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Introduction 

To minimize the life-cycle costs of concrete structures by 

extending their service life, self-healing concrete has been 

developed, based on various techniques. However, many 

self-healing techniques require water or prolonged wetting 

to provoke remaining unhydrated cementitious materials in 

the matrix and subsequently hydrates to fill the cracks. 

Therefore, earlier studies of self-healing concrete were 

limited to water retaining structures. To overcome this 

limitation, this study investigated the possibility of using fly 

ash and superabsorbent polymer (SAP) as concrete 

admixtures. Concrete with fly ash is characterized by a 

tendency for the strength to develop later and longer, and 

for the final strength to be greater than for concrete without 

fly ash. Pozzalanic activity is the key behind strength 

development, as fly-ash reacts slowly with moisture and 

subsequently forms C-S-H products which gives strength to 

the concrete. C-S-H products formation likewise 

contributes to reducing porosity of concrete. Whereas SAP 

is generally used as water absorbent in hygiene products, 

soil conditioning in agricultural industry including its 

application to block water penetration in underground 

power line or communications cable. SAP is capable to 

swell up to five times in volume that causes accumulate 

water around damaged areas. Therefore, the specific 

characteristics of fly ash and SAP have the greatest 

potential to have a function as self-healing supplementary 

materials which could become standard in the construction 

industry in the near future. The overall objective of this 

research is to develop self-healing materials that have no 

complexity, cost effective and can be easily added during 

casting to give concrete the ability to automatically sense 

when cracking or deterioration occurs. It was reported by 

Lee et al. [1], Tsuji et al. [2], and Snoeck et al. [3] that 

increasing the SAP replacement ratio significantly 

decreases the compressive strength of concrete at 28 days 

of curing. Accordingly, this study focuses on the crack 

permeability, crack width reduction, and the exploration of 

a SAP material that may solve the problem of compressive 

strength reduction. 

Outline of Experiment 

 SAP 

The experiment started with the selection of the most 

suitable commercially available SAP. The SAP used in this 

research has apparent density of 0.7 g/cm3 and water 

absorption of 417 g/g. 

 Specimen 

Cement mortar was prepared by using ordinary Portland 

cement.  The mixing started with cement, sand, fly ash and 

SAP for 2 minutes to achieve a uniform distribution of SAP. 

Water was then gradually added and mixed at medium 

speed for 3 minutes. The mix proportions of the mortar are 

listed in table 1. 

 

Table 1. Mix proportion of mortar 

Specimen Cement 

(kg/m3) 

Fly ash 

(kg/m3) 

Water 

(kg/m3) 

Sand 

(kg/m3) 

SAP 

(% 

cement) 

F00S0 524.7 - 237 1458.8 - 

F00S1 524.7 - 237 1458.8 1% 

F25S0 393.5 131.2 237 1458.8 - 

F25S1 393.5 131.2 237 1458.8 1% 

F25S2 393.5 131.2 237 1458.8 2% 

F25S3 393.5 131.2 237 1458.8 3% 

F25S4 393.5 131.2 237 1458.8 4% 

***Remark; F_ _ is represented the replacement ratio of fly ash 

and S_ is represented the %SAP replacement by weight of cement.  

 

The cement paste was casted in cylinder molds of 100 mm 

in diameter and 200 mm in height and put on a vibration 

table for 30 second to achieve minimal porosity due to 

lowered slump characterized by swollen SAP.  The 

specimens were demolded and then cured in water for 28 

days at room temperature. Each mix produced six cylinders, 

three of which were used for the compressive strength test. 

The compressive strength test was conducted according to 

ASTM C39. Each of the other three specimens was cut into 

4 pieces, each 50 mm thick. The top-most and bottom-most 

pieces were removed.  Only the middle parts ( the 

“ specimens” )  were used for cracking by splitting loading. 

To achieve cracking, the specimen was laid longitudinally 

in the test machine and held in place with a plate on either 

side. They were loaded along the top point. The specimens 

that survived the severe damage had their crack widths 

recorded at six locations on both of their cross sections 

(three locations on the top surface and another three on the 

bottom surface.) These widths were averaged for 

comparison with the same specimen at 4 weeks of healing. 

The specimens were then epoxy- filled into a PVC pipe of 

105 mm in inner diameter to prevent leakage during the 

flow- through crack test.  Epoxy was gradually applied 

around contact area between each cut PVC pipe and 

specimen. 



 

Fig. 1 The specimen (pink) put in a pipe (gray) with 

removable epoxy (green) 
 

 Flow Measurement Apparatus Design Concept 

The flow measurement apparatus was designed to apply the 

constant hydrostatic pressure throughout the crack area of 

the specimens. The apparatus consisted of 1 m long PVC 

pipe called the tower where the overflow outlet was drilled 

at 32 cm from the top of specimen surface and another 3 

overflow outlets were drilled every 25 cm from the first 

overflow outlet in case higher flow rate is required in the 

future experiment. The bottom face of selected specimen 

was connected on the upper section of the multi-joint while 

the upper face was connected to the joint. The joint was then 

connected to the tower as shown in Fig. 2. 

Fig. 2 Flow measurement apparatus components 

The initial flow rate of unhealed specimens was measured 

by the flow test apparatus shown in Fig. 3. Tap water was 

constantly supplied to the top of the apparatus while an 

excess flow was drained out from the first overflow outlet 

vertically located at 32 cm from the surface of the specimen 

to maintain the constant water level. The mass of water that 

flowed out through the crack was measured at measurement 

outlet. The specimens were then taken out of the apparatus 

and cured in the separate water tank at 40 °C for 4 weeks to 

promote the self-healing process. During the curing period, 

the flow rate was examined every 3 days over the course of 

4 weeks. 

 

Fig. 3 An operation of flow measurement apparatus  

 XRD Analysis 

XRD is primarily used for analysis that quantifies newly 

form cementitious compounds along the cracked area. At 

the end of healing course, cement mortar along crack faces 

on both sides of each specimen was drilled and crushed to 

prepare fine power for XRD analysis. The machine scanned 

at 0.02  with speed of 6.5°/min. The results investigated by 

XRD was used to confirm efficiency of SAP and fly ash 

over self-healing performance. 

Results and Discussions 

 Effect of Varying SAP Replacement Ratio on 
Compressive Strength 

The compressive strengths are summarized in Table 2. It is 

clearly observed that the SAP replacement ratio has a 

negligible effect on the compressive strength of the mortar 

specimen. The results show that the main component 

causing a decrease in compressive strength is fly ash; on 

average, there is around a 30% reduction at 28 days. 

However, it is well known that concrete made with fly ash 

develops strength later due to pozzolanic activity. Therefore, 

this study expects pozzolanic activity to promote healing, 

resulting in crack closure, strength recovery and concrete 

permeability reduction. 

 
Table 2. Compressive strength at 28 days of curing 

Type Compressive strength 

fc (MPa) SD (MPa) %CV ∆fc% 

F00S0 55.4 0.35 0.63 - 

F00S1 54.7 1.61 2.94 -1.28 

F25S0 36.1 3.03 8.41 -34.84 

F25S1 31.1 1.01 3.24 -43.75 

F25S2 35.0 0.96 2.74 -36.76 

F25S3 37.3 1.75 4.69 -32.64 

F25S4 36.2 2.28 6.30 -34.69 
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Join
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% crack width reduction 

 Effect of SAP Content on Crack Closure and 
Cracking Strength 

 
The results show that SAP-containing specimens both with 

and without fly ash have higher splitting loads than non-

SAP-containing specimens. Initially, the authors targeted 

cracks of 0.2 mm in width to represent heavy corrosion 

cracks, which range from 0.1-0.29, mentioned by Ullah et 

al. [4] However, it was difficult to create a crack of an exact 

width since concrete is a heterogeneous material; therefore, 

the specimens showed slight differences in initial crack 

width. To get the most precise crack closure information, as 

mentioned earlier, the authors marked cracks at 6 locations, 

with 3 points marked on the top face and 3 points marked 

on the bottom face. A calcium carbonate-like substance was 

generated by pozzolanic activity. Specimens F25S4, F25S2, 

and F25S1 show crack width reductions of 93.1%, 82.4% 

and 80.6%, respectively. However, the width reduction for 

F25S3 is inconsistent with the other cases because the initial 

crack was rather wide (greater than 0.4 mm). It has been 

noticed that the crack widths at which self-healing is most 

effective under this particular circumstance are around 0.3 

mm or less. The specimens with only SAP or fly ash had 

less crack closure ability than the control specimen. This 

might be the result of severe initial damage or chemical 

inactivity which needs to be investigated in future 

experiments. 

 
 

Fig. 4 Crack width reduction compared to original width 

 

 Effects of SAP and Fly Ash on Flow Through 
Crack Reduction 

 

It is clearly seen that the SAP-containing specimens have a 

significant drop in initial flow through the crack. Fig. 5 

shows that the average initial percentage drop for the SAP-

containing specimens is around 44.5%, which is 1.2-times 

greater decrease than for the non-SAP-containing 

specimens. The rate of flow gradually decreased after the 

specimens had healed in water for 3 days. The significant 

drop was attributed to crack sealing from the swelling of 

SAP. The data obtained on the third day and subsequent 

days showed a significant slowdown in reduction rates. The 

authors consider that the SAP may have reached its 

maximum swelling. The results contradict the idea that 

increasing the SAP replacement ratio enhances the initial 

flow reduction. The results could be concluded that 

properties may be associated with the progressive filling of 

the crack by newly formed C–S–H gels due to pozzolanic 

reactions. We assume that further reductions in flow 

through a crack are attributable to the pozzolanic reaction 

and the rehydration of leftover cementitious material. It can 

be concluded that in most cases, the specimens containing 

fly ash and SAP showed a greater flow rate reduction than 

the non-fly ash specimens did. The results clearly show that 

F25S4, F25S2 and F25S1 achieve flow reductions of 92.4%, 

91.6% and 91.9%, respectively. For F00S1 and F25S3, the 

reductions in water flow through the crack are noticeably 

different from the other SAP-containing specimens. Unlike 

the other SAP-containing specimens, neither F00S1 nor 

F25S3 shows significant reductions in the initial flow rate. 

This phenomenon can be explained by the great width of 

the cracks at the surface. Both specimens had an average 

crack width of 0.41 mm. Therefore, the authors considered 

that although the SAP might have swelled to its maximum, 

such swelling could not account for the flow reduction. 

F25S0 showed a flow reduction of 61.6%, which is slightly 

lower than that for the other specimens. The healing process 

in F25S0 was predominately controlled by the fly ash. 

Consequently, the flow reduction was mainly attributed to 

the pozzolanic reaction and to the rehydration of leftover 

cementitious material. Saha et al. [5] stated that strength 

development characteristic of fly ash reported that around 

90 days, fly ash contained specimen tended to gain higher 

compressive strength compared to control specimens. 

F25S0 shows that making specimens only with fly ash 

added affords no significant flow reduction benefit at 4 

weeks of healing. The data challenge the authors to 

investigate further whether it might require more than 4 

weeks of healing to promote self-healing.   

Fig. 5 Relationship between flow rate reduction and time 

 

 Effect of SAP and Fly Ash on Newly from 
Cementitious Compound 

 
The newly form cementitious materials along the crack face 

of the specimens were analyzed by XRD. In Fig. 6 the data 

is modified to demonstrate Portlandite detection at  2𝜃 =
17.8°. The data shows no significant differences between 

F00S0 and F25S0 whereas Portlandite detection of F00S1 

is slightly higher than that of the both cases. In general, it is 

well known that specimen exposure to carbon dioxide 

controls Portlandite-CaCO3 transformation. Portlandite 

should be reduced and transformed to calcium carbonate 

due to ingression of carbon dioxide. 



 Fig. 6 Portlandite detection at 2𝜃 = 17.8° 

The mentioned results worth nothing to evaluate 

performance among F00S0, F25S0 and F00S1. However, 

assumption can be made that the extensive immersion in 

water tank at 40℃ allow hydration to take place efficiently 

resulting in a rapid Portlandite to calcium carbonate 

transformation which support by calcium carbonate peak 

detection at 2𝜃 = 48.5°shows in Fig. 7. 

Fig. 7 Calcium carbonate detection at 2𝜃 = 48.5 
 

The clearer data can be investigated by the comparison 

among F25S(x)s, the peak detections of Portlandite in Fig. 

6 is clearly decrease, and Fig. 7 shows a slightly higher peak 

range from F25S4, F25S3, F25S2 and F25S1 which worth 

to conclude that Portlandite is effectively transformed to 

calcium carbonate and SAP used in this study attributed to 

promote self-healing efficiency. The results of XRD 

analysis is confirmed with tendency of % crack width 

reduction and flow reduction by increase the SAP 

replacement ratio mentioned earlier. To increase XRD 

precision, it is recommended to carry out an extension 

research on thermogravimetric analysis and differential 

thermal analysis which will be done in the future. The XRD 

data strongly address that evaluation of self-healing 

efficiency should be investigated at 90 days healing to allow 

matured formation of healing material. 

 

Conclusions 

In this study, the potential and performance of fly ash and 

SAP as concrete admixtures were investigated in terms of 

their effects on compressive strength and self-healing 

capability. Self-healing efficiency was investigated by 

water permeability tests and autogenous crack closure. The 

following results can be drawn from this study: 

 

 The SAP used in this experiment did not interfere with 

the development of compressive strength of mortar. At 

28 days, the compressive strength of SAP mortar was 

only 1.28% lower than that of non-SAP mortar, but the 

compressive strength of fly ash-containing mortar was 

36.5% lower than that of non-fly ash-containing mortar. 

 Increasing the SAP replacement ratio slightly increases 

crack closure. However, self-healing by this method is 

most effective when the average crack width is less 

than 0.3 mm. A significant impact on crack closure was 

found. The specimens generally formed a calcium 

carbonate-like substance in the crack area. 

 Swollen SAP was not able to perfectly seal a wide 

crack, but it was able to mitigate crack widening 

provoked by sudden water exposure. 

 Increasing the SAP replacement ratio did not increase 

the initial flow reduction, but it slightly increased the 

flow reduction at the end of the monitoring period. 

 The initial crack width was the most influential 

parameter in the reduction of flow through the crack. 

Cracks less than 0.3 mm wide showed the most 

dramatic flow reduction. 

 Increasing the SAP replacement ratio characterized 

progressive crack filling by newly form calcium 

carbonate compound. 

 The specimens have achieved 93.1% of maximum 

crack width reduction and 92.4% of maximum flow 

reductions at the end of healing period characterized by 

newly form cementitious material. 
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