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Abstract 

The “Agua Negra” Road Tunnel will be a 14 km long road tunnel situated at 3,700- 4,000 m above 

sea level, in the province of San Juan, connecting Argentina to Chile. Due to its high altitude, the 

ventilation requirements for this tunnel are likely to be particularly onerous, both for normal 

operation and in case of fire. This paper provides some general guidance on the design of tunnel 

ventilation at high altitudes, based on the recommendations of the World Road Association and on 

international project experience.  

The Need for Tunnel Ventilation 

In general, tunnels require ventilation for two main reasons: the maintenance of air quality and 

temperature (including the need to dilute vehicular emissions down to acceptable concentrations), 

and the control of smoke in case of a fire scenario. A number of tunnel ventilation systems are 

available to meet these requirements, including (listed in increasing cost scale): longitudinal, semi-

transverse and transverse systems. For a long tunnel such as Agua Negra, only the semi-transverse 

and transverse ventilation systems (Figs. 1 and 2) are realistic options, since longitudinal systems are 

generally limited to tunnel chainages of 3km or less (e.g. German RABT, 2006). The current Agua 

Negra scheme includes transverse ventilation along the majority of its chainage, with some 

longitudinal and semi-transverse sections adjacent to the portals (Böfer, 2010).  

 

 

Fig. 1: Semi-Transverse Tunnel Ventilation System  

 



 

Fig. 2: Transverse Tunnel Ventilation System  

Impact of Altitude 

Table 1 provides an overview of the conditions within a standard atmosphere as a function of 

altitude. Compared to a value at sea level of 1.225 kg/m3, the standard density of air drops to only 

0.74 kg/m3 at 4,000m altitude, which represents nearly a 40% reduction. This reduction in air density 

has a significant effect on human physiology, combustion engine performance and fan efficiency. All 

of these factors should be taken into account when designing the tunnel ventilation system.  

Although the density of air will be significantly lower within the tunnel compared to sea level, the 

percentage of oxygen will remain at approximately 21%. However, the absolute quantity of available 

oxygen in the air will be reduced, and this will have a marked impact on human response at that 

altitude.  

 

Table 1: Standard Atmospheric Conditions 1976 

 

  

   

Altitude     

( m )   

Temperature    
a bsolute   

( K )   

Press ure   
( hPa )   

Density   
( kg/m³ )   

Dynamic viscosity    
( Pa·s )   

Sound velocity  
( m/s )   

0   288.15   1013.25   1.2250   1.79×10 
- 5 

  340.29   

1000   281.65   898.76   1.1117   1.76×10 - 5   336.44   

5000   255.68   540.48   0.7364   1.63×10 - 5 
  320.55   

  



Human Physiology 

The proposed altitude of 4,000m would approach hypoxic conditions, which is a pathological 

condition in which the body is deprived of adequate oxygen supply. Tunnel workers, emergency 

personnel and other workers would have to be acclimatised to the air, or they may not be able to 

perform their functions adequately. The average tunnel driver may be impaired in his/her driving 

skills and not be aware of it, due to their bodies’ difficulty in obtaining oxygen. This may lead to poor 

decision making, black outs, etc. The risk of accidents may therefore rise correspondingly, and 

emergency responders may face additional physiological burdens when attempting to respond to 

such accidents.    

Air Quality Limits 

Due to the expected near-hypoxic conditions in the tunnel, the relevant CO, NOx and other air 

quality standards may have to be revised downwards.  For example, although the World Road 

Association (2004) currently recommends an operating limit of 70 ppm for CO in road tunnels, this 

limit may have to be decreased to 40-50 ppm for the Agua Negra Tunnel. This is to account for the 

dual effect of the low oxygen availability in the air, and the effect of CO in hindering the delivery of 

oxygen to the body, through the production of carboxyhaemoglobin in the blood.  

Combustion Engine Performance 

Passenger vehicles would generally have reduced performance in such high altitudes. In particular, 

vehicles using the tunnel would emit higher levels of carbon monoxide, unless the vehicle was tuned 

to the atmosphere. Table 2, extracted from draft World Road Association guidance currently being 

developed by the Tunnel Operations Committee, indicates that carbon monoxide emission levels can 

be doubled for gasoline engines at 2,000m above sea level. It is likely that carbon monoxide 

emissions will be even greater in the Agua Negra Tunnel, which is 4,000m above sea level.     

 

fh CO NOx Turbidity 

Passenger cars Gasoline Diesel Gasoline Diesel Diesel 

2010 2.6 1.0 1.0 1.0 1.0 

2015 2.0 1.0 1.0 1.0 1.0 

2020 1.6 1.0 1.0 1.0 1.0 

2025 1.0 1.0 1.0 1.0 1.0 

2030 1.0 1.0 1.0 1.0 1.0 

 
 Table 2: Proposed altitude factor (fh) for 2000m above sea level, passenger cards and LDV up to 3.5 
tonnes, technology standard A.  

Due to the increased emissions production and the proposed reduction in the relevant in-tunnel air 

quality standards, we anticipate that the flowrate of fresh air within the tunnels will have to be 

increased significantly compared to a tunnel at sea level. Thus, the piston effect of the moving 

vehicles may not be sufficient on its own to provide adequate air quality, and may have to be 

supplemented with a large quantity of fresh air provided by the semi-transverse and transverse 

ventilation systems.   

 



  

Temperature Effects 

Analyses of long road tunnels (in excess of 6km) indicate that if the projected vehicle usage of the 

tunnel is substantial, in-tunnel temperatures could become an issue, due to the heat dissipated by 

the vehicles’ engines. Temperature effects may also be significant if the rock temperature is high, 

due to the deep ground cover in the mountain. The maintenance of acceptable temperatures may 

thus ultimately dictate the ventilation requirements during operation of the tunnel.  

Fire Dynamics and Fire Suppression  

The likelihood of fires starting at high altitude, and their subsequent development, are reduced at 

high altitude. This is a positive factor when assessing the risk of any vehicle fires breaking out, and 

their possible spread to neighbouring objects, including other vehicles. However, it is difficult to 

quantify any possible benefits, due to the lack of experimental evidence.  

Due to the possible difficulties for the fire brigade fighting a vehicle fire at the high altitudes of the 

Agua Negra tunnel, it may be useful to assess the effectiveness of a fixed fire fighting system in 

suppressing the development of such fires, and in limiting their heat release rates.  The World Road 

Association (2008) recommends a feasibility study, a cost/benefit analysis and risk assessment prior 

to installation of a fixed fire fighting system. For long road tunnels, fire suppression may allow longer 

lengths between cross-passages to be designed, while maintaining an acceptable safety level. 

For conventional road tunnels, the smoke ventilation requirements normally set the dimensioning 

requirements for the tunnel ventilation. Due to the onerous air quality requirements, this may not 

be the case for the Agua Negra Tunnel, particularly if a fixed fire fighting system is employed.   

 

   

Fig. 3: Fire Test with a Fixed Fire-Fighting System  

  



Conclusions 

The ventilation of the Agua Negra Tunnel will present designers with a unique engineering challenge. 

The high altitude of the tunnel (4,000m) will mean that motorists and tunnel workers, including 

emergency responders, may be physiologically challenged. Vehicle engines will generally burn less 

efficiently, leading to a greater demand for fresh air to maintain air quality levels. In addition, air 

quality standards may have to be more onerous than at sea level, to counter the reduction in oxygen 

levels. For example, the relevant limits for carbon monoxide (CO) may have to be reduced from 

70ppm (sea level) to only 40-50ppm at 4,000m altitude.  

In spite of the fact that fires do not burn readily at high altitudes, it may be judicious to consider the 

installation of a fixed fire fighting system in the Agua Negra Tunnel, in order to compensate for the 

difficulty that fire-fighters may face in case of a serious incident. The World Road Association 

recommends a feasibility study, a cost/benefit analysis and risk assessment prior to the installation 

of any fixed fire-fighting system.  
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