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A B S T R A C T   

The in-service condition of steel fiber-reinforced shotcrete installed more than 20 years ago as single-shell rock 
support lining in the Nordkapp subsea road tunnel was investigated. The novelty of this study is the comparison 
of shotcrete with water–glass and alkali-free activators in a saline groundwater environment. The lowest shot-
crete density was obtained at joints between two adjacent shotcrete layers. In the case of alkali-free accelerator, 
ettringite enrichment was observed in these joints. Leaching appeared to be the main degradation mechanism in 
the outermost 10–15 cm towards the traffic room.   

1. Introduction 

Shotcrete is the standard method for permanent rock support in hard 
rock tunnels in Norway in combination of rock bolts [1]. The durability 
of shotcrete as a rock support element in these tunnels is crucial, as an 
inner lining of cast-in-place concrete is not usually installed, unless the 
geological conditions are extremely poor. A similar approach has been 
adopted in road tunnels constructed in Sweden and Finland [2]. 

The wet-mix shotcrete method was introduced for the first time in 
Norway in the early 1970s, but it took around a decade to be extensively 
used after it underwent several technological improvements. Among its 
innovations in the 1970s, one can highlight the shotcrete application 
using robots, the introduction of steel fibers in replacement of tradi-
tional wire meshes, the use of silica fume as an additive and the intro-
duction of plasticizers in the mix [3]. Since the mid-1980 s, the steel 
fiber reinforced micro-silica wet-mix shotcrete method has completely 
dominated the shotcrete consumption in underground works in Norway 
[4]. Nowadays, the wet-mix spraying is the dominant method world-
wide when it comes to spraying concrete [5]. 

A set accelerating agent is added to shotcrete in order to increase the 
hydration rate of the cement, achieving a higher early strength in the 

concrete sprayed and shortening its setting time [6]. Until mid-1990s, 
water soluble sodium silicate, also known as water–glass, was the 
most common accelerator in wet-mix shotcrete in Norway [7]. The fast 
hardening reaction of this accelerator is achieved by its content of silica 
reacting with the dissolved calcium ions (Ca+2) in the fresh concrete, 
resulting in precipitation of calcium silicate hydrate compounds [8]. 

A non-alkaline shotcrete set accelerating admixture is defined ac-
cording to NS-EN 934–5:2007 [9] by an alkali content (measured as 
Na2O equivalent) less than 1% by mass of the admixture. Aluminum 
sulfate in liquid form is commonly used as the main component in alkali- 
free accelerators [6,10]. Ettringite is the main reaction product formed 
once the alkali-free accelerator is added [6]. 

In Norwegian subsea road tunnels, alkali-free accelerators were for 
the first time used in the Nordkapp tunnel. The Nordkapp tunnel was 
part of the Fatima project, a road connection between the island of 
Magerøya and the mainland of Norway. The location of the Nordkapp 
tunnel is shown in Fig. 1. 

Nordkapp is a single-tube tunnel with two lanes, one in each direc-
tion. It has a total length of 6.8 km and a cross section of 44 m2 [11]. The 
average daily traffic is 454 vehicles [12]. The tunnel construction star-
ted in May 1995 from its both ends. From the mainland side, it was 
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Fig. 1. Location of the Nordkapp tunnel and niches investigated in this study.  

Fig. 2. Longitudinal profile of the Nordkapp tunnel with the final rock support distribution over chainage. (Modified from an unpublished as-built geological report 
prepared by the Norwegian Public Roads Administration). 

Fig. 3. Comparison of steel fiber-reinforced shotcrete consumption as rock support per tunnel meter (TM) in the Nordkapp tunnel with all the previous subsea road 
tunnels commissioned in Norway. Modified from [13]. 
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experienced good rock mass conditions for almost 3400 m. Shotcrete 
with water–glass based accelerator was used in thicknesses between 5 
and 10 cm in the first 3050 m and between 5 and 15 cm in the following 
350 m (See Fig. 2). On the other hand, the excavation from the island 
side presented geological difficulties from the very beginning which 
required systematic cast-in-place concrete lining at the tunnel face [11]. 
These different geological conditions encountered from each tunnel face 
led to different excavation progresses. In September 1996, the excava-
tion progress from the mainland had reached 3400 m, while that from 
the island side had only achieved 600 m. Since the mainland side started 
to cope with the same geological difficulties as the island side, cast-in- 
place concrete lining started to be used from both sides at the tunnel 
face. This prompted the search for alternatives in order to speed up the 
excavation rate. Several in-situ investigations trying to find the optimal 
composition of wet-mix shotcrete with alkali-free accelerator discovered 
that it was possible to spray concrete in thick layers thanks to the high 

early strength development achieved. Full scale application of alkali- 
free accelerator started in June 1997 from both sides, where the tun-
nel face from the mainland side had progressed 4050 m and the one from 
the island side had achieved 1200 m. This technological change in the 
shotcrete led to prevent the use of cast-in-place concrete lining in many 
stretches of poor rock mass conditions for the remaining 1550 m to be 
excavated [11]. The tunnel breakthrough occurred in January 1998, 4.5 
km away from the mainland side. Fig. 2 shows the final rock support 
installed over chainage for the Nordkapp tunnel. 

In Fig. 2, the tunnel stretch between 3.4 and 3.42 km also shows the 
application of shotcrete with alkali-free accelerator. This was probably 
an extra shotcrete layer applied after the tunnel breakthrough to rein-
force the transition between cast-in-place concrete lining and shotcrete. 

Fig. 3 compares the consumption of shotcrete in the Nordkapp tunnel 
with the consumption of other Norwegian subsea road tunnels previ-
ously commissioned. 

A shotcrete mix design used in the Nordkapp tunnel is given in 
Table 1. 

The wet-mix design of the shotcrete with the water–glass accelerator 
was probably the same as Table 1, except for the accelerator type. This 
statement is based on other Norwegian subsea road tunnels constructed 
in those years for the same owner as the Nordkapp tunnel [14]. How-
ever, an accelerator dose of 33 kg/m3 (approximately 6.3% by weight of 
cement) per cubic meter of shotcrete seems a bit high for the common 
Norwegian practice in those years with the water–glass accelerator. For 
instance, the dose of water–glass accelerator in the shotcrete used in the 
Freifjord subsea tunnel, completed in 1992, was 5.2% by weight of 
cement. In the case of the Byfjord and Mastrafjord subsea tunnels, 
finished during the same year, the dose was 4.7% by weight of cement in 

Table 1 
Wet-mix design in shotcrete with alkali-free accelerator used in the Nordkapp 
tunnel [11].  

Aggregate 0–8 mm 1450 kg/m3 

Cement CEM I RR 520 kg/m3 

Silica fume 26 kg/m3 

Alkali-free liquid accelerator 33 kg/m3 

Plasticizer 5 kg/m3 

Superplasticizer 5 kg/m3 

Stabilisator 2.5 kg/m3 

Internal curing 5 kg/m3 

Steel fibers 40 kg/m3 

w/c 0.45   

Groundwater conditions: Cl-; SO4
2-, HCO3

2-, Mg2+, pH

Temperature & relative humidity
in tunnel room

De-icing salts (Cl; Mg eventually)

CO2

Steel fiber-reinforced
shotcrete

Fig. 4. Potential sources of aggressive elements for steel fiber-reinforced shotcrete installed in road tunnels without any inner lining.  
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both cases [14]. 
Steel fiber-reinforced shotcrete installed in tunnels as rock support is 

in direct contact with groundwater as long as the groundwater level is 
above the tunnel alignment [15]. Groundwater might percolate the 
shotcrete layer if there is a hydraulic gradient available from its contact 
with the rock to the traffic room. The magnitude of this gradient be-
tween both ends of the shotcrete layer in subsea tunnels depends on the 
height difference between the sea water level and the depth of the 
specific place in the tunnel, the permeability of the rock mass, the tunnel 
lining design and the atmospheric conditions in the traffic room. This 
gradient might be a relevant driving force for the movement of ions 
towards the traffic room in the shotcrete under study [16,17]. Then, 
shotcrete is susceptible to leaching [18], triggering eventually a reduc-
tion of mechanical strength, an increase in porosity [19] and a reduction 
of alkali metals (such as potassium) [20]. Leaching might be accentu-
ated in tunnels which do not include an inner lining attached to the rock 
support, leaving the shotcrete layer alone to restrain percolation. 

If groundwater holds sulfate ions, as may be the case in marine 
groundwater, it can trigger sulfate attack of the cement paste in the 
concrete. This attack promotes the formation of ettringite, gypsum and 
thaumasite [19]. In the latter compound, carbonate ions are needed in 
addition to sulfate ions for its formation. While the degradation mech-
anism of ettringite is related to expansion caused by the formation of 
voluminous water-rich ettringite crystals, the chemical deterioration 
causing the formation of thaumasite is related to a general disintegration 
of the cement paste due to the replacement of calcium-silicate-hydrate 
or in short C-S-H with thaumasite which has very poor cementing 
properties [19]. The formation of gypsum may lead to expansion and 
cracking in the cement paste [18]. Potentially, sulfate attack could also 
come from the constituents in the wet-mix. This might be the case for the 
aluminium sulfate compound in alkali-free accelerators, becoming 
shotcrete susceptible to internal sulphate attack [8,21]. Recent in-
vestigations in concrete have described the interaction between sulfate 
attack and leaching, indicating that the dissolution of hydrated cement 
phases caused by leaching facilitates the formation of secondary 
expansive minerals under an external source of sulfate [18,22]. More-
over, magnesium ions also available in seawater, might be aggressive for 

the concrete. As a result of magnesium attack, portlandite and C-S-H can 
be replaced by respectively brucite and M− S− H, which have inferior 
cementing properties [19]. 

Marine groundwater might also have chloride ions, which can attack 
the steel fibers. In ordinary Portland cement, free chlorides entering into 
the pore solution of the concrete can either react with hydration prod-
ucts, forming Friedel’s salt for example, can be physically adsorbed on C- 
S-H hydrated cement due to its large surface area or remain as free 
chlorides in the pore solution [23,24]. 

Table 2 
Extent of field work in each niche and some key features of their shotcrete and 
environmental conditions.  

Zone 1 2 

Tunnel Nordkapp Nordkapp 
Chainage 3 + 220 4 + 920 
Shotcrete core label 1–6 7–14 
Total shotcrete thickness 

(cm) 
9–11 25–32 

Number of shotcrete 
layers 

2 3 or 4 

Type of accelerator Water glass alkali-free 
Comments during drilling 1 core (No. 4) broke 

at the contact with 
the rock. 
5 cores recovered 
rock. 

2 cores (No. 8 and 9) broke at 
the contact with the rock. 2 
cores (No. 7 and 10)  
broke at shotcrete joints. 4 

cores  
(No. 11–14) recovered rock 

Groundwater pH(1)(2) 7.3 7.8 
Electrical conductivity of 

groundwater EC (mS/ 
cm) (1)(3) 

47.3 
(saline) 

48 
(saline) 

Estimated [Cl-] (mg/l)(4) 15,460 15,688 

(1) Dripping groundwater coming from the tunnel roof was collected after 
percolating the shotcrete layer. 
(2) The measurement of pH was carried out by Laquatwin pH33, Horiba. 
(3) The measurement of groundwater conductivity was carried out by Laquatwin- 
EC-33, Horiba. 
(4) Estimation of the chloride concentration [Cl-] (mmol/l) = 9.22⋅EC (mS/cm) 
[32]. 

Fig. 5. Core drilling in: (a) Zone 1 located in the Nordkapp tunnel at chainage 
3 + 220, and (b) zone 2 placed in the Nordkapp tunnel at chainage 4 + 920. 

Table 3 
Operating parameters for the μ-XRF surface mapping.  

Parameter Value 

Step width 50 μm 
Time per pixel 2 ms 
Beam voltage 50 kV 
Tube current 600 μA 
Dead time 20% 
chamber pressure Vacuum, 20 mbar 
Elemental filter No filter  
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Another consequence related to the absence of an inner lining in a 
tunnel is the exposure of shotcrete to the traffic environment. Carbon 
dioxide available in the air reacts through solution with the calcium rich 
phases such as portlandite and C-S-H, and results in the precipitation of 
calcite and alkali rich silica gel. This leads to a reduction in the pH of the 
pore solution [19]. The reduction of the pH favors the corrosion of steel 
fibers. Alike, the lack of an inner lining leaves the shotcrete layer 
exposed to de-icing salts, such as NaCl, MgCl2 or CaCl2, commonly used 
in roads located in cold winter climates. Its chloride content might also 
promote the corrosion of steel fibers. 

Fig. 4 shows some environmental factors that might affect the 
durability of shotcrete installed in road tunnels. 

The goal of the test program in the Nordkapp tunnel is to compare 
the in-service condition of shotcrete where water–glass and alkali-free 
accelerators were used in different stretches of this tunnel. Unlike the 
comparison of concrete with different accelerators in the laboratory 
[6,25,26], the comparison of shotcrete in the field incorporates con-
struction variables such as the condition of joints between two adjacent 
shotcrete layers and the boundary between shotcrete and rock. More-
over, the environment of comparison is unique, combining the pollution 
of road tunnels with the saline groundwater of subsea tunnels. Finally, 
few other projects in the world provide the possibility to study shotcrete 
with alkali-free based accelerator installed more than 20 years ago. 

After the introduction of alkali-free accelerators in shotcrete in the 
mid-1990s, its use has become widespread, and not only in Norway. 
Apart from the possibility to apply shotcrete in thicker layers, the 
literature highlights its low pH, reducing the risk of alkali-silica reaction 
in concrete [27]. In general, accelerators tend to reduce the long-term 
strength in comparison to concrete without this additive. In this 

regard, it is reported that concrete strength loss is minimal when alkali- 
free accelerator is used. In contrast, water–glass accelerator can reduce 
the long-term compressive strength between 20% and 50% [21,28,29]. 
Moreover, safer conditions for workers are claimed when using alkali- 
free accelerator instead of water–glass accelerator since the latter is 
highly caustic [10,27]. However, some authors have warned of the 
inconvenience of using alkali-free accelerators in concrete exposed to 
sulfur-rich environments [8,30,31]. 

In the tunnel under study, leaching was investigated by creating 
profiles along the cores of suction porosity, shotcrete density, Uniaxial 
Compressive Strength (UCS) and potassium content by Micro-x-ray 
fluorescence (μ-XRF). Eventual sulfur, chlorine and magnesium enrich-
ments in specific areas of the different cores were also investigated by 
μ-XRF. The identification of deleterious minerals was undertaken by 
powder X-ray diffraction (XRD). In addition to concrete density, suction 
porosity and XRD tests, carbonation was investigated with Thymolph-
thalein pH indicator. Finally, iron mapping along the cores were un-
dertaken through the μ-XRF technique to facilitate the identification of 
corroded and uncorroded steel fibers in the real images. 

2. Experimental procedures in the field and laboratory 

Since the tunnel was in operation when it was inspected, the cores 
were extracted from niches (emergency lay-bys in the tunnel). The in-
spection occurred on October 28, 2020. In the field, 14 shotcrete cores 
were drilled in total. 

2.1. In the field 

In order to apply different investigation techniques to the cores, the 
chosen places for core extraction are areas where a thick shotcrete layer 
was expected. Shotcrete where water–glass based accelerator was used 
in thicknesses larger than 10 cm is only found in the Nordkapp tunnel 
between chainages 3+050 and 3+400 (See Fig. 2). Then, one of the core 
drilling locations is at chainage 3+220 in the Nordkapp tunnel (see 
Figs. 1-2), called zone 1 in Table 2. The shotcrete surface on this zone 
appeared dry with dripping water nearby (See Fig. 5a). 

The second niche chosen in the Nordkapp tunnel is at chainage 4 +
920. In this niche, alkali-free accelerator was used in the concrete 
sprayed. The shotcrete surface where the drillings occurred was wet and 
there was dripping water nearby (See Fig. 5b). This is zone 2 in Table 2. 

The core drill machine used in both niches is the Hakken SPJ-122Hi 
with a diamond core bit of 62 mm as external diameter. The resulting 
shotcrete core diameter is 55.8 ± 0.2 mm. Table 2 summarizes the main 
characteristics of the shotcrete core extracted and the exposure 

Fig. 6. Example of shotcrete samples for suction porosity test after the core has been sliced obtained from core 12 (zone 2 in Table 2).(a) Top view, and (b) in 
perspective. 

Fig. 7. Correction factor adopted for UCS test samples with a height-to diam-
eter ratio lower than two, following Norwegian standard NS 3420:1986 [41]. 
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environment. 
The electrical conductivity (EC) measured in Table 2 confirms the 

presence of saline groundwater in the two spots under study [33]. The 
estimated chloride concentrations, based on EC results, are coherent 
with water samples from other subsea tunnels in Norway [34]. In this 
reference, detail chemical analyses were undertaken in several Norwe-
gian road tunnels. In particular, saline groundwater from subsea tunnels 
with similar chloride concentrations had sulfate ion content varying 
between 410 and 2,740 mg/l, magnesium ion content between 158 and 
1420 mg/l and bicarbonates between 23 and 161 mg/l. According to the 
standard NS-EN 206:2013 [35], these ranges lie between slightly and 
moderately aggressive chemical environments for concrete. 

At approximately 3:00 pm on the day of the inspection, the tem-
perature and relative humidity in the tunnel at chainage 4+920 were 5◦

C and 69% respectively. As a reference, outside the tunnel, the tem-
perature and relative humidity were − 3◦ C and 90%. These atmospheric 
parameters were recorded with the instrument Reed R6020. 

In the field, after core extraction, samples were marked, photo-
graphed, wrapped with stretch plastic film to prevent corrosion of steel 
fibers and further carbonation. On top of the plastic film, bubble wrap is 
used for transportation. The marking includes the number assigned to 
the core (see shotcrete core label in Table 2) and the orientation, being 
(T) the far-end towards the traffic room, and (R) the opposite end to-
wards the rock. 

2.2. In the laboratory 

The procedures implemented for the different laboratory tests are 
described as follows. 

2.2.1. pH indicator 
Thymolphthalein was used to study the extent of the carbonation 

depth at the outermost part of the shotcrete cores exposed to the traffic 
room. This pH indicator sprayed on fresh surfaces of concrete gives a 
blueish color when the pH of the pore solution exceeds 10.5 [36]. 
Otherwise, it is colorless. This colorless area is related to the carbonation 

zone. In this research, the fresh shotcrete surface was achieved by 
splitting longitudinally the cores in halves with water-cooled saw just 
before spraying the pH indicator. The solution sprayed on the shotcrete 
surface consists of 1 g of Thymolphthalein dissolved in 30 ml of deion-
ized water and 70 ml of ethanol. 

The shotcrete cores 5 (zone 1) and 9 (zone 2) are analyzed with this 
pH indicator. The results are presented with images from the sprayed 
cores. 

2.2.2. μ-XRF scanning 
The 2D spatial distribution of sulfur, magnesium and chlorine along a 

shotcrete core is determined using μ-XRF analysis. The instrument used 
was an M4 Tornado from Bruker. The maps show the X-ray intensity 
related to the chosen chemical measured in counts per second (CPS) 
[37]. All maps are normalized individually to the highest intensity 
within the picture. This implies that this technique allows direct com-
parison in terms of intensities (element content) of two or more samples 
if scanned together. As no calibration was performed, the analysis does 
not provide absolute concentrations of a specific element. 

Cores 2, 3 and 14 are fully split lengthwise in two halves to obtain a 
fresh, flat surfaces. They have a length of approx. 9 cm, 11 cm and 27 cm 
respectively. Therefore, the shotcrete samples for μ-XRF scanning are 
rectangles of 55.8 mm wide (diameter of the shotcrete core) by the 
length of the shotcrete core. Prior to the μ-XRF scanning, the relevant 
surface is dried by an air compressor. No polishing is undertaken on the 
flat surface to be scanned. Thereafter, the whole sample is inserted in the 
chamber of the M4 Tornado. However, the scanning area of the instru-
ment is only a rectangle of 160 mm × 190 mm. This size allows to 
compare two different shotcrete samples put in parallel. However, 
longitudinally the scanning of core 14 is trimmed to the scan range of the 
instrument. 

Apart from detecting the distribution of potential aggressive ele-
ments along the shotcrete cores, iron is also mapped along the cores to 
facilitate the identification of steel fibers, with or without signs of 
corrosion. 

Finally, leaching was also studied with the M4 Tornado. A decrease 

Fig. 8. Extent of carbonation in shotcrete samples exposed to the traffic room estimated by pH indicator Thymolphthalein: (a) core 5 (zone 1), and (b) core 9 
(zone 2). 
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in potassium content in the pore solution towards the traffic room is an 
indication of this deterioration process. The M4 Tornado software allows 
distinguishing different phases (e.g., aggregate and cement paste) by 
dividing the whole scanned area into smaller areas of similar chemical 
composition. Once a phase is defined, it is possible to retrieve its spectra. 
In particular, calcium is adopted to obtain the cement paste phase in a 
concrete sample [20]. By choosing this element to distinguish the 
cement paste from the aggregates, the potassium content in the cement 
paste is determined semi-quantitatively with the software. A profile of 
potassium content present in the cement paste is achieved after a dis-
cretization of the whole surface area of the shotcrete sample into smaller 
mapping areas, retrieving in each of these areas the corresponding 

spectra of the cement paste. From these spectra, averaged potassium 
content is obtained for each smaller mapping area [38]. From the same 
spectra, relative concentrations of chlorine by mass of cement are also 
given. 

The M4 Tornado is equipped with a silver X-ray tube and two SDD 
detectors. The X-ray beam is focused by polycapillary lenses to a spot 
size of 20 μm. The operating parameters used for surface mapping are 
given in Table 3: 

In the case of mapping smaller areas for spectra extraction, the 
operating parameters are the same except from the step width of 25 μm 
and the time per pixel of 5 ms to increase the signal statistics. 

2.2.3. XRD 
X-ray powder diffraction analysis was used qualitatively to identify 

the different minerals present in some shotcrete samples. Mineral phases 
were identified with the PDF-4 + 2021 database from the International 
Centre for Diffraction data. In addition, phase quantification via Riet-
veld analysis was performed with the software Topas from Bruker. 
Among the minerals to be searched are calcite as an indication of 
carbonation, thaumasite, gypsum and ettringite as an indication of sul-
fate attack, along with brucite as an indication of magnesium attack. The 
instrument used is the D8 Advance from Bruker. After slicing the core to 
obtain bulk shotcrete samples for XRD test, the samples are crushed in a 
fly press rock crusher to about 2 mm. At this stage, samples are split in 
groups of about 25 g. The crushing continues in a disc mill to reach a 
particle size of about 50 μm. Samples are then crushed in a McCrone 
micronizing mill to about 10 μm in ethanol. The following operating 
parameters are used: step size 0.01◦, time per step 0.6 s, rotation 60 rpm, 
radiation 1.79 Å (Co-Kα) with a generator voltage and current of 40 kV 
and 40 mA respectively. 

2.2.4. Suction porosity 
According to the SINTEF procedure KS 70110 [39], suction porosity 

in a concrete sample is estimated as follows:.  

1. Drying at 105 ◦C until constant weight loss (0.01% within an hour).  
2. Cooling for two hours at room temperature before measuring the 

weight (W1).  
3. Immersion in water for seven days.  
4. Measuring the weight of the sample (W2).  
5. Measuring the apparent weight of the sample immersed in water 

(W’
2). 

The samples for this test are disc-shaped, where the sample diameter 
coincides with the core diameter. When it comes to disc thickness, the 
shotcrete cores used for suction porosity analysis were sliced each 20 
mm in the longitudinal direction following [39]. The sample size 
exception is for the ones exposed to the traffic room with an uneven 
surface on one side. These latter samples have in all cases a larger vol-
ume than the disc-shaped ones. 

Eq. (1) describes the determination of suction porosity ps as follows:. 

ps =
W2 − W1

W2 − W ’
2

(1) 

The balance used in the lab is the Mettler PC4400 with a fine 
weighing range of 400 g and a readability of 0.01 g. 

In total, 22 suction porosity tests are executed from the cores 1 and 2 
(zone 1), and cores 7 and 12 (zone 2). One has to bear in mind that, in 
the longitudinal direction, approximately 5 mm of sample material are 
lost each time the core is sliced (thickness of the saw blade). 

Fig. 6 shows samples 14–21 in core 12 before being tested. 

2.2.5. Uniaxial compressive strength with axial strain measurements 
In total, 14 UCS tests are executed in the Triaxial Testing Systems 

GCTS RTRX-140CL9. In order to get a profile of UCS test results in a 

Fig. 9. μ-XRF analysis in core 3 (See Table 2): (a) One half of the shotcrete core 
split lengthwise, (b) sulfur mapping along the core, (c) magnesium mapping 
along the core, (d) chlorine mapping along the core and (e) profile of potassium 
content along the core in mass percent of cement. 
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single shotcrete core, shorter samples were adopted. While five sample 
tests are undertaken for a height-to-diameter ratio (h/D) of two, ful-
filling standard NS-EN 12390–1:2012 [40], the remaining nine samples 
have a nominal height-to-diameter ratio of one. In order to homologate 
all the UCS test results, a correction factor was applied for those shorter 
samples as shown in Fig. 7: 

The diameter of the samples for the UCS test is fixed by the drilled 
core diameter. Vertical strain measurements are included in the 

execution of the UCS tests to visualize eventually differences in the post- 
peak behavior between different samples. For this reason, the loading 
procedure chosen is strain controlled instead of the usual constant load 
rate. According to standard NS-EN 12390–3:2019 [42], the latter rate 
for the compressive strength of hardened concrete should be 0.6 ± 0.2 
MPa/s. By an adjustable strain rate applied for each sample calibrated 
with low magnitude stress cycles, most of the tests are within the load 
rate range stated in standard [42] before the samples reach the peak 

Fig. 10. μ-XRF analysis in core 14: (a) One half of the shotcrete core split lengthwise, (b) sulfur mapping along the core, (c) magnesium mapping along the core, (d) 
chlorine mapping along the core and (e) profile of potassium content along the core in mass percent of cement. 
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load. The type of sensor used for the vertical strain measurement is the 
LVDT SR-DF-C375-100 with a theoretical accuracy of 0.001 mm. Any 
correction factor was applied to the stress–strain curve results. 

The shotcrete samples were sliced, ground and immersed in water for 
seven days before testing. 

2.2.6. Shotcrete density 
The bulk density of shotcrete samples described in this research is 

connected to the weight gained by the samples after they have been 
immersed in water for at least seven days (W2), following the SINTEF 
procedure [39]. The balance used for the weight measurement is the 
same as in the suction porosity test. 

In the case of samples used for the suction porosity test, their volume 
is determined by the buoyancy method as described in Eq. (2). 

Fig. 11. Closeup for cores 3 and 14 near the traffic room. (a) Core 3 image near the traffic room, (b) chlorine and iron mappings in core 3, (c) core 14 image near the 
traffic room, (d) chlorine and iron mappings in core 14, and (e) profiles of Cl concentration near the shotcrete surface in both cores. 
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V =
W2 − W ’

2

ρw
(2) 

Where ρw is the density of water considered to be 1000 kg/m3. On the 
other hand, the volume of the cylindrical samples used for the UCS test is 
determined by a digital caliper following the standards suggested by the 
ISRM [43]. Eq. (3) shows the formula used:. 

V =
π*d2

4
*L (3) 

Where d and L are the averaged diameter and length dimensions 
respectively of a shotcrete sample after it has been sliced and ground. 

3. Results 

3.1. pH indicator 

Shotcrete samples from two different cores were tested with the pH 
indicator Thymolphthalein. The samples chosen for this test belong to 
the core-end exposed to the traffic room. Fig. 8 shows shotcrete samples 
from cores 5 and 9 before and after Thymolphthalein is sprayed on them. 

Fig. 8 shows that the carbonation depth in zone 1 is slightly higher 
than in zone 2, exceeding two cm in the first case after approximately 23 
years of exposure. It is important to highlight that Fig. 8 suggests that 
there is no need to spray a pH indicator to determine the carbonation 
zone since this area stands out for a brownish color, contrasting the gray 

color of the cement paste. Finally, thanks to the blueish background 
given by the thymolphthalein in Fig. 8a on the right, some steel fibers 
can be identified without any sign of corrosion in the uncarbonated 
zone. 

3.2. μ-XRF scanning 

Figs. 9-10 show the results of μ-XRF analysis in core 3 (extracted 
from zone 1) and core 14 (extracted from zone 2) respectively. In the 
latter case, the μ-XRF scanning is trimmed since the length of the core 
exceeds the scan range of the machine. The scan length adopted is 
approximately 16 cm, long enough to include all the shotcrete joints of 
this core. The rest of core 14 is shown in Fig. 12. Figs. 9-10 are com-
parable since they were scanned in the same run. 

Fig. 9b and Fig. 10b show a higher sulfur content in the cement paste 
near the traffic room, suggesting that the main source of sulfur comes 
from the traffic room. However, it is important to highlight that there is 
a sudden drop in sulfur compounds at the carbonation zone in both 
cases. Fig. 10b also illustrates sulfur enrichment in shotcrete joints. To a 
minor extent, Fig. 9b shows sulfur enrichment as well in the shotcrete 
joint. 

With regard to magnesium content along the cores, Fig. 10c does not 
give any indication of magnesium attack. On the other hand, Fig. 9c 
shows magnesium enrichment in the cement paste at the far-end of core 
3 near the traffic room. If Fig. 9c and Fig. 9d are analyzed together, one 

Fig. 12. μ-XRF analysis in cores 2 (on the left) and 14 (on the right) scanned in the same run: (a, b) Real image of one half of the shotcrete core split lengthwise, (c, d) 
sulfur mapping, (e, f) magnesium mapping, and (g, h) chlorine-iron mapping. 
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can see that chlorine and magnesium do not overlap. 
Regarding the origin of chlorine, Fig. 9d indicates that it comes from 

the traffic room. This is not surprising due to the use of de-icing salts on 
the route where the Nordkapp tunnel lies. However, Fig. 10d shows very 
limited chloride ingress in core 14 from the traffic room. 

Fig. 11 focuses on the condition of the steel fibers in the shotcrete 
layer near the traffic room in cores 3 and 14. Apart from the real images 
near the traffic room in both cores, the iron mapping through μ-XRF is 
included in this figure to identify corroded and uncorroded steel fibers 
along with the corresponding chlorine concentration. 

Fig. 8 has already described the link between the brownish color near 
the traffic room and the carbonation zone affected by a lower pH. The 
additional information provided by Fig. 11 is the connection between 
some dark reddish spots in the carbonation zone (Fig. 11a and Fig. 11c) 
and their iron content (Fig. 11b and Fig. 11d respectively). All of the 

Fig. 13. XRD analyses in shotcrete joints belonging to core 10 from the Nordkapp tunnel where alkali-free accelerator was used. (a) whole shotcrete core, (b) bulk 
shotcrete joint sample, and (c) XRD results with the square root of the counts in Y-axis. 

Fig. 14. XRD analysis in bulk shotcrete near the rock obtained from core 13 in 
the Nordkapp tunnel where alkali-free accelerator was used. 

Fig. 15. XRD analyses in shotcrete samples exposed to the traffic room in: (a) 
Core 4 (zone 1), and (b) core 8 (zone 2). 
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above strongly suggests that the dark reddish stains are iron oxides, a 
common corrosion product of steel. Furthermore, note that these dark 
reddish spots are only identified in the carbonation zone. On the other 
hand, in the uncarbonated zone steel fibers do not show any sign of 
corrosion product. 

Fig. 9e and Fig. 10e show a similar trend with a reduction in po-
tassium content towards the tunnel room, indicating that alkali-metals 
in the pore solution are being leached out from the shotcrete layer 
following the flow direction driven by the hydraulic gradient. 

Fig. 12 shows the comparison between the opposite end of core 14 
(towards the rock) and core 2. 

Alike Fig. 9d, Fig. 12g also illustrates chlorine ingress from the traffic 
room. These two figures belong to zone 1. What is interesting in both 
figures is the lower chlorine content in the cement paste near the rock 
compared to the rest of the shotcrete layer, which suggests that there is 
no chloride ingress from the rock side. On the other hand, core 14 shows 
chlorine ingress from the rock (Fig. 12h). 

Regarding sulfur intensities comparison between the cores 2, 3 and 
14 analyzed through μ-XRF, it is important to mention that the shotcrete 
joint between the first and second layer in core 14 was mapped twice. 
The first mapping of this joint was shown in Fig. 10b, which was un-
dertaken in parallel to core 3. The second mapping is shown in Fig. 12d 
which was simultaneously mapped with core 2. The color difference for 
the same shotcrete joint in Fig. 10b and Fig. 12d is due to the highest 

intensity found when mapped. In the first mapping, the highest intensity 
occurred near the shotcrete surface in core 14 (see Fig. 9b and Fig. 10b 
as a whole), while in the second mapping similar intensities were found 
in both the shotcrete joint itself and in core 2 near the shotcrete surface 
(Fig. 12d and Fig. 12c). Thus, taking as reference this shotcrete joint, it is 
concluded that the highest sulfur intensity between cores 2, 3 and 14 
happened in core 14 (zone 2) near the shotcrete surface adjacent to the 
carbonation zone. 

3.3. XRD 

XRD analyses were executed in 12 samples. Emphasis was placed on 
the core-end towards the traffic room and shotcrete joints. Fig. 13 shows 
two shotcrete joints belonging to a core extracted from zone 2 where the 
shotcrete holds alkali-free accelerator. 

It is important to highlight that the bulk samples shown in Fig. 13b 
include aggregates and cement paste. The main peaks with high in-
tensities from the aggregates generally overshadow the intensities of the 
cement paste. That is why the range of the x-axis in Fig. 13c is only 
between 10◦ and 25◦ and the square root of the intensities were plotted 
in the Y-axis. The XRD results shown in Fig. 13c detected ettringite in 
these shotcrete joints. This agrees with Fig. 10b and 12d, where sulfur 
enrichment was detected in shotcrete joints from a core in the same 
tunnel zone (zone 2) using μ-XRF. 

Fig. 16. Core 13 from Nordkapp subsea road tunnel where alkali-free accelerator was used: (a) Whole shotcrete core, (b) density of steel fiber-reinforced shotcrete, 
(c) equivalent uniaxial compressive test results after applying the correction factors given in Fig. 7, (d) shotcrete sample images after being tested for UCS strength, 
and (e) stress–strain curve during UCS test with axial deformation. 
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When alkali-free accelerator is used, ettringite is expected to be 
found evenly distributed in the core, and not only in shotcrete joints. An 
example of a XRD pattern from bulk shotcrete near the rock in the same 
tunnel zone is showed in Fig. 14. The specimen was obtained from a 
sample that previously had been used for a UCS test (UCS_3 shown in 
Fig. 16). 

In comparison to the XRD diffraction patterns in Fig. 13, Fig. 14 
shows a lower intensity peak for ettringite. In fact, Rietveld analysis 
performed with the software Topas normalized to 100% crystalline 
content yields 0.58 % for ettringite in the sample shown in Fig. 14. As a 
comparison, the Rietveld analyses for the quantification of ettringite in 
Fig. 13 give 1.66% in sample XRD_10 and 1.08% in sample XRD_9. These 
results are consistent with the sulfur enrichment detected with μ-XRF 
and indicate that ettringite enrichment occurs in shotcrete joints where 
alkali-free accelerator was used. 

Friedel’s salt mineral was detected between the second and third 
shotcrete layer of core 10 shown in Fig. 13 (sample XRD_10). Since this 

shotcrete joint is close to the shotcrete surface, the chlorine element in 
this mineral came very likely from de-icing salts. In the other shotcrete 
joint analyzed in this core (sample XRD_9), Friedel’s salt was not iden-
tified. This second shotcrete joint is approximately in the middle of the 
total shotcrete layer and probably chloride ingress has not yet reached 
that far (See Fig. 12h, which is a core located approximately 25 cm apart 
from core 10 with the absence of chlorine between the first and second 
shotcrete layer). 

Fig. 15 shows a comparison of XRD results in shotcrete samples 
exposed to the traffic room. 

Fig. 15 shows that calcite has formed in the shotcrete exposed to the 
traffic room. More in detail, Fig. 16b shows that XRD analysis in core 8 
(zone 2) still detects portlandite minerals near the shotcrete surface 
exposed to the traffic room, while the XRD result in core 4 (zone 1) 
represented in Fig. 16a does not identify portlandite. On the other hand, 
the latter figure shows a higher intensity for calcite in comparison to 
Fig. 16b. 

Fig. 17. Core 11 obtained from zone 2 where alkali-free accelerator was used: (a) Whole shotcrete core, (b) density of steel fiber-reinforced shotcrete, (c) uniaxial 
compressive test results, (d) shotcrete sample images after being tested for UCS strength, and (e) stress–strain curve during UCS test with axial deformation. 
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Ettringite is only stable when the pH is greater than 10.7 [44]. Then, 
it is not surprising that the carbonated shotcrete samples exposed to the 
traffic room shown in Fig. 15 did not detect ettringite, since the 

carbonation area has a pH below 10.5, as demonstrated by the pH in-
dicator. In agreement with this observation, Fig. 9b and 10b show a 
sudden reduction in sulfur content in the carbonation zone. 

Fig. 18. Three UCS test results obtained from zone 1 where water glass accelerator was used: (a) Shotcrete sample images after being tested for UCS strength, (b) 
density of steel fiber-reinforced shotcrete, (c) equivalent uniaxial compressive test results after applying the correction factors given in Fig. 7, and (d) stress–strain 
curve during UCS test with axial deformation. 

Fig. 19. Statistical analysis related to UCS test results: (a) UCS test results grouped by the tunnel zones where shotcrete cores were extracted, and (b) correlation 
between UCS test results and shotcrete density broken down for each zone. 
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At the carbonation zone, it is reported that Friedel’s salt dissolves 
[24]. Fig. 15 supports this statement where Friedel’s salt was not iden-
tified in any of the two spectra. 

3.4. UCS and density 

Since shotcrete samples were weighed before the execution of the 
UCS tests, it is possible to visualize the relation between the UCS test and 
shotcrete density results along the cores. Fig. 16 shows the results in core 
13 (zone 2 in Table 2). 

Fig. 16 clearly shows a decay of.UCS strength towards the traffic 
room. As a reference, the valid regulations for subsea tunnels in 1996 in 
Norway required a minimum characteristic compressive strength of a 
15 cm cube at 28 days equal to 45 MPa or C45 [45] following the Eu-
ropean standards. For strength class C45, the Norwegian guidelines for 
shotcrete at that time suggested a minimum in-situ strength from 
extracted core cylinders after 28 days of 28.8 MPa [46]. Then, it is 
possible to say that sample UCS_3 in Fig. 16 still complies with the 
original regulations. On the other hand, the strength of sample UCS_5 
shows a reduction to approximately 40% of the original compressive 
strength required. 

Fig. 16 also shows that shotcrete density diminishes towards the 
traffic room in approximately the same proportion as the compressive 
strength. The stress–strain curve shown in Fig. 16e also indicates a 
change from a strain-softening behavior near the rock to an elastic–-
plastic behavior near the traffic room. In other words, it shows a gradual 
reduction in the difference between peak and residual values towards 
the traffic room. 

The arrows in Fig. 16a indicate the boundary between two consec-
utive shotcrete layers. The middle and upper shotcrete samples in Fig. 16 
(samples UCS_4 and UCS_5) hold one of these shotcrete joints. Specif-
ically in sample UCS_4, the image after the execution of this UCS test 
indicates that the shotcrete joint had an influence on the failure mode 
undergone in this sample. In the case of sample UCS_5, a more extensive 
degradation is observed which involves the whole sample. 

The UCS test results from a core in the same zone (Core 11) is shown 
in Fig. 17. 

Unlike the shotcrete samples shown in Fig. 16, the samples in Fig. 17 
have a height-to-diameter ratio equal to two, allowing to determine the 
UCS strength result without any correction factor. Despite this differ-
ence, Fig. 17 shows the same trend as described in Fig. 16 for the UCS 
test and shotcrete density results. 

Due to the thinner total shotcrete thickness in zone 1, a profile of UCS 
test results along a core in this tunnel zone is not possible to be elabo-
rated. Nevertheless, results of UCS tests from three different cores are 
shown in Fig. 18. 

Fig. 18 shows high shotcrete density values and high UCS strength 
results in zone 1. This is also the case for sample UCS_12 which held a 
shotcrete joint. In addition, stress–strain curves show evident differences 
between peak and residual values. Finally, a statistical comparison of 
UCS test results between zones 1 and 2 is given in Fig. 19. 

Fig. 19a shows that zone 1 has no indication of degradation since it 
shows high UCS strength values with little scattering. On the other hand, 
zone 2 shows lower UCS strength values with high scattering. 

Fig. 19b incorporates shotcrete density results measured just before 
the execution of the 14 shotcrete samples tested for UCS strength. This 
figure clearly illustrates that the highest two UCS test and shotcrete 
density results correspond to zone 1 and the lowest ten UCS test and 
shotcrete density results belong to zone 2. It is also important to high-
light the good correlation between UCS and shotcrete density test results 
shown in Fig. 19b, even for extreme values. This is remarkable consid-
ering that only some of these samples are shotcrete-joint free and 
different failure modes took place along with different stress rate applied 
during testing (strain controlled tests). 

3.5. Suction porosity and density 

Figs. 20-21 show the results of suction porosity and density along 
two shotcrete cores extracted in zone 1. 

In Fig. 20, samples 2–3 contain shotcrete joints. In Fig. 21, only 
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Fig. 20. Core 1 obtained from the Nordkapp tunnel where water–glass accelerator was used: (a) Whole shotcrete core, (b) density of steel fiber-reinforced shotcrete, 
(c) suction porosity results. 

C. Javier Manquehual et al.                                                                                                                                                                                                                  



Construction and Building Materials 328 (2022) 127090

16

sample 7 holds a shotcrete joint. Figs. 20 and 21 show that shotcrete 
samples holding shotcrete joints have the highest suction porosity and 
the lowest shotcrete density in the core. 

Fig. 20 shows a slight trend of higher suction porosity towards the 
traffic room. The exception is the last sample exposed to the traffic room 
with a sudden decay in suction porosity. This latter observation is 
probably associated with the formation of calcite in the carbonation 
zone. 

Fig. 22 shows the results of suction porosity and shotcrete density in 
core 12 (Zone 2). 

Fig. 22 shows a clear trend of higher suction porosity and lower 
shotcrete density towards the traffic room. Alike Figs. 20-21, the sam-
ples holding shotcrete joints in Fig. 22 (samples 17 and 20) have the 
highest suction porosity and lowest density values in the core. In addi-
tion, Fig. 22 also indicates carbonation at the far end of the core exposed 
to the traffic room with a drop in suction porosity. 

Fig. 23 shows the results of core 7 located in zone 2 as well. 
Fig. 23 shows that the core broke at a shotcrete joint, despite the 

machine continued drilling for about 10 cm more. In addition, the core 
in Fig. 23 also gives the highest suction porosity and the lowest density 
values in the shotcrete joint. The trend in suction porosity and shotcrete 
density towards the traffic room are similar to Fig. 23. The only 
exception is sample 10 in Fig. 23 with a local higher density and lower 
suction porosity. 

Finally, a statistical overview of suction porosity results and their 
relation to shotcrete density are given in Fig. 24 for both tunnel zones. 

In comparison to zone 1 in Fig. 24a, zone 2 presents a higher average 
suction porosity value and a higher dispersion of the results. Both ob-
servations indicate that the level of degradation is higher in zone 2. 

It is important to point out as well in Fig. 24b the good correlation 
between suction porosity and shotcrete density test results, even for the 
extreme values. 

4. Discussion 

4.1. Sampling and investigation methods 

With regard to sample height for UCS tests, traditional concrete 
testing recommends a nominal h/D of 2 for cylinders [40]. This is a 
challenging requirement when it comes to shotcrete testing. First of all, 
the contact between the rock and shotcrete is uneven. The same happens 
on the shotcrete surface exposed to the traffic room. Then, to get a 
cylinder of shotcrete with flat surfaces on both ends, the core extracted 
from the field should have a clearance in length of several cm on top of 
the required height. In addition, about 5 mm is lost each time the sample 
is sliced (thickness of diamond saw). This is why, shorter samples with a 
h/D of 1 were executed in addition to some samples with a h/D of 2. As 
shown in Fig. 7, the ultimate axial stress obtained with these shorter 
samples is, in average, 15% higher than those longer ones with a h/D of 
2. Alike Fig. 19b, Fig. 25 plots UCS strength results over shotcrete 
density. However, Fig. 25 groups the samples by h/D instead of the zone 
where they were extracted. 

Fig. 25 illustrates that taller samples (h/D = 2.0) tend to average the 
results, but all the samples can be linked to the same trend line. When it 
comes to the analysis of degradation, a test which is more sensitive is 
valuable, and that is what a shorter sample can give in addition to the 
creation of profiles along the cores. 

Fig. 21. Core 2 obtained from the Nordkapp tunnel where water–glass accelerator was used: (a) Whole shotcrete core, (b) density of steel fiber-reinforced shotcrete, 
(c) suction porosity of steel fiber-reinforced shotcrete. 
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4.2. Results 

The zones investigated in the Nordkapp tunnel indicate that the in- 
situ condition of shotcrete with water–glass accelerator (zone 1) is 
better than the shotcrete installed in zone 2, where alkali-free acceler-
ator was used. This is supported by higher UCS and shotcrete density 
results along with lower suction porosity values with limited scattering 
in all the just-mentioned parameters in zone 1. 

The observation that the shotcrete with water–glass based acceler-
ator results in a higher long-term strength compared to the one using 
alkali-free accelerator might be considered in contradiction with several 
studies reported in the literature. In some studies, however, the com-
parison of concrete strength with different accelerator types are judged 
to be unfair, using the highest accelerator dosages in concrete samples 
containing the water–glass accelerator [29,47]. In these two references, 
the doses of water–glass accelerator were 10% and 12% respectively, 
well above the Norwegian practice 25 years ago. 

Other studies conclude that alkali-free accelerators are able to reach 
higher long-term mechanical strength for the shotcrete and reduce the 
susceptibility to sulfate attack in comparison to alkaline activators 
[6,25,26,48]. However, in these references, the alkaline accelerators are 
only represented by sodium aluminate solutions, not sodium silicates 
(water–glass). In particular, it is concluded that the aluminates are 
responsible for a higher amount of different aluminate hydrates, among 
others, monosulfoaluminate. The higher amount of monosulfoaluminate 
in this type of accelerator makes the concrete more susceptible to form 

ettringite under an external source of sulfate and inhibits further hy-
dration of the alite at early stages of hydration. 

A historic review of shotcrete as rock support in Norway in the mid- 
1990 s, where water–glass was the dominant accelerator type, 
concluded that a compressive strength close to 50 MPa from drilled 
cores after 28 days of curing was normal [49]. Furthermore, another 
research undertaken in Norway some years later between shotcrete 
using water–glass and alkali-free accelerators obtained no significant 
differences in UCS values after 28 days of curing, exceeding the samples 
50 MPa regardless of the accelerator type [50]. The main finding of this 
research is not the satisfactory condition of the shotcrete with water-
–glass accelerator, but rather the physical and mechanical changes 
observed in the shotcrete layer where alkali-free accelerator was used. 

The leaching severity in zone 2 is observed by:.  

• A noticeable decay of density towards the traffic room shown in 
Figs. 16, 17 and 22  

• A significant increase of suction porosity towards the traffic room in 
Figs. 22-23  

• A clear reduction of UCS strength towards the traffic room shown in 
Figs. 16 and 17 

Ettringite enrichment in shotcrete joints is also observed in the 
shotcrete where the alkali-free accelerator was used. The high suction 
porosity values measured in these shotcrete joints suggest that there 
might be a link between the ettringite formation in these joints and the 
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Fig. 22. Core 12 obtained from Nordkapp tunnel where alkali-free accelerator was used: (a) Whole shotcrete core, (b) density of steel fiber-reinforced shotcrete, (c) 
suction porosity results, and (d) picture of samples holding shotcrete joints at the end of suction porosity test. 
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eventual increase of suction porosity due to the expansion capacity of 
ettringite. In this regard, it is important to highlight that sample 17 in 
Fig. 22, cracked after a drying and wetting cycle for the suction porosity 
test. This was observed only in this sample out of 22 suction porosity 
samples. In agreement with these observations, Table 2 indicates that 
the only two cores which broke at shotcrete joints occurred in cores 

belonging to zone 2. 
The shotcrete condition in zone 2 is poor with a shotcrete joint near 

the shotcrete surface. In the area of the shotcrete layer just next to the 
carbonation zone, apart from a higher suction porosity and lower 
shotcrete density detected, the highest sulfur concentration was 
observed. Within the carbonation zone, high sulfur concentrations are 
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Fig. 23. Core 7 obtained from the Nordkapp tunnel where alkali-free accelerator was used: (a) Whole shotcrete core, (b) density of steel fiber-reinforced shotcrete, 
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Fig. 24. Statistical analysis related to suction porosity test results: (a) suction porosity results grouped by the zones where shotcrete cores were extracted (See 
Table 2), and (b) correlation between suction porosity and shotcrete density broken down for the different zones. 
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not expected since several sulfur containing minerals in the cement 
paste are not stable when the Ph less than 10.7 [44]. 

Regarding the distribution of sulfur concentration, it is important to 
mention that to a minor extent zone 1 also contained higher sulfur in-
tensities near the shotcrete surface adjoining the carbonation zone (see 
Fig. 9b and Fig. 12c). This observation identified in both tunnel zones 
suggests that there is an extra source of sulfur coming from the traffic 
room. Thus, the shotcrete with alkali-free based accelerator installed in a 
subsea road tunnel has three potential sources of sulfur. From the 
accelerator itself, from the marine groundwater and from the traffic 
room. With regard to the latter case, air pollution analysis in traffic 

tunnels describes sulfur dioxide SO2 as a common gas emitted by vehi-
cles [51,52], which is soluble in water. This is the probable explanation 
for what was observed near the traffic room in the three cores where 
μ-XRF analysis was executed. 

The sources of sulfur combined with a hydraulic gradient that might 
promote leaching can create an aggressive interaction for the shotcrete. 
The availability of Ca, Al and Si ions in the pore solution generated by 
the leaching of hydrated cement phases facilitate the formation of sec-
ondary expansive minerals under an external source of sulfate [18,22]. 
On the other hand, the higher is the porosity in the concrete caused by 
leaching, the easier is for aggressive ions to penetrate farther into the 
concrete. In turn, the cracking generated by sulfate attack can also 
promote further ingress of aggressive ions in the concrete and promote 
leaching. 

Considering that a higher water-cement ratio leads to a higher suc-
tion porosity [53], there is an indication that during construction the 
water conditions between zones 1 and 2 were different based on the 
local suction porosity measured near the rock in these two zones. While 
suction porosity results near the rock in zone 1 were 20.1% and 20.9% 
(samples 1 and 5 in Figs. 20-21 respectively), the suction porosity 
measurement near the rock in zone 2 gave 23.5% (sample 14 in Fig. 22). 
In connection with these findings, there was no sulfur and chlorine 
ingress from the rock in zone 1 (Fig. 9b and Fig. 12c for sulfur and Fig. 9d 
and Fig. 12g for chlorine), while there was sulfur and chlorine ingress in 
zone 2 (Fig. 12d for sulfur and Fig. 12h for chlorine). 

Magnesium was identified by μ-XRF analysis near the shotcrete 
surface exposed to the traffic room in cores 3 and 2 extracted from zone 
1 (Fig. 9c and Fig. 12e respectively). None of the XRD analyses in the 
area identified brucite. The origin of the magnesium content coming 
from the traffic room is unknown. A possible source of magnesium could 
be MgCl2 used as dicing salts. However, there is no evidence from the 

Fig. 25. UCS strength results over density of steel fiber-reinforced shotcrete 
after immersing the samples in water for seven days. Samples with height-to- 
diameter ratio of 1 were corrected by Fig. 7. 

Fig. 26. Summary of observations in the Nordkapp subsea road tunnel. (a) Sulfur ingress and distribution along the core, (b) suction porosity distribution along the 
core, and (c) chlorine and magnesium ingresses. 
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road authorities in this regard and today only NaCl is being used for 
winter maintenance of the roads. The source could also come from saline 
groundwater running down the shotcrete surface, but this second hy-
pothesis does not explain the lack of magnesium in zone 2 (Fig. 10c), 
where the shotcrete surface is wet. 

In the cores extracted from the Nordkapp subsea road tunnel, a 
summary of what was observed is given in Fig. 26: 

Fig. 26a mainly represents the shotcrete where alkali-free accelerator 
was used. Nevertheless, sulfur ingress from the traffic room and less 
evident sulfur enrichment in shotcrete joints are also observed in shot-
crete where water–glass accelerator was used. Fig. 26b fairly represents 
all the shotcrete analyzed. Finally, Fig. 26c shows the ingress of chloride 
and magnesium ions in the cement paste coming from the traffic room, 
which was mainly observed in the shotcrete where water–glass was 
used. 

In the carbonation area of the different shotcrete samples, corrosion 
of steel fibers is expected as the pH decreases and steel fibers depassi-
vate. In addition, there is also chloride attack from the traffic room 
generated by de-icing salts which are dispersed all over the tunnel lining 
by the vehicles [54]. In the non-carbonated part, steel fibers are not 
visible corroded (Fig. 11). A possible explanation is that there is no 
macro-cell corrosion taking place in the fibers (no huge area difference 
between localized attack and the rest of the steel passivated) as it hap-
pens in rebars or rock bolts under a localized attack. Moreover, a recent 
experimental study concludes that the critical chloride concentration is 
higher in steel fiber than in steel rebar, being both embedded in concrete 
[55]. 

In the Nordkapp tunnel, there is no risk of frost deterioration since it 
has anti-freezing doors at both ends of the tunnel. These doors only open 
during winter when a vehicle approaches the tunnel. 

5. Conclusions 

The Nordkapp subsea road tunnel was investigated in order to 
explore the in-service condition of steel fiber-reinforced shotcrete used 
as permanent rock support without any inner lining after more than 20 
years of operation. The inspection of this tunnel offers the opportunity to 
compare the shotcrete applied with both water–glass and alkali-free 
accelerator types exposed to saline groundwater. This tunnel is of 
particular interest because it was the first time alkali-free accelerator 
was used in Norwegian road tunnels. 

Two phenomena are observed in the shotcrete analyzed regardless of 
the core location:.  

1. Carbonation occurs at the shotcrete surface exposed to the traffic 
room detected by calcite deposition in XRD test, lower pH of the pore 
solution determined by the thymolphthalein pH indicator and a 
relative reduction in suction porosity. The carbonation depth ex-
ceeds 20 mm in specific spots of the Nordkapp tunnel after 23 years 
in service.  

2. The highest suction porosity and the lowest shotcrete density was 
observed at the boundary of two consecutive layers (shotcrete joints) 
in a core. This research highlights these areas as weakness zones 
within the shotcrete core. 

In the specific case of shotcrete with alkali-free based accelerator, 
indications of leaching was observed by:. 

1. A significant increase in suction porosity accompanied by a reduc-
tion in shotcrete density towards the traffic room.  

2. Noticeable strength reduction along the cores towards the traffic 
room shown by UCS test results down to 40% of the original strength 
required in one case in the last 10 cm. 

Coincidently with these leaching indications, the highest sulfur 
concentration detected with μ-XRF occurred near the shotcrete surface, 

adjoining the carbonation zone, where the suction porosity is high. 
Furthermore, in this shotcrete with alkali-free accelerator, in-

dications of leaching and sulfate attack were also observed in shotcrete 
joints by:.  

1. Ettringite enrichment found by XRD analyses and sulfur mapping 
with μ-XRF.  

2. How weak these shotcrete joints showed to be during core extraction, 
being two cores broken (out of eight cores) in these joints, despite the 
fact that the drilling continued for approximately 10 more cm.  

3. Visible cracks in a sample containing a shotcrete joint used for the 
suction porosity test after the drying and wetting cycle. 

To a minor extent, slightly higher sulfur concentration and suction 
porosity values were also observed in the shotcrete with water–glass 
based activator near the shotcrete surface just next to the carbonation 
zone. Nevertheless, no detrimental mechanical consequences for the 
shotcrete were found. 

Regardless of the accelerator type, a reduction in potassium content 
was observed in the cement paste towards the traffic room, indicating 
that alkali-metals are being leached out from the shotcrete layer. 
However, these profiles did not accurately fit with density and suction 
porosity profiles along the cores. 

Corrosion of steel fibers was only observed within the carbonation 
area. In the uncarbonated area, steel fibers did not show visible signs of 
corrosion. 

The results obtained from the field in this research highlight the need 
to study together the susceptibly of sulfate attack and leaching, i.e., to 
perform laboratory tests on shotcrete samples exposed to sulfate bearing 
solutions under a unilateral pressure. This research also emphasizes the 
need to monitor the concentration of different gases in road tunnels as 
environmental factors which influence the durability of materials. In 
shotcrete, particular emphasis should be placed on sulfur dioxide. 
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