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Abstract

The carbonation process of cement-based materials not only affects the durability of concrete, but
also is an important way to realize COz mineralization fixation and low-carbon building materials
design. In order to solve the problem that it is difficult for the traditional empirical carbonation model
to describe the coupling effect of material composition, curing system and carbonation environment
at the same time, and the conventional machine learning model is not explanatory enough, a sym-
bolic regression-residual compensation learning model (SymResNet) is proposed for the prediction
of carbonation depth of cement-based materials and the analysis of COz mineralization potential.
Firstly, a carbonation database containing 8152 groups of samples was established based on pub-
lished literature and experimental data, covering variables such as water-binder ratio, dosage of ce-
ment-based materials, replacement rate of mineral admixtures, curing conditions, COz concentra-
tion, relative humidity, temperature and carbonation age. Then, the explicit expression relationship
of carbonation behavior is extracted by symbolic regression, and the XGBoost residual learner is in-
troduced to correct the complex nonlinear deviation. The results show that the R2, RMSE and MAE
of SymResNet model on the test set are 0.883, 2.043 mm and 1.307 mm, respectively, which are ob-
viously superior to the single symbolic regression model, and improve the model interpretability
while maintaining good prediction accuracy. SHAP analysis shows that carbonization environment,
exposure age, curing system, water-binder ratio, dosage of cementing material, replacement rate of
mineral admixture, relative humidity and COz concentration are the main factors affecting carbon-
ization behavior. Combined with response surface analysis and ICE-PDP analysis, the coupling effect
between material composition, pore connectivity, humidity state and CO: transport reaction was re-
vealed. The model-guided test results show that the predicted carbonation depth is in good agreement
with the measured value, and the results of TG and XRD further confirm the carbonate formation.
The research results can provide a reference for the prediction of carbonation behavior of cement-
based materials, the regulation of COz mineralization and the mix design of low-carbon building ma-
terials.
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Figure 1. SymResNet framework for interpretable carbonization driven carbon storage modeling
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Table 1. Design matrix of carbonization experiment guided by model

= 1. A SRR OR ISR EM
5 KL W/B  SCM BIRZE/%  CO ¥RE/% R/ % RE/C BRAGRT RS /d

M1 0.35 0 20 65 20 28
M2 0.35 20 20 65 20 28
M3 0.35 40 20 65 20 28
M4 0.45 0 20 65 20 28
M5 0.45 20 20 65 20 28
Mé6 0.45 40 20 65 20 28
M7 0.55 0 20 65 20 28
M8 0.55 20 20 65 20 28
M9 0.55 40 20 65 20 28
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Figure 2. Statistical distribution of carbonization depth in the database
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Table 2. Prediction performance of carbonization depth for different models

2. TRIEBHYRR LR B TN RE

st R? RMSE/mm MAE/mm R2 ] 95%CI
XGBoost 0.901 1.882 1.102 0.873~0.921
SVR 0.898 1.906 1.036 0.860~0.927
LightGBM 0.895 1.935 1.107 0.863~0.919
SymResNet 0.883 2.043 1.307 0.859~0.902
MLP 0.868 2.172 1.193 0.825~0.902
ExtraTrees 0.859 2.242 1.240 0.804~0.898
RandomForest 0.848 2.327 1.284 0.792~0.889
GradientBoosting 0.818 2.544 1.577 0.782~0.849
ElasticNet 0.590 3.823 1.926 0.144~0.777
SROnly —-0.017 6.020 3.328 —0.921~0.389
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Figure 3. Comparison of carbonation depth predictions between the empirical model and SymResNet
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Table 3. Robustness and uncertainty of carbonation depth predictions using SymResNet
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Figure 4. SHAP contributions of key variables to carbonation depth prediction
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Figure 5. Model-guided experimental matrix, carbonation depth validation, and characterization of mineralization
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Figure 6. Phenolphthalein coloration results of carbonated specimens and uncarbonated reference specimens
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Figure 7. Coupled response surfaces of carbonation depth to material composition and environmental variables
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Figure 8. ICE-PDP marginal effects of dominant variables on carbonation depth
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