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k11 = rnr
�
c11

@�i
@r

+ c12
�i
r

+Q(@�i
@r

+ �i
r

)
�

+ rnzc44
@�i
@z

(24)

k21 = rnz
�
c12

@�i
@r

+ c12
�i
r

+Q(@�i
@r

+ �i
r

)
�

+ rnrc44
@�i
@z

(25)

k12 = rnr
�
c12

@�i
@z

+Q@�i
@z

�
+ rnzc44

@�i
@r

(26)

k22 = rnz
�
c12

@�i
@z

+Q@�i
@z

�
+ rnrc44

@�i
@r

(27)

[M ] =

2666664
�(1� ')�s 0 �f' 0

0 �(1� ')�s 0 �f'

�A 0 ��f'� �A 0
0 ��f 0 �f'� �A

3777775
(28)

[C] =

2666664
0 0 0 0
0 0 0 0
'2
� 0 �'2

� 0
0 '2

� 0 �'2
�

3777775 (29)

w Cw}@ QF-wt VvD ?} Q[ 'pNrND C@Uv ?}DQD x@ � w � '' |=yQDt=Q=B '=yu; QO xm
sQH |r=oJ �f 'Ot=H CtUk sQH |r=oJ �s "OvyO|t u=Wv =Q |Q}PBPwiv u=R}t
[6]'�2009� Rv=W C=ar=]t T=U=Q@ xm CU= |Qy=_ sQH |r=oJ �A w `}=t CtUk
|=y=[i |xUOvy x@ cn QDt=Q=B u; QO xm OwW|t h} QaD 20 |x]@=Q R= xO=iDU= =@
w Cvw@ C=ar=]t T=U=Q@ 'Q[=L VywSB QO "CU= xDU@=w l} QLD Ot=U@ w |r=N
"CU= xOW xDiQo Q_v QO 0 66 =@ Q@=Q@ QwmPt QDt=Q=B Q=Okt [22]'�1985� Cr=} Q;
�A = cn'�f (20)

|@Uv |=yjDWt =@ p}Uv=Qi}O |xrO=at 4 '1 |x]@=Q pwyHt 4 uDi=} |=Q@
"CU= 
q VWwB CLD |xvt=O |=yRQt �q 'Q}N= |=yx]@=Q QO "Ov};|t CUOx@
x@ \w@ Qt �q RQt '|rm Cr=L QO 'OwW|t xOy=Wt 1 pmW QO xm xvwou=ty

"OwW p}mWD VN@ 3 R= Ov=wD|t 21 |x]@=Q j@=]t 
q |rLt |xvt=OQ} R

�q = �qi [ �qu [ �qt (21)

xr�Ut |rm RQt =@ xm CU= |rLt |xvt=OQ} R RQt |rN=O VN@ �qi 'u; QO xm
RQt |wQ Q@ xm OvDUy |rLt |xvt=OQ} R RQt R= |}=yVN@ �qt w �qu "OQ=Ov pN=OD
w �|}=Hx@=H� |U=U= |RQt \}=QW '?}DQD x@ =yu; |wQ Q@ w Ov=xOW `k=w xr�Ut |rm
QO |m}t=v}O pO=aD |=yx]@=Q |R=UxDUUo =@ [23]"OvwW|t h} QaD �|} wQ}v� |a}@]
|=yQ}eDt?ULQ@ 22 |x]@=Q j@=]t wO |x@DQt p}Uv=Qi}O |xrO=at 'xr�Ut |xvt=O

uwO@ VwQ QO hrDNt |RQt \}=QW =@ xr�Ut |=yRQt w xvt=O h} QaD "1 pmW
[23]"xm@W
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99
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QW
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a|
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yt

[23]"xm@W uwO@VwQ QO OQ@ Q=mQB |a=aW pmW |=y`@=D `=wv= "1 pwOH
=yQDt=Q=B |[=} Q |x]@=Q |a=aW |x}=B `@=D u=wva
C; q Ri(x) =

�
r2
i + C2�q Multiquadrics (MQ)

c Ri(x) = exp
��cr2

i
�

Gaussian (EXP)

� Ri(x) = r�i Thinplatespline (TPS)

� Ri(x) = r�i log ri Logarithmic (LOG)

K]U |v=}t |x]kv QO |QwLt |}=Hx@=H |v=tR |xJN} Q=D |xU}=kt "3 pmW
"|r}rLD VwQ =@ hrDNt pmW |=y`@=D =@ xm@W uwO@ VwQ R= pY=L |}q=@

|QwLt |}=Hx@=H |xv}W}@ 'pmW `@=D u} QD?U=vt u}}aD Qw_vtx@ "Ov=xOW xU}=kt
xOW xDN=U |xv=wDU= R= hrDNt |=yjta QO |r}rLD VwQ w xm@W uwO@ VwQ QO
u=R}t uOQw; CUO x@ |=Q@ "Ov=xOW xU}=kt Qo}Om} =@ 2 pwOH QO pNrNDt O=wt R=
QO 'T=U= u}= Q@ "CU= xOW xO=iDU= 32 |x]@=Q R= VwQ Qy QO xOW O=H}= |=]N
xm@W uwO@ VwQ QO |QwLt |}=Hx@=H |=]N OYQO u=R}t '4 pmW w 3 pwOH

?U=vt pmW `@=D ?=NDv= w |}=tR;|DU=Q "4
Q=DWwv QO xOW |iQat |xv=wDU= l} R= 'xOW xDWwv |xt=vQ@ |}=tR;|DU=Q Qw_vt x@
xOW xO=iDU= `=@W= pNrNDt O=wt R= xOW xDN=U w [8]'�2014� u=Q=mty w lOqU=
xv=wDU= `=aW w `=iDQ= Q=Okt� OwW|t xOy=Wt u; R= |}=tv '2 pmW QO xm CU=

"�.CU= QDt 1 Q@=Q@
Kw]U QO s�=k |=y|}=Hx@=H w Q}PB=vPwiv 'xv=wDU= |v}}=B K]U w |@v=H K]U
OwHw |Q}PBPwiv u=mt= '|}q=@ K]U QO "CU= xOW xDiQo Q_v QO QiY 'xOWQmP

"CU= xOW p=ta= |}q=@ K]U x@ 30 |x]@=Q =@ j@=]t |QwLt VvD w OQ=O
�33(t) = �104(Pa) (30)

w us Ot=H VN@ |=y|}=Hx@=H 'QwmPt |}=tR;|DU=Q |=Q@ |O=R; |=yxHQO
p=Ft |=Q@ |QwLt uQ=kD OwHw x@ xHwD =@ "CU= xOW xDiQo Q_v QO uf `}=t VN@
xOW|iQat |xv=wDU= |=Q@ |r}rLD pL "OQm xO=iDU= |r}rLD pL R= u=wD|t xOW QmP
lOqU= Q=DWwv QO TqBq Cq}O@D ltm x@ u=UWm pNrNDt O=wt R= xOW xDN=U w
O=wt R= |Y=N ẁv R= 'Q[=L p=Ft |=Q@ "CU= xOW x�=Q= [8]'�2014� u=Q=mty w
QO u}vJty "CU= xOW xO=iDU= 31 |x]@=Q C=YNWt =@ 13=} Q@ s=v =@ pNrNDt

"CU= pNrNDt O=wt uOw@ `=@W= Q@ ZQi 'Q[=L p=Ft
K = 8 0� 109(N=m2)

G = 6 0� 109(N=m2)

R = 4 7� 108(N=m2)

Q = 1 511� 109(N=m2)

� = 1 9� 1010(m4=Ns)

�s = 2800(kg=m3); � = 0 8; � = 0 19
�f = 1000(kg=m3); �A = 0 66'�f (31)

xm@W uwO@ VwQ R= pY=L |=yxH}Dv QO |t}kDUt QF= '|@=NDv= pmW `@=D ẁv
O=wt p}rLD QO |a=aW pmW `@=D u} QD?U=vt u}}aD Qw_vtx@ 'xt=O= QO "OQ=Po|t
1 pwOH QO xm 'xm@W uwO@VwQ QO OQ@ Q=mQB |a=aW pmW |=y`@=D `=wv= 'pNrNDt

"CU= xOW |UQQ@ 'CU= xOW x�=Q=
R= pY=L |}q=@ K]U |v=}t |x]kv QO |QwLt |}=Hx@=H |v=tR |xJN} Q=D
Qo}Om} =@ 3 pmW QO |r}rLD VwQ =@ hrDNt pmW |=y`@=D =@ xm@W uwO@ VwQ

[8]"|}=tR;|DU=Q |=Q@ pNrNDt O=wt R= xOW xDN=U |xv=wDU= |xvwtv "2 pmW
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"""h
rDNt

|a
=aW

pmW
`@=wD

w|
r}=Q

|}=Q
}t|

R=Up
Ot|}q=@ K]U|v=}t |x]kv QO |QwLt|}=Hx@=H |xv}W}@ hqDN= OYQO "4 pwOH

"j}kO p}rLD x@C@Uv|}xQo \=kvhrDNt |=y`} RwD =@ xm@W uwO@ VwQ R= pY=L
|}xQo `} RwD |}=Hx@=H |xv}W}@ hqDN= OYQO

(10�7m) |QwLt ���
6� 6 6 14 24 65
8� 8 6 94 14 80

10� 10 7 14 12 34
12� 12 7 94 2 52
14� 14 8 01 1 66
16� 16 8 05 1 21

|}q=@ K]U |v=}t |x]kv QO |QwLt |}=Hx@=H |xv}W}@ |xU}=kt "5 pmW
"j}kO p}rLD =@ |}xQo \=kv hrDNt |=y`} RwD =@ xm@W uwO@ VwQ R= pY=L

p}rLD p@=kt QO |}xQo hrDNt |=y`} RwD =@ |QwLt |}=Hx@=H |xv}W}@ w |UQQ@
|=Q@ 15� 15 |}xQo `} RwD R= xO=iDU= pmW u}= j@=]t xm "OwW|t xOy=Wt j}kO

"CW=O Oy=wN |rw@k p@=k CkO |}=tR;|DU=Q

pNrNDt O=wt QO |}=Q}t |R=UpOt "6
R= |m} "OQ=O |Q=}U@ C}ty= '=yxR=U |m}t=v}O p}rLD QO '|}=Q}t C}Y=N
|}=Q}t R= xO=iDU= '|m}t=v}O p}rLD QO |}=Q}t uDiQo Q_vQO |=yVwQ u} QDOQ@ Q=mQB
T} QD=t w |DNU T} QD=t R= |@} Q[ CQwYx@ |}=Q}t T} QD=t u; QO xm CU= |r}=Q

[24]%OwW|t u=}@ 33 |x]@=Q j@=]t sQH�
C0
�

= a [M ] + b [K] (33)

R= xO=iDU= "OvDUy s w s�1 |=yOL=w =@ ?}DQD x@ C@=F ?}=Q[ b w a 'u; QO xm
T} QD=t QO Ot=aD \QW xm OQ=O =Q C} Rt u}= 33 |x]@=Q sQi x@ |}=Q}t T} QD=t
x@ Owt |}=Q}t C@Uv� |}=Q}t C@Uv 'QwmPt VwQ j@=]t "OwW|t xOQw;Q@ |}=Q}t

[24]%OwW|t h} QaD 34 |x]@=Q CQwYx@ Owt Qy |=Q@ �|v=QL@ |}=Q}t
�m = a

2!m + b!m
2 (34)

=@ '|r}=Q VwQ QO b w a ?}=Q[ "CU= Owt u}t)=m |a}@] Ot=U@ !m 'u; QO xm
|x]@=Q R= xO=iDU= w �j w �i =@ Q@=Q@ ?}DQD x@ j w i Owt wO |}=Q}t C@Uv ?=NDv=

"|r}rLD j}kO VwQ w xm@W uwO@ VwQ QO |QwLt |}=Hx@=H |xv}W}@ "2 pwOH
x]kv `=iDQ= |r}rLD VwQ MQ TPS EXP LOG

(m) (10�7m)

0 4 3 399 3 333 3 282 3 212 3 513
0 6 5 031 4 991 4 882 4 822 5 222
0 8 6 672 6 565 6 453 6 353 6 861
1 8 146 8 047 7 886 7 725 8 397

"xm@W uwO@ VwQ QO |QwLt |}=Hx@=H xv}W}@ |=]N OYQO "3 pwOH
x]kv `=iDQ= MQ TPS EXP LOG

(m) (10�7m)

0 4 1 94 3 44 5 51 3 35
0 6 0 79 2 96 4 15 3 79
0 8 1 60 3 28 4 78 2 83
1 1 21 3 19 5 17 3 08

`@=wD =@ xm@W uwO@VwQ QO |QwLt |}=Hx@=H |xv}W}@ |=]N OYQO "4 pmW
"hrDNt pmW

"OwW|t xOy=Wt hrDNt pmW `@=wD =@ x]kv 4 |=Q@
e (�) =

����uAnalytical � uMLPG

uAnalytical

����� 100 (32)

w OvQ=O |rw@k p@=k CkO 'xOW xO=iDU= pmW `@=D ẁv Q=yJ Qy '4 pmW j@=]t
p}rLD =Q pNrNDt O=wt Q=DiQ u=wD|t |}q=@ CkO =@ xm@W uwO@ VwQ R= xO=iDU= =@
�MQ� |a=aW |x}=B `@=D x@ \w@ Qt xOt; CUOx@ |=]N u} QDtm xm =Hv; R= "OQm
x@ sRq "CU= xOW xO=iDU= �MQ� |a=aW |x}=B `@=D R= 'Q[=L VywSB QO 'CU=
|i=m CkO xm 15� 15 |}xQo \=kv `} RwD R= pmW `@=wD |UQQ@ |=Q@ xm CU= QmP
|xt=vQ@ |}=Qosy '5 VN@ QO "CU= xOW xO=iDU= 'OvQ=O |}=tR;|DU=Q p=Ft |=Q@

"CU= xOW |UQQ@ xOW xDWwv

xOW xDWwv |xt=vQ@ |}=Qosy |UQQ@ "5
|x]kv QO |QwLt |}=Hx@=H |xv}W}@ 'xm@W uwO@ VwQ |}=Qosy |UQQ@ Qw_vtx@
=@ |}xQo \=kv hrDNt |=y`} RwD =@ xm@W uwO@ VwQ R= pY=L |}q=@ K]U |v=}t
p@=k CkO |@=NDv= `} RwD 'u; j@=]t xm CU= xOW xU}=kt 4 pwOH QO j}kO p}rLD
|}=Qosy OvwQ '5 pmW QO "CU= xOt; CUOx@ |}=Qosy u}vJty w xDW=O |rw@k
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"Cw=iDt Owt |=y?=NDv= |=Q@ |}=Q}t C@Uv p@=kt QO xR=U |a}@] Ot=U@ "6 pmW

|=Q@ |}q=@ K]U |v=}t |x]kv QO |QwLt |}=Hx@=H |v=tR |xJN} Q=D "7 pmW
"hrDNt |}=Q}t |=yC@Uv

Ot=H CtUk VvD w |}=Hx@=H QO |}=Q}t Q}F-=D |UQQ@ "2"6
O=wt Ot=H CtUk VvD w |}=Hx@=H |m}t=v}O Q=DiQ QO |}=Q}t Q}F-=D |UQQ@ |=Q@
|}=yv |}=Q}t T} QD=t "CU= xOW xDiQo Q_vQO |}=tR;|DU=Q VN@ p=Ft 'pNrNDt
Ot=H CtUk |}=Q}t T} QD=t w 29 |x]@=Q j@=]t |}=OD@= |}=Q}t T} QD=t `tH R=
|QwLt |}=Hx@=H |v=tR |xJN} Q=D '7 pmW QO "OQ}o|t pmW 33 |x]@=Q j@=]t
xm OwW|t xOy=Wt hrDNt |}=Q}t |=yC@Uv |=Q@ |}q=@ K]U |v=}t |x]kv QO
xOW u=tR CWPo =@ V=aDQ= |xvt=O Vy=m ?@U Ot=H CtUk |}=Q}t u; j@=]t
?w=vD u=tR QO |v=OvJ Q}F-=D 'xOW p=ta= |=y|}=Q}t C@Uv |xOwOLt QO =t= 'CU=
QO |QwLt VvD |v=tR |xJN} Q=D '10 |r= 8 |=ypmW QO "CU= xDW=Ov u=Uwv
xOy=Wt �2 w '�1 '�0 5 ?}DQD x@ |=y|}=Q}t C@Uv |=Q@ xv=wDU= |v=}t |x]kv
QO |}=Q}t C@Uv V}=Ri= =@ OwQ|t Q=_Dv= xm Qw]u=ty '=yu; j@=]t xm OwW|t
|UQQ@ |=Q@ '=yDv= QO "CU= xDi=}Vy=m |QwLtVvD V=aDQ= |xvt=O 'Ot=HCtUk
QO |a=aW VvD |v=tR |xJN} Q=D '|a=aW VvD QO Ot=H CtUk QO |}=Q}t QF=
xOy=Wt 11 pmW QO �2 w �1 '�0 5 |=y|}=Q}tC@Uv |=Q@ xv=wDU= |v=}t |x]kv
|wU R= w CU= OwyWt V=aDQ= |xvt=O Vy=m 'wU l} R= u; j@=]t xm OwW|t
|m}t=v}O Q=DiQ Q}=U Ovv=t '|a=aWVvD V=aDQ= ?w=vD u=tR xmCU=XNWt 'Qo}O

"CU= Ot=H CtUk |}=Q}t C@Uv R= pkDUt 'pNrNDt O=wt

"xR=U pw= Owt 5 |a}@] |=yOt=U@ "5 pwOH
(rad=sec)!m Owt |xQ=tW

1 276 1
2 248 2
3 469 3
4 083 4
4 481 5

"Owt ?=NDv= hrDNt |=yCr=L QO |r}=Q VwQ ?}=Q[ "6 pwOH
b a Owt |xQ=tW

0 011 0 032 swO � pw=
0 008 0 037 swU � pw=
0 007 0 039 sQ=yJ � pw=
0 006 0 040 sHvB � pw=

%O};|t CUOx@ 35 |x]@=Q j@=]t '34

1
2
24 1
!i

!i
1
!j

!j

35(a
b

)
=

(
�i
�j

)
(35)

u=wD|t hrDNt |=yOwt |=Q@ =Q |}=Q}t C@Uv |y=oW}=tR; G}=Dv |=v@t Q@
36 |x]@=Q R= b w a ?}=Q[ 'Q}N= ZQi =@ =Pr [24]"CUv=O � =@ Q@=Q@ w u=Um}
C@Uv 'Owt Qy |a}@] Ot=U@ w b w a ?}=Q[ uDW=O =@ p=L "Ov};|t CUOx@
|}=Q}t C@Uv |xOwOLt QO O}=@ xm 'O};|t CUOx@ 34 |x]@=Q \UwD Owt Qy |}=Q}t

"OW=@ xR=U |=Q@ |@=NDv=

a = � 2!i!j
!i + !j

; b = � 2
!i + !j

(36)

?U=vt Owt wO ?=NDv= |xwLv "1"6
|}=tR;|DU=Q QO xOW |iQat p=Ft |=Q@ '35 |x]@=Q QO ?U=vt Owt wO ?=NDv= |=Q@
?=NDv= |UQQ@ |=Q@ "Ov=xOt; CUOx@ xR=U pw= Owt 5 |=yOt=U@ 5 pwOH j@=]t
R= |m} "CU= xOW xDiQo Q_v QO �2 =@ Q@=Q@ xR=U |}=Q}t C@Uv ?U=vt Owt wO
Q}O=kt 6 pwOH j@=]t CQwY u}= QO "CU= xOW ZQi pw= Owt '|@=NDv= Owt wO
pw= Owt 'swU Owt � pw= Owt 'swO Owt � pw= Owt ?=NDv= |=Q@ |r}=Q VwQ ?}=Q[

"CU= xOt; CUOx@ sHvB Owt � pw= Owt w sQ=yJ Owt �
QO Cw=iDt Owt |=y?=NDv= =@ |}=Q}t C@Uv |=Q@ sDU}U |a}@] Ot=U@ Q=Owtv
CUOx@ |=Q@ swO Owt w pw= Owt ?=NDv= =@ 'u; j@=]t xm CU= xOW sUQ 6 pmW
|=Q@ |}=Q}t C@Uv R= QDW}@ =yOwt Q}=U QO |}=Q}t C@Uv '|r}=Q VwQ ?}=Q[ uOQw;
Owt w pw= Owt ?=NDv= =@ xm OwW|t xOy=Wt 6 pmW j@=]t "CU= xOW xR=U
wQ u}= R= "CU= QDl}ORv �2 |@=NDv= |}=Q}t x@ =yOwt Q}=U QO |}=Q}t C@Uv 'sQ=yJ
"Ov=xOt; CUOx@ sQ=yJ w pw= Owt ?=NDv= =@ |r}=Q VwQ ?}=Q[ 'Q[=L VywSB QO
s=Hv= R}v |@=NDv= |}=Q}t |=yC@Uv Q}=U |=Q@ C=@U=Lt u}= xm CU= QmP x@ sRq
xOw@ ?U=vt R}v |}=Q}t |=yC@Uv Q}=U QO sQ=yJ Owt w pw= Owt ?=NDv= w xOW

"CU=
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"""h
rDNt

|a
=aW

pmW
`@=wD

w|
r}=Q

|}=Q
}t|

R=Up
Ot

|v=}t |x]kv QO |a=aW |x]kv QO |a=aW VvD |v=tR |xJN} Q=D "11 pmW
"hrDNt |}=Q}t |=yC@Uv |=Q@ xv=wDU=

G}=Dv "7
pNrNDt O=wt Ot=H CtUk |=Q@ |r}=Q |}=Q}t |R=UpOt x@ 'Q[=L VywSB QO
pNrNDt O=wt R= xOW xDN=U |}xv=wDU= |xR=U QO hrDNt |a=aW pmW `@=wD w
QO "CU= xOW xDN=OQB |m}t=v}O |=yQ=@ CLD xm@W uwO@ VwQ R= xO=iDU= =@
"OwW|t hrDNt |=yOQm} wQ O=H}= x@ QHvt pmW `@=D ?=NDv= 'xm@W uwO@ VwQ
CU= xOW |UQQ@ |a=aW \=kv |@=}uwQO VwQ |=v@t Q@ pmW `@=D ẁv Q=yJ
|xR=U pL G}=Dv R= 'Q}N= VwQ QO |a=aW pmW `@=D u} QDy@ uDi=} |=Q@ xm
xOW xO=iDU= 'OQ=O |r}rLD pL xm 'pNrNDt O=wt R= xOW xDN=U w pmW|}xv=wDU=
CtUk |=Q@ |}=Q}t |R=UpOt x@ '|m}t=v}O |=yQ=@ OwHw Cra x@ u}vJty "CU=
CUOx@ G}=Dv u}= w xOW xDN=OQB |}=Hx@=H w VvD Q=DiQ QO u; Q}F-=D |UQQ@ w Ot=H

%CU= xOt;
VwQ R= xO=iDU= =@ w OvQ=O |rw@k p@=k CkO 'xOWxO=iDU= pmW `@=D ẁv Q=yJ Qy �

"OQm p}rLD =Q pNrNDt O=wt Q=DiQ u=wD|t |}q=@ CkO =@ xm@W uwO@
=Q j}@]D u} QDy@ MQ |a=aW pmW `@=D 'Q[=L Q=DWwv QO xOW pL p=Ft |=Q@ �

"OQ=O |r}rLD G}=Dv =@
C@Uv V}=Ri= =@ 'Ot=H CtUk QO pNrNDt O=wt pw=ODt |=y|}=Q}t C@Uv QO �
Vy=m |a=aW VvD w |QwLt VvD '|QwLt |}=Hx@=H V=aDQ= |xvt=O '|}=Q}t

"O@=}|t

V=aDQ= ?w=vD u=tR 'Ot=HCtUk QO pNrNDt O=wt pw=ODt |=y|}=Q}tC@Uv QO �
"CU= |}=Q}t C@Uv R= pkDUt 'pNrNDt O=wt |m}t=v}O Q=DiQ

C@Uv |=Q@ xv=wDU= |v=}t |x]kv QO |QwLt VvD |v=tR |xJN} Q=D "8 pmW
"� = �0 5 |}=Q}t

C@Uv |=Q@ xv=wDU= |v=}t |x]kv QO |QwLt VvD |v=tR |xJN} Q=D "9 pmW
"� = �1 |}=Q}t

C@Uv |=Q@ xv=wDU= |v=}t |x]kv QO |QwLt VvD |v=tR |xJN} Q=D "10 pmW
"� = �2 |}=Q}t

=yCWwv=B
1. Biot

2. Schanz
3. Sladek
4. moving least squares
5. local kriging method
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6. natural neighbor interpolation
7. radial point interpolation method
8. multi quadrics
9. gaussian
10. thin plate spline
11. logarithmic
12. Detournay & Cheng
13. Berea sandstone
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