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ABSTRACT 

The self-healing effects of concrete alter the 3D crack topography by accumulating newly formed products, 

which changes the water flow behavior and results in a reduction in water permeability. This study utilized 

laser scanner and water permeability tests to establish a feedback mathematical model that quantifies the 

relationship between 3D crack topography and the intrinsic permeability of reactive powder concrete (RPC). 

The model is expected to predict the effect of healing product accumulation on crack topography. The 

intrinsic permeability was characterized by Darcy's law, and the 3D crack topography was reconstructed 

using point-cloud matching technology. Cracked RPCs with various widths were immersed in water for 

120 days, and it was found that water permeability reduction can be attributed to local crack width reduction, 

which may even form an obstacle with zero width. When all interconnected paths are cut by newly produced 

precipitates, water permeability decreases to zero, even though many voids may remain in the crack 

topography. After healing, variations in crack surface roughness are observed, but the mean crack widths 

of all specimens decrease. 
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1. Introduction 

Self-healing concretes have become a popular topic of research in recent decades, owing to their 

environmentally friendly and sustainable properties. The process of healing in concrete is a complex set of 

physical and chemical reactions, as previously noted in studies conducted by (Hou et al (2022), Zhang et al 

(2020)). While the "healing phenomenon" may be visually observed when cracks are sealed by white 

crystals, this does not necessarily indicate that the concrete's functional capacity has been fully restored, as 

noted by (Suleiman and Nehdi (2018)). The key to understanding the self-healing properties of concrete 

lies in its mechanical capacity recovery and durability improvement, which can be attributed to the sealing 

of multiscale cracks by healing products (Yoo et al (2020), Xue et al (2022)). Therefore, it is essential to 

study the changes in 3D crack topography that occur as healing actions enhance the functions of damaged 

concretes. Water flow behaviors are particularly sensitive to crack geometry, including crack width and 

obstacles, as well as pressure gradient (∇P) (Xiong et al (2018), Hou et al (2023)). In the water permeability 

test of self-healing concrete, the controlled ∇P is always considered reasonable to deduce its hydraulic 

properties, as demonstrated by  (Akhavan et al (2012)). The hydraulic properties of concrete, such as water 
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permeability, are closely associated with its durability. Thus, when healing products alter the crack 

topography of concrete, decrease the crack width, and form obstacles on interconnected flow paths, the 

permeability can be significantly reduced, as observed by (Wu et al (2018), Mountassir et al (2014), Lepech 

and Li (2009)). In their study, (Fan and Li (2022)) attempted to explain the mechanisms of the healing 

process along the crack depth in physicochemical actions using modeling and experiments. They found that 

the distribution of healing products in the crack topography was uneven, a finding that has also been 

reported by (Suleiman and Nehdi (2018), Huang et al (2016), Hou et al (2022)). However, more research 

is needed to quantify and illustrate the effects of self-healing on the inner crack topography. 

This study aims to establish a feedback model that links permeability decrement and 3D crack topography 

alternation, providing further insight into the intrinsic healing mechanisms of concrete. The reactive powder 

concrete (RPC) was first digitized to record the pre-conditioning crack surface morphology. The crack 

width of the specimen was then artificially designed 123.45 μm. Next, the permeability of the tested 

specimen was determined, after which they were subjected to 120 days of wet/dry cycles while immersed 

in water. After the specimen was healed, the permeability were measured, and the healed surface 

morphologies were recorded again. The reconstruction of crack topography followed the methodology 

established in previous studies (Hou et al (2023)), allowing us to deduce the variability of pre-conditioning 

and after-conditioning specimens. Through this process, we aim to establish a feedback model between 

water permeability and 3D crack topography, providing insights into the mechanisms of self-healing in 

concrete. 

 

2. Experimental program 

2.1 Raw material and specimen preparation 

Portland cement Type I 42.5 (PI 42.5), silica fume (SF) and ground granulated blast-furnace slag (GGBS) 

are used as raw materials for specimen preparation. Their physical and chemical properties are given in 

Table 1. Silica sand (SS) (0.058-0.25 mm), fine river sand (FS) (0.6-1.18 mm) and coarse river sand (CS) 

(1.18-2.36 mm) are utilized as aggregates. The mass ratio of sand to cement (s/c) and water to cement (w/c) 

are set as 1 and 0.2, respectively. Tap water and high range water reducer are employed and the mixture 

proportion adopted in this work is shown in Table 2. 

 
Table 1. Properties of PI 42.5, SF and GGBS 

Components/Properties PI 42.5 SF GGBS 

SiO2 22.87% 95.4% 35.02% 
Al2O3 4.47% - 14.84% 

Fe2O3 3.48% 0.54% 1.2% 

CaO 64.05% 1.65% 37.01% 
MgO 2.46% 0.26% 0.2% 

SO3 2.44% - 1.21% 
Na2O(eq) 0.52% - - 

f-CaO 0.9% - - 

NaO - 0.16% - 
K2O - 0.87% - 

C - 1.12% - 
Loss on ignition 1.21% 2.25% - 

Specific surface area(m2/kg) 341 18650 422 

 
Table 2. Mixture design  

Mixtures 
Aggregates Cementitious materials  

Relative weight ratio to 

cementitious materials  

CS FS SS PI 42.5 SF GGBS w/c s/c HRWR 
SF0 0.2 0.3 0.5 0.45 0.25 0.3 0.2 1 0.02 

 

 

2.2 Crack generation 



A novel splitting device (Fig. 1(a)) was designed to fracture the RPC with a single macro crack, resulting 

in two perfectly matched halves of plain concrete (Fig. 1(b) and (d)), with fewer fragments flaking off the 

crack surface. The loading rate was maintained at 0.3 mm/min. The tinfoil block (Fig. 1(c)) was folded to 

achieve a 0.5 mm width, separating the two surface morphologies by a specific in-between width. To 

prevent water leakage during permeability testing (Fig. 1(e)), the cracks were laterally sealed with scotch 

tape. The effective length (w) and depth (L) of the crack were measured at 90 mm and 49.5 mm, respectively. 

 

 

Fig. 1 (a) Self-designed splitting test device, (b) Crack topography in a fully splitted specimen, (c) A sheet of 10 μm 

tinfoil for 0.5 mm-width block, (d)Top and bottom crack surfaces, (e) Tested specimen for permeability. 

 

2.3 Measurement of permeability, surface width and morphology 

Following (Hou et al (2023)), while the flow is in linear, the water permeability test was adopted for the 

hydraulic parameters including water flow rate (Q) and ∇P, hydraulic width (bH) can be deduced by Darcy’s 

law, given by  bH=√
12μQ

w∙∇P

3

 , μ are the (Pa·s) denotes the fluid’s dynamic viscosity. Bodato digital microscope 

(magnification =1000×)  was used for surface width measurement, recording as bs, while a laser scanner 

(ATOS Ⅲ TRIPLE SCAN, GOM, Germany) digized the surface morphology. Furthermore, the the digital 

surface morphology and  bs were used for reconstruction of crack topography, note that its sampling interval 

is 100 μm of re-meshed gridding. 

 

3 Results and discussion 

Before healing, the mean crack width (bM) of the digital crack topography is measured to be 136.79 μm, 

which is larger than bs of 123.45 μm. This discrepancy is attributed to the presence of damaged voids and 

original pores in the concrete crack topography, which prevents the two crack surfaces from perfectly 

matching. This observation is consistent with a previous study by (Hou et al (2023)). Furthermore, the 

tested bH of preconditioned specimens is found to be 54.35 μm, which is smaller than bM = 136.79 μm. This 

can be attributed to the fact that interconnected paths alone can facilitate fluid transport, while isolated 

voids have no contribution to permeability. After healing, it can be observed from Fig. 2(a) that the open 

mouth of the crack is significantly closed. The closure ratio of the upper and lower surface crack widths are 

100% and 95%, respectively. However, it is noted that bM decreased to 119.47 μm, which is still 

significantly larger than 0 μm. This can be attributed to the fast closure of the crack near the open mouth, 

which may have hindered the further sealing process in deeper locations (Fan and Li (2022)). This 

observation also indicates that the healing process is uneven. In addition, the sealing ratio after healing is 

found to be 100%, meaning that bH is reduced to 0 μm. This is due to the fact that the newly formed obstacles 

have fully closed the interconnected path, as shown in Fig. 2(b). Moreover, the surface roughness 

coefficient (RS) decreased from 1.1022 to 1.0938, which can further enrich the feedback model proposed 

by (Hou et al (2022)). This suggests that the self-healing effect alters the surface roughness, reduces the 

crack width with obstacles forming in the interconnected paths, and ultimately leads to a decrement in water 

permeability, potentially even reaching 0. 

 

3. Conclusions 

This study suggests that the feedback model in (Hou et al (2022)) between crack topography and water 

permeability for the self-healing effect can be improved at the ponit where sealing and closure ratios are 

equal to 1. Results demonstrate that after healing under wet/dry cycles in top water, the crack width 



decreases while obstacles increase in the crack topography. These healing products are generated and 

unevenly distributed within the crack topography, leading to isolated voids even when the water 

permeability or hydraulic crack width reaches 0, and the interconnected path is fully cut off. Furthermore, 

our findings indicate that the healing effect also reduces the surface roughness of the crack. Overall, this 

study sheds light on the complex interplay between crack topography and water permeability during the 

self-healing process, and provides insights for further research in this field. 

 

 
Fig. 2 Pre-conditioning and after-conditioning specimens: (a) Surface crack, (b) Distributions of crack width and 

obstacles. 
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