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Vibration measurements for the prediction of groundbearing capacity

Atilla Ceylangglu*and Yavuz Giit

Instead of direct measurement, ground bearing ciydw@ms been predicted by various equations in ltteeature. In this study,
ground vibrations produced by a certain energy seuvere measured at eight different locations téetopen-pit mines (Divi Open-Pit
Iron Mine, Kangal Open-Pit Coal Mine, and Wl@pen-Pit Celestite Mine) in Turkey for the assesgnof ground bearing capacity.
Particle velocity values were evaluated consideting distance and the direction of the measureniérg.paper reports a study depicting
the use of vibration tests as a quick, cheap, aasl eneans of establishing a preliminary bearingagdty. The regression analyses
indicated a clear relationship between the bearagacity of rock formations ranging from weak tmsg and the peak particle velocity
with good performance indices’(RMSE, VAF). The highest correlation coefficieas\iound at 0.97 where the distance to energy sourc
was 7 m. Therefore, equation at a distance of 7amsuggested for bearing capacity prediction.
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Introduction

In surface mines, optimum equipment selection apaldrdesign should be made to get a reliable,
economical and efficient haulage operation (Wyll#92; Bowles 1996). Determining the bearing capaait
working areas and roads is of great importanceéhferevaluation of drilling, digging-loading andrgportation
machines from the economy and safety points of view

Rock units are generally assumed to be very gootb@asdation units. However, overloading leads to
considerable subsidence or sudden failures indbadations. Therefore, as in the design of the dation on
the ground, much attention and care should betpaite design of foundation to be constructed @k roasses.
Numerous researchers have established variousiegsiaegarding determination of ground bearing cipa
with analytical and empirical methods (Peck et1874; Imai and Yoshimura 1976; Bell 1992; Wyllie9P9
Keceli 1995; Hoek et al. 1995; Bowles 1996; Das%t ¥ingh and Goel 199%ekerciglu 2002; Aytekin 2004;

El Naga 2004; Singh and Rao 2005; Gul and Cegand®006; Gen¢ 2008; Alemdaet al. 2008; Gul and
Ceylanglu 2013; Alemdg 2014; Ajalloeian and Mohammadi 2014; Haftani et20114). In these relations,
commonly uniaxial compressive strength, seismioaigf, rock mass rating (RMR), rock quality desitioa
(RQD), geological strength index (GSI), interndttion angle, cohesion, discontinuity spacing, defation
modulus and natural unit weight were used. Theeefew relevant studies about empirical bearing ciypa
determination and easy, inexpensive and time-salagions for rock units are very limited.

The bearing capacity of eight locations (magnetéigenite, serpentine, limestone, clayey limestone,
gypsum, soil and dumping area) was obtained byguairtontrolled plate loading test (Gul and Ceyfimo
2013). The vibration tests reported in this papereaundertaken at the same locations. Vibratictmtgswhich
was designed and applied to different rock uniés heen found to provide an easy, quick and chesgmsnof
predicting of the bearing capacity.

Geotechnical properties of studied units

An extensive two-year research programme was chotig systematically to determine the ground bearin
capacity (ASTM D1194 1994; Ceylagla and Gul 2004) of different rock units by usinglate loading test
system (Gul 2006; Gul and Ceylaho 2013) at three open-pit mine sites given in €abl Iron, coal and
celestite open-pit mines are located in Sivas e, central Anatolia. Field studies, also based on
the determination of some rock mass and mater@bepties were undertaken on the rock benches (rtisgne
syenite, serpentinite, limestone, clayey limestonad gypsum) of these mines. Field study involved
geotechnical description considering ISRM suggestexthods (ISRM, 1978) and seismic survey. Table 1
presents the ground bearing capacities, rock nasgjrvalues evaluated according to the BieniawSid1 and
seismic primary-wave velocities of studied rocktsini
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Tab. 1. Results of geotechnical observations arsitil tests (Gul and Ceylagio, 2013).

T

Location Studied Unit Geotechnic Description Bearig Capacity Seismic Rock Mass Ease of Rock Quality
[kg/cm?] Velocity Rating, RMR Digging/Ripping Designation
(P-Wave) (Description, (Weighted Class, (RQD)
[m/s] Class) Description)
Dark gray, slightly weathered.
. Joint set No : 3 77 4
Magnetite Average joint spacing : 3.0 m 110.5 651 (Good Rock, 1) (Difficult) 93
Stepped - smooth.
. . Gray, fresh.
Sivas - Divrigi S
: . Joint set No : 2 64 3
Iron Mine Syenite Average joint spacing : 0.4 m 115.9 752 (Good Rock, 1) Moderately Difficult 8
Planar - smooth.
Greeny gray, slightly weathered.
. Joint set No : 2 72 3
Serpentine Average joint spacing : 2.0 m 9r.7 18 (Good Rock, 11) Moderately Difficult 92
Stepped - smooth.
Light gray-brownish, slightly weathered. 64 3
Limestone Averagejom_t spacing : 1.5 m 148.5 1006 (Good Rock, 1) Moderately Difficult 92
Undulating — rough.
. ) Cream to light brownish, moderately
S Coal M Clayey limestone weathered. 1195 814 49 3 84
Average joint spacing : 0.8 m ' (Fair Rock, 111) Moderately Difficult
Undulating — rough.
"Dumping area - 130.7 848 - - -
Light gray, slightly weathered.
Joint set No : 2 59 4
. Gypsum Average joint spacing : 4.4 m 63.0 1826 (Fair Rock, 1) (Difficult) 48
Sivas - Ulay Undulating — smooth.
Celestite Mine
. 1
Soil Brown, completely weathered. 34.9 450 - Easy -

* Composed of limestone and clayey limestone deityrned into the road bed.
** Evaluated according to the Engineering Rock M@&dassification System (Bieniawski 1989)

*** Ceylanoglu et al. 2007
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Plate loading tests

Bearing capacity is defined as the maximum bassspre which can be conveyed to the ground wit
failure. The main laboratory ppratus of plate loading test ahydraulic pump, pressure transducer, electr
displacement transducers, power inv¢, battery, ground platens and the data logger.|dheratory apparatt
and field setdp are shown in Figure 1. -up of plate loading test is formed incacdance with ASTM D. 11¢
72 and TS 5744 standar{ASTM D119~72 1987; TS 5744 1988). For assegdiearing capacity, plate loadi
tests had been performed on the same rock fornsatibthis study

Fig. 1. Plate loading test equipment and field-up (Gul and Ceylangu, 2013).

Ground vibration field tests

Ground vibration in the rock envinment induced by blasting or by a certain impaptesents an ener(
transfer in the form of seismic wave motion frone@wint to another. As a result of this disturbaimctine rock
body, the surrounding elements lose their equilifaripositions and e:ose an oscillation movement similar
adrawn spring. During seismic wave motion in thekrbody, there occurs no permanent strain in thi noass
(Dowding 1985; Karakget al. 2010). In other words, rock mass showstielaghaviour during this motic In
this event, there are two different velocities vehére first one is the seismic wave velocity anel shcond i:
theparticle velocity due to oscillatic

Ground vibrations produced by a certain energy awere measured by vibration seismograat
thesame locations of plate loading tests. The portablsmograp consisted of three geophor microphone,
control and memory unitprinter and battery. It used microcomputer techggloThe particle velocit
components (PPVT: transversal, PPPV: val, PPVL: longitudinal, PVS: sum and PPV: peak)eavereasure
for each shot. As an energy source of ground \imewhich is about 200 joule (8 kg * 9.81 ¥ * 2.5 m),
thesame worker dropped an 8 kg sledgehammer on gstiféster platen of 30 cm diieter and 5 cm thickness
for each measurement. The worker dropped this haromé¢he platen without applying any force durihgde
shots (Fig. 2). In order to ensure that equivakemtrgy is produced, the sledgehammer was loweret 1
different people the same conditions. The test results showedhlegpeak particle velocity (PPV) values w
nearly the same with a standard deviation of 2.2%ce the peak particle velocity i common parameter for
most damage criteria, which have been estald for different structures and cautious blast desand
application, and various equations for peak partielocity estimation have been develope the literature,
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peak particle velocity values were used in thislgtAs is known, the peak particlelocity (PPV) is the highe:
of those, which are measured in three directialamgversal, vertical, longitudine

At each locationjt was decided to measure the particle velocity poments along four directions whi
are mutually perpendicular wheteetprofile A-B being parallel and the profile B-perpendicular to the ben:
face. The shot point is just at the center of {titersection point) the profiles (Fig. 2). The diste betwee
theenergy source and the measurement station (pladheofyjeohones) was increased by approxima
1+0.1m intervals on the test profile due to difficulty placing geophones. To increase the represen
quantity of rock mass, the distance could be irm@daup to 7 m due to bench width and energy sc
limitations.

Fig. 2. Test profiles.

Starting from a pointground vibrationare spreadgpherically. During this propagation they are sat
to deflection/reflection depending on the charasties of the encountered rock/soil traversed avehtially,
they wither away. Measurement results revealedvihlates measured at the same dist along four different
directions were very close to each other. Therefari¢h the idea that it could be better to représamd
characterize the studied units more accuratelypacific distances, valuemeasuredalon¢ the same distances
were averagedBy this way, average vall of all particle velocity components were reacheohgl different
distances (I m). Average PPV values of all studied ground $yfme various distanceare given en masse in
Table 2.

Tak. 2. Average peak particle velocity (PPV) values.

Average Peak Particle Velocity

[mm/s]
Studied Unit Distance
[(m]
1m 2m 3m 4m 5m 6m 7m
Magnetite 24.2¢ 13.95 10.09 8.02 6.71 5.80 5.13
Syenite 28.51 17.34 12.97 10.55 8.99 7.89 7.06
Serpentinite 36.9¢ 17.13 10.92 7.93 6.19 5.05 4.26
Limestone 85.9¢ 42.54 28.18 21.04 16.78 13.94 11.92
Clayey limestone 35.4¢ 21.29 15.80 12.78 10.85 9.49 8.47
Dumping area 44.2¢ 25.19 18.11 14.33 11.95 10.30 9.08
Gypsum 43.1¢ 16.16 9.10 6.06 4.41 341 2.74
Soll 35.9¢ 12.16 6.45 4.11 2.90 2.18 1.71
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Evaluation of results

It is known that as the distance between the ensogyce and the measurement location increasd3Ri
values decreases. On the other hand, similar tangeaapacity and seismic velocity values, the rociss
properties such as joint spacintye degree of weathering, stratification, compactneggajn size, moistur
content influences the PPV values. As seen in Thb#though the RMR value of the magnetite unfigh, its
seismic velocity and PPV valuesedow. This can be explained by the effects of tiomed rock properties. |
order to develop a relationship between the bearapgcity (Table 1) and peak particle velocitydtrdistance:
(Table 2), simple regression analyses were perfdrifibe reults are shown in Table 3. The regression anal
indicate a clear relationship between the beariagacity and the peak particle velocity (. 3, Fig. 3).
Therelationship between PPV and bearing capacity fdistance of 7 m was also given in Figd4 to show
thestudied units in the figure of best relation. Thighlest correlation coefficient is found 0.97 wh
the distance is 7 m. Therefore, #guation of 7 m was suggested for bearing capacégliction where the siz
of the mass is greatest antre representative than the othiHowever,in some cases where the rock be
width limits thedistance, the relations of- 6 m can also be used.

To check the prediction performance of the relafops obtained, variance accounted for (VAF) arat
mean square error (RMSE) were considered (AlvanezBabuska 1999; Finol et al. 2001; Gil and Ceyglanc
2013):

VAF =|1- 20 =Y) 1100
var(y)

1 N n 2
RMSEzw/ﬁé(y—y)

wherey andy’are the measured and predicted values, respectiveéycalculated indices are given in Table
If the VAF is 100 and RMSE is 0, then the modell Wi excellent. The obtained values of VAF and RN
given in Table 3 indicated good prediction perfonges.

Tab. 3. Bearing capacity relationships and performance dedi (RMSEVAF and ).

Equation of Distances

DIS[tr?]?CE Y: Bearing Capacity [kg/cn] C((:)(;rf;iecliaetﬁnrz RMSE \@']:
X: Peak Particle Velocity, PP\ [mm/s] ' °
1 Y =32.27*In(X) - 15.644 0.11 95.94 80.03
2 Y = 74.269*In(X)- 116.93 0.62 66.00 85.94
3 Y = 74.543*In(X)- 86.861 0.84 65.84 86.26
4 Y = 68.873*In(X)- 52.211 0.92 40.65 91.66
5 Y =63.536*In(X)- 25.733 0.95 23.14 95.20
6 Y =59.176*In(X)- 5.9067 0.96 11.22 96.77
7 Y = 55.658*In(X) + 9.307¢ 0.97 5.83 97.16
RMSE = root mean square error, VAF= value accourite
200 - (A) y = 74.269Ln(x) - 116.93
2=10.62
1751 (B) (A) (B)y=74.543Ln(x) - 86.861
—_ 2 =0.84
E 150 A
R3] (C) y = 68.873Ln(x) - 52.211
£h . =092
é 125 4 O Distance :
2 (D) y = 63.536Ln(x) - 25.733
G # Distance : 3 m (B) rr=0.95
8_ 100 A
) ODistance s 4m (©) | (E)Y = 59.176Ln(x) - 5.9067
o 715 2=0.96
§= .
5 #Distance : Sm (D) | () y = 55.658Ln(x) +9.3078
2 507 =097
R .
= Distance : 6 m (E)
25 4
+ Distance : 7 m (F)
0 T T T T T T T T T T 1
0 4 8 12 16 20 24 28 32 36 40 44

Peak Particle Velocity, PPV (mm/s)

Fig. 3. The elationships between bearing capacity and peakiglarvelocit\.
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Fig. 4. The elationshif between bearing capacity and peak particle veldoitydistance 7 1.

Conclusions and recommendations

Although it is possible to establish the stabibityd efficiency of haul roads from basic in situ tgebnical
tests, which include plateading, the study investigated the use of vibratiesting as a quick, easy and ch
alternative. A good relationship was found for metife, syenite, serpentine, limestone, clayey lioves,
dumping area, gypsunand soil; the exceptions being gypsand dump soils. Without the need for a sepe
experimental set-ughe design engineers could easily estimate theifgpaapacity of the grounds by usi
these relationships in a very short period of t

The obtained relationships could be guiding contribute in road design studies for mining
construction applications. Since the ground vibratimeasurement device is used for controlled Ipig
applications and monitoring thenvironmental impact of mining operations, it cowtbo be utilizedfor
theprediction of ground bearing capacity. The peakiglarvelocity appears to relate well to bearingaezity
over a range of actual ground conditions. This kjugasy, inexpensive and ti-saving alternative should |
extended to a wide range abgnd units for better prediction of bearing capa
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