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Table 1 Chemical compositions of cement w/%
Sio, ALO; Fe,0; CaO MgO TiO, Na,O K>,O SOs
21.1 7.8 29 544 3.2 0.4 0.2 0.4 2.9
w is mass fraction.
*k2 WREEE
Table 2 Mix proportion of mortar
Specimens w/c w(Cement)/% w(Sand)/% w(Water)/%
MO 0.53 100 240 53
w/c is water-cement ratio.
®3 RELIEAL
Table 3 Mix proportions of concrete
Specimens w/c Cement/(kg~m’3) Sand/(kgm’}) Gravel/(kg~m’3) Water/(kg~m’3) SP/(kg~m’3)
Cl 0.43 370 905 1000 159 11.1
C2 0.53 360 880 970 190 1.8
C3 0.63 348 850 937 219 0

SP is polycarboxylate superplasticizer.
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Fig. 1 Evolution of relative humidity within chamber over time
after one evacuation at 12 months of exposure
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Fig. 8 XRD patterns of paste sample with different w/c and curing ages under low vacuum
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Fig. 9 Quantitative XRD results of samples (P2-28) after exposure to different conditions
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Fig. 12 TG-DTG curves of paste samples with different w/c and curing ages before and after low vacuum exposure
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IEKHMRE S R 2 FEUEEY AFt 2L
(8 9), X754 Shangguan 245G . BEAR,
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Table 4 Content of chemically bound water and CH in

different paste samples w/%

Samples  Exposure condition ~ Chemically bound water/%  CH%
P2-28 V-0 20.0 313
V-6 19.5 314

V-18 19.9 32.0

A-6 20.1 314

A-18 20.3 322

P1-28 V-0 19.5 30.0
V-18 19.2 32.1

P3-28 V-0 20.2 31.5
V-18 20.9 329

P2-7 V-0 16.8 284
V-18 18.3 29.7

P2-60 V-0 21.4 313
V-18 20.2 32.0

X T HAth K s LU ER IR 8 I 4 AR, AT DA
BE, KETHGEGEH CH SEWAH g, (A
T8 P A it 7K e L B 3 U 1 34 KT B A1
X SR A PRSBG0S R I PR TR B2 B K
Jiz L AN SR 8 HA IR AR AR ARG B . Bian, 5 5 B
HI(V-0)fHLEE, KB #F 18 N H)5 P1-28 fil P3-28
2 HFESFH) CH S8R 7.3%M 4.6%, 1M

P2-7 Al P2-60 ZHAEMHI CH S &0 e R 4.5%F
2.6%. AN, XFEE P1-28. P2-28 1 P3-28 3 ZHAE M
AL, ARESIREE N B LA 45 GOk A CH &
EER FHREAK R LI SE s, X R E
IREE TN B () 7K A FE P2 I 7K e Ll 3 i 4 v, 3X
FFE AR IR N B rp 32 BUKAG = W 2 B B K
JBZ A DR T £ i B AR (18] 10) o BE—20 4, X bR
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F 20 nm BFLANTEETFL, 20~100 nm HIFL A FEFL,
100~200 nm [FFLAAE FFL, KT 200 nm HIFLAZ
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LA EY B 13, B 14 F13 5 FiR.
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Ja H LB Z L PR S, el KSR T
FARLARFFARXMEE o AR, AR 2 A KSR
iR 18 A JE AR T JLFLAE M 36.6 nm 7342
T4 163.4 nm f1 1255 nm, XERPURETRE)GH
Bk B KM JLILRAEIL). thsh, ERE
BIE, 5EFEKSHEMLL, (KRS 2EE 6 NN
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AR FLEE R, X 1T DA B R T I s B R 12
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fL DFEFL BEILAMZ EFILMILBZE 278 1.6%.
8.9%- 7.6%F1 7.0%, i EH il K T H 0N
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Fig. 13 Pore size distribution curves of paste sample (P2-18) under different conditions
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Fig. 14 Pore size distribution curves of paste samples with different w/c and curing ages under low vacuum
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Table 5 Pore structure parameters of various paste samples under low vacuum conditions
Porosity
Samples Exposure condition Total porosity/% Most probable aperture/nm
<20 nm 20-100 nm 100-200 nm >200 nm
P2-28 V-0 22.1 36.6 8.3 11.1 0.2 2.6
V-6 21.5 94.6 3.0 11.0 4.6 2.9
V-18 25.1 163.4 1.6 8.9 7.6 7.0
A-6 222 83.4 3.6 12.1 34 3.1
A-18 22.1 125.5 2.6 9.2 7.1 32
P1-28 V-0 18.1 40.9 6.5 8.6 0.7 2.3
V-18 23.8 136.4 1.0 9.7 9.5 3.6
P3-28 V-0 26.3 108.9 6.7 10.2 6.6 2.8
V-18 30.4 219.4 1.0 9.3 7.4 12.8
P2-7 V-0 29.3 53.0 9.0 11.2 2.5 6.7
V-18 30.0 209.4 0.9 7.9 7.5 13.7
P2-60 V-0 19.7 42.8 6.4 11.1 0.2 2.0
V-18 17.4 155.6 1.1 5.4 6.4 4.5
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Table 6 Pearson correlation coefficient of the original data

Compressive

Items w/c Curing age  Exposure time

strength
w/c 1.00 0 0 -0.70
Curing age 0 1.00 0 0.37
Exposure time 0 0 1.00 0.38
Compressive -0.70 0.37 0.38 1.00
strength
80
~
s
= 70 2
) [JR:)
X .
5 .
wv /.0
2 60 o %
4 P
=% e
g 50t ° o6 \ '
< ° .® Fitted curve
3 ce
kel (R*=0.94)
B 40+
£ o o
| 1 | 1
40 50 60 70 80

Actual compressive strength/MPa

K15 BME 5 SebnE s b

Fig. 15 Comparison of predicted value and actual values
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strength with GWO-LSTM modeling

x=7 NEEFNREKITNIERRXTEL

Table 7 Comparison of evaluation metrics for training and

test sets
Items R MAE MSE
Training set 0.960 1.612 3.888
Test set 0.961 2.064 6.756

R? is coefficient of determination; MAE is mean absolute error; MSE is

mean squared €rror.
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Fig. 17 Comparison of compressive strength reported in the

reference with the values predicted by the modell"+ '3
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Evolution and Prediction of Mechanical Properties of Cementitious Materials after
Long-term Exposure to Low Vacuum Condition

WANG Xiaolong, CHANG Honglei, SU Xu, KONG Zihang, LI Jiagin
(School of Qilu Transportation, Shandong University, Jinan 250002, China)

Extend Abstract

Introduction With the expansion of human activities, the application of cementitious materials has gradually extended from normal
air condition to low vacuum environment. For instance, in high-altitude regions, concrete structures are affected by low pressure due
to increased elevation. Moreover, for recently proposed the construction of low-vacuum pipeline transportation systems and space
bases, concrete infrastructure will also face a challenge of operating under a low vacuum condition. Compared to normal air condition,
low vacuum condition can accelerate the evaporation of moisture. This rapid moisture loss can affect hydration and alter pore
structure of matrix, thereby posing a serious threat to its long-term mechanical properties. However, the existing studies generally use
relatively high air pressure values (i.e., above 50 kPa) and short exposure time when characterizing early-age cement-based materials.
Moreover, there is still a lack of consistent conclusions regarding the time-varying laws of the mechanical properties of mature
cement-based materials under long-term low vacuum condition, requiring a further research. This study was to investigate the effects
of water-cement ratio, curing age, and exposure time on the mechanical properties, mass loss, phase composition, hydration degree,
and pore structure of cement-based materials under a low vacuum condition. A multi-factor coupling prediction model considering
water-cement ratio and curing age was proposed. This research could hold a great significance of the evaluation and prediction of the
mechanical properties of cement-based materials under a low vacuum condition.

Methods Portland cement P-O 42.5 was used. Fine aggregates were medium river sand with a fineness module of 2.96, and coarse
aggregates were continuous grading gravels with the diameters of 5-25 mm. In addition, tap water in laboratory was used for blending,
and polycarboxylate superplasticizer (SP) was adopted to reduce water. Besides, cement paste, mortar, and concrete specimens were
employed at different water-cement ratios (i.e., 0.43, 0.53, and 0.63), respectively.

To investigate the effect of low vacuum condition on the concrete performance at different curing ages, cement paste and
concrete specimens with a water-cement ratio of 0.53 were divided into three groups, and cured for 3, 28 d, and 60 d, respectively. All
the other specimens were cured for 28 d. For the respective curing ages, the specimens in each group were further split into two
groups, i.e., one group was placed in a self-designed low vacuum chamber, while another was stored in a constant temperature and
humidity chamber (i.e., temperature: (20+2) ‘C, relative humidity: 60%+5%, air pressure: 99.85 kPa). For the low vacuum chamber,
the temperature was set to (20+2) “C, and an automated evacuation process was performed every 6 h at 9—10 kPa. The exposure time
was 0, 6, 12, and 18 months, respectively.

The effect of low vacuum condition on the mechanical properties and moisture loss of mortar and concrete after reaching the
corresponding exposure ages was determined via testing the dynamic elastic modulus, compressive strength, flexural strength, and
mass loss. Meanwhile, the evolution of phase composition, hydration degree, and pore structure of matrix under long term low
vacuum condition were characterized by X-ray diffraction, thermogravimetric analysis, and mercury intrusion porosimetry. Finally, a
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multi-factor coupling prediction model considering water-cement ratio and curing age was proposed to achieve an accurate prediction
of concrete compressive strength under a long-term low vacuum condition.

Results and discussion The compressive strength of concrete under low vacuum condition is negatively correlated to water-cement
ratio, while positively correlated to curing age. Meanwhile, reducing the water-cement ratio or extending the curing age can improve
the compactness of matrix, thereby mitigating the degradation degree of concrete mechanical performance after a long-term low
vacuum exposure.

Although long-term low-vacuum exposure does not change the type of hydration products, it accelerates water loss, thus
inhibiting a further hydration of matrix. In addition, the hydration degree of matrix increases with the increase of water-cement ratio
or the extension of curing age, which corresponds to the variation law of the total amount of main hydration products in the matrix.

Compared with normal air condition, a long-term low-vacuum exposure leads to an increase in total porosity and most probable
pore size. Moreover, the total porosity and most probable pore size of matrix under a low vacuum basically decrease with the
reduction of water-cement ratio or the extension of curing age.

The compressive strength of concrete under a low vacuum condition conforms to Abrams' Law and maturity theory, with the
fitting curve showing a high degree of agreement with the test data (R? = 0.94). In addition, the enhanced database constructed based
on this equation shows that the GWO-LSTM model can effectively predict the compressive strength of concrete at different
water-cement ratios and curing ages after a low vacuum exposure (i.e., R* > 0.96).

Conclusions The strength evolution of cement-based materials could exhibit a nonlinear time-dependent characteristic under a low
vacuum condition. A short-term exposure boosts strength, while a long-term exposure causes degradation. Besides, the compressive
strength of concrete under a low vacuum condition conformed to Abrams' Law and maturity theory. Moreover, compared with normal
air condition, a long-term low vacuum exposure could not alter hydration product types but could accelerate water loss of matrix,
inhibiting hydration and increases total porosity and harmful pores (i.e., >100 nm). Meanwhile, under a low vacuum condition, the
hydration degree of matrix increases at a higher water-cement ratio or a longer curing age, corresponding to the evolution law of the
pore structure. Furthermore, the GWO-LSTM model based on enhanced dataset could accurately predict compressive strength of
concrete under a low vacuum condition at different water-binder ratios, curing ages, and exposure time (i.e., R*> > 0.96).
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