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ro is the initial pore radius; 7| is the current pore radius; 7. is the capillary

interface and &(ry, r.) is the erosion quantity induced by salt crystallization.
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Fig. 1 Schematic of the pore structure model of cement-based
materials
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Fig. 5 Evolution for pore structure of PC specimen after Na,SO, immersion
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Table 2 Compositions for M1-M3, M40-M60 specimens

T, 43R KT #A9[38(9)]5 PSD-K #5 7Y

. i . s wr Mix ‘W/B ratio Cement Sand/Binder Ref.
[ E LR 6 AWK MEHFBIEREFF 5L
X - e MI 0.5 CEM132.5 3.00 [43]
MEERAERTE . WK 6 Fran, M1~M3 K1i5iE R EE o 05 CEMI32.5R 500
KHKBNENE, 11 M40~M60 117217 £ K00 3 05 CEM I 52.5 300
HAMBRANETA . REH: T M40~M60 iR M40 0.4 CEMTI 52.5 151 [34]
FE, 2 FRELRITOAE 5 sEME L B & X T M50 05 CEMII 52.5 151
MI~M3 ik, 2 PR I8 B 25 sl 7B E e . M60 0.6 CEM I 52.5 1.51

W/B is water to binder ratio.

—IBX ORI KIS R BRI A R 1~3 A

&3 MI1~-M3 M M40~M60 X F IR FLBREEIAHFIES
Table 3 Morphological parameters for initial PSD of M1-M3, M40-M60 specimens

Mix [ [A d, /nm T Sub-distribution o, M, /m [ Methods Measured Kox10™"7/m’
Ml 0.163 0.092 20.000 2.020 1 0.115 ~18.010 1.010  Water intrusion™! 0.140
2 0.504 -17310  0.300
3 0.058 ~16.600  0.100
4 0.323 -16.010  2.150
M2 0.147 0.090 14.700 2.060 1 0.286 ~17.980 1.200 0.089
2 0.552 -17.390  0.300
3 0.059 ~16.600  0.160
4 0.103 ~15.010 2330
M3 0.124 0.057 17.100 2.090 1 0.336 -17.520 1.400 0.004
2 0.302 -17370  0.280
3 0.159 -16.560  0.210
4 0.203 ~15.200 1.000

(to be Continued)
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(Continued Table 3)

Mix ] [A d, /nm T Sub-distribution o, M, /m o, Methods Measured Kox10™"7/m?
M40  0.171 0.031 16.000 1.530 1 0.156 ~19.610 2.800 Gas intrusion®" 0.660
2 0.301 -18.910 0.610
3 0.431 -17.700 0.340
4 0.112 —15.480 1.700
M50 0.186 0.077 19.600 1.520 1 0.206 -18.620 0.500 1.960
2 0.281 —-18.330 1.100
3 0.411 -17.300 0.400
4 0.102 -15.590 2.200
M60 0.312 0.125 26.600 1.440 1 0.340 -18.910 0.890 7.510
2 0.300 -17.620 0.420
3 0.202 ~16.010  0.700
4 0.158 —-15.010 1.090
o Measured Abundant C-S-H
w100k ® PSD model s
£ o K-T model Silicate Ca-layer
N . g
Z 0t 7
10
£
(53
(=
o
@ 10
‘g C-S-H structure after wetting C-S-H structure after drying
=
- ]OU -
MO e B17 TR R C-SH SR TR

Ko WRIAFEREGEERBEIE SRR
Fig. 6 Measured and calculated intrinsic permeability of
different mortar specimens
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Fig. 7 Shrinkage and expansion of C-S-H structure of cement-
based materials during wetting/drying conditions
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Fig. 8 Gas permeability of M40-M60 specimens under unsaturated states
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Table 4 Morphological parameters for initial PSD of
mortar specimens

Mix Sub-distrbution A o, /m o,
GBFS0 1 0.250 -19.710 3.502
2 0.150 —13.563 0.361
3 0.342 -12.172 0.382
4 0.258 -11.393 0.374
GBFS20 1 0.250 —-19.814 2.801
2 0.358 —13.765 0.611
3 0.232 —12.471 0.550
4 0.160 —12.050 0.850
GBFS50 1 0.251 -19.711 0.550
2 0.356 —14.360 0.761
3 0.234 -12.070 0.800
4 0.159 -9.552 0.353
0.3
o Exp, GBFSO
Calculated, GBFSO
i\o 02 v Exp, GBFS20 d
o | = = = -Calculated, GBFS20 {
= o Exp, GBFS50 g
EEXo!
S
NE

0 10 IR
Pore radius/m

K10 3 RS BRI IR FLAR 70 Al 5 i s
Fig. 10 Experimental and calculated results for initial PSDs of
mortar specimens
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Fig. 11 Calculated results for sorptivity and capillary rise
height of mortar specimens
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Fig. 12 Variation of water sorptivity and absorption height of
GBFS0 under different RH conditions
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Salt Crystallization-Induced Pore Structure Evolution and Transport Properties
Degradation in Cementitious Materials
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Extended Abstract

Introduction The durability of cementitious materials in coastal environments is fundamentally challenged via salt crystallization,
and a prevalent deterioration mechanism alters pore structure and degrades transport properties. While total porosity is commonly
considered, pore size distribution (PSD) proves more critical. It is indicated that large pores (i.e., 0.1-5.0 um) facilitate salt solution
ingress, while small pores (i.e., <0.1 pm) generate high crystallization pressures. However, the existing models often fail to capture
the complex crystallization at wet-dry interfaces in cement-based materials. This study was to develop a comprehensive mathematical
framework using log-normal distributions to characterize the initial PSD and model its evolution under salt attack. We established
predictive methods for permeability and sorptivity that could account for pore structure evolution, with validation through
independent experiments. In addition, this study also analyzed the performance variations under different testing conditions and
investigated water absorption behavior during salt crystallization.

Methods The research methodology was founded on theoretical modeling and third-party experimental validation. First, a
mathematical model for pore structure evolution was proposed. The initial pore size distribution (PSD) of cementitious materials was
described by a composite log-normal distribution function, dividing pores into four families, i.e., large interlayer pores, gel pores,
small capillary pores, and large capillary pores. Two distinct pore-filling paths during salt crystallization were hypothesized, i.e., A
uniform (U) filling model, where salt deposits uniformly across all pores with a constant corrosion amount, and a non-linear (NL)
filling model, where crystallization is concentrated near the wet-dry interface, with a corrosion amount proportional to the initial pore
radius. The position of this critical interface was determined based on ambient relative humidity (RH) using the Kelvin-Laplace
equation.

Subsequently, a novel intrinsic permeability prediction model (i.e., the Pore Size Distribution-Permeability (PSD-K) model) was
derived from the Hagen-Poiseuille equation, explicitly incorporating total porosity, pore tortuosity, and the full PSD. For unsaturated
conditions, this model was extended to predict gas permeability via integrating the wet-dry interface parameter r... Further refinements
accounted for gas slippage effects and the influence of water saturation based on the Van Genuchten-Mualem model, yielding an
apparent gas permeability. Finally, a sorptivity and capillary rise height model was formulated via coupling the PSD-K model with
capillary pressure described by the Young-Laplace equation. All models were rigorously validated with the published experimental
data from various mortar specimens subjected to salt exposure and drying-wetting cycles.

Results and discussion The validation against MIP data from a PC specimen after Na,SO,4 immersion reveals a porosity reduction
from 25.9% to 16.9%. The nonlinear (NL) filling model demonstrates a superior capability in capturing localized pore structure
evolution, compared to the uniform (U) model. For a calculated critical radius of 64.9 nm at RH of 96.5%, the NL model accurately
predicts a pore modification in the size range of 20—100 nm, dominating transport processes. However, discrepancies occur in smaller
(i.e., <20 nm) and larger (i.e., >100 nm) pore regions, primarily due to the oversimplified assumption of uniform hydration product
deposition. This indicates a need for future models to incorporate non-uniform hydration effects for improved prediction accuracy.
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After the establishment of a reliable pore structure evolution model, we further evaluate its impact on the key transport property
indicator—permeability coefficient. The PSD-K model can predict an intrinsic permeability for six mortar groups, having reasonable
agreement with gas intrusion data (i.e., 0.66-7.51x10"""m? for M40-M60). However, the PSD-K and the Katz—Thompson (K-T)
models both overestimate water-based measurements by 1-3 orders of magnitude, revealing fundamental test-method dependencies.
This discrepancy stems from C-S-H gel swelling during water intrusion, which compresses pore space versus enhanced flow due to
gas slippage effects in dried specimens. For unsaturated conditions, the modified model confirms a critical water saturation threshold
(i.e., about 0.8), beyond which gas permeability decreases dramatically as a liquid phase blocks continuous pore networks. The
PSD-K model effectively tracks the permeability-porosity relationship during salt crystallization, demonstrating the model capability
in simulating the performance degradation under chemical attack.

Beyond permeability, capillary water absorption represents another crucial process driving salt solution ingress, whose evolution
patterns are similarly investigated. The sorptivity model shows a correlation with the experimental data for mortar specimens with
varying slag contents. The results indicate that the sorptivity of GBFS0O mortar (i.e., 39.4% porosity) exhibits approximately four
times higher than that of GBFS50 mortar (i.e., 8.4% porosity) due to its greater volume of large capillary pores (i.e., >100 nm) that
dominate absorption processes. The results of environmental analysis reveal a negative correlation between RH and sorptivity as a
higher initial water saturation reduces capillary driving forces, particularly in finer pores. Furthermore, salt-induced porosity increases
significantly an enhanced sorptivity, with this effect being markedly pronounced under high-humidity conditions (RH > 80%) where
the wet-dry front occupies larger pores, making absorption more sensitive to pore volume changes. These findings can provide crucial
insights for predicting salt damage risks in various service environments.

Conclusions This study established a theoretical framework for quantifying salt crystallization impacts on cementitious materials.
The key findings demonstrated that the nonlinear pore-filling model could predict pore structure evolution, particularly in the critical
size range of 20—100 nm, with the MIP data confirming a porosity reduction from 25.9% to 16.9% and crystallization localization at
wet-dry interfaces. The PSD-K model could predict an intrinsic permeability, showing a reasonable agreement with the gas intrusion
data (i.e., ~7.51x107" m* for M60) and identifying a critical water saturation threshold (i.e., ~0.8) for gas transport. The sorptivity
model captured a fourfold difference between high-and low-porosity mortars, revealing that salt-induced porosity increase coupled
with a high humidity (i.e., RH>80%) drastically enhanced water absorption. This integrated framework could provide an effective tool
for durability assessment of concrete in salt environments.

Keywords pore structure; salt crystallization; unsaturated state; permeability; sorptivity
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