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SUMMARY:

Based on in-situ observational data, we analyzedggrfeatures of strong ground motion induced hyrtstelay
blasting in unsaturated loess field through thigeeats of time history, frequency spectrum anchatiton. For
time histories, the data show exploding ground amtias two essential characteristics, i.e. largakpground
acceleration (PGA) and shorter duration. Analysisults reveal the effective duration (ground acedien
exceeding a certain magnitude) is the pivotal fadtfluencing design effects of the blasting. Theedral
response, meanwhile, attenuates with the increlagbservational distances (apart from the centrexpfoding
field), especially for those higher frequency comguats. Values of H/V figured relative features ofikhontal
component to vertical one of frequency spectrurexgfloding ground vibration become greater whilgadises
widen. As exploding energy accumulated, moreowsvel frequency energy distinctly increases anddheure
of frequency spectrum of the strong shock gradusdiyroaches an actual seismic oscillation.
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1. INTRODUCTION

Since exploding techniques are widely applied iacpces of engineering constructions, features of
exploding ground motion and effects caused by exphs on rock-soil grounds and structures have
become hot topics in the field of geotechnical lerake engineering. In many seismic-prone areas
around the world, meanwhile, the record data dfinsearthquakes always cannot safety the needs to
investigate non-linear response characteristich@foundation and structure at dangerous condition
of strong ground motions induced by near-field leguitkes. For these serious cases, moreover, the
explosive ground motion is a fine reference tortatural seismic vibration. Consequently, scientists
and engineers from related research fields takes ratiention onto those problems associated with
ground shocks induced by explosions.

Analysis results of exploding ground motion fromgi®tullaey et al (1999) indicated that explosive
vibrations could be used to investigate the resgo$ full-scale structures on near-field earthguak
Kumari et al (2000) reported that a small fractimihexplosive energy about 3% results in the
generation of strong ground motion in the nearamglLou et al (2003) analyzed characteristics of
blasting seismic waves and adopted integral vatdegsponse spectrum curves to investigate the
relation between response spectrum and blastingatidn velocity/frequency. Yu et al (2004)
suggested empirical relations to predict the acagts and velocity of ground motion excited by
explosions. Langston et al (2006) analyzed theiapadriation of strong ground motions induced by
two explosions within unconsolidated sedimentshef Mississippi embayment because there are no
comparable strong-motion data from natural eartkgsian this area. Tian (2007) proposed the
evolutionary power spectra density function of exishg ground motion by means of non-stationary
random evolutionary theory. Zong et al (2008) inigeded essential laws of propagation and attention
of explosive ground shocks.



In field effects of exploding ground motion, Wangad (2002) investigated liquefaction features of
saturated loess by means of experimental expldsstewith micro-time intervals. Qian et al (2004)
found out structural damages are associated withnthximum acceleration or velocity of blasting
vibration whereas geotechnical disasters mainhh wite maximum velocity of exploding ground
motion. Yang et al (2005) analyzed explosive saisefiects in a complex field using finite element
method. Jemberie (2008) studied nonlinear siteoresgs during strong ground motion and proved the
non-transportability of weak motion attenuationutessto estimated ground motion from a future large
earthquake that take place in similar areas.

In aspects of structural damages caused by exgjogliound motion, Ma et al (2002) adopted a
numerical method of wave propagation in nonlineat eomposite media to assess wave motion and
structural damage, in which a fracture indicatdeduained by equivalent tensile strain was defired t
estimate concrete damage, and a plastic indicatsgdon effective plastic strain was used to iflenti
the plastic state of reinforcement. Cui et al (9088perimentally investigated the elastic-plastic
dynamic response and buckling mechanism of stdehuts under vertical ground excitation caused
by underground explosions and simulated the exgrosly shaking table test. Chen et al (2006)
reported that the response of structures endumegdimensional excitable load is smaller than those
enduring 3D excitable loads especially for the azfdelasting vibration based on results of struaitur
response under multi-dimensional movements by tinder analysis. Liu et al (2006) established the
blasting dynamic equation of multi-particle systemchitectural structure and then provided the
solution of the equation.

Because of the lack of record data of strong grauntions induced by both of natural earthquake and
explosion in loess areas, and the fine referenexjpibding ground shock to near-field seismic dffec
the author here analyzed essential features of histery, frequency spectrum and attenuation of
artificial ground vibrations based on in-situ obsgional data generated by a short delay blasting
within a typical unsaturated loess field in theioegof Loess Plateau, China.

2. FIELD CONDITIONSAND EXPLOSIVE DESIGN DETAILS
2.1. Target Field of Unsaturated L oess

The observational field of unsaturated loess f@l@sive ground motion is nearby at Lijiawan village
of Lintao county in Gansu province, China. Thig#irfield is a kind of typical loess ground, which
could suffer dynamic settlement under an enougbngtrseismic loading, located in the region of
Chinese Loess Plateau.

The sedimentary sequence in the target field carobghly seen at terrace’s basset. Data collected
from two exploratory wells both with the depth &2 shows from top to bottom there are four kinds
of soil layers overlaying Tertiary red bed, i.ealde layer, seismic loess, redeposit loess andi@ebb
bed. Within the range of buried depth from 1m tanl8he loess layer has typically physical
characteristics of collapsible loess, e.g. looswhrsass, high porosity and great void ratio. Has t
layer, the water content often exceeds 12% anttstigy particles could be in sight at some places.
The next layer, redeposit loess, has a thickned8wi Its properties differs from the overlain dwjl
that water content is roughly less than 10% ang otetent is much more and the horizontal bedding
is distinctly visible increasing with the depth dually. The average data of physical parametetiseof
soil mass above the burial depth of 20m in theetiafigld are summarized in Tab. 2.1 (ignored other
soil layers due to the explosive source depth afi)23

Table 2.1. Parameters of loess layers in the target field

Soil type Burial depth (m) | Density (g/cm) Water Observational Vs (m/s)
Natural Dry content (%) | depth (m)
Seismic loess 4 1.47 1.32 12.5 1 197
2 241




3 249

4 256

8 1.48 1.29 15.2 5 267
6 268

7 272

8 269

12 1.49 1.28 14.8 9 276
10 283

11 290

12 294

Non-seismic loess| 16 1.48 1.33 10.3 13 307
14 312

15 320

16 368

20 1.54 1.42 8.4 17 376
18 392

19 396

20 402

2.2. Explosive Source Design

As shown in Fig. 2.1, the explosive source inclugéssingle-shot points. Here, shot points are the
projections of explosives (with the same burialtdepf 23m) on the ground surface. All points are
disposed as a circle and depart the same distdntenofrom the centre of the target field and the
interval of adjacent points is about 3.14m.

’.;4 (reference point, departing 110m from the center )
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Sequence of detonate: (1), (5), (3), (2). (9), (7). (6), (4). (13), (11), (10), (8), (14), (12), (15).
Time lag after each shot within the whole short delay blasting:

o] (1),(5),(9), (13), continued after a delay time of 760ms (+/- 55ms).
27 (3),(7),(11), continued after a delay time of 705ms (+/- 60ms).
] (2),(4),(6),(8),(10),(12),(14), (15), continued after a delay time of 655ms (+/- 50ms).

Explosive Source . . .
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Figure 2.1. Design of the short delay blasting and observatipnints of exploding ground motion

Because explosives are symmetrically detonatedjritemsity design of exploding ground motion
could be calculated by the reference distance aff gbint apart from the centre of the target fidltde



design formula after Zhang (1981) is

a=k(3[Q/R)" (2.1)

where Q is the mass of explosive, kgR is the spatial distance between explosive andreasen

point, m; a is the peak ground acceleration (PGA) induced xplasions, m/s « and a both
are attenuation coefficient of explosive vibratibere taking values as 90 and 1.55 respectivedy aft
Wang et al (2003).

The expectation intensity of exploding ground met@dopted by authors is from 0.35g to 0.40g.
Therefore, the single-explosive source need talleel 40kg middle-power explosive based on Eqgn.
2.1 (Zhang, 1981).

2.3. Observational Points of Exploding Ground Motion

In order to comprehensively observe distributiofiehtures of exploding ground motion, 24
observational points are arranged in the targéd {igee Fig. 2.1). Here, 11 points are locateddmsi
the circle of the explosive source, and 6 pointside the circle along directions of E-W and S-N
respectively. Others of 6 points are scatteredhim e¢ast part of the field to obtain attenuation
information of explosive ground motion, with a 20mterval and the first point departing 40m from
the centre along the azimuthal angle of 80.5°. pbiat of No. 24 is located at the position with a
departing distance of 110m from the centre aloegatimuthal angle of 333°.

3. FEATURESOF TIME HISTORY AND FREQUENCY SPECTRUM
3.1. TimeHistories

Because of the orbicular design of single-explosierces, the record at the centre of the targtt fi
may be the best data to investigate the actuattefié the blasting and the essential feature of
exploding ground shocks. Figure 3.1 shows the timstsry data recorded at the centre position (UD,
vertical component; SN and EW, horizontal composerithe whole time-history obviously caught 9
individual vibrations (blasting duration greateamthl12s) whereas other 6 single-explosive sources
unfortunately failed to be detonated due to indigtreasons.
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Figure 3.1. Time histories of strong ground motion inducedshwgrt delay blasting

For actual duration features of exploding groundtiomy we adopted a quantitative criteria of
acceleration C,) to analyze the time-history data as the follow.

c. :{1,gvs (t)=0.09 3.0)
0,0, ()< 0.09



where g, (t) is the vector sum of three components of recoeteelerations.

Using Eqn. 3.1, duration features of recorded datge Fig. 3.1) are summarized in Fig. 3.2 (the
percentage representing the ratio of effective tituwrdo duration).
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Figure 3.2. Duration features of recorded ground motion indiugg short delay blasting

The previous result showed there is only a smait p& explosive energy contributing to the
generation of ground motion (Kumari et al, 2000guiFe 3.2 reveals that the explosive pulse energy
could cause greater peak ground acceleration (P®#4),the subsequent energy would merely
maintain a shorter duration. These essential featprove that although the PGA inside explosive
source circle exceeds 1g (the double of the expentantensity) the effective energy of whole
exploding ground shocks is relatively small du¢h® shorter effective duration (3.23s, around \gith
percentage of 57.3% contrast to the duration, $.67s

The occurrence time of PGA for individual explodipglse includes the contribution information of
each component (UD, EW or SN) to the whole explsnergy. Here, therefore, we introduce two
concepts of delay ratio of occurrence time (DROTPGA for three components and DROT of the
maximum vector sum (MVS) for vector sum time-higtdue to three components. For PGA of each
component and MVS of three components of individergdloding vibration, the value of DROT is
calculated by the follow equation.

DROTPGA/MVS = 100(%))( OTPGA/MVS - OTmean—PGA—?,cs ) /OTmean—PGA—3CS (32)

where OT,,, and OT,, is respectively occurrence times of PGA of thremponents and of MVS

of vector sum time-history;OT . ... IS the mean of occurrence times of PGA of three
components.

By this treatment, analysis results of the timeerisrecords at the centre position of the targstlf
are shown in Fig. 3.3.
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Figure 3.3. Contribution analysis of three components of edjig ground motion



At the beginning of the short delay blasting, tlomtabution of SN component to explosive shock
energy is greater than other ones (see Fig. 3f8r fke duration of 1s, energy contributions okth
components become close, and the horizontal cormpasfeEW is the minimum one. During the
explosive process later than 4s, the individuakrgneontributed by single component is alike each
other due to almost same occurrence times. Thiagrhenon reveals the initial static status of soil
ground needs an enough time to follow the vibratimuced by explosions. Within the early stage (in
this case, 4s), the soil ground vibrates by anrmbaious way along different directions; its viloat
obviously differs from the later stage, in whicketiground motion obviously keeps stable. The
analysis result clearly indicates any reasonabsigdeof exploding ground motion must maintain an
adequate length of duration.

3.2. Frequency Spectrum

As shown in Fig. 3.4, the frequency spectrum cwiendividual pulse vibration is alike each other
and there is no an obvious sequence. This phenomerdicates ground motions caused by
single-explosive sources with certain detonatedggntend to possess similar random-features. For
each one of individual pulse vibration, howeveregirency spectrum characteristics of three
components are distinctly different and the freqyeof 32Hz (near the double of the predominant
frequency) may be the particular point dividing #pectral curve into two parts, the left one diffgr
from the right one. In the right case, UD comporresponse is greater than horizontal ones (more and
more distinct with increase of frequency), accogdaith distributional patterns of explosive enengy
aspects of the frequency and reference-vibratimattion (component of UD, EW or SN).
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Figure 3.4. Frequency spectrum features of individual grourdioms induced by the short delay blasting

The whole response magnitude of the short delagtib is obviously greater than the mean of
individual pulses, but spectral shapes of assatiedenponents in two cases are alike each other (see
Fig. 3.5(a)). Meanwhile, there is almost no diffexe of H/V values between the frequency spectrum
of whole time histories and the mean of individoiaés (see Fig. 3.5(b)).
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Figure 3.5. Difference of frequency spectrum features betwelole and individual time-histories of exploding
ground motion

In Fig. 3.5, analysis results reveal the essefgiaiure of frequency spectrum of exploding ground



motion, both cases of whole blasting and individpalse, may be mainly influenced by the
single-explosive sources because each one is fiedtertain mass of explosive to generate similar
intensity of individual pulse energy.

The frequency spectrums within different observalareas (inside, outside and attenuation fied, s
Fig. 2.1) of the target field disclose that the measponse of short delay blasting inside
explosive-source circle is the maximum, whereas#se within attenuation field is the minimum (see
Fig. 3.6). Moreover, three components and H/V \alsigare the same distributional characteristics at
different positions with above mean responses.

Within three areas, vibration responses of higheguency components gradually decrease with the
increase of observational distances. Meanwhileizbotal components of EW and SN are almost
alike, and UD component varies between them. Alghovariations of UD components at different
observational positions have a little different¢es igeneral that the vertical component suffelerger
response. As shown in Fig. 3.6(d), values of H/\thake positions are nearly similar. Within the
domain below the predominant frequency, horizomtainponents are distinctly dominant; to the
contrary, the vertical vibration is the dominantmgmnent in the greater domain. This means the
principle frequency of horizontal component is tiglly lower than the vertical one. Generally, the
ground vibration induced by explosions has a typfeature of high frequency. Considering the
design pattern of the explosive source adopted him target filed, therefore, the dominant
vertical-component indicates the energy is in asuawlative condition at the observational position
inside the explosive-source circle; whereas catesher observational positions are associated with
the reduction of explosive energy. In the obseoveti point apart from the centre of the targetdfiel
far away, the feature of vibration time-historyrédatively closer to the ground motion induced by
natural earthquakes than those ones near the centre
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Figure 3.6. Different features of frequency spectrum of expigdground motion in the target field

Because of the particularity and significance gdleding ground vibration inside the explosive-s@urc
circle, we analyzed the distributional charactarisf explosive energy base on the mean of spectral
data of the first pulse at different observatigmaihts within the special area (see Fig. 3.7).

In Fig. 3.7, the distance of observational poinaggrt from the centre of the target field. Intégra
results of spectral curves show the mean respohderizontal components maintains stable at



different positions, and the vertical componentdoees greater while the distance widens. As a result

the value of H/V gradually decrease follow the @age of the vertical response.
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Figure 3.7. Frequency spectrum features of exploding grountiomanside explosive-source circle

4. ATTENUATION CHARACTERISTICS

4.1. Explosive Energy Attenuation

Figure 4.1 provides attenuation relations betwegrosive energy and observational distances.
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Figure 4.1. Attenuation characteristics of vibration energguoed by the short delay blasting in the targéd fie




Attenuation features differ with observational piosis due to accumulative or reduced explosive
energy (source design pattern) and at the pogifidield the reduction gradually becomes slow while
the distance increases (see Fig. 4.1(d)). Accortdirigig. 3.7(d), the energy of horizontal composent
associated with particular low-frequency is obvigudominant at the observational point apart from
the centre far away. This phenomenon of slow réduoainay accord with that the low-frequency
vibration could propagate a longer distance as kniovthe research field of seismology.

4.2. Vibration Frequency Attenuation

Taken the record of exploding ground motion wittiie attenuation field as the analysis example of
reduction characteristics of different frequencyndin vibrations, Figure 4.2 displays the resporise o
each frequency-domain vibration tend to reduce evbbiservational distances widens, especially for
those cases with higher frequency. The variatioh/ values, representing the relative relation of
the horizontal-component energy to the vertical, atiecloses the similar result with the spectral
alteration at different observational points.

The response magnitude of exploding ground mothlonausly differs with the frequency. At a farer
position apart from the centre of the target filegtanwhile, high-frequency components could suffer
a more severe reduction than low-frequency onestefbre, horizontal components become more and
more abundant with the increase of observatiorsahdces (see Fig. 4.2(b)).
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Figure 4.2. Attenuation characteristics of frequency spectadrexploding ground motion

5. CONCLUSIONS

(1) There is merely a small fraction of the explesénergy to generate the exploding ground vibmatio
whereas the other of most energy contributes topcess the soil mass around the explosive source.
This could cause artificial ground shocks inducgdeliplosions having the essential features of a
greater pulse of PGA and a shorter duration. Thec#fe duration (ground acceleration exceeding a
certain magnitude) is the most important factotuerficing design effects of explosions. After the
explosive is detonated, the soil mass needs argérioue to gradually alter its initial static stated
then follows the exploding vibration. During theustment period of vibration status of the explagdin
field, the ground inharmoniously vibrates alongethreference-directions. The beginning stage may
make some explosive energy waste due to the inlmowm® tremor of soil mass in the target explosive
field. After the vibration of the soil mass relaly maintains stable, the effective energy indulogd
explosions could be constantly amplified.

(2) Symmetrical single-explosive sources could adeathe energy response of exploding ground
vibration at the centre position of the target dievhile the explosive energy is dominantly
accumulative. From the view of seismic energy, gt 4 better expression of distributional
characteristics of energy field caused by explasitmt the vector sum of three components of
exploding ground motion reduces with observatiodetances. For the high-frequency ground
vibration caused by explosions, the attenuatiom@e obvious than the low-frequency one; this
means the effective energy within high-frequencymdm could propagate a shorter distance.



Furthermore, the attenuation characteristic of M&lues due to frequency spectrums with the increase
of the observational distance contains the variatidormation of relative relation of the average
horizontal-component to the vertical one.

(3) Individual exploding ground vibrations causgddertain detonated energy of explosive mass have
alike random-features within frequency domain. Hoe exploding ground motion, the principal
frequency of horizontal components differs from teetical one. The former is obvious lower than
the latter. Low-frequency components of explodingumd motion become more and more abundant
while the explosive energy gradually accumulates. &Aresult, the explosive vibration tends to
approach the actual ground motion induced by nbhaadhquakes. That is why explosive vibrations
can be used to investigate referential responsdsunfdations and structures with full-scale sizes
under near-field earthquake.
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