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Abstract
For road tunnels in most Nordic countries, temporary rock support installed during tunnel excavation usually becomes a 
part of the permanent rock support. Rock bolts are the most common rock support measure in road tunnels excavated in 
hard rock, and their conditions over the period of tunnel operation play a significant role in the safety of these tunnels. The 
rock bolt types and aggressive environmental conditions considered in this research are focused on those used and observed 
in Norwegian and Swedish road tunnels. Findings elsewhere in similar environments are included to highlight the different 
kinetics of degradation. Based on the collected data, the corrosion levels in these road tunnels are comparable to those in the 
most polluted industrial areas. Aggressive groundwater conditions for rock bolts include a groundwater pH below four (which 
can be caused by sulfuric acid formation due to the oxidation of the mineral pyrite in the rock), marine groundwater, and 
flowing groundwater with a high concentration of dissolved oxygen. Furthermore, chloride-bearing deicing salts commonly 
used on roads located in cold climate regions during winter can promote corrosion in rock bolts from the tunnel room. For 
these environments, this research proposes a lognormal probability function to quantify the expected steel corrosion level for 
25, 50, and 100 years of exposure time. The corrosion protection given by cement grouting, hot-dip galvanizing and epoxy 
coating are also addressed to explore their contributions to the lifespan extension of rock bolts in acidic and chloride-rich 
environments.

Keywords Rock bolt · Rock support tunnel · Durability · Corrosion · Probability of failure

List of Symbols
b  Empirical constant related to the penetration 

rate of an acidic solution in cement grout 
(mm/year0.5)

be  Environmental transfer, which considers the 
influence of Treal on the apparent diffusion 
coefficient (K)

C
(
xc, t

)
  Chloride content in grout mortar by weight 

of cement at depth xc and elapsed time t 
(wt% cement)

Cs  Initial chloride loading concentration at the 
rock–grout interface (wt% cement)

d  Degradation depth in the grout mortar by 
acidic solution attack (mm)

Dapp (t,Treal)  Apparent coefficient of chloride diffusion 
through the grout mortar after elapsed times 
t and Treal  (m2/s)

Dapp_28  Theoretical coefficient of chloride diffusion 
after 28 days

Dpaint  Years of protection by direct application of 
the epoxy coating on carbon steel

Dzinc  Years of protection by hot-dip galvanizing 
on carbon steel

i  Ranking position of an observed value once 
the set sample has been sorted from the low-
est to the highest values

K  Synergistic factor for carbon steel protection 
by the duplex protection system of hot-dip 
galvanizing and epoxy coating

k  Corrosion rate of metals in the first year 
(μm/year)

n  Metal-environment time exponent param-
eter for corrosion rate

N  Sample size of random observations
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N (μ; σ)  Normal distribution with mean μ and stand-
ard deviation σ

t  Time elapsed (year)
to  Reference time for the known value of the 

apparent coefficient of chloride diffusion; 
as the reference chloride diffusion is taken 
after 28 days, to is 0.077 (year)

Treal  Representative long-term cement grout 
temperature (°C)

w/c  Water-cement ratio in grout mortar
xc  Distance from the borehole contour to the 

rock bolt surface (annulus grout thickness) 
(mm)

�  Aging exponent of the apparent chloride 
diffusion coefficient

1 Introduction

Rock bolts can be used in underground structures as rock 
support for several purposes. In hard rock with low to mod-
erate in situ stresses, rock bolts hold loose blocks and con-
tribute to increasing the rock mass stiffness (Bobet 2009). In 
hard rock with high in situ stresses, rock bolts prevent failed 

rock from disintegrating if they are able to absorb the kinetic 
energy of the ejected rock (Li 2017a). In highly stressed soft 
rock, rock bolts deform with the rock mass until an equilib-
rium is reached and deformation ceases (Li 2017a). Regard-
less of the reason for utilizing rock bolts in underground 
structures, they are usually made of carbon steel and are 
therefore susceptible to corrosion. This chemical process 
causes steel to lose its cross-sectional area and form corro-
sion products on its surface due to interactions with the envi-
ronment. Consequently, corrosion can reduce the strength 
capacity of rock bolts and diminish the bond strength with 
the surrounding material over time (Xia et al. 2013; Dorion 
and Hadjigeorgiou 2014). The rate at which this rock bolt 
corrosion proceeds depends on the chemical composition of 
the steel, the type of anchorage system, the type of corro-
sion protection, the quality control during installation, the 
environmental conditions where they are exposed and any 
increase in stress demand caused by the rock mass over time 
(Hadjigeorgiou et al. 2020).

The consequence of corrosion on rock bolts with a higher 
probability of failure over time can be visualized in Fig. 1. 
This figure shows the general principles of the probabilistic 
limit-state approach for the durability design of structures 
according to the standard ISO 13823 2008. In this approach, 

Fig. 1  Probabilistic limit-state approach for predicting the useful life applied to rock bolt corrosion. Modified from standard ISO 13823 (2008)
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an appropriate probability distribution is assigned to both the 
allowable corrosion depth Slim and the action effect S for a 
specific exposure time. In this context, corrosion increases 
the probability of failure once the probability distribution 
curve of the action effect increases to such a level that it 
starts to overlap with the allowable corrosion depth curve. 
This failure region, highlighted as the shaded area in Fig. 1, 
is related to the probability of failure. For simplicity, Fig. 1 
does not show changes in the allowable depth distribu-
tion over time. However, time-dependent geohazards, such 
as swelling or squeezing, aggravate the situation with an 
increasing load exerted by the rock mass over time (Stille 
and Palmström 2018).

The role of rock bolts as rock support in road tunnels is 
critical in not only Norway, but also Sweden, Finland, Ice-
land and the Faroe Islands. These tunnels, in comparison to 
those in many other countries, do not consider in principle 
a thick inner lining of cast-in-place concrete. If water and 
frost protection are needed, an inner lining detached from 
the rock support is installed. This slender inner lining is held 
by fixation bolts anchored directly to the rock mass (Broch 
et al. 2002). Figure 2 aims to show this layout solution with 
an inner lining of precast concrete segments typically used 
in Norwegian road tunnels with high traffic volume. In addi-
tion, some environmental parameters are indicated in the 
same figure.

Figure 2 shows the key role of temporary (and permanent) 
rock support in the safety of road tunnels with this layout. It 
also describes some atmospheric and aqueous environmen-
tal parameters that may affect the longevity of rock bolts. 
In current Norwegian regulations, the useful life of perma-
nent rock support must be 100 years regardless of the actual 

environmental conditions (NPRA 2016a). As a comparison, 

in Sweden, the Swedish Transport Administration (2016) 
stipulates a useful life requirement of 120 years for rock 
support systems.

The determination of the useful life of rock bolts by a 
probabilistic modeling requires a probability distribution for 
the action effect S, a probability distribution for the allow-
able corrosion depth Slim and a target probability of failure. 
The basis of the structural design in the European stand-
ard EN 1990:2002 differentiates the structures by reliabil-
ity classes according to the consequences of failure. In this 
ranking, the consequences classes CC1, CC2 and CC3 rep-
resent low, medium, and high failure consequences respec-
tively and are linked to the reliability classes RC1, RC2 and 
RC3. Later, the model code for service life design (fib 2006) 
specified reference values of the probability of failure for the 
different reliability classes. In particular, for the ultimate 
limit state in reliability class RC2, a failure probability value 
on the order of  10−5 is recommended, while for reliability 
class RC3, a failure probability value on the order of  10−6 is 
recommended. More recently, Stille and Palmström (2018) 
suggested placing low to medium traffic tunnels within 
consequence class CC2, and heavy traffic tunnels in conse-
quence class CC3. Then, it is possible to say that the avail-
able literature provides target failure probabilities.

In regard to modeling the action effect of corrosion in 
rock bolts, the situation is different. Although there has been 
research presented on rock bolt conditions in the field and 
the kinetics of degradation studies in the laboratory, there 
has been insufficient progress in the literature to systematize 
the different findings and quantitatively improve the long-
term design of rock bolts.

Classification systems aiming to rank the corrosion 
level of rock bolts in underground structures by identify-
ing key environmental parameters have been proposed (Li 
2000; Roy et al. 2016). However, there is no link between 
these classification systems and expected useful lives of 
various types of rock bolts.

On the other hand, reference values of the useful lives 
of different types of rock bolts have been given in the liter-
ature (Helfrich 1989; Pells and Bertuzzi 1999). However, 
the characterization of the environment in which these use-
ful lives can be achieved is not specified.

This paper first describes the aggressive environments 
observed in Nordic road tunnels and synthesizes the cor-
rosion level of carbon steel in these environments. There-
after, the resulting description of the kinetics of steel 
corrosion is compared with international standards to con-
textualize the corrosion observed. In addition, this paper 
aims to derive a probabilistic distribution for the action 
effect S caused by corrosion on rock bolts in aggressive 
environments based on the observed kinetics. Finally, an 
assessment is performed for the corrosion protection of 
rock bolts given by cement grouting, hot-dip galvanizing, 

Fig. 2  Pre-accepted solution in Norwegian road tunnels with an inner 
lining  modified from NPRA (2016a). The following atmospheric 
parameters are also included: temperature (T), relative humidity (RH) 
and nitrogen dioxide  (NO2). In groundwater: pH, chloride content 
 (Cl−) and dissolved oxygen concentration (DO)
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and epoxy coating in different aggressive environments to 
elucidate their contribution.

1.1  Evolution of Specifications Aimed at Improving 
the Durability of Rock Bolts in Norway

Cement grouted rebar bolts were introduced before the 
1970s in road tunnels (Grimstad and Pedersen 1986). Prac-
titioners in the early 1970s already agreed that rock bolts 
should be embedded in cement mortar (see Fig. 3a) to be 
considered part of the permanent rock support (KFF 1973). 
At that time, the rebars used were uncoated, and generally, 
they were installed far behind the tunnel face and not ten-
sioned. This means that they were passive rock bolts, being 
the working load immediately after installation negligible. 
Thus, their full-strength capacity was available for long-term 
support.

Galvanized bolts have been used for corrosion protec-
tion in Norway since 1970 (Martinussen 2008). In the first 
Standard Code of Process (NPRA 1981), each rebar bolt was 
required to be fully grouted and galvanized (80 μm thick-
ness). However, concerns about the eventual corrosion of 

zinc under the alkaline environment provided by cement 
mortar motivated further changes in technical specifications. 
The recommendations by the Norwegian road authority in 
the northern region to the first national handbook stated that 
fully grouted bolts with hot-dip galvanized coatings can be 
used as permanent supports as long as either the mortar held 
soluble chromates or bolts were passivated with chromate 
compounds (NPRA Northland 1990). However, some years 
later, the Norwegian Labor Inspection Authority set require-
ments for a low content of soluble chromates to reduce aller-
gies of workers (NPRA 1999).

The duplex protection system of hot-dip galvanizing and 
the epoxy coating was added as a requirement in 1992 for all 
rock bolts installed in very corrosive environments (NPRA 
1992). Today, its use has been extended to all rock bolts 
installed in road tunnels, regardless of the actual environ-
mental conditions. Notably, in recent years, the minimum 
average thickness of epoxy coatings has increased. Between 
2012 and 2018, the thickness specifications of epoxy coat-
ings increased from 60 μm to 85 μm (NPRA 2012, 2018). In 
addition, quality control measures have been introduced in 
the current regulations, where no single measurement shall 

Fig. 3  Some rock bolts used as permanent rock supports in Norwe-
gian road tunnels. a Uncoated rebar cement grouted in the Haukeli 
road tunnel constructed between 1968 and 1969. The rebar is 20 
mm in diameter and 2.4 m long (Pedersen and Hafsaas 1991). b 
Pipe bolt used in Byfjord and Mastrafjord subsea road tunnels con-
structed between 1989 and 1992. The 3-m-long rock bolt, steel pipe 

and accessories are hot-dip galvanized and epoxy coated (Espedal and 
Nærum 1992). c CT-Bolt used in the Frøya subsea road tunnel con-
structed between 1998 and 2000. The 3-m-long rock bolt, rebar and 
accessories are hot-dip galvanized and epoxy coated (Holmøy et  al. 
2009)
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be thinner than 20 μm (NPRA 2018). Figure 3b, c show two 
types of rock bolts with a duplex protection system. These 
rock bolts are used as temporary and permanent rock sup-
ports. They are usually installed close to the tunnel face and 
tensioned to 30–50 kN with the expansion shell placed at the 
distal end of the rock bolt (NPRA 1999). At a later stage, 
they are postgrouted. Taking into account that the ultimate 
tensile strength of pipe bolts (Fig. 3b) is on the order of 
130 kN, while that for a CT bolt (Fig. 3c) is 150 kN, the 
initial working stresses in these rock bolts are in the range 
of 20–40% with respect to their ultimate tensile strength. 
Furthermore, these rock bolts will undergo additional loads 
if installed near the tunnel face due to the remaining stresses 
in the rock mass that are not released until the tunnel face 
has advanced further ahead. Thus, the pre-tensioning and 
the installation near the tunnel face make pipe and CT rock 
bolts lose a fraction of their long-term strength capacity. In 
turn, this loss limits the allowable corrosion that they can 
undergo.

2  Aggressive Environmental Conditions

Several approaches have been proposed in the literature 
regarding the selection of relevant environmental parameters 
to explain the corrosion level in metals, such as the German 
standard DIN 50 929 part 3 (1985). There are also specific 
efforts to identify key environmental parameters affecting 
the corrosion of rock bolts (Li 2000; Roy et al. 2016). These 
three references coincide in the following water properties 
as relevant:

• pH
• Salinity (according to either the  Cl− and  SO4

2− content, 
electrical resistivity, or total dissolved solids in ground-
water)

• Concentration of dissolved oxygen

Regarding the pH in groundwater, the three just-men-
tioned references agree that a pH of water below four is an 
important water property to promote corrosion. In Norway, 
such a low pH level has been measured in tunnels excavated 
in alum shale rock (NPRA 2016b). This rock contains the 
mineral pyrite  (FeS2), which under the presence of oxygen 
and water, it oxidizes creating sulfuric acid. Water samples 
in tunnels excavated in alum shale have measured pH val-
ues between two and three, and sulfate ion concentrations 
between 300 and 3000 mg/l (Hagelia 2018).

A high chloride content has been identified in the ground-
water of subsea tunnels. The results of 40 water samples 
from different subsea tunnels indicate that the chloride con-
centration range is between 1000 mg/l and 50,200 mg/l, with 
an average close to 19,000 mg/l (Hagelia 2008). With this 

concentration level, subsea tunnels fall into the highest salin-
ity level in all the rankings mentioned.

The occurrence of high concentrations of dissolved oxy-
gen is expected in Nordic underground structures due to a 
general low groundwater temperature (< 7 °C) (Kløve et al. 
2017). Although dissolved oxygen content in groundwater 
generally decreases with depth, high concentrations can be 
found at deep depths if the aquifer is permeable and con-
nected to a brook (Seither et al. 2012). Thus, Nordic under-
ground structures with permeable rock and low overburden 
are susceptible to have groundwater with high concentra-
tions of dissolved oxygen.

2.1  Specific Atmospheric Environmental Conditions 
in Road Tunnels

Chlorides contained in deicing salts for roads are usually 
used in cold climate regions. The effect of traffic volume 
on chloride dispersion in road tunnels has been described 
in durability studies of sprayed concrete used for rock sup-
port. Studies on the measurement of salt deposition on the 
outer surface of sprayed concrete layers show that high salt 
concentrations have been systematically found on tunnel 
walls within the first ~ 2 m from the road level (Davik 1997). 
Above 2 m, chloride ion deposition remains high only in 
road tunnels with high traffic volume (Hagelia 2018).

With regard to relative humidity, Knudsen (2015) high-
lights the humid environment observed in Norwegian road 
tunnels, especially behind water and frost protection linings, 
where it can be close to 100%.

High concentrations of pollutants, particularly emitted 
by vehicles, exist in road tunnels (NILU 1990; Indrehus and 
Vassbotn 2001).  NO2 gas has been described as a moder-
ate atmospheric corrosive agent for steel (iron) and zinc 
(Castaño et al. 2007; Leygraf et al. 2016). Research in road 
tunnels in Sweden has downgraded the influence of  NO2 
gas on corrosion (Andersson and Sandberg 2003). This is 
because pollutants are ubiquitous in the air, yet significant 
differences in corrosion rate have been observed in the sides 
of flat metal sheets along the roads; the corrosion rate is 
much higher for the metal sheets facing the traffic.

Figure 4 shows the case of a rock bolt whose accessories 
and the protruding end of the rebar are corroded.

3  Probability Distribution of the Actual 
Corrosion Depth in Steel

Both uniform and localized (pitting) corrosion have been 
described in rock bolts installed in underground structures. 
Figure 5 summarizes the highest corrosion levels of carbon 
steel reported in nine underground structures in Nordic coun-
tries. Further details about these underground structures are 
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described in Table 1. Figure 5 shows 11 corrosion observations 
because in two underground structures, corrosion measure-
ments took place in two different years. The collected data 
come from mainly rebars with grout defects and rock bolt ends 
protruding from the tunnel contour. Apart from examples from 
Norwegian and Swedish road tunnels, some other corrosion 
data from underground structures are given to complement the 
scarce long-term exposure data found in road tunnels.

International standards NS-EN ISO 9224 (2012)  and NS-
EN-ISO-9223 (2012) provide guiding values for the uniform 
corrosivity level that metals can undergo depending on the 

atmosphere to which they are exposed. In these international 
standards, the highest corrosivity category is the so-called 
extreme corrosivity level CX, which is related to the most pol-
luted industrial areas. Eq. 1 provides the general corrosion rate 
prognosis in metals given in international standards as follows:

In particular, for carbon steel exposed to the extreme cor-
rosivity level CX, the parameter k varies between 200 and 
700 μm/year. The parameter n , which is usually less than 1, 
may be related to the inhibition of substrate corrosion by 
the growing oxide film on the surface over time. For car-
bon steel, the average value of parameter n is 0.52. The use 
of these values in Eq. (1) are plotted in Fig. 5 to represent 
the most severe corrosivity category given in international 
standards as a comparison to the corrosion observed in Nor-
dic underground structures.

The kinetics of pitting corrosion has been described in 
steel buried in soils by Romanoff (1957) and Melchers and 
Petersen (2018) via Eq. (1). For pitting corrosion, while the 
parameter n varies between 0.44 and 0.58, the parameter k 
varies between 732 and 843 μm/year.

Based on these reference values, the time-exponent 
parameter n between uniform and localized corrosion is 
similar. With regard to the first-year corrosion rate k , pit-
ting corrosion provides values similar to the upper bound 
of the extreme corrosivity level CX. The similarity in mag-
nitude between uniform and localized corrosion has also 
been reported by Andersson and Sandberg (2003) during the 

(1)D = k ⋅ tn (�m).

Fig. 4  Fully grouted uncoated rebar with unprotected steel accesso-
ries in the Hamregjøl tunnel after 47 years in service (Ongstad 2012)

Fig. 5  Long-term collection of corrosion progression on carbon steel 
in different underground structures. Blue and light blue dots reflect 
dripping/flowing water as the presumably predominant corrosion 

environment. Green dots represent chloride-rich groundwater. Red 
dot reflects a sulfide-rich environment with presumably low pH
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refurbishment of the Swedish road tunnel Vindö. This indi-
cates a general blunt metal-loss defect in carbon steel over 
time, allowing uniform and localized corrosion observations 
to be plotted in a single chart.

Figure 5 shows that 10 out of the 11 long-term corrosion 
observations on carbon steel are within the range established 
for the extreme corrosivity level CX. This is equivalent to 
an approximately 91% confidence level for the corrosion 
observations shown in Fig. 5. This trend arises in observa-
tions from different aggressive environments, underground 
structures, and exposure times. Thus, this research will use 
this band as the expected corrosion depth range on carbon 
steel for longer exposure times in underground structures. 
Then, it is assumed that the corrosion kinetics of the car-
bon steel given in Eq. (1) will persist in the long-term. In 
addition, a confidence level of 91% will be extrapolated for 
longer exposure times (this corresponds to a 9% significance 
level for longer exposure times).

The following step is to find a suitable probability distribu-
tion. In this regard, Fig. 5 shows that most of the observations 
are closer to the lower bound of the extreme corrosivity level 
CX. To quantify this observation, three subdivisions are intro-
duced for this corrosivity level. These subdivisions are evenly 
spaced for a given exposure time. The aim is to create a histo-
gram based on the intervals shown on the right-hand side of 
Fig. 5 to reflect the distribution of the corrosion observations. 
Figure 6 shows the resulting histogram, where zero represents 
the lower bound and one represents the upper bound defined 
in Fig. 5.

Figure 6 includes the 10 corrosion observations within the 
extreme corrosivity level CX. The results show a higher den-
sity towards the lower bound, where seven out of the 10 obser-
vations lie below the median or 50th percentile. This suggests 
that a lognormal probability function might fit the corrosion 
observations classified for the different intervals of the extreme 
corrosivity level CX. In fact, the international standard NS-
EN-ISO-9223 (2012) states that the corrosion rates of metals 
usually follow a lognormal distribution.

The random variable to be statistically analyzed is the 
relative position of the cumulative corrosion depth (occurred 
for a certain time period) in relation to the lower and upper 
bounds given in Fig. 5 for the same period. The dataset varies 
between 0.03 and 0.79, where zero is the lower bound and one 
is the upper bound. One can verify whether a set of random 
observations x1, x2,… , xN is lognormally distributed through a 
quantile–quantile plot. Once the data set has been sorted from 
lowest to highest, the quantile f

(
xi
)
 value for a given obser-

vation xi corresponds to the fraction of observations in a data 
set whose values are below xi . One method to calculate the 
corresponding quantile for each observation is through Eq. (2):

Then, the lognormal quantile–quantile plot compares the 
inverse of the standard normal cumulative distribution of 
f
(
xi
)
 on the horizontal axis with the natural logarithm of 

the corrosion observed ln
(
xi
)
 on the vertical axis. A straight 

trendline between these two data sets indicates a good rep-
resentation of the lognormal distribution over the random 
observations. If this is the case, the slope of the straight 
trendline is the standard deviation of the lognormal distri-
bution, while the intersection of the straight trendline with 
the vertical axis is the mean of the lognormal distribution. 
The results of the quantile–quantile plots are given in Fig. 7.

Since the sample size N is 10 in Fig. 7a, each value along 
the horizontal axis becomes the inverse of the standard 
normal cumulative distributions of ten percentiles from 5 
to 95% evenly spaced every 10%. Figure 7a considers the 
whole data set, and the statistical parameters obtained from 
the straight trendline can be used. However, for design pur-
poses, it is convenient to prioritize a better calibration with 
the highest data values, since the latter values will control 
the design, as shown in Fig. 1. The principle behind this 
is that rock bolts with a higher corrosion rate will reach 
the allowable corrosion depth earlier. Therefore, Fig. 7b is 
introduced, and the resulting trendline gives a lognormal 
distribution of ~ N (− 1.12, 0.58). The comparison of this 
probability distribution with the original data set is shown 
in Fig. 6.

The last step to define a probability distribution for a 
given exposure time is to set how the 9% significance level 
is spread between the probability to get values above the 
upper bound and below the lower bound in Fig. 5. In this 
regard, the lognormal curve fitting shown in Fig. 6 gives a 
probability of 3% that the values will exceed one (where one 
represents the upper bound in Fig. 5); therefore, the result-
ing probability of obtaining values below the lower bound is 
6%. These probability distributions above the upper bound 
and below the lower bound will be extrapolated to longer 
exposure times. The prognosis of actual corrosion depth in 

(2)
(i − 0.5)

N
.

Fig. 6  Frequency distribution for the different intervals defined in 
Fig. 5. In addition, a fitting curve following a lognormal distribution
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steel at different exposure times in the described aggressive 
environments are given in Fig. 8.

The three exposure time curves given in Fig. 8 comply 
with a confidence level equal to 91% for the extreme cor-
rosivity level CX band and the probability of exceeding its 
upper bound is 3%.

4  Useful Life Extension

Based on the aggressive environments identified in Sect. 2, 
particular emphasis is placed on the lifespan extension that 
cement grouting, hot-dip galvanizing, and epoxy coating can 
provide to rock bolts in chloride-rich and acidic groundwa-
ters. The case of dissolved oxygen content is addressed in 
the discussion chapter.

4.1  Useful Life Extension by Cement Grouting

It is well known that carbon steel embedded in cement/mor-
tar/concrete has long-term protection. One of the reasons is 
the high pH environment, which strongly reduces the corro-
sion rate of steel (establishing a stable oxide film on the steel 
surface). Another important factor is that cement becomes 
a physical barrier for corrosion-promoting agents such as 
oxygen, water and the aggressive ions and biota it may hold.

Passivated carbon steel at a pH value of approximately 
13 gives a corrosion rate < 1 μm/year (Chitty et al. 2005). 
This is, of course, under ideal conditions with steel rebar 
embedded in nondegraded cement mortar and the absence 
of aggressive ions that can dissolve the oxide film on the 
steel surface. However, corrosive groundwater may promote 
a much faster corrosion rate.

4.1.1  Chloride Resistance of Cement Mortar

Based on Fick’s 2nd law of diffusion described by the Inter-
national Federation for Structural Concrete (fib) (2006), 
which is given in Eq. (3), it is possible to roughly estimate 
the elapsed time until the onset of depassivation occurs at 
the bolt–grout interface due to chloride penetration in the 
cement mortar installed in chloride-rich groundwater.

A chloride concentration threshold value of 0.4% (wt% 
cement) is adopted for the start of depassivation at the bolt-
grout interface following typical design values in the US and 
Europe for reinforced concrete (Angst et al. 2009). A Csvalue 
equal to 2.9% (wt% cement) is adopted from measured chlo-
ride profiles in uncracked sprayed concrete used for rock 
support in Norwegian subsea road tunnels (Hagelia 2018).

Considering a bolt borehole diameter of 45 mm and a 
rebar of 20 mm, the xc value is fixed to 12.5 mm.

The apparent coefficient of chloride diffusion through the 
grout mortar is given in Eq. (4)  as follows:

The water cement (w/c) ratio for expandable cement 
mortar varies by supplier and user. Today, the w/c ratio 
for expandable mortar in rock bolts is restricted to 0.44 
(NPRA 2018). In this regard, it is assumed that the chlo-
ride diffusion coefficient at 28 days for this kind of mor-
tar is well represented by CEM I Portland cement with 
a w/c ratio between 0.4 and 0.45 following the normal 

(3)C
�
xc, t

�
= Cs

⎡
⎢⎢⎢⎣
1 − erf

⎛
⎜⎜⎜⎝

xc

2 ×

�
Dapp

�
t, Treal

�
× t

⎞
⎟⎟⎟⎠

⎤
⎥⎥⎥⎦
.

(4)

Dapp

(
t, Treal

)
= Dapp_28

( to
t

)�

⋅ exp

(
be

(
1

293
−

1

273 + Treal

))
.

Fig. 7  Lognormal quantile–quantile plot: a shows the trendline for the 10 observations plotted in Fig. 6, b shows a trendline for the highest 8 
observed values
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distributions of N (8.9 ×  10–12  m2/s; 1.78 ×  10–12  m2/s) 
and (10 ×  10–12  m2/s; 2 ×  10–12  m2/s) respectively, follow-
ing fib (2006).

An � value equal to 0.3 is adopted according to fib (2006) 
for CEM I. The environmental transfer variable be usually 
varies between 3300 and 5500 K. A value of 4800 K is 
adopted, as suggested by fib (2006). The temperature Treal 
of cement mortar varies with geographical location, tun-
nel length, ventilation type, traffic volume, frost protection 
applied, etc. Based on a random selection of Norwegian lit-
erature about the temperature conditions in tunnels (Luke 
2013; Holter and Geving 2016) a temperature Treal equal to 
7 °C was chosen. The results are given in Fig. 9.

In Fig. 9, the circles represent the predicted time for cor-
rosion initiation. The range shown for each w/c ratio cor-
responds to one standard deviation from the mean of the 
expected chloride diffusivity value

Based on this figure, the expected useful life extension of 
mortar in chloride-rich groundwater is less than one year, 
even for a w/c ratio of 0.4. After this period, the steel starts 
to corrode. Then, for practical purposes, the corrosion pro-
tection of cement grout against chloride penetration is con-
sidered negligible.

4.1.2  Sulfuric Acid Resistance of Cement Mortar

The pore solution in mortar has a high pH, protecting 
the bolt rebar. However, under acid attack, the low pH 
front inside the mortar will reach the bolt surface at some 
stage. The degraded zone in the mortar also undergoes a 

decalcification process (Grandclerc et al. 2018). The evo-
lution of the dissolved calcium content in hardened cement 
paste was studied in samples immersed in a sulfuric acid 
solution. Pavlík (1994) suggests Eq. (5) for the kinetics of 
concrete degradation for a given concentration of an acid:

A comparison of the degradation kinetics of ordinary 
Portland cement (OPC) mortar/concrete samples under 
sulfuric acid attack measured in the laboratory exposed to 
stagnant water (samples submerged in sulfuric acid) and 
flowing water (circulating acidic water in the laboratory) is 
given in Fig. 10.

In stagnant water, the degradation kinetics are propor-
tional to the square root of time, as described in Eq. (5), and 
the degradation kinetics in flowing water are approximately 
linear with time. It is important to highlight as well that the 
sulfuric acid concentration in both cases is quite high, result-
ing in extremely acidic solutions (pH 1). In the same type 
of mortar shown in Fig. 10, Kawai et al. (2005) observed 
negligible degradation kinetics after 90 days with a lower 
sulfuric acid concentration (0.06 mol/l) and a less acidic 
solution (pH 2). By considering an annulus grout thickness 
xc equal to 12.5 mm, Fig. 10 indicates that the grout thick-
ness may protect the rebar under flowing groundwater for 
only 3–5 months. In the case of stagnant acidic water, the 
projected lifespan extension is more than 13 years.

(5)d = b ⋅
√
t.

Fig. 8  Probability distributions for the actual corrosion depth expected in carbon steel exposed to the aggressive environments described in this 
research for 25, 50, and 100 years
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4.2  Useful Life Extension by Hot‑Dip Galvanizing

In the literature, several benefits of using hot-dip galvanizing 
for steel corrosion protection are described. A summary is 
given as follows:

• The zinc coating acts as a barrier to oxygen and moisture, 
which are reactants needed for steel corrosion (Darwin 
et al. 2009).

• Zinc provides cathodic protection. Zinc has a lower elec-
trochemical potential than carbon steel in the galvanic 

series; therefore, zinc is more active, working as a sacri-
ficial anode (Darwin et al. 2009).

• Zinc undergoes a lower corrosion rate than iron for the 
same environmental condition in an approximate ratio of 
1–10, respectively (NS-EN ISO 9223 2012).

• Zinc has a higher average critical chloride content for the 
onset of depassivation by galvanic coating in comparison 
to unprotected steel (Darwin et al. 2009; Pernicova et al. 
2017).

The standard NS-EN ISO 9224 (2012) describes long-
term uniform corrosion of zinc with Eq. (1). However, the 
statistical parameter n is 0.813, which is close to 1. Hence, 
all the corrosion rate results for zinc found in the literature 
will be analyzed by considering a linear behavior with time.

4.2.1  Chloride Resistance Provided by Hot‑Dip Galvanizing

Table 2 shows the results of several corrosion rate studies 
of hot-dip galvanized steel. Measurements were collected in 
the following areas:

• Flat sheet specimens made of hot-dip galvanized steel 
located along tunnel walls near the road level (the 
Söderled & Kvarnholm tunnels, Sweden)

• Hot-dip galvanized rebars left in predrilled boreholes (the 
Muskö and Äspö tunnels in Sweden and the Vardø tunnel 
in Norway)

Fig. 9  Time elapsed before a critical chloride concentration reaches 
the grout/steel interface

Fig. 10  Kinetics of degradation in hardened cement paste triggered by sulfuric acid (Pavlík 1994; Kawai et al. 2005). Extrapolation dots repre-
sent deterioration depth projections not given by the original source
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In addition, one case of hot-dip galvanized rebar sub-
merged in oxygenated sea water in the laboratory is included.

The exposure to chloride given in Table 2 is due to either 
deicing salts, chloride-rich groundwater or sea water in the 
laboratory. The results in the Muskö and Äspö tunnels with 
chloride-rich groundwaters are provided twice. In one case, 
the results are related to ungrouted end rebar samples pro-
truding from the rock contour, that is, exposed to atmos-
pheric corrosion. Under these conditions, the corrosivity 
level of the rebar lies between the medium (C3) and high 
(C4). In the second case, the results come from the central 
stretch of the rebars that were grouted with cement mortar. 
In these conditions, the corrosivity level in both cases turned 
out to be extreme (CX). This is very likely due to the high 
pH environment triggered by the cement mortar with a very 
low w/c ratio of approximately 0.3. Then, the corrosion rate 
from the latter case should be considered with caution since 
the w/c ratio of the cement grout is not usually that low. As 
a lower bound, 9 years seems to be a more reasonable value 
for the lifespan extension given by hot-dip galvanizing in 
chloride-rich groundwater. As a reference, the average of the 
useful life extensions given in Table 2 is 35 years.

4.2.2  Sulfuric Acid Resistance Provided by Hot‑Dip 
Galvanizing

The comprehensive work carried out by Denison and 
Romanoff (1952) included the study of galvanized steel 
corrosion in samples buried in organic reducing acid soils. 
At one test site, the soil had a pH of 2.6. The exposure time 
of different samples in that soil varied between 2 and 13 
years. Based on the weight loss of the galvanized steel, the 
equivalent corrosion rates exceeded 67 μm/year in all cases.

More recently, Satola and Aromaa (2004) reported corro-
sion rates of galvanized steel strands in pyritic rock masses. 
The reported groundwater pH was 2.6. The corrosion rate 
was on the order of 1000 μm/year. These results indicate 
that the contribution of hot-dip galvanizing to the lifespan 
extension of rock bolts is negligible in acidic environments.

4.3  Useful Life Extension by Duplex Protection 
System

In the duplex protection system, an epoxy coating is used as 
a topcoat after the steel is hot-dip galvanized. Organic coat-
ings restrict the interaction of zinc with the environment. In 
turn, the zinc coating provides cathodic protection for the 
steel rebar.

Epoxy powder coating provides a good barrier against 
ions (Knudsen and Forsgren 2017). However, these coat-
ings are not impermeable to oxygen and water (Sangaj and 
Malshe 2004). In addition, epoxy coatings are vulnerable to 

disbonding i.e., adhesion loss to the substrate, and aggres-
sive ions can be transported under the disbonded coating. 
The exact mechanism behind the protection barrier provided 
by the epoxy coating to the metals is not fully understood 
(Sangaj and Malshe 2004). Organic coatings are a complex 
combination of binder, pigments, solvents, and other addi-
tives, which defines a unique epoxy resin network (Møller 
et  al. 2017). Additionally, the epoxy coating can also 
undergo chemical degradation, changing its properties as a 
physical barrier against aggressive ions. Nevertheless, there 
are empirical proposals and observations that provide some 
insights into the corrosion protection given by epoxy coat-
ings in chloride-rich and acidic environments.

4.3.1  Chloride Resistance by the Duplex Protection System

Eijnsbergen (1994) has proposed Eq. (6) to estimate the use-
ful life of the duplex system protection in years of outdoor 
exposure, considering a limit state of 5% rust on the carbon 
steel substrate as follows:

For a hot-dip galvanized coating with an average thick-
ness of 85 μm, Eijnsbergen (1994) indicates that Dzinc is 
approximately 30 years in the marine atmosphere. This is 
approximately the same as the average lifespan extension 
given in Table 2 for the same zinc thickness. However, 
a lower bound of 9 years, as discussed in Sect. 4.2.1, is 
possible.

With regard to Dpaint in Eq. (6), an epoxy coating thick-
ness of 85 μm provides a protection of 3 years in a marine 
atmosphere. The factor K varies between 1.5 and 2.3, and 
the lower bound is the proper value for the most aggressive 
environments.

Notably, the corresponding limit state in Eq. (6)  cor-
responds to 5% rust on the carbon steel. This is equivalent 
to a corrosion depth of 500 μm around a rebar 20 mm in 
diameter. This corrosion depth in carbon steel may happen 
in 18 years, considering the duplex protection system with 
85-μm-thick coating layers, and a synergistic factor K equal 
to 1.5.

Figure 5 indicates that a corrosion depth of 500 μm in 
uncoated carbon steel can be achieved after approximately 
4 years of exposure in marine environments. Hence, a rough 
estimate of the minimum lifespan extension by the duplex 
protection system is 14 years. This is considered the lower 
bound of lifespan extension by the duplex protection system.

(6)Dduplex = K ×
(
Dzinc + Dpaint

)
.
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4.3.2  Acid Resistance Provided by the Duplex Protection 
System

If the organic coating is damaged in an acidic environment, 
the zinc coating is exposed, and there will not be any addi-
tional protection for the surrounding epoxy coating (Knud-
sen and Forsgren 2017). Nevertheless, it has been reported 
that undamaged organic coatings can provide excellent 
resistance against acids (Møller et al. 2017). Khodair et al. 
(2019) measured the corrosion rate of mild steel with and 
without epoxy coating in acidic and saline environments as 
shown in Fig. 11.

Figure 11 clearly shows the contribution of the epoxy 
coating to the reduction in the corrosion rate in acidic envi-
ronments. The high corrosion level observed, particularly 
for those measurements with exposed steel, is related to the 
short exposure time of only 5 h, during which time the oxide 
film starts to form. The performance of the epoxy-coated 
steel in saline and acidic solutions is also shown in Fig. 11. 
While the corrosion rate reduction of the epoxy-coated steel 
in the acidic environments is approximately 96% on average, 
the efficiency of the epoxy-coated steel in saline solutions 
is only 62%.

Popović et al. (2005) tested the corrosion behavior of 
mild steel with and without epoxy coating using electro-
chemical impedance spectroscopy (EIS) in 0.1 mol/l sul-
furic acid solution. Based on the corrosion current density 
determined in each sample, the equivalent corrosion rate is 
1150 μm/year for the exposed steel, while 149 μm/year is the 
equivalent corrosion rate for the epoxy-coated steel after 500 
h of exposure. That is, an 87% improvement in corrosion rate 
reduction was achieved with the epoxy coating. This result 
is consistent with Fig. 11 for epoxy coating protection in 
acidic environments.

4.3.3  Some Experience with the Duplex Protection System

Blistering of the epoxy coating in bolt accessories has been 
reported in subsea tunnels (Ongstad 2012). An illustration 
is given in Fig. 12. In some cases, steel corrosion was found 
behind the powder coating.

It is well known that epoxy coatings are is very sensitive 
to damage during handling and transportation (Manning 
1996; Sagüés et al. 2010). A report described the setup of 
bolt corrosion research in the Oslofjord tunnel (Klemetsrud 
2016), which considered painted galvanized steel bolts, 
observed unintended scratches and impurities in the epoxy 
coating after normal handling and before the test started. 
Research in the Muskö and Äspö tunnels also included the 
follow-up of epoxy-coated and hot-dip galvanized bolts. 
Intentional damage to the coating triggered adhesion loss 
of the epoxy coating after 8 years in some samples (Seder-
holm and Pahverk 2019). Nevertheless, duplex system coat-
ings without preexisting damage to the rebars showed no 
deterioration after the same time period in the context of a 
chloride-rich environment.

5  Discussion

The parameter flowing groundwater conditions appears to be 
more relevant than previously considered in the classifica-
tion of aqueous corrosive environments. Remarkable exam-
ples are Vietas, Haukeli, and Renström tunnels in Fig. 5, 
where corrosion rates meet the extreme corrosivity level CX 
without the groundwater having a low pH or a high salinity. 
In these tunnels, the steel was exposed to dripping ground-
water. In this regard, the uniform corrosion rates on steel 
caused by flowing groundwater in some Australian mines 
studied by Villaescusa et al. (2007) gives corrosion rates 
that can be categorized as extreme corrosivity level CX. The 
requirement to reach this corrosivity level in these mines 
is flowing groundwater with a dissolved oxygen content 
exceeding 3 mg/l. It is important to highlight as well that the 
fastest kinetics of degradation in mortar immersed in sulfu-
ric acid shown in Fig. 10 is related to flowing water. In hot-
dip galvanizing, it is claimed that only 0.5 m/s is enough to 
remove the oxide film deposited on the zinc surface (Thomas 
1978). Running water can also cause grout defects by dam-
aging the cement grout in its plastic stage (NPRA 1999). 
Thus, the parameter flowing groundwater conditions is a key 
variable that should explicitly be mentioned in any proposed 

Fig. 11  Corrosion rates of mild 
steel immersed in different 
aqueous solutions for five hours 
at 30 °C with and without epoxy 
coating (Khodair et al. 2019)
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classification system regarding the corrosivity level of rock 
bolts. Nevertheless, it is important to highlight that the vari-
ability of flowing groundwater can be restricted with pre-
grouting works ahead of the tunnel face.

For a given exposure time, Fig. 8 gives a probability dis-
tribution for the expected corrosion depth in steel exposed 
to aggressive environments. From a design point of view, an 
important inquiry to be addressed is how often these grout 
defects will coincide with the peak working stresses in the 
rock bolt. In wet tunnel stretches with aggressive ground-
water and rock mass deformation, corrosion will very likely 
take place where the highest axial stresses are induced along 
the rock bolt, for the following reasons:

• In hard rock, groundwater flows through mainly discon-
tinuities (Coli and Pinzani 2014).

• In hard rock, deformation is controlled by the rock mass 
discontinuities, which might eventually crack the cement 
grout as an extension of the discontinuity (Sandberg and 
Lagerblad 2002).

• In fully grouted rock bolts, the peak axial stress occurs 
in the grout defects (Li 2017b).

Hence, it is considered adequate to use the probability dis-
tributions given in Fig. 8 for cement grouted rebars installed 
in aggressive environments if rock mass deformation is 
expected. One can extend the use of Fig. 8 if grout defects 
by other means are foreseen in aggressive environments. 
Finally, Fig. 8 can also be applied for uncoated steel rebars 
fully grouted with cement in chloride-rich environments, 

even without grout defects, since the protection provided 
by cement mortar for the steel rebar is negligible in this 
environment.

For the rock bolts used today (with the duplex protection 
system and postgrouted), to derive a probability distribution 
for the long-term corrosion depth in the steel rebar or steel 
tube is more challenging. There is a complex interaction 
between the different protection elements, the steel and the 
different environments. In addition, the field experience is 
more limited than the case of cement grouted rebars. Nev-
ertheless, the collected experiences in Sect. 4 indicate that 
epoxy coating and cement grouting protect better the steel 
rebar in acidic than in chloride-rich environments. On the 
other hand, hot-dip galvanizing provides higher protection 
in chloride-rich than in acidic environments. However, for 
the zinc thickness of 85 μm considered, it is inferred that the 
joint performance of the epoxy coating, hot-dip galvanizing, 
and cement grouting is better in acidic than in chloride-rich 
environments. Thus, a ranking from the most to the least 
unfavorable condition can be established for the rock bolts 
used today:

1. Chloride-rich environment with grout defects.
2. Chloride-rich environment without grout defects.
3. Acidic environment with grout defects.
4. Acidic environment without grout defects.

Apart from creating grout defects, deformable rock mass 
increases the risk of failure by inducing loads to the rock 
bolts. Considering that the type of rock bolts used these 
days are usually pretensioned and installed near the tunnel 
face, the extra load exerted by the rock mass limits further 
the allowable corrosion depth in these rock bolts. Overall, 
the rock bolts used today installed in subsea tunnels with 
expected deformation of the rock mass are of particular 
concern.

6  Conclusions

For rock bolts, the aggressive groundwater conditions identi-
fied in Nordic road tunnels are as follows:

1. Subsea tunnels with marine groundwater.
2. Groundwater with a pH below four (because of sulfuric 

acid formation due to the oxidation of the pyrite mineral 
in the rock).

3. Flowing groundwater conditions with a high concentra-
tion of dissolved oxygen.

In addition, deicing salts provide aggressive atmos-
pheric conditions within the tunnel room. Any of these 

Fig. 12  Blisters observed in the rock bolt plate in the Oslofjord sub-
sea road tunnel after 10 years of exposure (Ongstad 2012)
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environments might lead to the highest corrosivity level 
established in international standards, which is comparable 
to the most polluted industrial areas. Regarding the con-
ditions described, the parameter representing the flowing 
groundwater conditions has not been consistently described 
in the literature properly and has even been overlooked in 
some references.

For 25, 50, and 100 years of exposure time, a probability 
distribution is derived for the stochastic corrosivity level of 
exposed steel in the described aggressive environments, tak-
ing advantage of the good fit between the corrosion observed 
in underground structures and the extreme corrosivity level 
CX described in international standards. This is considered 
a valuable input for the durability design of rock bolts.

The analysis on corrosion protection given by the duplex 
protection system and cement grouting for the rock bolts 
used these days indicates that those installed in subsea tun-
nels with deformable rock mass are of particular concern to 
achieve a useful life of 100 years.
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