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Abstract 
 
Significance of Fracture Patterns in a Rock Mass during Excavation by Blasting in Band-
hagen, Sweden 
Mattias Ryttberg 
 
When excavating a rock wall by blasting, pre-existing structures in the rock has a strong impact on the 
stability of the wall. For excavation in Bandhagen in Stockholm, the nature and orientation of the pre-
existing geological features, namely fractures, were not taken into consideration before excavation 
begun. Geological field studies were carried out in order to investigate the possibility of a more favorable 
outcome than in the Bandhagen case. Mapping conducted in March 2015 was focused on fracture 
distribution and the results showed two sets of open shear fractures with fresh surfaces. The first set of 
the fractures cross-cuts the wall with a strike of NNW-SSE and dips between 70°±30°. The second set 
of fractures strikes WSW-ENE and are almost parallel to the wall (which strikes roughly 65° E) with a 
dip towards it, ranging between 55°±35°. The two set of fractures intersect with an acute angle of around 
80° and due to their orientation, and that one of the sets dip towards the free face of the wall, they create 
an unfavorable fracture pattern that makes the wall, at parts, very instable in regard to rockfall and 
rockslide. 

Fractures within the respective sets dip towards opposite cardinal points and making an acute angle 
of 50° for set 2 and 70° for set 1 fractures within the own set are interpreted to conjugate. In addition, 
there is a well-developed folded foliation that change in strike from parallel to perpendicular to the 
excavated wall. The foliation is aligned to the strike of both of the fracture sets. This has enabled 
fractures to open parallel to the mica-rich layers in the gneiss which further adds to the unfavorable 
pattern of fractures that creates rhombohedral unstable blocks in the rock mass. Due to the fracture 
pattern, sliding and rockfall have been frequent and safety measures such as rock bolts and a wire mesh 
have been installed to increase the security factor for the wall.  

During mapping, a general fracture pattern was possible to deduce from mapping of solely an 
unexcavated, vegetated part of the area. It became clearer though together with the excavated surface of 
the wall. Several pre-blast measures could have been preformed to limit rockfall and sliding of rock 
after excavation. Line-drilling could have been used when blasting near the contour of the wall to 
decrease the blast-induced fractures by the more effective venting of the excess explosion gas. This 
could have decreased the closely spaced blast-induced fractures that have been mapped on both the crest 
and the body of the wall. Another measure would have been to install pre-blast reinforcements on the 
crest of the wall, which could have prevented at least two large rockfalls that have occurred.  

If the fracture pattern were known before excavation begun and the aforementioned measures would 
have been considered, the stability of the wall and the first excavation would undoubtedly have been 
more successful. A proposal for future open face excavations is to thoroughly assess the geological 
features to, in a preliminary stage of the planning, eliminate the risk for this outcome to occur in the 
future. 
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Populärvetenskaplig sammanfattning 
 
Betydelsen av ett sprickmönster vid utschaktning av berg genom sprängning i Band-
hagen, Sverige 
Mattias Ryttberg 
 
Vid uttag av berg genom sprängning för att skapa en bergvägg har strukturerna i berget en stor betydelse 
för stabiliteten av väggen. Exempel på strukturer i berggrunden som kan orsaka problem vid uttag av 
berg är sprickor och då speciellt sprickor som stupar mot väggens teoretiska kontur. Dessa sprickor kan 
orsaka att hela skivor av berg kan glida från väggen. Om dessa sprickor också korsas av andra sprickor 
kan de tillsammans bilda kilar som stupar ut mot den fria ytan där utschaktning av berg skett. Kilar som 
dessa som förekommer på krönet av bergväggen faller ofta ut från väggen och kan vara både farliga för 
de som utför arbetet samtidigt som de kan göra block runtomkring dem mer instabila. 

För en utschaktning av berg i Bandhagen, Stockholm togs inte sprickmönstret in i planeringen inför 
hur sprängning skulle utföras. Detta ledde till att sprängningen som utfördes orsakade mycket glidningar 
av block och utfall från krönet. Det har lett till att projektet blivit försenat och budgeten överskridits för 
att korrigera de misstag som gjorts. Korrigeringarna har varit nödvändiga för att väggen i slutändan ska 
nå en säkerhetsfaktor som inte kan orsaka några person- eller materialskador i framtiden. 

Kartering med fokus på sprickfördelning utfördes i Mars 2015 för att undersöka om sprängningen 
hade kunnat utföras på ett annorlunda och bättre sätt om sprickmönstret varit känt innan sprängning 
inleddes. Karteringen visade två korsande spricksystem där ett av spricksystemen stryker parallellt med 
väggen och även stupar mot den. De två systemen av sprickor bildar block med plan som lutar ut från 
väggen vilket resulterar i att många utfall av block skett. Med vetskapen om dessa spricksystem, samt 
övriga sprickor som förekommer i området, hade de utfall av berg som skett kunnat förutsägas och 
därigenom hade förslag av sprängmetodik kunnat ges för att minska utfall och för att generellt fått en 
säkrare vägg redan ifrån början. Både sprängning med tätsöm nära den teoretiska konturen av väggen 
och förförstärkning av krönet av den teoretiska väggen innan första sprängningen hade kunnat leda till 
en mycket stabilare vägg. Det hade kunnat leda till att projektet inte blivit försenat och att budgeten för 
projektet tagit hänsyn till de problem som skulle kunna uppstå. 

Ett förslag för uttag av berg för bergsslänter är att de geologiska förhållandena ska undersökas mer 
noggrant, för att i ett tidigt skede upptäcka liknande strukturer i berget och utifrån dessa eliminera risken 
för att liknande problem uppstår i framtiden. 
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1. Introduction 
 This thesis will address the significance that a fracture pattern has for the stability of a rock 

wall when excavating by blasting. The studied construction site in Bandhagen, Stockholm, is a good 

example of where the fracture pattern was not taken into account before excavation begun. This has 

led to problems after blasting with plenty of rockfall and rockslide from both the crest and body of the 

wall. The implication is that to make the wall as safe as possible for people working in the area several 

unplanned costs for reinforcements, more blasting etc. have caused the construction project to exceed 

its budget. 

The fracture pattern in the area have been mapped and studied in order to find out if the 

knowledge obtained could have changed the excavation process and thereby reduce e.g. rockfall and 

rock slides and deduce whether the safety factor for the wall could have been higher than it were after 

the first blasting with the existing design and methods used. 

Many studies have addressed the subject of engineering geology (Barton, 1973) (Bell, 2007) 

(Hoek & Karakas, 2008), but the problems with sliding and fall of rock still arise when e.g. a fracture 

set strikes parallel to an excavated wall (Hoek & Karakas, 2008).  

When a rock slope or wall is constructed the inclination and strike of the fractures are of outmost 

importance. Bell (2007) writes that if fractures have a close to horizontal inclination, little care need to 

be taken, but if they are more inclined, they need to be accounted for before excavation begins. 

Especially if the fractures are dipping towards what is to be the free face after excavation, which is the 

case at the study area in Bandhagen. With a fracture pattern with this inclination, the frequency and 

distribution of the fracture pattern needs to be deduced before excavation begins in order to reduce the 

risk of an unstable wall after excavation. If the spacing between fractures that strikes parallel to the 

wall is found to be over e.g. a couple of m, blasting can be done up until a fracture plane and not 

further. This will reduce the sliding of rock as long as the spacing between fractures is not too narrow 

to make this correction in the walls position (Bell, 2007). 

Blasting in bedrock will create blasting-induced fractures that will strike parallel to pre-existing 

fractures in the bedrock. The blast-induced fractures can work together with the pre-existing fracture 

pattern to increase sliding and rock fall from the crest and body of an excavated wall. This can happen 

in various extents depending on; distribution and frequency of pre-existing fractures, rock properties 

and fracture infilling. A better geological description of fracture distribution, orientation, spacing 

(frequency) and the general stability of a rock mass could make possible rock failures increasingly 

foreseeable and hence optimize excavation processes with lower construction costs by e.g. less need of 

reinforcements. 
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2. Background 
 The study area makes up a part of the block Stillbilden in the Högdalen industrial area, 

Bandhagen, Stockholm. The area was planned to be fully excavated and ready for construction to start 

by the end of august 2011 (Sjöberg, 2011). It is planned as a new industrial lot for a gas station (Built 

in 2012 in the middle of the lot), a garage (to the east) and a so far undeveloped area to the west. 

Before excavation begun the area had a hill ca. 150x100 m with steep margin slopes and a flat middle 

part with a maximum height of 9 m relative to the surroundings (Grontmij, 2011). Roughly half of this 

hill, 100x60 m with a height of 9 m, was excavated for the 3 lots (Fig. 1). The rock wall that were 

constructed by blasting strikes roughly 65° E for 135 m and makes a right turn to strike 150° S for 20 

m. It was planned to have a slope angle of roughly 80° to the normal (a slope ratio of 5:1) with the 

crest of the wall projected to end ca. 1.5 m inside of the lots permitted boundary (Grontmij, B11-

S001). At the eastern parts of the wall, rock sliding have caused the lots boundary to intrude on the 

recreational area that surrounds the lot to the north and east. 

 
A geotechnical investigation was conducted by Grontmij in 2011 to partly describe the 

geology of the area. It consists of, among other parts, a geological description of the bedrock. The 

geological description explains that the lithology of the area and was assessed through consulting of 

the SGU bedrock map (Fig. 2) and through an ocular survey (Grontmij, 2011) of the area. The data 

Figure 1. Construction schematic of the study area. The excavated rock wall has a striped marking. 
The map in the bottom left corner shows the total 150x100 m area encircled by a blue line before 
excavation begun, yellow area respond to excavated part. The forest on both sides of the blue line is 
part of the recreational area (Grontmij, B11-P002) (Inset: Google Earth). 
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gathered was available for this study and is directly translated in the text that follows for the remainder 

of this paragraph. The lithology was determined to be dominated by medium-grained gneisses with 

spars occurrences of mica. Furthermore the foliation of the gneiss was deemed to be consistent 

throughout the area and no other geological features, except fractures were noted. The foliation in the 

gneiss was assessed to strike SSE and NW. From fracture mapping the geological investigation states 

that the fractures were in general short, with no specific length given, and that they had fresh surfaces 

and that they were not connected to each other. Furthermore it assesses the fractures to be dispersed 

and that a general dip towards the N or S of 30° or more was consistent throughout the area for the 76 

fracture planes that were measured (Grontmij, 2011). 

 

Figure 2. Bedrock map 
of the SW Stockholm 
region. The study area 
encircled in red, no local 
lithology deviation or 
other geological features 
are displayed for the 
study area (SGU, 2015). 
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 Excavation at Stillbilden 
 The wall is divided into three different parts based on the instability of the wall (Fig. 3). Part 1 

is the western most part of the area and at low risk of failure. Part 2 is the middle part of the area 

where the gas station is positioned. This area shows the most unfavourable fracture pattern for 

instability of the wall. Part 3 was very unstable after the two initial episodes of blasting but has been 

further excavated by blasting and is now deemed stable. 

 
 

After the first blasting it was made clear that the study area has a fracture system with a 

parallel strike to the wall, which caused fall and sliding of rock. The fracture pattern was not shown by 

the preliminary investigation that is presented in the background section. No significant fall or sliding 

of rock occurred at part 1 of the wall (Fig. 4), although further blasting was conducted for part 1 in 

March 2015. This was not due to a stability concern, but in order to increase the usage area of the 

industrial lot by extending its northern border by 1-3 m. The new blasting at part 1 did not change the 

orientation of the wall towards the orientation of the fracture pattern. Hence there was no decrease in 

stability for this part of the wall after the new excavation.  

 

Figure 3. The excavated wall, after removal of lose blocks, in July 2014. The buildings at part 2 of the 
wall are part of the gas station. Part 2 and 3 of the wall are the most unstable parts. Part 3 continues to 
the left, outside of the picture and makes a right angle turn to continue in the direction from which this 
picture is taken. 
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The first two episodes of blasting at part 2 and 3 (Figs. 5 and 6) caused large rockfall and 

sliding from both the crest and the body of the wall due to the fracture patterns orientation to the free 

face of the excavated wall. Since July 2014 no further blasting has been conducted at part 2 of the 

wall, and it has been secured by reinforcements that include rock bolts and a steel net (a wire mesh) to 

prevent further rockfall and sliding of rock. The first rock bolts that were installed were without 

bearing plates and were only installed as temporary reinforcement. The rock bolts that later replaced 

these have bearing plates. There are a few empty boreholes after the temporary rock bolts (Byggtjänst, 

2008; Grontmij, 2011). 

Figure 4. Part 1 of the wall as of July 2014. This part of the wall is deemed stable with no occurrence of 
significant sliding or outfall of rock. The height of the wall at this part is at most around 4 m and fractures that 
are parallel to the wall have a dip direction away from the free face which makes the fracture pattern less 
unfavourable here. This part of the wall has been further excavated as of March 2015.  
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Loose boulders at part 3 were removed to increase the stability of the wall. This removal 

caused the planned boundary of the industrial lot to interfere with the recreational area on the 

vegetated surface above (Fig. 6B). The same goes for the sliding of rocks that have occurred in the 

corner of the lot, which due to the sliding, interferes with the boundary of the recreational area (Fig. 

6C). There have been three events of blasting at part 3, one of which only had the purpose to correct 

the first poorly conducted blasting and to reach a surface free from wedges and other potential rock 

fall sites. This blasting was not planned in the initial blasting plan and have hence caused the projects 

budget to increase. The last and final excavation at part 3 occurred at the 27th of November 2014 and 

when mapping was conducted in March the excavation was completed for this part (Fig. 7). 

Figure 5. Part 2 of the wall as of July 2014. The fracture pattern is clearly visible for this blocky part of the wall. 
One of the two set of fractures strike almost parallel with the wall, with a dip direction to the free face. The other 
set of fractures cross-cuts the wall. This part of the wall is the most unstable part due to the orientation of the 
wall in relation to fracture orientation. This have caused fall of blocks to the right, the plane of the crosscutting 
fracture set on the hanging wall is exposed. Sliding of rock has also occurred along the surface of the fracture set 
that is parallel to the wall. 
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Figure 6. Part 3 of the wall in November 2014. Picture is taken right after blasting had been conducted. Picture 
B and C show two examples of the poor blasting and unfavourable orientation of fractures that have resulted in 
sliding of rock shown in picture C and very unstable blocks in picture B. 

Figure 7. The finished part 3 of the wall in March 2015. Four pictures lying on top of each other to show this 
part of the wall as a whole. Take notice of the uneven crest where rockfall have occurred, seen in close up in 
Figure 6. 
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3. Geological setting 
The Stillbilden locality in Bandhagen, Stockholm is situated in the east part of the Bergslagen 

Province in south-central Sweden (Fig. 8). The formation and evolution of the region is tied to the 

evolution of the Bergslagen microcontinent during the Svecofennian orogeny at 1.92 – 1.79 Ga 

(Lahtinen, et al., 2009). The western part of the Bergslagen region is reworked and intruded by rocks 

belonging to the 1.85-1.67 Ga Transscandinavian Igneous Belt (TIB). 

 

 
 

 Svecofennian orogeny and Bergslagen 
 The Swedish Svecofennian orogen can roughly be divided into three parts, the central 

Skellefte volcanic belt and several southern sub-domains. Two of the larger sub-domains are the 

Bergslagen volcanic belt and the depositional environment of the Bothnian Domain (Fig. 8) (Gáal & 

Figure 8. Four major tectonic 
domains surrounding Bergslagen (3). 
These are distinguished by their 
tectonic and volcanic processes that 
characterize them. A high-strain belt 
(2) separate the Bergslagen (3) and 
Bothnian Basin (1). The Linköping-
Lofthammar Deformation Zone 
(LLDZ) (4) is bordering Bergslagen 
domain to the south (Reprinted from 
Precambrian Research, Vol 161, 
Hermansson et al, Migratory tectonic 
switching, western Svecofennian 
orogen, central Sweden: Constraints 
from U/Pb zircon and titanite 
geochronology, 250-278, Copyright 
(2008), with permission from 
Elsevier) 
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Gorbatschev, 1987). The Svecofennian orogen is composed of several microcontinents and island arcs 

located to the SE of the Archean, Karelian craton (Lahtinen, et al., 2009). 

The south-central part of the orogen comprises of the Bergslagen Province (Fig. 8) and was 

formed by igneous activity between c. 1.91 – 1.88 Ga. The lithology is dominated by granitoids and 

felsic metavolcanics with underlying metasedimentary rocks (Hermansson, et al., 2008). During 

regional metamorphism S-type granites and migmatites were formed by partial melting of the crust 

(Lahtinen et al., 2009).  

There is several models explaining the formation of Bergslagen during its accretion, many 

agree on the same general model as Beunk and Kuipers (2012), Lahtinen et al. (2009) and 

Hermansson et al. (2008) agrees on. The evolution represents a continental back-arc environment with 

a migratory tectonic switching from early extension to compression at 1.83 Ga and later N-S 

transpressive shortening between 1.80-1.78 Ga. The latter resulted in deformation along retrograde 

crustal shear zones that reactivated older ductile structures that formed during the initial stages. 

 Lithology of the study area 
 Mapping of the study area of Stillbilden, conducted in March 2015, only displayed small 

variations in the gneissic lithology. The gneiss has a sedimentary affinity. The rock is layerd and has 

high amounts of quartz and feldspars with varying amounts of micas (biotite and muscovite) and only 

sparse occurrences of amphibole, where the latter are attributed to metabasaltic components in the 

supracrustal succession. Leucosome layers and pegmatites are common throughout the study area and 

the scale of these ranges from centimetre thick bands of potassium feldspar to whole square m 

complexes of centimetre large crystals to the readily identified large potassium crystals in the matrix. 

Two of the larger pegmatites can be found in the middle and the E part of the area. All but one of the 

randomly occurring smaller, 0.5 m thick pegmatite dykes strike parallel with the foliation of the gneiss 

and hence all but one strike between 280-340°. 

Parasitic folds in the gneiss, most prominent in the western and middle part of the study area 

(Fig. 9). The lighter coloured band of the gneiss, the leucosome, is abundant in quartz and also 

orthoclase feldspars. The darker bands, the melanosome, are comprised of mostly micas, preferably 

biotite, with very sparse occurrences of amphibole, estimated from hand samples to less than 2%. 

The temperature, during peak metamorphism in the Stockholm region is estimated to be 

around 700°C (Stålhös, 1969) with low pressure (Hermansson et al., 2007). After 1.85 Ga many 

regions were mainly deformed in ductile manner, which is associated with the retrograde 

metamorphism (Gáal & Gorbatschev, 1987). 
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The exposed surface of the rock wall in the middle part of the area, part 2, is partly oxidized and 

has a rusty tint. This would indicate that there initially was a higher iron content in the rock or that the 

water transported in the fractures was rich in iron. The matrix here and towards east is generally 

darker and more mica rich, especially in biotite mica, but still sparse in amphibole. Bands of quartz 

and feldspar are thinner than in the western most part of the study area but still readily present. Partly 

exposed and weathered surfaces of the foliation plane show great abundance of micas. From 

handsamples the dominating mica resembles muscovite but a thin section could show that it in fact is 

weathered biotite but no thin sections have been studied. On the eastern most excavated wall the 

leucosome alternates to be more influenced by pegmatitic alterations with orthoclase boudins. Closest 

to the road on the easternmost excavated wall the rock has undergone alteration, distinguishing it from 

surrounding rock by its clayish surface and bluish tint. Hydrothermal alteration would add clay 

minerals such as chlorite and carbonates and could hence explain the occurrence.  

 

 Ductile deformation in Stockholm 
 In the Stockholm region F2 folds are recumbent with tight limbs and axial planes leaning to 

the west with axial traces oriented N-S. These folds were later deformed and refolded as syn- and 

anticlinal folds with axial traces oriented E-W and with fold axis’s plunging to E, SE or S (Fig. 10) 

(Lahtinen, et al., 2009).  

NW-SE and NNW-SSE trending shear zones can locally have deformed these structures 

further. The shear zones have been interpreted as dextral transpressional with a main N-S compression 

Figure 9. Picture of the ptygmatic folds in the migmatite at part 1. 

N 
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direction (Nironen, 1997). The N-S oriented main compression of the E-W folds can be correlated to 

the events following the accretion of the Bergslagen microcontinent with the Karelia craton (Lahtinen, 

et al., 2009).  

 

  

3.3.1. Ductile deformation in the study area 
 The study area is part of a large block that is surrounded by ductile shear zones on all sides 

trending NW-SE, NNW-SSE, ENE-WSW and E-W with both a synform and a antiform in this block 

is trending E-W (Fig. 10). These two structures are consistent with other synforms and antiform pairs 

in the Stockholm region. It could be that the block that the study area is located in have rotated in a 

either clockwise or counter-clockwise direction, this cannot be inferred from the synforms and 

antiforms though. 

The foliation in the study area is folded (Fig. 11) with fold axis oriented in 099/38. The axial 

plane could not be deduced in the field and is consequently not known to have been measured. If the 

map of the foliation (Fig. 12) is also considered the axial plane could be inferred to plunge eastward. 

Figure 10. Bedrock map of the Stockholm region today. Deformational structures (synforms and antiforms) 
trending E-W have been interpreted by Lathinen et al. 2009 to have formed via a N-S main convergence (map 
from SGU, 2015). 
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  It could be inferred that with a fold axis oriented 099°, the axial plane could strike roughly E-

W and hence correspond to similar folds in the Stockholm region. Rhe real strike of the axial plane 

could of course be any plane crossing the pole to the fold plane but the most likely strike of the axial 

plane is roughly E-W if also the map of the foliation is considered (Fig. 12). The dips of the hinges are 

similar for both the parasitic folds in Figure 9 and the fold in Figure 11. The parasitic folds are upright 

plunging which could also be the case for the larger fold. 

 

Figure 11. Stereogram projection of the fold. Foliation planes and poles to these (orange) and the fold 
axis to these with a pole (blue).  
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A 1 m wide brittle shear zone crosscuts the N-S oriented easternmost excavated wall with a 

near vertical plunge. 

Kinematic indicators, shear folds, show oblique dextral sense of shear with west side up (Fig. 

13). Garnets observed could have been inferred to show dextral clockwise body rotation, this was not 

at all clear though, hence these were not included in the report. 

 

  

Figure 12. Map of the gneissic foliation. The fold axis and trace is included in the map to show rough 
orientation of an overturned synclinal fold (Base map © Lantmäteriet I2014/00601). 

Figure 13. (A) and (B) are examples of shear folds 
that showed the dextral sense of shear. The quartz 
veins are situated on a vertical wall on opposite faces 
with a 90° angle to each other. These could be the 
same vein since they occur close to each other. 

N 
N 
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4. Present day stress field 
 The general NW-SE orientation of the maximum horizontal stress that is present in Northern 

Europe can be correlated to the tectonic force of the ridge push that originates from the spreading of 

the Atlantic Ocean at the Mid-Atlantic ridge. It is also influenced by the collision of Europe and the 

African plate that resulted in the Alpine orogeny (Stephansson, et al., 1991). Overall stress orientation 

in Western Europe is NW 325o, which is roughly normal to the northern and eastern front of the Alps 

put parallel to the Mid-Atlantic ridge push (MARP) principal stress (Müller, et al., 1992). According 

to Glamheden et al., (2007) a general WNW-ESE compressional stress is active in Scandinavia today, 

also deriving from the plate motions. Though in southern Sweden, the maximum horizontal stress axis 

is oriented between WNW 310° to NW 330°. Estimated from around 200 seismic events in 

Fennoscandia with a maximum horizontal stress in the direction of NW 300°, Slunga (1991) found 

that the seismic events in the Baltic shield are related to plate tectonics rather than the isostatic uplift 

from deglaciation. Furthermore he concludes that strike-slip faulting, normal faulting and reversed 

faulting can occur across all of Sweden, although reversed faulting is most common in northern 

Sweden. In southern Sweden the scatter between the three types are greater (Fig 14). The type of 

faulting is determined by the orientation between the plane which the shear occurs along and the 

maximum principal stress. This means that the shallow, a depth of maximum 300-400 m, orientation 

and magnitude of the maximum principal stresses in Fennoscandia do not follow a simple reoccurring 

pattern, but a more irregular one (Fig. 14) (Stephansson, et al., 1991). 

 

Figure 14. Scandinavian 
map of the World Stress 
Map Project. Horizontal 
stress orientation are 
derived from different 
measurement methods on 
different discontinuities, 
(TF - Thrust Faulting), (SS 
- Strike-Slip), (NF - 
Normal Faulting) and (U - 
Unknown) (Heidbach, et 
al., 2008). 
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The scatter in stress direction may also depend on at which depth the measurements are done, 

as topography plays an important role in stress behavior from the surface down to the top hundred m 

of the crust. Although, below 300-400 m the maximum horizontal stress orientation is aligned to a 

NW-SE direction (Zoback, 1992). 

 

 Isostatic rebound 
 Models of the last glaciation have shown that subsidence of the Fennoscandian crust by the 

ice-sheet amounted to roughly 900 m, it has yet to rebound 200 m to reach pre-glaciation levels 

(Stephansson, 1993). The postglacial rebound makes up a small part of the deformation in the crust 

but can none the less induce high horizontal stresses. The un-loading of ice creates tension in the 

region centred by the uplift, but compression, hence reverse faulting, in surrounding regions 

(Stephansson, 1993). The resulting patter from the deglaciation is a concentric stress field propagating 

from the centre of the northern Gulf of Bothnia where the principal stresses close to the centre, both 

compressional and extensional, roughly follow the isostatic rebound gradient (Fig. 15) (Müller, et al., 

1992; Arvidsson & Kulhanek, 1994).  

 

Figure 15. Postglacial contours of uplift (in mm/yr) and principal stress orientation. Derived from 
focal mechanisms (Reprinted from Geophysical Journal International, Vol 116, Arvidsson & 
Kulhanek, Seismodynamics of Sweden deduced from earthquake focal mechanisms, 377-392, Figure 
9, Copyright (1994), by permission of Oxford University Press on behalf of The Royal Astronomical 
Society) 
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4.1.1. Extensional fracturing 
The Pärve fault, a large fault structure oriented NE-SW in northern Sweden has been interpreted to 

have formed during or after the last glacial period, around 10000-9000 BP. It is interpreted as a steep 

dipping fracture with a general reversed dip-slip movement. It is believed that with rapid deglaciation 

(unloading) and subsequent rapid doming the tectonic movement have increased and hence made it 

possible for the large fault structure to form by the sudden release of stress. Meltwater from glacial ice 

will allow stress buildups originating from the ice overburden to be released by the increase in 

hydrostatic pressure, causing minor earthquakes (Lundqvist & Lagerbäck, 1976). Only few similar 

structures are found in southern Sweden, but according to Lagerbäck (1978) this is not to be 

interpreted as if these structures do not occur but only that they are not yet identified. He states that it 

is a possibility that fault structures in the south show different movement due to regional differences in 

the stresses deriving from the glacial unloading. The late-to postglacial faults found in northern 

Sweden might not even be the most important but instead the most obvious structures. 

Stephens (2010) states that removal of sedimentary material or unloading of glacial ice would 

result in extensional failure and reactivation and propagation of ancient micro cracks and development 

of joints in the near surface. Stephens also attributes this to the release of high stresses in the bedrock 

during unloading. In the upper few tens of m of the bedrock, open, gentle dipping fractures could 

develop (Stephens, 2010). At the planned nuclear repository site at Forsmark, one possible formation 

for fresh fractures is thought to have been the unloading of glacial ice. Glacial striations, lack of 

fracture infill and correlation to glacial sediments are all indications that the fractures opened during a 

late stage in the deglaciation of the area, during initial unloading. It is further proclaimed that similar 

fractures are found in other regions, not only in Forsmark, and they are hence not seen as local 

occurrences. These fractures strike similar to either already pre-existing fault structures surrounding 

the area or local fractures (Lagerbäck, et al., 2005).  
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5. Excavation 
 To achieve a stable slope with dipping planes, the free face (slope) should be positioned 

perpendicular to the strike of the planes when excavating (Blyth, 1967; Bell, 2007). By doing this, the 

chance for rock to slide along its bedding plane or fracture plane is low. If the opposite is considered, 

that the slope is excavated in a way so that the free face is parallel or oblique to the strike, the planes 

can dip unfavourably into, or favourably away, from the free face. If the unfavourable situation is 

considered, then the slope inclination should, if possible, be chosen at a right angle to the dip of the 

planes, to minimize fall or sliding of rock. If this is not possible and a vertical wall is to be excavated, 

rockfall will greatly depend on the shear strength of the filling material between fracture planes and 

within fractures. Presence of water decreases the strength of the filling material, e.g. if clay is 

percolated. 

 

 Blasting 
 Considering blasting via boreholes in rock, there are generally two types of forces that 

influence the surrounding rock; stress wave loading (the shock wave from the explosion) and 

explosion gas pressure loading. When detonating, the borehole walls are exposed to an immediate 

high pressure that initiates a shock wave that propagates through the rock mass. Rather soon the shock 

wave is downgraded to a high amplitude stress wave that travels through the rock mass. Following the 

stress wave is the gas pressure loading that travels with a significantly lower speed but for a longer 

duration. The shock and stress wave fragments a zone around the vicinity of the borehole almost 

completely and the gas pressure “later” extends these fractures radially (Zhu, et al., 2007).  

In fragmentation of rock by explosives, a fractured zone is commonly created around the 

cavity of the explosives, if the explosion occurs within a confined object e.g. a rock mass. The cavity’s 

diameter is determined by the size of the borehole and the free space created from the moving of 

grains by the shear stress wave. When blasting, the fractured zone surrounding the cavity is created by 

the compressive force of the elastic wave that originates from the explosion shear stress. An 

uncommon exception to this is when the amplitude of the pressure wave is too small in relation to the 

materials compressive strength and thus no fractured zone is created. Otherwise the fractured zone will 

be characterized by the collapse of the intercrystalline or intergrain structure of the rock and the tight 

compaction of the rocks grains. The thickness of this zone has been shown to range in ratio from 1 to 

10, commonly around 5, in relation to the diameter of the cavity created from the blast. When this 

zone stops expanding, radial local fractures start to randomly propagate out from the now crushed 

zone. The length of the fractures are proportional to the rupture velocity, i.e. the longer the fracture the 

higher the rupture velocity (Donze, et al., 1997; Zhu, et al., 2007). 
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A fracture is initiated when cracks in a rock mass exceeds the rocks tensile or shear strength. 

The strength of the rock is continuously weakened in front of the fractures tip. Propagation appears 

when new fractures are forming at the tip of the fracture (Donze, et al., 1997). Fractures that have been 

initially generated by the stress wave from the explosion can be furthered lengthened by the gas from 

the explosion by a factor of at least five. The main contributor to fracture growth is the tensile stress 

generated from either the explosion generated stress wave loading or the explosion gas pressure 

loading. They commonly propagate from the borehole radially outwards, unless the principal stress 

acting on the rock mass is of a different magnitude or a pre-existing pattern of fractures or joints 

exists, in that case fractures may choose another orientation (Donze, et al., 1997). 

For a rock mass under pre-existing compressive stress in one main direction, the radial 

fractures will align in the direction of that principal stress axis. The fractures will likely also align in 

the direction of a pre-blast maximum principal stress axis, given the stress acting on the body were 

large enough to internally deform the body (Kutter & Farihurst, 1971; Donze, et al., 1997). 

The radial fractures originate from the outwards fanning wave that moves the rock particles 

radially, amounting in strain and tensile stress in the tangential direction. The tensile strength of the 

rock is smaller than its compressive strength. Therefore a tensing wave that is large enough can open 

radial fractures in the rock when the amplitude of the stress exceeds the strength of the rock. This 

despite that a small compressional radial stress component exerted from the wave is adding to the in 

situ compressive strength of the rock. The fractures that are formed can be from e.g. pre- or post-blast 

micro-fractures or continuation on fractures from the inner fractured zone. The gas pressure loading 

will further extend the fractured zone and especially open existing fractures or form new ones by 

elastic hoop stresses that are directed perpendicular to the propagation of the fracture (Kutter & 

Farihurst, 1971).  

With a source that creates a low strain rate loading (low amplitude and frequency), the 

fractured zone will be small but the number of long radial fractures more common than the number of 

short ones (Fig. 16a). If the opposite is considered instead, e.g. a higher strain rate (high amplitude 

pressure and frequency, both increase with charge size), the fractured zone will be larger with more 

short- and fewer long- radial fractures (Fig. 16b) (Kutter & Farihurst, 1971; Donze, et al., 1997; Ma & 

An, 2008). 
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Circumferential fractures or “spalling” can develop in rock masses as a result of the tensile 

stress wave reflecting back from a free surface, e.g. an excavated wall (Zhu, et al., 2007). Experiments 

conducted by Ma and An (2008) and Zhu et al. (2007) have shown that though these fractures can 

develop randomly in small extent, it is crucial that a free face exist in vicinity of the borehole for them 

to occur in a pattern of greater numbers. Ma and An (2008) presented a model on the effect a free face 

have on fracture propagation in a rectangular body (2.5x3m) with 3 sides remaining as non-reflecting 

boundaries (Fig. 17).  

The radial fractures propagate in an orderly random radial pattern as per usual (Fig. 17a), until 

they reach the free face where the stress wave reflects back (Fig. 17b) and the tensile stress creates 

spalling failure of the rock mass (Fig. 17c) with fractures developing parallel to the free face that can 

create large sheets of the rock slabs (Ma & An, 2008).  

 
 

A pre-existing fracture can reduce the propagation of a blast-induced fracture if the pre-

existing fracture form a free face via the infilling or lack of infilling in the fracture. Width, spacing, 

filling and orientation of the pre-existing fractures are parameters that determine to what extent this is 

Figure 16. Simulation of fracturing processes around a blast hole. Model material 
mimics a hard and dense rock with (a) a low amplitude and frequency source, and (b) a 
high amplitude and frequency source. The dense black zone surrounding the central 
cavity is the fractured zone (cropped and reprinted from International Journal of Rock 
Mechanics and Mining Sciences, Vol 34, Donze, Bouchez & Magnier, Modeling 
fractures in rock blasting, 1153-1163, Copyright (1997), with permission from Elsevier) 

Figure 17. Propagation of radial fractures in a model with one free face. Bottom face is free the other 
three faces are set as non-reflecting boundaries in the simulation (cropped and reprinted from 
International Journal of Rock Mechanics and Mining Sciences, Vol 45, Ma & An, Numerical 
simulation of blasting-induced rock fractures, 966-975, Copyright (2008), with permission from 
Elsevier)  
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achieved (Zhu, et al., 2007). Zhu et al. (2007) present simulations of this for joints filled with 

unconsolidated soil. They show that width of the joint is important in decreasing the amplitude of the 

stress wave (Fig. 18).  

It is shown in this simulation that for a 0.5 mm thick joint, several radial fractures pass 

through the joint since the soil is not thick enough to stop the wave or gas propagation (Fig. 18). The 

1.0 mm thick joint on the other hand, stops all but one fracture. The 1.5 mm joint acts as if there were 

no rock wall contact at all, as the soil filling absorbs all stresses. In nature, if there is no rock wall 

contact in the joint, the fracture propagation will be completely stopped. The zone between the joint 

and borehole will show a great increase in the number of fractures because the joint plane will reflect 

the stress wave (Zhu, et al., 2007). Foliations and other type of discontinuities can also work against 

formation of new fractures. However they can enhance growth of pre-existing fractures to a greater 

extent than in the case if these discontinuities had not been present (Kutter & Farihurst, 1971).  

 

 
 

Ma and An (2008) also simulated the propagation of radial fractures with one side as a free 

face and with a 2 mm thick joint plane perpendicular to this plane (Fig. 19). Spalling is inferred by the 

same process as discussed earlier with the propagation of fractures in the free face direction. The stress 

wave from the gas pressure reflects off the 2 mm open joint plane and induces a spalling failure (Ma & 

An, 2008). No propagation of fractures can be seen on the right side of the joint plane, that behaves in 

a similar manner as a 1.5 mm joint thickness (Zhu, et al., 2007). 

 

Figure 18. Comparison of fracture propagation for three different joint thicknesses. The yellow plane 
as a soil filled joint (cropped and reprinted from International Journal of Rock Mechanics and Mining 
Sciences, Vol 44, Zhu, Mohanty & Xie, Numerical investigation of blasting-induced crack initiation 
and propagation in rocks, 412-424, Copyright (2007), with permission from Elsevier) 
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Figure 19. Fracture propagation with one free face and one joint plane perpendicular to the free 
face (cropped and reprinted from International Journal of Rock Mechanics and Mining Sciences, 
Vol 45, Ma & An, Numerical simulation of blasting-induced rock fractures, 966-975, Copyright 
(2008), with permission from Elsevier) 
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6. Method 
 The preliminary geotechnical investigation conducted by Grontmij in 2011 was obtained by e-

mail contact with Exploateringskontoret at Stockholm’s Stad offices and with the consulting firms 

Röda Tråden AB and Ramböll. The information therein, about the geological conditions and personal 

observations was translated directly, hence no personal interpretation of the data have been made. 

 Mapping 
 Bedrock mapping was conducted for the Stillbilden block during March 2015. The excavated 

wall is divided in three different parts based on differences in fracture distribution and fracture pattern 

(Fig. 20). The main focus of mapping was fractures; their distribution, spacing (frequency), 

orientation, if they were pre-existing or blasting-induced and also the fracture filling and the condition 

of the contact surface. Description of lithology and foliation were also noted, as well as the orientation 

of any other geological structures, e.g. shear zones. All orientations of fractures, foliation and other 

structures were measured with a hand held compass. The rock wall made an excellent outcrop and by 

uncovering the rock on the vegetated surface good outcrops was exposed there as well. All outcrops 

were positioned from reference points in the field and noted on a map. The outcrops were plotted on a 

1:1000 map created in ‘ArcGIS’ on a background map from Lantmäteriet. 

 
The orientation of fractures, foliation and the fold were projected on stereoplots in the online 

program ‘Visible Geology’. The rose diagram was created in ‘Dips 6.0’ and the 3D model of the 

general fracture pattern was created in ‘MOVE 2015’ on a base map from Lantmäteriet. Fractures that 

are systematic are classified as a set of fractures. Any additional randomly occurring fractures are 

considered as random fractures. Pre-existing or blast-induced fractures are determined after how fresh 

their surfaces are and if they are open or closed. A closed, narrow, fresh fracture indicates a possible 

Figure 20. Map of the study 
area. The mapped area outlined 
in red. The area outlined in 
solid black is the part 
excavated for construction. The 
shaded area marks the 
permitted maximum extent of 
lot usage. The NW and ENE 
boundaries of the lot are where 
the excavated walls are located 
and divided into the three parts 
shown  

(Stockholms 
Stadsbyggnadskontor, Dp 
2008-20194-54). 
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blast-induced fracture. Some of these fractures that tend to grow close to pre-existing fractures on the 

excavated wall are mapped as blast-induced fractures. 

 

6.1.1. Persistence of fractures 
 The persistence of fractures infers to its areal extent along a surface or plane. This can be 

calculated with different degrees of precision if only few outcrops are exposed for a given area 

(Zhang, 2005). Examples of parameters that will increase the precision of the calculations are a large 

free surface of exposed rock and through mapping. Therefore the persistence of fractures will be 

determined solely from field observations from the available outcrops, since calculations seem highly 

unnecessary and time consuming for this study. 

 

6.1.2. Fracture roughness and alteration 
 The roughness and degree of alteration for a fractures surface can be described as ISRM 

suggested in 1987 and also as Hoek & Karakas concluded in 2008, where they discussed different 

classification systems, among others, the Q-system, which is used for tunneling. The Q-system hosts 

another version of fracture roughness and degree of alteration than what ISRM (1987) presents, but 

still with similar descriptions. The present study focused on open fractures, if they are mineralized, the 

degree of roughness and also the alteration since this can be an indication of how much weathering the 

surface has undergone. This can give an indication of the abundance, or lack of, weathering agents and 

the fractures shear strength. 

 

 Measurement and calculation of spacing 
 The spacing (S; given as distance between fractures in m) of fractures can be measured in the 

field by placing a straight ruler of any sort (a scanline), with a given length (L; m) (preferably a few m 

long depending on fracture frequency) perpendicular to the strike of the fracture set that is regarded 

(ISRM, 1978). The measured length should at least be ten times longer than the spacing, this study 

measured along the whole length of the wall, roughly 155 m. A mean spacing (Sm; m between 

fractures of the same set) can be calculated if the ruler is not perpendicular to the strike of the fracture 

(Harrison & Hudson, 2000). By counting the number of fractures (N) of a set along the ruler, the mean 

spacing can be calculated from the equation: 

𝑆𝑆𝑚𝑚 = 𝐿𝐿
𝑁𝑁�    (Eq. 1) 

 

If the spacing measured between two fractures of the same set is not measured perpendicular 

to the scanline, corrections can be performed to acquire calculated spacing (Sc) by measuring the acute 
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angle (α) between the scanline and the strike of the fracture (ISRM, 1978). The mean spacing 

measured (Sm) in the set is then used to calculate the real spacing from the equation: 

𝑆𝑆𝑐𝑐 = 𝑆𝑆𝑚𝑚 × sin𝛼𝛼  (Eq. 2) 

In this study the angle for the scanline is the strike of the wall, 065° for the E-W oriented part. 

For the N-S oriented wall the scanline is at an angle of 150°.  
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7. Results 
 Mapping of fractures have shown two main set of fractures. The first set of fractures (S1) has 

developed in NNW-SSE and the second set of fractures (S2) has developed in WSW-ENE. The 

overstepping of two S1 fractures by one S2 fracture can shows the age relationship between S1 and S2 

fractures.  If so, S1 fractures are older than S2 fractures (Fig. 21).  

 
 

The fractures of S1 are parallel to the foliation towards the western part of the area but crosscut 

the foliation towards the middle and eastern part of the area. S2 fractures crosscut the foliation to the 

west, but they are parallel in the central part of the area, and at a low angle or parallel in the eastern 

part. The different alignment of the fractures to the foliation is because the foliation is folded and thus 

changes in strike and dip continuously throughout the study area. 

 

 Pre-existing fractures 
 S1 fractures strike NNW-SSE and can be divided into two subgroups that fractures dip to 

opposite cardinal points. Subgroup 1 of S1 (S1G1) have a strike/dip of 170°±15° / 70°±30° and 

subgroup 2 (S1G2) 335°±20° / 55°±35°. Around 60% of all pre-existing fractures mapped belong to 

S1 (Figs. 22 and 23A). S2 fractures strike WSW-ENE and can also be divided into two subgroups 

based on the same criteria as for S1. Subgroup 1 of S2 (S2G1) have a strike/dip of 80°±15° / 65°±20° 

and subgroup 2 (S2G2) 260°±20° / 70°±20°. As the rose plot show, of 147 fractures only a total of 

Figure 21. Picture of overstepping of two set 1 fractures by one fracture of set 2. Both of the set 1 (S1) fractures 
are crossed by the set 2 (S2) fracture, which continues beneath the vegetation. This show the age relationship 
when the older fractures of set 1 are displaced by the younger fracture of set 2. 
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around 10% is represented by S2 fractures, which is still abundant in relation to other fracture 

orientations. S1 and S2 make an angle of around 80°±20°, this angle can hence be both acute and not 

acute.  

The stereogram projection of all random pre-existing fractures shows that there are faint 

clusters of fractures in two main directions, NNE-SSW and NW-SE (Fig. 23B).  

 

 

Figure 22. Rose diagram of all measured 147 pre-existing fractures. S1 fractures make up most of the fractures 
mapped, almost 60%. S2 fractures make up the second largest set. The inner circles are numbered after the 
amount of planes per arc with the number of planes in the inner circle being 6 and the outermost 30(Created with 
DIPS, 2015). 

 

Set 1 

Set 2 
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The difference between the amount of S1 and S2 fractures measured is because S2 fractures 

are for most parts parallel to the wall and they are less closely spaced than S1. The parallel orientation 

of S2 fractures means that they are less frequently exposed than the cross-cutting S1 fractures.  

Where the foliation strikes parallel to S1 or S2, fractures will open parallel to the foliation 

along commonly the melanosome (Figs. 12 and 24).  

Figure 23. (A) Stereogram projection of all 106 S1 (blue) and S2 (red) pre-existing fractures. (B) Plot of all 44 
random pre-existing fractures (Created with Visible Geology, 2015). Equal area lower hemisphere projections. 
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Figure 24. Map of pre-existing fractures location. S1 coloured blue and S2 red respectively (Base map © 
Lantmäteriet I2014/00601). 
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Based on spacing (Table 1) and strike/dip of pre-existing S1 and S2 fractures a 3D model of 

the general fracture pattern for the whole area was generated in MOVE (Fig. 25). It shows the 

intersection of S1 and S2 fractures and the walls unfavourable orientation to the strike of S2 fractures. 

In the middle section of the wall S2 fractures show the dip to the free face and their strike parallel to 

the wall. For the easternmost part of the wall, where S2 is oriented NW-SE, the almost parallel 

alignment of some of the S1 fractures show the same problem with a dip westward, towards the free 

face. 

 

Figure 25. Two general 3D models of the pre-existing fracture pattern in the study area, created in MOVE. S1 
fractures are blue and S2 fractures yellow. All fracture planes are randomly generated in the program. When 
creating the fracture pattern in the program, the wall was divided into smaller parts to make the fracture pattern 
as true to reality as possible, in regard of frequency and strike/dip for fractures at different parts. (B) is rotated 
90° counter-clockwise from (A). North arrow in bottom left corner (DEM file © Lantmäteriet I2014/00601). 
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7.1.1. Striation and sense of shear 
 Striations on the pre-existing fractures planes show an oblique sense of shear, with the 

majority of the observed planes displaying normal, oblique dip-slip faulting (Fig. 26). In part 2 the 

striations indicate an oblique, 20-30° from the vertical, movement along the surface of an S2 fracture 

hanging wall with oblique sense of shear. Slicken-side steps indicate the movement along the S2 plane 

and normal faulting, the fracture is parallel with the foliation (Fig. 26A; 27). The striations along the 

surface of an S1 fracture were fall of rock has occurred also show oblique normal faulting. Slicken-

side steps on the hanging wall show that this block has moved down in relation to the block on the 

footwall (Fig. 26B). The fractures measured are ~170/65° for S1 and ~070/70° for S2.  

 
 

 

Figure 26. Striations measured on vertical sections at part 2 of the wall. Picture A show oblique 
striations on a footwall S2 fracture plane. Arrow indicates dextral top side down movement from 
slicken-side steps. Picture B show oblique striations on a hanging wall S1 fracture plane. Slicken-side 
steps show sinistral movement along this fracture plane with arrow indicating movement along the 
plane. The bottom border of picture A is roughly 10 cm and for picture B 20 cm. points. 
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The block that has moved down along plane A (Figs. 26A and 27) will form slicken-side steps 

on the footwall of the S2 fracture plane. The hanging wall of S1 (Fig. 27) will show slicken-side steps 

when the motion of this plane has been down in relation to the other plane. The fracture plane A in 

Figure 27 corresponds to the observed sense of movement in Figure 26A.  

         
 

  

Figure 27. Sketch of the relationship between the movement along S1 and S2 fracture planes. Sense 
of movement along the fracture plane is shown with arrows. The letter (A) on the fracture planes 
corresponds to Figure 26A. S1 in this picture where the block has moved down cannot be correlated 
with Figure 26B. In this sketch S1 strike ~170/70 and S2 strike ~070/70. 
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7.1.2. Fractures on vegetated surface 
 The vegetated top surface has S1 and S2 fractures identified during mapping (Fig. 28). The 

dominance of S1 fractures is representative of the distribution of these fractures in the rock. Four 

random fractures with steep dip, two that strike roughly 195° and two that strike 010-020°, are not 

included in fracture set 1 since these are outside of the range set for S1 (Fig. 29). Four of the five S2 

fractures dip to the S and hence to the free face (Fig. 28). 

 

 

Figure 28. Plot of 40 pre-existing fractures of set 1 (blue) and set 2 (red). Mapped on the vegetated top surface 
of the excavated wall. Equal area lower hemisphere projection. 

Figure 29. Plot of all 11 random pre-existing fractures from the vegetated surface. Four random fractures strike 
roughly 195° and  010-020°, these are not included in S1. Equal area lower hemisphere projection. 
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7.1.3. Fractures at part 1 of the wall 
 Part 1 of the wall is readily cross cut by S1 fractures, and only two fractures of S2 were 

observed (Fig. 30). The S2G2 fractures have developed perpendicular to the foliation here with a dip 

northward, away from the free face and two S1 fractures dip steeper than the other S1 fractures. All 

but those two S1 fractures are parallel to the foliation. A few random fractures cluster at the strike 

NNE-SSW (Fig. 31).  

 

 

Figure 30. Plot of 14 pre-existing fractures of set 1 (blue) and set 2 (red) for part 1 of the wall. The S2G2 
fractures strike 266° and 268° respectively. Equal area lower hemisphere projection. 

Figure 31. Plot of all 11 random pre-existing fractures for part 1 of the wall. Intersections of random 
fractures were observed. Equal area lower hemisphere projection. 
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7.1.4. Fractures at part 2 of the wall 
 Part 2 of the wall show great abundance in the pre-existing fractures S1 and S2. It shows 

development of all subgroups within both S1 and S2, including the gentler dipping S1G2 fractures 

(Fig. 32). Only five random fractures were observed for this section. All but two S2 fractures dip 

southward, towards the free face. In this part of the wall the S2 fractures are parallel to the foliation 

which also dips towards the free face. 

 
The fracture pattern divides the whole section of the wall into a rhombohedral pattern, in 

which intersections of S1 and S2 fractures occur (Fig. 33). S1G2 fractures striking ~330° with gentle 

dip splits the rhombohedral shaped fracture pattern into blocks. Mineral fracture infilling is sparse 

with mostly sand-silty surfaces. Occasional rough surfaces of the fracture planes occur. Close spacing 

of S1G1 fractures are visible in Figure 33 with a spacing of around 30-40 centimetres between each 

fracture. 

Figure 32. Stereogram projection of 36 pre-existing S1 and S2 fractures for part 2 of the wall. S1 (blue) strike 
NNW-SSE. S2 (red) strike roughly E-W with dip mainly to the south (S2G1), to the free face. Equal area lower 
hemisphere projection. 
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7.1.5. Fractures at part 3 of the wall 
 At part 3 of the wall, pre-existing fractures of S1 and S2 are not as frequent as in the other two 

sections (Fig. 34). The foliation at part 3 strikes 10-20° differently than at part 2 and the gneiss matrix 

contains less mica-schist than for part 1 and 2 of the wall. The dip of the S2 fractures is for all but one 

fracture northward, away from the free face. 

 

Figure 33. Picture of the rhombohedral fracture pattern created by the intersecting S1 and S2 fractures. S1 dips 
to the left in this picture, S2 dip parallel to the wall. In the middle part of the picture the rock bolts holding the 
blocks at place are visible. 

Figure 34. Stereogram projection of all 16 pre-existing S1 (blue) and S2 (red) fractures at part 3. All but 
one S2 fracture dip northward, away from the free face of the wall, which is an S2G1 fracture. Equal area 
lower hemisphere projection. 
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In part 3 the random fractures outnumber the fractures belonging to S1 and S2 here (Fig. 35). 

There are two separate clusters of random fractures, the first striking NNE-SSW with a gentle dip and 

the second striking NW-SE with a steeper dip. Three of these random fractures have a dip southward, 

towards the free face. Some of them form intersections with other fractures. 

 
 

  

Figure 35. Plot of all 17 random pre-existing fractures for part 3 of the wall. Random fractures with a gentle dip 
cluster in a NNE-SSW strike, 016-023° and 189-190°. Fractures with a steep dip, >70°, cluster in a NNE-SSW 
strike, 122° and 300°. Equal area lower hemisphere projection. 
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One rock fall and two sliding of blocks have occurred at part 3 along the E-W striking wall 

(Fig. 36). The rock fall is caused by the intersection of S1 and S2 fractures. The other two rock slides 

are caused by 3 random fractures striking ~10°, ~100°, ~200° and one S1G1 fracture. These three 

random fractures are some of the fractures with a dip to the free face (Fig. 35).  

 

 
 

The corner in part 3 is heavily fractured and oriented parallel to the foliation, and the foliation 

dips both towards the N and S. Rock slide that has occurred is between S2 fractures, which are parallel 

to the foliation, and a random set of fractures striking 225°-235°. A shear zone and a pegmatite dyke 

further to the east have “halos” of fractures with high frequency of S2 fractures and random fractures 

striking 220-240/85. If the corner is disregarded, the N-S oriented wall has only three fractures of S1 

and one of S2. Sheets of rock have slide of the N-S oriented wall which has occurred along NNW-SSE 

striking S1G1 fractures. 

 

7.1.6. Fracture surface 
Mineral infilling on the fracture surface occurs throughout the excavated wall but in far from all 

fractures. The majority of the fractures within S1 and S2 are open and only a handful has white 

mineral coating on the fracture surface The older fractures on the surface of the area have infilling of 

clay minerals. The surface of some random fractures are greenish, indicating chlorite. 

A hand sample of fracture infilling was taken from a random fracture from part 3 of the wall 

that displayed white, soft and clayish properties. The fractures filling of silty and clay coatings ranged 

Figure 36. Part 3 of the excavated wall with rockfall marked in yellow. A and C represent sliding of a large 
block and B a rockfall. Three random fractures and one S1G1 fracture have caused the sliding at both A 
and C while S1G2 and S2G2 have caused the rockfall at B. 
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between 2-4 mm thick with no rock wall contact. The hand sample was tested with hydrochloric acid 

(HCl) to determine the occurrence of a carbonate group mineral that contains the reactant (CO3)-2
 to 

HCl. The test resulted in the characteristic fizzing and bubbling of CO2 from the sample, which is 

evidence for a carbonate group mineral. The reaction was strong and the fracture wall alteration 

mineral is most likely calcite (CaCO3) which is a very common fracture filling mineral. 

 

 Blast-induced fractures 
 The blast-induced fractures that have developed parallel to the strike of S1 and S2 pre-existing 

fractures will hereafter be called BF1 for those parallel to S1 and BF2 for those parallel to S2. The 

majority of blast-induced fractures, BF1, BF2 and random fractures, have developed close to, or on, 

the excavated wall where they either strike parallel to the free face or crosscut it. The BF2 fractures 

are in general short, but seven fractures longer than a m has been observed and all dip southward, 

towards the free face (Fig. 37). In general the blast-induced fractures range from a persistence of less 

than a m to well over 5 m, where 2 BF1 fractures continue from the excavated wall and propagate onto 

the surface and under the vegetation cover. All blast-induced fractures are closed with no fracture 

infilling and with fracture surface roughness ranging from rough to undulating. Field observations 

after a day of raining showed that the fractures transported water (Fig. 33). Three to four fractures that 

do not reach the crest of the wall still transport water. 

 

Figure 37. Stereogram projection of all 28 blast-induced BF1 (blue) and BF2 (red) fractures. Only blast-
induced fractures over a m have been included. Equal area lower hemisphere projection. 
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Two pre-existing S1 fractures and two pre-existing random fractures have been opened further 

and show a blast-induced propagation. These were encountered along part 2 and 3 of the wall and are 

seen as wing cracks. Their new blast-induced fracture part persisted between 1-2 m from the pre-

existing fracture.  

BF1 and BF2 fractures have developed on the top surface less than a m from the crest of the 

excavated wall in part 2 (Fig. 38A). All of the BF2 fractures dip southward, towards the free face, 

their persistence is less than a m. Several of these shorter blast-induced fractures were observed along 

the whole wall and most of them are BF1 and BF2 fractures. BF1 fractures can occur with frequency 

of four fractures per m (Fig. 38B). The close spacing of blast-induced fractures vary depending on 

their strike, but 12 BF1 fractures occur over a distance of 3 m and up to 10 short fractures with a strike 

of 221-237° occur over a distance of 2 m. This gives a potential maximum frequency of five fractures 

per m in locally restricted zones. 

 

 

Figure 38. (A) Picture of blast-induced BF1 
and BF2 fractures. These blast-induced 
fractures occur a m from the crest of the wall at 
part 2. BF1 strike between 178-181/57-60 and 
BF2 strike ~050/65. All BF2 fractures dip 
southward, towards the free face. (B) Picture of 
closely spaced short S1 fractures with a BF1 
fracture parallel to these at part 2 of the wall. 
Four S1 fractures occur along a distance less 
than 0.5 m. 
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The main direction of blast-induced fractures for part 2 of the wall is consistent with the strike 

of S1 pre-existing fractures, with a few blast-induced fractures having developed parallel to the 

foliation as BF2 fractures (Fig. 39). All BF2 fractures dip southward, towards the free face and have a 

persistence of over 2 m. At least five BF1 fractures cross the whole wall. As mentioned earlier two 

BF1 fractures cross the whole wall and continue at least a m from the crest to the vegetated part. These 

two fractures are closed and occur with a spacing of 2 m.  

 
 

Blast-induced fractures that are not parallel to BF1 and BF2 are sparse at part 1 and 2 of the 

wall. At part 3 these random blast-induced fractures are more abundant (Fig. 40). The irregular 

fracture pattern for the pre-existing fractures at part 3 of the wall corresponds with the pattern for the 

blast-induced fractures for part 3 (Fig. 41). Random blast-induced fractures are observed to form 

intersections with pre-existing S1 and S2 fractures. The blast-induced fractures have a persistence of 

maximum 2 m.  

Figure 39. Stereogram projection of all 20 blast-induced fractures at part 2. BF1 (blue) and BF2 (red). BF2 
fractures are less frequent as the BF1 fractures. Equal area lower hemisphere projection. 
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Figure 40. Stereogram projection of nine random blast-induced fractures measured at part 3. A cluster of six 
blasting-induced fractures occur that strikes WNW-ESE with dip varying between 10° to 80°. Equal area lower 
hemisphere projection. 

Figure 41. Stereogram projection of all nine random blast-induced fractures (green) in the same stereogram 
projection as all 17 pre-existing random fractures (red) at the same area. All random blast-induced fractures are 
parallel to pre-existing random fractures. The blast-induced fractures show two preferred orientations ~110° and 
300-310°. Equal area lower hemisphere projection. 
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 Spacing of pre-existing fractures 
 Equation 1 was used to calculate the mean spacing (Sm) of pre-existing fractures that were 

measured along a 5 m scanline. Part 2 of the wall is exhibiting the closest Sm for S1 and S2 fractures, 

0.7 m and 1 m, respectively (Table 1). The Sm for part 3 is as low as 0.4 m between random fractures, 

for the rest of the wall the lowest spacing is 0.7 m. The block size created by S1, S2 and random 

fractures are irregular, with the smallest volumes near the shear zone and the different pegmatites. 

Equation 2 was used to calculate the real spacing (Sc). Sc show that S2 are closer spaced than 

what was measured in the field, this due to the small acute angle (15°) that this set of fractures and the 

scanline make. S2 fractures can be as closely spaced as 0.26 m between each fracture at part 2 of the 

wall. S1 has a larger acute angle with the scanline (75°) and hence the Sc values for S1 are not as 

different from the measured Sm values.  S1 fractures can be as closely spaced as 0.77 m apart at part 2 

of the wall. After the corner S1 fractures occur even closer with only 0.34 m between each fracture.  

 

Example of using Eq. 2 to calculate St from Sm for the first 5 m of the wall for set 2 fractures: 

 

(a)   𝑇𝑇ℎ𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠 65° 𝑠𝑠𝑠𝑠𝑎𝑎 𝑠𝑠ℎ𝑒𝑒 𝑠𝑠𝑒𝑒𝑠𝑠 2 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑓𝑓𝑠𝑠𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠 80° 

 

      From (a)              𝛼𝛼 = 80° − 65° = 15° 

 

𝑆𝑆𝑐𝑐 = 5 × sin(15) ≈ 1.29 𝑚𝑚𝑒𝑒𝑠𝑠𝑒𝑒𝑠𝑠  (Eq. 2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

43 

Table 1. Measured mean spacing (Sm) and calculated spacing (Sc) of pre-existing fractures. All fractures are 
presented from W to E along the 155 m excavated wall divided into 5 m scanline pieces. Spacing value is 
presented as the distance in m between fractures. For Sm the color-coding are for spacing under 1.7 m dark blue, 
from 1.7-2.5 m blue and over 2.5 m light blue. For Sc the color-coding are for spacing under 1 m dark blue, 1-2 
m blue and over 2 m light blue. 

Distance from W-E Sm SET 1 Sm SET 2 Sm random Sc SET 1 Sc SET 2 
Part 1                  1-5 1 5 - 0,97 1,29 

-10 1 2,5 - 0,97 0,65 
-15 1,25 5 2,5 1,21 1,29 
-20 1 2,5 2,5 0,97 0,65 
-25 1 2,5 - 0,97 0,65 
-30 1,7 1,25 - 1,64 0,32 
-35 0,8 5 5 0,77 1,29 
-40 5 5 - 4,83 1,29 

Part 2                  -45 1 1,7 - 0,97 0,44 
-50 2,5 2,5 - 2,41 0,65 
-55 1 2,5 - 0,97 0,65 
-62 0,8 1,7 - 0,77 0,44 
-70 1,7 5 - 1,64 1,29 
-75 0,7 1 - 0,68 0,26 
-80 1,7 2,5 - 1,64 0,65 
-85 1,25 2,5 - 1,21 0,65 
-90 1 5 2,5 0,97 1,29 

Part 3                  -95 1   5 0,97 
 -100 2,5 5 - 2,41 1,29 

-105 2,5 5 5 2,41 1,29 
-110 1,7   2,5 1,64 

 -115 1,25   2,5 1,21 
 -120 1,25   2,5 1,21 
 -125 1,7 5 - 1,64 1,29 

-130 2,5 1,7 5 2,41 0,44 
(Corner)            -135     0,7 

  -140 1,7   0,4 0,58 
 -145 5 5 - 1,71 4,70 

-150 1   - 0,34 
 -155     2,5 

   

 

Along both part 1 and 2 of the wall, S2 fractures occur with a consistent close spacing, less 

than 1.3 m, between the fractures (Fig. 42). S2 fractures are closer spaced than S1 fractures at part 1 

and 2 of the wall, but almost absent at part 3 of the wall. Spacing between fractures of S1 is around 1 

m for part 1 and 2. From 95 to 130 m along part 3, S1 fractures show a wider spacing if compared to 

part 1 and 2. The closest spacing for S1 of 0.5 m at 150 m is at a heavily fractured zone in the vicinity 
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to a shear zone. The spacing of S1 fractures is closer along the wall that is oriented N-S (135-155 m), 

S1 fractures are close to parallel with the wall in this area which means it cuts the wall less frequent 

and few measurements could be made, as the case is for set 2 for the whole E-W oriented wall (1-130 

m). Few observations of S2 fractures were made at part 3 of the wall. 

 

 
 

Both set of fractures are generally less closely spaced for part 3 of the wall. This can be due to 

difficulty in defining the fracture planes since the bore holes after the blasting was spaced with 

roughly 0.5 m apart and hence might have hid many fracture planes that crossed the wall. Despite this 

the perception from field observations is that S1, and especially, S2 fractures are less frequent in part 

3. From Table 1 it can be inferred that random fractures are more frequent at part 3 of the wall. No real 

Figure 42. Graph of calculated spacing between fractures of S1 and S2 for the three parts of the wall. The x-axis 
gives the distance in m along the wall. Values on the y-axis are the spacing between fractures in m. S1 fractures 
show a consistent spacing along the greater part of the wall. S2 fractures are closely spaced at part 1 and 2 of the 
wall but almost absent at part 3. Data from Table 1. 
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spacing has been calculated for the random fractures since they are inconsistent and do not decrease 

the security factor of the wall as much as S1 and S2 fractures do. 

Measurement and calculation of Sm showed that S1 fractures are the most frequent and closely 

spaced fracture set (Fig. 43). The calculated Sc from measurements shows the complete opposite, that 

S2 fractures are the most closely spaced fracture set (Fig. 44). Inferred from these figures is that S2 

fractures are for the whole wall consistently closer spaced than S1 fractures. 

 

 
 

 

  

Figure 43. Graphs of measured Sm for S1 and S2 for the whole 155 m wall. S1 fractures occur as close as 1 m or 
less for roughly 45% of the wall, most of these at part 1 and 2. S2 fractures are less frequent and for 75% of the 
wall they occur with a spacing of 2.5 m or greater.  

Figure 44. Graphs of calculated Sc for S1 and S2 for the whole 155 m wall. S1 have a consistent spacing 
between 1-2.5 m for 140 m while S2 show a spacing of less than 1 m for 60 m, between 1-2 m for 45 m, but at 
part 3 of the wall the fractures were not observed for 40 m. Many fractures were measured at part 3 but few 
belonged to fracture set 2, hence 40 m of no data. 
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8. Discussion 

 Fracture formation 
 To deduce the process for fracture formation in the study area requires a lot of time and would 

probably still not give one single answer. In this section a few general examples will be given that 

might be likely to have been a part of the fractures opening.  

In a yet unpublished master thesis by Ignea (2015), the sense of movement of fractures at 

depth has been studied for tunneling construction (Pers. Comm.). Ignea’s study concerns an area 

approximately 10 km WNW of the studied area presented in this thesis. The results shows strike-slip 

sense of shear for fractures striking WSW-ENE and NW-SE, mainly derived from drill cores. WSW-

ENE striking fractures generally show a dextral movement and NW-SE fractures a sinistral 

movement. The greater majority of the fractures have a steep to sub-vertical dip, with sub-vertical 

fractures mapped on the surface as well. Only a small fraction of fractures showed dip-slip movement. 

The fractures are inferred to have formed from a main compressional stress axis directed WNW-ESE. 

The fracture pattern for the studied area in this thesis could be inferred to have formed by the 

mid-Atlantic ridge push (MARP) with a principal stress axis directed NW-SE, based on the strike of 

S1 and S2 fractures and that they form an intersection with an acute angle representative of a WNW-

ESE principal stress axis. There could be a difference in dip between surface fractures and those at 

depth (Pers. Comm. Prof. Hemin Koyi). The rough intersection of S1 and S2 fractures make an acute 

angle of 80±20°, if over +10° is considered the angle is no longer acute and the argument fails, with an 

acute bisector that implies a main principal compressional stress directed 306°. This direction of the 

MARP principal compressional stress is similar to the 310-330° inferred by Glamheden et al. (2007). 

It is also similar with the estimated main compressional maximum stress direction of 300° in central 

Sweden by Slunga (1991). 

On the other hand, for fractures forming from a horizontal stress like the MARP and is 

striking in the direction as the fractures in this area are they should resemble what is characterized by 

Ignea (2015). The fractures in the Stillbilden area have a maximum dip of roughly 70° and can be as 

low as approximately 45° for the S1 fractures that dip to the west. With striations show oblique sense 

of shear and normal faulting along the fracture planes, hence this is not inferred as the forming stress. 

The loading or unloading and corresponding extensional failure in the bedrock from melting 

of the ice-cap has been shown to create fault structures and new fractures (100 000-10 000 y.a.) on the 

surface of the bedrock (Lundqvist & Lagerbäck, 1976; Lagerbäck, 1978; Lagerbäck, et al., 2005; 

Stephens, 2010).  

The fractures could have formed during the loading or unloading of ice since the fractures dip 

and striations correspond well to an extensional regime with low to absent fracture infilling that would 
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be expected for geologically speaking new fractures. The conjugate angle between the dips of 

fractures within S1 and S2 also fits with what is expected from an extensional environment (Fig. 45). 

 

 
Normal dip-slip faulting is the most common sense of movement along the fracture planes, but 

maps of principal stress orientations deriving from a combination of MARP and post-glacial uplift 

show a compressional regime in roughly NW to NNW and extensional regime in SW to WSW for the 

Stockholm region (Arvidsson & Kulhanek, 1994).  S2 fractures, with perpendicular strike to the 

compressional stress show normal dip-slip movement, when reverse faulting is expected. S1 fractures 

strike perpendicular to the extensional stress and show, in general, the normal faulting that is expected 

from an extensional regime. Two S1 fractures have been noted as reverse faults. The sense of 

movement along the fracture planes do not completely correspond to the glacial uplift stresses which 

could imply the MARP is more influential in the bedrock today than what the glacial uplift is in 

applying a stress regime for the area. The rebound of the bedrock only have 200 m left to reach pre-

glacial levels (Stephansson, 1993), hence the tension in the crust is smaller today than what it was 

10 000 y.a. when the last glacial ice melted. 

Faults and shear zones that  surrounds the block that the study area have similar strike as S1 

and S2 fractures which could have influenced the orientation of these fractures when the extensional 

failure of the bedrock was reached from the glacial loading or unloading. The alignment of new, 

glacial, fractures along older ones has been observed in Forsmark and other regions (Lundqvist & 

Lagerbäck, 1976; Lagerbäck, et al., 2005). 

 

 Fracture pattern 
 The foliation planes, which fractures have developed parallel to, are for the whole wall rich in 

mica. Since it is a soft, flaky mineral with low shear strength, the mineral decreases the strength of the 

rock along these planes and fractures develop parallel to the gneissic foliations layers. 

Figure 45. Schematic of a block with the two fracture sets drawn. 
S1 fractures strike roughly NNW-SSE with dips of S1G1 ~70° 
and S1G2 with dips of ~40°, this makes an acute angle of ~70°. S2 
strikes roughly ESE-WNW with dips of S2G1 ~70° and S2G2 
with dips ~60°, this makes an acute angle of ~50°. The circles 
indicate relative motion on each side of a fractures plane. With 
extension, the middle block will show normal dip-slip movement 
on all sides. The corners will go up in relation to all other blocks 
but still show normal dip-slip movement. 
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The fracture pattern, strength and density of the rock and the size of the charge used determine 

borehole spacing. Rocks rich in minerals with preferred orientations, e.g. micas, will readily cleave 

along the foliation, fracture propagation across it should be limited though (Bell, 2007, p.457).  

The contour holes along the theoretical rock wall were at Stillbilden required to have a 

spacing of 0.6 m or less. For the other bulk blasting, further away from the theoretical rock wall the 

spacing was determined to be 1 m between boreholes and each row of boreholes. However there is no 

clear recommendation given so it might have been as much as 1.5 m. The tolerances for the damage 

zone from the blast were to be no greater than 0.3 m at the wall and 0.7 m in the pit. Further 

requirements were that the walls theoretical contour was not be exceeded by more than 0.3 m after 

blasting and excavation was completed (Byggtjänst, 2008; Grontmij, 2011). The damage zone on the 

wall well exceeded the 0.3 m that was set as a maximum, as well was the final contour of the wall, 

which was moved over 1 m from the planned contour in certain places at part 3. 

The intersection of S1 and S2 fractures with their spacing of 0.5-5 m creates variable instable 

parts of the wall. S2 and many of the random fractures dip southward, towards the free face on a 

regular basis along the whole wall which is very unfavourable in regard of fall and slide of rock (Figs. 

23A; 23B; 25). S1 fractures dip westward, also towards the free face at the N-S oriented wall (Fig. 

25). Blast induced fractures opened parallel to the strike of S1 (BF1) and S2 (BF2) decreases the 

stability of the wall further with some of the BF1 fractures crossing the whole wall and may be opened 

further by e.g. frost presence. The three parts of the wall are discussed separately below since the 

fracture pattern changes between the different parts, which make the wall variably instable in regard to 

fall, and slide of rock. 

 

8.2.1. Fracture pattern at part 1 
 The pre-existing fractures of S1 are developing parallel to the foliation and open parallel to the 

weaker fabric of the gneiss. The fracture pattern created by the two fracture sets is not unfavourable 

for the stability of the wall since S1 crosscuts the wall with a 160° strike and dip ranging from 50-80° 

towards east or west. The dip is close to perpendicular to the 065° striking wall. The stability of the 

wall is not significantly decreased by the parallel striking S2 fractures that since they dip between 50-

60° to the north, away from the free face. No wedges or sheets of rock dipping to the free face are 

created by S2 fractures. The spacing of less than 1 m for S2 fractures is insignificant for the stability 

of the wall. 

Five random fractures have an unfavourable orientation where they dip to the free face. Three 

of these have a general strike of roughly 200-240° and does not decrease the stability since they dip 

away from the free face. Furthermore, two of these five fractures strikes 042/70 and 007/50. These 

fractures dip to the free face and have a persistence of around 2 m. They have no mineral infilling but 

one host’s coarse particles while the other is open. Neither one of them form an intersection with 
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another fracture, nor are they long, and they will therefore not cause any further instability for the 

newly planned excavation for this part of the wall. 

 

8.2.2. Fracture pattern at part 2 
 Due to the close proximity to the gas station at this part, a higher security factor is required 

than for the other parts of the wall (Byggtjänst, 2008; Grontmij, 2011). The high frequency and 

thereby close spacing of S1 and S2 fractures creates the rhombohedral fracture pattern that makes the 

excavated wall unstable in regard to fall of blocks (Figs. 5; 25; 33). The fracture pattern for this part of 

the wall creates a domino pattern with S2 fractures closely spaced with a general dip to the free face. 

Since S2 occur parallel to the wall, the rock bolts installed are anchored to the sheets of rock created 

by the S2 fracture. This is not favourable for the walls stability, if S2 fractures are opened further these 

rock sneers may lose its anchor point and all its strength holding the blocks at place today.  

Line-drilling is a method used to improve the shape of the final rock walls face. By drilling a few 

(secondary) holes between the main blast holes that outline the theoretical face of the wall, explosion 

gases can escape via the secondary holes and not propagate towards the rock face that are to be the 

wall. Depending on physical properties of the rock the secondary holes can also be charged with small 

amounts of explosive, less than the main blast holes, and be fired before the main adjacent blast hole. 

With small fracture zones close to the main blast holes the explosion gases can escape through these 

fractured zones instead of propagating towards the theoretical contour of the wall (Bell, 2007). The 

blast induced fractures can form in a rock mass when the rocks tensile strength is exceeded by the 

tensile stress of the explosion gas, Griffith crack theory (See section 5.1).  

Line-drilling could have been used at part 2 of the wall which is very closely spaced with both S1 

and S2 fractures. The evacuation of explosion gases would have reduced fracture growth and 

extensive creation of blast-induced fractures. The wall could have been more stable. It is unclear if 

line-drilling was used when excavating the contour of the wall.  

A few additional points to consider for this part of the wall;  

 

• None of the fractures, blast-induced or pre-existing, has any mineral infilling.  

• Water intrusion occurs in S1, S2, BF1 and BF2 fractures.  

• Frost weathering can open or prolong all the fractures further. 

• BF2 spalling fractures dip to the free face and can have a persistence of over 2 m. 

• Wing cracks have been formed as tensile fractures propagating from the pre-existing fractures 

during the blasting. If these are visible on the wall today more of these fractures could have 

formed during the initial blasting and further increased the fall of rock during the initial 

blasting. 
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8.2.3. Fracture pattern at part 3 
 Pre-existing fractures of S2 are not as frequent for part 3 of the wall as for part 2. The gneiss 

has more pegmatitic leucosome, which could be a factor that makes fractures that open parallel to the 

foliation less persistent. This could be one reason for the sparse occurrence of S2 fractures and instead 

higher frequency of fractures that deviate in strike to the north and south (Figs. 34 and 35). The 

roughly 150° oriented N-S wall, after the corner, are close to parallel with the strike of S1 fractures 

which dip to the free face (Fig. 24). Rockslide has occurred here similar to the rockslide that S2 have 

caused at part 2. Since there is no unfavourable fracture pattern with a consistent dip to the free face 

for part 3 of the wall, the blast-induced fractures that have opened parallel to pre-existing fractures 

will not in any greater extent decrease the stability of the wall in regard to fall of rock. 

Pre-blast reinforcements, e.g. rock bolts, should have been installed in a preliminary stage when 

mapping of the theoretical contour of the wall was preformed to reduce the risk of rockfall from the 

crest. That would have required that the bedrock had been completely uncovered in order to expose 

the fracture pattern for both the blaster and the fracture mapping geologist. The uncovering of the 

bedrock at Stillbilden was not satisfactory. The demanded, by Stockholm Stad, uncovering of the 

bedrock allowed up to 0.1 m of loose material to be left on the surface of the bedrock  (Byggtjänst, 

2008; Grontmij, 2011). At least two of the three rockfalls that have occurred at part 3 (Figs. 36A and 

C) could have been secured, pre-blasting, by rock bolts. Pre-blast reinforcements were not a 

requirement from the contractor’s side and due to that, not installed (Byggtjänst, 2008; Grontmij, 

2011). 
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9. Conclusions 
 Mapping on the vegetated top surface of the excavated wall and along the crest and body of 

the wall showed pre-existing fractures that pertain to both S1 and S2 fractures. In contrast to random 

fractures, these were in abundance and fairly easy distinguished as intersecting fracture sets when 

plotted in a stereogram. Fractures were observed to open parallel to the gneissic foliation along its 

weakest layers. The fracture pattern created by S1 and S2 are, for parts, very unfavourable for a wall 

excavated in roughly 65°E, S2 fractures strike WSW-ENE and are close to parallel with the excavated 

wall. The S2 fractures dip southwards, towards the free face. This means that if they were identified 

during the preliminary investigative stages it would have been obvious that the S2 fractures can create 

sheets of rock that dip towards the free face and can cause rock slide from the wall. Additionally, it 

would also have been clear that the S1 fractures crosscut the S2 fractures to form the blocky rock 

mass. The blast-induced fractures that opened parallel to the strike of the pre-existing fractures could 

in the future further decrease the stability of the wall when they are exposed to water and frost 

weathering, the same can be said for the already weathered, open, pre-existing fractures. 

Spacing between fractures in the same set was difficult to assess only from the vegetated 

surface on top, but both increases and decreases in the spacing were observable. With the spacing for 

S2 fractures known before excavation begun, it might had been possible to move the wall in a N-S 

direction to be positioned as far as possible from fracture planes of the S2 fractures. Although, based 

on fracture spacing from solely the vegetated surface that remained after the excavation, no clear 

recommendation can be given for moving the wall. With the excavated wall included in the 

measurements of fracture spacing it can be inferred that it would have been difficult to position the 

wall in between fracture planes of the S2 fractures since these can have a reoccurring spacing of 0.5 

m.  

If the fracture pattern and the spacing were known before blasting, line-drilling could have 

been used for parts of the wall to minimize the blast-induced fractures that have opened and also to 

decrease the extent of the crushed zones that are created in near proximity to the walls contour. Pre-

blast reinforcements could also have been used for two blocks on the crest of the wall to eliminate 

rock fall and thereby decrease the possibility of the wall intruding with the boundary of a recreational 

area but also increase the security factor of the wall. 

The orientation of the wall could have been changed, so that none of the fracture sets strike 

parallel with the wall but instead at an acute angle of preferably 45° or at least greater than the 15° the 

wall makes with fracture set 2 today.  

In conclusion, with the knowledge of the fracture pattern before excavation begun, several of 

the rockslide, rockfalls and more unstable parts of the wall could have been avoided and hence 

recommendations to solve the problems could have been given to increase the security factor of the 

wall to a higher order than what were after the initial blasting. 
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