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ABSTRACT The mechanisms that the bond strength between aggregates and cement paste could
be significantly increased by modifying the aggregate surfaces with silane coupling agent (SCA) were
analysed. The formation and the influencing factors of granite/SCA interface were investigated using
spectrophotometry, contact angle measurement, FTIR and XPS. The results revealed that strong bonds,
including chemical bonds, formed on the modified granite surfaces. The interface transition zone (ITZ)
benefits from the existence of the uncondensed silanetriols and the distributed organofunctional network.
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��� (��$ 0.25) !!��)������!(

/-2322)). 25.9%� 44.7%; 0*3*1+
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00", /19�/100", +�6>,,�0�.

57/0+����?�/1�, SCA 1%6>=

9����=0�, @6Æ�/0+/SCA/����

����!1..

1 2345
1.1 2367

82�3��A/0+-9 (*B 80 mm

× 25 mm × 2.5 mm) �/0+Æ: (>�

0.3 mm), SCA (KH–570)(,8;� CH2 C

CCH3COO(CH2)3Si(OCH3)3,:�<D� γ–?-E

794-E-=?4-&%,:��;@8� RSiX3,

� R �9�'1-:, X �A�B-:), /�5

F (:�G), 36% 5; (,<G), 6C�, SCA 0(

(��,$ 0.1% � 1%)[10,13,15].

1.2 :;<=>?@ABC
�;D=HAD,<<�= (UV–vis) 82I�

0(�><�, >��J1,�?4� SCA 0"�

/0+Æ:���>�0"��. ? 51-4 (� 1).

? 250 mL @�� 0.1%(@�5.3JE�,<<�

=FI) � SCA 0(, G,� 5 @, A$A 5 g /

0+Æ:, ,/�8, (� 20 K)%40%60%90 � 120

K�27 20 min, LH*M>H( A0%A1%A2%A3

� A4 A 50 mL �07�/Æ; Æ@M� 5@/ÆB

C (101–0 ANBDEC8B) *,/F> 50 mL 5

F/� (�G$ 95 : 5) ,9�O�IP1 (JS–3A A

�3H,O�IPC) �IPE? 20 min, )4LH

(SHE–3:I�&�;JQ (LHC))M>H( B0%

B1%B2%B3 � B4 A 50 mL. Æ A CK� B CKH

(,/LD (80–2 ANRLD1), ?��D(, �D
= – AD,<<�= Agilent 8453 I��� λ=226

nm S (F >E) �><�.

?EM/0+-9 (� 1)NFFG�82, Æ3

<J�-< C0, ÆO==M (J�-< C1%C2%C3)

,/�8, (� 20 K)%60 K%120K�PA 100 mL

@�� 1% � SCA 0( , 27 20 min *?5, �

3H�,��BC (Æ C1 �8,� 24 h QC). �R

9<I�T$ 8 T6C� (R'(T�G 1 μL), U

�GT)� OCA 20 JK<�SVTI�=I�H
>SVT, ? 16 '$U�.G?.

?/0+Æ: 20 g NFKV@WLG%L2M

M=<N (FTIR) 82, .G,� 4@ (� 1), 3<J

�-< D0, O==@J�-< D1%D2%D3, ,/�

8, (� 20 K)%60 K%120 K�PA 100 mL @�

� 1% � SCA 0(27 20 min, W5F2NLH*

� 60 KB 0.5 h AC8, � Nicolet Nexus 870 FTIR

<N= (OX MCT–B FIC) I-HM<N. �#

$5, 13I�G SCA 0(�HM<N.

� VG Multilab 2000 XMI<N8%N=I�
��/0+���:�1!, P�AB��:�I
J>C�38@S�:�IXJ1�D6�!�N
80"%�W:. Æ&M/0+-9Y� 4 M (�

1), *B� 20 mm×25 mm×2.5 mm. 3<J�-<

E0, O==MJ�-< E1%E2%E3, ,/�8, (�

20 K)%60 K%120 K�PA 100 mL @�� 1% �

SCA 0(27 20 min, ?5*�5FYK 1 h, �

8,� 24 h QC, NF XPS I-. U��EXÆ:

-< D1%D2%D3 01�(), EM-< F1%F2%F3,

)NF XPS I-. �N&ZI- SCA �/0+�

�0"�ZO[�, Æ�LFWI-;� F1%F2 P

<I),/FA5F/� (�G$ 1 : 1) 0( 9�

O�IP1�8,IPE? 10 h, W5FLH, �

60 KBC, )4NF XPS I- (J� F11%F21); )

Æ F11%F21 P<I,/FA5F/� (�G$ 1 : 1)

0( W 100 K�IPE? 10 h, W5FLH, �

60 KBC, NF XPS I- (J� F12%F22). 82�

MgKα � X MIQMG, � C1s(0"% 284.6 eV)

�!\MH�NB��0"%.

J 1 SCA RI450];OIQJSK
Table 1 Grouping of the test specimens

Unmodified SCA modification reaction temperature/^
Method

granite r.t. (∼20) 40 60 90 120

UV–vis A0 B0 A1 B1 A2 B2 A3 B3 A4 B4

Wettability C0 C1 C2 C3

FTIR–ATR D0 D1 D2 D3

XPS E0 E1 E2 E3

F1 F2 F3

F11 F21

F12 F22
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2.1 SCA NQRSTU<LVWXYZ[\]^

P 1 T5C UV–vis I-M>� A%B ['CK

H(� SCA 073�. Q_S.,��R., H(

A CK�><�K\"), U0( SCA @�K\

"). L��, ,�M., /0+��_`�� SCA

M&; 1<, Q_,��R., H( B CK><�1

K\"). L��, ,�M., ��/0+��A`5

F/�0(E?� SCA ]M&, U�:�>V�:�

^�;0"�JNE?� SCA M&. A CKH(�

0+��: W/0+PS*� SCA 0(�@��",

U/0+�TO�;_`##, SCA; � B CKH

(�I�PRU: 57W.,S.�O�-<S_#

5&� SCA, a�%`F/�TV� SCA V%&#.

LÆ�, �.,27?4��!#5&�:�>V�

:�^. /_ SCA�/0+CWO�;0", Q-/

0+��XY SCA M&, �FG�ÆM). �b, I

-J1,�?4�W SCA��*�/0+����

SVT, UAUR�/0+��0"� SCA �07

�. -< C0%C1%C2 � C3 �SVT,/� 84.0◦%

86.4◦%92.9◦ � 93.8◦. L��, SCA �#�,�M

., ��/0+���SVTM , Æ���/0+

���FG� ( ��) Q27,��R.�K\"

). UQ_,�R., SCA >V��$, '1-: R

�&, �SLa-%&.

b 1 `T AcB U SCA <VdZaVWe<[�

Fig.1 Relationship between relative SCA contents

and temperatures

P 2 �G,,�(��M=HM<N, �XW>

E\5Y� 2950%1455(CH3), 2840(CH2), 1720(C C

O), 1640(C C C), 1160(C—O), 1090 � 1010 cm−1

(Si—O). P 3 �/0+Æ:L2MM=<N. 07

� D0 -<, D1%D2%D3 5Y# 1720%1455%1160�

1086 cm−1 �Z� SCA �XW>E\, ���J1

,��, SCA G%�/0+���!ZO0". X/

� SCA � 1090 cm−1 S�\[)f$([XR, A

%Y\_'':�^ Si—O—Si W!. L�+4CM

=<NZ8, �8,�/0+��� SCA �!:�

^0",2Z#��*�/0+��g�X�KY�

SCA, Z5Y'� Si—O—Si \.

C� 2 AD, @'(c SCA *�-45Y:�

b 2 h487]]^[

Fig.2 FTIR spectrum of pure SCA

b 3 RI\^450_]<]]^[

Fig.3 FTIR–ATR spectra of granite powders before

and after modification by SCA solution

J 2 SCA _d\^<[`b`^
Table 2 Elementary binding energy before and after modification by SCA solution/eV

E0 E1 E2 E3 F1 F11 F12 F2 F21 F22 F3

Si2p 102.62 102.81 102.80 102.92 102.81 102.82 102.74 102.93 102.80 102.80 102.85

O1s 532.04 532.06 532.14 532.08 532.13 532.0 532.08 532.13 532.0 532.0 532.08



2 � 6/7:: 450/62487/359:;;<4=8< 1432 � 6/7:: 450/62487/359:;;<4=8< 1432 � 6/7:: 450/62487/359:;;<4=8< 143

aX,F �aX�� 0.3 eV.LÆ�, ��/0+�

�� Si—OH ^eW� Si—O—Si ^, 1Z8#8,

� SCA UA�/0+���!:�^. aUB��

c_�8�\�G=b5, ��� Si%O%C �38
'$$� 1 : 2.25 : 0.63, ��* Si%O 38'$$W
:J , a C 38�$��$� 3 i; j3�YK*

Si2p S`':�aX, C 38'$"), �\W:J

 .

P 4 �-< E0 � E1 � XPS 0"%NP. 07

�-< E0, -< E1 � C1s N\ 288.6 eV H>5Y
f-c�\. �N@'��*� (kdWj3�YK

�) -<GRY01�f-c�\. L1Z8#/0

+��� SCA ���:�!^0�, U#�5.,

��j3�1YKJY.

� C1s N\ 288.6 eV H>�f-\� Si2p S

�:�aXZ8, SCA �P�/0+���!#:

�^". :�^�!1.�: KH–570 �F�0( 

�B27W!&F, &F Si–OH ^Jd�, (>

/0+��*&(��/0+���a-T��!
Si—O—Si ^, O&(�l���&a-b0ce"
�!)�� [9,10]. �5.,��5j3��PS, m

N# SCA  &;?g#,��B, 13$e#&a
-����/0+���a-��a�, +��/0

+���!9��, #��� ��").

?M.Y��, U#�b,?4�, SCA 1%1

/0+���W SiH OH Si:�^; �27,�5

)3 SCA ��Bf�"), l���&a-e"1
JgL, SL Si H OH 5&, �.,27?4���

'59� ��. L��, �5)27,��/0+

��W!��C ��a-�9�� R -:�n,

o�hI0d. ��13g� ��9�-7�1

����0"'i,Y], �&�9�-:%�#/

0+����7�^V��p/, +�h_/0+�

b 4 C1s qib`^[
Fig.4 C1s electronic bonding energy

�W!f`��", %�;rc��$, � ;rc

g�;�e� �a-A%1�:����WZO�
:�^. �b27,��3��hE�/0+��

��9f�,-��.

2.2 QRS/SCA/jklmUnoLpqrs<
tu

SCA ")/0+��� ��, J_,�.),

?JE�������^0. a�F'�Æ���,

�8,�/0+/SCA/������0"��.�

i' SCA ���dj [8,9,14]. aU@6820+,

</0+/SCA/������!�1.: (1) /0+

���a-� SCA �B*�a-T��! Si—O—

Si^; (2)SCA�SLa-��A�T�W!)��,

27,�M.%3�Mj, )��M&, R -:M&,

SCA  e\�SLa-M&, /0+�� ��]

Mp; (3)SCA �SLa-A%1���:&;g 
�a-T��! Si—O—Si ^; (4) C�j��/0

+��� ��5., /0+��,87f� �
,8�^V� ��,8vg�!��, #/0+

��>V&��", �#���:;[ ����

Wj59k�hgh/�i4:g� �� [9], +

�")�����. ��*�/0+��7��^

V����!��p/W�, �"WÆ, �Z�n,

o�9�-: R�g�1h_/0+��W!f`
��", sk#9k� ������Wj, +�#

M���0d�g,6l [9]�0+1Z8#L&t;

(5)h+ SCA�/0+��27;� (3�mj%,

�m.), P SCA �SLa-%&, �����:�

^0"1]b%&. uZ ��;)b#�X�j

H>/0+��, iN�/0+���!5j�f

`�" �k!5 �k, "���c��� ,  

�!�$, 0"��2�"). L1+lm��-2

 M>#2Z [14].

6l [10, 16–19] �0+��, &a-1A%�
Ca%Al :"�T�!^. L1Æ�, �#?M=9�

��-+, ��*����-'SLa-g�, Uv

SCA @��=, n-ab"l�,��3�.

3 L P
1. �b,� SCA ��/0+��ARc�$

/0+/�������nom0d, /0+/���

���g�C SCA ���8Y�:�^0", ��

��0"�������g8�GoM)..

2. SCA ��-+?����*/0+���

pg�mje"�&Fa-��n,o�'1-:.

SCA ��7�b,%)@��5w273��?4
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