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Abstract 8 

The self-healing efficiency of cementitious materials might be impaired by external 9 

loading. This study investigates the coupled effects of sustained flexural loading and self-10 

healing mechanisms. To this end, prismatic mortar specimens were pre-cracked at two 11 

days with 10-µm wide cracks under bending. Some beams were then immersed for 12 

healing and simultaneously loaded for about 4 weeks using an innovative three-point 13 

bending test device allowing bending creep displacement measurement. At the same time, 14 

reference beams were immersed without load. After the healing period, the specimens 15 

were reloaded to assess the effect of creep and healing on the stiffness and strength 16 

recovery. It was found that, during immersion, the creep deformation gradually decreased 17 

with time, probably due to the precipitation of healing products. However, after 18 

immersion, the mechanical properties recovery of specimens undergoing creep during 19 

self-healing decreased by 12% compared to the reference specimens. Microscopic 20 

observations were consistent with the mechanical recovery measurements, suggesting 21 

partial healing of the loaded specimens. 22 

 23 

Keywords: self-healing; creep; mortar; early-age; sustained loading; crack. 24 

1. Introduction 25 

Cracking is common in concrete structures, especially at an early age, e.g., during the first 26 

days, due to restrained shrinkage, poor relaxation capacity, or slow strength development 27 
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[1]. For this reason, several expensive concrete structures, such as bridges and marine 28 

structures, may inevitably suffer degradation and damage over time due to the ingress of 29 

harmful ions, considerably reducing their service life and durability. If the problem is not 30 

corrected quickly, cracks become difficult to repair leading to durability, economic and 31 

aesthetic issues. Thus, the intrinsic healing ability of concrete could play a valuable role 32 

in mechanical and waterproofing aspects to reduce the negative impacts of damage on the 33 

durability of concrete structures. 34 

Self-healing materials are defined as materials that are capable of partially or fully 35 

restoring their impermeability or mechanical properties after healing without human 36 

intervention [2]. Self-healing can occur naturally by considering two main mechanisms: 37 

a) continuous hydration of residual cement particles with water seeping through cracks; 38 

b) calcium carbonate (CaCO3) formation due to the reaction of CO3
2- dissolved in water 39 

and Ca2+ ions leaking from the cement matrix into the crack [3,4]. Various studies suggest 40 

that the potential of autogenous healing is limited to small cracks and requires the 41 

presence of water [5], as opposed to autonomous healing, which is often based on the use 42 

of capsules [6–9] or bacteria [10–12] that can become active once the crack appears. In 43 

recent years, several studies have been developed to increase the healing potential of 44 

cementitious materials and to evaluate the various factors that can influence the amount 45 

and precipitation kinetics of healing products. Autogenous healing has been shown to 46 

depend on the age of crack formation, the crack width, the presence of mineral additions, 47 

or the water-to-cement (w/c) ratio [13–20]. It was found that impermeability can be 48 

restored due to calcium carbonate precipitation inside cracks with widths limited to 100–49 

200 µm, regardless of cracking age [21]. However, the healing potential in terms of 50 

mechanical recovery is maximized for cracks limited to a few tens of micrometers in 51 

width due to the limited extent of the ongoing hydration [22,23]. In addition, continuous 52 
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immersion into water for several weeks is required to increase mechanical recovery, and 53 

regains are generally reported to be limited under cyclic immersion. Furthermore, it is 54 

worth noting that stiffness improvements are usually more pronounced than strength 55 

recovery, and the latter is only substantial in the case of limited crack width with early 56 

age cracking for mortar and concrete [24,25]. 57 

Preliminary studies have reported that the presence of a sustained compressive load can 58 

significantly improve the mechanical recovery of mortar specimens during the healing 59 

period by reducing the distance between the crack lips [26]. In some cases, the strength 60 

of specimens subjected to 0.5 MPa compressive loading was nearly double that of 61 

unloaded specimens. Joseph et al. [27] reported similar results when they observed that 62 

the application of compressive stress to 50 μm wide cracks resulted in a beneficial aspect 63 

for healing performance. In addition, some studies have reported that constant flexural 64 

loading caused unstable mechanical recovery and reduced the self-healing capacity of 65 

fiber-reinforced concrete [28–31]. Ozbay and Sahmaran [32] investigated the self-healing 66 

behavior of fiber-reinforced Engineered Cementitious Composites (ECC) under different 67 

healing environments and showed that constant mechanical loading affected the recovery 68 

rate of mechanical properties, such as strength and flexural stiffness. Finally, the 69 

detrimental effects of the gradual increase of the sustained creep load on the healing 70 

behavior of 180-day-old ECC-type composite cement mixtures under severe conditions 71 

have also been reported [33].  72 

Therefore, a significant influence of creep on self-healing can be expected based on the 73 

previously published work, but it has yet to be quantified for unreinforced cementitious 74 

materials. Also, the effect of self-healing on creep deflections under sustained loading has 75 

not been addressed. Thus, since such findings could help to explain the behavior of 76 
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complex structures that are subjected to creep and healing simultaneously, such as 77 

bridges, the coupled effects between the two phenomena should be evaluated.  78 

This paper presents a new experimental approach using three-point bending creep tests to 79 

characterize the behavior of healing cementitious materials subjected to sustained loading 80 

at early ages. Mortar specimens were pre-cracked at two days of age using a monotonic 81 

three-point bending test to produce a residual 10 µm-wide crack to induce a rapid healing 82 

process with noticeable mechanical recovery. The specimens were then immersed in 83 

water and subjected to a sustained flexural load for up to 28 days using a dedicated setup 84 

to evaluate the effect of creep during healing. The applied sustained load value was set at 85 

40% of the ultimate flexural strength of reference mortar specimens. Finally, to clarify 86 

the coupled effect of creep and self-healing mechanisms, the recovery of mechanical 87 

properties was quantified by reloading the specimens using a three-point bending test and 88 

observing the healed cracks under a microscope. 89 

 90 

2. Experimental program  91 

2.1 Materials and specimen preparation 92 

Mortar specimens were prepared in a standard mortar mixer with a w/c ratio of 0.4 using 93 

CEM I 52.5 Portland cement and 0/4 sea sand (Saremer) with an absorption coefficient 94 

of 0.42%. The physical and chemical properties of ordinary Portland cement (OPC) are 95 

summarized in Table 1. The mix design of the mortars is reported in Table 2. 96 

 97 

Table 1. Mineral compositions and physical properties of cement CEM I 52.5 NF 98 

(Villiers au Bouin). 99 

SiO2 19.6 

Al2O3 4.5 
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Chemical 

composition 

(%) 

Fe2O3 2.3 

CaO 63.7 

MgO 3.9 

SO3 2.6 

Physical 

properties 

Specific gravity (kg/m3) 3130 

Specific area (cm2/g) 3900 

 100 

Table 2. Mortar mix design (kg/m3). 101 

Cement  Sand  Water 
709 1231 284 

 102 

Unreinforced mortar prisms with dimensions of 40 mm × 80 mm × 300 mm were cast to 103 

assess the creep effect during healing. The selection of the dimensions was made 104 

considering the experimental limitations associated with the feasibility of the immersed 105 

creep test. A 12 mm long stainless steel plate was fixed in the lower center part of the 106 

mold to artificially notch the specimens on one-fifth of their height. The goal was to 107 

initiate one single flexural crack at a specific location using a three-point bending test to 108 

evaluate and compare the self-healing potential of a crack under different healing 109 

conditions.  110 

After 1 day of curing under sealed conditions in a room at 20 °C and 85-95% RH, the 111 

specimens were unmolded, and placed in tap water at 20 ºC until cracking time at 48 h. 112 

All analyses were performed comparing three replicates.   113 

 114 



 

6 
 

2.2 Experimental protocols 115 

2.2.1 Pre-damage process by three-point bending test and healing conditions 116 

The specimens were pre-cracked at two days of age using a 250 kN press in a three-point 117 

bending test controlled by crack mouth opening displacement (CMOD) at a constant 118 

opening rate of 0.2 μm/s with a 20 cm span. The load was released when the CMOD 119 

equaled 45 μm to obtain a crack tip opening displacement (CTOD) of 10 µm measured 120 

using a 2D microscope at 5 locations on top of the notch with ×140 magnification. The 121 

choice of an initial crack width of 10 μm created at 48h is representative of thin early age 122 

cracks that are likely to enlarge during the first few weeks after cracking. Previous 123 

experimental and numerical studies have shown that thin early-age cracks accelerate 124 

healing and contribute to better mechanical recovery [25]. Moreover, a limited crack 125 

width is easier to handle during creep testing and limits the risk of premature cracking. 126 

The specimens were further cured under specific exposure conditions for 26 days up to 127 

28 days of age. Two types of aging conditions were studied as described in paragraph 128 

2.2.2. Three replicates were fully immersed in tap water at 20 °C with no water 129 

replacement to induce self-healing.  130 

 131 

2.2.2 Creep measurement during healing 132 

In order to study the effect of self-healing under sustained mechanical loading, a specific 133 

three-point sustained flexural loading device was developed. Several reasons supported 134 

the development of this new loading device, such as portability and the need to quickly 135 

adjust the bending load applied to the low-strength specimens at an early age. In addition, 136 

the main advantage of this device lies in the ability to perform early creep tests on pre-137 

cracked beams completely immersed in water to ensure the continuity of hydration of the 138 

cement particles. The device was made of stainless steel because it was intended to be 139 
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used in water and not to generate corrosion products that could affect healing. The 140 

thickness of the metal frame was adjusted to limit its deformations while ensuring its 141 

portability and both the stability and the limited deformations of the frame were verified 142 

using replacement specimens prior to testing. 143 

Figure 2 shows the setup for sustained mechanical loading of a prismatic specimen. The 144 

specimens were loaded using threaded rods. A load sensor was incorporated into the top 145 

part of the frame to evaluate the load applied on the specimens and adjust it in real-time 146 

using a dedicated screw. The load was applied at mid-span with a cylindrical tip to ensure 147 

a linear load application. Deflection was measured at the center of the beam using an 148 

LVDT sensor with a measuring range of ± 0.5 mm and an accuracy of 0.1 µm, typically 149 

used for short-term creep testing [34]. An aluminum stand glued to the center of the beam 150 

supported the LVDT sensor and ensured that the sensor was out of the water, as the 151 

sensors were not waterproof for long periods of time. Load values were recorded with an 152 

accuracy of 5 N.  153 

 154 

 155 
Figure 1. Three-point flexural loading test setup for measuring creep underwater. 156 

 157 

The specimens were loaded using the following procedure (Fig. 3): 158 

a) Initial pre-cracking (see section 2.2.1).  159 
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b) Healing: immersion in water with a constant sustained load for 26 days (40% of 160 

the residual load to avoid nonlinear creep [35]). Reference specimens were 161 

immersed without being loaded. 162 

c) Reloading: CMOD-controlled three-point bending test to evaluate the mechanical 163 

recovery due to healing by comparing healed and reference specimens (see section 164 

2.2.3).  165 

 166 
Figure 2. Loading principle during the creep-healing test. 167 

 168 

The sustained mechanical loading setup of the prism specimen and the beams was placed 169 

in a tank of water at room temperature of 20 ºC (± 2 ºC) for 26 days. The water level in 170 

the tank was periodically adjusted over time to prevent the beams from drying out during 171 

the tests. 172 

The load level remained constant throughout the tests at 40% of the ultimate flexural load 173 

of the beam. Table 3 summarizes the ultimate flexural strength for the cracked specimens 174 

and the constant sustained load applied to the two types of loaded specimens. The values 175 

of the applied load during the creep tests were derived by taking 40% of the maximum 176 

bending load at the age of cracking. Manual load adjustment was performed by turning 177 

the load screw after 1 hour and twice during the first 24 hours to ensure constant load. At 178 
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the same time, cracked specimens without continuous mechanical loading and uncracked 179 

specimens were kept in the same water tank as references.  180 

For the uncracked beams, the value of the constant load for the creep test was the same 181 

as for the healed beam prepared during the same casting. Fig. 4 shows the evolution of 182 

the applied load for the two types of beams (S2-UCra-H+Cre and S2-Cra-H+Cre the 183 

uncracked beam, and the cracked beam, resp., subjected to creep during immersion). As 184 

shown in the figure, only a relatively limited relaxation occurred during the first five days. 185 

The applied load was manually increased for about three days to limit the relaxation. The 186 

complete program is shown in Fig. 5. 187 

 188 

Table 3. Flexural strength and creep load applied to mortar specimens subjected to creep 189 

during healing. 190 

Tested specimens Flexural load – 2 days 
(kN) 

Constant load for 26 
days (kN) 

S2-Cra-H+Cre 3.47 1.3 

S2-UCra-H+Cre - 1.3 

 191 
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 192 
Figure 3. Load applied to the mortar specimens tested during the coupled test creep-193 

self-healing. 194 

 195 

 196 

Figure 4. Creep – healing test program of mortar beams (MB refers to the mortar beam, 197 

C the creep loading and FB free bending). 198 

 199 
2.2.3 Reloading and quantification of mechanical recovery healing 200 

The final step of the experimental program was to reload the pre-damaged and uncracked 201 

specimens under three-point bending to characterize their residual mechanical behavior. 202 
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For this purpose, the specimens were removed from water and three-point bending tests 203 

were performed after a drying period of 1 h at 20 °C and ambient relative humidity to 204 

limit the effect of humidity on the measurement of mechanical recovery, as explained in 205 

[19]. 206 

In this step, the flexural load-deflection curve obtained when the cracked specimens were 207 

mechanically reloaded was compared with the load curves of the reference specimen that 208 

had undergone the same curing conditions [36]. 209 

Healing efficiency was quantified by using two mechanical recovery ratios related to 210 

strength recovery [37]:  211 

 R1 = 
ிೝೌೖ

ிೝ
 (1) 

 

 R2 = 
ிೌ

ிೠೌ
  (2) 

Where Fcracked represents the maximum strength of the specimen during cracking at 2 212 

days, Fhealed the maximum strength of the healed specimens during reloading, Fref the 213 

maximum strength of the reference specimen loaded at 28 days, Funhealed the maximum 214 

strength of the reference specimen during reloading, as represented in Fig. 6. Mean values 215 

and standard deviations of the ratios were calculated and reported to evaluate the effect 216 

of creep during self-healing on the final mechanical recovery. 217 
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 218 
Figure 5. Example of load vs. CMOD curves for specimens submitted to creep healing 219 

and reference specimens; representation of quantities for calculation of mechanical 220 

indexes. 221 

 222 

2.2.4 Microscopic observations 223 

Microscopic images of the cracks were taken using a Hirox RH 3000 3D optical 224 

microscope at ×50 to ×400 magnification. Under the microscope, several tracking marks 225 

were manually drawn on the specimens after cracking using a fine blue pen, and the 226 

corresponding images were saved as references. After the healing period, images of the 227 

same locations were taken to monitor the evolution of the crack width just before the 228 

beam was reloaded, as described in 2.2.3. Special care was taken in handling the 229 

specimens to avoid accidental breakage after creep. In addition, a thin sheet of paper was 230 

placed between the specimen and the metal motorized stage to prevent scratching of 231 

healing components, as illustrated in Fig. 6. 232 

 233 
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a) 

 

b) 

 

Figure 6. Photograph of the specimen observation under the optical microscope: a) 234 

global view, b) close-up view of a specimen placed horizontally on top of a paper sheet. 235 

 236 

2.2.6 Summary of the experimental program 237 

Table 4 summarizes the specimens tested and the different healing, creep, and three-point 238 

reloading conditions. Three specimens were healed and subjected to creep or not to 239 

evaluate the coupled effect between healing and creep, and additional references 240 

(uncracked or unhealed) were prepared to compare the behavior with results already 241 

published in the literature. The designation of the specimens works as follows: ‘Cra’ or 242 

‘Ucra’ is written depending on whether the specimen was cracked at two days or not, ‘H’ 243 
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or ‘NoH’ is given if the specimen was immersed for healing or not, and ‘Cre’ or ‘NoCre’ 244 

ends the denomination depending on whether the specimen was subjected to creep. 245 

Hyphens ‘-‘ are used to separate two successive steps while plus signs (‘+’) are used for 246 

simultaneous actions, e.g., simultaneous healing and creep is written as ‘H+Cre’. 247 

 248 

Table 4. Summary of the specimens and cracking, healing, and creep conditions. 249 

 Nb 

specimens 

Initial 

Cracking 

Healing + 

creep 

Healing 

without creep 

Reloading 

S2-Cra-H+Cre 3 🗸 🗸  🗸 

S2-Cra-H+NoCre 3 🗸  🗸 🗸 

S2-UCra-H+Cre 3  🗸   

 250 

3. Results and discussion  251 

3.1 Failure properties during the pre-cracking stage 252 

Fig. 7 shows typical load curves as a function of the CMOD measured during the pre-253 

cracking phase at 2 days. The maximum strength of the specimen was 3.4 kN. The peak 254 

load occurred at CMOD values of 25 µm. After the peak load, the crack width increased 255 

and the load was removed when the CMOD reached 45 μm in order to obtain an actual 256 

crack width close to 10 µm as observed with a microscope (corresponding to a mean final 257 

CMOD after unloading of 23.8 µm). The variability of the ultimate strength and final 258 

crack characteristics was evaluated by analyzing the load curves and microscopic image 259 

analysis, as shown in Table 5. Such a limited final crack width has been previously 260 

reported to influence healing positively [25,38], and the reduced crack width variability 261 

ensures the best possible repeatability during the healing phase.  262 

 263 
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 264 
Figure 7. Evolution of typical load vs. CMOD curves during cracking by three-point 265 

bending, at 2 days. 266 

 267 

Table 5. Maximum strength and crack characteristics with standard deviations after the 268 

pre-cracking stage. 269 

Maximum Flexural load 
(kN)  

Final CMOD value 
(µm) 

Measured crack width 
(µm) 

3.47 ± 0.15 23.8 ± 1.4 9.9 ± 0.4 

 270 

3.2 Creep behavior of cementitious materials during self-healing 271 

Figure 8 shows the specific creep displacement of specimens loaded in water during 272 

healing. During the coupled creep-healing test, a rapid progression of creep displacement 273 

was observed during the first day after loading during the coupled creep-healing test. In 274 

fact, the value of the specific creep displacement of the precracked specimens ranged 275 

from 10 to 15 µm / kN, which was about four times the value of the creep displacement 276 

of the uncracked specimens subjected to the same sustained mechanical load 277 
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(3.5 µm / kN). This can be explained by the absence of healing products immediately 278 

after cracking and a low precipitation rate for a short healing period of only one day.  279 

After one day of healing, when the specimens were 3 days old, the creep displacement 280 

slowed down with time for all the healing specimens, especially for specimens 1 and 2. 281 

The slowing of the creep displacement in the healing specimens indicates that progressive 282 

self-healing limits the progression of creep displacements. Between 1 day and 24 days of 283 

healing under creep, the specific creep displacement increased by 5.4, 11.5 and 284 

10.6 µm / kN for specimens 1, 2 and 3, resp., while the specific creep displacements 285 

progressed by 8.7 µm / kN in the mean uncracked reference specimen. Therefore, the 286 

specific creep displacement during this period was smaller for one specimen subjected to 287 

creep and healing than for the reference, indicating a rapid progression of healing under 288 

creep, while the other healing specimens exhibited a relatively rapid increase in specific 289 

creep displacement. This is similar to what was reported in [32], where crack self-healing 290 

in fiber-reinforced engineered concrete was measured under creep loading. This 291 

observation is also consistent with the fact that a load that closes or limits the crack width 292 

can help achieve better healing [39].  293 

As can be seen in Fig. 8 b), the progression of creep in the healing specimens followed 294 

relatively well a logarithmic behavior, although the specific creep displacement was 295 

particularly slow in specimens 1 and 2 between days 1 and 10 before a relative increase 296 

in speed. This could be related to the precipitation of new healing products in the crack, 297 

with a stiffness close to that of the primary products of normal hydration mechanically 298 

binding the crack faces. 299 

Bazant and Prasannan [40] linked this short-term aging in amplitude and kinetics to the 300 

evolution of the hydration process. The increase in the volume fraction of the hydrates 301 

induces an increase in the structural stiffness. This affects the amplitude of creep 302 
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deformations, which decreases with aging. The increase in the volume fraction of 303 

hydrates also influences the viscoelasticity of the material and then the creep kinetics. 304 

Therefore, the continuous hydration of cement particles appears to limit the propagation 305 

of creep displacement due to self-healing. The particularly important slowing of creep in 306 

healed specimens n°2 and 3 could also be attributed to the precipitation of healing 307 

products, which are less prone to creep than in the reference matrix. This behavior could 308 

be attributed to the precipitation of more calcium carbonate-based products, which were 309 

found to be one of the main healing products. 310 

a) 

 

b) 
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Figure 8. Specific creep displacement of the healed beams loaded with constant sustained 311 

load (specimens 1 to 3) and the reference mean uncracked beam loaded with constant 312 

sustained load: a) linear time scale, b) logarithmic time scale with regressions. 313 

 314 

Healing variability, which has been demonstrated both in the case of mechanical [7, 12, 315 

13, 24] and impermeability recovery [3, 6, 7, 14] after healing, can also be evidenced in 316 

the case of creep properties during healing. As previously explained, one out of the three 317 

specimens that healed while undergoing creep exhibited a decreasing creep rate over the 318 

study period, resulting in specific creep displacements between the first and the twentieth 319 

day after loading that were smaller than the uncracked reference specimens, while the 320 

other two specimens exhibited a decreasing creep rate but still deflected more than the 321 

uncracked reference specimens after 20 days. Although this difference between the three 322 

behaviors can be considered relatively limited, it can be hypothesized that the creep 323 

displacements of the healing specimens may diverge slightly over time; the better the 324 

healing, the slower the creep. 325 

 326 



 

19 
 

3.3 Recovery of mechanical properties by self-healing during creep 327 

Fig. 9 shows typical flexural load-CMOD curves obtained for beam specimens prepared 328 

with the same mortar mix and subjected to the two different exposure regimes, i.e., with 329 

or without continuous loading. In this figure, it can be seen that each curve has two parts: 330 

the pre-cracking phase, consisting of loading and unloading, and the reloading phase, 331 

immediately or after healing. It can be observed that there is a loss in residual flexural 332 

strength of about 12% for the specimens healed under creep compared to the specimens 333 

healed in water without sustained load (1.45 kN and 1.65 kN resp.). For both specimens, 334 

a quasi-bilinear behavior is observed during the pre-peak phase, with the recovery of the 335 

original stiffness of uncracked specimens. In addition, for the specimen healed without 336 

load (S2-Cra-H+NoCre), a sharp drop is observed after the initial stiffness recovery. It is 337 

likely that the crack propagates progressively in the specimens that have undergone creep, 338 

compared to the other healed specimens where the cracks propagate more rapidly. This 339 

sharp peak observed for the healed beams during reloading (S2-Cra-H+NoCre) can be 340 

explained by the fact that the cracks are partially filled with new crystals that form during 341 

healing, and therefore the initiation of the damage is different in the healed and unhealed 342 

areas, as observed in [41]. These localized healing products are unable to withstand the 343 

increasing load and crack initiation, which quickly triggers the brittle behavior of the 344 

structure. 345 



 

20 
 

 346 

Figure 9. Comparison of load - CMOD curves for creep - healed beams and healed 347 

beams after a 26-day water immersion period. 348 

  349 

To illustrate the effects of sustained mechanical loading on the recovery of mechanical 350 

properties after the healing process, Fig. 10 shows the above-defined ratios for all the 351 

specimens tested. As shown by the R2 ratio, the strength recovery of the pre-cracked 352 

specimens exposed to water under sustained mechanical loading decreased compared to 353 

the specimens exposed to the same environment but not subjected to sustained mechanical 354 

loading. Once reloaded after self-healing, a reduction in the flexural strength ratio from 355 

0.87 to 0.38 can be observed for specimens subjected to mechanical load during water 356 

exposure. In the case of specimens without mechanical loading, the experimental results 357 

show a slightly increased flexural strength value after the healing mechanism.  358 
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 359 
Figure 10. Influence of creep loading on mechanical regains defined by R1 and R2 360 

indices and associated standard deviations (R1: hatched, R2: plain). 361 

 362 

The decrease in mechanical properties of specimens stored in water with sustained 363 

mechanical loading can be attributed to the reopening of microcracks created during the 364 

pre-cracking phase at a young age. According to Rossi et al. [42], continuous loading at 365 

an early age leads to the propagation of internal microcracks created at the time of 366 

loading. The propagation of narrow cracks occurs around many anhydrous cement 367 

particles. Thus, they represent water access paths that allow the ongoing hydration of 368 

anhydrous clinker particles (self-healing). Therefore, the lower self-healing performance 369 

of the pre-cracked specimens cured in water is due to the prolonged mechanical loading 370 

applied to the pre-cracked specimens.  371 

The mechanical properties recovery of specimens exposed to creep during healing were 372 

found to be lower than the properties of specimens that were healed without undergoing 373 

creep. This can be attributed to the increase in the distance between the two crack faces 374 

during healing due to creep, which probably creates a more porous structure of the healing 375 

products, having an opposite effect to the densification produced locally by creep. 376 
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Thus, the present experimental study has made it possible to clarify the coupled effect 377 

between creep and self-healing behavior. It was observed that self-healing reduces the 378 

progression of creep displacements. This result is probably due to the reconstitution of 379 

the connection between the crack surfaces by the self-healing mechanism. However, 380 

when a sustained load was applied to the pre-cracked specimens during the healing 381 

period, the level of mechanical property recovery as a result of self-healing was reduced.  382 

 383 

3.4 Microscopic observations 384 

Microscopic observations support the abovementioned mechanical findings. As 385 

illustrated in Fig. 11, all the cracks showed very good overall healing due to the early-age 386 

crack initiation. Fig. 11 a) is an image of the largest portion of the bottom part of an initial 387 

crack prior to healing. In this image, the initial crack width was approximately 9 µm to 388 

17 µm. Since the specimen is made of mortar, the crack does not show branching but its 389 

orientation varies locally depending on the presence of sand particles. Similar initial crack 390 

widths close to the one reported in Table 5 were observed on the other specimens. 391 

After the healing period, white products were observed almost all along the cracks 392 

initially present on the S2-Cra-H+NoCre specimens, as illustrated in Fig. 11 b). The initial 393 

crack path shown in the image is barely visible. This finding agrees with the previously 394 

published studies on the very good autogenous healing capacity of thin early-age cracks 395 

[43]. These white products visible at the surface are mostly calcium carbonate 396 

polymorphs, and locally cloudy-like CSH was observed [25]. 397 

Conversely, it has been observed that healing products did not cover the entire crack 398 

surface of the specimen subjected to sustained loading (S2-Cra-H+Cre). As illustrated in 399 

Fig. 11 c), some zones of the initial crack were not filled with healing products, such as 400 

the lower left part of the crack in the given image. This observation is consistent with the 401 
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lower mechanical recovery observed for mortar specimens, which can be attributed to the 402 

lower healing capacity of mortar specimens subjected to creep, as suggested by [44]. 403 

a) 

 

b) 

 

c) 

 

 

Figure 11. Microscopic images of the bottom parts of the cracks of two typical 404 

specimens: a) after cracking, b) after healing without loading, and c) after simultaneous 405 

healing and creep (initial crack path is given in dashed line). 406 

 407 

4. Conclusions and perspectives  408 

The objective of this paper was to experimentally determine the coupled effect of 409 

sustained mechanical loading and autogenous self-healing mechanisms on the mechanical 410 

behavior of mortar specimens pre-cracked at an early age (2 days) and healed for three 411 

weeks. To this end, a series of mortar specimens were simultaneously loaded and healed 412 

for three weeks using an innovative and specific setup. Based on the results, the following 413 

main conclusions can be drawn: 414 
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 Creep deformation was reduced during self-healing due to the gradual 415 

precipitation of healing products in the cracks, and healing specimens subjected 416 

to creep exhibited an intermediate behavior between cracked and uncracked 417 

specimens.  418 

  The specific creep displacements were significantly higher in the cracked 419 

specimens than in uncracked reference specimens, but after one day of healing, 420 

the displacement rate slightly decreased with time and became smaller for one out 421 

of the three tested specimens, and finally followed a logarithmic trend. 422 

 The slow improvement in strength recovery due to self-healing was reduced by 423 

12% for specimens subjected to continuous mechanical loading during healing, 424 

and specimens subjected to creep during healing had lower strength than healed 425 

specimens that were not subjected to creep. The application of a constant load is 426 

likely to increase the crack width in the mortar beams, which may negatively 427 

affect the self-healing process. 428 

 Microscopic observations confirmed the very good healing capacity of the 429 

specimen, which explains the mechanical recovery. However, the self-healing 430 

phenomenon seems to be influenced by creep. 431 

These results open up new avenues of research on the self-healing capacity of 432 

cementitious materials subjected to prolonged loading, particularly with regard to the 433 

ultimate recovery potential and the development of healing at an early age. In the future, 434 

it would be interesting to study a constant loading level in order to consider the evolution 435 

of the properties of the healing material in water and, finally, to define a loading threshold 436 

above which self-healing remains predominant over creep. 437 

 438 
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