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A B S T R A C T   

Construction activities such as blasting, piling, compaction, excavations, and construction traffic can produce 
vibrations of sufficient strength to cause damage to neighbouring buildings and structures. Therefore, many 
countries have national limit values for construction vibration in standards. However, building damages assumed 
to originate from vibrations are seldom observed. This may indicate that today’s limit values are unnecessarily 
strict. In this field little newer research has been undertaken to scientifically observe the onset of cracking, and 
there is a particular lack of information about which role the frequency content of the vibration plays. In this 
study the onset of blast induced cracking was observed in two instrumented test structures located in a rock 
quarry. Two buildings were constructed, one in cast-in-place concrete without reinforcement and one made of 
lightweight construction blocks in expanded clay aggregate (LECA). The buildings were instrumented with 
geophones and Fiber Bragg Grating Sensors (strain sensors). In addition, vibrations on the ground surface and air 
blast overpressure were measured. Test blasts were designed to produce increasing vibration values, starting with 
peak particle velocities (PPVs) around 20 mm/s and ending with PPVs above 250 mm/s. No visible cracks were 
found on any of the two buildings. However, the last blast, which produced PPVs above 260 mm/s, resulted in a 
residual displacement of 0.05 mm across the 110 mm strain gage length above the door of the concrete building. 
The results of the test indicate that the limit values of most national standards include a large safety margin for 
buildings founded on rock. Further, the dominant frequency was determined by different methods and the results 
show a considerable deviation, with a distinct difference between methods which determine the frequency in a 
short time interval around the highest peak and methods which are using the entire vibration time series. In 
addition, methods which determines the frequency in short time intervals show a large spread in the frequency 
between the different vibration cycles.   

1. Introduction 

Construction activities such as blasting, piling, compaction, exca
vation, and construction traffic can produce vibrations of such strength 
that they can cause damage to neighbouring buildings and structures. In 
many countries limit values for vibration from construction work are 
given in national standards. However, building damages assumed to 
originate from vibrations are seldom observed. This may indicate that 
today’s limit values are unnecessarily strict. The determination of 
balanced limit values is very important because too strict limit values 
can delay the progress and increase the costs. A lot of research on how 
high vibration buildings can tolerate without damage was performed in 
the 50’s - 70’s, especially in Sweden and in North America. The limit 
values used in many countries today are based on these studies. 

However, the results were affected by the fact that instrumentation and 
analysis method at that time were less versatile and reliable compared to 
today’s standard. Little newer research has been done, and there is 
particularly a lack of information about which role the frequency of the 
vibration plays. The Norwegian Standard is currently under revision to 
introduce a frequency filter that reflects the damage potential of vi
brations with different frequencies and this information is therefore 
crucial. For this reason, an instrumented blast study was performed in 
Norway in November 2018, which is presented in this paper. 

2. Earlier blasting studies 

In 1957 a Swedish study of vibrations from short-range blasting was 
published, [1]. The data were obtained during a large reconstruction 
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project in Stockholm. To reduce the excavation costs, the project 
decided to allow for blasts that could cause minor damages which could 
be repaired. This provided the opportunity to study the relationship 
between damage and ground vibrations. The results showed that no 
noticeable cracks could be expected to be found for PPV below 70 mm/s. 
All buildings in this study were founded on rock. In 1958 a Canadian 
study was performed of six buildings subjected to progressively closer 
blasting until damages occurred, [2]. The buildings, which were old but 
in good conditions, were either founded on a soft sand-clay, or on 
well-consolidated glacial till. In this test, charges were detonated pro
gressively closer to the buildings until damage occurred. The study 
showed that damage was not likely to occur before the PPV was over 
102 mm/s. The results from Ref. [1,2] and other previous studies con
ducted by the United State Bureau of Mines were compiled in Ref. [3,4], 
and a safe vibration limit of 51 mm/s was recommended. In the 70’s the 
Bureau of Mines conducted a series of field studies of ground vibration 
and air blast damages, [5]. A total of 76 houses were monitored during 
production blasting performed in large surface coal mines, quarries and 
at construction sites. Threshold damages were reported down to PPV of 
18 mm/s. However, all reported threshold damages were superficial 
cracking of the same type as caused by natural settlement, drying of 
building materials and variation in weather conditions. The results were 
compiled with results from earlier studies and an updated curve 
describing damage risk in relation to PPV was presented, which is still 
used as vibration limit values in the USA. 

In the 70’s - 80’s, several comprehensive studies were conducted in 
Sweden. These studies were mainly reported in Swedish. The most 
important findings are translated and reproduced below. In Ref. [6] a 
large number of studies on ground vibrations and how they affect and 
possibly damage buildings are compiled. 91 buildings exposed to 
blasting vibrations between a few to over 100 mm/s were investigated. 
The investigations showed a probability for cosmetic damages of 
approximately 40% at a peak value of 50 mm/s. The investigations, 
however, were based on the difference between pre- and post-event 
inspection of properties. It is therefore likely that some of the reported 
damages could be conditions that were present before the blasts, but not 
discovered during the pre-examination. In Ref. [7] a study of building 
damages caused by vibration from blasting are described. A detached 
house made of lightweight expanded concrete blocks was used as a study 
object. The house was founded on good quality rock without any 
observed weaknesses. The house was exposed to blasting rounds with 
distances from about 100 m to just a few meters. The results showed that 
the critical vibration level in respect of damages was higher than PPV 
90–110 mm/s. The damages that appeared clearly visible occurred at 
PPV ≥300 mm/s. Also [8] describes a study of building damages caused 
by vibration from blasting. The study object was a detached house 
founded on hard rock. The house had basement walls and floors in 
cast-in-place concrete, while the walls above ground were made of 
lightweight concrete with a brick cladding. PPV and frequency were 
measured from eight blasting rounds, all in quite short distances from 
the house (horizontal distance 1m-45 m). Vibration velocities up to PPV 
1000 mm/s were registered during the study. The measurements 
showed no damages below PPV 110 mm/s and no major damages 
occurred until PPV 185 mm/s. 

In recent years a comprehensive Indian study of building damages 
caused by mining blasting is presented in Ref. [9]. All together six test 
buildings were constructed at two sites close to opencast mines. The test 
buildings were monitored during production blasts starting at about 
1800 m distance and working gradually closer until about 20 m distance. 
In a brick-mud-cement house, cosmetic cracks were detected at PPVs of 
about 50 mm/s, and in a two-story reinforced concrete and cement 
mortar building cosmetic cracks occurred at PPVs of about 70 mm/s 
measured at the first floor. In this test the frequencies of the blast vi
bration were less than 15 Hz for 94% of the recorded data. These low 
frequencies were believed to be a result of the soft top soil layer and the 
far-field monitoring locations. In Ref. [10] two case studies are 

presented on low rise buildings located nearby an excavation with 
blasting in rock. Both buildings were reinforced concrete structures with 
concrete block masonry partition walls. PPVs were measured on ground 
and compared to the US limit values. All measured PPVs were below 30 
mm/s, which are lower than the limit value. Despite this, both buildings 
suffered threshold cracks and one of them even structural cracks. The 
distance between the buildings and the blasting was not reported, but it 
was stated that the blasts were nearby. This considered, the reported 
frequencies which were down to 5 Hz, are surprisingly low. An 
Australian field study of a single storey brick house located adjacent to a 
coal mine is reported in Ref. [11]. The house was instrumented with 
accelerometers and the building was monitored for cracks before and 
after each blast. In the monitoring period, which lasted over one year, 
the house was exposed to 43 blasts in distances from 50 m to 1 km. 
Measured PPVs on ground varied between 1.5 and 222 mm/s (peak 
vector sum) and the dominant frequency was in the range of 6 Hz–10 Hz. 
The study showed that opening and closing of cracks seemed to be more 
sensitive to rainfall rather than to vibration from blasting. No new 
damages from blasting were observed for PPV less than 75 mm/s. A 
Turkish study including field measurements and numerical study is 
presented in Ref. [12]. A five-storey reinforced concrete building was 
exposed to blasts from a quarry at about 750 m distance. The PPVs, 
measured on hard soil close to the building, were below 25 mm/s. The 
dominant frequency was as low as 5 Hz and hence the measured PPVs 
are above most limit values. Further, the fundamental natural fre
quencies of the building (1.7 Hz–3.2 Hz) were close to the dominant 
excitation frequencies of the blasts. Amplification that could give 
significantly higher vibration values higher up in the building was 
therefore likely. No damages were however reported. 

3. Blast vibration standards 

The Norwegian Standard NS 8141:2001 [13] gives guideline limit 
values to avoid damage to constructions from ground work. The 
guideline limits are values that buildings are supposed to withstand 
throughout repeated exposures without damages. For blast loading and 
residential buildings the guideline limit value for vibrations varies from 
a strict PPV of about 3 mm/s for a vibration-sensitive and brittle building 
on soft soil in long distance, to a PPV of about 80 mm/s for a building 
made of reinforced concrete founded directly on hard rock. The guide
line limit values apply in vertical direction and shall be measured at or 
close to the foundation. They are calculated from a basis value and a set 
of factors which takes into consideration the ground condition, building 
category, type of foundation, building material, distance from building 
to vibration source and type of vibration source. The Norwegian Stan
dard is currently under revision to replace some of these factors which 
indirectly takes the frequency content of the vibrations into account, i.e. 
the ground condition factor and the distance factor, with a frequency 
filter, that directly reflects the damage potential of vibrations with 
different frequencies. 

The British Standard BS 7385-2 [14] gives guide values for building 
damage caused by vibration. The risk of vibration damage is evaluated, 
taking into account the magnitude, frequency and duration of the vi
bration with consideration of the type of building which is exposed. A 
frequency-based vibration criterion is given, which is judged to give a 
minimal risk of vibration induced damage. The guide value increases 
with increasing frequency. For transient vibrations, e.g. from blasts, the 
guide value for vibrations in the maximum of the three orthogonal di
rections at the base of the building is PPV = 15 mm/s at 4 Hz, which 
increases to 20 mm/s at 15 Hz and again to 50 mm/s at 40 Hz and above. 

In Germany, DIN 4150–3:2016–12 [15] covers ground transmitted 
vibration and the effect on structures. The standard treats short-term 
and long-term vibrations separately. Short-term vibration typically 
covers blasting. The standard states that no damage due to vibration, 
which adversely will affect the serviceability of a structure, will occur if 
the guideline values of the standard are complied with. The evaluation 
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of the structure is based on horizontal vibration measured in the topmost 
floor of the building. For residential buildings the guideline limit value 
for short term vibrations is PPV = 15 mm/s independent of frequency. 

In USA the only federal regulation is issued by the Office of Surface 
Mining (OSM) [16]. However, the U.S. Bureau of Mines has established 
somewhat stricter vibration limit values which are often applied, even 
though not a federal regulation [5]. The limit values apply to vibrations 
measured on the ground in all three orthogonal directions. For buildings 
with dry walls, the vibration limit is 19 mm/s for frequencies between 4 
Hz and 15 Hz, increasing to 51 mm/s at 40 Hz and above. For old 
buildings with plaster and lath walls, the vibration limit is 13 mm/s 
between 2.7 Hz and 10 Hz, increasing to 51 mm/s at 40 Hz and above. 

4. Description of damage mechanisms 

The energy released when a charge detonates performs for the most 
part useful work by breaking and moving rock. However, part of the 
energy produces wave movements in the surrounding ground. A blast 
initiates different types of ground waves which propagate with different 
speeds: relatively fast compression waves, shear waves with about half 
the speed of the compression waves (unless in saturated lose soils), and 
surface (mainly Rayleigh-type) waves with slightly slower speed than 
the shear waves. Rayleigh waves appear only down to a depth corre
sponding to about one wavelength, and decay therefore slower with 
distance than the other two wave types. Hence, Rayleigh waves domi
nate already at relatively short distances from the source. 

Many studies have shown that the peak particle velocity (PPV) is the 
most relevant parameter in assessing blasting vibrations effect on 
structures, but also that the propagation speed in ground plays a role, 
since the shear and bending that building elements are exposed to are 
generally considered to be the starting point for the assessment of 
damage risks [1–3], and [4]. 

The solution of the wave equation can be written as: 

y=Asin(ωt − kx) (1)  

where. 
y is the particle motion. 
A is the amplitude of the particle motion 
ω is the angular frequency, ω = 2πf 
k is the wave number, k = 2π

λ =
2πf
c 

c is the propagation speed of the wave type in question. 
Considering the vertical particle motion, the dynamic shear strain in 

a building that flexes with the distortion of the ground surface can then 
be calculated as 

γ =
dy
dx

= − kAV cos(ωt − kx) = −
VV

c
cos(ωt − kx) (2)  

where. 
VV is the amplitude of the vertical particle velocity. 
Hence, the maximum shear strain will become 

γmax =
VV

c
(3) 

The shear strain imposes a tensile strain at 45◦ angle to the shear 
strain 

εxy,max =
1
2

γmax =
VV

2c
(4) 

Since surface waves usually have the lowest propagation speed and 
the highest amplitude, they will cause the highest shear strain and hence 
expose buildings to the greatest stresses. Rayleigh like surface waves 
involve particle motions both in horizontal and vertical directions that 
are of the same order of magnitude. The horizontal component will often 
be most important and impose the highest maximum tensile strains, 
which will be 

εtensile,max =
VH

c
≈

VV

c
(5) 

Eq. (5) considers tension and shearing of the building as the wave 
front passes. However, bending of the building together with the ground 
when the vibration wave passes can also be a possible damage mecha
nism. This is especially the case for soft ground conditions when the 
wave speed is low, and the wavelength of the surface wave can be in the 
same range as the length of the building. 

The radius of curvature (R) for the vibration wave can be determined 
as 

R=
1

⃒
⃒
⃒
⃒

d2y
dx2

⃒
⃒
⃒
⃒

(6) 

Assuming that the building deforms with the ground, the maximum 
strain in the building is found where the radius of curvature has its 
minimum. Eq. (1) and Eq. (6) give the minimum radius of curvature 

Rmin =
1

AV k2 =
λ2

AV(2π)2 =
cλ

VV 2π (7) 

The maximum strain from bending in a building with a height H can 
then be estimated as 

εx,bend,max =
H

Rmin
=

VV 2πH
cλ

(8) 

Another possible damage mechanism is amplification of the vibra
tion velocity because of dynamic building response, which occurs when 
excitation and the building’s natural frequencies are close. Buildings 
have natural frequencies in a wide frequency range, but those connected 
with the first modes are the most important since they have largest 
amplitude and cause the highest strains. According to Ref. [14], they are 
usually found in the frequency range from about 4 Hz to 15 Hz. In 
Ref. [17] the response of a reinforced concrete frame structure exposed 
to vibrations from underground blasts was studied numerically. The 
study showed that the low frequency global building modes dominate 
the response if the vibration frequency is low, while the first local modes 
for different building elements dominates for higher frequencies. 
Amplification factors in buildings were investigated in Ref. [5,9]. In 
Ref. [5] typical values of 1.5 for the entire structure as a whole, and 4.0 
for individual panels or components at their respective natural fre
quencies were reported. Above 40 Hz the amplification factor was below 
1.0 for all frame residential structures. In Ref. [9] maximum amplifi
cation factors between 2.6 and 5.2 were reported for normal structures 
in the frequency range between 2.5 and 24 Hz. In Ref. [11] amplification 
factors from less than 1.0 and up to 4.0 were reported for dominant 
excitation frequencies below 30 Hz. In addition to amplification, 
different building parts may vibrate out of phase, or move relative to 
each other, leading to cracking. 

5. Cracking and critical strain for building components 

Cracking occurs naturally over time in all buildings. Building mate
rials expand and converge in connection with changes in the material’s 
moisture content, temperature and creep, wind loads, and in some cases 
pre-stressing forces and settlements. If this movement is prevented, or if 
two different materials with different movements are joined, stresses 
that can lead to cracking occur [18]. According to Ref. [19] strain caused 
by moisture and temperature movements are large compared to strain 
caused by vibration. Vibrations usually do not produce strains that are 
above the critical strain of building materials. However, 
vibration-induced cracking may occur when the vibration induced strain 
combined with the pre-existing strain exceeds the critical strain of the 
material. 

Tests on masonry and concrete were reported in Ref. [5]. The tests 
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showed that poured concrete walls are much stronger than block walls 
and require high levels of strain to induce cracking, i.e. typically about 
300 μstrain. Block walls on the other hand do not act as monolithic 
bodies, but strain concentrates at the joints leading to about 10 times 
higher strain levels across the joints than within the adjacent blocks. In 
Ref. [5] typical failure strains of the mortar joints were reported to be 
about the same as for concrete, i.e. about 300 μstrain. According to 
Ref. [18] the critical strain for most stone materials is about 100–200 
μstrain, while it is much lower for the joints. However, it is not clear if 
this conclusion takes into consideration that the joints may be exposed 
to higher strain levels than the blocks if the building is exposed to a 
uniform shear deformation. 

According to Ref. [14], the wall and ceiling material are often the 
most vibration sensitive parts of the building. In Ref. [5] results from 
several studies on strength of building materials were compiled. Old 
plaster and lath walls were shown to have lower critical strain than more 
modern gypsum wallboards with paper backing. Results from strength 
tests showed large variances, with typical values for tensile failure strain 
of gypsum wallboard of about 1000 μstrain. Assuming a stress concen
tration of 10 above doorways and windows, this corresponds to a uni
form shear deformation that gives 100 μstrain. 

6. Test site, test buildings and instrumentation 

The test site for the present experiments was in Spulsåsen rock quarry 
in Våler municipality in Hedmark, Norway. A geological survey of the 
test site showed fine to medium-grained red granitic gneiss containing 
lenses of amphibolite, with dominating direction of foliations from the 
blasting area towards the buildings, Fig. 1. After the blasting tests were 
finished, core samples were taken from intact rock in front of the test 
buildings and tested in the laboratory. For the direction parallel to the 
foliations, the laboratory test showed an average velocity of 4260 m/s 
for compression waves, and 2644 m/s for shear waves, and an average 
density of 2646 kg/m3 [20]. 

Two test buildings were erected at the test site, one in cast-in-place 
concrete and one with lightweight construction blocks made of 
expanded clay aggregate. The latter is further referred to as the LECA 
building. Fig. 2(a) shows the test buildings and the test area. Both 
buildings had one door opening and one window opening. The two test 

buildings were mirrored, so that the sides with door and window 
openings were facing each other. At the top of each buildings, joists were 
laid and filled with 4500 kg crushed rock to simulate the mass and 
ground pressure from a typical detached house on top of the lower story. 
The buildings were founded on an approximately 500 mm leveled and 
compacted layer of gravel, over rock. The dimensions of the buildings 
were 5 x 2 x 2.4 (l x w x h) meter. The concrete building had 200 mm 
thick concrete walls without reinforcement, on top of a 400 mm wide 
wall footing of reinforced concrete. The walls and footing were cast-in- 
place with strength class C30/37 concrete, which was allowed to cure 
for 30 days before the blast experiments were performed. The LECA 
building was made of 250 mm blocks with mortar in the joints and was 
coated with 15 mm plaster on the outside, Fig. 2(b). As cracks in wall- 
and floor tiles are a common reason for complaints from neighbors to 
blast sites, the inner wall of the LECA building that faced the blasting 
area was covered with tiles, Fig. 2(c). The LECA building was con
structed in accordance with the supplier’s instructions [21]. The 
building was founded on top of a wall footing made from 330 mm wide 
LECA foundation blocks with reinforcement. LECA U-blocks with rein
forcement steel was used above the door and window opening and in the 
top row, Fig. 2(d). 

Each building was instrumented with eight three-axial velocity 
sensors (geophones), Fig. 3(a), and eight dynamic strain sensors, Fig. 3 
(b). Three velocity sensors were mounted close to the foundation (about 
20 cm above), corresponding to typical sensor positions for measure
ments according to the Norwegian Standard. The other five velocity 
sensors were mounted up on the walls to detect possible amplification. 
Sensor positions were identical on the LECA and the concrete buildings 
respectively. In addition, vertical vibration in three positions on the 
ground surface and air blast pressure in two positions were measured, 
Fig. 3(c). One microphone for air blast pressure measurement was 
mounted on the LECA building on the side facing the blasting area, and 
one microphone was placed to the left of the LECA building in approx
imately free field conditions. The location of the buildings and all sen
sors were determined by GPS surveying. 

For the vibration and air blast measurements the AVATrace M80 
measurement system was used. Each three-axial sensor was connected to 
its own autonomous four channel logger. The fourth channel of each 
logger was used as a joint trigger channel, ensuring that all measurement 

Fig. 1. Results from geological survey of test site.  
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Fig. 2. a) Test area (left) and test buildings (right). The cast-in-place concrete building is under construction. b) Instrumented test buildings, LECA (left) and concrete 
(right). c) Tiles on the inside of the LECA building. c) U-blocks with reinforcement above window and door openings in the LECA building. 

Fig. 3. Instrumentation. a) Position of three-axial geophones. b) Position of strain gauges. Dashed lines illustrate sensors on backside of building. c) Plan view: 
Position of vertical geophones on ground and air blast microphone. d) Strain sensor mounted below window on concrete building. The blasting area is to the right of 
(a) and (b). 
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channels on each building were mutually synchronized. The measure
ment system operated with a 6000 Hz sampling frequency. The strain 
measurements were performed with a fiber optic measurement system 
from Micron Optics, using os3510 Fiber Bragg Grating Sensors (FBGS) 
[22]. The strain sensors were attached via rigid brackets that were 
bolted to the structures. Dynamic strains were measured over the gage 
length, of 110 mm. The sensors were mounted in a 45◦ angle above door 
openings and above and below window openings, Fig. 3(d). In addition, 
two strain sensors were mounted close on the side wall and back wall 
about 40 cm above the foundation, Fig. 3(b). The sampling frequency of 
the strain measurement system was 1000 Hz. This was considered suf
ficient since the frequency content of blast vibration usually are well 
below 500 Hz and was also later confirmed from the vibration mea
surements. The sensors measurement range was ±2500 μm. The strain 
sensors were assembled in joint fiber cables, making them mutually 
synchronized. The collected time series from all sensors were analyzed 
in MatLab. 

7. Execution of blast test 

The blast test was performed from 6th to November 9, 2018. The 
weather in the measurement period was cloudy with periods with light 
precipitation. The temperature was never below 0 ◦C and the average 
temperature was between 5 ◦C and 6 ◦C. 

Five blasts rounds were fired consisting of all together 143 charged 
holes. Drill diameters were 76 mm. The maximum borehole depth in 
each round was between 4.5 and 6 m. A 1.5 m crushed stone stemming 

was used in all holes. The distance between the rows (burden) was about 
2.0 m, and the spacing between the holes was about 2.5 m. Coordinates 
for top of all boreholes were determined by GPS surveying and drone 
3D-scanning before the test. Coordinates for the bottom of the holes 
were determined by use of a borehole deviation probe. The number of 
holes detonated in one blast round varied from two single holes up to 53 
holes. The first four rounds were all shot by single hole initiation, with a 
delay between each hole in a row of 10 ms. In the fifth blast round the 
holes were shot two and two simultaneously, starting in the centre of the 
rows. The delay between the rows varied from 10 to 60 ms. The total 
amount of explosives detonated in one blast round varied from 3 to 404 
kg, and the explosives detonated per delay varied from 3.0 to 37.8 kg. 
The blasts were designed to give equal dynamic loading on each of the 
two test structures, as well as increased vibration strength, starting at a 
low value for the longest distance and increasing progressively as the 
blasts came closer to the test structures. The first blasting round had a 
minimum distance of 29 m from the test structures while the last had a 
minimum distance of 7 m. To gain full control, repeatability and 
traceability of the blasts, packaged emulsion and NG-based explosives 
together with electronic detonators were used. Fig. 4 and Table 1 de
scribes the test setup. 

The buildings were visually inspected before and after each blast 
round to detect and document any damage. In addition, the results from 
the strain measurements were reviewed correspondingly to detect any 
changes not visible to the naked eye. 

As a rule of thumb, the ground surface vibration response to a blast 
will be dominated by body waves if the angle between a surface normal 

Fig. 4. Location of the blast rounds.  
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through the receiver point and a line from the receiver to the source 
point (blast) is less than about 60◦. For larger angles, i.e. larger dis
tances, surface waves will dominate. The angles for all boreholes were 
calculated from the coordinate for the bottom of the boreholes and the 
coordinates for the closest parts of the buildings. This corresponds to the 
smallest possible angle, since the explosives are distributed in the 
boreholes and the angle will be larger for explosives closer to the sur
face. The calculated angles are tabulated in Table 2 and Fig. 5 shows the 
test area with the minimum angles for each blast round. The calculations 
show that surface waves can be assumed to dominate the response for 
blast round 1–3. For blast round 4 body waves may dominate for some 
holes in the closest row and for blast round 5 body waves may dominate 
for most of the boreholes. 

8. Measured PPV, air blast pressure and strain 

Table 3 shows measured PPVs and strain in the LECA building. For 
the LECA building, the measured maximum PPV varied from 32 mm/s to 
>260 mm/s, and the maximum peak strain from 72 μstrain to 733 
μstrain, between the different blast rounds. 

The highest PPVs were measured above the door opening (pos 3) and 
on the top of the long and short wall (pos 4 and pos 6), while the highest 
strains were detected above the door opening (pos 5 and pos 6). For most 
blast rounds vibrations in vertical direction dominated. 

Table 4 shows measured PPVs and strain in the Concrete building. 
For the concrete building, the measured maximum PPV varied from 22 
mm/s to >260 mm/s, and the maximum peak strain from 15 μstrain to 
>1750 μstrain. For most blast rounds vibrations in horizontal direction 
dominated. The highest PPVs were measured on the top of the short wall 
facing the blasting area (pos 6), while the highest strains, as for the LECA 
building, were measured above the door opening (pos 5 and 6). 

The measured vibration and strain values were consistently higher in 
the LECA building than in the concrete building. The last and closest 
blast round was however an exception producing vibration values 
outside the measurement range of the recording system on both build
ings, and very high strains on the concrete building. No visible damage 
was however found on any of the buildings during the visual inspections. 
Nevertheless, the closest blast produced a residual strain response above 
the door on the concrete building, which was not visible to the naked 
eye. The residual strain was measured to 500 μstrain over the 110 mm 
long sensor. If this differential movement was concentrated at one point, 
it would represent a 0.05 mm change. 

According to the Norwegian Standard [13] measurements shall be 
performed in vertical direction at the foundation or on load carrying 
structure close to the foundation. Table 5 shows maximum PPV close to 
the foundation (maximum of pos 2, 5, 7). The vertical direction 

dominated for all blast rounds. The guideline limit value for both 
buildings calculated according to the Norwegian standard is 50 mm/s. 
The last three blast rounds produced vibration values above this 
guideline limit value. 

Table 6 shows measured air blast pressure. Measured air blast pres
sure varied from 234 Pa to 750 Pa on the wall and between 119 Pa and 
682 Pa in free field, excluding blast round two, which because of the 
relative positions of the blasts and microphones resulted in very low air 
blast pressures. The current Norwegian Standard does not include a limit 
value for air blast pressure. However, in connection with review of the 
standard a limit value of 500 Pa for the peak reflected pressure has been 
proposed. This is in accordance with the Swedish guideline limit value 
in, [23]. The measured air blast pressure from blast round five exceeded 
this value. 

9. Strain calculated from measured PPVs 

Strains were calculated from Eq. (5) and Eq. (8) by use of the average 
shear wave velocity in ground as determined from the laboratory tests, 
and vertical PPVs and frequencies measured on the buildings, close to 
the foundations. The calculated strains are shown in Table 7. 

Blast round 5 was excluded from the calculations since all vertical 
velocity sensors were out of range. The maximum strain from shear, 
calculated according to Eq. (5) (excluding the last blast round), is 49 
μstrain for the LECA building and 34 μstrain for the concrete building. 
The maximum strain from bending, calculated according to Eq. (8), is 12 
μstrain for the LECA building and 10 μstrain for the concrete building. 
Comparison with measured values in Tables 3 and 4 show that the 
calculated total maximum strain values agree better with the measured 
values for the concrete building than for the LECA building. However, 
Eq. (5) and Eq. (8) estimate the strains in an intact, homogeneous wall. 
Strain (and stress) concentrates in the corners, and these strain con
centrations may be large. The highest strains were measured above the 
door openings. Furthermore, the equations do not account for possible 
response amplification which is usually higher up in the building than 
close to the foundation. If the calculated strain values are compared to 
strain measured close to the foundation on the homogeneous side wall 
and back wall, the agreement is much better as shown in Table 7. 

The strain calculations presented in Table 7 do not take the building 
response into account. To examine the possible effect of this, strain was 
also calculated from difference in vertical and horizontal vibration 
displacement, integrated from measured velocity in position 6 and 7 on 
the short side facing the blasting area (Fig. 3(a)). 

Vertical strain, εz, and shear strain, γ, were estimated as 

εz =
Δδz,max

h
(9)  

γ =
Δδy,max

h
(10)  

where. 
Δδz,max is maximum difference in vertical displacement. 
Δδy,max is maximum difference in horizontal displacement in y- 

direction 
h is vertical spacing between sensor. 

Table 1 
Description of blasts.  

Blast round Date and time No charged holes Total charge (kg) Max charge/delay (kg) Min dist (m) Min square root scaled dist (m/√kg) 

LECA Conc LECA Conc 

1 6 Nov 14:47 46 222 8.4 28.9 30 11.5 11.2 
2 6 Nov 15:36 2 6.5 3.5 26.5 23.5 14.5 12.9 
3 7 Nov 14:35 53 404 14 17.5 18.5 5.4 5.7 
4 8 Nov 12:56 22 287 16.4 12.3 13.2 3.2 3.3 
5 9 Nov 14:17 20 266 37.8 7.4 7.2 1.0 1.1  

Table 2 
Minimum angle of incidence (deg).  

Blast round Angle of incidence (deg) 

1 77–81 
2 81–82 
3 67–79 
4 55–70 
5 38–65  
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Eq. (4) and Eq. (10) give the tensile strain from shearing 

εzy =
Δδy,max

2h
(11) 

Table 8 shows calculated strain from difference in displacement. 
Calculated strain in vertical direction is from 2 to 7 times higher in the 
LECA building compared to the concrete building. There are many 
reasons for this difference. Among them are the jointing between LECA 
blocks, and that the LECA blocks have about ten times lower Young’s 
modulus compared to cast-in-place concrete strength class C30/37 and 
will therefore react with larger strains when exposed to the same vi
bration load acting on the foundation. Strain from shearing calculated 
from difference in displacement, is higher than the values calculated 
from Eq (5) as shown in Table 7. However, the values calculated from 
difference in displacement (Table 8) are total values which also include 
effect of possible building amplification and bending. Further, the strain 
values in Table 7 must be considered rough estimates since they are 
calculated from the wave propagation speed, which is associated with 
uncertainty. 

10. Determination of vibration frequency 

One of the main challenges when assessing blast vibrations, is to 
determine the frequency content of the vibrations. Measurement 

systems used for blast vibration usually determine the zero-crossing 
frequency by assuming that the time between the zero-crossing before 
a peak and the zero-crossing after a peak corresponds to half a period of 
the dominant frequency. Some systems only deliver the frequency for 
the maximum peak in the time series, while others like the AVA system 
used in the present study determine the frequency around each peak in 
the time series. However, there are also other methods for determination 
of the frequency content. In this study we have determined the fre
quency content by use of the response spectrum, instantaneous fre
quency computed from the Hilbert transform and characteristic 
frequency calculated from the power spectrum derived from the Fast 
Fourier Transform (FFT). 

The response spectrum which are often used in earthquake engi
neering is calculated from the peak responses of a series of SDOF systems 
with varying natural frequency, that are forced into motion by the vi
bration time series to assess. The instantaneous frequency is computed 
as the derivative of the phase of the analytic signal found by using the 
Hilbert transform of the vibration time series. The characteristic fre
quency, fch, is calculated from the Power Spectrum using a maximum- 
likelihood approach as described in Ref. [24]: 

fch =

̅̅̅̅̅̅
m2

m0

√

mn =

∫ fmax

0
f nS(f )df (12)  

where. 
S is the single sided power spectrum 

Fig. 5. Plot of test area with test buildings and boreholes (red lines). The minimum angle of incidence for vibration waves to the buildings are shown for each blast 
round. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 3 
LECA building. Measured maximum PPV (mm/s) and Peak strain (μstrain). 
Highest PPV in each blast round is marked in bold. See Fig. 3(a and b) for sensor 
location and measurement directions.  

Blast 
Round 

PPV X- 
dir 

Pos PPV Y- 
dir 

Pos PPV Z- 
dir 

Pos Peak 
strain 

Pos 

1 27 1 26 6 32 4 75 6 
2 32 5 39 6 52 6 72 6 
3 39 7 70 6 89 4 159 6 
4 71 5 133 3 129 6 334 6 
5 230 5 233 6 >260 all 733 5  

Table 4 
Concrete building measured maximum PPV (mm/s) and peak strain (μstrain). 
Highest PPV in each blast round is marked in bold.  

Blast 
Round 

PPV X- 
dir 

Pos PPV Y- 
dir 

Pos PPV Z- 
dir 

Pos Peak 
strain 

Pos 

1 22 1 15 6 14 7 17 6 
2 17 3 21 6 30 6 15 5 
3 46 3 53 6 45 4 24 6 
4 79 3 101 6 81 7 40 5 
5 >260 4 >260 3,4,6 >260 all >1750 5  

Table 5 
Measured maximum PPV close to the foundation, max of pos 2, 5, 7 (mm/s).  

Blast 
Round 

LECA, PPV X/ 
Y-dir 

LECA, PPV 
Z-dir 

Concrete, PPV X/ 
Y-dir 

Concrete, PPV 
Z-dir 

1 21 30 13 14 
2 32 48 14 29 
3 43 86 29 43 
4 86 119 64 81 
5 230 264 197 266  

Table 6 
Measured peak air blast pressure (Pa).  

Blast round On wall, pos 1 Free field, pos 2 

1 234 119 
2 0.8 0.8 
3 339 233 
4 425 349 
5 750 682  
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f is the frequency. The upper frequency is here restricted to 300 Hz in 
accordance with the measurement range prescribed in Ref. [13]. 

The second blast round contained only two single charges, delayed 
by about 3 s in between. The frequencies determined from these two 
blasts are therefore unaffected by the interaction between vibration 
contributions from the different detonations. The blasts were located 
about 30 m from the measurement position Mp3 on ground. The two 
detonations in this blast round were constricted by the surrounding rock 
(no free surface to break against). Table 9 and Fig. 6 shows the vibration 
frequencies determined from measurements in Mp3 on ground for the 
second blast round by use of the following methods: zero crossing fre
quencies determined by the measurement system, peak in response 
spectra, instantaneous frequency determined by the Hilbert transform 
and characteristic frequency of the power spectrum. 

The frequency determined by the different methods deviates 
considerably, with a distinct difference between the methods which 
determines the frequency in a short time interval around the highest 
peak (zero crossing and Hilbert transform) and the methods which are 
using the entire time series (Response spectra and characteristic fre
quency of Power Spectrum). However, Fig. 6 indicates that the main 
frequency content is between 50 Hz and 130 Hz. This is lower than re
ported in Ref. [25] and what can be assumed from the ground condition 
factors in the present Norwegian Standard. However, relatively low 
frequencies measured on good rock has also been seen in earlier Scan
dinavian studies. In Ref. [26] dominating frequencies between 30 Hz 
and 120 Hz were reported on good rock in distances below 30 m. Ref. [8] 
reported frequencies between 40 Hz and 125 Hz on hard rock in dis
tances from 17 m to 49 m, with the lowest frequencies for the shortest 
distances. In Ref. [7] frequencies between 45 Hz and 105 Hz were 
measured on good rock in distances between 36 m and 50 m. An 
explanation to those findings may be that the vibration characteristic 
close to the blast is more affected by factors of blast design, while at 
larger distances the transmitting medium of rock and soil overburden 
dominates the response, as described in Ref. [5]. 

For the blast rounds that involve several holes with a delay between 
each hole, the measured time series become more complex, and it is 
more difficult to describe the frequency with a single number. Fig. 7 
shows the measured time series, the corresponding response spectrum 
and power spectrum, and the frequencies determined by the measure
ment system for the third blast round. A comparison between Figs. 6 and 
7 shows how the chosen delay interval, 10 ms, clearly affects the fre
quency by introducing a strong frequency component around 100 Hz for 
blast round 3. Further, for the third blast round the frequency deter
mined by the instrument around the maximum peak value deviates 
considerably from the frequency range where most of the vibration cy
cles are located, Fig. 7(b). In these circumstances, the use of a single 
frequency value gives a poor description of the frequency content and 
demonstrates the difficulty of using frequency dependent limit values, 
such as in the British and American Standards. This is because a fre
quency dependent limit value requires that all frequencies with corre
sponding amplitudes from the blast are determined and compared to the 
limit value curve, and not just the frequency of the cycle with highest 
peak value, as many instruments provide as the only output. An alter
native approach would be to implement a frequency weighting filter that 
directly considers the damage potential at different frequencies. This is 
the approach used in the ongoing revision of the Norwegian Standard. 

Table 10 shows the vibration frequencies determined from mea
surements on ground (Mp3) and on the two buildings close to their 
foundations (pos 7 in vertical direction) for the different blast rounds by 
use of the zero-crossing frequency determined by the measurement in
strument and the characteristic frequency calculated from the power 
spectra. Table 10 shows an apparent reduction of the dominant fre
quency with decreasing distance, which is not in accordance with the 
assumptions behind the distance factor in the Norwegian Standard and 
elsewhere reported in literature. However, if both the frequency and the 
distance are scaled with the charge weight as described in Refs. [27,29], 
this finding can be explained by the fact that the charges size was 
increased at the same time as the distance was reduced, which is usually 
not the case. Further, measured dominant frequencies on the two 
buildings are quite consistent despite the different building materials. 
This indicates that the dominant frequencies measured on the buildings 
are determined more by the blast design, the distance and by the 
transmitting medium between the blast and the buildings, than by the 
building material. 

11. Building natural frequencies and amplification 

As discussed in section 4 excitation close to the building’s natural 
frequencies can cause high strains because of amplifications of the vi
brations and that different building parts can vibrate out of phase or 
move relative to each other. The fundamental frequencies of the test 
buildings were determined by hammer excitation and from the 
measured building response in the second blast round (single hole), see 
Table 11 and Fig. 8. The results from the hammer excitation and blast 
excitation are rather consistent, but with slightly higher values for the 
hammer excitation in the Y-direction, in which the buildings are stiffest. 
This is probably because the hammer excitation failed to excite the 
entire structure in this direction. The fundamental frequencies for the 
test buildings are higher than reported in Ref. [5]. This can be explained 

Table 7 
Calculated peak strain from shear Eq. (5) and bending Eq. (8) and measured maximum peak strain close to foundation on intact wall, pos 7/8 (μstrain).  

Blast round Shear Bending Total vector sum Measured 

LECA Conc. LECA Conc. LECA Conc. LECA Conc. 

1 13 6 7 3 15 7 14 10 
2 20 12 8 4 22 13 22 7 
3 36 18 15 7 39 19 26 8 
4 49 34 14 11 51 36 41 14 
5       342 41  

Table 8 
Peak strain calculated from difference in displacement measured on top of wall 
and close to foundation.  

Blast 
round 

LECA εz 

(μstrain) 
εzy 

(μstrain) 
Concrete εz 

(μstrain) 
εzy 

(μstrain) 

1 3 5 1 7 
2 6 11 1 6 
3 28 42 17 23 
4 143 98 21 53 
5  200  228  

Table 9 
Vibration frequencies determined from measurements in Mp3 on ground for the 
second blast round by use of different methods.  

Method Frequency (Hz) 

Instrument frequency (zero crossing around highest peak) 81 
Instantaneous frequency from Hilbert transform 82 
Peak in response spectrum 114 
Characteristic frequency of Power spectrum 101  
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by the fact that the test buildings’ dimensions were reduced compared to 
normal buildings. 

Blast vibrations are more of a random than a deterministic process 
involving a lot of factors influencing the results in many unknown ways. 
For such processes statistical procedures are best suited to define 
descriptive properties of the data [28]. Here we have calculated the 
building amplification based on comparison of the power spectral den
sities (PSD) to get more stable results than obtained by comparison of 
the time series. The building amplification from ground to building and 
from a position close to the building’s foundation to the building are 
calculated as 

FB− G =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑
PSDB

∑
PSDG

√

(13)  

where. 
PSDB is the PSD of measured velocity on the buildings in the position 

and direction of maximum value. 
PSDG is the PSD of measured vertical velocity on ground (Mp3) or 

close to the building’s foundation (Pos 7) in the direction of maximum 
values. 

The determined amplification factors are shown in Table 12. The 
amplification factors are in accordance with [5], which reported little or 
no amplification in structures from ground motions above 45 Hz. 
However, the amplification factors are lower than reported in Refs. [9, 
11], and there does not appear to be any correlation between the 
dominant frequency (Table 10) and the amplification factor, which was 
the case in Ref. [9]. This can be explained by the fact that the dominant 
frequencies are considerably higher than in Ref. [9], where large charges 

and long distances gave rise to frequencies in the range of typical 
buildings fundamental natural frequencies. 

12. Discussion 

The performed blast test produced vibration values in the test 
buildings well above the current guideline limit values used in most 
countries. Despite this, no visible damage was found in any of the 
buildings. The buildings were however exposed to strain levels which 
were above critical strain levels reported in earlier studies. This may 
indicate that these newly erected constructions may tolerate higher 
strain levels than what has been found to cause cracking in other studies. 
Cured, but still young and flexible concrete and mortar, may get more 
brittle during further curing. In addition, drying makes permanent 
tension stresses develop over time. 

The present study was designed to investigate damages to outer 
walls. Inner division walls and ceilings may be more vibration sensitive 
parts of the building, especially old plaster and lath walls. This needs to 
be further considered before the limit values in standards eventually are 
adjusted. 

The relatively high fundamental natural frequencies of the test 
buildings compared to more common buildings, may have affected the 
vibration response. For damage mechanisms like shearing and bending, 
for which the building is forced to follow the vibration motion of the 
ground surface, the deviation in the buildings fundamental natural fre
quencies should be of minor importance. However, since amplification 
occurs when the dominant excitation frequency approaches the build
ings natural frequencies, the deviation in the fundamental natural fre
quencies may affect the building amplification. Hence, for more 

Fig. 6. Measured vibration velocity on ground (Mp3) from the second blast round. a) Upper panel: Time series. Lower panel: Instantaneous frequency determined 
from Hilbert transform. b) PPV vs zero-crossing frequency determined by the measurement instrument. c) Response spectrum. d) Power Spectral Density. The 
frequencies reported in Table 9 are marked with a red circle in (b) and red dotted lines in (a), (c) and (d). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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common building structures amplification may be a more dominant 
damage mechanism. This needs to be further considered before using the 
findings from this experiment to adjust the vibration limit values in 
standards. It is particularly important since measurements in accordance 
with most national standards are specified to be carried out at or close to 
foundation, which means that possible amplification will not be 
captured. 

13. Conclusion 

This field blast experiment has contributed to increased under
standing of vibration generation and propagation from bench blasting in 
rock, response of buildings to ground vibration and vibration damage 

mechanisms for concrete and light weight aggregate masonry buildings. 
An extensive set of high-quality synchronized vibration- and strain 
measurement data are made available from a series of well controlled, 
well documented rock blast rounds. 

The blast tests produced vibration values above PPV = 260 mm/s 
and strain levels above >1750 μstrain, which is well above the current 
guideline limit values for vibrations used in most countries and above 
critical strain levels reported in earlier studies. Despite this, no visible 
damage was found in any of the two buildings. 

Strain calculated from shear wave velocity in ground, measured PPV 
and frequencies on the buildings, agrees fairly well with strain measured 
on the homogeneous walls. 

Dominant frequency of the vibrations was determined to be between 
50 Hz and 130 Hz, which is lower than what can be assumed from the 
ground condition factors used in the present Norwegian Standard. The 
dominant frequency was determined by different methods and the re
sults showed a considerable deviation, with a distinct difference be
tween methods which determine the frequency in a short time interval 
around the highest peak and methods which are using the entire vi
bration time series. Further, methods which determines the frequency in 
short time intervals show a large spread in the frequency between the 
different vibration cycles. This points to the difficulty of using frequency 
dependent vibration limit values. 

The results of the test indicate that today’s vibration guideline limit 
values include a large safety margin for buildings on rock, when 
considering damages to outer walls, which this study was designed to 
investigate. 
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Table 10 
Frequency in vertical direction (Hz), determined by the instrument (zero- 
crossing around the highest peak) and characteristic frequency determined from 
the power spectrum of the entire time series.  

Blast round LECA (pos 7-vert) Concrete (pos 7-vert) Ground (Mp3) 

Instr fchar Instr fchar Instr fchar 

1 80 93 86 91 100 116 
2 50 59 46 52 65 100 
3 52 65 51 59 26 92 
4 22 44 47 52 41 97 
5 22 46 28 49 21 45  

Table 11 
Fundamental frequencies for the test buildings (Hz). Results from hammer 
excitation in parenthesis.  

Building X-normal to long side Y-normal to short side 

LECA 11 (11) 32 (36) 
Concrete 14 (14) 26 (28)  
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Fig. 8. Building response Power Spectral Density (PSD) from hammer excitation (solid lines) and from blast round 2 (dotted lines). Left, LECA building. Right, 
concrete building. See Fig. 3(a) for coordinate system. 

Table 12 
Amplification factors from ground to building (Mp3) and from position close to 
foundation to building (Pos 7).  

Blast 
round 

LECA Concrete 

Found Ground Pos and dir Found Ground Pos and dir 

1 1.5 2.2 4-Z 1.4 1.4 1-X 
2 1.2 2.2 6-Z 1.0 1.8 6-Z 
3 1.4 1.3 6-Y 1.0 0.9 3-X 
4 1.2 1.7 6-Y 1.3 1.4 6-Y 
5 –  – –  –  
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