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(b) Interfacial model of C-S-H and steel fiber with CuO
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Aggressive environment

APS is aminopropyltriethoxysilane.

1 SRR A
Fig. 1 Schematic diagram of interfacial models
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Table 1 Mix proportions of UHPC matrix  kg/m®

Silica Quartz .
Cement Water Superplasticizer
fume sand
830 291 977 151 49

xR2 KENHUFEREEE
Table 2 Chemical composition and content of cement w/%
SiO; Al,O3 Ca0o Fe,03 SO; K,0 Na,O MgO

24.82 7.21 57.39 3.36 349  0.90 0.24 1.80

w is mass fraction.

WLF4EZRTH SCA AbFEE TR 3 . 1) A
SR AN AT AER VAT, A NaOH SEBIE R 4
SR AN AT 2 T HEAT TRAC IR, G EE IR 2> EL 20%1H)
NaOH &R AN T 45 30 min, 123958 iG] 25
BT KIGHEHAETEK S EEHIRIL 15 min, EBRANLT
YERMIR AN NaOH, AJ5HHATHETAbRE, S At
TN (2041) 'C. 2) il % AELEARICT(SCA) AW,
Fride i) SCA NE N 3 = Z A FE i e (KH-550) , %
KH550. 257 /K. To/K ZEEMIARFR LN 1.0:2.5:9.0
[ ELIE B KH550 ¥R, K KH550 i 255 7K
ATEIK CBERR A R 4+ 30~60 min, fif KH550
SERIKI IS o 3) H b3 I 0 2T 24 v 76 3 Tl 71 4T
R, ERAYER ISR KHE50 R, #HE
10 min JE RN 4E N BERE HE T 2 h [N 4F 4k i
A0 RS, IR 120 °C

I A YRR AR, A T S A BRI PR I
NN Y-SR AR TV RE RO RS, T AR 4R
WG RERAE I 2 FioR. #HRER LS
(PVC) BRI AR AR [ 52 AN 4T 4E A1 #E A 15 mm 4% )

ARAER i BE N 7 mm, B £ I R AR 4 ] e
B R R A, R, 24 h 5
ERVARR, BRI R, WS E T 60 CHY
IS A KK R IR 15 d J5, I8 (A4
VR R IR 7 VE AR UE) (CECS 13—2009)“O7E SANS
JifeiE Nl BT A e e, RN EoE Ry
1 mm/min, FRECAFGESR H 72 gy 2 A% i 28,
T B th & AU AP ek thBe, AN AF4E— R AokS
g e E A XA Q) P
Fmax

T_Fdfle Q)
Arb: 7 RS, MPa; Fra NS REL, KN;
N YRS de N 4EEA S, mm; | ALF4ER
SRS K, mm. AR LAEH, n=4, d=0.2 mm,

=6 mm,

PVC is polyvinyl chloride.
K2 UHPC AR AN LTk i

Fig. 2 Pullout test of steel fiber from UHPC matrix
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Fig. 3 Atomic configuration and contact area of the C-S-H-CuO interface and the C-S-H-cross-linked APS interface at equilibrium
under different aggressive environments
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and steel fiber

C-S-H matrixa

and steel fiber

4 N[FEFEE R G X S ALy (RSP ARRES TF B AL A T AR (Y AH LA R
Fig. 4 Interaction energy unit contact area between different components in the interfacial zone at equilibrium under various environments
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Extended Abstract

Introduction  The interfacial bonding properties between steel fibers and cementitious matrix under harsh marine environment are
crucial for the mechanical properties and durability of UHPC. However, studies on the deterioration mechanism of the steel
fiber-cementitious matrix interface in marine environments are insufficient. There is a lack of effective approaches to improve the
interfacial bonding properties. This study provides novel approach to strengthen the interfacial transition zone and enhance the
interfacial bonding properties using silane coupling agent (SCA). Based on molecular dynamics simulation and steel fiber pull-out test,
the variation rules of bonding performance and debonding strength of steel fiber-matrix interface in UHPC under harsh marine
environment were clarified. The microstructural variation, bonding network evolution and bonding trend of interfacial chemical bonds
for the pristine and SCA-modified interfaces in the harsh marine environment were investigated. Based on this, the interfacial bonding
degradation mechanism of the pristine and modified interfaces under marine chloride environment was revealed. This study is
expected to provide theoretical basis and methodological support for optimizing and regulating the durability of UHPC in harsh
marine environment.

Methods Based on molecular dynamics simulation, the variation of interfacial interaction energy and initial contact area before and
after SCA modification in the harsh marine environment was calculated and the images of interfacial configurations in the marine



+ 3430 - (HERR Sh=2400) J Chin Ceram Soc, 2024, 52(11): 3418-3430 2024 4E

environment were captured. Using interface debonding simulation and steel fiber pull-out experiments, the load-displacement curves
and interfacial fracture energy pristine and SCA-modified interfaces were investigated during the debonding process in the marine
environment. Microscopic morphology of interfacial transition zones in the marine environment was observed by scanning electron
microscopy (SEM) and backscattered electron imaging (BSE). Moreover, molecular dynamics simulation was used to statistically
characterize the evolution of the hydrogen bonding network in the interfacial region and to calculate the formation probability of
chemical bonds during the interfacial debonding process.

Results and discussion The bonding property of the steel fiber-matrix interface under marine environment was severely damaged,
where the initial contact area of the interface was significantly deteriorated. Compared to the dry environment, the initial contact areas
of pristine and modified interfaces under the NaCl environment were reduced by 51.6% and 39.2%, respectively. Moreover, the
interfacial transition zone around the SCA-modified steel fiber was dense. The interfacial bond strength and pull-out energy of the
SCA-modified sample after seawater erosion were 23.6% and 21.3% higher than those of pristine sample, respectively. The SCA
modification can effectively enhance the adsorption effect between interfacial molecules and improve the denseness of the interfacial
transition zone, thus improving the interfacial debonding strength.

The hydrogen bonding network within the pristine interface consists only of Oc,o—Hcsy hydrogen bonds, while that within the
SCA-modified interface consists of Oaps—Hcsh, Ocsi—Haps and Naps—Hcsy hydrogen bonds. The number of hydrogen bonds in
the modified interface is over 2 times higher than that in the pristine interface. The high atomic compatibility between the cross-linked
APS molecules and the C-S-H matrix leads to the formation of a variety of stable hydrogen-bonded connections in the interfacial
region, which enhances interfacial bonding.

Under the marine environment, the bonding probability between the C-S-H matrix and water molecules in the pristine interface is
higher than that between matrix and steel fibers. The bonding probability between the CI™ and C-S-H matrix is much higher than that
between the matrix and pristine steel fiber atoms in the dry environment. It is indicated that in marine environment, water molecules
and aggressive ions are prone to intrude into the pristine interface, forming strong interactions with the interfacial materials and
destroying the interfacial bonding between the steel fiber and matrix. Conversely, in the marine environment, the bonding probability
between the modified steel fiber and the matrix is higher than that between the interfacial material and the water molecules.
Specifically, in the NaCl environment, the bonding probability of silicon-oxygen covalent bonds between the cross-linked APS and
the C-S-H matrix remains high. It is demonstrated that SCA modification facilitates the formation of a stable interfacial bonding
network, enhancing the interfacial bonding properties and elevating the interfacial corrosion resistance to water molecules and
aggressive ions.

Conclusions The main conclusions of this paper are summarized as follows. 1) The marine chloride environment can seriously
damage the integrity of the steel fiber-matrix interface and weaken the interaction energy between the steel fibers and matrix. The
SCA modification can effectively enhance the adsorption effect for the interfacial molecules and improve the denseness of the
interfacial transition zone, thus improving the interfacial debonding strength. 2) Strong interfacial bonding between the steel fiber and
the matrix is achieved through the formation of hydrogen bonds. Water molecules in the erosive environment seize the initial
hydrogen bonding bonding sites, generating Oyater—HcsH, Ocsi—Hwater hydrogen bonds, breaking the bonding network connection
between the steel fiber and the matrix. Moreover, Na* and CI™ are easy to accumulate on the surface of C-S-H matrix, cutting the
covalent bond connection between steel fiber and matrix, expanding the invasion channel of water molecules, and eventually
exacerbating the interfacial deterioration. 3) Due to the rich type of hydrogen bonding and large number of hydrogen bonds between
SCA-modified steel fibers and the matrix, a strong hydrogen bonding network connection is formed within the interface, which
improves its resistance to water molecules and aggressive ions. Furthermore, in the SCA-modified interface, the cross-linked APS
molecules can develop stable silicon-oxygen covalent bonds with the matrix, and its good compatibility with the matrix promotes the
crosslinking of silicate chains in the interfacial zone. This leads to enhanced interfacial bonding properties and ultimately improved
interfacial corrosion resistance to the harsh marine environment.

Keywords marine chloride environment; silane coupling agent; steel fiber-cementitious matrix interface; degradation mechanism;
molecular dynamics



