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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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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
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2
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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
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S
2
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2
2
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2

z
uV

zx
wVV

x
uV

t
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�
��

�
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�
�

    �   ( 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 )  

� � �
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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%

�
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�
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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
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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 &  
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àd�@IA5A&?f+	HI� R 1 ( � )�Ðá�)â��ä�� 

R 1 ( f )�����¸%ý�(v+qAI®ã�CúÔ�)5~IA &

�®H� R 1 ( f )�����¸%ýu7*Y�{�ùý�¸%ý�*®

ã�CúÔ�)5~IA &7N ) k+uf��N�
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Û� R 1 4 ( � )�Ðá�)â��ä�� R 1 4 ( f )��� R 1 ( f ))��+��

¸%ýu7*Y{�ùý�¸%ý�®ã�CúÔ�)5~IA C�

7 N ) k>kÌk>5)q7�åæ¸%ý)��¸%ýC�d2 ÈÉ

Cî�5~IA &  

� V+�«¹��¡�¸%ý³�(��>k¦L
¡1s¹H�ÍÎ

���1' N ) N N+G2&' N ) N Nu7�î��¸%ý�{+qAI¦
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ø� c h . 1) c h . 4�¡� 0 . 3 m s�ø)57�¦L
¡�«¹��¡�
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®Á�î��¸%ý�
�����z�1¦L2 #$%�� )b

C�@ &l?��s¹H�¦L
¡>k
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� � �
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� ??�� V f"¸%ý f�¦LZø ( m / s )� � L" 2��¹��¡�
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����z���X× ( m )�� &  

� 'N ) N Nu7�«¸%ý�{�U ( 2 . 2 3 )+u ¦LZø1¬­2 )�

��¸%ýu7Y{�¸%ý��.� 2 0 0 0 m / s�ø)5~�&?f+

7N ) kåæðñIÈÉ���Z�0���Z$gh�

M�
¡

3.21 2.42 2.15 2.16 1.74 1.35 1.92 1.45 1.16
4.16 1.43 1.42 1.73 1.71 1.03 1.95 1.47 0.84
1.45 1.44 1.44 1.75 1.05 1.05 1.97 0.86 0.85

��¸%ý f0(kHz) 1.43 1.00 0.83
|(Ãe(mm) 1400 2000 2400

R 14(f)

0.375p 0.500p 0.625p
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� )bC�@ &  

� mn�ÍÎu7����DDý1ç� ?)+u7�\µ%�TÀ

+u � 1xT�@�Ùd®Á+	2 ���¾Uà��Ùd�@

5A|(Ãe�Ô@A
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2 . 5 . 4  �	ÎÇ�0���$mn�f^åæ�f$T
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( 1 ) � �£  
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\CÊ��@ ��^}�
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¤+�����'��"+u #$%�M��>k L 1 ×H�(v+
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��¸%ý
(kHz)

��^}

�����
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f�åæ¸%ý>k��¸%ý1àd�@5AÍÎ�� &?f+	

HI� R 1 ( � )�Ðá�)â��ä�� R 1 ( f )�����¸%ý�(v
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ý³��¦LZø� 2 0 0 0 m / s �ø��7�?fk�¸%ý³��#
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�����z�1¦LH�����%�� )bC�@ &  
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A S T Mg�+gdefIA Ùd®Á+	2 ���¾Uà+u Ç
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3234 13.4 3481 19.7
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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
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��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
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�b¦S�H�lfm��Q��/¦S�)H�&E�� 7ÓF��(s 1Ó
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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

 
'W)W�'SI$mnÃÄ´�÷�?�z;<=>?@$�9�¹ºW)k6�

�
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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�� &  

 

l�6��
�

l�6��G�

'W)Ì��?|�@<�|I$�ìúw��»¼�

�

  
��W)N�mn»¼  
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��
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������
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������
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��	
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������
		�
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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

�
�

(A
.U

.)

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

D=181mm

QéHê�418m8ë�Hê�ìíîï»¼0.2m

�
�

(A
.U

.)

�

l�6��
�

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

D=303mm

QéHê�468m8ë�Hê�ìíîï¾¼0.4m

�
�

(A
.U

.)

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

D=180mm

QéHê�468m8ë�Hê�ìí

�
�

(A
.U

.)

�

l�6��G�

'W)i�mn½¾$¶��
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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

���$�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$T
½¾  

� (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�� 

 

�
�

_`ab�D*�E

0 100 200 300 400
��(cs)

de9�D*�E
OP�23:TP

 

'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

26.1

26.1

Ùd(s
(Ó)

'(�}
ñº

(g/cm3)

,-�ø

(N/mm2)
ò�¿
´µ

.ë¾
20%

.ë¾
35%

�Ä

��
���

.ë¾
10%

�

 

 
��W)k�AB&JòI$mn»¼�

�



 123

���#$§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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