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1 INTRODUCTION 
Research commissioned by Rijkswaterstaat has shown that the fire resistance of tunnels made 

of ROK concrete may be impaired [1]. In response to this, four discussion tables were set 

up at the end of 2017 under the coordination of the Knowledge Platform for Tunnel Safety 

(KPT) with the aim of discussing the problems outlined above from various perspectives. 

These are the discussion tables for Existing Tunnels, New Tunnels, Research and Emergency 

Services. 

In the period 2018-2020, the Discussion Table - Research formulated, based on various 

plenary discussions, a six-fold final conclusion, related to research in the field of concrete 

spalling in road tunnels [2]. The Discussion Table - Research has thus given substance to 

the question posed by the KPT. 

In response to these final conclusions, the Discussion Table - Research was asked to explain 

and substantiate these conclusions further. The conclusions formulated by the discussion table 

are presented in Chapter 2. The conclusions are then further explained and substantiated 

in Chapter 3. It should be noted that the conclusions have a certain degree of overlap and 

sequential order. Conclusions 1-5 serve as a prelude to conclusion 6. 
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2 CONCLUSIONS 
Based on the current state of knowledge and the currently known test results of the heat and fire tests 

carried out in/for road tunnels, the KPT Discussion Table - Research has reached the following conclusions: 

1. At the time of the BRAWAT research (1996 - 2001), there were no significant signs that a major fire 

in non-bored tunnels could cause concrete to spall. The research carried out was therefore limited 

in scope. 

2. Between 2001 and 2015, no further fire tests were carried out for non-bored tunnels focusing on 

concrete spalling. The design and scope of the fire tests carried out from 2015 onwards differ 

from the BRAWAT tests carried out, which makes it difficult to compare the results. 

3. With the current knowledge, it can be concluded that in the past too few representative tests were 

performed to be able to state that regular (unprotected) concrete ("ROK mix") would be 

susceptible to spalling. Therefore, it cannot be concluded that concrete's susceptibility to spalling 

is different nowadays than it was at the time of the BRAWAT research. 

4. According to the literature, the susceptibility to spalling depends on the concrete used, the fire 

and the structure (including dimensions, reinforcement, thermal and mechanical loads, moisture 

and prevention of thermal deformation). 

5. The occurrence of spalling cannot be predicted accurately. However, there is a rough relationship 

with the moisture content of the concrete in connection with the permeability and the presence of 

compressive stresses. Thermal stresses, compressive stresses and impeded thermal deformations 

increase the risk of spalling. The relationship with compressive strength is less unambiguous. 

6. With today's knowledge, it can be concluded that in case of a major fire in an unprotected 
concrete tunnel, there is a high probability of spalling.

3 EXPLANATION AND SUBSTANTIATION 
Below, we provide explanations for Conclusions 1-6. These explain the background and the 

substantation of the respective conclusions. We also give a summary of each explanation. 

3.1 Conclusion 1 

Conclusion 

At the time of the BRAWAT research (1996 - 2001), there were no significant signs that a major fire 

in non-bored tunnels could cause concrete to spall. The research carried out was therefore limited 

in scope. 

Explanation 

The situation for the BRAWAT research can be outlined by setting out the characteristic 

studies carried out up to that time. An important reason to research the effect of fire on the 

structural safety of tunnels was the fire in the Velsertunnel in 1978 [3]. In the following period 

(1979-1980), fire tests were carried out in a (relatively small) test tunnel with a two-hour-long 

pool fire of gasoline [4], [5]. The primary aim of these fire tests was to determine 
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the extent to which various types of heat-resistant spray mortars could protect the roof of the test 

tunnel against fire. The measured temperature development of the gas in the test tunnel formed the 

basis for the later RWS fire curve. 

In the subsequent period (1980s), various studies focused on the effect of elevated temperatures on 

the material properties of concrete and reinforcing steel. Although the phenomenon of concrete 

spalling was known [5] and observed in fire tests [4], these studies did not focus on it. Fire tests were 

mainly carried out to investigate the insulation behaviour of heat-resistant lining [6]. Tests could be 

carried out using a test procedure developed by RWS and TNO for testing heat-resistant lining [7]. 

Temperature requirements were set in order to prevent loss of strength of structural concrete and 

also to be able to repair the tunnel, see for example the summary report [8]. Due to its reduced 

strength at higher temperatures, these temperature requirements were set for the concrete in the 

ceiling (roof) and at the top end of the walls. In order to meet these requirements, it was considered 

necessary to apply heat-resistant lining in (immersed) tunnels at these locations. 

The RWS fire curve and the temperature requirements were [9] included as part of the requirements 

for so-called Cat. I (classification at the time of tunnels allowing the transport of flammable 

substances). The use of heat-resistant lining was considered to be economically justifiable 

especially from the point of view of damage limitation of Cat. I tunnels [10]. The philosophy 

underlying the WUT implicitly assumed that concrete spalling was not a normative mechanism. 

Later, as a result of the investigations into the structure of the Westerscheldetunnel (after 1995), 

concrete spalling did become part of the design philosophy. This was mainly prompted at the 

time by the force (explosiveness) and size with which concrete spalling could be associated with 

high-strength concrete [11] (and [12], [13]). 

Summary 

The above shows that the studies carried out in the period prior to the BRAWAT research (before 

1996) were mainly focused on the safety of tunnel users (fire safety). In relation to the structural 

safety (fire resistance) of tunnels, the various studies in the aforementioned period led to the 

definition of the RWS fire curve and requirements for the maximum temperatures of the concrete 

and reinforcement. Despite the fact that concrete spalling was not an unknown phenomenon, 

the studies did not focus on this. 

3.2 Conclusion 2 

Conclusion 

Between 2001 and 2015, no further fire tests were carried out for non-bored tunnels focusing on concrete 

spalling. The design and scope of the fire tests carried out from 2015 onwards differ from the BRAWAT tests 

carried out, which makes it difficult to compare the results. 

Explanation 

As explained in Conclusion 1, the research until 1995 was not explicitly focused on concrete spalling 

caused by fire. This changed in the mid-1990s, partly as a result of the fire in the Channel Tunnel in 

1996 [14]. The application of high-strength concrete in (mainly) bored tunnels also led to more attention 

being paid to the occurrence of concrete spalling in that period. This increasing attention was partly 

inspired by the higher density of the concrete as well as the pressure load in the tunnel ring which 

makes the concrete more susceptible to spalling. In addition to the fire curve, these aspects also 

influence the susceptibility to the spalling of concrete [15].
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As a result of these developments and later, in particular, the spalling behaviour observed in the fire 

tests for the Westerscheldetunnel [11] in 1996, the so-called BRAWAT (Fire and Water) study was started 

by Rijkswaterstaat. This literature study was partly based on the fire tests reported in CUR Report 98 

[16]. This report pointed out the (negative) influence of moisture on the spalling of concrete and the 

presence of compressive stresses in the concrete. These findings were in line with other international 

studies at the time, for example [17]-[20]. The BRAWAT study also pointed out the possible negative 

effect of a higher moisture content in the concrete due to the location of road tunnels in an outdoor 

climate on the spalling of protected immersed tunnels [6].

In the period 1997-1999, the BRAWAT II studies were subsequently carried out [21]-[24] with the aim 

of investigating the behaviour of the protected roof of immersed tunnels. In various fire tests on 

concrete slabs with heat-resistant lining, no spalling occurred and the temperature requirements 

were also met. In 2000, the BRAWAT 3 study [25] was carried out, aimed at investigating the possible 

spalling behaviour of the unprotected walls of an immersed tunnel. In this investigation, a single scale 

test was carried out of the wall of the second Beneluxtunnel. The test piece was provided with heat-

resistant lining on the upper side with the lower part unprotected (except for non-fire-resistant tiles). 

No spalling was observed in this test. 

Based on the BRAWAT results [21]-[25] and considering the test conditions used therein which 

corresponded to the practical situation, it was concluded that the usual protection of immersed tunnels, 

as described in the WUT [9], could be maintained. For immersed tunnels (and later also for land tunnels) 

built after 2002 concrete spalling was therefore mitigated by applying ROK-concrete in combination with 

heat-resistant lining on the roof and on the upper side of the walls. Furthermore, when ROK started being 

used in 2011, the concrete composition used in the BRAWAT 3 study was included in the Richtlijn Ontwerp 

Kunstwerken (ROK 1.0) [27]. In practice, this sponge-sensitive concrete was called ROK concrete. With the 

knowledge of later tests, including [30] and [31], this has been changed in the latest version of the 

Richtlijn Ontwerp Kunstwerken, ROK 1.4 [28]. 

In the period after 2002, no more tests were carried out for tunnels based on ROK concrete. However, 

tests were carried out for tunnels in which the concrete composition deviated from ROK concrete, 

such as for the Leidsche Rijntunnel by using concrete with polypropylene fibres [29]. Furthermore, 

several tests were conducted during this period for bored tunnels (including those for the Groene 

Harttunnel, the Hubertustunnel and the Noord/Zuid-Lijn). The background to this was that an increased 

risk of spalling was expected for high-strength concrete (and the concrete mixes used were also not 

classifiable as the aforementioned ROK concrete). Based on test results, these tunnels were provided 

with heat-resistant lining or polypropylene fibres. 

Finally, it should be noted that in the tests carried out after 2002, several tests were usually conducted to 

check whether the result was reproducible and representative. The testing procedure focused on the 

concrete, whereby for immersed tunnels the emphasis was on the heat-resistant lining and for bored 

tunnels on the spalling behaviour [33]. This philosophy, with a distinction according to tunnel type, was 

explained for example in the VRC [26]. In 2008 [34] and recently in 2020 [35] the test procedures for 

fire tests have been changed and a distinction is made between thermal insulation tests and spalling 

tests, irrespective of the type of tunnel. A distinction is also made between roof, wall and curved 

element tests.  

Summary 

Based on the above, it is concluded that in the period after the completion of the second 

Beneluxtunnel in 2002, no more fire tests were carried out on tunnels constructed according to the 

same fire resistance concept (ROK concrete in combination with heat-resistant lining on the roof and 

the top metre of the wall). Fire tests have been carried out mainly for bored tunnels given the use of 

high-strength concrete.   
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3.3 Conclusion 3 

Conclusion 

With the current knowledge, it can be concluded that in the past too few representative tests were performed to 

be able to state that regular (unprotected) concrete ("ROK mix") would be susceptible to spalling. Therefore, 

it cannot be concluded that concrete's susceptibilityto spalling is different nowadays than it was at the time 

of the BRAWAT research. 

Explanation 

TNO recently carried out research into deviations in the composition of concrete mixes used in 

tunnels built after the second Beneluxtunnel [32]. Although the focus of the research was on the 

second Beneluxtunnel and tunnels built after 2008, the research paid particular attention to tunnels 

built after the second Beneluxtunnel was completed in 2002. 

TNO's research focused, besides on the composition of the concrete, in particular on the characteristics 

of the concrete that can be related to spalling: 1) permeability and porosity, 2) strength of the concrete 

and 3) moisture in the concrete. To this end, an extensive experimental investigation was carried out on 

concrete cores of tunnels made of ROK concrete. The main conclusions were that the information on the 

concrete compositions used in the past is fragmentary and incomplete. From the available information, 

no systematic changes in the applied concrete compositions can be deduced. Although the requirements 

for the concrete composition, which were set in the ROK at the time, were broadly formulated and 

potentially allowed for much variation, the differences in the composition in practice appear to be 

relatively small. Nevertheless, in a number of cases clear differences were observed with regard to the 

various concrete properties investigated. However, these differences were not systematic in nature and/

or correlated to the other concrete properties, the concrete composition, age or exposure of the concrete. 

The TNO study also carried out a literature review which revealed that only limited fire tests aimed at 

the spalling of ROK concrete from the period (2000-2015) are known [32]. This confirms Conclusion 2. 

However, the results of the BRAMEN (fire and mixes) study from 2017 were included [31].

The BRAMEN research was carried out at the time in response to the questions raised about the 

possible susceptibility to spalling of ROK concrete. This study showed that all concrete mixes exhibited 

spalling, including the so-called BRAWAT 340 mix, which was representative of the concrete mix used 

in the earlier BRAWAT 3 test. An overview of the (relatively recent) laboratory and in-situ fire tests with 

a (mobile) oven on ROK concrete performed for/in various tunnels (including Gaasperdammertunnel, 

2nd Coentunnel, Ketheltunnel and Salland-Twentetunnel) gives a similar result, with concrete spalling 

well within the fire resistance requirement of at least 2 hours [32]. This behaviour therefore deviates 

from what was observed in the BRAWAT 3 research. The research carried out does not provide a direct 

explanation for this difference.

Summary 

The above shows that TNO's research gives no reason to assume that regular (unprotected) concrete 

used in tunnels built after the second Beneluxtunnel differs significantly from that used in the second 

Beneluxtunnel. The research did not provide an explanation for the difference in spalling behaviour 

between the current fire tests on ROK concrete and the BRAWAT 3 fire test. 
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3.4 Conclusion 4 

Conclusion 

According to the literature, the susceptibility to spalling depends on the concrete used, the fire and the 

structure (including dimensions, reinforcement, thermal and mechanical loads, moisture and prevention of 

thermal deformation). 

Explanation 

Concrete spalling can occur when a concrete structure is heated to high temperatures, as is the case 

during a fire. In this case, the concrete will dry from the fire side and the internal concrete microstructure 

will also decompose with increasing high temperatures. Due to the decomposition of cement stone, 

concrete degrades and gradually loses its cohesion and strength, see for example 

[36], [37]. During this forced drying process, the moisture present in the pores is converted into steam 

(usually within a short time). Due to the relatively high density and limited permeability of concrete, 

this can lead to the build-up of pressure in the pores. Under these conditions, spalling may occur as a 

result of pore pressures that exceed the local concrete strength and cause the outer layer to expand [18]. 

Based on this mechanism, the susceptibility to spalling increases due to the formation of higher pore 

pressures resulting from a higher heating rate, higher initial moisture content and/or lower concrete 

permeability. 

Furthermore, due to the limited thermal conductivity of concrete, a strong, non-linear temperature 

gradient occurs across the heated concrete shell when the cross-section is subjected to a fire load. The 

thermal expansion of the outer, heated concrete shell will be partially prevented by the slowly heating 

remaining cross-section. This will result in a compressive stress in the outer shell and the core of the cross-

section will be subjected to a tensile load. This stress state is further influenced by the overall behaviour of 

the structure, whereby prevented deformations lead to additional stresses in the structure. These internal 

thermal stresses may cause cracks, especially in the tensile loaded part of the concrete, see for example 

the Finite Element Method (FEM) calculations in [38], [39]. A fine network of cracks may develop in the 

heated concrete shell, which locally increase the permeability and thus influence the pore pressure 

structure. Based on this mechanical background, spalling may occur if the outer shell is torn off and 

buckles [19] due to obstruction. The susceptibility to spalling for this mechanism increases with higher 

pressure loads due to a higher heating rate, prevention of the thermal deformations and/or higher 

concrete expansion. 

The mechanisms of pore pressure and thermal stress may occur separately [18] en [19] /or jointly 

[20] and lead to spalling, whereby in a continuous process flecks of concrete spall off and the 

reinforcement may be exposed. However, with the current state of knowledge it is not possible to 

determine which of these mechanisms is dominant under which conditions. Moreover, the probability of 

concrete spalling in tunnels is considered to be higher than for buildings due to the specific conditions, as 

mentioned for example in the BRAWAT literature study [6]. This is mainly due to the potential for strong 

fires (e.g. from lorries) in combination with the enclosed tunnel space where the heat cannot be dissipated 

easily or at all. The result is a higher thermal load on the tunnel structure, which rises rapidly in 

temperature. In addition, tunnels are located in an outdoor climate, which may lead to a higher moisture 

content in the concrete. The location below the groundwater level or below open water can have an 

additional influence on the moisture content. Furthermore, with conventional, relatively massive cross-

sectional dimensions of tunnel structures, there may be a greater degree of thermal deformation restraint. 

External loads resulting in additional compressive stresses (such as in walls) may reinforce this behaviour.
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Summary 

Based on the above, the literature indicates that the occurrence of concrete spalling is an interplay 

of, in particular, separate or joint build-up of pore pressures and thermal stresses. Both mechanisms 

are characterised by a complex behaviour based on the concrete used, the fire load and the structural 

conditions. 

Determining in advance the dominant parameters for the occurrence or non-occurrence of spalling 

is therefore not possible with today's knowledge. However, based on the current mechanisms, it is 

possible to identify relevant conditions such as dimensions, reinforcement, thermal and mechanical 

loads, permeability, moisture and the prevention of thermal deformation. Tunnels are potentially 

more susceptible to spalling because of the possibility of larger fires, the external exposure and the 

massive cross-sectional dimensions.  

3.5 Conclusion 5 

Conclusion 

The occurrence of spalling cannot be predicted accurately. However, there is a rough relationship with 

the moisture content of the concrete in connection with the permeability and the presence of compressive 

stresses. Thermal stresses, compressive stresses and impeded thermal deformations increase the risk of 

spalling. The relationship with compressive strength is less unambiguous. 

Explanation 

As outlined in the previous explanation, concrete is a material that during heating is characterised 

by a complex behaviour of chemical, physical and mechanical processes. This has been explained 

in detail in, for example, the RILEM state-of-art reports [40], [41]. Next to the concrete used and the 

fire load, structural and environmental factors also play a role. The behaviour of a concrete structure 

at higher temperatures (including fire) is reasonably predictable without concrete spalling. The 

behaviour is characterised by the previously described load with a non-linear temperature gradient 

resulting in concrete degradation, thermal stresses and cracking. The FIB state-of-art report [15] as 

well as CUR 149 [42] and 153 [43] provide extensive background information on this. 

The behaviour of a concrete structure in case of (continuous) spalling is less unambiguous. As indicated 

earlier, the damage in that case is determined to a large extent by the extent of the spalling process. As 

a result, the protective concrete cover on the reinforcement and/or (in particular) the prestressing is 

(gradually) removed. The reduction of the concrete cross-section may ultimately also have 

consequences for the load-bearing capacity. The degradation of the cross-section under the influence 

of spalling can thus have an effect on the safety of the structure as a whole and is therefore important 

for the fire resistance. At this moment, the models for simulating the spalling mechanism are still under 

development and subject of scientific research, see for example the RILEM state-of-art report [44] and 

the Dutch research funded by NWO (formerly STW) [45]-[47]. The performance of fire tests thus remains 

the most commonly used method for determining whether spalling occurs under the test conditions 

and for characterising the extent of the damage. 

Experimental research in the 1970s and 1980s focused mainly on the application of concrete in 

buildings. Tests were therefore mostly carried out with the standard fire curve. Fire tests on 

unprotected concrete, in particular of normal strength, revealed an increase in the susceptibility to 

spalling at higher moisture contents and external pressure loads [17], [48], [49]. In the 1990s and at the 

turn of the century, the development of (ultra) high-strength and self-compacting concrete meant that 

fire tests were mainly material-oriented. Fire tests showed that these types of concrete were more 

susceptible to spalling [50]-[53]. Additional aspects that were investigated included the cement type and 

content, the aggregate and admixtures, the initial moisture content, addition of steel and/or 

polypropylene fibres, presence of reinforcement and the age of the concrete, see', for example, [54], 

[55] for an overview of the literature.  
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In line with the above, specific research into the fire resistance of tunnels was also carried out, see 
for example the previously mentioned earlier developments underlying the fire-resistant lining of 
tunnels. As a result of a number of serious fires in European tunnels and the (spray) damage caused, 
this research intensified, both internationally and nationally. In these tests, heavier hydrocarbon 
fire curves were (mostly) used instead of the standard fire curve used for buildings. These fire tests 
were mainly focused on specific types of tunnels using geometry and loads. Examples of research on 
tunnels in mountains [56], [57] and immersed tunnels in the Netherlands [21]-[25]. Later, the focus 
shifted to bored tunnels through the application of higher concrete strengths [11]-[13] and [58].

Many of these fire tests (in tunnels) are aimed at determining possible protective measures (heat-

resistant lining, polypropylene fibres) for common concrete mixes under various fire curves, 

conditioning moisture contents and external loads, see for example [59]-[61]. Such tests provide limited 

(fundamental) insight and focus mainly on the occurring phenomena such as spalling. The general 

picture from these (and other fire tests) is that the concrete used in tunnels without measures is often 

susceptible to spalling. With regard to Dutch tunnels, the results of the fire and heat tests carried out in 

the past period confirm this susceptibility to spalling [31], [32], [62]. It is remarkable that in some of the 

in-situ heat tests only limited spalling was observed [63]. An explanation for these deviating test results 

has not (yet) been given. 

Summary 

In summary, no generally applicable models are yet available for predicting concrete spalling. Fire 

tests are therefore currently the method of choice to determine the susceptibility to spalling under 

the conditions tested. 

Indicative trends can be derived from the large number of fire tests carried out in the past decades. 

Concrete seems to be more susceptible to spalling at higher moisture contents than with (partially) 

dried concrete. The general opinion is also that especially with high-strength concrete the probability of 

spalling is greater than with regular concrete strengths. If there is an external load, due to imposed 

pressure such as pre-stressing and/or prevention of deformation, the susceptibility to spalling also 

increases. 

The international fire tests carried out for tunnels under load with hydrocarbon fire curves and possibly 

externally imposed forces focus on possible protective measures. The overall picture emerging from 

these fire tests is that without taking any measures, the concrete is often susceptible to spalling in 

the event of a major fire. The fire and heat tests carried out for/in Dutch tunnels show similar 

results.  

3.6 Conclusion 6 

Conclusion 

With today's knowledge, it can be concluded that in case of a major fire in an unprotected concrete tunnel, 

there is a high probability of spalling. 

Explanation 

From the historical perspective outlined above, it follows that the BRAWAT studies [21]-[25] have 

been particularly decisive in the development of fire protection solutions as applied in road tunnels. 

The application of unprotected walls in immersed tunnels and land tunnels is mainly based on the 

BRAWAT 3 study [25]. In this fire test, no spalling occurred for a partially unprotected concrete wall 

element. This test result led to the inclusion of the tested concrete composition and test conditions 

as an example in the ROK [27], referred to in practice as ROK concrete.  
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Based on the results of recently conducted fire and heat tests (in particular on concrete designated as ROK 

concrete), it is concluded that concrete in tunnels without protective measures cannot be assumed to be 

susceptible to spalling [31], [32]. This is confirmed by the literature mentioned in the previous conclusions. 

Specifically for tunnels, the possibility of a strong fire coupled with the location in an outdoor environment 

of the massive, rigid structures increases the risk of concrete spalling. For these reasons, there is a need to 

consider concrete spalling in the basic fire resistance of tunnels and to check whether (additional) measures 

are necessary.  

4 SYNOPSIS 

This document was prepared by Discussion Table - Research in response to the request for further substantiation 

of the final conclusions. The explanations presented here basically reflect the way in which each conclusion 

was reached and the reasons for it. The conclusions (and the explanations) should, however, be considered 

as a whole, in view of the order in which they are reached and to safeguard the message. In this context, the 

broader and to some extent overarching Conclusion 6 can be seen as supporting the previous Conclusions 

1-5. 

With these end conclusions, the Discussion Table - Research, aims to contribute to the fire resistance of 

(road) tunnels. It recommends the adoption of the basic assumption that unprotected concrete in tunnels is 

basically to be considered susceptible to spalling. This is based on the frequent observation during fire tests 

and is supported by the complex character of the different spalling mechanisms. 

Another important aspect of the fire resistance of tunnels is the awareness of the phenomenon that concrete 

may spall, especially in the event of a major fire. In this context, it is recommended to further investigate the 

susceptibility and possible consequences of concrete spalling for tunnels.  
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