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Table 1 Chemical composition of cementitious materials wi%
Materials CaO SiO, Al O3 SO; MgO Fe O3 Other
Cement 62.05 18.04 6.32 4.18 3.80 3.12 2.49
Fly ash 297 48.12 38.98 0.88 0.60 4.44 4.01
Mineral powder 40.80 27.65 16.71 2.77 7.56 1.07 3.44

w is mass fraction.

*2 RELIEAH

Table 2 Concrete mix proportion kg/m’
Cement Fly ash Mineral powder Fine aggregate Coarse aggregate Water Water reducer
270 91 54 863 935 166 6.64
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Table3 “Load-ion—temperature” interaction test conditions

Samples No. Load Ton conditions Temperature/C
Gl 0.2F max 3%NaCl 20
G2 0.2F max 3%NaCl 50
G3 0.2F max 5%Na,SO4 20
G4 0.2F max 5%Na,SO4 50
Fmax is the failure load.
Clump weight N Steel plate
Q Q
S a H Steel
=t 10 " reinforcement
2 e
O O
50, 100 45,45, 100 , 50
T T T T T
400
Unit: mm

K2 mEosEl
Fig. 2 Loading diagram
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Fig.3 Damage of concrete under different working conditions
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Age/d Gl G2 G3 G4

0 1.0000 1.0000 1.0000 1.0000
30 1.3550 1.4048 1.3056 1.3622
60 1.4310 1.5273 1.4315 1.4868
90 1.4918 1.5654 1.4777 1.5792
120 1.5299 1.5756 1.4527 1.5470
150 1.5361 1.5262 1.3985 1.4770
180 1.5020 1.4851 1.3572 1.4086
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Table 5 Parameter calculation of different prediction models

Parameters of the model

Predictive model

a=[c.d]",B=1B.51" B Y flek)
EGM 4=(B"B)'B" M ,a ) nT* _[,® 0 7" ok
a=(B By BY B— —h) k) - —hi) Y—[“(Z) UG) “(n)] ¢
U I
ODGM 7 =(B"B)"'B" ra i n" _[,® 0 7" *
a=(B'B) B'Y B= *”((z>> —ug) ’”((n>) Y‘[“(Z) Ug) “m] ({+e)
T B
EDGM % =(B"B)"'BT ra ) n7* _[,© o 7" —0.5¢ )
a=(B'B) BY B —h3) =hS) - k) Y—[u(z) us) u(n)] 1-0.5¢
= . 1+0.5¢
|11 1
DGM 3=(B"B)"'BT n o n T _fo o ol —0.5¢ )
B=(BB) BY B- ulyy ul3) - uly Y‘[“(Z) UG) ”(n)] 12035
- 1 1 1 14+0.5¢

Note: EGM, EDGM, ODGM and DGM represent even grey model, even discrete grey model, optimized discrete grey model and discrete grey model,
respectively; & is the parameter vector of continuous grey model (EGM, ODGM, EDGM); ,é is the parameter vector of discrete grey model (DGM); ¢ and
d are the development coefficient and the constant term respectively; S, and f, are the coefficients of the discrete state term and the driving term,

(0]

respectively; B is the background value matrix, ¥ is the data vector. f{c,k) is a time response function; & is a time index; u((,?)) and ug) denote the original

)

sequence and the accumulated generating sequence, respectively; h((,i) is the background value; e is a natural constant.

F 6 HRAPFUNERIEE
Table 6 Predicted values and test values of each model
Age/d
Sample No. Model
0 30 60 90 120 150 180

Gl Test value 1.000 00 1.355 00 1.430 98 1.491 84 1.529 89 1.536 11 1.502 04
EGM 1.000 00 1.357 95 1.424 56 1.494 44 1.536 55 1.522 63 1.508 83

EDGM 1.000 00 1.358 22 1.424 85 1.494 76 1.536 56 1.522 64 1.508 84

ODGM 1.000 00 1.358 21 1.424 85 1.494 77 1.536 52 1.522 64 1.508 88

DGM 1.000 00 1.358 23 1.424 86 1.494 75 1.536 61 1.522 64 1.508 79

G2 Test value 1.000 00 1.404 77 1.527 34 1.565 39 1.575 61 1.526 20 1.485 10
EGM 1.000 00 1.420 03 1.497 41 1.579 00 1.574 37 1.528 42 1.483 80

EDGM 1.000 00 1.420 37 1.497 79 1.579 42 1.574 48 1.528 52 1.483 90

ODGM 1.000 00 1.420 16 1.497 77 1.579 63 1.574 48 1.528 52 1.483 90

DGM 1.000 00 1.420 60 1.497 80 1.579 20 1.574 49 1.528 52 1.483 90

G3 Test value 1.000 00 1.305 63 1.43149 1.477 75 1.452 75 1.398 50 1.357 22
EGM 1.000 00 1.320 24 1.402 80 1.490 53 1.450 78 1.402 15 1.355 14

EDGM 1.000 00 1.320 65 1.403 27 1.491 06 1.450 92 1.402 28 1.35526

ODGM 1.000 00 1.320 44 1.403 26 1.491 26 1.450 92 1.402 28 1.35527

DGM 1.000 00 1.320 88 1.403 29 1.490 85 1.450 93 1.402 28 1.35526

G4 Test value 1.000 00 1.362 16 1.486 80 1.579 16 1.546 96 1.477 05 1.408 59
EGM 1.000 00 1.368 74 1.472 70 1.584 56 1.546 97 1.476 20 1.408 67

EDGM 1.000 00 1.369 37 1.473 43 1.585 40 1.547 24 1.476 45 1.408 90

ODGM 1.000 00 1.369 33 1.473 43 1.585 44 1.547 24 1.476 45 1.408 90

DGM 1.000 00 1.369 42 1.473 44 1.585 35 1.547 24 1.476 45 1.408 90

2.3.3 MRS EEVRAL TERTI TN )t FE v, i MAPE. RMSE. R*iX 4 ME#IEH EGM. ODGM.

FEERRZSR b T I AR 2ok &
o NFRFRESRRR TR R, 0o

EDGM F1 DGM #ERY (I TG B . 2% MRZE RITHE
AW ~RQHFTR,

Y40 22 (MAE) S 122 10 P9 KT, 977 R MAE =130 i) o
%5 (RMSE) Wik A5 22 T IR, 11T B 40 5 43 Lo g o
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Table 7 Error analysis of the model

Model MAE (x10°) MAPE (x10%) RMSE (x107) R*(x107%)
EGM 8.053 (1) 55.032 (1) 11.446 (4)  97.617 (3)
EDGM  8.132(3) 55.587 (3) 11.440 (1)  97.619(2)
ODGM  8.133 (4) 55.584 (2) 11440 (1)  97.622 (1)
DGM 8.130 (2) 55.593 (4) 11441 (3)  97.616 (4)

Note: The numbers in the brackets in the table are the ranking of the

accuracy of the model under the corresponding errors; For example, for

the MAE error, the accuracy of the four models from high to low is: EGM,

DGM, EDGM, ODGM, so the ranking corresponds to 1, 2, 3, 4,

respectively.
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Extended Abstract

Introduction The underground concrete structure is in a complex and changeable service environment for a long time, and it is
often affected by the combined effects of load, corrosive ions and temperature changes. There is a significant nonlinear coupling
relationship among these three factors, which makes the concrete show a completely different damage evolution law from the single
effect during the service process. Especially in the underground environment, chloride ions and sulfate ions will accelerate pore
dissolution and micro-crack propagation, and temperature changes will vary the hydration rate and ion migration ability. Under
external loads, the generation and propagation of microcracks further promote ion penetration and chemical erosion, resulting in a
rapid degradation of material properties. Conventional durability tests are often difficult to quantitatively describe the damage law
under the combined action of multiple factors, and it is difficult to accurately predict the service life of underground concrete. It is
thus of great significance to reveal the deterioration mechanism and service life evaluation of underground concrete via constructing a
method that can comprehensively reflect the damage degree of concrete under multi-factor coupling and realize a life prediction.

Methods In the experiment, ordinary Portland cement was used to prepare concrete specimens, and the mix ratio of each group was
kept consistent. The test was carried out under the accelerated conditions of simulated underground environment, and the service
environment of different load, ion and temperature combinations was set up to investigate the damage evolution law under the
coupling of three factors. During the test, the five indexes of concrete failure load, ultrasonic wave velocity, dynamic elastic modulus,
rebound value and quality change were tested regularly. These indexes could reflect the mechanical properties, internal compactness,
surface hardness and mass loss of concrete, respectively, as the important indexes for comprehensive evaluation of damage degree. In
addition, the evaluation system of concrete damage degree was also established based on the entropy weight method, and the weight
was automatically assigned by the dispersion of index changes, so that the damage degree evaluation could be more objective and
comparable.

For the life prediction, four models were selected for comparison, including Even Grey Model (EGM), Even Discrete Grey
Model (EDGM), Optimized Discrete Grey Model (ODGM) and Discrete Grey Model (DGM), based on the grey system theory. The
grey model has a good prediction performance under the condition of small sample and weak information, and is suitable for
durability research with limited test period and small data volume. The accuracy of the model could be improved by cumulative
generation and parameter analysis, and the prediction performance of each model was evaluated by various error indexes, and the
optimal model was selected for the life prediction.

Results and discussion The damage degree of concrete under four different conditions firstly increases and then decreases. The
failure load, ultrasonic wave velocity, dynamic elastic modulus, rebound value and mass change trend under the same conditions are
similar. However, the turning points of damage attenuation under the four conditions are not consistent due to the difference of
hydration reaction and internal pore structure. At 50 ‘C, the faster early reaction rate can result in the faster pore filling, thus
improving the compactness.

Based on the entropy weight method, the weight coefficient of each index to the damage degree of concrete is obtained. The
influencing degree from large to small is failure load, dynamic elastic modulus, rebound value, ultrasonic wave velocity, and quality
change. Also, the accuracy ranking of the four prediction models is obtained based on the comprehensive score ranking method. The
prediction accuracy from high to low is ODGM > EGM = EDGM > DGM.

Conclusions Under the combined action of load-ion-temperature, the failure load, ultrasonic wave velocity, dynamic elastic
modulus, rebound value and mass of concrete all firstly increased and then decreased, but the turning points of damage under various
environmental effects were inconsistent. In addition, the hydration products under chloride erosion environment were mainly filled
with micropores (i.e., < 0.1 mm®) and small pores (i.e., 0.1-1.0 mm®), and the pores of concrete at 50 “C in the early stage were
more dense than those at 20 ‘C. The damage degree of each index was quantified by the entropy method, i.e., failure load (i.e.,
80%—90%), dynamic elastic modulus (i.e., 5%—8%), rebound value (i.e., 1%—6%), ultrasonic wave velocity (i.e., 1%—4%), and mass
change (i.e., < 1%). The ODGM model had the highest accuracy in predicting the service life of concrete under the combined action
of load-ion-temperature. The service life of concrete was 82 months, 29 months, 24 months and 20 months under the four
environments (i.e., 0.2Fmax, 3%NaCl, 20 C and 0.2Fmax, 3%NaCl, 50 C and 0.2Fmax, 5%Na,SO4, 20 ‘C and 0.2Fmax,
5%Na,S0y, 50 C), respectively.
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