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1 Ú ó

Cc5, �X<�S�@£�Jp, éu�N
á�3pACÇe����.mÐ
�5�õ�
ïÄ [1−4]. .�KF©Û�{Ì�Ò´3¯kØ�
?Û��b½��¹e,ÏLÿþá�ØÓ �?
�,
åÆ&E (Aå!AC½âf�Ý�) �C
z, dÀÂÄåÆ�n�Åð�§²L·��êÆ
íü9ê�O�, ¦�Ù¦���åÆþ. T�{
Ì�^5ïÄ©Ûá�éÀÂ\1�Ä�åÆ�
A/� [5].

. � K F © Û � { � @ d Fowles Ú
Williams[6,7] 3 20 ­V 70 c�ÐÏJÑ, �´d
uJ±¢y
�U��¢SA^. Cowperthwaite

Ú Williams[8] òù��{�A^���
?�Ú
í2. 1973 c Grady[9] 3 Fowles �Ä:þJÑ

´»�{, ^5O�.�KF©Û¥¤I���ê.

3dÄ:þ, Seaman[10] JÑ
­¡[Ü{, =�â
¢�ÿþ�Å/A�?1©«­¡[Ü, Seaman

b½¤[Ü�­¡´üN1w�, �÷»��n�

��ê d3σ/dh3 ≡ 0. �){ [11−13] ;m
 Seaman

b½
¦�Aå6|, �duÙ(J�6ub½�
��Aå¼ê/ª
�U�)���), ¯¢þ,

d�{®� Seaman[10] Ä½. Gupta[14] JÑgUu
�{, du�ÝÅ/íAåÅ/�I���½�b
�, ÏdT�{ÏLAå|2£L5�í�Ý|,

l
�y(J���5. 1989 c Forest[15] JÑ

Àþ�mÈ©¼ê{, ¿òÙA^uêâ?nÚ�
��O¥, �´�ÿþ�þ��Ø�9Aå�, �
ïá°(�¼ê/ªEk(J. �rá� [16,17] |
^.�KF©Û�{(Ü©lª¿Ê7ÜØ\E
âÿþ
Aå!�:�Ý�Ð©^�, �3|^í
N�Á�ÿþâf�Ý¿?1.�KF©Û�, J
±��AåÐ©^�.

.�KF©Û�{¥I�®���.�KF
 �?�Á�êâ, 3Á�¥�±ÏLi\3á�
SÜØÓ.�KF �?�DaìÿþÁ��A
å�§!AC�§½âf�Ý�§. Ïd, ÏL.
�KF©Û�{5ïÄá�Ç.��'X�ïÄ,

äN�±kn«¦)å»: 1) �ÿþ�Ônþ�A
å�§�, �â.�KF©Û�{5¦)�±��
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âf�Ý!AC��§'X, T�{Ø�3êÆþ
�O�æN; 2) �ÿþ�Ônþ�âf�Ý�§�,

�â.�KF©Û�{5¦)��Aå!AC�
§'X, 3¦)Aå�§'X��I�®�Ð© 
�?��^Aå�§��Ð©^�, ,
3Ó��
 �J±Ó�ÿþü�Ônþ; 3) �ÿþ�Ônþ
�AC�§�, �â.�KF©Û�{5¦)âf
�Ý!Aå�§'X, Ø=I�®�Ð© �?�
�^âf�Ý�§��Ð©^�5¦)âf�Ý
�§'X, �I�®�Ð© �?��^Aå�§
��Ð©^�5¦)Aå�§'X. Ïd, éu.
�KF©Û�n«�{, 1�«�{�´u¢y¶
1�«�{I�®���AåÐ©^�¶1n«
�{��(J, I�®���Aå!��âf�Ý
Ð©^�.

DÚ��{þ´æ^1�«�{, =ÏL�Ô
Daì5ÿþAå¿¦)ÑÙ¦Ônþ. �´, â
f�ÝO��m�A'ÿþAå��ÔDaìÐ,

k�P¹�m���
, Ïd, âf�ÝO�·Ü
ÿþÀÂÅ�6|�&E. �é¢�¥ØUÓ�ÿ
þAå!âf�Ý�§ù�(J, �©3c<ïÄ
�Ä:þ|^AåÐ©^�,JÑ
÷�m�ÅÚ
¦)�{, O�L§¥ÃL�?Ûb½, Ø=�y

êâ���5, 
�T�{��9Ônþ���
�ê! �ê, ù��ü$
Á�êâÛÜËÄé
êâ?n(J�K�.

2 .�KF�{

k'.¼©Û�Ä��n, Fowles[18] u 1973

c®²�L��¡��ã, 3�Ñ9D�!NÈ
å!SÜU
ÚUÇ�b½^�e, ��²¡Å.
�KF�Ie�Åð�§� (AåAC±Ø��,

��Ý±m1Å��)

ÄþÅð ($Ä�§) : ρ0
∂u

∂t
+

∂σ

∂h
= 0, (1)

�þÅð (ëY�§) :
∂ε

∂t
+

∂u

∂h
= 0, (2)

UþÅð :
∂E

∂t
+

σ

ρ0

∂u

∂h
= 0, (3)

ª¥ ε, u, σ ©OL«AC!âf�ÝÚAå, E L
«'SU, h Ú t ©OL«.�KF�IÚ�m, ρ0

L«Á��Ð©�Ý.

�â´»�{, ò÷����O�=z�÷»

�Ú÷,��O�, =(
∂σ

∂h

)
t

=
(

∂σ

∂h

)
J

−
(

∂σ

∂t

)
h

(
∂t

∂h

)
J

, (4)

ª¥eI t L«÷�m� �ê, eI J L«÷»
�� �ê, eI h L«÷,�� �ê. (4) ª
¥ (∂/∂h)J ´Cþ÷´»� J � �ê, Ïd�
±^��ê (d/dh) 5�O.ÏL´»�{, ò´»
� J L«� h Ú t �¼ê. w,, éu,�(½�
´»� J(h, t), � h �½�, J Ú t k(½�éA
'X, ��±^ J �O t, =�±òAå¼ê σ(h, t)
L«� σ(h, J).

ò (1) ªUì´»{=�L«�

ρ0

(
∂u

∂t

)
h

+
dσ

dh
−

(
∂σ

∂t

)
h

(
dt

dh

)
= 0. (5)

ÿ þ 
 � � . � K F   � ? � â f � Ý ­
� u(h, t), �±��¦)Ñ dt/dh, âf�Ý u(h, t)
3��.�KF �? hi (i = 1, 2, · · · ,m, Ù¥ m

�,�ê8) � �ê (∂u/∂t)h ��±¦Ñ5.

�â (5) ª, duAå­� σ(h, t) ��, Ïd, A
å÷´»����ê dσ/dh ±9é�m� �
ê (∂σ/∂t)h I��½, 
Aå�¼ê/ª�´Ø
(½�, ���§J±¦)Ñü���ê.

Ä u þ ã � Ï, ù p Ú \ A å Ð © ^
� σ(hi, 0) = 0 (i = 1, 2, · · · ,m), K é u 1 �
^´»� (J = 1) 
ó, Aå σ(hi, J1) ®�, w
, σ(hi, J1) ÷´»����ê dσ(hi, 0)/dh 3�
�.�KF � hi ?���±¦)Ñ5, 31�
^´»� (J = 1) þ, (5) ª¥�k (∂σ/∂t)h ��,

Ïdò (5) ªC¤(
∂σ

∂t

)
h

=
[
ρ0

(
∂u

∂t

)
h

+
dσ

dh

]
/

(
dt

dh

)
. (6)

�â (6) ª=�±¦)Ñ1�^´»�þ��.�
KF � hi ?�Aå÷�m� �ê (∂σ/∂t)h,

3 ∆J = J2 − J1 m�S�È©�±Cq/L«�

σ(h, J2) =
∫ t2

t1

(
∂σ

∂t

)
h

dt. (7)

�â (7) ª=�±¦)Ñ1�^´»� (J = 2) 3
��.�KF �? hi �Aå σ(hi, J2).
Ón, é u ? ¿ �^´ » � J = Jj (j =

1, 2, · · · , n, Ù¥ n �,�þêâê8), Xã 1 ¤
«, pi (i = 1, 2, · · · ,m) L«3´»� J = Jj þ�
^,��êâ: �. �â (7) ª¦)ÑT´»�
þ�Aå σ(hi, Jj), ò σ(hi, Jj) ÷´»� J = Jj
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���ê dσ(hi, Jj)/dh 3��.�KF �? hi

���¦)Ñ5. du®�âf�Ý­� u(h, t),
@o�±��¦)Ñ dt/dh, âf�Ý u(h, t) 3
��.�KF �? hi (i = 1, 2, · · · ,m) � �
ê (∂u/∂t)h ��±¦Ñ5. òþã®�þ�\ (6)

ª, @oÒ�±¦)Ñ3T´»�þAå σ(hi, Jj)
÷�m� �ê (∂σ(h, Jj)/∂t)h, 2�â (7) ªÒ
�±¦)Ñe�^´»�þ�Aå σ(hi, Jj+1), =
ã 1 ¥ qi ¤éA��� ��Aå�. �gaí,

=�±¦)Ñ��6|¥�Aå σ(h, J).

ã 1 ´»�«¿ã

'uAC�¦)��æ^DÚ.�KF�{,

Äk�â´»��{, ò (2) ª�¤Xe/ª:(
∂ε

∂t

)
h

+
du

dh
−

(
∂u

∂t

)
h

(
dt

dh

)
= 0. (8)

du¢�¥ÿþ�
âf�Ý u(h, t), �±��
¦)Ñ dt/dh ±9âf�Ý u(h, t) ÷´»���
ê du/dh 3��.�KF � hi ?��, Ó�
÷�m� �ê (∂u/∂t)h ��A/�±(½, K
3 ∆J = J2 − J1 m�S�È©�±Cq/L«�

ε(h, J2) =
∫ t2

t1

(
∂ε

∂t

)
h

dt, (9)

�â (9) ªÒ�±¦)Ñe��´»�þ�A
C ε(h, J2). �daí, Ò�±¦)Ñ��6|¥�
AC ε(h, J).

Ón, �â´»��{, ò (3) ª��(
∂E

∂t

)
h

+
σ

ρ0

[
du

dh
−

(
∂u

∂t

)
h

(
dt

dh

)]
= 0, (10)

ª¥, Aå σ(h, t) ®²¦)Ñ5, dt/dh, du/dh,

(∂u/∂t)h þ�®�, Ïd�â (10) ªÒ�±¦)
Ñ (∂E/∂t)h. 3 ∆J = J2 − J1 m�S�È©�±
Cq/L«�

E(h, J2) =
∫ t2

t1

(
∂E

∂t

)
h

dt, (11)

�â (11) ªÒ�±¦)Ñe��´»�þ�A
C E(h, J2). �daí, Ò�±¦)Ñ��6|¥
�'SU E(h, J).

�d, |^1�^´»�þ��.�KF 
�?�Aå�"ù�Ð©^�, �âÄþÅð�
§ (1) ÅÚ¦)Ñe�^´»�þ��.�KF 
�?�Aå, l
�ª¦)Ñ��6|¥�Aå.

¤JÑ�¦)�{¥ÃL�?Ûb½, Ïd, T�
{' Seaman {� 3 ��ê�"äk�Ð�O�°
Ý, �O�L§¥�I��9Ônþ��� �ê,

��ü$
Á�­�ÛÜËÄéêâ?n(J�
¯a5.

3 .�KF©Û�{¢~

�âþãJÑ�÷�mÅÚ¦)Aå�O�
�{, ùpéäN��|¢�êâ?1©Û. ¢
�êâÏL�»� 100 mm �?íN�¢��
�. ¢�C�Xã 2 ¤«, ã¥�¡�q�Á�
þ�·vèá�, �¡SC3���àÜ, �¡
�»� 98.0 mm, þÝ� 6.0 mm, q�Á��»
� 98.0 mm, þÝ� 12.0 mm. 3q�Á�¥, ��
zm�� 3.2 mm  �?���âf�ÝO5ÿþ
T �?��ÝÅ/, Á�¥����ÿþ
 4 �
 ��âf�ÝÅ/. äN¢��q�SCXã 3

¤«.

ã 2 �í�¢�C�9ÿÁXÚ«¿ã
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ã 3 ¢�q�¢Ôã

ã 4 �ÏL�|âf�ÝOÿþ����.
�KF � (©O� 0, 3.2, 6.4 Ú 9.6 mm) ?�âf
�Ý{§, o�.�KF ��âf�ÝÅ/3ã
¥©O^ g1, g2, g3, g4 L«.

ã 4 âf�Ý{§

òÁ�ÿ��âf�Ý��Ð©Ñ\þ, |^
þã�{?��A�O�§S. éu´»���
E, �©Äkò�Å/�A�:ë¤»�, UìÙ
A�r6|©¤�5«!�5«!²�«Ú�1
«. 3��«�¥Uì��m²þy© 100 �m�,

@oo�«�o�y© 400 �m�, �A�êâ:
� 401 �, =�E
 401 ^´»�. 3�E
´»
�±�, Uì�©JÑ�O��{?1O�, ©O
��
Aå{§!AC{§Ú'SU{§, äNX
ã 5—ã 7 ¤«.

lã 5 ¤«�Aå{§5w, Ó�uÁ�¥
� 4 �.�KF ��¸�Aå� ��O�

~�, ùÎÜAåÅ3ý50�¥DÂ´ÅìP~

�ù�5Æ. Ó�, l��.�KF ���Aå
¸�¤I��þ,�m5w, �XAåÅ�DÂþ
,�m²wO�, ù�·vèá��Å5��A5
3AåÅ/þ�Ly���.

ã 5 Aå{§

ã 6 AC{§

ã 7 'SU{§

�âAå{§!AC{§=�±��·vè
á�3ÀÂ\1!�1L§�Aå-AC­�, X
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ã 8 ¤«, ÙAå-AC­�äk²w��Ç�'�
A. lã 8 ¥��±w�ÀÂÅ�1�·vè¥�
3í{AC.

ã 8 Aå-AC­�

4 ( Ø

.�KF©Û�{´�«ïÄá��Ä�å
Æ5U,AO´ïÄá�Ç.��'X�~^�{.

3®�âf�Ý¦)Aå�I��^AåÐ©^
�ù�¯K, �©JÑ
÷�mÅÚ¦)�.�K
F©Û�{, ;�
Ó��.�KF �ÿþü�
Ônþ�¯K, T�{ÃI�?Ûb½, �y
A
åO�(J�k�5; Ó�, T�{�I�Ônþ
����ê! �ê, ��ü$
êâ?n(Jé
Á�êâ°Ý��65. ¿�âíN�ÀÂ\1¢
�, ò·vè¢�ÿþ�âf�Ý��Ñ\þ, O
���
6|¥Ù¦Ônþ{§ (Aå!AC!'
SU�), �¤���AåÅ/U
éÐ/�NAå
Å3·vèá�¥DÂ�A5.
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Study on Lagrangian analysis for solving the stress
gradually along the time∗
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Abstract

Lagrangian analysis method is re-analyzed, in which by measuring the physical variables of each Lagrangian positions the other

physical variables of these positions of the material is analyzed, and then the dynamic mechanical properties of materials can be

determined. However, the existing Lagrangian analysis methods are still inadequate when the particle velocity is known. In this paper,

a new Lagrangian analysis method, with only particle velocity known, is developed, which is called step by step method along the

time. The method does not make any assumption, and it can solve the problem when only particle velocity wave profiles are measured.

A set of experimental data of concrete under impact is processed with the method, and the corresponding strain wave, stress wave,

and stress-strain relations of the whole process of loading and unloading are calculated. Thus the strain rate dependent elastic-elastic

constitutive characteristics of the concrete are revealed.

Keywords: Lagrangian analysis, constitutive relation, stress-strain, concrete
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