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Abstract: The chloride resistance of blended cementitious materials can be improved by incorporating a high volume of
supplementary cementitious materials (SCMs), thereby improving the durability and service life of concrete structures. However, their
mechanical properties decrease significantly, especially at early age. To improve the early-age mechanical properties and chloride
resistance, the type and addition of cementitious materials in the fine, mid-size, and coarse fractions were optimized based on particle
close-packing and pore fillability during hydration. The blended cement pastes with greater chloride binding capacity and pore
tortuosity are obtained due to the pore refinement of fine particles and efficient hydration of both clinker and SCMs. In addition, a
blended cementitious material with 3-day compressive strength of 27.3 MPa and 28-day chloride diffusion coefficient of 0.36x10 '
m%/s was prepared using only 59% clinker with a size range of 4-55 um. The results provide a deeper insight in the microstructural
optimization and durability improvement of cement-based materials.
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Table 1 Volume content of each fraction of blended

cementitious materials

. Cumulative volume Incremental volume
Size range/pm

fraction/% fraction /%

<4 28.8 28.8
4-15 48.8 20.0
15-30 64.4 15.6
30-50 79.0 14.6
50-90 100.0 21.0
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Table 2 Chemical compositions of cementitious materials w/%
Material SiO, Al O3 Fe O3 CaO MgO K,0O Na,O SO; Others LOI
Portland cement 21.60 435 2.95 63.81 1.76 0.51 0.16 2.06 1.61 1.19
Blast furnace slag 35.72 12.26 0.26 36.56 11.28 0.48 0.25 1.21 2.75 -0.77
Fly ash (FA) 50.57 24.71 5.54 11.56 1.61 0.67 0.18 0.77 1.69 2.70
Nano-silica 95.11 0.18 0.62 0.44 0.24 1.02 0.06 0.29 0.16 1.88
Metakaolin 51.52 44.35 0.71 0.08 0.58 0.20 0.04 2.52

Note: w is mass fraction; LOI is loss on ignition.

Note: PC, NS, MK, and BFS represent Portland cement, nano-silica,
metakaolin, and blast furnace slag respectively

1 AR XRD %

Fig. 1 XRD patterns of cementitious materials
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Note: C represents clinker; Dsg represents median size; REF, GB, and HCR represent reference, gap-graded, and high chloride resistance blended cementitious

materials, respectively.
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Fig. 2 Particle size distributions of raw materials and blended cementitious materials
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Table 3 Compositions of high chloride resistance, gap-graded, and reference blended cementitious materials

High chloride resistance blended cementitious

Gap-graded blended cementitious material (GB),

Material Size range/um Median size, Dso/pum .
material (HCR), w/% w/%

BFS <4 22 20 21
C 4-15 9.9 25 26
C 15-30 19.3 17 19
C 30-55 339 17 18
FA 55-90 52.1 16 16

MK 5.8 4

NS 1

Note: 5% of gypsum dihydrate was added additionally for all blended cementitious materials; Reference blended cementitious material (REF) is 21% BFS+63%

Portland cement clinker+16% FA.
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Table 4 Wet packing density of Portland cement and blended cementitious materials

Cementitious material Specific density/(g-cm )

Maximum wet density/(g-cm ) Wet packing density/%

PC 310 2059 49.95
REF 2.99 2026 51.50
GB 2.99 2,085 5447
HCR 2,97 2078 54.84
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Fig. 3 Mechanical properties of Portland cement and blended cementitious materials
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Fig. 4 Chloride diffusion coefficients of Portland cement and
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Note: o and f§ are empirical parameters in Freundlich isotherm
Bl 5 wERREKIES S A REM B CIRE AR 28
Fig. 5 Chloride binding isotherms of Portland cement and
blended cementitious materials
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Table 5 Porosity, critical pore radius, and tortuosity of hardened pastes of Portland cement and blended cementitious

materials
Cementitious . . . . . .
material Pore volume/(mL-g ) Porosity/% Critical pore diameter/nm Entrapped fraction/% Tortuosity
PC 0.101 19.23 16.3 49.05 4.26
REF 0.189 31.94 253 38.04 3.24
GB 0.129 22.29 12.6 56.68 5.08
HCR 0.120 20.32 10.5 62.95 5.87
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Fig. 9 SEM images of hardened pastes of Portland cement and blended cementitious materials equilibrated in 3 mol/L NaCl solution
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Note: T,—T., present the tobermorite-based C—S—H with chain length of 2 to infinity;
and T11(nAI) means nSi in three bridging sites are substituted by Al; w/n
represents protonation degree of C-S—H

K10 RERR K5 E A B RK AL I Al-Ca /R

5 Si-Ca BE/R HL

Fig. 10 Molar ratio plots of Al-Ca versus Si—Ca of hardened pastes

of Portland cement and blended cementitious materials
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K11 EERRER/KYE S HCR MEALIZ AR 2Si NMR (28 d)
Fig. 11 ?°Si NMR spectrum of hardened pastes of Portland cement and HCR (28 day)
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Table 6 Q-species proportion of silicate tetrahedrons and

characteristics of C—S—H in hardened pastes of

Portland cement and blended cementitious

materials
Malor
hydrated phase)/¥ —S—H)/%
Cementitious W(Unhydrated phase)/% W(CE-S-H)% ratio
terial f Al
T Alite Belite BFS FA Q' QM @ UG
PC 391 28.63 31.26 11.58 24.62 0.086

REF 493 2358 11.73 9.11 1932 1401 17.32 0.138

GB 4.53 11.25 12.86 7.55 2145 2244 1992 0.176

HCR 3.81 13.54 10.64 4.16 2042 2556 21.87 0.188
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Fig. 12 Comparison of initial packing states and microstructural development of REF and HCR
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