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Figure 1 Molecular dynamics simulation of C-S-H molecular struc-
ture [19].
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Figure 2 Sulfate solution permeation C-S-H nanochannel model [39].
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Figure 3 (a) Convolutional neural network (CNN) diagram for cement type classification; (b) a schematic diagram of the method for calculating the
representative volume element (RVE) of cement composites by CNN [70].
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Figure 4 The occlusion sensitivity analysis of OPC (a), (b) and GOS-30 samples (c), (d) [70].
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Figure S A process diagram for studying the spatial correlation of cement paste microstructure based on deep learning method [73].
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packing model [88].
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Figure 7 Schematic diagram of crack tracking algorithm [115]. (a) Schematic illustration of crack propagation during the tensile test; (b) probability
distribution of defect sizes in specimens during the elastic stage; (c) probability distribution of defect sizes in specimens during the initial cracking
stage; (d) probability distribution of defect sizes in specimens during the multi-crack stage.
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simulation [117].
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Digital multi-scale reconstruction of concrete’s nano-micro-meso
structure
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As one of the most widely used materials in the world, concrete is an important support for modern infrastructure construction. The
macroscopic mechanical and durability properties of concrete are essentially derived from its internal multi-scale structural
characteristics. It is a major scientific challenge and frontier research direction in this field to analyze the multi-scale structure and
establish a cross-scale correlation mechanism. This paper systematically reviews the digital reconstruction methods of concrete from
nano-scale, micro-scale to meso-scale, including the molecular configuration and nano-scale properties of hydrated calcium silicate
gel, cement hydration process and dynamic evolution of microstructure, as well as the reconstruction technology of meso-scale
aggregate distribution and interface transition zone. The applicability and limitations of existing methods at different scales are
summarized, and the multi-scale digital twin of concrete integrated with artificial intelligence technology is prospected, which
provides theoretical basis and method support for the design and performance optimization of concrete materials.

concrete, multi-scale, digital reconstruction, digital twinning, structural evolution

doi: 10.1360/SST-2025-0408

1675


https://doi.org/10.1360/SST-2025-0408

	混凝土纳-微-细观多尺度结构数字化重构
	  引言 言
	  水化产物分子尺度构型与性能 能
	2.1�� 环境电子显微镜原位量化水化生成和结构演变
	2.2�� 基于DFT和MD的C-S-H凝胶分子构型计算
	2.3�� 基于MD的C-S-H凝胶力学和传输性能计算

	  水化动态演变与水化微结构 构
	3.1�� 水化微结构数值模型
	3.2�� 基于深度学习的微结构视觉识别

	  混凝土骨料堆积与界面过渡区 区
	4.1�� 骨料动态堆积模拟
	4.2�� 界面过渡区量化
	4.3�� 纤维增强水泥基材料的细观数值模拟

	  试验手段跨尺度信息获取 取
	6 ��展望: 基于机器学习的混凝土多尺度数字孪生
	7 ��结语


