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Table1 Chemical composition of cement and silica fume wi%
Composition  w(Si02)/% w(ALO3)/%  w(Fe,03)/% w(Ca0)/% w(S03)/% w(K;0)/% wMnO)/% w(P,05)/% wMg0)/% w(lLOD)/%
Cement 19.62 5.96 3.34 61.80 3.50 0.75 0.21 0.12 4.00 0.70
Silica fume 91.10 0.56 3.01 0.61 0.40 2.22 0.09 0.04 0.48 1.49
w is mass fraction.
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Fig. 1 Particle size distribution of cement and silica fume
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Table 2 Physical properties of steel fibers

Diameter/mm Length/mm Aspect ratio Density/(g-cm™) Tensile strength/MPa Elastic modulus/GPa
0.2 13 65 7.9 2850 200
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Fig. 2 Steel fiber morphology Silica  Coarse  Fine Steel Water
Cement Water
fume sand sand fiber reducer
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Table 4 Soluble salt ion content in saline soil from Golmud
[20]

region
Ton type Component/(mg-kg ™)
Cl 81016

HCO5 181
S0, 15 648

COo;’ 59
ca* 5840
Mg 397

Na™+K*" 22 887
Total 126 028

SHE bR (U K BE AN A AR
T VERRAEY (GB/T 50082—2024)2Y, % FH By
T K VR AR VA R AR B o [V SR A R PO i
Rl ) FE 5 AN [RNR A ot (B2 6 3R -5 Al ZK) R x Er
T, HR BhsItAE B b 2 B AR AR
YRR RS, 17 A 0 3 P 4 o) A A ) o B
SR, B EhImE R o AR Ik B 5 VR LA FR
FhA 1R F B HLE, 7R 3 20 477 BT K (B
TR AR SRR HETR 24d J5IRK 4d, BEJEHE
FFIKVR  ERVR AR RRER . BRI S 2.5 h
UREEAN 1.5 h IEfEMT B, B3R 25 KR A E PR & AH
SRR AR R, SR S0 YKVR RGN E T
JE PLirsmnE, RERE 250 R BE IR & 4 4E f R
IRGSE R B R 2k, ELE 500 RiGELLEH. H
PR VE R

1) £F 4 JE A T R 45 1 g

T 44 I A L THDRS 45 1 B 38 5 4 e AR 2E 7
WDW-50C 24 Hi 5 G il B WL, A 200K 6 4>
WGP, WEKHEER 0.5 mm/min, K H
4 MRANEF 2k A= 50 AR H ot B AR cdi, BEAT 4R
Y JL R PG 4550 B SR BT BT, G40
HEMDFR.

Prnax
= md L (M
A o NEFYE-SEARRELERE, MPa; poa AR H
NI E A, Ny n NEF4ERREL de A
LN HEEZEIRAKE, mm.

HH RS R WX Q)R

m;%w@m 2)
Kb w, AR RS, ml; P(s)RTERHE s(mm)it 1]
w1,

2) KK B R A R 48K

S (U IREE K R AR M A 06

T¢

ERRAEY) (GB/T50082—2024)2!, 43 51l 5% F kG B 9
0.1 g ()4t 5 BT FEAT 1 Hz [ NM-4A BLIR 5t 1B
P 5 G AT T B 3 S RN AR X s A il i, A
AH LA 3 AN B4 J5T B A0 2R AT X ) e A ) i
&k SR SR P SR ) R 1

FERF SR R TR A XA K@3).

2

Pe=2.x100% 3)
Vo

e P ONERBLE IR 5 VR (P A X S st e i
vy ONERRE N UG TR IR A R, mis; v N
VR AT R - TR P B, mys.

3) 5EfE

Z:7% (KPR IR 5 FE A 56 77 32:(1SO %)) (GB/T
17671—2021)""", % F DTE-300 40 54— &Lt
47 UHPC FiE AT 58 LMK o Hrdrom i ki 72
HPA(50+10) N/s FE RIS s, B & il A3 s
PO 58 B IR R b BL(2400+£200) N/s [ 15 4)
g, BEEREMIR, SARE 3 NPT Xt
FEARHAT 1 IRPTYTHRE . 2 IRPT SR I,
HH RS 3 N PUHTSREE A 6 DM R . i
SRIEHHE: 45 3 M PUTRE A A | E
I£10%, W LG, BOLR 2 AMEM-FEE
NGRS A 2 MEEHFENE10%, WA
CERUDIRI A 1 MENME. PURBRERME: LLe ANl
EAE M EAFBMEE T ERELS R . W6 MEH
A 1P EMERE10%, WS BiZE, DA
5 AHIPYMEE NG R 5 ME A IS A
BIMEE10%, WNZAHLERIEE . w6 MEFH 2 4
B 258 T B £10%, %445 SRR R .

4) PAHZH RS O 45 )

SR AT JE B9 UHPC AEEURE, SR TEK 2.1
Z kK. T XRD W) TR 5 A o 2 B
WREE LI BT IR, EBRAE/NT 75 pm 18
Ko FT XRD MR 4ErE S, 1 SR K
CEEXT F AT IE B, DL BR SR TH TS B FoAth g g
Yo B L 4ERE AT CPATHES, fH LR AT RE
T B — A~ 5 A DU~ T AT AR . R B i
XRD-6100 fiT 34T XRD i, K 40 kv Al
40mA NI Cu-K, a5, M EIERE 5°~70°.
XFF MIP AR, BEAE S B RE AR 3~5 mm (/B B
T 60 CHZETEMPTREEE, DHRRKS X
FLBRIAR T4, FIFZE 5 9620 MIP MR GHEAT
LGB, WHRIE 146z 4.2x10° Pas %FT SEM
MPRIEE 3~5 mm HOREE S, 20 312545 5 0 s



% 54 B5 8 W = K% HA

ER bR ROE RS S VE P T SO A T 2 v e VR ek M B T AR N A

° 2799 -

e W7 T 2EAT WY < AL BE, R ST Sigma300 4 H
TR < R i R AT

2 EREH®

2.1 SReE-ERrh A AR

IR R TR AR TR], 2T 23 AR 1 R 46
FI-IERE 2R . Rh &t o B AN RE AR i 5 A
K6 Aton. HHPE S R OL, £F 4 potE A B A R
R Y FEARRE GG BE o 120Rh 45 I FEE 6 V4 Rl 1 P4 Ik 3
(BN HT T B, BLR B FE IS8 5 R &
e, I 6 T, EDTA ¥ U A 34 43 it 41 4 -
FE AR ST R 25 98 B RN K BB A8 AR 51 T 40 ) B T
22.2%K1 66.7%. F 5 45 T AFEEREIR B
J FETH R 45 50 B RN BR BB BRI, 2T 4 JE ARG 45 5
FEE N HH BB BE 5 R AR PR B 38 2 R LR G
T A £T 2 R S 2T 4 S B R T T R 45 B T
[il: 250 ROKER G530 T B 21.7%F1 16.3%- 500 %
IKIE G 50 5 R % 40.4%F0 27.8%. 250 IR ERIE TR
fib 5 23 ) R BE 22.9%F1 16.7%- 500 R 7% fib
J& 73 R % 41.3%A01 39.3%. M IEANLT iR AN LT
Y 5 RAR R B BE T T : 250 YRIKIR 5 20990 N [ 6.4%

100 —— Without freeze-thaw cycling
—— Water freezing-250
—— Water freezing-500
80 +
60
S
g
— 40
20 +
ol

-1 0 1 2 3 4 5 6 7
Displacement/mm

(a) Ordinary—water freezing

160 | — Without freeze-thaw cycling
140 - —— Water freezing-250

—— Water freezing-500
120 |

Load/N
o0
S

Displacement/mm
(c) Modified—water freezing

Color range is mean + standard deviation.

-1 0 1 2 3 4 5 6 7 8

H120.4%- 500 KRG 77 % 29.7%H1 50.6%-
250 RERVE R RS 2 0 R B 18.9% A1 26.9%
500 R ERIEWAR RS 73 70 T B 40.5%F1 54.2%.

IO SE R, WA YRR i A Y
PR ZENIRE, ) 1 R B 1 R o L T RS 4 5
(I FEAR, I BT SO 0 2T 4 5 AR 2 A E i B
SEMUBAR 7R 18, BRI, FIEAEE R el AR 2T 4
e BB R R e T B AN AT 4 . R e T AF ek T
(AR 4 JZ 0, AETAT 4R B R T B IR, AN
M 5% % tH 3B B AR, 3 UM AT 4 B85 Tl 1 R
B . TEVRRUMEIMERT, #Fihasl ka4 ERmit
— YRS W B FEAIG, IX P 25 AR 7 e AR B 1
() B AR IR/ N LA BB D . XK ) 55 47 4k 5 SRR T
KA IR J5 Bk s PERE! . B AR SR s 4
LRAE IR AT i TR AN AT 4RIk i g . BRVATR
TR RPN 5T 21 5 A ST R 225 56 FE AR g 10 1%
W T KGEIRES, &M S EMIEH A 1EH
SETHEYEN) UHPC HEER. thah, F4E-3t
A 5T R &5 568 2 AR L BE R B TR R XY B8 S
PR3, S aiE A N UHPC J124 M AE A8 (LAt
HAREY,

— Without freeze-thaw cycling
100 —— Salt freezing-250
—— Salt freezing-500
80
Zz 60
3
<
(=]
= 40
20 F
O =
-1 0 1 2 3 4 5 6 7 8
Displacement/mm
(b) Ordinary—salt solution freezing
160 Without freeze-thaw cycling
—— Salt freezing-250
140 —— Salt freezing-500
120
'z 100
ER
=
60
40
20 F
O E

-1 0 1 2 3 4 5 o6 7 8
Displacement/mm
(d) Modified—salt solution freezing

K5 CREROEIE TR 45 -1 7% h 2 224k

Fig. 5 Variation of bond stress—slip curves under freeze-thaw cycles
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Fig. 6 Variation of fiber—matrix bond strength and pull-out energy under freeze-thaw cycles
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Table 5 Reduction in bond strength and pull-out energy

Reduction amplitude of bond strength

Reduction amplitude of pull-out energy

Freeze-thaw cycle number

250 cycles 500 cycles 250 cycles 500 cycles
Ordinary steel fiber (water) 21.7% 40.4% 6.4% 29.7%
Modified steel fiber (water) 16.3% 27.8% 20.4% 50.6%
Ordinary steel fiber (salt) 22.9% 41.3% 18.9% 40.5%
Modified steel fiber (salt) 16.7% 39.3% 26.9% 54.2%
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Fig. 7 Variation of relative dynamic elastic modulus under freeze-thaw cycles
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Fig. 8 Variation of mass loss rate under freeze-thaw cycles
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Table 6 Characteristic parameters of Weibull distribution
function

Samples C D R* RMSE

Ordinary steel fiber UHPC (water) 2347 —-17.435 09731 125
Modified steel fiber UHPC (water)  2.132 -16.415 0.9438 18.6
Ordinary steel fiber UHPC (salt) 2486 —18.182 09663 194

Modified steel fiber UHPC (salt) 2.650 —-19.481 09493 20.1

Note: C=p, B is the shape parameter, D= ﬂln[i] , R? is the coefficient
n

of determination, RMSE is the root mean square error.
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Performance Evolution of Modified Steel Fiber UHPC Under Coupling Effect of Compound
Salts Erosion and Freeze-Thaw Cycles

QIN Ling', ZHANG Xiangi', BAO Jiuwen', GAO Xiaojian®, Sun Jianwei'
(1. School of Civil Engineering, Qingdao University of Tech-nology, Qingdao 266520, Shandong, China;
2. School of Civil Engineering, Harbin Institute of Technology, Harbin 150090, China)

Extended Abstract

Introduction The western region of China is characterized by high altitude, significant diurnal temperature variations, and
extensive saline soil distribution. Under the coupled effect of freeze-thaw cycles and salt attack, the service life of local concrete
structures decreases significantly, resulting in substantial economic losses. Although steel fiber-reinforced ultra-high performance
concrete (UHPC) exhibits an enhanced freeze-thaw resistance, it faces a challenge of underutilization of fiber strength due to the
limitations imposed by fiber-matrix interface degradation and inherent matrix risks. In this study, ethylenediaminetetraacetic acid
(EDTA) treated steel fibers replaced conventional steel fibers to enhance the mechanical properties and freeze-thaw resistance of
UHPC via improving the fiber-concrete matrix interface performance.

Methods In this study, steel fibers were modified using the EDTA method. First, 0.05 mol/L CaCl, and 0.05 mol/L Na,CO;
solutions were prepared separately, and 1% EDTA was added to Na,CO; solution. Subsequently, the steel fibers were immersed in a
mixed solution of CaCl,, Na,CO;, and EDTA for 6 h. Finally, the fibers were washed with distilled water. Based on the measured
concentrations of SO4*~ and CI" in saline soil from Golmud, this study employed a 133.6 g/L NaCl and 19.5 g/L MgSO, solutions to
simulate the corrosive environment for freeze-thaw tests. This study investigated the effect of combined salt attack-freeze-thaw cycles
on the fiber-matrix interfacial bond strength, pull-out energy, relative dynamic elastic modulus, mass loss ratio, compressive strength,
and flexural strength of UHPC. The phase composition and microstructure were characterized by X-ray diffraction (XRD), mercury
intrusion porosimetry (MIP) and scanning electron microscopy (SEM), revealing the microscopic mechanisms of performance
degradation. In addition, a freeze-thaw damage model for UHPC was also established based on the two-parameter Weibull
distribution function.

Results and discussion The EDTA modification induces a longitudinal exfoliation on steel fiber surfaces, resulting in a
significantly increased roughness. The interfacial bond strength and pull-out energy are enhanced by 22.2% and 66.7%, respectively.
Correspondingly, the compressive strength and flexural strength of UHPC are improved by 2.5% and 12%. The enhanced fiber-matrix
interfacial bond strength and pull-out energy increase the ultimate tensile stress required for unstable propagation of microcracks in
UHPC, effectively inhibiting the initiation and development of microcracks. This mechanism thereby enhances its freeze-thaw
resistance. After 500 cycles of water-freezing and salt solution freezing tests, the EDTA-treated steel fiber-reinforced UHPC
demonstrates significantly superior performance, compared to conventional steel fiber UHPC in all critical metrics i.e., interfacial
bond strength, pull-out energy, compressive strength, flexural strength, relative dynamic elastic modulus, mass loss ratio, and porosity.
After 500 freeze-thaw cycles in water, the bond strength of plain steel fiber UHPC and modified steel fiber UHPC are decreased by
40.4% and 27.8%, respectively. Their pullout energy are declined by 29.7% and 50.6%, respectively. The relative dynamic elastic
modulus are decreased by 5.26% and 4.57%, respectively. The masses are reduced by 0.46% and 0.45%, respectively. The
compressive strengths are decreased by 16.6% and 16%, respectively, and the flexural strengths are decreased by 26.1% and 20.6%,
respectively. After 500 salt solution freeze-thaw cycles, the bond strength of plain steel fiber UHPC and modified steel fiber UHPC
are decreased by 41.3% and 39.3%, respectively. The pullout energies are declined by 40.5% and 54.2%, respectively. The relative
dynamic elastic modulus are dropped by 5.44% and 5.25%. The masses are reduced by 0.5% and 0.48%. The compressive strengths
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are decreased by 21.4% and 20.3%, respectively, and the flexural strengths are decreased by 29.3% and 25.2%, respectively. The
XRD patterns reveal that after 500 salt solution freeze-thaw cycles, some expansive products such as ettringite and gypsum are
formed within the UHPC. The expansive stresses generated by these products induce crack initiation and propagation, thereby
degrading the performance of the UHPC. MIP indicates that freeze-thaw cycles result in an increased porosity in UHPC. In both
water-freezing and salt solution freeze-thaw environments, the porosity of modified steel fiber UHPC is lower than that of plain steel
fiber UHPC. SEM images reveal that during debonding of modified steel fibers from the matrix, a greater amount of weak matrix
material adhering to the fiber surfaces is carried away. This phenomenon demonstrates that modified steel fibers establish a stronger
interfacial bonding with the cementitious matrix. Based on the predictions by the Weibull model, the critical freeze-thaw cycles for
EDTA-treated and conventional steel fiber-reinforced UHPC are predicted to be 1610 and 1270 cycles under water-freezing exposure,
and 1220 and 1150 cycles under salt solution-freezing exposure, respectively. The results indicate that in the both environments, fiber
modification treatment can effectively enhance the freeze-thaw resistance of UHPC and significantly improve its durability.

Couclusions The results demonstrated that EDTA modification treatment enhanced the strength and fiber-matrix interfacial bonding
performance of UHPC, inhibited micro-crack propagation, thereby slowing the deterioration rate of properties such as relative
dynamic elastic modulus and strength during freeze-thaw cycles, reduced mass loss, and improved the freeze-thaw resistance of
UHPC. The freeze-thaw damage model predicted that EDTA-modified steel fiber UHPC could have a 26.8% increase in freeze-thaw
cycle resistance under water-freezing conditions and a 6.1% improvement under salt solution-freezing environments, compared to
conventional steel fiber UHPC. This study could offer a reference for the durability de-sign of UHPC structures in cold saline soil
regions of western China.
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