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A Freliminary Study on the Effects of the Joints and Cracks on the
Dynamic Froperties of the Rotk 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 estimation 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 without cracks which has
orthogonal anisotropic properties. Finally, a
hill model was used to study the effect of
cracks on the damping and to pPDVE the above
conclusions as well. /-, . '@ p..¢ r.f*,t-\?;«
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o1 1. Freface

;h' During the anti-seismic or dynamic calculation for a hydraulic
X structure or other kinds of structure, the rock’s dynamic

. stability often needs to be considered. However, the rock itself
mk rormally has many joints, cracks or fractures. They will directly
affect the mechanic behaviors of a rock and the dynamic properties

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

%& that a concrete dam can crack wnder strong vibrations., The cracks
[ 4 .
(N
a ot only reduce the strength of the dam, but also affect the
)
dynamic properties of the rock itself. Therefore, studies on the

effects of t & joints and cracks on the dynamic properties of rock

o

%;4 arnd concrete as well as other structures are extremely necessary.
ﬁxﬂ It no longer is a linear problem for the dynamic properties of
A the cracked material and its structure. Strictly speaking, its
) m>tion characteristics can no longer be described by vibrational
gﬁ modes. It is even movre complicated for the crack propagation
tix. problem of a structure under a moving locad. Currently, the study
of this subject has not seen widely both at home and abroad.

‘@ Urnider the conditions of a small moving load and small deflection,
“ howsver, the rock material, which has joints and cracks, as well

. as its structure can be treated approzimately as an elastic body

X cut by cracks.

P

>

W al g 1 aTgt u,q,N L AP ol L]

O o ) 1 e O A ’ : ) o v ' AR AN
A AR CALA I A \'»’&-. ASR DO LA M AL H L D Car D B U, CRER G 2 A AN SOOI R A Y ‘-‘}'u"r"t 50
)




B

B IT. Calculation Model and Methodology

L
ﬁr In order to simplify the praoblem, & study 1s conducted by

g$v taking a columrn rack structure as shown in Fig. 1 and treating 1t
R . as a plane stress problem. A total of eight different cracking
%,t cases, sorted into two groups, horizontal and vertical,
Ei; respectively, are given to the model. Under general conditions,
. the horizontal cracks can be considered as being closed completely |
R
%vj by its own weight., When the moving load is small, within the
3; material elastic range, the problem 1s the same as the case

: . wilthout cracks. Therefore, the group A models which have vertical
ig cracks as shown in Fig. 1 including FV-2, FV-3 as well as FPV-9
.;i represent the cases of an incomplete penetrated crack and a high
lv crack penetrating rate but still having some portions (such as a
RRX

fﬁ and b) where the crack 15 eilther being squeezed by the rock 1tself
L}
;? or not yet completely penetrated. The FV-5 is used to model the

{ case of a layer vock which contains a different number of vertical
%; cracks. The horizontal cracks of group B are mainly used to study
gﬁ the effects of cracks on the material elastic modulus.

KXo,
?)E The finite element method i1s adopted to conduct the dynamac
ff: analyses of a structure, and the elements are the rectangular

Y

= : isoparametric elements. The structure is divaided into meshes as
§‘E shiown 1n the FV-2 mode]l of Fig. 1. Assume the crack 15 a gapped
i%ﬁ cract, the mass points at both sides ot the crack (such as 2 and
.‘; 9) belong to different elements and they are 1ndependernt upon each
‘48
ﬁ‘ cother during vibration, ercept the two end points of the crack
"
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(such as 3 and 14). The boundary condition is that all boundary

nodes are free except the base points 1 through 5 which are fixed.

0 _
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Fig. 1 Two groups totaling eight case of cracks are
calculated by the finite element method.

key: (1) Group A (Vertical cracks);

(Z2) Group B (Horizontal cracks).

Whern calculating the natural vibration property of a

structure, the non-Jdamping free vibration equation of a structure

15 applied.

MX+KX=0, (1)

The characteristic equation can be solved by applying the

determinate searching method. Only the first S to 7 vibration




N
l“!‘
i
o
%f modes are selected.
S
s
Qr During the calculation, the properties of the material used in
W ) (3 2
v -
iyt the calculation are the elastic modulus E zZx10 tone/m
pul
vk the Poisson’s ratin Me=0.25, and the weight density v=I.&
f‘:'l,' 13
W, ton/m .
: &).
.3\_:"
"y I11. Effects of the Cracks on the Free Vibration Froperties
. of a Column Structure.
l' .
R
fm Table 1 lists the natural frequencies of the structure with
:@; different vertical cracks. Fig. & shows the comparison of
>
LY
,is dJifferent vibration patterns of model FV-3 and the corresponding
>
S, pattern of the case without cracks. Since all of the vibraticon
o patterns are symmetric with respect to the axial axis, only the
B~
{3} left side vibration patterns were plotted for the case without
fy '-:;I
e cracks. From Table 1 and Fig. 4, we see:
}
)
u,'
# { €12 The frequency of each mode decreases when the crack
4 number increases,
Wt
— (2) The effect of cracks on the free vibration pattern
. deperds upon the vibration mode. Generally speaking,
:&# the effect of cracks on the high mode is more serious
~$ tharn that on the low mode, especially, for the high,
‘:{ normal symmetry vibration case.
W
;: All the above facts show that the effects of cracks on the
K free vibration properties depend not only on the number of cracks,
f? but alsc on the crack orientation, or more precisely sai1d on the
R relationship between the displacement direction of each point mass
L
;$: arnd the crack orientation during the vibration process. For the
":. ‘
) ()
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2D
PR | S ) ) o A
RSO RSO DA '\'gﬁ. e ‘\-'e' Rkt e (’ﬂ- 43 0¥ "‘" ey t'q. X \ﬁ o, T L R LN



B Lg%
LI a1 ;,- by

0
!'. :5'

point mass mostly is orthogonal to the crack orientation;
therefore, the effects of cracks on the vibration pattern are
remarkable. As for those particular vibration patterns, the

structure with cracks is no longer the same as that without.

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

J

l(2) (3) * s & » ()EX RS
(lJegnz inpzas
S s | 1 2 3

(5)% " P-0 7.73 | 25,04 | 4s.55 | s7.32 | 22, | si70 | se.rs
PV-2 7.59 23.78 | «8.90 | s1.64 | 22.88 | 39.28 | s3.46
(blemun PV-3 7.45 23.70 | «5.33 | si.64 | 22.88 | 3e.s6 | 2.4
(A PV-s 7.33 22,59 | 43.15 | 50.24 | 22.86 | 35.96 | a1.70
PV-9 6.71 20.10 | 936.33 | «2.31 | 22.8¢ | 33.14 | sT.es

(7)%REx2 PVA-3 7.48 23.8¢ | 4s.62 22.87 | 4s.1s

PVA-s 7.38 22.88 44.95 22.85 42.61

EnRnH PVA-9 8.67 19.98 | 36.46 22.80 | 32.87

Fey: (1) Cracking situation; (2) Model IDS  (Z2) Anti-
symmetry vibration pattern; (4) Normal symmetry
vibration pattern; (53 Crackless; (&) Vertical crack;y
(77 Structure without cracks having orthogonal
anisotropic properties

Iv. Effects of the Cracks on the Dynamic Elastic Modulus of
the Material

There are some differences of the material deformation betwe
that having cracks and that without, even under the same stress
conditions. This corresponds to the case of changing the origin
material elastic properties. In rock mechanics, the definition
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 fundamental elastic constant, Ref

(11.
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Fig. @ Comparison of the vibration patterns of the
N structure with nine vertical cracks and without

oy any cracks.
‘ﬁﬁ key: (1) Calculation model; (2) First mode of normal
X . symmetry; (2) Second mode of normal symmetry;
e (4) Third mode of normal symmetry; (5) Fivrst mode of
- . anti-symmetry; (&) Second mode of anti-symmetry;
ﬂﬂ“ (7) Third mode of anti-symmetry; (£ Fourth mode of
QW anti-symmetry; (3) With crack; (10) without cracks;
r$$ (11) Structure without cracks which has orthogonal
P@t anisotropic properties.,
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ﬂﬁ. The dynamic elastic modulus of the material can be determined
R
. by vibrating a prismy pole longitudinally. The displacement
it
‘ pattern of this particular kind of vibration propagates
o
%; lorgirtudinally while 1t expands and contracts. This saolely unigue
- Jdeformation excludes the complesities which could be 1ntroduced by
)
:9
.q the compounded stress and shape of & structure, and 1t 1s
v
ﬁi extremzly helpful for studying the effects of cracks. The one
)
Jimensional wave equation of a prismy pole 1s, Ref (2],
-
RS
d
:. d'u t 'u Co
) 2x* " a' A’ -
a
b where u 1s the longitudinal displacement of & point on the
e cross-section plane at @) a the is wave velocity written as
i
- i‘,.-.
r .:J a=vE/p, =y
. -l
': where E i1s the modulus of elasticity of the prismy pole, P is the
W
LJ material mass density. The longitudinal vitration freguency can
"o
Wy be obtained by solving Egquation (2). Its first mode frequency 1is
5
’l
v
. f, = 1 vEr (4)
-l'?'- ! _‘l_ P
20
4 ..!

where 1 is the pole length. For the case of longitudinal
vibration, substitute all parameters into Equation <4y, the first

vibration made frequerncy of the structure without cracks 1s thus

obtained, and 1t is equal to 22,328 Hz.

b
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It the longitudinal vaibration freguerncy o1 2 crane =t [

given, T , the etfective dynamic elastic modulus, £ 07

(=
cracked material canm be calculated thvaugh BEgquataron cd, me sl

1

the fundamerntzl elastic modulus and frequency ot the matevial
without cracks are £ and f , rvespectively, from Equation 4,

[n) (=]

we have

E,=(,f,/f.)'£, =akE,,

[

whzre & = E /E 15 the ratic of the effective dyrnamic moodulus

(= (]
of the cracked material and 1ts furndamental dyrnamic modulus, anao

1t 12 called a reduction coefficient.

The first mode of normal symmetry vibration of & column rock
1in fact 18 the fairst vibration mode when that column vibrates in
the longirtudinzl dirvection (as shown in Fig. 2).  From Table 1, we
can see that the number of crack has litter effect on the

frequency for the set A models which contain vertical cracks, and

)
x]
oo

H=

ty

their fregusncies are close to the theoretical value, Z2.
that 15 obtained from Eguation (4) for the structure without
cracts. Therefore, when the deformation direction is consistent
with the cracks orientation, we can conclude that the cracks have
rno effect on the =lastic modulus at that particular divection.
This means that the effective elastic modulus 1s egqual to the

fundamental elastic modulus.

For the set B models which have hovizontal cracks, because the

stress direction 1s in orthogonal to the crack direction, the

L
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effects of cracks on the freguency are obvious, as shown in Table
25 1ts effective dynamic elastic modulus decreases along with the
increase of the number of cracks. Fig. 2 shows the relation of
the reduction coefficient @ and the crack parameter c2lL as
erpressed as

E,

=T

This relationship can be approximately applied to general cases.
In the parameter c2L, where ¢ is 1/2 of the crack length, and

L=z1/bd which 1s the rnumbeyr of cracks of a unit valume.

T

4
v, f\\\;
’_—f—\

i

[} o
——

b —

— o~y l |
58 T3 s
L=t
Fig. = Variation of the reduction coefficient @&
with respect to c2L.

Table & Value of & for the cases of various
number of the horizontal cracks.

(1 = « ciL TSN S B 2 a=E./E,
1) [ 22.91 1.0 1.0
1 0.0417 20.91 0.913 0.833
3 0.125 "8.87 0.824 0.678
5 0.2083 18.14 0.792 0.627
[ 0.250 17.12 0.747 0.558

Fey: (1) Crack number; (2) Longitudinal vibration
frequency (Hz)

10

» y .
" g‘?h‘

ECAS (3

Y'_(‘ " ATt T ot N L N SAS N em

.« r . s - raw »
Wt 00 ? AN ; : - 1 A
Vo200 Ve Ty i SR AWMU AR XV AT G B S U M AT T T S e

‘e )

AT %
:‘?."@t'ri" L3 -“;"-";

!




- o) T T T T R W TR TR TS I T Y TR T NPT TN TRy e Ty W >~ - —

V. The Approrimate Dynamic Analysis Method of a Cracked Roctk

l-‘
Y Structure
o~
Ry
Mﬁ There are two cases where the entirve rock mass can be treated
V?f ) as a structure without cracks which has orthogonal anisotropic
Y
?
22 properties. One 1s when the density of joints and cracks in the
S50
?ﬁ vock distributes wuniformly and the joints orient solely in one
e dirvection. The other is for two sets of perpendicular joints
%4
45: structure; 1f the shear force between rocks is large and under a
(300
: g.l .
ﬁm{ non-slip conditiong the effects of cracks on the material elastic
‘tf; properties are different at both pavallel and perpendicular
o
‘ﬂi directions. The effective dynamic elastic modulus of the rock,
3
M, E , at the direction parallel with the crack direction (1.e. &
) =3
" dJirection as shown in Fig. 4) is equal to its fundamental dynamic
4 .
{ o elastic modulus, E , while the effective dynamic elastic
-" (]
&% modulus, E , at the direction perpendicular to the crack
) [ 1 y
ja direction (Y direction) can be determined, based on the crack
RO
‘$ paramszter c2l through Egquation (). For a multiple-layer rock
SN
$5 whose length and density of the cracks of each layer are
P different, each layer can be treated as a structure without cracks
:ﬂ? which has orthogonal anisotropic properties
ke
Vol
~
o
M)
)
§ | |
e
=)
OIS
>
7
L \J
"'(‘ Fig. 4.
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1

2

L The free vibration characteristics were calculated for the
model FV-2, FPV-5 (a multiple-layer cas=) as well as FV-3 in the

: Fig. 1 by using the method stated abiove. The results were also

; listed in Table 1 for easy comparison (the symbol FVA repressnts

4 the column model of a structure without cracks which has

\ orthogonal anisotropic properties) . Meanwhile, the right half

a side of the corresponding curves of model FV-9 and FVA-3 are

: plotted in Fig. & for comparison.

3

: From the comparison in Table 1 and Fig. 2, it shows that the

. free vibration characteristic, including the vibration mode

S fregquency and pattern, calculated by using a structure without

¢ cracks which has orthogonal anisotropic properties is absolutely
feasible for the first two or thres lower modes. The error of its

1 vibration mode frequency does not exceed 2%, the error is also

g under 5% even for the third mode of the anti-symmetry case. Their

s vibration patterns are very close except at the crack locations.

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

3 vitration properties can be considered as having changed the

. material elastic properties. For the high vibration mode,

: especilally the high normal symmetry mode (such as the second mode
of the rnormal symmetry), as pointed out before, this method 1s no
longer appropriate; therefore, the difference between two

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

;; ronlinear property of the crack problem.

“'
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Tatle = lists the comparison of the masimum frequency response
values between the model FV-5 and Fva-5 for their boundary points.
Those are the displacement responses which base on the conditions
=f the damping ratiso is 0.1 and the foundation of the structure
sustaine & horizontal harmonic vibration with an acceleration

amplitude of O.1g. From Table %, the responses of both mooaels are
shown to be very close; the differences of all points are less
than 5% except the bottom of the £ direction displacement which 15
10%. The mazimum displacement responses of both models occur at
the first mode of the anti-symmetry case. This explains that the
estimation of the dynamic response of & simple structure by using
the orthogonal anisotropic model to substitute for a cracked
structure appears to be containing a certain engineering
precision, because the dynamic response of a structure is mainly

determined by the first few lowest vibration mode although this

model is not applicable to high modes.

Table 2 Comparison of the freguency response tetween
model PV-5 and FVA-5.

(1) (2)
- X . (3) a ] ¢ 3
° | 5 l 10 )5 20 25 30
(‘1)! " PV-s [} 0.36 0.88 1.43 2.04 2.66 3.22
ao'm> PVA-5 0 0.37 6.85 1.41 2.00 2.60 3.17
(5? L] PV-s5 ] 047 .71 0.9 1.01 1.05 1.08
(1e'm PVA-s () 0.42 . 4.0 1.00 1.04 1.05

Key: (1) Response; (2) Model; (Z) Height (meter);
(4) Y direction ;3 (5) Z direction.
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.
ﬁ*o Vi. Compare With the Model Test Results

e,
¥
?55 The expeviment model 1s a plane slice hill as shown in Fi1g. 6.

The material of the model is made of plaster and barite powder.

Its volume density is &.4 ton/mh, the dynamic elastic modulus

i B

%ﬁ E :5.7‘31::104 ton/mb. The model has five layers and 1s

i szaggered of a total of 40 pieces of SxSxS8cm plaster bricks. In
gt order to keep from collision, a 1.5mm gap 1s left between two
vertical bricks, while all horizontal gaps are glued. In order to
%ﬂ make a comparison, a single piece but shape similar to the hill

4 . model is also made. The vibration test is conducted on an

Ny electro-magnetic hydraulic supported vibration platform. A

ncﬁ plezoslectric accelerometer is used to measure the first vibration
mode.  The readout is 295 Hz for the single piece hill model, and
ZEE Hz for the cracked model.

Jusxeas
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X key: (13 Hill test model; (2) Hill calculation
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»

i The dynamic analysis for both models are also carried out by

Hﬂ the finite element method. A structure without cracks which has
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arthogonal anisotropic properties is used to substitute for the
first model which contains the vertical cracks. Its Y direction
dynamic elastic modulus is E . The crack parameter cib of each

Y
layer is calculated through Egquation (&) by choosing E = E .

- -
ol L]

Results show that the first mode frequency of the single unait
model is ¥97.1 Hz, while it is 2E£.1 Hz for the orthogonal
anisotropic model. Both calculation results and the test results
are consistent. 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 1s feasible.

VII. Effects of Cracks on the Structure Damping

From the relative motion of the mass points located at both
si1des of a crack Cas shown in Fig. &), the phenomernon of energy
dissipation at the crack location while the structure in vibrating
and 1ts effect on the structure damping can be understood. Its

motions can be roughly categorized into the following situations:

€12 Friction Motion It occurs mostly in the anti-symmetry
vibration pattern especially at the crack which is located on the
arvis of symmetry. Furthermore, the relative motion of the

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

15
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v
%' located are the aris of synmetry. Saimilarly, the higher the

vibration mode, the higher the vaibration amplituds.

-

£t

|
: () Collision-Zgqueeming-Friction While Squeexzing It occurs
;. moistly at the crachk which 1s not located at the aris of symmetry.,
g During vibration, since friction occurs whille squeezing, more

]

" energy Jdissipates than in simple collision.

.

3 Because the cracked structure consumes vibration energy

!§ thirough the above motions, the structure damping i1s therefore

- increased.  This phencmenon is also demonstrated in model

‘x testing. The damping ratios of the first mode for the three cases
~

o of the model shown an Fig. 5 are measured and listed in Table 4.

These three cases are! the single unit model, the model with
vertical gaps, and the model with the vertical gaps being closed
L but rot glued. Table 4 shows that the damping ratio of the
crackless model is the smallest one) 1t 1s higher tor the model
2, with cracks, and 1t 1s the highest for the gaps closed model
because collisiorn and sgqueezing, as well as fraction, occur 1in

this case. Compared with the case of a structure without cracks,

j the damnping ratio of the gaps closed model 1s 1ncreased by 00025
»

'

o‘ and 1s around threse times that of the case without cractks.

i

'4 The amount of energy dissipated during collision depends on

L

]

3 the kinetic energy of the point mass. In other words, 1t depends
" on the square of vibration velocity or vibration fregquency of the
“‘;

_; point mass. The amount of energy consumed during fraction depends
X

W
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:%. or the squeesing force between the gaps and the relative
o dizplacenent of the point mass. Therefore, the higher the
N L]
: :: vibivrat1on mode, the higher the vibration binetic energy consumed
A
,.' - »
f% owlng to the cracks, thus the higher the structure damping. This
., fact has been proved by the erperiment in Ref [2).

s

Y

J‘-"-'

,x Table 4 Damping ratio of the plaster model under

‘ dJifferent crack situations
Vo

,.,:‘ (1l)m L (2)% . l(3)!llll§!l \(4)1 T e @

M
:‘, (S)m = = 0.0 ' 0.056 l 0.121

R
<7 Fey: (1) Model; (20 Crackless; (3) Gap eristing in the
‘tf vertical cracks) (4) GQaps closed; (5) Damping ratio.

ol
o VIII., Closure

-

i: In summary, regardless of a rock structure or a concrete
éﬁ structure, effects of the cracks on 1ts dynamic properties contain

¢l

-f three aspects: (1) the crack changes the mechanical properties of
)

R
e . =

.jb the structure material, such as elastic modulus, etc.; (Z) the
.20

AL

Ff; crack changes the damping properties of a structure and material;
U

, (2) the crack appearance changes the structure dimension, thus
vy

/ changes 1ts vibration properties. The effects of cracks on the
D)

ﬂ: above threes aspects depend not only on the crack number, length
Y

s and orientation, but mainly on the vibration pattern of the
1
A . . 4 .
25 structure. For the first few vibration modes, because its
A vitration patterns are simpler, the effect of the crack is small,

L)

s and effect of the damping is also small. Its effect on the

J

)

?ﬂ dynamic properties can be considered as the consequence of

‘l‘*
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changing 1ts material elastic properties. Thus, an estimation of
the dyrnamic responses of a simple cracked structure by using a

structure without cracks which has orthogonal anisotropac

properties 1s satisfied 1n the engineering application.

From the above analyses, for a structure like a concrete dam,
the period of each mode and the damping will be increased whenever
a crack appears. From the dynamic mechanics and the
characteristic of the response curve, we know that the increased
period will stagger the peak amplitude periocd which occurved while
the dam 1s cracking. Moreover, the increase of the structure
damping can decrease the response value remarkably Caccording to
statistics, the response value can be decreased 17% while
tncreasing damping from 0.05 to 001, Ref [41). Therefore, the
ezvthguake load will be dramatically decreased along with the
rrack ertension of the dam and the increase of crack number, thus

suppressing the structure from continuing damage.

Therefore, 1t is estremely necessary to explore the study of
the possibility of crack occurrence under a strong vibration, and
of the dynamic properties of the dam after cracks have occurred,
as well as conducting the anti-seismic study further by adopting

artificial crack measures.
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" A Preliminary Study on the Effects of the Joints
£ . .
and Cracks to the Dynamic Properties of the
s Rock Mass and its Structure
b
W Wang Qizheng
T::u (Tsinghua University)
; Abstract
w
SR
j‘: The dynamic analyses of two groups of column rock structure including
-f: 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
W natural dynamic behavior of the column structure are obtained. The re-
- sults show that the dynamic response for a simple structure with joints can
A
o be estimated using a dynamic analysis of the structure without joint which
: has orthogonal anisotropic property. This conclusion is demonstrated
J by the results of the dynamic mode! test for a plane slice of a hill with
o joints.
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