically. All of this ensures authenticity of the data, but
also model building flexibility, and timeliness wisualization, to provide decision
support for managers.

This paper only relates to dynamic data modelingnd tunnel excavation,
morphological tunnel modeling after lining will lvealized in the future, as quality
evaluation of tunnel engineering and dynamic textmapping are researched in-
depth. Other data sources, including Lidar datd algo be used for dynamic
modeling of the tunneling process (SHINTARO et2012).
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