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A Preliminary Study on the Effects of the Joints and Cracks on the
Dyhamic Properties of the Rock Mass and its Structure

by Wang Qizheng

Tsinghua University

-- In this paper, the dynamic analyses of two
groups of column rock structure including eight.
different crack cases are carried out by the
finite element method. The effects of cracks on
the structure's dynamic behavior were studied,
and an estimiation method 'of the effective
dynamic elastic modulus of the cracked rock
material was obtained. The results show that
the dynamic response for a simple structure with
cracks can be estimated using a dynamic analysis
of the structure wit-hout cracks which has
orthogonal anisotropic properties. Finally, a
hill model was used to study the effect of
cracks on the damping and to prove the above
conclusions as well. , - -, r
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1 .Pref ace

During the anti-seismic or dynarric calculati,-,r, f,-,r a hydraulic

structure or other kinds of structure, the rock's dynamic

stabi 1 ity of ten needs to be considered. However, the rock itself

norr,,ally has many j,-,ints, cracks or fractures. They will directly

affect. the mechanic behaviors of a rock ard the dynamic properties

of a hill . Meanwhile, the fact. of earthquake dariiage has shown

that. a concrete darm can crack under strong vibrations. The cracks

not, only reduce the strength of the dar, but. also affect. the

dynarm ic properties c:f the r:c k it-self. Therefore, studies on the

effects cf t ,e joints and cracks on the dynamic properties ,-,f rock

arid concrete as well as other structures are e:x:tremely necessary.

It. no longer is a linear probleni for the dynamic properties of

the cracked raterial and its structure. Strictly speaking, its

motion characteristics cart no longer be described by vibrational

rmodes. It. is even more complicated for the crack propagaticn

4pro:blem of a structure under a moving load. Currertly, the study

of this subject. has not. seen widely both at. home arid abroad.

Under the conditiors of a small moving load and small deflection,

however, the rc:ck material, which has joints and cracks, as well

as its structure car be treated appro::imately as an elastic body

cut by cracks.

2
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II Calculation Model and Met-hcdol-gy

In order to simiplify the pro-blerm, a study is c,-rducted by

ta. rg a colurin rock structure as shown in Fig. 1 and treating it.

as t plane stress probleri . A total of eight. differert. cracking

cases, sort.ed into two, groups, horizontal and vert.ical,

respectively, are given to the model. Under general conditions,

the horizont-al cracks can be considered as being closed complet.ely

by it.s own weight. When the moving load is srmall, within the

riaterial elast.ic range, the probler- is the sarre as the case

wit-hout cracks. Theref,-,re, the group A mocdels which have vertical

cracks as shown in Fig. 1 including PV-2, F'V-3 as well as PV-9

represent. the cases of an incomplete penetrated crack and a high

crack penet-ratring rat.e but still having some pcOrtions I such as a

and b) where the crack is either being squeezed by the ro: itself

or not, yet. completely penetrated. The FV-S is used to model the

case of a layer r:,ck which contains a different. number of vertical

cracks. The horizor ntal cracks of group B are mair ly used t.c, study

the effects of cracks on the mat-erial elastic modulus.

The finit.e element met.hcd is adopted to conduct t.he dynamic

.6 analyses of a structure, ard the elements are the rectangular

isoparametric elements. The st ructure is divided into' meshes as

shown in the PV-2 model of Fig. 1. Assumie the cract is a gapped

crac , the nass points at both sides of the crac (such as ,8, and

91 belong to different elerm'ent.s and they are independent upon each

other ,dur ing vibration, e, cept the t.wo end points of the criac :
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(such as arid 14.) The boundary condition is that all boundary

nodes are free exzcept. the base points 1 thro:ugh 5 which are f ixed.

J4 ~ ~ 0 __gj7 T

2

PV-2 PV-3 PV-5 PV-s

TVI H- P11-S PH-$

Fig. 1 Two groups to:taling eight. case of cracks are
calculated by the f inite elem~enit metho:d.
Khey: .1) Gro.up A (Vertical cracks);

.. Group B' (Ho:r i zorita I c rac ks)

When calculating the natural vibration property of a

structure, the ri':'-dariiping f ree vibration equation *:f a structure

is applied.

Mi+KX-0. (1

The characteristic equation can be solved by applying the

determuinrate searching method. Only the f irst 5 to 7 vibration

10 4
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modes are selected.

During the calculation , the properties of the raterial used in
6 2

the calculation are the elastic modulus E =2x10 tone/m
0

the Poisson's ratio P.=O_.2E, and the weight density yz2.E
4 :3

tor / r

III. Effects of the Cracks on the Free Vibration Properties
of a Column Structure.

Table 1 lists the natural frequencies of the structure with

different vertical cracks. Fig. 2 shows the comparison of

different vibration patterns of model PV-9 and the corresponding

pattern of the case without cracks. Since all of the vibration

patterns are symmetric with respect to the axial axis, only the

left side vibration patterns were plotted for the case without

V cracks. Fro- Table 1 and Fig. 2t, we see:

((1) The frequency of each mode decreases when the crack
number increases,

(2) The effect of cracks on the free vibration pattern
depends upon the vibration mode. Generally speaking,
the effect. of cracks on the high mode is more serious
than that on the low mode, especially, for the high,

norral symmetry vibration case.

All the above facts show that the effects of cracks on the

free vibration properties depend not only on the number of cracks,

but also on the crack orientation, or more precisely said on the

relationship between the displacement direction of each point mass

and the crack orientation during the vibration process. For the

5
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high , ntormial symmetry vibration pattern , the displacement of its

po:in t. mass mostl1y is or thogornal1 ton the crack: or ien tation;r

therefore, the effects of cracks orn the vibration pattern are

r emar kabl1e. As for tho.se particular vibration patterns, the

structure with cracks is nu': longer the same as that witho:ut.

Table 1 The natural frequerncies of a columtn rock.
structure with different case of cracking (Hz)

7.7 25.14 49.5 57.32 22.91 51.70 66.17

PV-2 7.59 23.78 48.90 51.64 22.88 39.28 53.46
(6 )I OfN PV-3 7.45 23.70 45.33 51.64 22.88 38.86 42.43

(A W) PV-5 7.33 22.59 43.15 50.24 22.86 35.96 41.70
PV-9 6.71 20.10 36.33 42.31 22.84 33.14 57.99

7 ) PVA-3 7.48 23.64 45.62 22.87 45.15
PVA-s 7.38 22.88 44.95 22.85 42.61

ft it PVA-g 8.67 19.98 1 36.46 22.80 32.87

K:.ey: (1): Crack ing situation,; (2) Model ID; 3".) Artt.i -

symmrietry vi brati on pattern ; (4) Normal symimetry
3vibration pattern ; (Il Crackless ; (6) Vertical c rac k

(7) Structure without cracks having o:rthogonal
aniisotropic pro~perties

IV. Effects of the Cracks on the Dynamiic Elastic Modulus of
the Material

There are somre differences cof the material deformation betweeri

that having cracks and that. without., even under the sanme stress

conditions. This corresponds to the case of changing the original

mraterial elastic properties. In rock mechanics, the definition of

the elastic constant. of a rock with cracks or fractures is the

effective elastic constant, while the elastic constant. of a rock-

without a crack is called the funidametal elastic constant., Ref

DI![I.
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(11) .S.tructure witho=ut. cracks which has orth,,goral
an istropi c properties.
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1rhe dyriarnic elastic n'od:ulus of the mater ial car, be deterrired

b'y vibr at irig a pr is rny pol- Ie lc-ngi tudir a IlIy .The displaceriert

pa t t ernri of th is ia r t ic uIa r k 1 id o.f v ib ra t iocn poa ga te s

lonitudinally while it. e~zxpards arnd cointracts. This solely unique

def orrati or e :zcl1udes the c orfp 1ex:iti es which cocul1d bie inrtr-duc ed by

the com-po-unded Stress arnd shape ':'if a structure, arnd it is

cAxtrmtely helpful for studying the effec ts of cracks. T he one

dinrfers ioral wave equation rof a pr i sry pol1e is , Ref [2]1

2 U I ~U )

where u is the longitudinal dispilacert-ert. of a poirt. or the

c ross-sec t ion plante at. x:; a the is wave velciity wr i tten as

wxhere E is the mo-dulus o:f elasticity of the pri smy po'le , p is the

material mass dernsi ty. The lorigi tudirial vibration frequency car,

bie obtained by solving Equation (2) Its first mride f requenicy is

where 1 is the pole length. For the case of longitudinal

vibration , substitute all paramieters irit'- Equatir (4) , the first

vibration mode f requenicy of the structure without c rac~s is thus

-; obtained, arnd it. is equal to 22:::Hz.

A'
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# If the l,.origituudirI 1 Vi -atCLI r, fl-equr.r' - r

I v ver, f , the ettect ive dyrari ic elastic Ic',ulu=. r_ l :t .--
1. e e

.'.a c rac kea rat ria 1 cart be cal cu let ed t hrur, E qual c 4 * -.>

the f urcamer t.I e las t c mrodU 1 Us and f requer c y cit tre rfat- a 1

witrout cracks are E ard f , respectively, f ror. Equat ir, 1 4 ,
*0 0

we- rave

E.=(f*/f.)'E.=E,

where E c E /E is the rati, of the effect ive dynaamic r,,,,ulus
" "e C.

" ,-f the cracked material and its furdariental dynaric modulus, ara

it is c&lled a reductior coef ficient

I. The f irst mode -,f nrmrn-al syrfmetry vibrat i,, cf a cciur rcocV

in fact is the f'irst vibrat i-r, mode when that co-,lumnr vibrates in

the lorgi t.udiral 'direct. ior (as sho wn in Fig. 2). Fror Table 1 , we

cart see that the number of crack has litter effect, cn the

f requercy for the set. A odels which contain vertical c racks, and

t, their frequencies are cl,-,se to the thec-,retical value, ... Hz

that is o-btained fror Equaticn (4) fo-,r the structure withc'ut

c rac s. Theref-,re, when the defcrmation direction is consistent.

with the cracks orientation, we can conclude that the cracks have

S-no effect or the elastic mc-dulus at. that particular direction.

This mears that the effective elastic modulus is equal to the

fundar,,en tal elastic modulus.

For the set B models which have hor -icnt-al cracks, because the

stress direction is ir orthcgonal tc, the crack direction, the

S9
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effec ts cf cracks cin the frequency are obvi ous, as shcwr irI 1abIe

2; its effective dynanmic elastic modulus decreases along with the

increase of the number of cracks. Fig. :3 shows the relati:r ,:,f

the reductior coefficient 06 and the crack parameter c 2 L as
.4

expressed as

l ,E, E
." E,- l+1+2(c:L)"., '6

This relationship can be apprc:x:imately applied to general cases.

In the paramteter c2 L, where c is 1/2 of the crack length, and

L=1/bd which is the number ,f cracks of a ur it. volume.

4r

Fig. :3 Variation of the reduction coefficient. a
with respect. to c 2 L.

Table 2 Value of O for the cases of various
number of the hcorizon tal cracks.

(1) t a CIL L (0> 1./f. ,,./E.

0 22.91 1.0 1.0

1 0.0417 20.91 0.913 0.833

3 0.125 8.87 0.824 0.871

0.2083 18.14 0.792 0.627

o.250 17.12 0.747 0.558

key: (1) Crack number; (2) Longitudinal vibration
frequency (Hz)
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V. The Approxinate Dynarmic Analysis Method of a Cracked Roc
St.r uc ture

There are two cases where the entire rock mlass can be treated

as a structure with':ut cracks which has corthogonal anisctropic

pro perties. One is when the density cf joints arid cracks in the

rock distributes uniforr-ly and the joints orient slely in ore

direction. The other is for tw- sets of perpendicular joints

structure; if the shear force between rocks is large and under a

non-slip condition; the effects c-f cracks on the material elastic

properties are different at both parallel and perpendicular

directions. The effective dynarmic elastic modulus of the rock;

E , at. the direction parallel with the crack direction t.1.e. Z
e

di. rect. i- as shown in Fig. 4) is equal to its fundarmental dynamic

4elastic modulus, E , while the effective dynamic elastic
CI

modulus, E , at the direction perpendicular to the crack

Y
direction (Y direction ) can be determin ed, based on the crack

parameter c 2 L through Equation C(5). For a multiple-layer roc

whose length and density of the cracks of each layer are

different., each layer can be treated as a structure without crac:s
which has orthogonal anisotropic properties

Fig. 4.

Ill11



The free vibration characteristics were calculated for the

mcodel F'V-3, PV-S (a multiple-layer case) as well as PV-9 in the

Fig. 1 by using the m lethod stated above. The results were also

listed in Table 1 for easy comparison (the symbol PVA represents

the colurn rodel of a structure without cracks which has

,,rthogonal anisctrc,pic properties). Meanwhile, the right half

side of the corresponding curves of model PV-9 and F'VA-9 are

plotted in Fig. 2 for cormparisr.

From the co=mparison in Table 1 and Fig. 2, it shows that the

free vibration characteristic, including the vibration mode

frequency and pattern, calculated by using a structure without

cracks which has orthogo, nal anisctropic properties is absolutely

feasible for thre first two or three lower m,odes. The error of its

, vibration rmcde frequency dcses not exceed 2%, the error is also

under 5% even for the third mode cf the anti-syrfmrmetry case. Their

vibratio, patterns are very close except at the crack locations.

For those lowest modes, the effects of the cracks on the free

vibration properties car be considered as having changed the

material elastic properties. For the high vibration mode,

especially the high normal symmietry mode (such as the second mode

* of the normal symmetry), as pointed out before, this methoid is no

longer appropriate; therefore, the difference between two

vibration patterns is large (in Fig. 2). This also explains the

nonlinear property of the crack problem.

12
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Table :3 1ists the co:.mpar iscn of the r,,,ax~ i mumr' f re qu e ncy r e s po nse

values between the model FV-S and FVA-5 for their bo-undary points.

Those are the displacemi'ent. responses which base on the conditions

of the damping ratio is (--.1 anid the founidation ci.f the structure

sustains a hor izontal harri-oni:riic vibration with an ac celeration

art-pl itude o:f 0.1g. Fromrc Table "-:I, the respocnses of both riio'els are

shown to tie very close; the differences o:f all points are less

than S5% e:xcept the bottorii of the Z directio-n displacement which is

10%. / The ma:':imumt' displacement responses of both mi-odels occur at.

the first. mode of the anti-symmetry case.* This e:xplairis that. the

estimationr of the dynamic response of a siriiple structure by using

the o:rthco:nal an isotropic miodel to substitute fo-r a c rac ked

structure appears to:'tbe containing a certain engineer ing

prec 2sion , because the dynamic response of a structure is mainly

deteiriined by the first few lowest. vibration mcode al though this

mdlis not appl1i cable t.--- h igh modes.

Table :3 Comparison of the frequency response between

mi~odel PV-.5 arid PVA-S.

(1 (2) ___ (3)a ____

____ 1___ 5 ___ 15 ~K20 25 3S0

Y VS0 036 0.3 :.43 2.04 2.66 3.22

(l') PV-s 0 037 05 1.41 2.00 2.6 3.17

Z P-5 0 *7 0.1 S101 1.05 1.03
(1C3 PVA-s 0.42 Mr7 4.06 1. 0 . 10

Key: (1:) Response ; ( 2) Model ; (:3) Height (meter.

(4) Y direction ;(5) Z direction.

1:3



V1 Comre With the Model Test. Results

The e:~per irit. model is a plane slice hill as shown in Fig. .

The material of the model is made of plaster arid bar ite powder.

I ts volume densit~y is 2.4 tiol/ , the dyriaric elastic rmo.-dulus
4

E =7::10tor/rr The mol has f ive layers ard is

staggered of a total of 4(-- pieces ':f Sx-S::5cm plaster bricks. In

order to:' keep from coll1isiorn, a 1 .5mri- gap is left. between two:

vertical bricks, while all hor izon'tal gaps are glued. Ir o:rder t.,n

rraizke a coripar ison a single piece but. shape simi-ilar to the hill

mo:del is also made. The vibration. test. is corduc ted or ar

elec tro-rilagreti c hydraulic supported vibration platfo:rm . A

piezo-elec t-r ic ac celero~meter is used to measure the f i rst. vibration

moide . The readout. is 29.5 Hz for the single piece hill mk-odel , and

* 2f~E.Hz fo:r the crack~ed mo:del.

(2) *.tu

Fig. .5
K."ey: (1:) Hill test model; (2) Hill calculation
mois:de 1

The dyrarmic analysis for both mo.:dels are also carie o~ ut. by

the finite element. metho'd. A structure without. cracPs which has

14
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crthogc'nal anisotropic proper ties is used to substitute for the

first ror-del which contains the vertical cracks. Its Y direction

dynamic elastic 'odulus is E * The crack parameter c 2 L of each

layer is calculated thro.ugh Equation (A) by choosing E = E

Results show that the first mode frequency of the single uriit.

model is 297.1 Hz, while it. is 266.1 Hz for the ortho, gonal

anisotropic model . Both calculation results and the test results

are cons istent. This states that the finite element model used to

conduct the crack dynamic analysis is correct, and the idea of

analyzing the lower vibration mode by adopting the orthogonal

anisotropic model is feasible.

VII . Effects of Cracks on the Structure Damping

Fro-ri the relative motion -,f the mass points located at. both

sides of a crack (as shc'wn in Fig. 2 , the phenomencn of energy

dissipatio-n at. the crack liocati-n while the structure in vibrating

and its effect. on the structure damping can be understoo1c1d. Its

rmoi, tions can be roughly categorized into the following sit.uations:

(1) Frict. i on Motion It. occurs mostly in the anti-symrietry

vibrat ion pattern especially at. the crack which is located on the

axis of syrrmetry. Furthermore, the relative motion of the

5'! friction increases as the vibration mode increases.

(.2) Collision-Squeezing Motion It occurs mostly in the normal

symmetry vibration pattern especially at the crack which is

is

LIEN2 -~



l-oc at ed or. the a - is Of syrirtet ry E-iriii a r I y , the h i gher th1,e

v i tor at. ion mod-.:e , the h igher t he vibibrat i on amp 1i). t u--e

C,:l1l1si1Or,'-..ueez ing-F r ict.i1or:i Wh ilIe lz.queeZ irig It Occurs

ri-s t 1 y at the c rac kwhich is riit located at the a:' is of syrutri-et ry

Dur i rig vibration , since f ric tiir, Occurs while squeezing, more

en e rgy di1s sipa;zkt es th an inr s1 impli 1e c ol i11si1Or

Because the crack ed structure corisuriies vibration energy

th roiugh the above rotaions, the struc ture damping is therefo-re

i1 r reased .This phen':riierior is also derionstrated in model

t estrig. The dariipirg ratios o:f the fir-st. mode for the three cases

.:f the miodel srown in Fig. 5 are mi-easured arid 1listed in Table 4.

Thezie three cases are: the single unit. model , the model with

vertical gaps, arid the model with the vertical gaps being closed

but rnot glued. Table 4 shows that. the damping ratio *:f the

c rack less mfodel is the smi-allest one ; it is higher for the mod--:el

with C rack~s , arid it. is the hi ghest. for the gaps c losed mod-,,el

becaUSe c.-llisior. arid squeezing, as well as frictiori, '-ccur in

this case. Cipared wit-h the case of a structure without crac:s,

the damping rat.i ii f the gaps cl1ocsed mo:del is inc reased by

arid is around three timies that. of the case wi thout c rac s

The amounit of energy dissipated during coll 1ision depends Oo

the k ineti c energy of the point. mrass . In other wo-rds, it depends

on the square of vibratio-n velocity or vibration frequen~cy o-f the

piDnt mass. The amount. of energy consumfed during fri ct ion deperds



orthe tcee-rgfrce between thie gaps and the relat ive

d £~ c errt o the pitrlasz . Therefor~e, the higher the

4 iL..1 .-r, mode , tht~e h i ghkzr t he vi1 brat 1in k 1riet i c enier gy consi-red

-:w ing t,-- the c rat k , thus the higher the strutcture darnpirig 1 his

f -:c t hos beer, proved boy the exzper irriert. in Ref [C

Table 4 Dartpirog rat io of the plaster model under
d if ferert crc si1tua tion s

(5)m E it 1006 10.05610.2

e 1.) Model 1 .2 Crackless; :1Gap e:s st mrg irl the
vert ical c ra. s ; 4.) 6aps c Ilosed (0 DLamp irng r at i

V I II Closu re

-- In suroiriairy , r eg ar dl1ess o'f a r oc s st.rutc t-u e o r a c ort r e t

structure, effect-s of the cracks ori its dyrarnic pro:perties torntain

three aspec ts: (A.) the crack changes the miechanical properties o:f

the struc ture materimal , such as elastic modulus, etc.; .2) the

c rack charges the damping properties of a strutcture arnd material

C.the crack appearance changes the structure dimienisiorn, thus

changes i ts vibration properties. The effec ts of cracks o:n the

abolve three aspec ts depend rot. onl1y or, the c ratck number, 1lenigt~h

arid or ient-ation , but. mainly or the vibration pattern of the

structure. For the first few vibration modes, because its

vibration patterns are simpler , the effect. of the crack is small

arid effect of the damping is also small. Its effect on the

dynamic properties carn be considered as the conisequence of

17



charging i ts riaterild elast ic pro~prties Thus , art es t irnia tisi -fi

t he dyranr c r esp-cornses of a s1 imipl e c r ac ked s t r uc tu re by us in g a

s t r uc ti -e w i t hc-ut c r ac kVs whi1c h has c-r t homgcna 1 an i sot.ropi1c

r propertes i s sa t 1sf i ed 1in the eng inee r 1irig app 11c at.i on

F ro the above ari a Ilyses , fr a st ruc turBe i ke a cori-nc i-etc dart,

t he pe r 1 id cf ea ch node arid the dariip inrg w ill be i nc reased wh ereve r

a c rack. appears. Frr orit the dyrari ic m-e c han ics arid the

chazra-,cteristic of the response curve, we k-,now that. the increased

perodwill stagg.Er the peak amplitude per iod which c:'c c urred while

the dant is criackVinig. Mcreover , the inc rease ':f the structure

damBrip irig cant dec rease the response value rerr-iar Vabl1y (accor-d inrg to:

stA-tistics, the respcnise value car, bie decreased 17% while

1irncreas inrg damp inrg f rom . to U.1,Ref 141 ). Theref cre, the

ezarthcquake load will bie drarriatical ly decreased alorg with the

c rac: Certersiori of the darm arid the increase o:f crack rumiber , thus

suppressirig the struc ture f rorfr ccortiriuing dariage.

Therefore, it is e-itrerely riecessary to ex~plore the studjy cf

the possibility of crack- occurrence under a strong vibration , arid

cf the dynamiic prcperties cf the djari after cracks have occurred,

-~~ as well as co'nduc tirig the arti -seisric study further by ado'ptirig

artificial crack~ measures.
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A Preliminary Study on the Effects of the Joints

and Cracks to the Dynamic Properties of the

Rock Mass and its Structure

Wang Qizheng
(Tsirghua Unie'sty)

Abstract

The dynamic analyses of two groups of column rock structure including

eight cases of joints are carried out by finite element method. The ef-

fects of joints on the dynamic elastic modulus of the material and on the

natural dynamic behavior of the column structure are obtained. The re-
'- su its sh ow th at th e d y n am ic respon se fo r a sim p le stru ctu re w ith jo in ts ca n

be estimated using a dynamic analysis of the structure without joint which

has orthogonal anisotropic property. This conclusion is demonstrated
by the results of the dynamic model test for a plane slice of a hill with
joints.
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