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Table 1 Pore and crystal model geometric parameters

Model No. Ly/pum Wi/pum L/pum Wo/um
M2.0-0.2 2.0 1.0 2.0 10.0
M2.4-0.2 2.4 1.0 2.4 12.0
M3.0-0.2 3.0 1.0 3.0 15.0
M2.0-1.2 2.0 1.0 2.0 1.7
M2.4-1.2 2.4 1.0 2.4 2.0
M3.0-1.2 3.0 1.0 3.0 2.5

Ly is the maximum length of a pore in the horizontal direction. W, is the
maximum width of the pore in the vertical direction. L is the maximum
length of a crystal in the horizontal direction. W, is the maximum width of

the crystal in the vertical direction.
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(b) Restricted NaCl crystal first principal stress distribution diagram

Bl6 M2.4-0.2 B ES— 3 B0 ) 40 A 4]
Fig. 6 M2.4-0.2 model first principal stress distribution diagram

Kl 7 2 M2.4-1.2 BERSREAL K e 2K AR F NaCl
I — NS o B Ta ARG KRS AR ) 5 —
FER A nTEUE H, SIEFAE | N 0.65. 0.83
A1 1.00 B, M2.4-1.2 BERIELL KPR AR B T %2
PLIX I, HIHAEE AN 0.65 I, Ak K e 22 4R H B 1)
XAz, FRHIN. )28 0.36 MPa,  HHELFEFL
B b A T A A s M AN 0.83 B, fE{LKIE
WARKL N ST X IR A5 )z, B KA .78 0.70 MPa,
HIAEFLRR K o 0 T s A s M3 A N 1.00 B
TR AL K Ve 2R AR BL B g X 38 0 A FEFLBR AR 17 1.7 pm
W, KB 19 1.68 MPa, A BILTE FL IR Sl vt 40
TR A o 4 f Il R P (R B KR N ) o & 771 3.7
f5. B 7b J& NaCl gk sE— 2N 3. mTes
E, gl fEF NaCl @kl ENE, ZEK
LR ITIR /N

Kl 8 4 M3.0-0.2 BEAYRE L /K e K AR Fl NaCl
A — NS B . B 8a S AEAL KB AR ) 25—
FER A nTEUE H, MIEFAE | N 045, 0.75
A1 1.00 B, M3.0-0.2 BERIELL K Y AR B T %2
PLIX I, HIEFEEE AN 0.45 I, B ALKV 32 4R H N 1)
XAz, FRHIN. 0N 0.37 MPa,  HHILFEFL
B b 0 T A A s MR 0.75 B, KT
WARKL N ST X IR A5 )z, B KA N34 0.74 MPa,

HIAE FLR K o 30 T A s M3 R N 1.00 B
T4k 7K e JE AR B L F7 X o A AEFLBR AR ) 2.0 pm
W, KB 19 2.04 MPa, A EILTE FL R Sl vt 40
TR A o 5 dt I AR P I B KR Y 7 D & 71 4.4
5. [l 8b J& NaCl gk EE— 2N 34l mTe
Eill, gt NaCl BRI E NE, 231
LR ITIR /N

Bl 9 S M3.0-1.2 A7 fg 4k /K Jé 3% 78 Al NaCl
p RS — BN AT . B 9a ARk KR H AR
s — LR S, aTLUEH, MERE AN
0.58. 0.81 A1 1.00 I, M3.0-1.2 B fifi 4k, 7K Jfe 2
RSB PL T R X k. MIHFEE N 0.58 I, Ak
KR FAR L R XKy A Tz, BN RN
0.38 MPa, HILTE LR Sl o 3 0 s kb s M HH 70
FER 0.81 B, 4k /K Y kB B 77 X3R4 A T
2, BRI A 0.78 MPa,  HiHILAE FL B K Fil i
BRI S AL 4TSN 1.00 B, B AL K U8 3 AR hir
N 7 X 3853 A 7E FLBR A% 1) 2.0 um N, Je K HE R )
N 1.99 MPa, H BTE FL Al ity 350 T00 i Ak o 45
AR R ) B K BT N R T 4.3 £ B 9b
5& NaCl ffRMIsE — N oAk, WLV,
gh it 2 NaCl @R LA oM, 2304 M
FIR N



553 5 2 WP S B URIARTIOK AL N AN S, T 01 P BB AR A .« 319 -
kPa kPa kPa
340 660 1730
260 igg 1490
190 400 1250
120 310 1020
50 220 780
20 140
50 540
-100 —40 300
—200 -170 0
(a) Hardened cement paste first principal stress distribution diagram
MPa kPa MPa
Filling degree=0.65 Filling degree=0.83 Filling degree=1.00 —0.22
0.05 19.1 —022
0.02 -9.0
-0.02 -37.1 -0.22
—0.08 -93.2
/ —-0.11 / -121.2 -0.22
—0.14 _ —149.3
T0=0.13 MPa 0 Ty =0.11 MPa 022
—0.19 -191.0 —0.22

(b) Restricted NaCl crystal first principal stress distribution diagram
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(b) Restricted NaCl crystal first principal stress distribution diagram
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tensile stress inside hardened cement paste
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Table 2 Fitting regression correlation analysis results

a b c d e Statistics
Value Error Value Error Value Error Value Error Value Error Reduced Chi-Squares  Adjusted R
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Extended Abstract

Introduction Salt crystallization plays an important role in the physical weathering process of materials, and is generally considered
to be one of the main problems affecting the durability of materials, and most of the weathering damage of porous materials is related
to salt crystallization. Since the permeation and crystallization of salt solutions are unavoidable. Therefore, it is of great value to
explore the crystallization process and mechanism of salt in pores for the study of material durability in the fields of construction
engineering, historical building protection engineering, traffic engineering, underground and geotechnical engineering, etc, and is of
great significance for improving the disaster prevention and mitigation capabilities of historical buildings and infrastructure, and
reasonably predicting the service life of structures. At present, the supersaturated crystallization pressure hypothesis is generally
accepted as the cause of salt crystallization failure of porous materials, which holds that the crystallization pressure exerted by crystal
on the pore surface is the main cause of the failure of cement-based materials. However, existing study has found that the actual
crystallization pressure produced by NaCl evaporation crystallization is about 0.46 MPa, which is much lower than the tensile
strength of concrete, and the concrete material still subjected to damage. Therefore, in this paper, the finite element method is used to
study the crystallization process of NaCl in the micro pore of hardened cement paste, and the mechanism of crystallization pressure
during the crystallization process is revealed. In addition, the effects of pore and crystal geometry, crystallization pressure and filling
degree on the maximum tensile stress inside the hardened cement paste are also discussed.

Methods The micro pore model and NaCl crystal model of hardened cement paste are established respectively, and the NaCl crystal
model is horizontally put into the micro pore model of hardened cement paste to obtain the NaCl crystallization process model in the
micro pore of hardened cement paste. In order to accurately distinguish the crystallization process of NaCl crystal, a two-dimensional
spatial filling degree is introduced. The model of NaCl crystallization process in micro pore of hardened cement paste is established in
three steps. The first step is to determine the geometric properties of the crystal. The size change of the crystals in the NaCl
crystallization process model is controlled by the filling degree, and the crystals without pore wall confinement are obtained, and the
crystals in the pore confined state are obtained by Boolean operation. The second step is to split the model. The NaCl crystallization
process model is divided into two parts: the hardened cement paste micro pore model and the NaCl crystal model. The third step is to
apply crystallization pressure. The stress distribution diagram of hardened cement paste and NaCl crystal is obtained by applying
crystallization pressure to the contact parts between the crystal and the pore wall in the micro pore model and the NaCl crystal model.

Results and discussion During the crystallization process of NaCl in the micro pore of the hardened cement paste, the tensile stress

region is distributed within 2 pm of the pore radius, and the maximum tensile stress in the crystallization process is about 3 times of
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the crystallization pressure, which appears at the apex of the long axis of the pore, while the NaCl crystal is mainly compressed and
the tensile stress is small. NaCl crystal do not fail before hardened cement paste. The pore axial ratio, filling degree and crystallization
pressure are the main factors influencing the maximum tensile stress in the cement-based material during the crystallization process.
The maximum tensile stress of hardened cement paste increases with the increase of pore axial ratio, filling degree and crystallization
pressure during the crystallization process, while the crystal axial ratio has no obvious effect on the maximum tensile stress.

Conclusions There are free crystallization and crystallization restricted stages in the crystallization process of salt in micro pore.
The crystallization pressure generated by the crystallization restricted stage is a major factor causing damage to cement-based
materials, and the tensile stress concentration caused by crystallization pressure is the direct cause of the damage of hardened cement
paste. The crystallization pressure leads to the tensile stress concentration in the hardened cement paste, and the maximum tensile
stress is about 3 times of the crystallization pressure, which appears at the apex of the long axis end of the pore. NaCl crystals will not
be damaged before hardened cement paste. In addition, the pore axial ratio, filling degree and crystallization pressure are the main
factors affecting the maximum tensile stress in the hardened cement paste during the crystallization process.

Keywords salt crystallization; hardened cement paste; crystallization pressure; maximum tensile stress



