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A�4�1 0 245 3 0 58 0 2 0 03 Cr.
A�4�2 0 245 2 78 0 6 0 21 0 03 Not Cr.
A�4�3 0 245 3 28 0 55 0 19 0 03 Cr.

A�3 5�1 Back 3 0 58 0 2 0 03 Not Cr.
Support

B�5�1 0 245 5 12 0 43 0 15 0 03 Cr.

B�5�2 Back 5 0 43 0 15 0 03 Not Cr.
Support

B�5�3 Back 10 0 29 0 1 0 03 Not Cr.
support

B�5�4 Back 11 0 26 0 1 0 04 Cr.
Support

C�4�1 0 245 3 9 0 50 0 17 0 03 Not Cr.
C�4�2 0 245 3 5 0 52 0 18 0 03 Cr.
C�4�3 0 15 11 0 26 0 09 0 03 Not Cr.
C�4�4 0 15 10 0 29 0 10 0 03 Cr.
D�2�1 0 245 3 0 58 0 3 0 1 Destroyed
D�4�1 0 245 3 9 0 50 0 17 0 03 Cr.
D�5�1 0 15 15 5 0 20 0 07 0 03 Not Cr.
D�5�2 0 15 14 5 0 21 0 075 0 03 Cr.
E�5�1 0 245 6 0 37 0 13 0 02 Not Cr.
E�5�2 0 245 7 1 0 35 0 12 0 03 Cr.
E�5�3 0 245 5 75 0 40 0 14 0 03 Cr.
E�4�1 0 1 5 0 43 0 15 0 03 Not Cr.

E�3�1 Back 10 0 29 0 1 0 03 Cr.
Support
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R= w |wQm pmW |=Q=O TNT Q@=Q@ 1 37 pO=at C4 TvH R= xQHivt xO=t
"OwW|t xO=O Q=Qk uD@ R= |QDt|Dv=U 30 =D 10 `=iDQ= QO |tQo 100 =D 30 |=ysQH

"xO=U |=yx=ox}mD |wQQ@ |vD@ |xmwr@ |=tW "2 pmW
"uD@ |wQQ@ |=yV}=tR; s=Hv= xwLv "2 pwOH

uD@ K]U R= xrY=i xQHivt xO=t sQH uD@ \qDN= KQ]
�m� �Kg�

0 145 0 03 A

0 15 0 03 B

0 13 0 03 C

0 125 0 03 D

0 12 0 03 E
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"""Q=
DiQ

Q@V
vQmM

QvC
=Q}F- =D

|@Q
HDp

}rLD:R= Ow@ Oy=wN CQ=@a

RA = 1
2

LZ
0

2Pmax

L
:B
L
x2dx (2)

Mmax = RA:
L
2 � (

L=2Z
0

2Pmax

L
:B
L
x2dx):23

L
2 (3)

'Q}D ZQa B 'Q}D pw] L 'Q}D AJ CtU R= x |xrY=i QO Qw=DWo Mx u; QO xm
=@ "CU= w[a uOQm =OH |=Q@ xOQwNVQ@ |xrY=i x w 'x=ox}mD ptar=Tma RA

:|v} Ro}=H
L = 0 3 m

B = 0 2 m

x = 0 15 m
:Ov};|t CUOx@ u}vJ Mx w RA Q}O=kt 3 w 2 \@=wQ QO

RA = 5� 10�3:Pmax (4)

Mx = 0 25� 10�3:Pmax (5)

6 |x]@=Q R= R}v Q}D `]kt K]U QO |WWm VvD |xv}W}@ uOQw; CUOx@ |=Q@
:s}vm|t xO=iDU=

� = MxC
I

(6)

K]U swO Qw=DWo I w 'Q}D `]kt K]U |=FvN QwLt R= `=iDQ= |xv}W}@ C u; QO xm
=Q Q}D Ct=N[ hYv C = h

2 Q_v OQwt Q}D QO "CU= |FvN QwLt pwL Q}D `]kt
u}= |Q=Po}=H =@ "CU= Q}D Ct=N[ h xm I = B:h3

12 u}vJty "OyO|t p}mWD
%CW=O s}y=wN 6 |x]@=Q QO Q}O=kt

� = 6� 0 25� 10�3:Pmax

0 2� h2 = 7 5� 10�3:Pmax

h2 (7)

"CU= QDt 0 05 =@ Q@=Q@ w C@=F =yV}=tR; u}= QO Q}D Ct=N[
QO Q}D uOQwNlQD |=Q@ R=}v OQwt Q=@ Q=Okt u=wD|t jwi\@=wQx@|UQDUO =@ uwvm =
"Pmax � 1MPa x=ov; OW=@ � = 4MPa Qo = "OQm x@U=Lt =Q|WWm |xk]vt
uD@ uDW=OQ@ lQD |=Q@ |m}t=v}O V}=tR; R= pY=L |xv}W}@ Q=Wi 'Qo}O |wU R=
|m}t=v}O Q=@ s}UkD R= "CU= xOt; CUOx@ p=mU=B=ot 5 12 pO=at �PmaxDyn:�
%s} Q=O w [1]OwW|t pY=L �DIF� 3|m}t=v}O V}=Ri= ?} Q[ '|m}D=DU= Q=@ x@
DIF = 5 12

1 = 5 12
x@U=Lt 8 |x]@=Q R= VvQm MQv '[1]u}kkLt \UwD xOWx�=Q= |Ov@pwtQi x@ O=vDU= =@

%OwW|t

DIF = ft=fts = �
�

_"
_"s

�1=3
(8)

|WWm s=mLDU= fts ' _" VvQm MQv QO |m}t=v}O |WWm s=mLDU= ft'u; QO xm
'|WWm s=mLDU= |m}t=v}O V}=Ri= ?} Q[ ft=fts ' _"s VvQm MQv QO |m}D=DU=

'Q=m u}= R= hOy "CU= sRq =yQ}D |Lr=Yt Ctw=kt w |m}D=DU= \@=wQ R= xO=iDU=
|xU}=kt w |m}D=DU= Cr=L QO xR=U ?} QND |=Q@ sRq Q=Wi Q=Okt uOQw; CUOx@
|OOa Q=Okt uOQm =O}B u; |xH}Dv w CU= Q=Hiv= R= pY=L |m}t=v}O Q=Wi =@ u;

"CU= |WWm Cr=L QO |m}t=v}O V}=Ri= ?} Q[
|vD@ |xR=U |wQQ@ 3 pmW QO xOW x�=Q= |vLvt j@=]t Q=Hiv= R= |W=v Q=Wi
"Ovw}B|t ẁkwx@ Q=Hiv= Ov}=Qi QF=Q@ w 'CU= 1 |xrO=at u; |xH}Dv xm OwW|t p=ta=
QO xO=U x=ox}mD =@ Q}D pFt xm |vD@ |xR=U |wQQ@ u; p=ta= w |vLvt u}= uDW=O =@
|m}t=v}O |Q=PoQ=@ Cr=L QO |WWm s=mLDU= Q=Okt u=wD|t 'CU= xOW xDiQo Q_v
Cr=L QO |WWm s=mLDU= |xR=Ov= Qo}O hQ] R= "OQm u}}aD �tdyn pO=at =Q
|m}t=v}O |WWm s=mLDU= C@Uv uOQm =O}B =@ u}=Q@=v@ w 'CU= swrat uD@ |m}D=DU=

"O};|t CUOx@ |m}t=v}O V}=Ri= ?} Q[ |m}D=DU= |WWm s=mLDU= x@
CQwYx@ hr= 4 pmW |vLvt Ovv=t 'Pmax XNWt=v Q=Wi xm s}vm|t ZQi
s=mLDU= |xR=Ov= uOw@swrat x@ xHwD =@ "OwW|t p=ta= |vD@ |xR=U x@ |m}D=DU=
=@ "OQw; CUOx@ =Q xR=U ?} QND |=Q@ sRq Q=Wi |xv}W}@ Q=Okt u=wD|t '|WWm
xv}W}@ Qw=DWo |xR=Ov= Q}D |=Q@ |m}D=DU= \@=wQ uDWwv =@ w '? 4 pmW x@ xHwD

QO |vD@ xR=U RmQt R= xrY=i ?UL Q@ Q=Hiv= Q=Wi |vLvt R= |}xvwtv "3 pmW
"nQR@ `r[ CyH

"|vD@ |xR=U |wQQ@ |m}D=DU= |Q=PoQ=@ R= |}=tW "4 pmW

sDWy w pyJ |xQ=tW �h} QW 4



|�w
mU=

|y=
iQQ

}t=w
|v=t

Rp
=tH

=@ xOWs=Hv= |=yV}=tR; R= pY=L |m}t=v}O V}=Ri= ?} Q[ |xU}=kt "5 pmW
"|r@k |=yQ=m G}=Dv

|=yxO=O T=U=Q@ |[=} Q pOt |x�=Q= |xwLv "6
xOWs=Hv= |=yV}=tR;

|O=OaD u; QO xmCU= |Q=t; |=yxw}W Q@ ptDWt '�DOE�'C=W}=tR; |L=Q] VwQ
u} QD?U=vt xH}DvQO w OwW|t s=Hv= |L=Q] Ov}=Qi QO xOWu}}aD \}=QW =@ V}=tR;
|=Q@ "OwW|t s}_vD Q_v OQwt |HwQN uOQw; CUOx@ |=DU=Q QO 'Ov}=Qi |=y|OwQw
Q@ xOQ=w Q=Wi =@ \@DQt ?}=Q[ s}_vD w syt |=yQDt=Q=B s}_vD w uOQw; CUOx@
C}=yv QO w OW xO=iDU= Minitab ver"13 *|Q=t; Q=Ri=sQv 13 |xNUv R= xR=U
l} |x�=Q= |=Q@ "OW x�=Q= xOW |Ov@T=}kt |xrY=i |=Q@ |]N uw}UQoQ pOt
=RHt |=yV}=tR; =Pr w 'CU= R=}v OQwt =yxO=O R= |QDW}@ |xawtHt '|Q=DiQ pOt

"OW s=Hv= w |L=Q]
p}rLD |=Q@ =yV}=tR; *pw= xwQo "Ov=xOW s}UkD xwQo wO x@ swO |QU =yV}=tR;
OW |L=Q] =yV}=tR; |L=Q] VwQ R= xO=iDU= =@ 'MINITAB |Q=t; Q=Ri=sQv =@
QO "Ow@ Q=Ri=sQv x@ xOWxO=O |=yOwQw T=U=Q@ |Q=t; pOt l} u; p}rLD pY=L w
Q=Ri=sQv \UwD xOWx�=Q= pOt CLY x@ uOQ@|B |=Q@ =yV}=tR; swO xwQo '|Oa@ s=o
xwQo w pw= xwQo x@ \w@ Qt |=yV}=tR; 6 w 5 pw=OH QO "OW s=Hv= MINITAB

"CU= xOW xOQw; =yV}=tR; swO |QU R= swO

EL@ w G}=Dv "7
|=yV}=tR; QO MINITAB Q=Ri=sQv R= pY=L G}=Dv p}rLD "1"7

pw= |QU
|xO=t OQmrta |xOwOLt uOQw; CUOx@ Qw_vtx@ pw= |QU |=yV}=tR; xm =Hv; R=
|L=Q] pY= T=U=Q@ =yv; |L=Q] 'Ow@ xOW s=Hv= XNWt |=yxrY=i QO xQHivt
=yV}=tQ; |xOWv|L=Q] VwQ j@] =yxO=O O}=@ =Pr w 'Ow@ xDiQov CQwY =yV}=tR;
|WWm VvD � =yV}=tR; u}= QO |OwQw |=yQDt=Q=B "OvQ}o Q=Qk p}rLD w x} RHD OQwt
|HwQN QDt=Q=B Q@=Q@ QO � �S� =yx=ox}mD |xrY=i w �t� Ct=N[ '��ty� |vD@ |xR=U
QO =yp}rLD G}=Dv "Ov=xDiQo Q=Qk p}rLD OQwt �z� xOW |Ov@T=}kt |xrY=i s=vx@
Q=Ri=sQv \UwD xOWs=Hv= |=yp}rLD R= pY=L |xrO=at "CU= xOW x�=Q= 7 pwOH

"|m}t=v}O w |m}D=DU= G}=Dv u}@ xU}=kt "4 pwOH
KQ] Q=Wi

Z
Q=Wi MQv

DIF\qDN= |m}D=DU= Q=Hiv= VvQm
uD@ Ps(MPa) (m=kg1=3) Pdyn:(MPa) _"(s�1) Pdyn:

Ps:

A 0 96 0 42 5 28 80 5 5
B 1 0 43 5 12 64 8 5 12
C 1 2 0 38 6 16 65 2 5 13
D 1 3 0 36 6 7 66 5 15
E 1 41 0 35 7 1 66 7 5 17

"CU= |m}D=DU= VvQm MQv _"s w '160s�1 =D 10�6 |xOwOLt QO VvQm MQv _"

10�6s�1

log � = 6� � 2
fcs = 53MPa xm � = 1= (1 + 8 fcs=fco)
fco = 10MPa = 1450Psi

"OwW|t x@U=Lt _" = 64s�1 VvQm MQv Q=Okt q=@ |x]@=Q j@=]t
xH}DvQO w OwW|t x@U=LtPmax � 1 3MPa x=ov; '� = 5MPa Qo = =t=
PmaxDyn: uD@ uDW=OQ@ lQD |=Q@ |m}t=v}O V}=tR; R= pY=L |xv}W}@ Q=Wi
'|m}D=DU= Q=@ x@ |m}t=v}O Q=@ s}UkD =@ =Pr &OwW|t ?=UL p=mU=B=ot 6 7 =@ Q@=Q@

:s} Q=O w OwW|t pY=L �DIF� |m}t=v}O V}=Ri= ?} Q[ |OOa Q=Okt

DIF = 6 7
1 3 = 5 15

|=Q@ xrY=L G}=Dv |xawtHt 4 pwOH QO "Ow@ Oy=wN _" = 66s�1 R}v VvQm MQv
?} Q[ Q}O=kt pwOH u}= QO "CU= xOW x�=Q= V}=tR; QO xO=iDU= OQwt |=y\qDN=

"CU= xOW GQO hrDNt |=yV}=tR; |=Q@ w x@U=Lt |m}t=v}O V}=Ri=

|r@k C=k}kLD =@ xOt; CUOx@ G}=Dv |xU}=kt "5
|=yVvQm MQv =@ |Q=Hiv= |Q=PoQ=@ QF= QO =yV}=tR; R= xrY=L G}=Dv
|xR=Ov=x@ |m}t=v}O V}=Ri= ?} Q[ V}=Ri= Ea=@ _" = 65 � 80s�1

Cr=L QO uD@ |WWm s=mLDU= =yV}=tR; u}= QO "CU= xOW DIF = 4 5� 6
G}=Dv =@ =yV}=tR; u}= G}=Dv |xU}=kt "Ow@ p=mU=B=ot 5 =D 3 6 u}@ |m}D=DU=
sy =@ =yv; Ck@=]t R= |m =L [9]u}kkLt \UwD xOWs=Hv= |=yV}=tR; R= pY=L

"OQ=O
G}=Dv =@ [7]u}W}B |xOWs=Hv= |=y|R=UpOt R= pY=L |=yQ=Owtv u}vJty
|Q=PoQ=@ QO|m}t=v}OV}=Ri=?} Q[u=R}t xm 'CU=j@]vtVywSBu}= |=yV}=tR;
'Qo}O hQ] R= "CU= xOt; CUOx@ 5 5 =@ Q@=Q@ 80s�1 VvQm MQv |=Q@ |WWm
CUOx@ [2]Q=wr=t \UwD xOWx�=Q= pOt T=U=Q@ =yV}=tR; R= pY=L |=yVvQm MQv
CLY Q@ |y=wo '|@ QHD |=yQ=m Q}=U =@ pOt u}= uOw@ nvy=ty "CU= xOW xOQw;
G}=Dv =@ xOW s=Hv= Q=m |xU}=kt 5 pmW QO "CU= Q=wr=t \UwD xOW x�=Q= pOt

"CU= xOW xOQw; |r@k |=yQ=m

sDWy w pyJ |xQ=tW �h} QW 5



"""Q=
DiQ

Q@V
vQmM

QvC
=Q}F- =D

|@Q
HDp

}rLD:R= CU= CQ=@a xO=O u=}t R= |Qw@a |vLvt u} QDy@ uOQw; CUOx@ |=Q@
z = 0 780� 0 0971�ty + 2 23S � 8 66 (9)

z w xR=U |WWm VvD '�ty =yx=ox}mD |xrY=i S 'xR=U Ct=N[ t u; QO xm
xO=O u=Wv P hQL =@ xm 7 pwOH QN; uwDU "CU= xOW |Ov@T=}kt |xrY=i
OYQO 95 p=tDL= =@ ?}=Q[ R= s=OmQy QF= u=R}t VHvU |=Q@ |Q=}at CU= xOW

"CU= ?} Q[ u; QF= COW |xOvvmu=}@ QDlJwm OOa xm CU=
R=}v OQwt |wQ}v Q=Okt |wQQ@ |WWm VvD Q}F-=D xm OvyO|t u=Wv xrY=L G}=Dv
|xrY=i |rw CU= QDsm |WWm VvD ?} Q[ =Q} R 'CU= sm xR=U uOQwNlQD |=Q@
CU= u; Q@ s}tYD u}=Q@=v@ "OQ=O =Q Q}F-=D u} QDW}@ xR=U Ct=N[ w =yx=ox}mD u}@
=@ R}v w '�xR=U Ct=N[� w �=yx=ox}mD u}@ |xrY=i� QDt=Q=B wO R= xO=iDU= =@ xm
swO |QU |=yV}=tR; QO QF-wt ?}=Q[ p}rLD x@ =yV}=tR; |L=Q] VwQ R= xO=iDU=

"s} R=OQB@

|=yV}=tR; MINITAB Q=Ri=sQv R= pY=L G}=Dv p}rLD "2"7
u}ov=}t \=kv =@ swO |QU

=} |]N |UQQ@ Qw_vtx@ u}ov=}t \=kv uO=OQ=Qk |xr}Uwx@ =OD@= =yV}=tR; u}=
xrY=L G}=Dv 8 pwOH QO "OwW|t p}rLD '=yxO=O R= |Qw@a |vLvt uOw@ |]NQ}e

"CU= xOW xOQw; Q=Ri=sQv R=
OwW|t OQ =yxO=O R= |Qw@a|vLvt uOw@ swO |xHQO 'OwW|t xOy=Wt xm u=vJ "1

"CU= nQR@ |r}N |=vLv= x@ \w@ Qt P�0 592 =Q} R

"|RmQt |x]kv uDiQo Q_v QO =@ swO |QU |=yV}=tR; p}rLD G}=Dv "8 pwOH
�1�

Term E�ect oef SE Coef T P

Constant 0 52333 0 01090 48 02 0 000
span �0 19000 �0 09500 0 01090 �8 72 0 000

t 0 26667 0 13333 0 01090 12 24 0 000
Span�t �0 04333 �0 02167 0 01090 �1 99 0 072
Ct Pt �0 04583 0 02179 �2 10 0 592

�2�
Source DF Seq SS Adj SS Adj MS F P

Main E�ects 2 0 321633 0 321633 0 160817 112 85 0 00
2�Way 1 0 005633 0 005633 0 005633 3 95 0 072

Interactions

Curvature 1 0 0063 0 006302 0 006302 4 42 0 592
Residual 11 0 0156 0 015675 0 001425

Error

Pure Error 11 0 01567 0 015675 0 001425
Total 15 0 349244

"pw= xwQo swO |QU |=yV}=tR; "5 pwOH

V}=tR;
xO=t xrY=i xrY=i

Z
Gw= Q=Wi

C=_LqtxQHivt =yx=ox}mD P

(kg) (m) (m) (m=kg1=3) (MPa)

T �4 5�1 0 03 0 2 0 245 0 52 3 5 Cr.

T �4 5�2 0 03 0 17 0 245 0 5 3 9 Cr.

T �4 5�3 0 03 0 185 0 245 0 54 3 3 Cr.

T �4 5�4 0 03 10 0 15 0 28 10 2 Cr.

T �4 5�5 0 03 11 0 15 0 30 9 Cr.

T �4 5�6 0 03 12 0 15 0 32 8 Cr.

T �3�7 0 03 0 27 0 245 0 78 16 Cr.

T �3�8 0 04 0 275 0 245 0 8 15 5 Cr.

T �3�9 0 03 0 255 0 245 0 74 19 Cr.

T �3�10 0 03 0 15 0 15 0 43 5 Cr.

T �3�11 0 03 0 16 0 15 0 47 4 2 Cr.

T �3�12 0 03 0 17 0 15 0 45 4 7 Cr.

T �4 5�13 0 03 0 22 0 245 0 64 2 5 Not Cr.

T �4 5�14 0 03 0 155 0 245 0 43 5 Dis.

T �4 5�15 0 03 0 14 0 15 0 4 5 7 Not Cr.

T �4 5�16 0 03 0 08 0 15 0 22 14 Dis.

"swO xwQo swO |QU =yV}=tR; "6 pwOH

V}=tR; xO=t xrY=i xrY=i
Z

Gw= Q=Wi C=_LqtxQHivt =yx=ox}mD P

(kg) (m) (m) (m=kg1=3) (Mpa) Cr.

T �3 5�2 0 03 0 21 0 245 0 6 2 78 Cr.

T �3 5�3 0 03 0 22 0 245 0 63 2 45 Cr.

T �3 5�4 0 03 0 125 0 15 0 37 6 Cr.

T �3 5�5 0 03 0 115 0 15 0 35 7 1 Cr.

T�3 5�6 0 03 0 13 0 15 0 38 6 Cr.

T �3 5�7 0 03 0 245 0 245 0 71 19 Not Cr.

T �3 5�8 0 03 0 235 0 245 0 68 22 Not Cr.

T �3 5�9 0 03 0 1 0 15 0 28 10 Dis.

"MINITAB Q=Ri=sQv |xr}Uwx@ pw= |QU |=yV}=tR; p}rLD G}=Dv "7 pwOH
Predictor Coef SE Coef T P

Constant 0 78046 0 09203 8 48 0 000
sigma �0 0971 0 01967 �4 94 0 001
span 2 2308 0 1469 15 18 0 000

t �8 657 1 516 �5 71 0 000
S�0 02292 R-Sq��97 8 R-Sq(adj)��97 1
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|�w
mU=

|y=
iQQ

}t=w
|v=t

Rp
=tH

"pY=L |x} wQ uOw@ CND Crax@ pt=a wO QF= uOw@ QF-wt Q}e "9 pmW

9 |x]@=Q QO xOWx�=Q= pOt QO uD@ |WWm VvD 'OW xQ=W= QDV}B xm u=vJ
uDiQo Q_v QO uwO@ swO |QU |=yV}=tR; p}rO u}tyx@ "OQ=O =Q Q}F-=D u} QDsm
?}=Q[ u; QO xm 'Q=Ri=sQv R= pY=L pOt w Ov=xOW |R=UpOt uD@ |WWm VvD

:R= CU= CQ=@a 'xOW xOQw; =yQwDm =i R= s=OmQy
z = 0 52333 + 0 13333s � 0 09500t � 0 02167� s

(10)

CQ=@ax@ &O@=}|t V}=Ri= xR=U ?} QND |=Q@ sRq Q=Wi 't Ct=N[ V}=Ri= =@ "5
"�8 pmW� CU= |ivt Ct=N[ ?} Q[ Ctqa =Q} R O@=}|t Vy=m z Qo}O
?} Q[Ctqa =Q} R 'OwW|t zV}=Ri= x@ QHvt �s� =yx=ox}mD u}@ xrY=iV}=Ri= "6

"�8 pmW� CU= C@Ft =yx=ox}mD u}@ xrY=i
"�9 pmW� CU= sm |r}N =yx=ox}mD |xrY=i w Ct=N[ ?} Q[ wO pt=aD QF= "7

Q=Ri=sQv p}rLD R= |W=v pOt O}}-=D "3"7
R= pY=L pOt |wQ Q@ =yV}=tR; swO |QU R= swO xwQo |=yV}=tR; |xU}=kt
u}= G}=Dv "OyO|t u=Wv |@ QHD |=yV}=tR; =@ =Q pOt |=]N OYQO 'Q=Ri=sQv
w pOt u}@ =]N OYQO 10 pwOH x@ xHwD =@ "CU= xOW xOQw; 9 pwOH QO |UQQ@
OYQO \UwDt xm CU= xOW x@U=Lt OYQO 20 =D 9 5 u}@ |@ QHD |=yV}=tR;

"MINITAB Q=Ri=sQv R= pY=L pOt w |@ QHD |=yxO=O u}@ |xU}=kt "9 pwOH

V}=tR; xO=t xrY=i xrY=i Z�pOt� Z �|@ QHD� OYQO
xQHivt =yx=ox}mD =]N
(Kg) (S) (m) (m=kg1=3) (m=kg1=3) ���

T�3 5�1 0 03 0 245 0 195 0 69 0 57 20
T�3 5�2 0 03 0 245 0 21 0 69 0 6 15
T�3 5�3 0 03 0 245 0 22 0 69 0 63 9 5
T�3 5�4 0 03 0 15 0 125 0 42 0 37 13 5
T�3 5�5 0 03 0 15 0 12 0 42 0 35 20
T�3 5�6 0 03 0 15 0 13 0 42 0 38 10

Q=Wi u=R}t Q@ OYQO 95 p=tDL= =@ xR=U Ct=N[ w =yx=ox}mD u}@ |xrY=i "2
"CU= Q=PoQ}F-=D QDsm =yv; pt=aD QF= w OvQ=O Q}F-=D xR=U Q@ xOQ=w

Q=Okt uDW=O =@ =aO= u}= "CU= sm |r}N Qo}Om} Q@ ?} Q[ wO QF= pt=aD "3
8 w 7 '6 |=ypmW u}vJty "OwW|t C@=F ?} Q[ wO QF= |=Q@ P�0 072
xOWh} QaD |xOwOLt QO w Ov=xOQmCmQL |R=wt ,=@} QkD \w]N xm OvyO|t u=Wv
?} Q[ wO QF= x@ \w@ Qt |xrO=at ?} Q[ "CU= sm syx@ C@Uv ?} Q[ wO QF=
=@ Q@=Q@ t � span CU= xOW xO=O u=Wv 8 pwOH R= swU uwDU QO xm u=vJ

"CU= �0 02167
QO xm u; Q@ xwqa '=yx=ox}mD u}@ |xrY=i w Ct=N[ uOw@ QF-wt 7 pmW QO "4

"OwW|t O}}-=D 'CU= xOW xO=O u=Wv 8 pwOH

"pt=a wO QF= uOw@ QF-wt Q}e "6 pmW

"CU=Q \N x@ =y|vLvt *uOw@ l}ORv Crax@ pt=a wO QF= uOw@ QF-wt QDsm "7 pmW

"=y?} Q[ R= s=OmQy Q}F-=D "8 pmW

sDWy w pyJ |xQ=tW �h} QW 7



"""Q=
DiQ

Q@V
vQmM

QvC
=Q}F- =D

|@Q
HDp

}rLD|vD@ |=yxR=U |=Q@ VvQm MQv |x@U=Lt "5"7
|m}v=mt X=wN Q}}eD w =yxR=U |m}t=v}O Q=DiQ QO QF-wt pt=a u=wvax@ VvQm MQv
|m}v=mt X=wN|NQ@ w xO=t s}rUD OLV}=Ri=Ea=@ u;V}=Ri= wCU= KQ]t O=wt
'xOW xO=O V}=tR; Qy x@ \w@ Qt VvQm MQv 11 pwOH QO "OwW|t xO=t x@ \w@ Qt

"CU= xOW x�=Q= 11 pmW Q=Owtv QO R}v =yp}rLD G}=Dv w
VvQm MQv u=R}t Q@ =yx=ox}mD |xrY=i w Ct=N[ Q}F-=D Qou=Wv 11 pmW Q=Owtv
"O@=}|t Vy=m VvQm MQv '=yx=ox}mD |xrY=i Vy=m w Ct=N[ V}=Ri= =@ "CU=
|=yxDi=} R= pY=L G}=Dv x@ l}ORv ,=@} QkD '|WWm |xk]vt |=Q@ VvQm MQv Q}O=kt
sRq u=tR uDiQ q=@ 'Ct=N[ V}=Ri= QF= QO VvQm MQv Vy=m p}rO "CU= |r@k

"CU= |WWm |xk]vt QO |oDN}Uo |=Q@

|m}t=v}O V}=Ri= ?} Q[ w VvQm MQv u}@ |x]@=Q "6"7
|}=yQ=Owtv CQwYx@|m}t=v}OV}=Ri=?} Q[ Q@VvQm MQv Q}F-=D 'Q@Dat `@=vt QDW}@ QO
u}= R= xrY=L G}=Dv 'QDt=Q=B wO u}= |xU}=kt ut[ CtUk u}= QO "CU= xOW u=}@

"|vD@ |=yxR=U |=Q@ VvQm MQv x@U=Lt xwLv "11 pwOH

V}=tR;
xrY=i

Z DIF=
_" = _"s(DIF=�)3=yx=ox}mD

(m) (m=kg1=3) PDyn:
PSta:

T�4 5�1 0 245 0 52 4 9 64
T�4 5�2 0 245 0 5 5 2 77 4
T�4 5�3 0 245 0 54 4 47 49
T�4 5�4 0 15 0 28 4 86 63
T�4 5�5 0 15 0 30 4 2 40
T�4 5�6 0 15 0 32 4 35
T�3�7 0 245 0 78 5 45 89
T�3�8 0 245 0 8 4 75 59
T�3�9 0 245 0 74 5 9 113
T�3�10 0 15 0 43 5 2 77 4
T�3�11 0 15 0 47 4 48 50
T�3�12 0 15 0 45 4 9 64 8

"VvQm MQv Q@ =yx=ox}mD u}@ |xrY=i w Ct=N[ Q}F-=D "11 pmW

Ov=wD|t w CU= VQ}PB p@=k =]N OYQO u}= "Ow@ Oy=wN OYQO 15 =@ Q@=Q@ =]N
"OW=@ xDW=O Ck@=]t Q=Ri=sQv R= pY=L pOt =@ ?wN |r}N

(DIF) |m}t=v}O V}=Ri= ?} Q[ |x@U=Lt "4"7
|=Q@ Q=Hiv= R= |W=v Q=Wi Q=Okt w |vD@ |=yxR=U QO |m}D=DU= Q=Wi Q=Okt x@ xHwD =@
V}=Ri=?} Q[ Qou=}@|m}D=DU= Q=Wi x@ |Q=Hiv= |=yQ=Wi u}@C@Uv 'xR=U?} QND
Q=Owtv QO w 'xOW x@U=Lt ?} Q[ u}= 10 pwOH QO "Ow@ Oy=wN xR=U QO |m}t=v}O
V}=Ri= ?} Q[ Q}O=kt |wQQ@ =yx=ox}mD u}@ |xrY=i w Ct=N[ Q}F-=D 10 pmW
w Ct=N[ V}=Ri= =@ OwW|t xOy=Wt xm u=vJ "CU= xOW xO=O u=Wv |m}t=v}O

"O@=}|t Vy=m |m}t=v}O V}=Ri= ?} Q[ =yx=ox}mD |xrY=i Vy=m

"|vD@ |xR=U QO |m}t=v}O V}=Ri= ?} Q[ |x@U=Lt "10 pwOH

V}=tR; xrY=i Z
Q=Wi Q=Hiv= Q=Wi

DIF=

=yx=ox}mD |m}D=DU= (MPa)

(m=kg1=3)
PSta: = PDyn: = PDyn:

PSta:
(MPa) (MPa)

T�4 6�1 0 245 0 52 0 75 3 7 4 9
T�4 5�2 0 245 0 5 0 75 3 9 5 2
T�4 5�3 0 245 0 54 0 75 3 35 4 47
T�4 5�4 0 15 0 28 2 16 10 5 4 86
T�4 5�5 0 15 0 30 2 16 9 4 2
T�4 5�6 0 15 0 32 2 16 8 5 4
T�3�7 0 245 0 78 0 33 1 8 5 45
T�3�8 0 245 0 8 0 33 1 57 4 75
T�3�9 0 245 0 74 0 33 1 95 5 9
T�3�10 0 15 0 43 0 96 5 5 2
T�3�11 0 15 0 47 0 96 4 3 4 48
T�3�12 0 15 0 45 0 96 4 7 4 9

"|m}t=v}OV}=Ri=?} Q[|wQ Q@ =yx=ox}mDu}@|xrY=i wCt=N[Q}F-=D "10pmW

sDWy w pyJ |xQ=tW �h} QW 8



|�w
mU=

|y=
iQQ

}t=w
|v=t

Rp
=tH pY=L G}=Dv =@ xH}Dv u}= "CU= xOt; CUOx@ 5 5 =D 4 u}@ |WWm s}rUD OL

OQwtQO xDiQos=Hv= C=ar=]t =@ [9w4]OQ=O Ck@=]t |r@k |xOWs=Hv= |=yV}=tR; R=
Q=Owtv R= pY=L G}=Dv 'VvQm MQv ?ULQ@ |m}t=v}O V}=Ri= ?} Q[ |=yQ=Owtv

"OwW xi=[= =yQ=Owtv u; QO O}OH \=kv R= |m} u=wvax@ Ov=wD|t R}v 12 pmW

|Q}oxH}Dv"8
'|m}D=DU= x@W w |m}t=v}O |Q=PoQ=@ \}=QW CLD '|vD@ |=yxR=U Q=DiQ xr=kt u}= QO
xDiQo Q=Qk |UQQ@ w EL@ OQwt =yv; QO xrY=L |=yCw=iD w xDiQo Q=Qk xU}=kt OQwt
'xO=t |WWm s=mLDU= u=R}t |Q=Hiv= |Q=PoQ=@ QF= QO xm OyO|t u=Wv G}=Dv "CU=
u}vJ OwHw "CU= xDi=}V}=Ri= 6 =D 4 5 u}@ '80s�1 w 66s�1 |=yVvQm MQv |=Q@
|=ylQD x@ OQivt |=ylQD uOWp}O@D Crax@ '|m}t=v}O Cr=L QO uD@ QO |Q=DiQ
xHwD =@ "OvwW|t xO=t ?} QND |=Q@ sRq |SQv= u=R}t uDiQq=@ Ea=@ xm CU= |ywQo
|=Q@ C=aq]= u}= R= u=wD|t 'uD@ XwYNQO VywSB u}= QO xOt; CUOx@ G}=Dv x@
"OQm xO=iDU= """w =ypB '=yOU xrtH R= syt |=y=v@ w |OQ@y=Q syt |=yxR=U |L=Q]

"|m}t=v}O V}=Ri= ?} Q[ w VvQm MQv u}@ x]@=Q "12 pmW

Q=Owtv QO xm u=vJ "OW Oy=wN xU}=kt [7]QrwW\UwD xOWx�=Q= Q=Owtv u} QN; =@ j}kLD
QO |m}t=v}O V}=Ri= ?} Q[ VvQm MQv V}=Ri= =@ 'OwW|t xO}O 7 w 6 |=ypmW
=@ CU= umtt VvQm MQv V}=Ri= Qo}O CQ=@ax@ "CU= xDi=} V}=Ri= |WWm Cr=L
V}=Ri= |WWm |xk]vt QO |vD@ |xR=U |=Q@ "OW=@ x=Qty xO=t s}rUD VvD uDiQ q=@

CWwv=B
1. design of experiments
2. scaled distance
3. dynamic increase factor

`@=vt
1. Lambert, David E., and Ross, C. Allen. \Strain rate ef-

fects on dynamic fracture and strength", International
Journal of Impact Engineering, 24, pp. 985-998 (2000).

2. Malvar, L.; Javier, C., and John E. \Dynamic increase
factors for concrete", Twenty-Eighth DDESB Seminar,
Orland, FL (August 1998).

3. Ngo, T.D.; Mendis, P.A.; Teo, D., and Kusuma, G.
\Behavior of high-strength concrete columns subjected
to blast loading", University of Melbourne Australia
(1999).

4. Grote, D.L.; Park, S.W., and Zhou, M. \Dynamic be-
havior of concrete at high strain rates and pressures: I.
numerical simulation", International Journal of Impact
Engineering, 25, pp. 869-886 (2001).

5. Ragueneau, F., and Gatuingt, F. \Inelastic behavior
modeling of concrete in low and high strain rate dy-
namics," Computers and Structures, 81, pp. 1287-1299
(2003).

6. Sukontasukkul, P.; Nimityongskul, P., and Mindess, S."
E�ect of loading rate on damage of concrete", Cement
and Concrete Research, 34, pp. 2127-2134 (2004).

7. Lu, Y., and Xu, K. \Modeling of dynamic behavior of
concrete materials under blast loading", International
Journal of Solids and Structures, 41, pp. 131-143 (2004).

8. Barpi, F. \Impact behaviour of concrete: a computa-
tional approach", Engineering Fracture Mechanics, 71,
pp. 2197-2213 (2004).

9. Schuler, H.; Mayrhofer, C., and Thoma, K. \Spall ex-
periments for the measurement of the tensile strength
and fracture energy of concrete at high strain rates", In-
ternational Journal of Impact Engineering, 32, (10), pp.
1635-1650 (2006).

10. Kinney, Gilbert F., and Graham, Kenneth J., \Explo-
sive shocks in air", Second Edition, Springer-verlag, New
York (1985).

sDWy w pyJ |xQ=tW �h} QW 9


