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STEADY-STATE RESPONSE AND RESONANCE CONDITION
OF BLOCK ROCK MASS ON EXTERNAL PERIODIC EXCITATION

Based on the discontinuous and self-stress rock mass in depth the theory of deep
rock mass as of a complex hierarchy of block structure is proposed. The block
structure of rock mass steady-state response on external periodic excitation is
studied. We get resonance equation and resonance condition of the block rock mass
structure on external periodic excitation. The effect of local mass and stress state
between adjacent rock blocks in block rock mass structure to the steady-state
displacement of rock blocks are analyzed.

Introduction. Deep rock mass has a complicated geological environment
of high ground stress, high temperature and high osmotic pressure. The rock
mass structure in deep is critical for studying of deep rock mass dynamic
response. Russia scholar M. A. Sadovskii [16] put forward the theory of deep
rock mass as a complex hierarchy of block structure and theory was proved
by studying of geomechanics field. Rock mass in deep have a block structure
with different hierarchy from crystal to rock mass, and between the adjacent
blocks with weak mechanical characteristics, which have segmentation as
block structure. The block structure has different self-similar hierarchy scale.

The j-hierarchy geological rock mass has the scale A;:
Aj =278, =012, (1)

where A; = 2.5x10°m. M. V. Kurlenya [9] found the phenomenon of rock

mass signal changed alternately when rock mass have explosion effect. As a
result based on the theory of elastic-plastic stress wave of continuum
mechanics can not given a reasonable interpretation. M. V. Kurlenya
conjecture, that there is a new wave called pendulum-type wave [11]. The
production of pendulum-type wave is closely related to geological structure.
M. A. Sadovskii [16] put forward a new viewpoint and it makes dynamic
study of rock mass based on discontinuous and self-stress block rock mass
structure. Today researches show that pendulum-type wave propagation in
the discontinuous and self-stress block rock mass structure is closely related
with rock mass dynamic response in deep [10, 12—14]. Last years theoretical
and experimental study of pendulum-type wave achieved some progress [1-6,
8, 15, 17].

This paper studies the steady-state response of rock blocks on external
periodic excitation. We get resonance condition of the block rock mass
structure. Steady-state response is compared on different external excitation
frequencies. The effect of block rock mass structure parameters including
mass and visco-elasticity between adjacent blocks to the steady-state
displacement at the same external periodic excitation are also compared.

1. Problem Statement and Block Rock Mass Structure Resonance
Analysis. Deep rock mass is a system as a complex hierarchy of block
structure in which rock blocks are nested in one another and mutually linked
by intermediate layers composed of weaker and fractured rocks. A model
with partings and parallel arranged elastic and damping elements is proposed
in paper [2] as Fig. 1. In the form of chains of blocks with friable layers
between them showed that wave propagation in such environment is
sufficiently described by an approximation that the blocks are non-
deformable bodies.
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Fig. 1. Model of block rock mass structure with visco-elastically linked.

Dynamic equations of block rock mass structure at external periodic
excitation expressed as matrix form

M x x(t)+ Cx x(t)+ Kxx(t) = F(t), (2)
where
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x =[a,--+,x,] is the displacement of each block, F(t)=[f(t),0,...,0] and f(t)
is the function of external periodic excitation.
Reduced order of equations (2):

B e M @

Let be
v = 30 )
As a result, formula (3) has the form
Ay(t) + By(t) = f(1), ()
where

o5 aefs 3} e

Let be y = @q, in state space pendulum-type wave equations (5) can be
decoupled into first order differential equations
. (@ f);
g-hg=——10 j=12..2n, (6)

aj
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where Xj and ®; are generalized eigenvalue and generalized eigenvector of
B_lA(p:%(p, ® is a matrix comprised of generalized eigenvector ¢,

j=12,..2n, a= OTAD = diag(a,,a,,...,a,,).
As a result, solution of equation (6)

At

qj(t) = qj(o)e T+ wj ’ (7)
where

L@
wy = [T ar, q0) = a0 Ay(0),
o %

y(0) is the initial condition. Matrix form of (7)

q =dq(0)+ W, (8)
where

d = diag(eM, ", e, W = [w,w,,...,w,,]"

As a result,
y(t) = d(dq(0) + W). 9)
If y(0)=0, without considering transient solution, the steady-state

solution of (9) with external periodic excitation f(t) = psin(wt) as

2n
y(t) = OW and y;(t) =D D -w,, (10)
=1
and
LD -p-sin(ot) _,.
w. = e}”]tJ‘Le Mt =
J a..
0 77
A; - (1 sin(ot) + ocos(ot)) - A, -t a1
N A+ o ’
j
P,y . . .
where A= —, kj eC, j=12,...,2n, is complex frequency of the j-or-

77
der, ® is the frequency of external periodic excitation. As known from
formula (9), block rock mass structure resonance only caused by the steady-
state response at external periodic excitation. As known from formula (11),

the resonance occurs when A jisa purely imaginary number and Im (A ].) =0,

in this case, k? +®> =0 and block rock mass structure resonance . We call
equation (11) as resonance equation of block rock mass structure. There are n
resonance frequencies in the block rock mass structure with n rock blocks.

The displacement of block is the linear combination of w; and arbitrary term
2n

of ZCD” -w; resonance can cause the block rock mass structure resonance. In
j=1

rock engineering, when imaginary part of A ; much more than real part and

external periodic excitation frequency closed to imaginary part of A ; can be

seen as quasi—resonance.
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Example.
External periodic excitation f(t) = sin(ot) and the block rock mass

structure composed of ten blocks. The mass of each block m ;=10 kg,
j=1,...,10, viscosity coefficient between blocks c; =20 kg/s, j=1,...,10;
elastic coefficient between blocks Ic]. =1x10°kg/s, j=1,...,10. The first term

of steady-state displacement response inx; is @,,w,and its response is

compared on different external excitation frequency as Fig. 2.
Complex frequencies of block rock mass structure:

o, =-391£197.7317, ®, =3.65+191.087, w, =-3.25%180.1617,
0, =-273+165.231, oy =—-215%£146.597, wz=-155%£124.691,
o, =—-1.00£99.991¢, wg =-0.53£73.07¢, w, =—0.20+44.507,

®y, = —0.02+14.957 .

Band center and bandwidth of the steady-state displacement in
frequency domain as formula

(o) = %j(’)'|Fj(°))|2 do and o, = U(co —{o))? |F].(o))|2 dm}w, (12)

where
2 i .
E= ”Fj((o)| do, Fi(o)= j i (t)e ™t dt .
As a result, the response in frequency domain concentrate in range of
(0)£o,.
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(e) @;,w, response when o =218 (f) frequency response corresponding (e)
Fig. 2. Steady-state displacement response of @, ,w, in time-domain and
frequency-domain.

Imaginary part of the first-order complex frequency is 197.73HZ. When
external excitation frequency o =198 closed to imaginary part of the first-
order complex frequency. The amplitude of ®;,w, increased about 5 times

compared with =178 and ®=218. In this example doesn’t appear
resonance phenomenon because of A, is not a purely imaginary number.

From the formula (12) we get ®;,w, frequency response, the frequency
band center (w)=212.07 and bandwidth o, =9.68 when ® =198; band
center (m) =290.63 and bandwidth o, =15.23, when ® =178; band center
(0)=134.88 and bandwidth o, =16.22 when ® =218. Band center of

frequency response higher when ® =178 thanw =198, but when ® =218 the
band center is lower compared with ® =198. Frequency bandwidth of
®; ;w, on another two external excitation frequencies are more than o =198.

2. Block rock mass structure parameters sensitivity to steady-state
response

ow, oOw, Ok, Ow, 0¢,

om, ok, om, 00, om,’ (13-a)

ow; Ow; Ok, Ow; 0¢;

Oy, | Oh; Ocy | 00, Bcy, (13-b)

ow, ow, Oh,; ow, 09, (130
= . _C

ok,  on, Ok, @ 00, Ok’

1
where m,, is the mass of block k, c,, and k,, are viscosity coefficient and

elastic coefficient between adjacent blocks k and ¢:

A, -(A;sinot+wcosot) -4, -o- ehit
i 2 2 ’
A+ o
therefore
ow;
Ok, B
_ A;(sin wt—wkiexit)(kf +w2)—2Aiki(ki sin ot + ® cos wt—wexit) (14-a)
(A + o)
ow;  p(h;sinot + ocosot) - powe’ (14-b)
09;; aii(kf +0%) )
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Paper [7] given sensitivity analysis of A., ¢, to local mass and visco-
elasticity:

2
e __p2 Qi (15-a)
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Inserting formula (14-a)—(14-b) and formula (15-a)—(15-f) to formula (13-a)—

(13-c) we can get the effect of local mass and visco-elasticity to steady-state
displacement response.

Example.

The effect of local parameters including mass of block and visco-elasticity
between adjacent blocks to the block steady-state displacement response on

certain external periodic excitation f(t) =sin(178xt) is compared. We are

also analysis @;,w, when change local parameters m; = 20kg, ¢, = 40kg/s;

k, =0.5-10° kg/s’ respectively and other parameters invariant. We can
compare the results with upper example when o =178.

The variation of ®;,w, is as Fig. 3. Amplitude of ®;,w, decreased when
local mass m; increase to two times or elasticity-coefficient k, decrease to
1/2. Amplitude of ®;,w; no changed, when local viscous-coefficient c,

increase to two times. Local mass and elasticity coefficient have a great
influence to @, ,w,, compared with viscous coefficient.

(a) change mass of fifth block m, = 20 kg
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Fig. 3. Response of ®@;,w, when changing local parameters in block rock mass structure on

certain external excitation frequency ® =178 .

Conclusion. Through analysis the rock bock steady-state response on
external periodic excitation, we know that block rock mass structure quasi-
resonance when frequency of external excitation close to imaginary part of

the rock system complex frequency kj, and whenkj is a purely imaginary

number there will be resonance. In rock engineering through testing the block
rock mass structure parameters, we can calculate complex frequency of the
rock mass system. As a result, frequency of external excitation should avoid
these frequencies value in theory.

When external excitation frequency approximates the resonance
frequency from the lower, the frequency band center of the steady-state
response exceed to the band center caused by resonance frequency. But from
the higher, the frequency band center is below. When change local
parameters in block rock mass structure, complex frequency of rock block
system corresponding changed. Local mass and elasticity coefficient have a
great influence on steady-state displacement response compared with viscous
coefficient .In rock mechanics and engineering when frequency of external
excitation difficult to change, we can change local parameters to ensure the
stability of the rock mass structure.

The study was conducted with financial support from the China Foundation for
Basic Research, Project No. 2010CB226803.
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PEAKLIA CTAUIOHAPHOIO CTAHY TA YMOBA PE3OHAHCY
BJTIOKY INPCbKOI MACY MPU 30BHILUHBOMY NEPIOANYHOMY 3BYPEHHI

Ha ocnosi modeni po3pueHnoi i CamMOHANPYHCEHOT Y 2AUOUHT 2iPCHKOT MACU PO32ASLAEMDBCS
meopis 2AuboKol 2iPCHKOL MACU AK CKAAOHOL cucmemu OA0UHOT cmpykmypu. Busuamvs
CMAYIlOHAPHUY CMaH cmpyxmypu OA0KY 2IPCbKOL MACU NPU 308HIWHIX NMePlodurHuUr
30ypennaxr. OmpumaHno PIBHAHHSA Pe30HAHCY CMPYKMYPU OA0KY 2IPCHKOT MACU T YMOBU
Pe30HAHCY NPU 308HIUWLHBOMY NePloOUUHOMY 30YPeHHT. AHANIZYEMDBCA 8NAUB NOKAALHUX
Mmac 1 A0KAABHOZ0 HANPYHCEHO20 CMAHY MIHC CYCIOHIMU Oa0KAMU NOPOOU 8 CMPYKMYPL
6A0KY 2IPCHKOL MACU AK PeaAKYis HA CMAYIOHAPHE 3MIWEHHA 2IPCHRUL NoPLo.

PEAKLIMA1 CTALIMOHAPHOIO COCTOSAHUA U YCITOBUE PE3OHAHCA
BINOKA rOPHOU MACCbI NPU BHELUHEM NEPMOAUYECKOM BO3BYXXOAEHUU

Ha ocnose modeau paspwvieHoti U CAMOHANDPAHCEHHOU 8 2AyOUHe 20PHOU MACCHL paccmam-
pusaemcs meopus enyOoKoU 0OPHOU MACCHL KAK CAOHCHOU cUucCmemsvl 6A0UHOU CMPYyKmy-
poul. VI3yuaemcs cmayuoHapHoe COCMOAHUE CMPYKMYpbv. 040KA 20PHOU MACCHL NPU
gHewHuUX nepuodureckux 8036yxcdenusx. Iloayuensvl ypasHenue Pe3OHAHCA CMPYKMYPbl
0640KA 20PHOU  MACCHL U YCAOBUS PE30HAHCA MPU 8HEWHem nepuodureckom 6036ydxrcde-
HUU. AHGAUSUDPYEMCA 8AUAHUE NOKAALHBLL MACC U NOKANBHOZO HANDPANCEHHOZ0 COCTMOSA-
HUA mexHc0y coceOHUMU BA0KAMU MOPOOBLL 8 cMPYKMype 6.40Ka 20PHOU MACCHL KAK Peak-
YU HQ CMAYUOHAPHOE CMeweHUe 20PHBLL NoPOo0.
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