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Satoshi Iwano 
 
 

 The government investment in construction has been decreasing in recent years due to increasing 

financial stringency. Therefore, in concrete structures, i t  would be considered important to build high 

quality concrete structures which have high durability performance and to conduct preventive 

maintenance. From this viewpoint,  sophistication of quality control,  inspections and diagnosis would 

be imperative. 

 

 The subject of this study is the Impact Elastic Wave method which is a one method of the 

Non-destructive test for concrete structures. In this method, the elastic wave is generated by impact 

on surface of the concrete from hitting of hammer, and Non-destructive evaluation such as 

compressive strength, internal defect of the concrete structure are performed by measurement of the 

elastic wave. The Impact Elastic Wave method is expected to contribute the sophistication. 

 

 However evaluation procedures for concrete structures by the Impact Elastic Wave method have not 

been established due to lack of study. For this reason, in this study, the utilization of measured values 

from the Impact Elastic Wave method is considered to adapt evaluations for concrete structures. 

 

 The following results are confirmed: 1) The measuring method used the cross-correlation function 

between the input waveform and measured waveforms for the fundamental frequency of the concrete 

of which thickness is around 2.5 meters by is proposed. 2) The measuring method for elastic wave 

speed in the concrete structure with which surface is deterioration and in the reinforced concrete is 

proposed. 3) Evaluation  procedures for compressive strength, surface quality and internal defect of 

concrete structures by measured fundamental frequency and measured elastic wave speed are 

proposed. It  is confirmed that the accuracy of proposed evaluation procedure is in narrow range of 

error from experiments on actual concretes structures. 

 

 These results suggest that the Impact Elastic Wave method would be able to contribute build a 

sustainable society.  
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�@ ?)�� &,-���+��|(Ãe 2 0 0 0 m mmn���

���Cî�� C�!"#$%��úñ1�>2+��?��5|

(Ãe�Ô@A�����+öÎ��5Ùd�Ç�Û�1Ê 2 

?)C��+5 )ijkf &  

� H>H5Ck�óº������|(Ãe 2 0 0 0 m mmn����

���!"#$%��î½\µ�1öÎH�å��ÞßefIA5A&

l?���������Ãe 1 1 0 m m� 2 4 0 0 m m�ò�¿quy@��

���������©i�ª 2 . 2 )�gdefIA ÙdÛ��Ç�

Û�1öÎH�?�Û���Z�4X.öÎw[+�AI�þH�&

�AI�?�Z�4X.öÎw[1ÇÈ2 OHAÙdÛ��Ç�Û

�1ò�¿@�quy 2V\#$¿%ÁÛ�U+���ý�Ç�+u

7�ËH�&ek+�]\CÊ��@ ��^}quy@���)H

IòÎefIA J�Ãe 1 6 0 0 m m� 2 5 0 0 m m������1	


)HI�13H�ÙdÛ�quyÇ�Û��_`$1�þH�&  

 

2 . 2  ����f$mn�H  

 

� î½\µ���Ùd®Á)¸%ýÇ�ÍÎ��1' N ) N +G2&'

N ) ( +GH�)q7������z�1'���"2 )�'�C

�����z�+aMH�ek+������z�C'�1\�

2 ?)+u7������+�#$%C��2 &}Zø�+�

\µ%C\µHIz�+bc2 ø+®ÁCÙdef ?)>k�Ù

d®Á+��\µ%�ºÖ¡)�d2 ¸û$C�e ?))5 &

î½\µ����?�Wß1ÍÎHI�Ùd®Á+	HI¸%ýÇ�

 

0 0.5 1 1.5 2
-1

-0.5
0

0.5
1

�
�

(A
.U

.)

��(ms)  

0 5 10 15 20 25 30
0

0.2
0.4
0.6
0.8

1

�
�

(A
.U

.) 	
����9.64kHz

���(kHz)

l � 6mnop� � � � � � � � � � � � l � 6xy?z{=@|�

'N ) N �����fI$mnopZxy?z{=@|$��



 14

1±A�lkf�Ðá�)â��ä�®ãCä*Ô@�5 ¸%ý

�ma�åæ¸%ý)A��>k��¸%ý1�d2 &5q�î½

\µ���¸%ýÇ�Û�)HIä*î�ÍÎefIA Û���©

i�ª 2 . 2 )�gdefIA u�+�Ùd®Á+	HIYZ���¾

Uà1±�Û��� )Aj &  

 

2 . 3  mnopABCD�?>~� I$¡¢£¤Z¥¦§¨$T�
2 . 5 )  

 

2 . 3 . 1  ©K�£�

 

� �f�@����©i�ª 2 . 2 )�gdefIA ÙdÛ�)Ç�Û

��Ùd®Á+	2 ���¾Uà�1IÎH�Z�4X)öÎ�@

 ������|(Ãe�rs1~�2 ?)1¼¤)H�&  

� �f+GH�)q7������z�1'���"2 )�'�

C�����+aMH�ek+������C'�1\�2 ?

)+u7������+�#$%C��2 &??��'�C�

����z�+N�HIaM1ògHI>k\�HI×f ���

¡�ma�N�¡)A����'���h+u~IUt2 ?))

5 &?�$ñ�U ( 2 . 1 )�Gef 2 . 3 )&  

� � � � �� �0.4
Pss0.2

0

��� �	 R
V

ATC � � � � � � � � � � � � � � � �  ( 2 . 1 )  

�®H� 



�

�


�

� �
	

�
	

S

S
S

P

P
P E

�
�

E
��

��

22 1
,1  

� ??+� T C"N�¡� A"dý� V 0"!iZø� R"'�jh�

� S"'�kø� � P"������*Yl�¬� � S"'��*Yl�

¬� E P"������#$§ý� E S"'��#$§ý�� &'�

�hCÁe�5f�N�¡�²�57�'��hCÔ@�5f�N

�¡�ú�5 &  

� î½\µ����'��"�l�Ùd®Á+	HI¸%ýÇ�1±

A��¸%ý1�d2 C�N�¡C¸%ýÇ�ÍÎ+� 1:m

2?)C÷øefIA &©i�ª 2 . 2 )���N�¡C\µ%�¸

ûu7*²�5 u�+'�1nd2 ?)CgdefIA &  

� l?��f������7 N ) (+G2�������hJ�Ãe



 15

C 3 0 0 m m) 6 0 0 m m������1	
)HI��"2 '���

h1UteÐ�Ùd1±5A�'��nd+D2 gd}�1�þH

�� 2 . 3 . 2#�&V+�?��þÍÎ1\oeÐ�Ùd17 N ) (+G

2J�Ãe 1 1 0 m m� 2 4 0 0 m m������1	
)HI±A�î½

\µ�CöÎ�@ Ãe�rs1Ê�H�� 2 . 3 . 3#�&  

� 7N ) (+G2õI��������ã�úeCÃe� 6pmn��

7�©i�ª 2 . 2 )+Gef î½\µ��öÎÈÉ1qr2 ÒÄE

�� &5q�7 N ) (���#$%Zø)��¦L¡������

7v�+u7å�+ÙdH�ÍÎ�� &' N ) `+G2)q7�#$

%�M��)°±�1���+JdHI� 2��°±����#$%

�¦L¡�1ÙdH�°±�¡�X×>k�#$%Zø1s¹H�&  

 

2 . 3 . 2  ��CD��$ª«AsD¬$®¯©K  

 

( 1 ) � ©K���

� J�Ãe 3 0 0 m m������)J�Ãe 6 0 0 m m������

7N ) ( �mnB°;<=>?@  

110 3650 H 24 �����

200 4000 H 24 �����

300 4168 N 45 �����

400 4000 H 24 �����

600 3406 N 18 �����

1200 4033 BB 24 ����

1600 4060 BB 24 ����

1900 4108 BB 24 ����

2400 3994 ����

<i

����

J�
Ãe
(mm)

�#$%
Zø
(m/s)

¯t��
!W

�çu�

vy
�ø

 

 °±� 1M�� °±� 2

�����

L1 
L2 

�

' N ) ` �±²:³¢f´µ¶·¸¹ºAsDmn»¼�

 



 16

1	
)HI��"2 '���h1UteÐIÙdH�&'���

h � J � Ã e 3 0 0 m m �  � � � � � � � 8 m m � 1 0 m m � 1 5 m m �

2 0 m m�J�Ãe 6 0 0 m m�������� 1 0 m m� 1 5 m m� 2 0 m m�

3 0 m m � �  & ¶ Î H � } Z ø � � , � � } Z ø � � ¸ % ý r s

0 . 2 H z� 2 0 k H z�����+���¡¡·� 2 � s���+���w

�xý� 4 0 9 6y�� &  

�

( 2 ) � ©K½¾  

� «'��h�lkf�Ùd®Á)Ðá�)â��ä+�AI�J�

Ãe 3 0 0 m m��ÍÎ1'N ) k+�J�Ãe 6 0 0 m m��ÍÎ1'N ) W+

G2&5q�Ùd®Á)Ðá�)â��ä�®ã���®ã��äÔ

�C 1+5 u�+�«®ã�1®ã��äÔ���2 42t�m

a�42t)A��1±~IA &' N ) k�' N ) Wu7�'���h

+u~IÐá�)â��ä�UtH�'���hCÁe��N�¡

 

0 0.5 1 1.5 2

�
�

(A
.U

.) ¿ 8mm

0 5 10 15 20 25 30

�
�

(A
.U

.) fmax=28.1kHz
f0=6.95kHz

0 0.5 1 1.5 2

�
�

(A
.U

.) ¿10mm

0 5 10 15 20 25 30

�
�

(A
.U

.) fmax=13.9kHz

0 0.5 1 1.5 2

�
�

(A
.U

.) ¿15mm

0 0.5 1 1.5 2

�
�

(A
.U

.) ¿20mm

��(ms)
0 5 10 15 20 25 30

�
�

(A
.U

.) fmax=6.91kHz

���(kHz)

0 5 10 15 20 25 30

�
�

(A
.U

.) fmax=6.91kHz

 

'N ) k �a��I$mnop´À'ºZxy?z{=@|´Á'º�

´9ÂÃÄ` Å Å � �º �



 17

C²�5 zcY{�¸%ýùV�®ã�CÔ@�5 ?)CÊ�e

f &  

� «���������¸%ý f 0�U ( 2 . 2 )u7s¹�@ &  

� � �
0

P
0 2D

V
f 	 � � � � � � � � � � � � � � � � � � � � � � ( 2 . 2 )  

� ??��D 0"������Ãe� V P"�#$%Zø�� &  

� 7 N ) (+GH��#$%Zø)J�Ãe>k��¸%ý f 01s¹2

 )�J�Ãe 3 0 0 m m� 6 . 9 5 k H z�J�Ãe 6 0 0 m m� 2 . 8 4 k H z)5

 &��¸%ý)' N ) k�' N ) W+GH�Ðá�)â��ä��åæ

¸%ý f m a x)1¬1' N ) Æ+G2&J�Ãe 3 0 0 m m��'��h

8 m m) 1 0 m m�J�Ãe 6 0 0 m m��������'��h 1 0 m m)

1 5 m m�?fk����¸%ý�®ã��� �øÔ@�5~IA 

C�åæ¸%ý)�5~IA5A&åæ¸%ý���¸%ýu7*Y

{�¸%ý)57���¸%ý1�Ê+Ùd�@5AÍÎ�� &  

0 0.5 1 1.5 2

�
�

(A
.U

.) ¿10mm

0 5 10 15 20 25 30

�
�

(A
.U

.) fmax=13.1kHz
f0=2.84kHz

0 0.5 1 1.5 2

�
�

(A
.U

.) ¿15mm

0 5 10 15 20 25 30

�
�

(A
.U

.) fmax=9.59kHz

0 0.5 1 1.5 2

�
�

(A
.U

.) ¿20mm

0 5 10 15 20 25 30
�
�

(A
.U

.) fmax=2.86kHz

0 0.5 1 1.5 2

�
�

(A
.U

.) ¿30mm

��(ms)
0 5 10 15 20 25 30

�
�

(A
.U

.) fmax=2.86kHz

���(kHz)
�

' N ) W �a��I$mnop´À'ºZxy?z{=@|´Á'º�

´9ÂÃÄÆ Å Å � �º �

 



 18

� ?�WX+�AIiB2 &' N ) (�TUV+GH�Ä7�'��

"+u7\µ%m��ùý�#$%C��2 C�?fkùý�#$

%��h�ä*®ãCÔ@A�������z�1¦L2 ���

�%�� 2 . 6 )&ek+�?�����%��¸|�)q7�#$¿

�z{�¿}Ut1¦j %�� &�����z���'��"

�Kf�z{|�¿}Ut������z�+'�CN�2 ?)

+u7�e ?))>k�'��"+u7��2 ����%�¸%

ý�N�¡1\o2 ?))5 &�j�'N ) k�'��h 8 m m�

����¸%ýC 6 . 9 5 k H z�� �+	HI�åæ¸%ý� 2 8 . 1 k H z

)��¸%ýu7*YA¸%ý)5~�C�?�åæ¸%ý��h

8 m m)ÁeA'���²AN�¡1\oH�����%�¸%ý�

� &©i�ª 2 . 2 )���N�¡C\µ%�¸ûu7*²�5 u

�+���7�����%�¸%ýC��¸%ýu7*Y�5 u�

+'�1nd2 ?)CgdefIA C�?�ÈÉ�'�1ndH

I*�����%�¸%ý)��¸%ý)C~×HIAf����¸

%ý�Ùd�@5A)bC�@ &  

� l��Û��J�Ãe 3 0 0 m m��'��h 1 5 m m) 2 0 m m�J�Ã

e 6 0 0 m m��������'��h 2 0 m m) 3 0 m m)ùý�'�+

qAI�åæ¸%ý���¸%ý)�dH�&mn�ÍÎu7���

��%�¸%ýC��¸%ý)� �ø�d2 u�5�h�'�1

nd2f����¸%ý1Ùd�@ )ijkj &  

 

10 15 20 25 30
0

5

10

15

20

25

30

�
�
�

(k
H

z)

������� !(mm)

"#$%300mm&�	
���
"#$%600mm&�	
���

"#$%300mm
�'(���

"#$%600mm
�'(���

 

'N ) Æ ��0���ZmnIuvwÇÈÉ���Z$gh½¾  
 



 19
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� ���¾Uà+u Ðá�)â��ä+qAI?��+qA¸%ý
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defIA ÙdÛ�)Ç�Û��Ùd®Á+	2 ���¾Uà�

1IÎH�Z�4X)öÎ�@ ������|(Ãe�rs1~
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2 . 4  ;<=>?@�ÑX����CD����$±²Ò�$T� 2 . 4 ) �

 

2 . 4 . 1  ©K�£�

 

� 2 . 3fu7�|(ÃeC 1 9 0 0 m mmn)Ô@�5 ������

�������}|1î½\µ2 \µ%�TÀC�HA?)>k�

©i�ª 2 . 2 )�Ç�Û�)HIgdefIA Ùd®Á+	2 ��

�¾Uà�����¸%ý1�Ê+Ùd�@5A?)CÊ�ef�&

|(ÃeC 1 9 0 0 m mmn)Ô@�5 ��������¸%ý1�
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2 . 4 . 2  %·ImnÄwD���$T�  

 

( 1 ) � ©K���
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Ê�H�&Ùd+¶ÎH�}Zø��,��}Zø��¸%ýrs

0 . 2 H z� 2 0 k H z����+���¡¡·� 2 � s���+���w�
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��Ðá�)â��ä�'��h�N�¡+u~IUt2 C�M

��)\	��ê�+JvH�°±�+qAI*�'��h�N�

¡�Ut+	]H�#$%CÙdefIA ?)CÊ�ef�&  
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������¡� 0 . 0 5 m s ³���J�Ãe 6 0 0 m m �����

���¡� 0 . 1 3 m s ³��'��"+M���Ùd®Á)ê��

Ùd®Á)��D§ý�úÁ�)57� - 1 �ø)5~�&5q�M�

�)ê���}Zø¯����Jv�@��ø��Û��C´5 ?

)>k�Ùd®Á�®ã��u�\�H��D§ýC - 1 ����®Á

CÙdefIA ?)1G2&mn�ÍÎu7�������ê�

�°±�����D§ýCúÁ�)5 ?�¡�+qAI�'��

"�M��+��H�#$%)¸%ý�(�C�d2 ®ÁCÙd

efIA ?)CÊ�ef�&  

� ���M���Ùdef�dû®Á�®ãCÔ@A?)>k���

�%�ê��°±��Ùdef�#$%�\µ%CbcH�?)+u

7�ê�+��H�#$%�� C�?��M���°±�)ê�

�°±���#$%�bc¡� � T �U ( 2 . 5 )+u7Gef &  

� � �
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� ??+� � T �bc¡�� L 1 �M��)°±� c h . 1 ���X×�

D �������|(Ãe� V P ��#$%Zø� V R �����%

Zø�� &  

� �#$%Zø17 N ) ( +GH�Zø�����%Zø1�#$%Z

ø� 0 . 5 6 p�� )2 ) 2 . 6 )�bc¡� � T �J�Ãe 3 0 0 m m

�������� 0 . 0 5 m s�J�Ãe 6 0 0 m m ��������
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Î>k�\µ%CM��+bc2 ø+�'��"+M��+��

H�#$%)¸%ýC�d2 #$%CM��+��2 ?)Cij

kf &l?���#���?f1�þ2 ?)1¼¤)H�@�1

±~�&  

� @����'N ) ( k+G2)q7�M��+°±�1 2�JvH�?

fk 2��°±���Ùd®Á)M����°±�� c h . 1��Ùde

f�dû®Á)����DDý1ç��&ÙdH��������

7 N ) (+G2J�Ãe 3 0 0 m m������)J�Ãe 6 0 0 m m�

������� &°±� c h . 1) c h . 2�X× L�J�Ãe� 0 . 5p)H

�&�#$%1M�eÐ�'���h�J�Ãe 3 0 0 m m����

���� 2 0 m m�J�Ãe 6 0 0 m m�������� 3 0 m m�� &

Ù d + ¶ Î H � } Z ø � � , � � } Z ø � � ¸ % ý r s 0 . 2 H z �

2 0 k H z����+���¡¡·� 2 � s���+���w�xý�

4 0 9 6y�� &  

( 2 ) � ©K½¾�
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N ) ( Æ+G2&??���U ( 2 . 4 )�� t 1� t 1 + T�� y 1 ( t )1 c h . 1�d

û®Á� y 2 ( t )1 c h . 1�Ùd®Á�quy� c h . 2�Ùd®Á)H�&  

� ' N ) ( Æu7� c h . 1�Ùd®Á����DDý� c h . 2�Ùd®Á�

���DDý)*+��d�¡��¡·�	7
H�D§ýCúÔ

�)5 ?)CÊ�ef &5q��Ùd�� c h . 1) c h . 2�}Zø¯

����Jv�@��ø��Û��C���� ?)>k��D§ý
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%ýC�d2 #$%C��d�¡��¡·�	7
H�M���

2����HIA ?)CÊ�ef &  

� �D§ýCúÔ�)5 ¡���h�M��>k×f� c h . 2�Ù

d®Á����DDý+qAI�d�I�D§ýCúÔ�)5 ¡
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� V+�����%CbcH�m��¡����J�Ãe 3 0 0 m m�

J�Ãe 6 0 0 m m)*+��d�¡��¡·��D§ý�úÔ�)

57�ek+��D§ýCúÔ�)5 ��� c h . 1�Ùd®Á���

�DDý) c h . 2�Ùd®Á����DDý�zm���¡��� &

?�ÍÎ>k�����%CbcH�m��¡���'��"�

M��+��2 #$%)¸%ýC�d2 #$%C��2 ���

\µ%Cî½\µHI	7
Hz�+bc2 ?)+u *�)ij

kf &?�ß����d�¡��¡·��DDýCúÔ�)5 

?))�\µ%Cî½\µHI��d�¡��	7
Hz�+bc

2 ?)C�dHIA &ek+�'N ) ( `u7�\µ%C 1�\µH

Iz�+bcH�)@�¦ LX×���j�J�Ãe 3 0 0 m m� �

c h . 1� 6 0 2 m m� c h . 2� 6 3 2 m m)57� c h . 1) c h . 2�Ô@5��ôA&

��7�\µ%Cî½\µHI	7
Hz�+bc2 )@����

c h . 1) c h . 2�Ô@5�CôA&?f�� c h . 1�Ùd®Á����DD

ý)� c h . 2�Ùd®Á����DDý�zm�e¡���D§ýC

úÔ�)5~�ÍÎ)�d2 &  

� mn�ÍÎ>k�\µ%Cî½\µHIM��+bc2 ø+�'

��"+M��+��H�#$%)¸%ýC�d2 #$%CM�

�+��2 ?)�ek+�M��+JvH�°±��Ùd®Á>k�

dû®Á)Ùd®Á)����DDý1ç�f���D§ýCúÔ�

)5 ¡�>k\µ%CbcH��1Ê��@ )bC�@ &  

 

2 . 4 . 4  T�½¾  

 

� �f���|(ÃeC 1 9 0 0 m mmn)Ô@�5 �������

\µ%�TÀ+u � ���+��5Û�1�Ë2 ���@�1

±~�&lkf�ÍÎ1ma+G2&  

1 )  '��"+u7M�H�\µ%Cê��quy�ê��\µHI

M��+bc2 )�'��"+��H�#$%)¸%ýC�d

2 #$%C�ê�quyM��+��2 ?)CÊ�ef�&  

2 )  M��+JvH�°±��Ùd®Á>kdû®Á)Ùd®Á)�

���DDý1ç� )�\µ%Cî½\µHIbc2 ø+��

�DDý��D§ý�úÔ�)5 &?�$ñu7����DDý

>k\µ%CbcH��1Ê��@ )bC�@ &5q���
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�DDý�\µ%�TÀ+u7Ùd®Á�®ã�CÁe�5~�K

f�*�\µ%C°±�+bc2f��D§ý�úÔ�)5 &  

� mn�ÍÎu7����DDý� 2 . 3f�Gef�%Ä�TÀ+u

 � ���+���� )bCef &  

 

2 . 5  ÑÝÃÄ$Þßà;<=>?@A¥¦áâã�0���$mn�

f$T� 2 . 5 ) ^ 2 . 7 )  

 

2 . 5 . 1  ©K�£�

 

� 2 . 3fu7�|(ÃeC 1 9 0 0 m mmn)Ô@�5 ������

�������}|1î½\µ2 \µ%�TÀC�HA?)>k�

©i�ª 2 . 2 )�Ç�Û�)HIgdefIA ���¾Uà����

�¸%ý1�Ê+Ùd�@5A?)CÊ�ef�&?f+	HI�

2 . 4f�ÍÎu7�dû®Á)Ùd®Á)����DDý���\µ

%�TÀ+u7Ùd®Á�®ã�Áe�5~�Kf�*�\µ%Cî

½\µHIbc2 ø+�D§ýCúÔ�)5 ?)CÊ�ef�&

?�?)>k����DDý� 2 . 3f�Gef�\µ%�TÀ+u 

� ���+���� )bCef &  

� l?��f�@����|(ÃeC 2 0 0 0 m m�ømn)Ô@�5 

�����+qAI�?����DDý1ÍÎHI��¸%ý1�

Ê+Ùd�@ Ç�Û�1�Ë2 ?)1¼¤)H�&@�����

�� 2V\#$¿%ÁÛ�U��w�V�+u ý�Ç�1ÎAI�

���DDý�s¹ÍÎ>k�\µ%�¦Lï\1MdH�� 2 . 5 . 2

#�&V+�?�ÍÎ+��@���¸%ý1�Ê+Ùd2 ���

ÙdÛ�)Ç�Û�113H�� 2 . 5 . 3#�&ek+�13H�Ùd

Û�quyÇ�Û��_`$1]\CÊ��@ ��^}����

���@���)HIòÎefIA ������?fk+öÎH

I�þH�� 2 . 5 . 4#�&  

 

2 . 5 . 2  �äåæAsD���$±²çè$4n 2 . 5 ) ^ 2 . 7 )  

 

( 1 ) � �äåæ$�£�

� 2 V\#$¿%ÁÛ�U+���ý�Ç�1ÎAI�'��"+u
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 �����z�¬#$%�M��Ùd®Á�¹�1�wätH�

���DDý�s¹ÍÎ1�þH�&¾¿¤+�������+q

AI���¤+¦Lï\1�dH�\µ%�bc�)���DDý

�s¹ÍÎ)1¬H�&  

� 35JdÈÉ17 N ) ` +G2&Ç��wä+q¯ ������

�wäÃe� 1 4 0 0 m m� 2 0 0 0 m m� 2 4 0 0 m m +lf�fJdH�A

�f�Kf*�wäã� 2 0 0 0 0 m m )�d+H�&�wäã�Ãe�

8 pmn�� &#$%�M���'��"+u �����z�

��M�1�wätH��wän��>�ã�¦á� 1 f�+®Á1

M�H�&'�)�����)�N�¡��\µ%C����

�|(Ãe1 1 ºÖ2 ¡)�deÐ�&?f�����DDý+

qAI�\µ%Cbc2 ���D§ýCÊ@+úÔ�)57�\

µ%�bcCÌ�+Ê��@ ÙdÈÉCö`�� )bCH���

�� &#$%�¹���¹��1M��)�e�wäz�+ 1 1 �

JdH�&#$%�M��>k¹�����X× L � 5 0 m m >k

1 0 0 m m ¡·� 1 0 5 0 m m ��)H�&«¹����w�V�+u ý

�Ç�+u7Zø%Ä1s¹H�&lkf�Zø%Ä���Û�� z

�Û������@1��Zø)HIA &  

 

( 2 ) � Néê���p�ë�Êsìí$î¨ïÛÜðñ�

� 2V\�#$¿�%ÁÛ�U1U ( 2 . 6 )quy ( 2 . 7 )+lf�fG2&  

� � � � � � � 2

22

2

2

2

2

2
z
u

zx
w

x
u

t
u

�
�

�
��

�
��

�
�

�	
�
� ������    � �  ( 2 . 6 )  

� � � � � � � 2

22

2

2

2

2

2
x
w

zx
u

z
w

t
w

�
�

�
��

�
��

�
�

�	
�
� ������    � �  ( 2 . 7 )  

� ??�� �"kø� �� μ"*tdý� u" x �Û��bÕÛ���U

�

7 N ) ` � Néê��ò�p�ë�AÊËDóã9nðñ  

�wäYe(mm) 14008200082400

��+���¡¡·(μs) 2.5
Ùd¡ú(ms) 7.5
�wäã(mm) 20000

Jd#¼ JdÈÉ

�#$%Zø(m/s) 4000
S%Zø(m/s) 2320
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(� w" z �Û����Û���U(�� &���  

� � � � � ��� 2P �	V       � �  ( 2 . 8 )  

� � � ��	SV        � �  ( 2 . 9 )  

)q¯��U ( 2 . 6 )quy ( 2 . 7 )�ma�)q7+UÄ�@ &  

� � � � � 2

2
2

S

2
2

S
2

P2

2
2

P2

2

z
uV

zx
wVV

x
uV

t
u

�
�

�
��

�
��

�
�

	
�
�

    �   ( 2 . 1 0 )  

� � � � � 2

2
2

S

2
2

S
2

P2

2
2

P2

2

x
wV

zx
uVV

z
wV

t
w

�
�

�
��

�
��

�
�

	
�
�     �   ( 2 . 1 1 )  

� ??�� V P"�#$%Zø� V S" S %Zø�� &  

� �s	
C�Ä�Kf��Ä���bÕÛ�� 2 Ù)��Û�� 2

Ù�bÕquy���lf�f�ÙCÃ¢ 4 ���+qAI�ì[

ÈÉC�4+5 �??��bÕÛ��ì[ÈÉ+�AIij )�

? � Ù � # $ % C õ \ µ 2  À � � + 5  � � � U ( 2 . 1 2 ) q u y

( 2 . 1 3 )Cù 2 &  

� � � � � 02 	
�
�

��
�
�

z
w

x
u ���       �   ( 2 . 1 2 )  

� � � 0	

�
�


�
�

�
�

�
�
�

x
w

z
u�        �   ( 2 . 1 3 )  

� ?f+	HI��Û����bÕÛ�)��+À��)5 ���

U ( 2 . 1 3 )quyU ( 2 . 1 4 )Cù 2 &  

� � � � � 02 	
�
�

�
�
�

�
z
w

x
u ���       �   ( 2 . 1 4 )  

� �Û��|���U ( 2 . 1 2 )quyU ( 2 . 1 4 )C�+ù 2 ?)>

k�VU�ì[ÈÉC�>f &  

� � � 0	�� xu        �   ( 2 . 1 5 )  

� � � 0	�� zw        �   ( 2 . 1 6 )  

� ek+�ÐAC��1 0 )�d2f��VU�ì[ÈÉ*ù 2 &  

� � � 0	�� zu        �   ( 2 . 1 7 )  

� � � 0	�� xw        �   ( 2 . 1 8 )  

� dûÈÉ��'��"+u #$%M�1�wätH�M�%Ä1

ÎA�&?�%Ä�Dý1VU+G2&  

� � � � � � �®H�¡� c
c

max 2cos1
2

Tt
T
tFtf 


�

�

�

�
�	 �    �   ( 2 . 1 9 )  

� ??�� F m a x"!"�äÔG½+�`2 ®ã��ôV\�� t"
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� ( s )� T c"'�)�����)�N�¡ ( s )�� &5q�

t > T c � f ( t )� 0 )HIA &  

 

( 3 ) � �äåæ$½¾Êsì���$±²çè$4n½¾  

� 2 V\#$¿%ÁÛ�U��w�V�+u ý�Ç�+u7lkf

�#$%�¦LEF���1' N ) ( Ì +G2&' N ) ( Ì u7���

���z�+'��"+u #$%1M�2 )�M���z{1¦

L2 ����%)}|1 3 V\+¦L2 �#$%CÊ�ef &

���ê��z{1¦L2 ����%)���®ÁC��HIA &

?�ÍÎ��\µ%Cê�+bc2 )�'��"+��H�#$

%)¸%ýC�d2 #$%C��2 ?)CÊ�ef� 2 . 4 f�@

�ÍÎ)�dHIA &  

� �wäÃe 2 0 0 0 m m ��«¹���Ùd®Á)U ( 2 . 4 )+u7ç�

����DDý���1' N ) ( i +G2&U ( 2 . 4 )�� t 1� t 1 + T �

� y 1 ( t )��M��+ä*�A¹���� L = 5 0 m m �Ùd®Á�d

û®Á)H�&t~I�«¹������DDý�� L = 5 0 m m �¹�

��dû®Á)�«¹���Ùd®Á)����DDý�� &  

� ' N ) ( i l � 6u7�ý�Ç�+u Ùd®Á+qAI*�' N ) i +

GH�J�Ãe 1 9 0 0 m m� 2 4 0 0 m m ��Ùd®Á)��+��wä

 

 
l � 6 � ô ( ) Å � � �

 
l � 6 � ô ( ) W � � �

 
l � 6 � ô N ) Å � � �

´õö|ÃÄ÷N Å Å Å � �^£øùú�÷k Å û^�

��Z;<=>?@Z$üý:³÷( ) Å � �º �

' N ) ( Ì ��äåæAstuvwÇ���$±²»¼  
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Ãe�Ô@A��������#$%)����%1¬2 )�

���%�®ãC�_+Ô@�57�\µ%�bc1Ê��@5A&

?f+	HI�' N ) ( i l � 6+G2���DDý��TÀ�� 1°¯

���d�¡¡·��D§ýCúÔ�)5~IA &?�úÔ�)

5 ¡�)������}|1\µ%C��¤+¦L2 )�d

�' N ) ( Ï ©¢�HI�U ( 2 . 1 9 )quyU ( 2 . 2 0 )+u7ç��\µ%

�bc��ma�\µ%bcØ£��)¬H�&  

� � � 222
N )2( DNLP �	       �   ( 2 . 1 9 )  

� � �
RP

N
1)A(N

05.0
VV

P
T �	�       �   ( 2 . 2 0 )  

� ??�� P N" N�¼+bcH�\µ%�¦LX×� L"M��>k

°±����X×�D"�������wäÃe� T A ( N + 1 )"\µ%

�

L=250mm

L=50mm

L=450mm

0 1 2 3 4 5 6 7 8

�
�
,

A
.U

./

��(ms)
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�
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1
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0 1 2 3 4 5 6
-1

0

1

�23�4(ms)

L=650mm

5
6
7
�

-1

0

1

L=450mm

-1

0

1

L=250mm

�

l � 6aþÖS$mnop� � l � 6aþÖS$ØÙØÚÚ��

'N ) ( i �aþÖS$mnopZØÙØÚÚ�$¶��

´õö|ÃÄN Å Å Å � �º �

�

 

�����

°±�M��
L

D 

"1�¼�bc
"2�¼�bc
"3�¼�bc
"4�¼�bc

 

'N ) ( Ï ��nÎÇ���$±²çè�
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C N�¼+bcH����� V P"�#$%Zø� V R"����%

Zø�� &5q�'N ) ( i l � 6����DDý��� �C 0)5 

�� L = 5 0 m m�¹��+����%CbcH���� &U ( 2 . 2 0 )

�?����DDý����)�deÐ ���\µ%C«¹��

+bc2 �) L = 5 0 m m�¹��+����%CbcH��)�

�)HIA &  

� ���DDý+qAI�D§ýCúÔ�+5 �� 1�¼" � 1� 2

�¼" � 2�¤�)��¤+#$%C¦L2 )�dHIs¹H�\µ

%bcØ£�)�¬1'N ) N Å+G2&������DDý�®ã

Cäd+úÔ�+5 � � 11� )�M��)¹���X×+u~
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�

l � 6ÑÝÃÄN k Å Å � � �

' N ) N Å �ØÙØÚÚ�IØÚ��+�ÞAãD:�Z���$�

���:�$gh�
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I� � 1�¥S+UtHI¬�D§+� &?�¬�D§�¦7�Z

ø�1äÁ´§�+u7ç� )�|(Ãe 1 4 0 0 m m� 2 1 0 7 m / s�|

(Ãe 2 0 0 0 m m� 2 1 5 5 m / s�|(Ãe 2 4 0 0 m m� 2 1 4 9 m / s1l�&?

f�����%Zø)�dHIA )ijkf�� � 1�����%

C#$%�M��1¦LHI�«¹��+bcH���� )bC

�@ &�AI� 2�¼m��úÔ�+5 �1� )� � 2�\µ

%bcØ£�u7¨©ª�5~IA C� � 3� � 5�\µ%bcØ£

�).��dHIA &� � 2� � 5�\µ%C«¹��+bcH�

��� )bC�@ &  

� �®H� � 2�\µ%bcØ£�u7¨©ª�5~�&?�WX�

W�>k�\µ%+z{1¦LH�����%C©«H�*�)ij

kf &�j��'N ) N Å l � 6�|(Ãe 2 0 0 0 m m�M��)¹���

X× 1 0 5 0 m m�Kf�W�>k�\µ%Cz�+äd+bc2 �

��' N ) N Å l � 6¦�¬��Ê�quy�U ( 2 . 2 0 )u7 1 . 0 1 m s)5

 &�Û�M��)¹���X× 1 0 5 0 m m+qAI�����%Cb

c2 � � 1� 0 . 4 6 m s�' N ) ( Ï l � 6¦�®¯��� &����%

�¸û��'N ) ( i l � 6>k*V> )q7�'�)�����)�

N�¡)��ø)57�|(Ãe 2 0 0 0 m m�� 1 m s�ø)5 &t

~I�M��)¹���X× 1 0 5 0 m m��� 1�¼�\µ%CbcH

��+qAI�����%*�+ÙdefIA ?)+5 &�

��)q7����DDý��D§ýCúÔ�)5 ��dû®Á)

¸%ýC�d2 #$%CÙdef�)@�� & 1�¼�\µ%C

bcH�����\µ%+����%C©«HIq7�Ùd®Á�

dû®Á)��dH5A?))5 &dû®Á)�d2 �����

��%�©«+u � CÁe�5~��)5 &?f+u7��

��DDý��D§ýCúÔ�)5~���� 1�¼�\µ%bc

Ø£�u7*¨©ª�5~�)iB�@ &  

� mn�ÍÎu7����DDý+qAI�D§ýC 1�¼+úÔ�

+5 ������%C#$%�M��1¦LHI�«¹��+b

cH���� C� 2�¼m��úÔ�)5 ���\µ%�b

c+u ��� ?)CÊ�ef�&ek+�\µ%�¦Lï\�

'N ) ( ÏquyU ( 2 . 1 9 )).��dHIA )bC�@ &5q�?�

Kf�|(ÃeC 1 4 0 0 m m� 2 4 0 0 m m���M��>kX× 5 0 m m�

1 0 5 0 m m�«¹��+\µ%Cbc2 ����Áe�5 ?)C
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Ê��@ &  

 

2 . 5 . 3  �0���$mn�f^åæ�f$�	 �

 

( 1 ) � �£ �

� �#+u7����DDý�\µ%Cbc2 ø+�D§ýCÔ@

�5 ?)�ek+�|(ÃeC 1 4 0 0 m m� 2 4 0 0 m m���M��>

kX× 5 0 m m� 1 0 5 0 m m�«¹��+\µ%Cbc2 ����Á

e�5 ?)CÊ�ef�&??����#�Ê�ef�$ñ+�¼

HI������}|1î½\µ2 \µ%�TÀC�HA�|(

ÃeC 1 9 0 0 m mmn������+öÎ��5¸%ýÇ�Û�11

3H� 2V\#$¿%ÁÛ�U+���ý�Ç�+u7�ùef�Ù

d®Á+	HIöÎHI�þH�&  

 

( 2 ) � T�ÎÇmn�fÊsìåæ�f  

�

a ) � ØÙØÚÚ�ABCD�?>~� �

� |(ÃeC 1 9 0 0 m m mn)Ô@�5 ����������

���}|1î½\µ2 \µ%�TÀC�HA?)>k�Ùd®Á

+	2 ���¾Uà����¸%ýCÙd�@5A?)C 2 . 3 f�

Ê�ef�&?f+	HI����DDý�\µ%�TÀ+u7Ùd

®Á�®ã�CÁe�5~�Kf�*�\µ%C°±�+bc2f�

�D§ý�úÔ�)5 ?)C 2 . 4 f�Ê�ef�&mn�$ñu7�

���DDý+	HI���¾Uà1@`2f���#$%Cî½\

µ2 ?)+u7¹�2 ��¸%ý1Ùd�@ )û�ef &e

k+��#�ý�Ç��ÍÎu7������z�+ùýJdH�

«¹�����\µ%�bc���CÁeA?)CÊ�ef�&?

f+u7�«¹������DDý1ç�f��\µ%�bc+u7

�D§ýCÔ@�5 ����Áe�5 &l��Û������

%�¹��+u~Ibc�+�C�e &?��°>k�«¹��

�����DDý1}s2f��\µ%CbcH��+��}s�

CÔ@�5 &?f+u7�«¹�������DDý1}sH�D

ý����¾Uà+u Ðá�)â��ä���¸%ý�Ùd+��

�� )ijkf &  
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b ) � aþÖS³$���
$�Ø¢X�¦ÎÇåæ�f  

� «¹���Ùd®Á+	2 ���¾Uà+u7�U ( 2 . 2 1 )+u7

«¸%ý�(�1s¹H� 2 . 8 )&  

� � �



�

�

�

�
	 �

nf

nf1
f tan

a
b

�        �   ( 2 . 2 1 )  

� ??�� � f"¸%ý f�(� ( r a d )� a n f"���¾Uà+u7ç�k

f ¸%ý f����¾±²§ý� b n f"���¾Uà+u7ç�kf

 ¸%ý f����¾�²§ý�� &  

� ��� 2��¹��¡�(����ma�(��)A��1¸%ý

³+s¹2 )�U ( 2 . 2 2 )+u7Ùd®Á� 2��¹��¡��¦L

¡C¸%ý³+s¹�@ &  

� � �
f

�
t�

�2
' f
f

�
	        �   ( 2 . 2 2 )  

� ??�� � t ’ f"¸%ý f� 2��¹��¡��¦L¡ ( s )� � � f"¸

%ý f�(�� ( r a d )�� &  

� �#�ý�Ç��ÍÎu7�\µ%�bc��«¹����CÁ

eA&l��Û������%�¹��+u~Ibc�+�C�e

 &mn��°>k�¸%ý³�¦L¡1¬2f��«¸%ýC

\µ%�� �>���������%�� �>1üý¤+b"�

@ )ijkf &  

 

( 3 ) � �äåæAst�\ÄwÇmnopI$T½¾ �

� �ËH�Ùd�Ç�Û�1 2 V\#$¿%ÁÛ�U+���ý�Ç

�+u7�ùef�Ùd®Á+	HIöÎH�&35JdÈÉ�7

N ) ` )���� &JdH������)�N�¡��\µ%�

1 ºÖ¡� 0 . 3 7 5 p� 0 . 5 0 0 p� 0 . 6 2 5 p)H�&¹���#$%

�M��>k�X×C 5 0 m m >k 2 0 0 m m ¡·� 6 5 0 m m ��� 4 f

�+JdH�&5q�¹���´µ��M��+�AÛ>k c h . 1�

c h . 2� c h . 3� c h . 4 )H�&M��+ä*�A c h . 1 �����%CÙ

defIA Ùd®Á�dû|V1dû®Á)H�?f) c h . 1�

c h . 4 �Ùd®Á)����DDý R 1 ( � )� R 4 ( � )1lf�fç��?

fk1}sH�Dý R 1 4 ( � )1s¹H�&5q����¾Uà+ÎA�

Ùd®Á����DDý���+���¡¡·� 1 0 μ s )H�&�
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��¸%ý�VÇ�� 0 . 0 1 k H z )HI� 0 . 0 1 k H z� 5 k H z �rs�Ç

�H�&  

� ý�Ç�ÍÎ���)HI�'�)�����)�N�¡1\

µ%� 1ºÖ¡� 0 . 5 0 0p)H�)@� c h . 1�Ùd®ÁW 1 ( t )� c h . 1
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3445 13.4 3473 12.6 3390 12.1
3748 19.9 3680 18.1 3548 17.3
3708 20.1 3616 18.6 3592 16.8
3725 20.7 3700 19.5 3615 16.1
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3676 21.9
3693 21.4
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3174 16.6 3658 36.3
3165 16.3 3665 36.8
3154 16.6 3665 38.0
3260 20.5 3759 44.4 3873 47.9
3266 19.8 3785 43.7 3866 49.1
3306 21.0 3773 43.4 3843 48.2
3479 26.6 3842 48.5 4057 57.3
3488 25.6 3825 48.5 4052 56.2
3507 26.0 3833 38.0 4091 55.3
3657 31.8 3702 31.5 3907 51.9
3650 31.1 3696 30.6 3906 54.1
3652 31.6 3679 33.2 3870 52.1
3790 38.0 3971 58.4
3826 38.3 3968 56.6
3800 36.1 3965 56.0
3955 41.7 3982 61.3 4196 62.5
3921 43.1 4001 63.8 4195 64.6
3917 40.6 4027 59.5 4189 65.2
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��ÛC¨©,-�øCÔ@�5~IA C�?�Kf�*?f+	]HI�

#$%Zø*Z�5~Iq7��#$%Zø),-�ø)�D§���2 Í

Î)5~IA &  

� mn�)q7�/S�)H�ýþò�¿���lkf �#$%Zø),

-�ø)�D§C��S�)b¦S�)�´5 ?)CÊ�ef�&���/

S�)H�ýþò�¿��,-�øOP�	
)5 ��¿�����)

¬HI��ÈÉ.�øUt5c�ÈÉC´5 )ijkj &?fk�Í

Î>k���¿������ÙdH��#$%Zø>k,-�ø1OP2 

���D§U�ma�,-�øOPU)A����/S�)H�ýþò�¿

���#$%Zø),-�ø�ÙdÍÎ>k�lkf5A)ijkf &  

7k)i�������Z:;<�$mn½¾´HI=z&Jò÷ÃE^MKº  

2407 4.7 2701 5.8
2436 4.6 2752 5.5
2439 4.6 2694 6.5
3234 13.4 3481 19.7
3219 13.1 3432 20.8
3206 13.0 3468 21.3
3302 16.7 3399 16.4 3566 25.7 3575 20.9
3365 17.0 3421 17.3 3622 25.9 3667 24.9
3381 16.7 3380 16.8 3571 26.0 3715 26.3
3476 19.2 3735 29.4
3485 18.5 3780 29.4
3446 19.5 3709 28.5
3552 22.0 3652 21.7 3804 31.6 3792 25.5
3619 22.4 3643 21.0 3823 32.3 3897 32.8
3599 22.9 3639 22.2 3764 33.4 3845 32.1
3680 24.4 3868 34.9
3691 21.4 3876 33.6
3678 25.9 3886 35.5
3725 27.9 3812 27.5 3907 37.3 4018 39.1
3737 25.6 3831 28.5 3877 37.5 4046 39.9
3771 26.9 3832 27.4 3915 39.0 4055 39.7
3786 28.9 3965 43.1
3753 28.5 3908 40.9
3763 30.5 3894 41.2
3775 28.7 4018 29.5
3729 28.8 3928 37.0
3758 25.5 3977 39.3
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�H�ýþò�¿�������S�)���D§UClkf b¦S�+u

7S�H�ýþò�¿���#$%Zø),-�ø1ÙdH�ÍÎ>kl ?

)C_`�� &l?����S����b¦S�)H�ýþò�¿���Ù

dH��#$%Zø),-�ø>k�x��U (4.3)+G2÷ýDý�D§U

1äÁ´§�+u7ç��&lkf�dýquy�D§ý17k)Ï+G2&S
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��7f�ýþò�¿1��H�S�Û����S����b¦S�)HI�

(s1UteÐI�#$%Zø),-�ø1ÙdH�ÍÎ>kç� ?)C_

`�� ?)CÊ�ef�&���?�D§U��äÁ´§�+u7�U

(4.3)+G2÷ýDý)HIç�kf ?)CÊ�ef�&  

 

4.1.4 &JòI$:;<�=> 4.6)^4.7) 

 

(1)� ©K�£�

� 7k)(+GH�OJ�ò�¿1@���)£dH�ÙdH��#$%Zø>

7k)Ï�NOPQfAsD������Z:;<�$Ú���
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�D§ý dý� dýk

N18 0.9925 4.999 2.610�10-17

N24 0.9925 5.247 3.258�10-18

N30 0.9928 5.554 2.984�10-19

N60 0.9867 5.076 2.351�10-17

BB24 0.9941 5.357 1.420�10-18

BB30 0.9926 4.986 5.319�10-17

N45 0.9774 4.332 1.389�10-14

N18 0.9944 3.988 1.431�10-13

N30 0.9887 4.870 1.153�10-16
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+��M��)°±��X×Cú�5 )Ùdn�Zø�Z�5 UtC�e

 &���?�Ut�Ê�ef5>~�&]8�� 1��2 ÙdÊ�Jd

Û�1IÎH�?))�OJ�����,-�øOP1£dH�(s28Ó�1

Q�ø��Ùd��~�?)>k�?fk�� C�e5>~�)ijkf & 

� mn�ÍÎ>k��#$%Zø�«M��)°±��X×�Ùdef��#

�

7k)(Å�:;<�4n½¾ZWX;Y$:;<�Z$gh  
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S�
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Zø
(m/s)

Û,-�ø
OPÍÎ

(N/mm2)

ÜIJH�
42Y�
,-�ø

(N/mm2)

¬¾
�Û/Ü�

(%)

No.1 28 4022 27.2 24.9 1.09
No.2 28 3946 24.8 23.4 1.06
No.3 28 4057 28.5 25.6 1.11
No.1 91 3977 25.7 26.7 0.97
No.1 28 3983 27.4 27.2 1.01
No.2 28 4006 28.2 27.7 1.02
No.3 28 4011 28.4 30.1 0.94
No.1 91 4175 35.1 27.7 1.26
No.1 28 4121 35.7 32.1 1.11
No.2 28 4124 35.8 32.8 1.09
No.3 28 4059 32.8 34.9 0.94
No.1 91 4181 38.7 33.6 1.15
No.1 28 4175 56.2 58.4 0.96
No.2 28 4262 62.4 56.7 1.10
No.3 28 4262 62.4 61.0 1.02
No.1 91 4206 58.3 62.7 0.93
No.1 28 4027 29.1 33.3 0.87
No.2 28 4020 28.9 31.8 0.91
No.3 28 4115 32.7 35.8 0.91
No.1 91 4201 36.5 31.7 1.15
No.1 387 4054 51.9 40.2 1.29
No.2 387 4027 50.1 46.2 1.09
No.3 387 4084 53.8 45.5 1.18
No.1 373 4113 63.0 59.4 1.06
No.2 373 4128 64.0 57.2 1.12
No.3 373 4087 61.3 64.0 0.96
No.1 373 3744 25.5 23.3 1.09
No.2 373 3711 24.6 24.4 1.01
No.3 373 3725 25.0 22.7 1.10
No.1 359 4102 45.4 41.4 1.10
No.2 359 4082 44.4 39.0 1.14
No.3 359 4055 43.0 39.9 1.08
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� $+Gef �����)'(�}ñº�b¯t��¬�����

����$K�¶Î(6TCõITHA��(6���7f�ýþò�¿1

ÎAI�å�+�#$%Zø),-�ø1ÙdH�,-�øOPU1Jd2

 �½)HIA &,-�øOPU��ýþò�¿112���H�´5 4(

s�3����#$%Zø),-�ø1ÙdHI�U(4.3)+G2D§U1äÁ

´§�+u7ç�IJd2 &�#$%Zø),-�ø1Ùd2 (s��

�Ä*ä�*�º¯t��.Y¼¯t��B!��(sã7Ó�ã14Ó�ã28

Ó�ã91Ó�$�*ä�*�º¯t����(sã3Ó�ã7Ó�ã28Ó�ã

91Ó)2 &,-�øOPU�Jd����ø��CÅV��5A¨(s

>k�ø��C%&2 (s���4(s��#$%Zø),-�ø1Ùd2

 �½)HIA &?f���#$%Zø),-�øC¨(s�ÁeA<'

>k�(sCïþHIÔ@�5 <'���qrs��x��D§1~�H

I���5,-�øOPU1l ?)1¼¤)HIA &���4(s��Ù

d)HIA ����#$%Zø),-�ø�÷ýDý��ÊD§)5 C�

?��ÊD§1z�2 ���� &  

� ���@���,-�øOPU�JdEF17k)(N+G2&��	
��

�¿�����)��7f�ýþò�¿1��H�����½+��AI�

,-�øOPU1JdH�&���ýþò�¿�S�Û�)�ý����S

�quyb¦S�112���)HI�xS�Û���ÙdÍÎ1¬H�&  
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���S�)b¦S��2Ä7)HIA C��e(s���#$%Zø),

-�ø�ÙdÍÎ1S�Û��¬2 )�b¦S��ÛC�#$%ZøCZ

��,-�øCÔ@�5~IA ?)CÊ�ef &�®H��#$%Zø)

,-�ø��DD§����S�)b¦S���zm����ÊD§��7�

��S��b¦S�)*+���,-�øOPUClkf ?)V> &  

� ���@����b¦S����#$%Zø),-�ø�ÙdÍÎ>k�ä

Á´§�+u7U (4.3)+G2÷ýDý�,-�øOPU1ç��&lkf�

7k)(`�AB&JòI$������Z:;<�$mn½¾�

3759 31.0 3905 39.9
3770 30.2 3913 40.3
3754 31.7 3908 39.7
3840 38.1 4041 47.7
3866 38.0 4011 46.8
3834 37.9 4014 49.9
4037 47.7 4124 56.2
4025 46.6 4103 55.8
4063 47.1 4096 51.5
4069 51.8 4133 56.7
4061 50.6 4151 56.6
4060 53.7 4130 56.2
3382 13.0 3380 16.1
3342 13.3 3398 15.4
3358 13.4 3446 16.2
3434 22.1 3557 23.1
3469 22.0 3564 27.2
3441 21.9 3553 26.7
3738 30.9 3809 33.6
3749 30.5 3851 36.2
3735 29.9 3879 35.4
3991 38.3 4169 46.2
4056 39.5 4174 47.8
4063 40.4 4156 46.8
3601 21.0 3571 20.3
3571 21.6 3588 20.9
3525 21.3 3579 21.0
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3658 25.8 3789 27.6
3714 26.9 3718 25.7
3733 29.5 3875 32.5
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3902 35.4 4016 39.2
3851 33.0 4053 35.1
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dý17k)(k+G2&�D§ý�0.96mn)57��A�DD§��,-�

øOPUClkf�&  

 

b)� ��¿�������,-�ø�OPÍÎquyiø��þÍÎ 

� «�����«M��)°±��X×+q¯ Ùdn��#$%Zø�Ùd

ÍÎ���1' k)(Å +G2&  
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7k)(W�:;<�4n½¾ZUVÎÇHz&Jò$:;<�Z$gh�

´PQR�º�

��1 A 35 4142 57.3 43.9 1.31

��1 B1 35 4123 55.3 48.7 1.14

��1 B2 35 3974 48.1 48.7 0.99

��1 C 35 4064 51.9 45.8 1.13

��2 D 35 4068 49.8 51.6 0.96

��2 E1 35 4100 53.1 53.8 0.99

��2 E2 35 4070 50.6 53.8 0.94

��2 F 35 3935 46.5 45.1 1.03

��3 G 35 3995 49.0 45.1 1.09

��3 H1 35 4037 52.1 52.7 0.99

��3 H2 35 4196 58.8 52.7 1.12

��3 I 35 4060 49.3 45.6 1.08
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7k)(Æ�:;<�4n½¾ZUVÎÇHz&Jò$:;<�Z$gh�

´PQR�º�

P1 Ò�¦á 17 3944 37.6 32.4 1.16

P1 )�¦á 17 3889 35.0 32.2 1.09

P1 *�¦á 17 3801 31.2 37.6 0.83

P1 +�¦á 17 3844 33.0 36.4 0.91

P2 Ò�¦á 17 3850 33.3 32.8 1.01

P2 )�¦á 17 3762 29.6 37.0 0.80

P2 *�¦á 17 3921 36.5 34.6 1.05

P2 +�¦á 17 3867 34.0 38.2 0.89
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7k)(Ì�:;<�4n½¾ZUVÎÇO«;Y$:;<�Z$gh�

´PQR�º�

}|Q¾¼½¼ 28 3737 26.0 25.8 1.01

áA*�E,� 28 3725 25.6 28.1 0.91

áA*�E-� 28 3678 24.1 28.1 0.86

áA*�C,� 28 3722 25.5 30.0 0.85

áA*�C-� 28 3733 25.9 30.0 0.86

}|Q»¼½¼ 28 3726 25.7 28.2 0.91

áA+�F,� 28 3749 26.5 31.2 0.85

áA+�F-� 28 3751 26.5 31.2 0.85

áA+�D,� 28 3736 26.0 28.9 0.90

áA+�D-� 28 3763 26.9 28.9 0.93
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4.1.6 �Z� 

 

� !"#$%�+u7Ùdef �#$%Zø�������,-�ø)�

��DD§+� &�f��?�D§1ÍÎHI�OJ2 ��¿����

��,-�ø1�N�>��� �ø�iø�OP2 Û�)HI�!"#$

%�1öÎ2 ?)1�ËH�&lkf�ÍÎ1ma+G2&  

1) �����¦1¦L2 �#$%Zø)������,-�ø��÷

ýDý�Gef ���DD§+� &�®H�?�D§U������

��¶Î(6�7f+u~IUt2 &  

2) ýþò�¿+u7�������#$%Zø),-�ø�D§1232

 )���(6���7f�ýþò�¿��~I*�S�Û�1/S�)

2 )���S�.b¦S�)�´5 D§)5 &  

3) ��¿������ÙdH��#$%Zø>k,-�ø1OP2 ,-

�øOPU����	
)5 ��¿�����)��(6���7f�

ýþò�¿1��H�S�Û����S����b¦S�)HI�(s1U

teÐI�#$%Zø),-�ø1ÙdH�ÍÎ>kç�kf &���?

�,-�øOPU��äÁ´§�+u7÷ýDý)HIç�kf &  

4) ��¿��������#$%Zø�ÙdÊ�]8+	HIà�+Jd

H�M��)°±��X×�200mm>k100mm¡·�1000mm���9�+

JdHIÙdH�&?f+u7��#$%Zø�Ùd+qAI�]8�� 

1°¯5A?)CÊ�ef�&���«M��)°±��X×+q¯ Ùd

n��#$%Zø1¬2 ?)+u7������z���#$%Zø

��ðt5c�xaHIA5A?)CÊ�ef�&  

5) «M��)°±��X×�Ùdef��#$%Zø�Õ��>k�#$%

Zø1�dH�3)+u7JdH�,-�øOPU+u7�������,

-�ø1OP2 )��
�IJH�42Y�ÁhY��)ò�¿+u

 ,-�ø���ÍÎ)¬HI�.��15%�iø�,-�ø1OP�@

 ?)CÊ�ef�&  

� mn�ÍÎ>k�!"#$%�+u ��¿������,-�ø�OP

Û�����������#$%Zø),-�ø�D§�$ñ1ÅV+ßÇ

HIö÷5,-�øOPU�JdÛ�1IÎH����]8.z��ðt+u

 � 1��H�ö÷5��¿��������#$%Zø�ÙdÛ�1I

Î2 ?)C½4)5 &?f+u7���¿������,-�ø1�N�

>��� �ø�iø�OP2 Û�)HIÊ �@ *�)ijkf &  
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4.2 89;<=>?@$7[ \$EF=>�f$T� 

 

4.2.1 �� 

 

� ���������úQòÎ2 ?)+u7�ïQðtC�e ?)CÕ

ÖefIA C�35ðtX�)HI�¦$t�%«�^«5cC� 4 .12 )&

¦$t��]8��������������z�>k´µt¶·C�M

2 ?)+u7�]8��.�ÎCxaHI�l���b.µ·C]8+bc

HI]8CÓÔH������G$.��$Cm5¢f ðt�� &%«��

]8��������������z�>k%t��î�C�M2 ?)

+u7�]8CÓÔHI������G$.��$Cm5¢f ðt�� &

^«���/)NHIA ������z{³�+��fIA bVC^Í

+u ü/)�Ç1	7
2?)+u7������01���1	7
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ðt�� &  

� mn�ïQðt�à�1� )�������z{³���ñ��ïQð

t�°±�²³+½45 11Î�2?)CV> &��7�OJ+`$e

f �����������$�1�neÐ ��+��z{³���ñ1

�neÐ u�`$Û�1$ë2 ?)C½4�� &mn�ê�>k�z{

³���ñ1����OP2 Û�1Ê 2 ?)����� )ijkfI

A 4 .13 )&  

� !"#$%��������z�1'�.5�6+u7�"2 ÙdÛ�

�� C��"+'�.5�6)�����z�)CN�HIA ¡

�ma�N�¡)A����N�HIA ������z���e.#$

§ý+u~IUt2 $ñC� &?�$ñ>k�N�¡1Ùd2 ?)+

u7�������z{³���ñ1OP2 ?)C���� )ijkf

 &l?���f���!"#$%��5�6�"+u N�¡1Ùd2 

?)+u7�OJ2 ������z{³���ñ1OP2 Û�1Ê 2
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��������}|�bV�^Í�Ç��$���7�^«+	2 ��

$5c]8�����������$�+D2 �ñ�� &  

 

4.2.2 mn�HÊsìmn�f 
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� @�����ÙdEF��1�� k)` +�Ùd+ÎA 5�6�õ¿V1

' k)(N +G2&5�6��"¿+J~�1³¯I�ùefIA &N�¡

�������z�15�6��"HIÙd2 &�"¿+�!"}Zø�

�¸%ýrs 0.4Hz�10kHz�C}åefIq7����3�"��(ñ�'
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� Ùd�lkf �"%Ä��1' k)(` +G2&�"¿C�����z�
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z�>k\�HIA ¡)5 &�"¿C�����z�+aMHIA 

¡ tm �������z�+7$UÄ)#$UÄC�eIA ¡��7�

U(4.4)+u7Gef 4 .14 )&����"¿C�����z�>k\�HI

A ¡ tE �������z�+#$UÄC�eIA ¡��7�8ä

9N�ß�+��@U (4.5)+u7Gef 4 .15 )&Ùdef N�¡�U

(4.4))U(4.5)+u7�def &  
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*Yl�¬�jh)�����z��*Yl�¬C�d��f�����

��z��#$§ý+u~IUt2 &mn�$ñ>k��e5�6�ÙdH

�N�¡������z��#$§ý)<�ãä�e1\o2 ?)CV

> &  

 

(2)� üý:³$mn�f�

� N�¡�ÙdÍÎ��1' k)(k +G2&ç¶%Ä�5|���CN�

¡ TC�� C�üý¤+N�¡ TC1�d2 ��+¸%ýÇ�1±A�Ð

á�)â��ä�®ãCäÔ)5 ¸%ý f0 �èý>kN�¡ TC1�d2

 Û�)HIA &�®H�' k)(kl�6�ç¶%Ä��²%CúÁ�)5 

�>k�¸û1ïI��yúÁ�)5 ����'��Ðä)E�%Ä�

� &?�%Ä���¸%ýÇ�+qAIj¸ûV��²%)�>"C�ÌÊ

)57�' k)(kl�6�Ðá�)â��ä��x¸%ý?{�q�{�®ã�

CÔ@�57�®ãCäÔ)5 ¸%ý1àd�@5A&l?��ç¶%Ä+

	2 üVÇ�+u7�dû(�C 0 )5 �²%��¸ûV�%Ä1lI

�' k)(kl�6��?�%Ä+	2 ¸%ýÇ�ÍÎ�' k)(kl�6�>kN�

¡1�d2 Û�1IÎH� 4 .16 )&  

� ���U (4.7)u7�N�¡�Ùd���"¿�N��Zø+u~I*

Ut2 ?)>k��"�e+u~I� �ø�!*9@C�e ?))5 &

?�� 1��HIÙdiø1�neÐ ���Ùd� 1Añ+�@��5w

7�N2 20 ��±~�&20 ��Ùd��}sÕ��1ç��B�CÕ��

�
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ÇÈ�É
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���(kHz) �
l�6]^�#�� � � l�6]^�#$xy?z{=@|�
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ÇÈ�ÉÊ
ËÌ]^�É
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��(ms) �
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���(kHz)

f0Í5.98kHz

�

l�6]^�#$_ù�#��l�6_ù�#$xy?z{=@|�

'k)(k�üý:³$mn�f$��
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� 20%mn+5 Ùd�1CDHI��ø�}sÕ��1ç� Õ�t¼ß

+u7«ÙdAñ�N�¡1�d2 Û�)H�&  

 

4.2.3 &JòI$mn©K 4.17)^4.18)^4.19) 

 

(1)� ©K�£�

� @�+ÎA�ò�¿17 k)(i +G2&@� 1 ���2 ò�¿� 8 |(+q

AIN�¡1ÙdH�&ò�¿��ýEF1�� k)k +G2&«|(���

�2+fÍ�21¶ÎH��)¢b�21¶ÎH��C�7������z

{³���ñ�¶ÎH��2+u~IUt2 )ijkf &?��2��°

+u N�¡�Ut1¬2 ?))H�&���L �ò�¿�� �25mm

�

7k)(i�©KA¦àÇ&Jò»¼�

WÒ N 63.0

á BB 59.0

WÒ N 49.5

á BB 59.0

WÒ N 38.0

á BB 45.5
N 35.0
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�ÁhY 4 .10 )1IJH�z�>k�e 50mm³����,-�ø1��H�&

?�,-��ÍÎ)ÙdH�N�¡)1¬H�&  

� @� 2 �ò�¿��ÙdEF1�� k)W +G2&ò�¿ÄE� 1200�Y

e�Ù900�ã�ÙD450mm�Ãe��¯t��!W��Ä*ä�*�º¯t

���Y¼¯t�� B !� 2 !W�� &«¯t��!W� 9 ¿�ò�¿1

��H�b¯t��¬1 40%�50%�60%� 3!W�EFS�Óý1 1Ó�

�����42GÛ$�42�S�û¡��Ä*ä�*�º¯t��� 7Ó�

Y¼¯t�� B !� 9 Ó��28 Ó� 3 !W)H�&b¯t��¬.EFS�

ÓýC´5 ?)+u7������z{��ñ�Ut2 )ijkf &

?fk�ÈÉ��°+u N�¡�Ut1¬2 ?))H�&���N�

¡�ÙdÍÎ�	¬V�12 ���100Ù100Ù400mm ��þò�¿1�

�H�Ï°¦$t��1±5~�&�þò�¿�N�¡1ÙdH�ò�¿)

���7f�EFS�Óý��7�20�60%RH Gs/³H��^�íIH�

�+Ï°¦$t��1±5~�&  

 

(2)� ©K½¾  

�

a)� @�1 4 .17 )�

� @� 1�«|(��N�¡�ÙdÍÎ17 k)(Ï�' k)(W +G2&@� 1

���2 ò�¿� 8 |(�ÙdH�«|(���2+fÍ�21¶ÎH��)

¢b�21¶ÎH��)� 2 �C� &' k)(W ����1¢b�2��N�

¡���1fÍ��N�¡)H����|(���2��°+u ÙdÍ

Î�Ut1¬H�V�� &ÙdÍÎu7��j� L �ò�¿ A WÒ���

fÍ�21¶ÎH���Ùdef�N�¡� 124.1�s �� �+	HI�¢

 
��k)W�©KN$&JòI$mn»¼�
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b�21¶ÎH���� 99.9�s )57�¢b�21¶ÎH���ÛCÙde

f N�¡C 20�s mn²�5~�&Ñ�|(�*��+�¢b�21¶Î

H����Ùdef N�¡C.� 20�s mn²�5~�&  

� ??��L �ò�¿�� �25mm �ÁhY1IJHI�z�>k�e

50mm ³����,-�ø1��H�C�ÙdH�N�¡),-�ø��)

�¬1' k)(Æ +G2&x���D§ý 0.77 )� �ø��DD§CÊ�

ef�&���)q7�¢b�21¶ÎH����Ùdef N�¡C²�

5~�C�ÁhY+u �e 50mm ³����,-�ø*��5 J�C

�7�?fk�ÍÎ1\oH�*��� &��7�¢b�21¶Î2 ?)

+u7������z{³���ñ��nH�#$§ý)<�ãä�e�Ô

@�5 )ijkf�N�¡�ÙdÍÎ�?�#$§ý)<�ãä�e�U

t+	]HIA )ijkf &�®H�N�¡)ÁhY+u ,-�ø

7k)(Ï�©K(÷a&JòI$üý:³$mn½¾�

ÎwÏÐ qÑÏÐ

WÒ N 99.9 124.1
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���ÍÎ��A�DD§+�5~IA5A&?f��N�¡�ÙdÍÎ+

\o2 �����z�>k��e�rs��ÁhY���	
�rs�

� z�>k�e 50mm ³���)��dHIA5A?)+u *�)ij

kj &N�¡�ÙdÍÎ+\o2 �����z�>k��e�rs��

ÁhY���	
�rsu7*¹A)ijkj &  

�

b)� @� 2  4 .18 )�4 .19 )  

� @� 2 �¶ÎH� 9 ò�¿��N�¡�ÙdÍÎ1' k)(Ì +G2&Ùd

ef N�¡���eb¯t��¬���������EFS�ÓýCú
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�5 zc�����eEFS�Óý���������b¯t��¬CÁ

e�5 zc�²�5 ÍÎ)5~�&EFS�ÓýCú�5 ?)�b¯t

��¬CÁe�5 ?)+u7������z{³���ñ��nH�#$

§ý)<�ãä�eCÔ@�5 )ijkf C�N�¡�ÙdÍÎ�?f

k�Ut+	]HIA &  

� ���N�¡1ÙdH�ò�¿)���7f�EFS�Óý��þò�¿

�±~�Ï°¦$t���ÍÎ)N�¡�ÙdÍÎ)�¬17 k)NÅ�'

k)(i +G2&¦$tZø§ý������z{³���ñ�Ut+	]H

IUtH������z{³���ñC�n2f�¦$tZø§ý�Áe�

5 &?�ÍÎ>k�N�¡)¦$tZø§ý+��DD§CÊ�ef��

D§ý��Ä*ä�*�º¯t��� 0.830�Y¼¯t�� B !� 0.930 ��

~�&�®H�' k)(i �lkf��K�Ê1¯t��!W�¬2 )��

j�N�¡ 140�s ��¦$tZø§ý���Ä*ä�*�º¯t����

ã 2.5mm/Ó 0 .5�Y¼¯t�� B!��ã 2.0mm/Ó 0 .5)¯t��!W+u~

I´5~�&��7�Ùdef N�¡)�����z{³���ñ+�

�DD§C� *���������¶Î(6.7f+u~I´5 �DD

§�� )ijkf &  

�

7k)NÅ�©KN÷a&JòI$üý:³Zjkl�mJK½¾Z$gh�

1 128.4 0.90
7 121.3 0.71
28 127.0 0.23
1 139.5 1.60
7 132.0 1.50
28 130.7 1.30
1 144.9 2.60
7 137.4 2.20
28 131.8 2.00
1 131.3 1.30
9 127.2 1.10
28 128.8 0.64
1 141.9 2.10
9 135.6 1.40
28 134.0 1.50
1 138.1 2.50
9 144.2 2.50
28 156.0 3.30
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(3)� ©PQRI$JK�f$T��

� (2)+GH�@�ÍÎu7���+u7Ùdef N�¡������

��`$+¶Î2 �2�!W�b¯t��¬�EFS�Óý�?fk�È

É��°+u �����z{³���ñ�Ut+	]HIUt2 ?)C

Ê�ef�&?�ÍÎ>k�N�¡1Ùd2 ?)+u7�`$ef��

����z{³���ñ1OP�@ *�)û�ef &�®H�Ùdef 

N�¡)�����z{³���ñ)��DD§�������¶Î(

6.7f+u~I´5 ?)*Ê�ef�&mn�ÍÎ>k13H��N�

¡�Ùd+u �OJ������z{³���ñOP��½���1'

k)(Ï +G2&  

� ' k)(Ï �����OJ2 ��¿������S�Û�1$ë2 ?)

+u7�z{³���ñC�nH�?)1OP2 �½1GH�*��� &

bd�2�1Jd2 ���ò�¿1���	
���¿������7f

� $+Gef������)'(�}ñº�b¯t��¬������

���$K�¶Î(6TCõITHA��(6���7f������+u

7��2 &?�ò�¿�ÙdH�N�¡)OP	
���¿�����

�ÙdH�N�¡)1¬HI�f�1bd2 �½�� &ò�¿�S�

Û����L�5cC4ç2 S�Û��� 42¤5�2W+Gef�S�

Û�)2 &��¿������ÙdH�N�¡C�ò�¿�ÙdH�N
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�¡u7²�5f��`$�COJ���¿������S�Û�1$ë

H�?)+u7������z{³���ñC�nH�*�)OP�@ &�

�

4.2.4 ©PQRI$T©K 

 

(1)� mnðñX�mÄnÇ&JòI$©K�

�

a)� @�.4�

� 4.2.3 #���ò�¿��@�ÍÎ+��@�N�¡�Ùd+u OJ�

��¿������z{³���ñOP�½113H�&OP+�bd�2

�C�4��7�ò�¿��ÙdÍÎ>kJd2 Û�113HIA &�®

H�N�¡�U (4.5)�U (4.7)+uf��5�6)�����)�ñº�

¬¾ MSC )5�6)������jh�¬¾ RSC +u~IUt2 ?))

5 &t~I�ò�¿)��¿��������Ùd�CUt2 ��$C

ijkf &l?��ñº�¬¾)jh�¬¾)1UteÐ�Ùd1±A�Ù

dWß��þ)ò�¿��ö÷5ÙdÛ���Ë1±~�&  

�

b)� @�Û��

� @���J�	�C �100Ù200mm �ýþò�¿)M75mmÙ150mm ��þ

ò�¿1ÎA�&¶ÎH�������7f17 k)N( +G2&b¯t��

¬� 40%�50%�60%� 3 !W)H�&���S�Û��Eb¦ 28 ÓF�

E�� 7ÓF�E�� 1ÓF� 3!W)H�&S�Û�����ma�)q7

�� &Eb¦ 28 ÓF��(s 1 Ó���H���(s 28 Ó��b� 20N

O���¿������P O�bd�2��Jd�P

�ñ�n����
S��@`

42¤5�2W+Gef�
S��@`

�J ò�¿���

N�¡�ÙdN�¡�Ùd

bd bd�2��Jd
 

'k)(Ï��	CD=>eZ$¶��
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�b¦S�H�lfm��Q��/¦S�)H�&E�� 7ÓF��(s 1Ó

���H��+Ô�Î*�+��ä)���H�(s 7 Ó��^� 20N�^

}�S�H�&l���(s 28 Ó���^� 20N�^}��(s 28 Óm�

�Q��/¦S�)H�&E�� 1ÓF��(s 1Ó���H���Q��/

¦S�1±~�&5q�ò�¿�«ÈÉ� 3 ¿����H�3 ¿�ÙdH�N

�¡�}sÕ��>k�«ò�¿��N�¡1�dH�&  

� 5�6)������ò�¿�)�ñº�¬¾1UteÐ�Ùd+�AI

��(s 45 Ó��þò�¿1ÎAI�,-��X�RdeÐIÙdH�&R

d2 ���G½��(s 28 Ó+"Þ��H�ýþò�¿��,-�ø��

ÍÎ>kbCH�ôRG�,-�ø����äÔG½� 1/20�1/10�1/5�1/2

� 5!W)H�&���5�6)������ò�¿��¬¾1UteÐ�

Ùd+�AI���� k)Æ +G2)q7����ýþò�¿+qAI��¾

1�2 ��)Õ��� W�1	
)HIÙdH�&Ùd(s� 28 Ó) 45

Ó� 2�)H�&  

�

c)� @�ÍÎquyiB�

� (s 45 Ó��þò�¿1ÎAI�,-��X�´5 G½�RGHIÙd

7k)N(�Í¦ÎÇ;<=>?@$¸f�

w ¬`« �°l ¯°l

40 43 165 413 730 996 1.033 1.652

50 45 160 320 805 1012 0.800 0.960

60 47 160 266 862 999 0.665 0.931

AEØwÙ
(kg/m3)

AEÙ
(kg/m3)

ÚÛÜÝ«´`Þ
¬`«

8 4.5

¬`«§¨
�´
`µ
(cm)

ßyà
(%)

W/C
(%)

�°
lá
(%)

âSà(kg/m3)
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l�6AB&Jò$×·I$mn� ���l�6AB&Jò$J·I$mn�

��k)Æ�AB&JòI$üý:³$mn»¼�
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H�N�¡1' k)NÅ +G2&ÙdWß+uf��N�¡�U(4.5)�5�

6)������ñº�¬¾ MSC +u~IUt2 &���5�6�ñº

� 18g��þò�¿�ñº�ã 1650g�� ?)>k�ôRG��þò�¿�

� MSC� 0.989 ��7�RG2 ?)+u~I MSC� 1 +w=2 &��7�

ÙdWß+���N�¡��ôRG�ÙdH�Kf+�RGHIÙdH�K

fu7*²�5 &?f+	HI�' k)NÅ �ÍÎ���ôRG�ÙdH�N

�¡�RGHIÙdH�Kfu7*Ô@�5 ò�¿*�7�ÙdWß)�

dHIA5A&���,-�ø����äÔG½� 1/10�1/5�1/2 �ÙdH

�N�¡�.��d)5 C�ôRGquyäÔG½� 1/20 �ÙdH�N

�¡�UÁCÔ@�5~�&?fk�ÍÎ>k�ôRGquyäÔG½�

1/20 �ÙdH�Kf+��U(4.5)�ÙdWß+���N�¡CÙdefI

A5A��$Cijkf &?�WX)HI���"�!"+u73�"�

CNÁHIÙdWß)�´5 �
C�e�?)5cCijkf &  

� mn�ÍÎ>k�����þò�¿�u�+5�6)������ñº�

¬¾ MSC C 1 +w=H5Au�5ò�¿�N�¡1Ùd2 +��,-�

ø����äÔG½� 1/10 mn�RGHIRdH�E9�Ùd2 ?)Cö

÷�� )ijkf &5q�?�ÙdÛ�����)��+�"+u ��

Û��� 4)�5�6���óº���+u713efIA ÙdÛ� 4 .20)

)�d2 &  

� �100mm �ýþò�¿��¾1�2 ��)Õ��� W��ÙdH�N

�¡�¬1' k)N( +G2&??������ÍÎu7�ýþò�¿1R

GH�E9�ÙdH����Ùd��G½�,-�ø����äÔG½�

1/10�W��Ùd��G½�},�}CÁe�5 ��ek+ 1/10 pH�G

½)H�&8ä9N�ß���N�¡��U (4.5)+G2u�+5�6)

������jh�¬¾ RSC+u~IUt2 &���@���5�6�jh

� 7.5mm ��7����� RSC� 1.15 )57�W��� RSC� 1 )5 &�

�

130

135

140

145

150

155

Á
Â
�
2

(c
s)

,ãä//,���K�&�±²ãä/
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 W/C60 tu7�
 W/C60 wx28�
 W/C60 tu7�

åæã 1/201/10 1/5 1/2

�
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�7�ÙdWß+���N�¡�����ÙdH�Kf��W��ÙdH�

Kfu7*ú�5 &' k)N( +G2ÍÎ������ÙdH�N�¡)W

��ÙdH�N�¡)�äÁ´§�+u7ç���K�Ê�¦7C 1.03 )

5~�&��ÍÎ�ÙdWß)�dH����ÙdH�N�¡CW��Ùd

H�N�¡u7*ú�5~�&5q�¦7C RSC)Sõ+�dH5A���

N�¡�U(4.5)®¯�5��U(4.4)>k*�def ?)+u )ijk

f &  

� mn�u�+�Ùdef N�¡��5�6)������jh�¬¾

+u~IUt2 ?)>k�¬¾C 1)5 Õ��Ùd2 ?)C_`�� 

)ijkf &  

 

(2)� ©PQRI$T©K½¾4 .21 )�

�

a)� @�.4 

� @�H���¿�������ýquyÙd�1'k)NN+���¿�

�����S�Û�T17k)NN+G2&@�H���¿�������O

J0í$å�`$ef�0T�������� &��¿�����+�

vy�ø30�Y¼¯t��B!1¶ÎHIA &�J�Õ�/��15Nmn

��7������42GÛ$+Gef Y¼¯t��B!�42�EFS

�û¡�7Ó¡�� C����¿������S�û¡�8Ó�9Ó)¨©

UúHIA &?�S�û¡�Uú+u �����z{³���ñ�Ut

1�'k)(Ï+GH�N�¡�Ùd+u OP�½+u7Ê��@ �>1
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�
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�þH�&  

 

b)� �þH�OP�½ 

� �þH�OP�½��' k)(Ï +GH��½�� &��@`H�¾¿¤5
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Û$�42�EFS�û¡�� 7Ó¡���S�)H�&  

Üò�¿��N�¡�Ùd  

� ¬	
�ýþò�¿�N�¡1ÙdH�&(1)��@�ÍÎu7�Ùd

ef N�¡�5�6)������ñºquyjh�¬¾+u~I´

5 ?)CÊ�ef�&?�ÍÎ>k�,-��X+u7 25kN �G½1}j

�E9�ÙdH�&�����¿�������Ùd(s�ZáC 15 Ó�

WáC 9Ó�� ?)>k�ò�¿��Ùd(s� 10Ó�16Ó)H�&  

[bd�2� ta�Jd  

� 3 ��ò�¿�ÙdH�N�¡�Õ��1bd�2�+JdH�&��¿

�������Ùd(s1i\HI�bd�2�+JdH�N�¡�Õ

����Zá��(s 16 Ó�Wá��(s 10 Ó�N�¡�Õ��)H�& 

]��¿������N�¡ tm�Ùd  

� ��¿������' k)NN +G2Ùd��ÙdH�&  

^bd  

� ��¿������ÙdH�N�¡ tm )bd�2� ta )1¬H�

tm" ta CÊ�ef�Kf+����¿������z{�ñCEFS�û

¡1UúH�?)+u7�nH�*�)OPH�&  

 

c)� @�ÍÎ 

� ò�¿��N�¡�ÙdÍÎ>kJdH�bd�2�17 k)N` +���

¿������ 6 Ùd���N�¡�ÙdÍÎ17 k)Nk�' k)N` +G

2&��¿������ÙdH�N�¡��bd�2��Jd+ÎA�ò

�¿��N�¡�ÙdÍÎu7*²�5~�&?�ÍÎ>k�' k)(Ï +G

H�OP�½+tj�������z{³���ñC�nH�*�)OP�

@ &  

� mn�ÍÎu7�' k)(Ï +GH�OP�½+u7�OJ���¿���

���S�Û�1UteÐ�?)+u ������z{³���ñOPC

���� ?)CÊ�ef�&  

�

7k)N`�&JòI$mnAsDxn�Xä�

(s�Ó� N�¡��s�

10 161.8

16 161.2  
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�

4.2.5 �Z� 

 

� !"#$%�+u7Ùdef N�¡�N�HIA �����z��

#$§ý)<äãä�e+u~IUt2 $ñC� &?�$ñ>k�ÙdH

�N�¡1¬2 ?)+u7�������z{³���ñ1OP2 

?)C��+5 )ijkf &�f���ò�¿@��ÍÎ+��@OPÛ

�113H�@���+qAI13H�OPÛ�1�þH�&lkf�ÍÎ1

ma+G2&  

1) ÙdH�N�¡1¶ÎH��2CfÍ�2�¢b�2)´5 ò�¿�

¬H�&l�ÍÎ�¢b�21¶Î2f�Ùdef N�¡C²�5~

7k)Nk�PQò;<=>?@I$üý:³mn½¾�

Ùd|( Ùd� (s�Ó� N�¡��s�

ê�� 157.0

-�� 156.9

��� 157.0

ê�� 160.6

-�� 160.5

��� 160.2

15

9

çnk

ènk
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�
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165.0
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N
�

¡
�
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�

ò�¿��Ùd+u bd�2��Ùd(s10Ó�

ò�¿��Ùd+u bd�2��Ùd(s16Ó�

�
'k)N`�PQò;<=>?@I$mn½¾Zxn�XäZ$gh�

�
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�&¢b�21¶Î2 )������z{³���ñ��nH�#$§

ý)<äãä�e�Ô@�5 ?)Cijkf C�Ùdef�N�¡�

?fk�Ut+	]HIA )ijkf &  

2) �����z�>k�25mm�ÁhY1IJHI�ÙdH�N�¡)

z�>k�e50mm³����,-�ø)1¬H�&l�ÍÎ�x���

D§ý0.77)� �ø��DD§CÊ�efC��A�DD§+�5k5>

~�&N�¡�ÙdÍÎ+\o2 �����z�>k��e�rs��

ÁhY���	
�rs�� 50mm³�u7*¹A)ijkj &  

3) ÙdH�N�¡1EFS�û¡�b¯t��¬C´5 ò�¿�¬H

�&l�ÍÎ�?fk�ÈÉ�Ut+u �����z{³���ñ�U

t+	]HI�N�¡�Ut2 ?)CÊ�ef�& 

4) ÙdH�N�¡)¦$tZø§ý)1¬H�&l�ÍÎ�x�+��

DD§CÊ�efC�?��DD§�������7f+u~I´5~�&

Ùdef N�¡)�����z{³���ñ+��DD§C� *�

��������¶Î(6.7f+u~I´5 �DD§�� )ijk

f &  

5) ò�¿�N�¡1Ùd2 )�5�6)������ñºquyjh

�¬¾+u~IÙd�CUt2 ?)CÊ�ef�&bd�2�1Jd2 

���ò�¿��Ùd���,-�ø����äÔG½�1/10mn�RGH

IRdH�E9�Ùd2 ?)�Õ��Ùd2 ?)C_`�� )ijk

f &  

6) mn�ÍÎ+��@�OJ���¿�������ñÞß+öÎ�@ 

OPÛ�113H�&@����?�Û�1�þH�)?_�EFS�û¡

1UúH�?)+u �����z{³���ñ�Ut1Ê�2 ?)C

�@�&  

� mn�ÍÎu7�!"#$%�+u7Ùdef N�¡��OJ���¿

�������ñÞß)HI@`2 ������z{³���ñOP�

�+ÍÎ�@ )ijkf &  

 

� 4 �$���� 

 

4.1) D,ÃÄ!"E,-����������ñÊz+�AIF�D`=

ö 61u�2001. 

4.2) Ó�����3<9g� NDIS 3432"��¿�����)�¿ùÄe
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f�ò�¿���Û�ÄÝ�pp.2�8a�oÓ�����3<9�2011. 

4.3) ,-ð9"2010 Q³d�����42GÛ$5g267�t���

���4)�5�6��ø���Û��3�� JSCE-G504-2007��

pp.283�2010. 

4.4) b ±��o,-��ñ"4)�5�6�+u �øMd23� 6 ��

*����2001. 

4.5) cLd�8ef��ghi"OHA�����$ð�ÉÊ$Ë�pp.72-

76�1987. 

4.6) b ±��o,-��ñÑ"���A£|����+u �������

���ñ�3+D2 Ì���k%$(3) ����)ò�¿�b ±��o,-

��ñÌ���k%$ö 309u�pp.�.3-1j�.3-2�2005. 

4.7) b ±��o,-��ñÑ"���A£|����+u �������

���ñ�3+D2 Ì���k%$(4) �áò�¿�b ±��o,-��ñ

Ì���k%$ö 314u�pp.�.3-1j�.3-2�2005. 

4.8) b ±��o,-��ñÑ"���A£|����+u �������

���ñ�3+D2 Ì���k%$(9) ���2006 Qø�K@��b ±��

o,-��ñÌ���k%$ö 373u�pp.5-1j5-4�2007. 

4.9) b ±��o,-��ñÑ"���A£|����+u �������

���ñ�3+D2 Ì���k%$(10) ���2007 Qø�K@��b ±��

o,-��ñÌ���k%$ö 378u�pp.5-1j5-2�2008. 

4.10) b ±��o,-��ñ�8a�oÓ�����3<9"���Aü�

���+u ����������3A��6klYä�pp.105-120�

Ôù¹Ò8�2010. 

4.11) Ó�����3<9g� NDIS 3424"�)ò�¿���Û�:y,-�

�Û��8a�oÓ�����3<9�2011. 

4.12) Ó������$ð<9"�����=>�4� ’09�pp.73j85�

2009. 

4.13) ,-ð9�����&'9����z��������ñ)��$

��þ()4)��Á&'9�335 &'9�ö´ûùÎk%$quy(�

*+Ú),-.4¥������=>(��/ No.97�pp.1-12�2012. 

4.14) ÀLÁÂ�}89:�mn±�Áeq=È"!"#$%�+u o«1°

¯�������ðtOPÛ�+D2 �G¤��������$ð��¥�

ö 28p�pp.35-45�2017. 

4.15) D.Gugan " Inelastic collision and the Hertz theory of impact �
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AMERICAN JOURNAL of PHYSICS 68 (10)�pp.920-924�2000. 

4.16) ÀLÁÂ�ÃÄÅ��úïðë�ì?ñ"'�N�¡�Ùd+u 

�����z{|��ñOP������$ðQV��¥�Vol.27�

No.1�pp.1687-1692�2005. 

4.17) ÀLÁÂ�ÃÄÅ��úïðë�ì?ñ"!"#$%�+u �����

�z{³���ñOP+D2 �G¤���,-ð9�����=>(��

/ No.80 ���z{�������ñ)��$��þ()4)��Á&'9

�335&'9�ùÎk%$quy(�*+Ú),-.4¥�pp.345-pp350�2008. 

4.18) Satoshi Iwano � Kazumasa Morihama " Study on quality evaluation 

method for the surface of concrete by measuring the contact time from an 

impact � PROCEEDINGS OF THE FOURTH INTERNATIONAL 

SYMPOSIUM ON LIFE-CYCLE CIVIL ENGINEERING� Life-Cycle of 

Structural Systems�pp.1195-1198�2014. 

4.19) �ò$ 4.13)�pp.348-353�2012. 

4.20) Øqrs�t}F�uÀvß�w-x"\�ø�+u Y�ø�����

�,-�ø�Md+D2 ��������$ðQV��¥�Vol.28 No.1�

pp.1199-1204�2006. 

4.21) ÀLÁÂ�E��ù�éêÔë�ÃÄÅ�"N�¡�Ùd+u ��

���z{��ñOPÛ���þ�Ó�����3<9Õù 24 QøúûÔ9,

-.4¥�pp.39-42�2012. 
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� 5 �� ;<=>?@PQR$STyz0$¥¦AÚCDT� 

 

5.1 ����fAsD;<=>?@�Ñ{|=>�f$T� 

 

5.1.1 �� 

 

� �����}|�.ë.ÌÍ�+Î�Z�5c�=¤�ma�}|=¤)

A�������������ôõ$�1xaeÐ ®¯�5��¦$t.

%«5c�ðtXrC�����}|+�MH.2�57�ïQðt1yú

2 4X)57������������$�*xaeÐ ?))5 &?

fk�}|=¤��OJ���������}|®ÁX�!�<��x�

�>¯Û�S�EF��øÈÉT�`$Û�+z�C�f���2 ��$C

� 5 .1 )&���òÎ��]8��������¦$t.%«5c�ïQð

t+u7�}|�]8CÓÔHIü/H������}|+Ö×C�e ?

)5c+u7��2 ��$C� 5 .2 )&H>H5Ck�������OJ

�òÎ�1z¢��?fk�}|=¤1z�>k�¼{�Ê�2 ?)��

@5A&  

� mn�EF>k������������ABC+qAI���4+]e

I�}|=¤��ô.rs�(v1OP2 ?)�ma�}|=¤OP)A

��C���� )ijkf &ek+}|=¤OP����������

�1mneÐ ?)5������>��u7qrs+@`ef ?)C��

+5 )ijkf &  

� ����	
)HIA !"#$%���������+u7�����

���1OP2 &l�¦��ö2�+GH�î½\µ���������

��è�z�>k�ÙdC����7�Ãe2500mm�ø��öÎ�@ )A

�à�1�H����� &?�?)>k�î½\µ���ê��C,5c�

Ó�ÔefIA ?).�ÃeC1mmn)5 ?)CîA,-���+qA

I���5}|=¤OPÛ�+5 )û�ef &l?���f���î½\

µ�+u ������}|=¤OPÛ�+�AI�ò�¿@�quy@�

����þ@�1±A�@���¬�öÎÛ�+�AI�ËH�&  
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5.1.2 mn�H 5.3) 

 

� î½\µ�+u �����}|=¤OP�ÙdWß+D2 TUV1'

W)( +G2&�����z�1'���"H��
�°±�+}Zø�1J

vHI���2 #$%1Ùd2 &?�������}|+��#$%

�M��>k}|+¦LHI�M��)W�5c�\µ�¡�\µ2 ùV

�ma�\µ%)A��C¥�2 &ek+?�\µ%��l���M��)

\µ�¡�	7
H\µ�ma�î½\µ)A��2 $ñC� &î½\µ

����°±H�Ùd®Á+	2 ¸%ýÇ�+u7�î½\µ+u7�ùe

f ®Á�¸%ý�ma���¸%ý)A��1Ùd2 Û��� &  

� ??�Ùdef ��¸%ý�������}|��=¤��ô+u~I

ma�)q7Ut2 ?))5 &  

Ø�����}|Céõ5Kf  

� �����}|+=¤C¥�Ð�+éõ5Kf���\µ%�����

��z�)ê�)�¡�î½\µ2 &?f+u7�Ùdef ¸%ý��\

µ%C������z�)ê�)1ºÖ2 ¡�èý)5 &  

Û�����}|+.ëC¥�2 Kf  

� �����}|+� �ømn�C�}1*�.ëC¥�2 Kf���

\µ%������z�).ë)�ì[��î½\µ2 &?��\µ%

�ºÖ¡��������z�)ê�)1ºÖ2 ¡u7*²�57�

Ùdef ¸%ý��éõ5Kf+Ùdef ¸%ýu7*YA¸%ý)5 &  

Ü�����}|+|}|C¥�2 Kf  

� �����}|+ÌÍ.Ûu7*C�}�ÁeA.ë5c�=¤�ma�

|}|)A��C¥�2 Kf���\µ%�|}|�\µ2 ?)5��|

}|1¦L2 >~�HI�������ê�+bcH�������z

�)ê�)�¡�î½\µ2 &?��\µ%�ºÖ¡��éõ5��

 
M���

°±�

\µ%�

ê��î½\µ�
��_5¸%ý�

M��
°±�

\µ%

.ë�î½\µ�
�¸%ýCY�Ut

M��
°±��

\µ%

¦LZø�xa�
�¸%ýCx�Ut  

l�6}'$~f����l�6��+��CD~f�´�6��Ñ+��CD~f�

'W)(�����fAsD;<=>?@�Ñ{|=>$mn�H�
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����z�)ê�)1ºÖ2 ¡u7*ú�5 &?f��|}|�#$

§ýCéõ|u7*xaHI�|}|1¦L2 �#$%�ZøCéõ|��

#$%Zøu7*xa2 ?)�����\µ%�|}|1~�HI¦L2 

?)>k�¦Lï\úCú�5 ?)+u &?fk+u7�Ùdef ¸%

ý��éõ5Kf+Ùdef ¸%ýu7*xA¸%ý)5 &  

� mn�)q7������}|��=¤��ô+u~I�î½\µ�+u

7Ùdef ¸%ý�Ut2 &?�$ñ>k�«��ÙdH�¸%ý1¬

2 ?)+u7�������}|=¤OPC��+5 )ijkf &  

 

5.1.3 �gX�TÎÇ{|X��&JòI$mn©K 5.4) 

 

(1)� ©K���

� ò�¿�õ�quyÙdEF1�� W)( +G2&ò�¿����)Zä!

��1T�H�ò�¿�� &?�á|�}|+ÌÍ1T�H�*�*)�

����C�' W)N�7 W)( +G2u�+ÓJefIA &á|�J�	��

�

 �

��W)(�&Jò$RS»¼Êsìmn»¼�

�

�

'W)N��?�z;<=>?@$�9�¹W)k6�

AÕ�V 
 50 

300100 

A��V 

57
5 

900 

925 

500 

525 

14
55

 

=¤A 

=¤C 

=¤B 

=¤D 

"*�*)�������e 50mm� 
 
"*�*)�������e 100mm� 
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ã 4100mmÙYe 1950mm ��Ãe� 300mm �� &���á|+¶ÎH�

�������¯t��C�Ä*ä�*�º¯t���vy�øC 45�

[(�äÔ	�C 20mm�)*�+C 12cm �� &*�*)������

.ë¾� 25%�� &  

� Ùd��JdEF1' W)` +G2&n<�)a<�� 2 rs�ÙdH�&

n<��Ùd���� 700mmÙYe 400mm �rs}+ 50mm ¡·��rE

+JdH�Ùd�ý� 15 �Ù9 ��� 135 ��� &a<��Ùd����

700mmÙYe 600mm �rs}+ 50mm ¡·��rE+JdH�Ùd�ý�

15�Ù13��� 195��� &  

� «���Ùd®Á+	HI¸%ýÇ�1±A�lkf�Ðá�)â��ä�

®ãCä*Ô@�5 ¸%ý�ma�åæ¸%ý)A��f0 1ÙdH�&���

á|�¦á³��ö 3�+GH�¦L¡������7v�+u7�#$%

�M��)°±�1���+JdHI�2 ��°±����#$%�¦L¡

�1ÙdH�°±�¡�X×>k�#$%Zø VP 1s¹H�&?fk�ÍÎ

>kU (5.1)+u7�«��������|(Ãe1ÙdH�|(Ãe�Ù

dÍÎ>k*�*)������(v�~����7�}|=¤�OPC�

��� �>1�þH�&  

� � �
0

P

2 f
VD 	         (5.1) 

7W)(��?�z;<=>?@$#»W)k6�

=¤A 100

=¤B 50

=¤C 100

=¤D 50

100×200

150×260

´µ C�	�(mm) Ùd�>k�
�e(mm)

�

�

�

'W)`�mnS$9n»¼�

�

A��V

n<�

a<�

1000

71
5 11

25
 

15
25

 

300

11
5 
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� ??��D �������|(Ãe�Ùd��ma�ÙdÃe)A���

VP �á|�¦á³��¦L¡������7v��+u7ÙdH��#$

%Zø�f0 �«���åæ¸%ý�� &�"+¶ÎH�'���h 15mm�

Ùd+¶ÎH�}Zø��,��}Zø��¸%ýrs 0.2Hz�20kHz���

�+���¡¡·� 10�s���+���w�xý� 1024 y�� &  

 

(2)� ©K½¾�

� ÙdÍÎ���)HI�éõ|�n�=¤ B �n�=¤ C �n��ÙdÍ

Î1' W)k +G2&' W)k �«��lkf�Ðá�)â��ä�¸%ý1U

(5.1)+u7ÙdÃe+UàHI��+GH��*��� &  

� åæ¸%ý>kÙdÃe1�d2 )�J�Ãe 300mm +	HIéõ|�

�n�� 305mm )57�J�Ãe)��2 ÍÎ)5~�&éõ|���\

µ%C������z�)ê��î½\µH�?�î½\µ+u ¸%ýC

Ùdef�*�)ijkf &?f+	HI�=¤ B ��n��ÙdÃe�

318mm�=¤ C��n��ÙdÃe� 368mm )57�J�Ãeu7*ÙdÃ

eCÔ@�5~�&ÙdÃe1J�Ãe��HI¬¾1ç� )�éõ|��

1.017 �� C�=¤ B ��n�� 1.060�=¤ C ��n�� 1.227 )5~�& 

� õ���ÙdÃe1�x�zG�GH�ÍÎ1' W)W +G2&*�*)

�����CÓJef�(v��n�Ùd����ÙdÃeCÔ@�5~I

A ?)CV> &ÙdÃeCÃ�5 �+}|=¤C¥�HIA )bC2

�

50 100 150 200 250 300 350 400 450
D*$%(mm)

D=305mm

�
�

(A
.U

.)

�
l�6�mnS÷}'Ñª1�

50 100 150 200 250 300 350 400 450
D*$%(mm)

D=368mm

�
�

(A
.U

.)

50 100 150 200 250 300 350 400 450
D*$%(mm)

D=318mm

�
�

(A
.U

.)

�
l�6�mnS÷{|Gª1� � � � � � l�6�mnS÷{|�ª1�

'W)k�mn½¾$¶�W)k6�
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 ?)+u7�}|=¤�Õ�(v�¨3COP�� )ijkj &  

� 5.1.2 #�ÙdWß��������}|+|}|C¥�2 Kf���

Ùdef ¸%ý�éõ5Kf+Ùdef ¸%ýu7*xA¸%ý)57�

ÙdÃeCÔ@�5 ?)1GH�&���ÌÍ1T�H�*�*)���

��1ÓJH�ò�¿���?�ÙdWß+GH��
1Ê�2 ?)C�@

�&?�ÍÎu7������}|+|}|C¥�2 Kf+��î½\µ

�+u7ùý���ÙdH�ÙdÃeCÔ@�5 �+|}|C¥�HIA 

)bCHI�?fk�=¤|�Õ�(v1OP2 ?)C��)5 &�®H�

���ò�¿��Ùd+u7�\µ%C������z�)ÌÍ)�ì[�

�î½\µ2 �
C�e5A?)*Ê�ef�&?�ÍÎu7�����

�}|+|}|C¥�2 Kf���î½\µ��������z�>k|

}|����e�¨3�@5A?)CÊ�ef�&  

{| A 

{| C 

{| B

{| D
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5.1.4 ;<=>?@�ÑA��X��©PQRI$T©K 5.5)^5.6) 

 

(1)� ©K%&Êsì©K���

� @��/J�ã 30 QCïþH�(�äº��ãä�@`H�&(�äº�

�ãä�C�ÄEquyÙd��JdEF1' W)Æ +G2&'�¯�t��

�)@�+���|"3.2mm��<|"100mm�+´Vó$)HI����

��ó$������1p@ I������ &�Vó$)ó$���

��)1f¢Ð�Ãe� 300mm �� &?�(�äº��ãä���' W)Ì

+G2)q7�¼{23+u7ó$��������³��z�+�Û��

0y1fCÊ�efIA�&ek+�0y1f�ãC°uH��b*Ê�ef

IA�&?�0y1f���EF)/J`�(�äº��ãä�`$Û�1

i\2 )���³���ó$������?ÛC�ÅV��7�ó$�

�����ê��'�¯�t��)ó$������¡�+.ëC¥�HI

A ��$Cijkf�&l?��?�.ë1!"#$%��î½\µ�+u

7OP�@ �>1�þH�&  

� Ùd��' W)Ì +GH��Û��(v 417.5m�420.5m �rs A )�Û��

(v 465.5m�471m �rs B � 2 rs�@`H�&Ùd���Û�)ý¸Û�

� 2 Û�+�rE+JdH��Û�+� 500mm ¡·�JdH�ý¸Û�+��

' W)Æ +G2)q7���³�1¦õ)HI 200mm ¡·� 9 �JdH�&Ù

dEF1�� W)N +G2&ó$������z�+}Zø�1JvH��


1'���"HI��2 #$%1ÙdH�&«���Ùd®Á+	HI¸%

ýÇ�1±A�åæ¸%ý f0 1ÙdH�&���rs A�B ��z(v�ö 3

�+GH�¦L¡������7v��+u7�#$%�M��)°±�1

���+JdHI�2 ��°±����#$%�¦L¡�1ÙdH�°±�

¡�X×>k�#$%Zø VP 1s¹H�&?fk�ÍÎ>k«��U (5.1)+

 

'W)Æ��?|�@<�|$z·#»ÊsìmnS9n»¼�

*�
��

+�
��

��

9 �@200 mm

ó$�����
200mm�300mm 

'�¯�t��
3.2mm�100mm

�"Ùd��
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u7������|(Ãe1ÙdH�&?�|(Ãe�Ùd��ma�Ùd

Ãe)A��)ó$������J�Ãe)1¬2 ?)+u7�}|=

¤�OPC���� �>1�þH�&�"+¶ÎH�'���h 20mm�Ù

d+¶ÎH�}Zø��,��}Zø��¸%ýrs 0.2Hz�20kHz����

+���¡¡·� 2�s���+���w�xý� 1024 y�� &  
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(2)� ©K½¾�

� ÙdÍÎ���)HI�rs A ����³����>k 0.2m�)��>k

0.6m ×¡H� 2 ���ÙdÍÎ)�rs B ����)��>k 0.4m ×¡H

� 2 ���ÙdÍÎ1' W)i +G2&' W)i �«��lkf�Ðá�)â�

�ä�¸%ý1U (5.1)+u7ÙdÃe+UàHI��+GH��*��� &  

� ' W)i ���³���ÙdÍÎ��rs A ��Û� 418m�rs B ��Û

� 468m )*+ÙdÃe� 180mm �ø)57�ó$������J�Ãe

300mm u7*â�5~�&5.1.2 #�ÙdWß+uf��\µ%C����

��z�).ë)�ì[��î½\µH��
1GHIq7�ó$����

��}|+.ëC¥�HIA )bCef ÍÎ�� &��³���0y1

fC��H�ek+ãC°uHI��bCÊ�ef ?)>k�'�¯�t�

�)ó$������¡+.ëC¥�HIA )ØÙefIA�C�î½\

µ�+u ÙdÍÎ�?�ØÙ)�dH�ÍÎ��~�&  

� �Û���>k 0.4m�0.6m ×¡H����ÙdÃe� 300mm �ø)57�

ó$������J�Ãe 300mm )�dH�&5.1.2 #�ÙdWß+uf

��\µ%C������z�)ê�)�¡�î½\µH��
1GHIq

7�ó$������}|�éõ�� )bCef ÍÎ�� &  

� õ���ÙdÃe1�x�zG�GH�ÍÎ1' W)Ï +G2&ÙdÃe

�

50 100 150 200 250 300 350 400 450
D*$%(mm)

D=301mm

QéHê�418m8ë�Hê�ìíîï»¼0.6m

�
�
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.)

50 100 150 200 250 300 350 400 450
D*$%(mm)
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CJ�Ãeu7*â�5 �+.ëC¥�HIA )bC2f����³�1

¦õ+�.ëC¥�2 )bCef ÍÎ�� &?�ÍÎ1�þ2 ���

rs B ���³��ó$�����1�7�}|�EF1Ê�H�&?�

ÍÎ1�� W)` +G2)�@Â+��³�1¦õ+�ý¸Û�+ 0.5m �ø�

ã�.ëC¥�HIA ?)CÊ�ef�&���ó$������z�>

k.ë����e� 180mm �ø��~�&  

� 5.1.2 #�ÙdWß���� �ømn�C�}1*�.ëC¥�2 Kf

���Ùdef ¸%ý�éõ5Kf+Ùdef ¸%ýu7*YA¸%ý)

5 ���7�ÙdÃeCÁe�5 ?)1GH�&���������ý¸

�

�

�

l�6��
�

�

�

l�6��G�

'W)Ï�'SI$mnÃÄ�

���$�¹l�6
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Û�¬�úeC 0.5m �ø�.ëC�Û�+qrs+¥�HIA����7�

C�}�Ô@A.ëC¥�HIA�?)>k�ÙdWß+GH�)q7��


1Ê�2 ?)C�@�&?�ÍÎu7������}|+� �ømn�

C�}1*�.ëC¥�2 Kf+��î½\µ�+u7ùý���ÙdH�

ÙdÃeCÁe�5 �+.ëC¥�HIA )bCHI�.ë�Õ�(vq

uy�����z�>k.ë����e1OP2 ?)C���� ?)C

Ê�ef�&  

 

5.1.5 �Z� 

 

� !"#$%��î½\µ�+u7Ùd2 åæ¸%ý��\µ%�ºÖ¡

+u~IUt2 &?f+u7�Ùd��a������}|��.ë.Ì

Í5c�=¤��ô+u~I�î½\µ��ÙdÍÎ�Ut2 ?))5 &

�f���?�$ñ1ÍÎH�������}|=¤OP+�AI�ò�¿

quy(�äº��ãä�ó$�������þ@�1±A�@���¬�

öÎÛ�+�AI�ËH�&lkf�ÍÎ1ma+G2&  

1) Ùd���a������}|+*�*)�����C¥�2 )�

î½\µ�+u7Ùdef åæ¸%ý��éõ|��åæ¸%ýu7*x

�5~�&\µ%�ºÖ¡Cú�Ut2 ÍÎ�� &*�*)���

��1~�H�?)+u7\µ%�¦Lï\Cú�5~�?)�����\

µ%�*�*)�����¦1¦LH�*���*�*)������

#$§ýCéõ|������u7*xaH��#$%ZøCxaH�?

)+u7�Ùdef�¦L¡Cú�5~�?)Cijkf &  

2) 1)u7������}|+|}|C¥�2 Kf+��î½\µ�+u

 �

��W)`�mn½¾st��+��CDZxzÄwÇ�¹I$�Ñ»¼�

�
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7ùý���ÙdH�åæ¸%ýCx�5 �+|}|C¥�HIA )b

CHI�?fk�=¤|�Õ�(v1OP2 ?)C���� &�®H�

�����z�>k|}|����e�OP�@5A&  

3) (�äº��ãä�ó$�����}|+¥�HIA�������

z�>k��e180mm�ø�úe500mm�ømn�.ë��n���î½

\µ�+u7Ùdef åæ¸%ý��éõ|��åæ¸%ýu7*Y�5

~�&\µ%C�����z�).ë�î½\µ2 ?)+u7�ºÖ

¡C²�5~�*��� &  

4) 3)u7������}|+� �ømn�C�}1*�.ëC¥�2 

Kf+��î½\µ�+u7ùý���ÙdH�åæ¸%ýCY�5 �+

.ëC¥�HIA )bCHI�.ë�Õ�(vquy.ë����e1O

P2 ?)C���� &  

 

5.2 ±²:³¢fAsD;<=>?@�Ñ{|=>�f$T� 

 

5.2.1 �� 

 

� 5.1f���î½\µ�+u ������}|=¤OP+�AI�@�

��¬�öÎÛ�1�ËH�ÍÎ1GH�&�®H�î½\µ�CöÎ�@ 

������ÄE+�ÈÉC� &!"#$%��î½\µ�+u ÙdÛ

��ÏD�g��� ©i�ª5.7)���\µ%Cî½\µ2 Ãe+	HI�

������ã)úeC6pmn�� ?)CöÎÈÉ�� )efIA &

?�?)>k�@�����þ|(.í|(5c��î½\µ��öÎ�ûÇ

)5 &���5.1fu7�î½\µ�+u ÌÍ1	
)H�}|=¤OP

���ÌÍ��ô.Õ�(v1~��@I*�ÌÍ��e(v1~��@5A

?)CÊ�ef�&  

� l?��f���!"#$%�+u ÙdÛ�+�î½\µ�)¦L¡�

�C� C5 .8 )�¦L¡��+u }|=¤OPÛ�+�AI�þ|(��

}|=¤OPÛ�)ÌÍ��e(v�¨3Û�+�AI�ËH�&  

 

5.2.2 mn�HÊsìmn�H$T 

 

(1)� mn�H  

� �f��ÙdÛ�1' W)(Å +G2&¯���³@5�6�������
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z�1�"HI�#$%1M�H�?�#$%�M��)	�2 ê�+°±

�1JdHI��#$%�¦L¡�1Ùd2 Û��� &?�Û����

' W)(( ��+G2)q7�ê��°±��äd+®ãCUÁ2 �1�#

$%�bc�)bCH�M�òg�)bc���>k�#$%�¦L

¡�1Ùd2 &�#$%�M��)°±��¡+ÌÍC¥�2f���#$

%�ÌÍ1~�HI¦Lï\Cú�5 ?)�������#$§ý�xa

+u7�#$%C¦LZøCxa2 ?)�?fk+u7�Ùdef �#$

%�¦L¡��ú�Ut2 &?f+u7�«��ÙdH�¦L¡�1¬

2 ?)+u7�ÌÍ��ô1bC2 ?)C��+5 )ijkj &  

 

(2)� mn�H$T½¾  

� (1)+GH�ÙdWß1�þ2 ���ÌÍ1T�H�*�*)����

��ýþò�¿1��HI�¦L¡��+u ÙdÍÎ1�Ä�����

��ÙdÍÎ)¬H�&*�*)������.ë¾� 10%�20%�35%

� 3 !W�ýþò�¿�J�	�� �100mmÙ200mm �� &���ýþò

�¿��,-�ø��#$§ý�'(�}ñº1ÙdHIA &?fk�ÍÎ

17 W)N +G2&  

� «ýþò�¿�¦L¡�1ÙdH�M��)°±��X×�)5 ýþò

�¿�úe>k�#$%Zø1s¹H�ÍÎ1' W)(N +G2&*�*)�

������ÙdÍÎ)�Ä�������ÙdÍÎ)1¬2 )��#

$§ýC�Ä�����u7xaHIA .ë¾ 35%�*�*)���

���Ùdef��#$%ZøCxa2 ÍÎ)5~�&�Û�.ë¾ 10%�

20%�*�*)������Ùdef��#$%Zø���Ä�����

�Ùdef��#$%Zø)¬HIxaH5AÍÎ�� &  

A¯���³5�6�1ÍÎ2 Û� 

A¦L¡��"	�7v� 

L 

¯���¡X×"L 

����� 

°±� 

M�� 
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_`ab�D*�E

0 100 200 300 400
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de9�D*�E
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'W)(Å�±²:³¢$mn�f���'W)((�±²:³¢$mnop$��
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� ýþò�¿�u�5�E¿1¦L2 �#$%Zø�U (5.2)�ß�U�G

ef &  

� � �
�
EV 	P         (5.2) 

� ??��E �#$§ý�� �kø�� &ß�U+uf���#$%Zø�

������#$§ý)kø�'(�}ñº�+u~I�def ?))5

 &ýþò�¿�Ùdef��#$%Zø)U (5.2)�ß�U1¬2 ���

ýþò�¿�ÙdH��#$§ý)'(�}ñº>k�U (5.2)+u7�#$

%Zø�ß��1s¹H�@Â+Ùdef��#$%Zø)¬H�&?�Í

Î1' W)(` +G2&' W)(` u7�Ùdef��#$%Zø)ß���¬�

D§+�7�Ùdef��#$%Zø�ß�U+��@UtHIA ?)CV

> &?�ÍÎ>k�Ùdef��#$%Zø��ß�Ucq7+����

7W)N�mnÎÇAB&Jò$��F�

16 2.338 51.6 35.9
26 2.323 54.2 36.2
40 2.322 52.8 39.8
16 2.098 24.9 25.8
26 2.082 25.9 27.1
40 2.110 30.9 30.2
16 1.752 3.2 7.7
26 1.744 3.5 9.2
40 1.739 4.3 8.9
4 2.305 22.9 24.7
14 2.310 31.3 29.4
28 2.312 35.7 29.5

56.6

�#$
§ý

(kN/mm2)

W/C
(%)

26.1
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26.1

Ùd(s
(Ó)

'(�}
ñº
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,-�ø
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´µ

.ë¾
20%

.ë¾
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�Ä
��
���

.ë¾
10%
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���#$§ý)kø+u~IUt2 *���7�.ë¾+u~IUt2 

*���5A?)CV> &  

� 5q�Ùdef��#$%Zø�ß��u7*Z�5~IA &?f��ß

����#$§ý>ks¹HIA �+	HI�¦L¡��+u ����

�Ùd���]��0��)*+úÁ�rs��7��#$%Zø�Á#$§

ý+u~I�def ?))5 &��7Ùdef��#$%Zø)ß��)
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��°���#$§ý)Á#$§ý)��°�� )ijkf &  

� mn�ÍÎu7������}|+#$§ý�xaH�ÌÍC¥�2f��

¦L¡��+u7Ùdef �#$%Zø�xa2 ?)CÊ�ef�&  

 

5.2.3 B#»$&JòI$mn©K 5.9)^5.10) 

 

(1)� ©K�f  

� ò�¿�ÄE�ÌÍ�(v1' W)(k��� W)W +G2&ò�¿�þ|(1

T�H�ò�¿��]8C��f ò�¿�� &�@�+u7î½\µ��

öÎCûÇ�� þ|(��}|=¤OPÛ�.ÌÍC¥�2 �e(v1O

P2 Û�+�AI�¦L¡��1�ËH�&ÙdÛ���@����þ|

���ß+ 4 ����ÙdC���� ?)>k�4 ��1ÍÎH�¦L¡

��+u7ÙdH�&�� W)W�' W)(W �u�+,a���1W�+JdH

I�úeÛ�+ X ��ãÛ�+ Y ��YeÛ�+ Z �1)~�&Ùd�� X

��Y �)* 50mm ¡·�JdH�Z �+�ÌÍ|� 25mm ¡·�l�Ñ�
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50mm¡·�JdH�&ÙdEF1�� W)Æ +G2&ÙdÛ��úeÛ�)ã

Û�� 2Û�)H�&  

� }|=¤OP����OP	
��Jd�1' W)(W +G2&OP	
��

ò�¿}|+ùý�JdH�«OP	
��OP�1¬2 OPÛ�)H�&

OP	
���ò�¿}|�úeÛ��M��)°±�)1Í;�Ê)�ãÛ

��M��)°±�)1Í;�Ê)CÃ�2 �«�+JdH�&«OP	


�+��' W)(W +G2)q7�úeÛ��ÙdH��#$%Zø)�ãÛ�

�ÙdH��#$%Zø)� 2��Ùd�C¥�2 C�«OP	
��OP

���xÛ���#$%Zø1¬HI�ZAÛ��#$%Zø)H�&?�

Û�+u OPÍÎ���1�' W)(Æ +u7G2&' W)(Æ �OP	
��

éõ�� C�úeÛ��Ùd2 �#$%Zø���#$%�¦Lï\¦+
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=¤C¥�2 ?)+u7xa2 &�Û�ãÛ���#$%Zø�éõ5�

#$%Zø)5 &??��?�OP	
��OP�1xÛ���#$%Zø

�Õ��)2 )�?�OP	
��éõ|�� C�Ñ�OP	
��=¤

�� +u7�?�OP	
���OP��xa2 ?))5 &?f+	H

I�OP�1xÛ����#$%Zø�ZAÛ)2f��Ñ�OP	
���

=¤�� 1°¯�+�?�OP	
���OP���_�)57�ö÷5O

PÍÎ1l ?)C�@ &�Û�=¤C¥�2 OP	
����xÛ��

�#$%ZøCxa2 ?)>k�OP�1xÛ����#$%Zø�ZAÛ

)HI*=¤�� 1\o�@ &mn�)q7�=¤�(v1�Ê+bC2

 +��OP��xÛ����#$%Zø�ZAÛ)2 ?)C_`�� & 

 

(2)� ©K½¾  

� úeÛ���#$%Zø�ÙdÍÎ��1' W)(Ì +G2&' W)(Ìl�6�]

8C7vefIA Zç425mm ��ÌÍ|�Yç150mm�)éõ|�Yç

400mm���°±���Ùd®Á1�' W)(Ìl�6�]8C7vefIA5A

Zç375mm ��ÌÍ|�Yç150mm�)éõ|�Yç400mm���°±���

Ùd®Á1GH�&°±��äd+®ãCUÁ2 �>k�#$%�¦L

¡� TP1Ùd2 C�ÌÍ|)éõ|�¬12 )�5.2.2 #�ÙdWß+

GH�)q7�ÌÍ|��Ùdef ¦L¡�Cú�5 ?)CÊ�ef &

���éõ|�ÌÍ|��ÙdÍÎ178EF�¬2 )�]8C¥�2 

?)+u7�Ùdef ¦L¡��éõ|�ÌÍ|)*+²�Ut2 ?)

CÊ�ef &}|=¤OP��?�]8+u � 1i\2 ?)C�4)

5 &  
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