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Abstract - Suppression of plug-holing phenomenon is important in tunnel design. Experimental analysis of the influence of cross-

sectional area ratio of tunnel and vertical shaft and heat release rate on plug-holing phenomenon in natural ventilation system. In the 

experiment model reduced to 1/20 size, the aspect ratio of the tunnel and vertical axis was fixed and the effect of plug-holing phenomenon 

was confirmed by changing the cross - sectional area ratio between tunnel and vertical shaft. Experimental results show that the plug-

holing phenomenon is caused by the comparison of the smoke layer interface temperature and the temperature in the vertical shaft, and 

that the flow and temperature distribution under the vertical shaft changes with increasing cross-sectional area ratio of the tunnel and 

vertical vents . The plug-holing phenomenon is affected by the cross-sectional area ratio of the tunnel and vertical shaft. The larger the 

cross-sectional area ratio, the greater the possibility of plug-holing. 
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1. Introduction 
The construction of tunnels is increasing due to the resolution of traffic problems caused by the high density of the world 

cities. In recent years, construction of shallow underground tunnels has been increasing to reduce cost and construction time. 

In this shallow underground tunnel, natural exhaust system is mainly used. Plug-holing is a phenomenon that when the smoke 

is discharged from the tunnel to the natural exhaust, fresh air at the bottom of the smoke layer is discharged together with 

the smoke by buoyancy, and the discharge flow rate of the smoke is lower than the design flow rate. This phenomenon must 

be taken into account when designing tunnels. Numerous studies have been conducted to suppress plug-holing phenomenon. 

Hinkley first defined the plug-holing phenomenon in the natural ventilation system in the tunnel and proposed Modified 

Froude number as a criterion. However, there was no shaft that caused the stack effect, and there was a limit that did not 

consider the influence of the shape of tunnel and shaft[1]. Spratt studied how the size, shape, and position of vertical shaft 

affect the plug-holing phenomenon through experiments. Spratt's experiments are not suitable for natural ventilation systems 

because of the use of axial fans[2]. After that, Ji studied the relation between the heat release rate of the pool fire, the height 

of the vertical shaft and the plug-holing phenomenon through the real scale model, and proposed a modified Richardson 

number as a new criterion[3]. The geometrical characteristics of tunnels and vertical shafts are important factors in ventilation 

systems in tunnels. As seen in previous studies, the plug-holing phenomenon of natural ventilation systems affects the size 

of the heat release rate and the geometrical characteristics of the tunnel and vertical shafts. In order to suppress the occurrence 

of plug-holing phenomenon, the geometrical characteristics of the tunnel and the natural ventilation must be considered 

together. In this study, the influence of the cross-sectional area ratio of the tunnel and vertical shaft on the plug-holing 

phenomenon is analysed. 
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2. Plug-holing phenomenon 
2.1. Definition of Plug-holing 

When a fire occurs in the Shallow underground tunnel, smoke and heat flow from the fire source and rise. After 

that, they can no longer rise to the ceiling and spread along the ceiling, which is called ceiling jet flow[4]. The smoke 

moving along the ceiling is exhaust through smoke by the stack effect on the vertical shaft. The smoke moving along 

the ceiling is exhaust through smoke by the stack effect on the vertical shaft. Because the flow direction of the ceiling 

jet flow changes from horizontal to vertical, a momentum change occurs below the vertical shaft. Due to the change in 

momentum, fresh air penetrates and mixes with the smoke layer below the vertical shaft, which is called the Sunken 

area [6-7]. When this sunken area rises to the inside of the shaft, fresh air is discharged from the shaft and this fresh air 

reduces smoke emissions. With the plug-holing phenomenon, the smoke exhaust rate does not satisfy the designed 

smoke exhaust rate. In a real tunnel, the smoke motion below the vertical ventilation is difficult to observe and measure, 

so the occurrence of the plug-holing phenomenon is not clear. 

 
2.2. Determination of plug-holing 

Plug-holing means that the Sunken area with fresh air and smoke enters into the vertical vent. However, this sunken 

area is difficult to define in height because it is a mixture of fresh air and smoke[5]. In this case, it can be determined 

using the smoke layer interface temperature. The reliability of the smoke layer interface temperature is low because the 

N-percentage rule used at the beginning of the plug-holing study is changed by the selected arbitrary value N[6]. Precise 

definition is needed to improve the reliability of the Smoke layer interface temperature. Jannsens proposed a model to 

calculate the height of the smoke layer using the transverse temperature distribution in the tunnel. In this study, Jannsens’ 

model was used. The calculated smoke layer height is calculated by substituting the vertical temperature distribution in 

the tunnel used for the calculation to calculate the smoke layer interface temperature[7]. 

 

3. Experimental Method 
3.1. Experimental model  

There are many limitations in performing actual tunnel fire tests. In most studies, numerical analysis or reduced 

model experiments are performed. Froude similarity law(Eqs. (1)), which has been validated for tunnel fire phenomena 

research, was applied to construct a reduced model[9-12]. 

 

𝑄𝑀 =  𝑄𝐹 (
𝑙𝑀

𝑙𝐹
)

5/2

 (1) 

 

The tunnel used in the experiment is a real tunnel (length 140 m, height 6 m, width 8.4 m) reduced to 1:20. The 

schematic diagram of the reduced model tunnel is shown in Fig. 1. The reduced model is 7 m long, 0.3 m high, and 0.42 

m wide. In order to change the area ratio (Fig. 1) of the tunnel and vertical shaft, the shape of the tunnel was fixed and 

the cross-sectional area of the vertical shaft was changed. The cross - sectional area ratio of tunnel to vertical shaft is 

0.054, 0.071, 0.09, 0.11. The vertical shaft is located 2.3 m from the source of the fire. The height of the vertical shaft 

also affects the smoke flow and plug-holing phenomenon.The critical shaft height and the depth of the shallow under 

ground were applied to fix the vertical shaft height to 0.15m[9]. The outer wall of the tunnel and vertical shaft is made 

of 0.08 m thick acrylic. The space near the pool fire is composed of steel and fireproof board to prevent deformation due 

to heat. In order to simulate a fire in a tunnel, a square pool of 0.025, 0.035, and 0.045 m in edge length was used[12]. 

N-heptane (purity: 99%) was used as fuel for the fire. The mean value of quasi - steady - state zone of pool fire was used 

as representative value of experiment. In addition, the quasi - steady - state region varies with the size of the pool fire. 

Table 1 shows burning, heat release rate and heat release rate in actual fire according to the steady-state selection time 

and pool area. In this experiment, the maximum heat release rate of 2.99 MW for the largest full-area 20.25 fire is similar 

to the maximum heat release rate for a 2000 cc passenger car fire without fuel. The smaller pool area simulates the growth 

period of passenger car fire.  
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3.2. Experiment configuration  

The temperature distribution was measured from two thermocouple trees to determine the calculation of the smoke layer 

interface temperature and the occurrence of the plug-holing phenomenon in the vertical shaft. The transverse direction 

thermocouple tree of the tunnel was installed at a distance of 2 m from the source of the fire, because it should be installed 

far to the fire source without the influence of the plug-holing occurring below the vertical shaft. This thermocouple tree is 

used to estimate the smoke layer interface temperature. The transverse direction thermocouple tree of the tunnel consists of 

15 thermocouples spaced 0.02 m apart to measure the vertical temperature distribution. In addition, to determine the inflow 

of fresh air into the vertical shaft, a thermocouple tree was installed at the inlet of the vertical shaft in the longitudinal 

direction of the tunnel at intervals of 0.01 m according to the sectional area ratio. The thermocouple used in the experiment 

is K-type (Chromel-alumel, temperature range: -200 ~ 1250 ° C, error rate: 1.1 ° C or 0.4%). In addition, a laser sheet 

generator (LW-9117) was installed to visualize the smoke flow. The schematic diagram of the experiment is shown in Fig. 

2. 

Table 1: Combustion characteristics according to different pool areas. 

Pool area [𝑐𝑚2  ] Quasi steady state time region [sec] Mass burning rate [g/s] Calculated HRR [kW] Real scale HRR [MW] 

6.25 300 ~ 400 0.0124 0.55 0.98 

12.25 450 ~ 550 0.0220 0.98 1.75 

20.25 650 ~ 750 0.0375 1.67 2.99 

 

 

Fig. 1: Area ratio between tunnel and shaft. 
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Fig.  2: The schematic of the reduced tunnel. 

 

4. Result and discussion 
This experiment was carried out to investigate the effect of cross-sectional area ratio of tunnel and vertical shaft and 

heat release rate on plug-holing phenomenon. In order to analyze the plug-holing phenomenon, a thermocouple tree in 

the transverse direction of the tunnel was installed to calculate the smoke layer interface temperature. Changes in the 

vertical shaft cross-sectional area will result in changes in the buoyancy and inertia forces of the smoke below the vertical 

shaft, which will affect plug-holing phenomenon. We checked the plug-holing phenomenon by using the temperature 

obtained from the thermocouple tree installed in the vertical shaft. 
 
4.1. Transverse temperature distribution in tunnel 

Fig. 3 shows the temperature distribution graph obtained from the transverse direction thermocouple tree installed 

0.25 m from the vertical shaft in the tunnel. Fig. 3 is a graph of transverse direction temperature distribution according 

to the cross-sectional area ratio. It shows the highest temperature rise from 0.2 m and the highest smoke temperature at 

0.28 m. This tendency was the same in all pool areas. In addition, the transverse direction temperature of Table 2 shows 

that the temperature increases as the cross-sectional area ratio decreases. This showed the same trend in all pool fires. 

This is because the vertical shaft sectional area becomes smaller and the air leaving the vertical shaft becomes relatively 

small. 

 
4.2. Temperature distribution in longitudinal direction of tunnel in shaft 

Fig. 4 shows the longitudinal direction temperature distribution of the tunnel obtained from the thermocouple 

installed at 0.01 m distance between the tunnel and the vertical shaft. In Table 2, the average temperature inside the 

vertical shaft increases with decreasing cross-sectional area ratio. This is because the sectional area of the vertical shaft 

becomes smaller and the air discharged from the vertical shaft becomes smaller. In the vertical shaft, the longitudinal 

direction temperature distribution of the tunnel is normalized because the vertical shaft depth is different for each cross-

sectional area ratio. The highest temperature was measured at around 0.25 relative to the depth of the normalized vertical 

shaft. This is the portion where the smoke of the ceiling jet flow is ejected from the vertical shaft directly to the 0.02 m 

distance from the entrance of the vertical vent. The same tendency is seen in each pool fire. Also, as the sectional area 

ratio of the tunnel and vertical shaft increases, the difference between the maximum temperature and the minimum 

temperature in the vertical shaft also increases. As the cross-sectional area ratio increases, the air flow into the vertical 

shaft increases and the temperature inside the vertical shaft decreases. 
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4.3. Judgement of plug-holing occurrence 

When the smoke layer interface temperature is compared with the minimum temperature at the inside of the vertical 

shaft, and the internal temperature of the vertical shaft is lower than the smoke layer interface temperature, fresh air beneath 

the vertical shaft is discharged together with the smoke. It is determined that plug-holing has occurred. The smoke layer 

interface temperature is obtained from the transverse direction temperature distribution in the tunnel using Janssens's model 

[9]. As a result of plug-holing judgment, Plug-holing phenomenon through flow visualization did not occur at cross-sectional 

area ratio of 0.054 and 0.071, and occurred at cross-sectional area ratio of 0.09 and 0.11. Table 2 summarizes heat release 

rate, plug-holing occurrence, smoke layer interface temperature, and minimum temperature in vertical shaft. If ΔT is the 

difference between the smoke boundary layer temperature and the minimum temperature in the vertical shaft, a negative 

value indicates that there is no fresh air in the vertical shaft. This means that no plug-holing has occurred. On the contrary, 

if the value is positive, it can be considered that fresh air inflow is lower than the smoke layer interface temperature in the 

vertical shaft, and it is judged that plug-holing occurs in this case. The higher the cross-sectional area ratio of the tunnel and 

vertical shaft at the fixed heat release rate, the higher the value of the minimum temperature in the vertical shaft than the 

smoke layer interface temperature and the greater the possibility of plug-holing. 
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Fig. 3: Transverse temperature distribution in tunnel(Pool area 20.25 cm²). 
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Fig. 4: Longitudinal temperature distribution in vertical shaft(Pool area 20.25 cm²). 
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Table 2: The judgment of plug-holing in all case. 

 

 
 
5. Conclusion 

In this study, we investigated the effect of cross-sectional area ratio and heat release rate between tunnel and vertical 

shaft on plug-holing phenomenon in tunnel fire. Based on the temperature distribution, the heat release rate of less than 

3MW and the aspect ratio of the tunnel and the vertical vent are fixed and analyzed to obtain the following conclusions. 

 

1. As the cross-sectional area ratio of the tunnel to the vertical shaft increases, the flow and temperature distribution 

characteristics under the vertical shaft change. 

2. Plug-holing is affected by the cross-sectional area ratio of the tunnel and vertical ventilation. The larger the cross-

sectional area ratio, the greater the possibility of plug-holing. 

3. The change in the heat release rate affects the smoke layer interface temperature, the temperature distribution 

inside the vertical shaft and the smoke flow, but it does not affect the occurrence of plug-holing. 

4. The cross-sectional area ratio of the tunnel and vertical shaft has a direct effect on the occurrence of plug-holing 

phenomenon, so it is important to consider the cross-sectional area ratio when designing the tunnel. 
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ΔT = 𝑇𝑖𝑛𝑡−𝑇𝑠ℎ𝑎𝑓𝑡 

 

 

 

 

0.55 

0.054 X 28.65 31.76 27.06 29.60 -2.54 

0.071 X 27.99 30.28 26.80 27.68 -0.88 

0.090 O 27.85 29.78 26.76 26.53 0.23 

0.110 O 27.79 29.08 26.71 26.15 0.56 

 

 

 

 

0.98 

0.054 X 31.05 36.35 29.05 30.10 -1.05 

0.071 X 30.62 35.35 28.67 28.82 -0.15 

0.090 O 30.43 33.70 28.63 27.58 0.67 

0.110 O 30.20 32.64 28.27 27.30 0.96 

 

 

 

 

1.67 

0.054 X 34.78 41.43 31.70 33.08 -1.38 

0.071 X 33.45 38.33 30.50 30.92 -0.42 

0.090 O 32.89 35.91 30.49 28.65 1.84 

0.110 O 32.15 34.20 29.45 26.22 3.23 
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