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Abstract

Compared to medium- and large-sized underground tunnels, construction of small cross
section tunnels has different conditions: in terms of construction organization space,
vehicles and workers especially transportation in narrow roads that only one vehicle is
allowed to pass. This article studies the small cross section tunneling construction in rocks
with different coefficients of consolidation (fy,) and predicts the tunneling construction
speed for the narrow segment by using EZStrobe software to simulate. The results are
compared with the baseline model in case without narrow segmentation, and also indicate a
reasonable number of transport vehicles should be used.

Keywords: Simulation; modeling; EZStrobe; tunneling construction by drilling and blasting
method; speed of tunneling.

1. Introduction

Small cross section military tunnels have different construction conditions
compared to medium and large-sized ones: limited construction space, using more
handheld construction equipment and more labor. Such conditions have a significant
impact on the construction progress. It is very difficult to predict the construction
progress according to the current traditional methods, due to the randomness of the
construction processes. To determine construction progress considering random time,
there are tools such as PERT network [1], Monte-Carlo simulation [2] and discrete
event simulation tools recently. The use of simulation tools in construction analysis has
enhanced around for 50 years, pioneered by Halpin [3] with the introduction of the
CYCLONE system (based on discrete event simulation). Since then, the method has
evolved and made progress in a remarkable way. In the field of tunnel construction,
simulation tools are used in many aspects: Project planning; Analyze bottlenecks to
determine what causes system delays; Predict system performance under different
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conditions; Check productivity improvements and optimize resource usage; Offer a
comparison of alternative tunnel construction scenarios; and Sensitivity Analysis to
determine the factors affecting the performance of the system [4]. However, most of the
above studies are conducted for underground works with large space with modern
construction equipment or small underground works with special equipment [5]. In
Vietnam, the popularity of discrete simulation in construction, especially in tunnel
construction, is quite limited and has only been used to assess labor productivity in a
number of small activities [6, 7], to analyze construction activities [8, 9] or to analyze
the construction process by drilling and blasting tunnels in large space [10-12].

This article will develop from established models based on the discrete event
simulation tool EZStrobe/ STROBOSCOPE to predict the construction speed of small-
scale military tunnels with the above construction characteristics.

2. Simulation model to analyze tunneling productivity with narrow segment
2.1. Summary of EZStrobe simulation system in tunneling productivity analysis

The model is built on the simulation system EZstrobe which is a discrete event
simulation system based on the extended and annotated Activity Cycle Diagrams. It uses
the simulation engine of the general-purpose simulation programming language
STROBOSCOPE and also follows the three-phase active scan simulation model. EZStrobe
is evaluated as the the most potential technique to provide discovery opportunities for
researchers as well as practice for management and administration work [13]. Interested
readers can easily download the EZstrobe program along with detailed user manuals on
Professor Photios G. loannou's website at: www.ioannou.org or www.ezstrobe.org.

From the theoretical issues on tunneling technology by drilling and blasting
method, which are concretized by the pre-determined model presented in [14] and
reference other studies on the same topic, the tunneling process by drilling method using
anchor reinforcement and concrete grouting are detailed down to small steps to suit
modeling. The model built based on the all-mirror construction plan is called the basic
model. From the basic model, it will develop into models in other specific cases for
analysis and survey of construction options.

As a result, the study has built a basic simulation model as shown in Figure 1 [10].
The model has been verified for accuracy and has been developed to analyze tunneling
productivity by different methods. The mirror mining project gives positive results [11],
analyzing the impact of equipment failure incidents [12].
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Figure 1. Simulation model of tunneling by blast drill method on EZStrobe.

2.2. Modeling a narrow segment in EZStrobe [15]

A carriageway has a narrow section that allows travel in only one direction (only
one truck can enter the narrow road at a time from two sides). The direction of travel is
established by the first unladen vehicle to reach the narrow segment. That direction is
maintained if the vehicle continues to the segment in the same direction or until the
segment is vacant. If vehicles are waiting at the other end when the segment is empty,
the direction of travel will reverse to allow those vehicles to go. This section of the
narrow segment model of the ACD EZStrobe in Figure 2 includes the following nodes:
XeCTCh, XeCTVao, XeCTRa, KSXeKT, DuyetXe, KSXeCT, XeKTRa, XeKTVao
and XeKTCh.
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To understand the model, it is necessary to clearly describe how this is done in
practice. In model 2, the transport path is divided into three segments, with a narrow
segment in the middle. A vehicle entering a narrow segment is allowed to enter if there
are no vehicles traveling in the opposite direction through the segment. In addition, for
physical space reasons, a vehicle must wait until the vehicle in front has fully entered
the narrow segment before it is allowed to enter (i.e., the narrow segment entrance must
be cleared). In the model discussed here, it is assumed that this takes 0.3 min and is
represented by the Conditional Jobs XeCTVao (vehicle loaded towards the narrow
segment dump site) and XeKTVao (vehicle). no load back loading area excavator into
narrow segment). Resources are initially placed in the DuyetXe queue ensuring that
only one vehicle enters the narrow segment at either end at a time. This unique resource
is required for XeCTVao or XeKTVao to start and is removed from DuyetXe when
either job begins. When DuyetXe is empty (out of resources), neither XeCTVao nor
XeKTVao can execute.
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Figure 2. ACD for land transport with unidirectional narrow segment.
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The rest of the narrow segment requires 1.45 min travel time. This is represented by
XeCTRa and XeKTRa jobs bound to XeCTVao and XeKTVao respectively (e.g. an
instance of XeCTRa or XRKTRa starts each time an instance of XeCTVao or XeKTVao
ends). Because the time to pass through the rest of the narrow segment (1.45 min) is
greater than the time to pass through the entrance (0.30 min), it is possible that some
instances of XeCTra or XRKTra will take place simultaneously (for example, some
trucks with 0.3 min spacing can pass through a narrow segment).
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Every time XeCTVao starts, it removes a resource from KSXeCT. Every time
XeCTra finishes, it sends a resource into KSXeCT. Since KSXeCT is initialized in bulk
(100), its resource count will never go down to zero. In fact, the number of resources
under 100 in KSXeCT is the number of trucks with loads that are passing through the
narrow segment (i.e. XeCTVao and XeCTra are ongoing). When KSXeCT's resource is
100, then no loaded vehicles are passing through the narrow segment. This information
is very valuable and is used as one of the necessary conditions to allow idling vehicles
to enter the narrow segment (‘==100" in the link connecting KSXeCT with XeKTVao).

Similarly, KSXeKT and its links with XeKTVao and XeKTRa jobs maintain and
provide information on the number of idling vehicles passing through the narrow
segment. The condition that no unladen vehicles pass through the narrow segment (i.e.,
KSXeKT's resource count is 100) is used similarly as one of the necessary conditions
for a loaded vehicle to enter the narrow segment.

Therefore, according to the ACD of Figure 2, in order for a loaded vehicle to enter
the narrow segment, the following 4 conditions are required: (1)- The resource amount
of XeCTCh must be greater than 0 (that is, a loaded vehicle must be wait to enter);
(2)- KSXeKT's resource amount must be 100 (meaning no idling vehicles can pass
through the narrow segment); (3)- DuyetXe's resource amount must be greater than 0
(meaning narrow segment entrance must be freed) and (4)- KSXeCT's resource amount
must be greater than 0 (this will always happen).

When XeCTVao starts (i.e. a loaded vehicle into a narrow segment), it (1)- gets a
resource from XeCTCh; (2)- maintains the same amount of resources of KSXeKT;
(3)- acquires a resource in DuyetXe and (4)- acquires a resource from KSXeCT (this
resource will not be returned to KSXeCT until the XeCTRa instance bound to the
starting instance of EXeCTVao ends ).

By modeling the empty direction of the narrow segment in the same way, it is
possible to control the vehicle passing operation as desired.

The conditions and resource maneuvers shown in the connection of the queue to
the Conditional Activity are very tight. This example illustrates how it is possible to
model moderately complex logic using resource allocation conditions and selections
with just a few procedures.

3. Simulating the construction process of military tunneling by drilling
and blasting method
3.1. Description of case study

The work used for simulation is a special tunnel, the total length of the tunnel
along the axis excluding the shrimp antennae is 829.85 m, the public service and mobile
routes are 134.5 m and 87.5 m, the dimensions are cross section of the passage is
1.5 x 2.7 m (width x height), the dimensions of the expansion chambers are 3.5 x 2.7 m
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and 4.5 x 3.4 m, the geology of the main tunneling area is mainly is in rocks with
fip = 4 + 6 (about 420 m long) and fi, = 6 + 8 (377 m). The tunneling method is divided
into 2 phases: Phase 1 - tunneling with a cross-sectional area of 1.5 x 2.7 m throughout
the entire tunnel and phase 2 is digging expansion chambers according to the design. In
this article, the excavation speed is studied and simulated for a tunnel section in phase 1
digging in a narrow section with an excavation area of about 8.05 m? (corresponding to
a passageway of 1.5 x 2.7 m). The construction method is the full-mirror drilling and
blasting method, transporting by specialized vehicles, manually anti-temporary using
shaped steel, the mirror step is 1m, when transporting at a time, only
1 vehicle can move in the same time. tunnel. In this study, the excavation speed is
simulated for the section with the excavation mirror area of the tunnel section of
8.05 m? in the soil and rock with f,, = 4 + 6 at 80 m from the tunnel entrance
C (including the conduction furnace) and in the soil and rock with fi, = 6 + 8 is 100 m
away from tunnel C door, distance from tunnel C's location to waste dump site is
134.5 m. The tunnel plan is shown in Figure 4. Construction process of tunneling by
drilling and blasting method is shown in Figure 3.

Drill >+ Load explosives = Ex\?t:ﬂ?iloa:is;d —» r:caar;iﬁzl
‘ Surveying Lining tunnel Load and unload \

tunnel T transportation of soil

Figure 3. Construction process of tunneling by drilling and blasting method.
Resources used include: 02 drills Y26, drill diameter d42; 01 specialized
excavator, bucket capacity 0.2 m*; 02 vehicles with a capacity of 0.8 m® The average
vehicle speed in the tunnel is 5 km/h; Outside the tunnel is 10 km/h, about 11 people.

Figure 4. Plan of a tunnel section near gate C (size in the picture is cm).
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3.2. Prepare data for the model
The tunnel was built by the Engineering Corps, the time to collect data on the
construction process from June 2022 to August 2022. The resource variables used in the
model of the Special tunnel project are described in Table 1, which shows the variable
symbols on the model and their actual values. ExcvSoil and DmpdSoil variables are
automatically defined during simulation.
Table 1. Variables on resources used in the model

Order Variable model Variable symbol Value
1 Number of Truck nSoilTr 2
2 Truck capacity (m®) TruckCap 0.8
3 Number of material trucks nMatTr 1
4 Number of excavators nLdrs 1
5 Number of drill jumbo nJumbo 2
6 Number of man-lifts nCrew 11
7 Amount of soil (m?) SoilAmt 7.2
8 Amount of soil and rock excavated (m°) ExcvSoil n.a.
9 Amount of soil poured at the soil treatment area (m?) DmpdSoil n.a.

The probability distribution of the duration of each activity used in the simulation
model is listed in Table 2. Based on the collected data and consultations with the staff
directly on the construction site, after carry out statistical analysis, using a description of
the majority of activity durations according to the triangular distribution decided to
apply (Triangular).

Table 2. Probability distribution of duration of activities used in the model

Order Operation model Variable symbol Value (min)

1 Placing the (-jrlll Jumbos at_ '_che face of the PlcngdmbTm Triangular[2,2.5,3]
tunnel from its starting position

2 Drill holes in the rock fyp =4+ 6 DrillTm Triangular[90,105,120]
Drill holes in the rock fyp=6 + 8 DrillTm Triangular[210,240,27

0]

3 Drill jumbo gets displaced from the face of DsplngJmbTm Triangular[2,2.5.3]
the tunnel

4 Repairing the drill jumbo RepJumboTm Uniform[5,10]
Load explosives in the rock fup=4 + 6 LdgExpITm Triangular[15,20,25]
Load explosives in the rock fp =6 + 8 LdgExpITm Triangular[18,22,26]

6 Blasting and ventilating the tunnel BlstnVntltnTm Triangular[20,25,30]
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Order Operation model Variable symbol Value (min)

7 The truck is in position to excavate soil MnvrTrck1Tm Triangular[1,1.5,2]
8 Loading soil in the trucks by a loader LdSITm Triangular[4,5,6]

9 Transporting waste rock in the tunnel TrnspTrckTm Triangular[1,1.5,2]
10 Transporting waste soil outside the tunnel TrnspTrcklTm Triangular[1,1.5,2]
11 Unloading the soil UnldSITm Triangular[1,1.5,2]
12 Empty truck returns to its starting position | RetrnEmptTrckTm Triangular[1,1.5,2]
13 Empty truck moving in the tunnel MnvrTrckTm Triangular[1,1.5,2]
14 Manual scaling MnlScingTm Triangular[9,10,11]
15 Unload lining material UnlLnngTm Triangular[35,40,45]
16 Lining tunnel LnngTnnlTm Triangular[25,30,35]
17 Surveying tunnel SrvyTnnlTm Triangular[5,7,9]
18 Extending services ExtndngSrvcsTm Triangular[3,4,5]

3.3. Simulation model by EZStrobe

Analyze the tunneling process by explosive drilling with the main stages shown in
Figure 4, detailed into the following stages: Mine hole drilling - Explosive loading -
Explosion and ventilation - Blasting - Transporting waste soil and rock - Supporting and
reinforcing - Surveying and preparing for the next cycle. On that basis, make a
simulation model as shown in Figure 5.

The process of transporting soil and rock was developed by the author from the
theoretical basis presented in Section 2.2. In this model, the transportation distance
consists of 2 segments, the segment in the tunnel is a narrow segment (in the theoretical
model it is 3 segments and a narrow segment in the middle). This part of the narrow
segment model of ACD EZStrobe in Figure 5 (the dashed area represents LAND
TRANSPORT) includes the following nodes: LdTruck, TrnspTrckTm, CoTruck,
EmptyCar, MnvrTrckTm, MnvrTrck1Tm.

In this narrow segment, a vehicle entering the narrow segment is allowed to enter
if there is no vehicle traveling in the opposite direction through the segment. In addition,
for physical space reasons, a vehicle must wait until the vehicle in front has fully
entered the narrow segment before it is allowed to enter (i.e., the narrow segment
entrance must be cleared). In the model it is represented by the Conditional Jobs
TrnspTrckTm, (loaded vehicle towards the dumping site into the narrow segment) and
MnvrTrckTm (the unloaded vehicle returns to the loading area into the narrow segment).
The initial resource placed in the CoTruck queue ensures that only one vehicle enters
the narrow segment at either end at a time. This unique resource is required for
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TrnspTrckTm or MnvrTrckTm to start and is removed from CoTruck when either job
begins. When CoTruck is empty (out of resources), neither TrnspTrckTm nor

MnvrTrckTm can execute.
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Figure 5. Simulation model of the construction process of small cross section tunnelings
by drill and blast by EZStrobe.
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Every time TrnspTrckTm starts, it takes a resource from LdTruck. When it
finishes, it sends a resource into LdTruck. Since LdTruck is initialized at a large number
(100), its resource will never decrease to zero. In fact, the number of resources under
100 in LdTruck is the number of trucks with loads that are passing through the narrow
segment (i.e., TrnspTrckTm in progress). When LdTruck's resource is 100, then there
are no loaded trucks going through the narrow segment. This information is very
valuable and is used as one of the necessary conditions to allow idling vehicles to enter
the narrow segment (‘==100’ in the link connecting LdTruck to MnvrTrckTm).

Similarly, EmptyCar and the links that connect it to the MnvrTrckTm jobs
maintain and provide information on the number of idling vehicles passing through the
narrow segment. The condition that no unladen vehicles pass through the narrow
segment (i.e., EmptyCar resource count is 100) is used similarly as one of the necessary
conditions for a loaded vehicle to enter the narrow segment.

Therefore, in order for a loaded vehicle to enter the narrow segment, the following
4 conditions are required: (1)- RdyTras' resource amount must be greater than 0
(meaning a loaded vehicle must wait to enter); (2)- EmptyCar's resource amount must
be 100 (meaning no idling vehicles can pass through the narrow segment);
(3)- CoTruck's resource amount must be greater than O (meaning narrow segment
entrance must be released) and (4)- LdTruck's resource amount must be greater than 0
(this will always happen).

When TrnspTrckTm starts, i.e., a vehicle with a load into a narrow segment, it
(1)- gets a resource from RdyTras; (2)- keeps the same amount of resources of
EmptyCar; (3)- acquires a resource in CoTruck and (4)- acquires a resource from
LdTruck (this resource will not be returned to LdTruck until the TrnspTrckTm instance ends).

The established model is checked for errors by running the animated model,
reporting detailed process results. The results show that the model has worked correctly
and can be used for simulation.

3.4. Simulation results and evaluation

a) About cycle time and tunneling speed

Run the small cross section tunnelinging model (narrow segment - Figure 5) with
the number of simulations of 10,000, the results are obtained about the construction
speed of small cross section tunnelinging by blast drilling with the parameters as shown
in the Table. 3.
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Table 3. Simulation results of cycle time and construction speed of tunnels

by drilling and blasting method in a narrow segment model

. Th test
Content The average value | Differrence e\g{ig & Smallest value

1. In the rock there is f,, =4 + 6
Cycle time (h) 5.369 0.128 5.864 4.952
Construction

1.491 0.036 1.616 1.364
speed (m/8h)
2. In the rock there is f, =6 + 8
Cycle time (h) 7.654 0.219 8.391 7.010
Construction

1.046 0.030 1.141 0.953
speed (m/8h)

With the data in Tables 1 and 2, run the basic model [9] with the number of
simulations 10,000 times, the results are shown in Table 4.

Table 4. Simulation results of cycle time and construction speed of tunneling
by drilling and blasting in basic model

. Th test Smallest
Content The average value | Differrence © greates matles
value value
1. In the rock there is f,= 4 + 6
Cycle time (h) 5.218 0.129 5.704 4.783
Construction
1.534 0.037 1.673 1.402
speed (m/8h)
2. In the rock there is f,= 6 + 8
Cycle time (h) 7.500 0.217 8.223 6.855
Construction
1.068 0.031 1.167 0.972
speed (m/8h)

The above results show that the time of 1 construction cycle of small cross section
tunnelinging (with narrow segment) is a random quantity, ranging from 5.6 hours to 6.595
hours for soil and rock with fi, =4 + 6 and from 7.702 h to 8.966 h for rocks with fi, = 6 + 8.
Compared with the actual construction time, the average construction time of
construction units in rocks with fi, = 4 + 6 is about 5 hours and in rocks with fi, = 6 + 8
is about 7 hours.

113



Section on Special Construction Engineering

In the case of running with the basic model (no narrow segmentation), the results
show that the average speed in the case of soil and rock with fi, = 4 ~ 6 on average is
1.534 and in the case of rocks with f, = 6 + 8 on average is 1.068 bigger than in the
narrow segment model of 1.491 and 1.046, which can be explained because in the
narrow segment model there is a blockage in soil transport but not in the basic model.

b) About the reasonable number of transport vehicles

Using a simulation model to analyze the construction time of tunneling by drilling
and blasting when using different numbers of transport vehicles, the results are as shown
in Table 5.

Table 5. Cycle time and tunneling speed with different numbers of transport vehicles

Number of Average cycle time (h) Average tunneling speed (m/8 h)
trucks In the rock In the rock In the rock In the rock
fi,=4+6 fi,=6+8 fi,=4+6 fi,=6+8

1 6.137 8.422 1.304 0.950

2 5.369 7.654 1.491 1.046

3 5.340 7.623 1.499 1.050

4 5.342 7.623 1.498 1.050

5 5.340 7.623 1.499 1.050

The above results show that using 3 trucks transporting soil and rock is the most
reasonable, giving the highest construction speed, when increasing the number of
transport vehicles to more than 3, the speed does not increase but sometimes even
decrease. This is explained by the characteristics of the small-sized tunnel that the
process of transporting soil and rock must pass through narrow segments, so it is not
possible to arrange too many transport vehicles.

4. Conclusion

From the research results with random factors during the completion of the
construction stages, it can help the commanders of the direct construction units to
analyze and consider the possibility of completion compared with the plan assigned to
be able to arrange and adjust the shift and construction points accordingly.

From the results compared with the basic model, it shows that the absence of
narrow segments during the transportation of soil and rock will help the construction
speed be faster, so during the construction process, the construction units try to make
the best use of their resources. use extension sections to limit transportation distances
with narrow sections to speed up construction.
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The simulation results also show that the reasonable number of vehicles

transporting soil and rock in this case is 3 and the use of only 2 vehicles in the actual
transportation of the construction unit in terms of construction speed is not high best.
Therefore, the construction unit can rely on the simulation results to consider arranging
the appropriate number of transport vehicles to both meet the construction speed and
ensure the cost and also not waste vehicles due to the fact that leaving the transport
vehicle inefficient operation.
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SU DUNG CONG CU MO PHONG SU KIEN ROl RAC
DU BAO TOC PO PAO HAM KHAU PO NHO THI CONG
BANG PHUONG PHAP KHOAN NO

Nguyén Tién Tinh? Nguyén Tién Nam®
8Trwong Dai hoc Ky thudt Lé Quy Doén

Tom tdt: Thi cong dwong ham khdu dg nhé ¢ nhitng diéu kién thi cong khac biét so vai
cong trinh ngam khdu dg vira va Ién, vé khdng gian té chirc thi cong, phirong tién va nhan cong
dwoc sit dung, dirong van chuyén trong ham hep thwong chi cho phép mét xe qua. Bai bao nghién
citu stk dung phan mém EZStrobe dé md phong qud trink thi cong dao ham khau dg nho trong cac
logi dd c6 hé sé kién c6 (fi,) khac nhau va dir bao toc dg thi cong dao ham dua trén viéc phat trién
mé hinh cho phan khiic hep. Két qua diroc so sanh véi trieong hop sir dung mé hinh co ban khong
c6 phan khic hep. Két qua ciing chi ra dwot s6 leong xe vdn chuyén hop 1y nén duwoc sir dung.

Tir khéa: Md phong; mé hinh; EZStrobe; thi cong dao ham bang phuong phap khoan nd;
téc do thi cong.
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