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Highlights 8 

 Chloride and water permeability tests are compared/correlated for concretes containing 9 

crystalline admixtures (CA). 10 

 Influences of CA on the crack self-healing of concrete are studied based on permeability 11 

reduction of cracked specimens. 12 

 Portland Limestone Cement (PLC) is slightly more effective than Ordinary Portland cement 13 

(OPC) in improving concrete’s durability and strength. 14 

 Influencing parameters on electrical resistivity of concrete treated with CA are investigated.  15 

 16 

Abstract 17 

The repair of concrete structures damaged by water or water borne chemicals is estimated to cost 18 

billions of dollars annually worldwide. However, the solutions that can make concrete structures more 19 

sustainable and durable, are limited. The use of crystalline admixtures (CA) has a potential of 20 

improving the durability and reducing permeability of concrete structures especially those exposed to 21 

corrosive environments. This paper presents various investigations on the influence of crystalline 22 

admixtures on the strength, self-healing, and durability characteristics of concretes with two different 23 

cement types (Ordinary Portland Cement [OPC] and Portland Limestone Cement [PLC]). Test 24 

methods include the rapid chloride permeability (RCP), surface/bulk electrical resistivity and water 25 

permeability tests, self-healing test, compressive strength test and salt ponding test. The results 26 

indicate that the water permeability coefficient decreased by 3 times whereas the self-healing ratio 27 

increased by a higher rate by adding crystalline admixtures into the concrete mix. This paper presents 28 

empirical equations to correlate resistivity, total charge passed, or water permeability with each other. 29 

Further, the correlation between the surface and bulk resistivity is strong and the evidence from self-30 

healing test suggests faster sealing of crack widths up to 250 µm for CA treated specimens.  31 
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1. Introduction 34 

Self-healing (SH) materials are innate in the human body from the day we are born and can be 35 

identified by blood clotting mechanisms, repairing of fractured bones and even the continuous rebirth 36 

of the skeleton cells which typically results in a full renovation of the skeleton [1]. Interestingly, 37 

concrete is also not exempt from this phenomenon and  can naturally heal itself to a certain degree. 38 

When a crack occurs inside the matrix, concrete can autogenously seal the crack through four 39 

mechanisms including (1) formation of calcium carbonate (CaCO3), (2) continued hydration upon 40 

moisture contact, (3) swelling of cement matrix, and (4) sedimentation of debris which eventually 41 

results in concrete gaining its certain mechanical or durability properties (Fig. 1) [2]. In young 42 

concrete, continued hydration is the dominant healing mechanism because of its fairly high content of 43 

un-hydrated cement particles whereas calcium carbonate formation becomes the main mechanism at 44 

later age [3–5]. In the past two decades, great number of research studies have been conducted to 45 

understand various aspects of intrinsic SH in concrete [3–16]. Due to limited crack width closure 46 

potential (~200-300 µm) and uncertainty of natural healing [8,14,17–19], the concept of Engineered 47 

Self-healing Concrete (EShC), by artificially triggering healing agents such as microencapsulated 48 

bacteria or crystalline admixtures, has been introduced and recently become a significant topic of 49 

interest . Use of EShC in structures could lead to a decreased deterioration rate, less repair demands, 50 

minimized costs and eventually extended ultimate service life [20]. Additionally, it allows in-situ self-51 

repair with no external human involvement for inaccessible structures. Considering EShC’s benefits, 52 

influences on structural serviceability and sustainably, several smart methodologies have been 53 

employed to design this type of concrete, including chemical encapsulation [21–23], expansive agents 54 

and mineral admixtures [24,25], shape memory materials [26-27], bacteria-based concrete [28–31], 55 

hollow fibers [32–41], and self-healing triggered by self-controlled tight microcracking [2,8,42–51]. 56 

One of the smart materials for fabrication of EShC is crystalline admixtures (CA) which is one of the 57 

types of permeability-reducing admixture (PRA) with hydrophilic nature that can react easily with 58 

water. Typically, CA consist of a proprietary mix of active chemicals, implanted in a carrier of cement 59 

and sand, reacting with tricalcium silicates (C3S) in the concrete compounds as described by the 60 

American Concrete Institute (ACI) Committee 212 [52]; however, in the study of Sisomphon et al. 61 

[25], it is stated that calcium hydroxide (CH) is the reactive component. As a result of the chemical 62 

reaction described in Equation 1 and deposition of integrally bonded crystals into the hardened 63 

cement paste, pressure resistance of modified matrix increases as high as 14 bars [52]. 64 

 65 



 66 

Fig. 1. Self-healing mechanisms [2] and testing setup. 67 

3𝐶𝑎𝑂 − 𝑆𝑖𝑂2 + 𝑀𝑥𝑅𝑥 + 𝐻2𝑂 → 𝐶𝑎𝑥𝑆𝑖𝑥𝑂𝑥𝑅 − (𝐻2𝑂)𝑥 + 𝑀𝑥𝐶𝑎𝑅𝑥 − (𝐻2𝑂)𝑥 

Equation 1 (Calcium silicate + crystalline promoter + water→ modified calcium silicate 

hydrate + pore-blocking precipitate) 

There are a few recent studies that address the influence of CA as a promoter of SH. 68 

Jaroenratanapirom and Sahamitmongkol [53,54] studied the visual closing of cracks in mortar 69 

samples which were treated with crystalline and expansive admixtures and immersed in water for the 70 

healing period. Their results indicated that CA performed better than control mortars in healing of 71 

small (under 50 µm) and early age cracks (at 3 and 28 days) although showed ineffective behavior for 72 

larger cracks (300 µm). In a similar study, Sisomphon et al. [25] reported that only cracks up to 150 73 

µm were completely sealed when pre-cracked cement-based materials treated with calcium sulfo-74 

aluminate (CSA)-based expansive additive and CA were immersed in water for 28 days. Later, 75 

Sisomphon et al. [55] examined the recovery of mechanical properties of CA treated strain-hardening 76 

cementitious composites subjected to wet/dry cycles, humidity chamber, water immersion, and air 77 

exposure. Although, their results showed slight benefit of using CA as compared to control mixtures, 78 

the reaction was observed for both CA- and un-treated samples when exposed to wet/dry regime. 79 

Ferrara et al. [56] investigated the self-sealing capability and recovery of stiffness and load-bearing 80 

capacity by means of 3-point bending test, in normal strength concrete containing CA at a dosage of 81 

1% by the cement weight. For water immersion condition, they reported that the presence of CA sped 82 

up the crack healing process and recovered the bending stiffness as well as load-bearing capacity of 83 

concrete. However, for specimens in accelerated exposure condition, no definite conclusion was 84 

stated due to high dispersion of obtained results. It was also found that a crack closure above 70-80% 85 

is necessary to start recovery of stiffness and load bearing capacity [56]. Influence of CA on the 86 



concrete SH, measured by standard water permeability test after being subjected to four healing 87 

conditions, were tested by Roig-Flores et al. [57].. Water immersion (WI), water contact (WC), 88 

humidity chamber (HC), and air exposure (AE) were different environmental conditions utilized with 89 

the objective of simulating practical circumstances. They stated that neither control specimens nor 90 

those with CA healed when exposed to moist conditions. In their findings, four exposures in the order 91 

of decreasing permeability healing ratio were: WI (around 0.9) > WC (around 0.8) > HC (around 0.5) 92 

> AE (around -0.15) [57]. Afterwards, Roig-Flores et al. [58] studied the SH capability of early-age 93 

concretes containing 4% CA using water permeability test based on the standard procedure in EN 94 

12390-8 [59]. They concluded that under water at 15 ºC and especially at 30 ºC, healing ratio was 95 

higher for CA treated specimens as compared to those for control. However, the highly-scattered 96 

results were seen for both treated and un-treated concrete under the wet/dry cycles exposure. In a 97 

recent study by Ferrara et al. [1], the effects of CA on the SH capacity of the cementitious composites 98 

with reference both to a normal strength concrete (NSC) and High Performance Fiber Reinforced 99 

Cementitious Composite (HPFRCC) were examined. In the treated mixture, a CA dosage of 3% was 100 

added and details of their experimental program were similar to those reported in [56]. In the case of 101 

both NSC and HPFRCC, CA enhanced and made the autogenous healing capacity of cementitious 102 

composites more reliable. In NSC, CA could promote up to 60% of crack sealing even under exposure 103 

to open air. In the case of HPFRCCs, which would already feature autogenous healing capacity 104 

because of their specific mix compositions, the synergy between dispersed fiber reinforcement and the 105 

action of the CA has resulted in a likely ‘chemical pre-stressing’ of the same reinforcement, from 106 

which the recovery of mechanical performance of the material has greatly benefited, up to levels even 107 

higher than the performance of virgin un-cracked material. 108 

Although, efficacy of CA as a SH agent has been already documented and fairly well-understood, 109 

some discrepancies have been noted after reviewing the healing capability of concrete containing CA 110 

which motivates the specific analysis on this topic to enlarge the database available in current 111 

literature. In addition, an appropriate lab test method is required to help generate supporting data. For 112 

instance, in the above-mentioned studies where they used standard water permeability test to measure 113 

water penetration depth in pre-cracked concrete, the main requirement was to continuously subject the 114 

specimen to hydrostatic pressure which might not happen in practice and interfere with the results. 115 

However, an experimental methodology, schematically shown in Fig. 1 and developed in authors’ 116 

previous study [60], can analyze real-life conditions of the self-healing process and directly quantify 117 

this mechanism. The innovative test technique involves three stages: (1) inducing repeatable cracks, 118 

(2) subjecting the cracked specimens to controlled hydrostatic pressure to measure flow, (3) 119 

quantifying the self-healing property of cement-based materials. Moreover, influence of CA on water 120 

permeability and durability properties such as chloride penetration resistance and electrical resistivity 121 

in virgin concrete mixtures especially when combined with Portland Limestone Cement (PLC) has yet 122 



to be confirmed. Through crystalline deposition and densification of concrete matrix, it is expected 123 

that porosity reduces, resulting in lower permeability and enhanced ion diffusion resistance (e.g. 124 

chloride).  However, to the authors’ knowledge, no studies have discussed the chloride permeability 125 

and electrical resistivity of concrete with CA and therefore investigated herein for the first time. 126 

Limited experimental studies have been performed to find relationships between aforementioned test 127 

results of concrete which will be explored in this study as well. 128 

The objective of the present study was to experimentally investigate the effectiveness of CA in 129 

enhancing SH mechanisms and improving the water and chloride penetrability characteristics of 130 

concrete. Penetrability properties were measured using rapid chloride permeability (RCP) test 131 

following procedures documented in ASTM C1202 [61], surface/bulk electrical resistivity test in 132 

accordance with AASHTO TP95 [62], bulk diffusion test according to ASTM C1556 [63], and DIN 133 

1048 [64] test that determines the water permeability under hydrostatic pressure. Correlation and 134 

systematic comparison among these test methods were also established for concretes with CA. The 135 

well-standardized methodology was employed from authors’ previous work [60] to evaluate the SH 136 

properties of cracked specimens based on measure of the flow rate through crack. 137 

2. Experimental Program 138 

This study investigated the effect of CA on durability and self-healing properties of concrete. This 139 

section comprises of a description of the materials, mixture proportions, casting, curing conditions 140 

and preparation of specimens including the testing procedures performed to determine the mechanical 141 

and certain durability properties of CA treated concrete. 142 

2.1 Materials and mixture proportions 143 

Two different cement classes, Ordinary Portland Cement (OPC) - Type I in accordance with ASTM 144 

C150 (referred as Type GU in CSA A23.1-14 [65]) and Portland Limestone Cement (PLC) (also 145 

referred as Type GUL in CSA A23.1-14 [65]), were investigated in this study, featuring the same 146 

water/cement (w/c) ratio and cement contents. The compositions of concrete mixtures utilizing two 147 

different cement types were further modified by adding CA, in powder form, by 2% of the weight of 148 

cement, and behavior was compared with control specimens without CA. A commercially available 149 

hydrophilic permeability reducing admixture (PRA) was used as the waterproofing cementitious 150 

material (or CA). The dosage utilized was as per the recommendation of the manufacturer and was 151 

also in accordance with what is used in field applications. Due to the proprietary nature of this 152 

product, its chemical composition is not available, however, it is known that this is a cement-based 153 

hydrophilic admixture that meets the specifications of ACI 212 [52] as described earlier.  The w/c 154 

ratio used was 0.532 in all types of concrete mixtures and the mix design, which represents a typical 155 



mix used in the field with target strength of about 35 MPa, is given in Table 1. The reference mixes 156 

are OPC and PLC and the ones containing CA are labeled as OPC-CA and PLC-CA respectively. 157 

Table 1. Mixture proportions of concrete. 158 

Mix ID 

Mixture proportions (kg/m3) w/c 

ratio 

Cement 

Aggregates Water CA (2%) 

Coarse (5-14 mm) Fine    

OPC 

358 990 862 190 

- 

0.532 

OPC-CA 7.16 

PLC - 

PLC-CA 7.16 

2.2 Specimen preparation 159 

For each mixture, in total, twenty cylinders of both Φ100×200 mm and Φ100×150 mm, and also three 160 

conical frustum of Φ150 (top)×175 mm for water permeability test were prepared in accordance with 161 

the recommendations of ASTM C192 [66]. In accordance with ASTM C143 [67], slump flow tests 162 

were performed within 15 minutes after the preparation of mixtures to avoid any loss of workability 163 

with time. For all mixtures, air content was also determined by following the procedures of ASTM 164 

C231 [68]. The density of a fresh concrete batch was also measured in accordance with ASTM C138 165 

[69]; it is theoretically defined as the mass to volume ratio [69]. Temperature of fresh concrete 166 

mixture was measured in accordance with ASTM C1064 [70].  After 24±2 h, the specimens were 167 

removed from the molds, all Φ100×200 mm cylinders were continuously cured in a water bath before 168 

testing while other samples were air-cured.  Table 2 summarizes the specimens’ type and quantity as 169 

well as curing conditions used in different test methods. 170 

 171 

 172 

 173 

Table 2. Type, number, and curing conditions of specimens used in different test methods. 

Test method 
Number of 

specimen 
Type of specimen Curing condition Standard 

Compressive strength 3 
Cylinder  

(Φ100×200 mm) 

28 days  

(water-cured) 
ASTM C39 

Water permeability  3 
Conical frustum  

(Φ150 [top]×175 mm) 

28 days  

(air-cured) 
DIN 1048 

Electrical resistivity  3 
Cylinder  

(Φ100×200 mm) 

210 days  

(water-cured) 
AASHTO TP95 

Rapid chloride 

permeability  
4 

Cylinder  

(Φ100×50 mm) 

28 & 56 days 

(water-cured) 
ASTM C1202 



Apparent diffusion 

coefficient  
3 

Cylinder  

(Φ100×75 mm) 

28 & 56 days 

(water-cured) 
ASTM C1556 

Self-healing 10 
Cylinder  

(Φ100×150 mm) 

28 days  

(air-cured) 
- 

2.3 Methodology and parameters investigated 174 

2.3.1 Compressive strength 175 

At 28 days from casting, three cylindrical specimens (Φ100×200 mm) from each mixture were tested 176 

in saturated surface dry (SSD) condition, following the procedure reported in ASTM C39 [71] in 177 

order to determine each mixture’s compressive strength. 178 

2.3.2 Electrical resistivity (surface and bulk resistivity) 179 

Non-destructive electrical resistivity measurement was performed on three Φ100×200 mm cylinders 180 

at the ages of 7, 14, 28, 56, 90, 160, 210 days. The surface electrical resistivity (SR) measurement, 181 

following both AASHTO TP95 [62] and ASTM working document (WK37880) methodologies, was 182 

performed by two commercially available non-destructive four-probe (equally spaced at 38 mm) 183 

Wenner SR meter. . The equipment, shown in Fig. 2-(a)  works on low fixed frequency alternating 184 

current (AC) which is flowing between the outer electrodes and measures the potential difference 185 

between two inner electrodes. This study also investigated the influence of different frequencies (13, 186 

40, 100 Hz) and two commercial SR meters. All cylinders were removed one by one from the water 187 

curing tank before testing on the specified test days and were tested at SSD condition at 23±3 ᵒC. A 188 

total of eight measurements with the four set of probes centered every 90ᵒ along the longitudinal 189 

direction of cylinder were recorded. 190 

Another non-destructive resistivity-meter was used to measure the Bulk Resistivity (BR) of the same 191 

Φ100×200 mm concrete cylinders (Fig. 2-(b)). Since resistance measurement with a DC signal is not 192 

recommended due to electrodes’ polarization effect [62], an alternating current (AC) was used to 193 

apply the current at a fixed frequency of 1 kHz through the specimen. Previous work by Yildrim et al. 194 

[72] and Al-Dahawi et al. [73] indicates that the polarization effects in the material can be neglected 195 

when the frequency is at least 1 kHz. The electrodes consist of circular stainless-steel plates, on which 196 

a contact sponge wetted with a dilute solution of soap, was inserted in between two electrodes to 197 

ensure that the entire surface is in electrolytic contact with the electrode. Fig. 2 also shows a 198 

schematic diagram of fundamental physics involved for the measurement of the SR and BR. For each 199 

test, three specimens were tested, and average of these readings was further analyzed. 200 



(a) 201 

(b) 202 

Fig. 2. Testing arrangement and schematic diagram of (a) BR meter (b) SR testing instrument. 203 

2.3.3 Rapid chloride permeability (RCP) test 204 

Following procedure reported in ASTM C1202 [61], the RCP test was performed on four concrete 205 

slices with 50-mm thickness, cut from four Φ100×200 mm cylinders. To ensure one-directional 206 

penetration of Cl- ions, the side surfaces around the circumference of concrete slices were epoxy-207 

coated. Afterwards, the disks were vacuum saturated (for 3 hours), deaerated, and then submerged in 208 

water for 18±2 h before testing (Fig. 3). 209 

 210 

Fig. 3. (a) Water saturation setup (b) RCP test apparatus. 211 

Specimens were then mounted into test cells of the device containing two reservoirs, where one 212 

reservoir was filled with 0.3 normal NaOH solution (anode), and the other with 3% wt. NaCl solution 213 

(cathode). 60 V potential difference was applied during the test to allow the transfer of chloride ions 214 

through concrete from cathode (NaCl solution) to anode (NaOH solution). The test was conducted for 215 

a six-hour period, during which the current and temperature were measured every minute. The total 216 



charge passing was measured by integrating the area under current vs. time curve, presented in 217 

Coulombs and the average value of four samples was reported. 218 

2.3.4 Water permeability coefficient 219 

The water permeability of mixtures was determined using DIN-1048-Part 5 standard [64]. Prior to 220 

testing, specimens’ top surface was wire brushed, following the DIN 1048 standard, and then three 221 

specimens from each mixture were subjected to 0.5 MPa (5 bar) of hydrostatic pressure for three days 222 

(72 h). Each specimen was mounted into a cell consisting of a rubber gasket with a 100-mm diameter 223 

to avoid leakage while applying water pressure. After the testing was completed, the specimens were 224 

split into two halves (perpendicular to the injected face) using a compression machine and the depth 225 

of water penetration was marked for each half and measured immediately. 226 

Assuming that the flow of water through the concrete pores is stationary and laminar [74], coefficient 227 

of water permeability (𝑘𝑤) can be determined using measured water depth according to modified 228 

Darcy’s Law [74] as follows: 229 

𝑑𝑥

𝑑𝑡
= 𝑘𝑤

ℎ

𝑥
 Equation 2 

where 𝑥 is the penetration depth (m), 𝑡 represents the experiment time (s), 𝑘𝑤 indicates the 230 

permeability coefficient (m/s), and ℎ is the water head (m). Permeability coefficient can be simply 231 

derived by integrating Equation 2to obtain Equation 3: 232 

𝑘𝑤 =
𝑥𝑡

2

2ℎ𝑡
                                                                                                   Equation 3 

where 𝑥𝑡 is the penetration depth at time t. Since the water flow is unsteady and associated with 233 

sorptivity, it is more reasonable to consider average depth of water penetration instead of maximum 234 

one to calculate 𝑘𝑤 [74]. Using AutoCAD software, the xavg for divided specimens was determined by 235 

measuring the wetted area (Aw) and maximum width (wmax) of this region as illustrated in Fig. 4. 236 

Then, xavg was calculated as the average of the Aw divided by wmax for each half. 237 

 238 

Fig. 4. Method for calculating the average depth (xavg) in the wetted region. 239 



2.3.5 Apparent chloride diffusion coefficient 240 

To determine the values of surface chloride concentration and apparent chloride diffusion coefficient 241 

for each mixture, Φ100×200 mm cylinders were sliced into 75 and 20 mm-thick disks cured inside the 242 

water curing tank for 28 and 56 days. After the curing period, specimens were air-dried, sealed from 243 

all sides except the finished surface, immersed in a saturated calcium hydroxide (3 gr/L) water tank 244 

until the mass did not change by more than 0.1 % in 24 h; later ponded in 165 gr/L aqueous NaCl 245 

solution according to ASTM C1556 [63] for 6 months at 23±3 °C. The specimens’ weight before and 246 

after ponding were measured. After ponding, samples were removed from the solution and stored for 247 

24 h in the laboratory at 23±3 °C and 50±4% RH. Using a rotatory hammer drill, 10 grams of powder 248 

sample were obtained from each layer by grinding off the material parallel to the exposed surface. To 249 

determine acid-soluble chloride-ion content of powder mass, Cx (mass %), rapid chloride test (RCT) 250 

kit was used. 251 

2.3.6 Self-healing test 252 

As mentioned earlier, ten cylinders of Φ100×150 mm for each mixture were prepared. These were 253 

later cracked using an innovative technique reported by authors in [60] in order to examine self-254 

healing capability of cracked cylinders. One of the major benefits of this method is to use simple and 255 

readily available specimens that are commonly prepared for determining resistivity and compressive 256 

strength of concrete. All cylinders were kept in the laboratory and cured in ambient temperature prior 257 

to cracking. After curing, each sample was placed in a standard crack-inducing jig (SCIJ) to induce a 258 

crack width ranging from 0.1 to 0.4 mm using a universal testing machine. The SCIJ consists of two 259 

V shaped cutting edges that act as stress concentrators and are connected to the top and bottom plate 260 

of the jig. Spring loaded side aligning strips exert a lateral compressive force that prevents complete 261 

splitting of the sample, which is essential to simulate real world situations.  The specimens are placed 262 

along their length and indirect tension is induced through the cutting edges. The tortuosity of the 263 

cracks and the interlocking of the aggregates prevent the specimens from splitting after cracks are 264 

produced. Surface crack width for each cylinder (top and bottom ends) was measured by an optical 265 

crack-detection microscope at 14 equidistant points along the crack: seven along the top face, and 266 

seven along the bottom face. The measurements were then averaged and recorded as the cylinder 267 

average. The cracked specimens were later inserted into special rubber sleeves, sealed using silicon 268 

sealant; then one end of cylinder sample was exposed to a constant water head (~ 1.7 m). The flow of 269 

water through specimens was collected in water containers and measured over a period of time (Fig. 270 

1).  271 

3. Results and discussion 272 

This section is aimed to show the influence of CA addition into concrete with two different cement 273 

types on the strength, electrical resistivity, water permeability, electrical charge passed based on RCP 274 



test, chloride diffusivity. In addition, several correlations of these durability parameters were 275 

established. Self-healing efficiency of all mixtures was also demonstrated using an innovative 276 

technique developed by the authors. 277 

3.1 Fresh concrete properties and compressive strength results 278 

The experimental results of the concretes with and without CA including fresh properties (slump, air 279 

content, and plastic density), compressive strength, and electrical resistivity is summarized in  Table 280 

3. Compressive strength and electrical resistivity results, determined at 28 days, are the average from 281 

three cylinders (Φ100×200 mm). As indicated by the results in Table 3, the addition of CA increased 282 

the compressive strength by 11% for OPC mixture and by 8% for PLC mixture, while not much 283 

significant increase has been observed for electrical resistivity data (both SR and BR).  284 

Table 3. Fresh and hardened concrete properties. 285 

Mix ID 

Fresh properties 28- day 

compressiv

e strength 

(MPa) 

28-day electrical 

resistivity 

(kΩ.cm) 

Slump 

(mm) 

Air 

content 

(%) 

Plastic 

density 

(kg/m3) 

Temperature 

(°C) 
Surface Bulk 

OPC 130 2.0 2400 21.0 41.54 6.75 4.01 

OPC-CA 110 2.2 2394 21.0 46.35 6.47 4.06 

PLC 130 1.9 2394 20.5 42.07 6.12 3.91 

PLC-CA 85 2.2 2396 21.0 45.62 6.61 4.03 

 286 

One possible reason for the increase in compressive strength with CA can be associated with a filler 287 

effect that can contribute to close the voids but can also work as a cement hydration activator by 288 

improving the paste cement microstructure. In addition, presence of CA in the mix indicated a 289 

reduction in slump values whereas a slight increase in the air content was observed. Due to 290 

hydrophilic nature of CA used, it has tendency to absorb more water during mixing process which 291 

results in lower workability and inducing more air bubbles in the mix. 292 

3.2 Electrical resistivity results 293 

The surface and bulk electrical resistivity of concrete with and without CA at 7, 14, 28, 56, 90, 160, 294 

210 days are illustrated in Fig. 5. Generally, as concrete aged, resistivity increased due to further 295 

cement hydration and due to the progressive hardening of concrete. Other studies also reported similar 296 

trend [73-80] although none of them studied the effect of CA addition or PLC in the mixture. 297 

Dependency of resistivity of concrete on its microstructure properties as well as conductivity of its 298 

pore solution, proves increase in resistivity over time since concrete’s interconnected pore network 299 



reduces and OH- ions in the pore solution is consumed, attributing to decrease in its conductivity. 300 

Table 4 summarizes the chloride permeability classifications for electrical resistivity and RCP test 301 

methods. According to the classifications given in this table, electrical resistivity results correspond to 302 

high chloride permeability. It can be observed that addition of CA helped concrete to slightly enhance 303 

its SR over time; showed greater resistivity values (especially for PLC mixtures) than that of control 304 

mixtures. Comparing the reference cylinders containing only Portland cement, the SR and BR of 305 

mixtures with limestone was lower (less than 10%) than that of ordinary ones for all ages tested. 306 

Concrete resistivity typically increases with time and can be expressed by: 307 

𝜌(𝑡) = 𝜌0 (
𝑡0

𝑡
)

−𝑚

 Equation 4 

where 𝜌(𝑡) and 𝜌0 is the concrete resistivity at time (t) and reference time (t0), respectively; 𝑚 is the 308 

ageing factor (0 ≤ m ≤ 1) which depends on concrete composition and environmental conditions. The 309 

ageing factor, (m), determined using Equation 4 with a reference age of 7 days (𝑡0) and the concrete 310 

resistivity measured at that age 𝜌0, are dependent on microstructure changes over time. As illustrated 311 

in Fig. 5, the fitting curves are plotted by dash-lines and the growth of SR and BR have a common 312 

rate of development trend while SR measurement represented better correlation than that of BR 313 

method according to its coefficient of determination (R2), suggesting less dependency of this method 314 

on the testing and concrete parameters. While presence of CA could lead to higher SR values, it 315 

showed a slight decrease in BR data as compared to reference samples. This cannot be necessarily 316 

rooted from incorporation of CA in the mix as BR measurement technique is considerably dependent 317 

on sponge contact, surface-to-electrode contact, degree of saturation, etc. Considering only SR 318 

measurements, a strong correlation between SR and curing age has been established (R2 > 0.93), 319 

indicating reliability of proposed equations to predict SR evolution over time. A fair correlation (R2 = 320 

0.53 and 0.74) was also observed for PLC mixtures measured using bulk resistivity method while the 321 

correlation for OPC mixtures was poor. For OPC mix, BR data was randomly distributed over time 322 

that m value could not be obtained after several iterations in regression analysis. All fitted curves in 323 

the BR graph could not cover all data points due to larger scattering in the results. This could not be 324 

fulfilled by adjusting the data into Equation 4. Generally, concretes containing crystalline admixtures 325 

did not show any considerable differences in enhancing electrical resistivity when compared to 326 

control mixtures. It should be noted that measuring concrete electrical resistivity is an indirect testing 327 

technique to obtain information about its permeability which might not be an appropriate way to 328 

understand CA behavior under permeation or diffusion. Hence, this study also investigates other 329 

durability evaluation techniques to draw some comprehensive conclusions about the aspects of using 330 

CA or to determine which technique can truly represent real behavior of CA in a concrete system. 331 



 332 
(a) BR data 333 

 334 
(b) SR data 335 

Fig. 5. (a) Bulk and (b) surface electrical resistivity variations over time. 336 

Table 4. Chloride permeability classifications. 337 

Chloride 

permeability 

RCP [58] test 

(Coulomb) 

Electrical resistivity 

(kΩ.cm) 

Diffusion 

coefficient 

(10-12 m2/s) Surface [62] Bulk [77] 

High > 4000 > 12 > 5 > 15 

Moderate 2000 – 4000 12 – 21 5 – 10 10 – 15 

Low 1000 – 2000 21 – 37 10 – 21 5 – 10 

Very Low 100 – 1000 37 – 254 21 – 207 2 – 5 



Negligible < 100 < 254 < 207 < 2 

 338 

Amongst various parameters, signal frequencies are known to have an effect on resistivity of concrete. 339 

This effect of signal frequencies on SR data was investigated using three different signal frequencies 340 

(13, 40, and 100 Hz) in the 4-point Wenner method. No significant difference in SR results among 341 

different signal frequencies was observed and as frequency increased, less than 5% reduction in the 342 

SR values was detected.  343 

3.3 Rapid Chloride Permeability (RCP) test results 344 

The chloride permeability was measured by RCP test as acid-soluble chloride (total chloride), in 345 

accordance with ASTM C1202 [61]. Fig. 6 presents the results of RCP test for individual specimens 346 

in each mixture as well as their average values taken from four samples. The average cumulative 347 

charge after 6 h was 5538 Coulombs for OPC at 28 days, and was approximately 25%, 35%, and 30% 348 

higher for OPC-CA, PLC, and PLC-CA, respectively. This was 2315 Coulombs for OPC at 56 days, 349 

roughly 5% higher than OPC-CA, and was ~11% and 19% lower for PLC and PLC-CA mixtures, 350 

respectively. Based on these results, the charge passed reduction in all mixtures over time (28 to 56 351 

days) can be attributed to the reduction of the pore volume as well as pore solution chemistry. Similar 352 

findings have been reported in other studies [74], [81-87] for OPC mixtures although none of these 353 

studies examined the crystalline admixtures’ effect. It should be noted that one of criticism of the RCP 354 

test is that an increase in temperature is resulted from the high voltage applied across the sample, 355 

especially for low quality concretes, which is known to lead to an increase in charge passed, resulting 356 

in poor quality concrete looking worse than it actually is [88]. Addition of CA into OPC mixture 357 

induced a significant decrease in the charge passed at 28 days but did not result in a major change at 358 

56 days. One would actually expect the opposite trend since the CA addition over time is known to 359 

support formation of needle-shaped crystals which act as a physical membrane to prevent passage of water 360 

inside the concrete matrix. Since the test error inherently associated with the RCP test is larger than any 361 

effect of CA addition, no definitive conclusions can be drawn. In contrast the inclusion of CA into 362 

PLC mixture indicated slightly higher value than control one (PLC mix), representing the 363 

uncertainties inherent in the test method. The enhancement of the resistance to chloride penetration in 364 

OPC-CA mix can be related to the capillarity and pore volume reduction as well as microstructural 365 

characteristics of this mix, formed by the deposition of pore blocking crystals inside the matrix. 366 

Comparing only OPC and PLC mixtures, it can be observed that cement composition can affect the 367 

electrical conductivity of the pore solution and matrix, resulting in lower value for PLC mix at 28 368 

days (Fig. 6).  At the age of 28 and 56 days, RCP results indicate high and moderate chloride 369 

permeability for all mixtures based on the classification in ASTM C1202 [61], presented in Table 4. 370 

Based on the obtained RCP data, only definite conclusion is that the total charge dropped in all 371 

mixtures from high to moderate range from 28 to 56 days.  372 



 373 

Fig. 6. RCP test results (electrical charge passed [Q] in Coulomb) at 28 and 56 days. 374 

3.4 Water permeability test results 375 

The ease of water penetration into the concrete usually determines its deterioration rate while affects 376 

its durability [89]. Generally, the lower the concrete permeability, the higher its durability. To 377 

evaluate the concrete permeation, water penetration test in accordance with DIN 1048-Part 5 [64] has 378 

been utilized in this study. After performing the water penetration test for a period of 72 h and 379 

splitting the specimens into two halves, average and maximum depth of water penetration (xavg and 380 

xmax) were measured as illustrated in Fig. 7. It can be simply observed that incorporation of CA into 381 

concrete significantly reduced water penetration depth. For all concrete mixtures, Fig. 8 exhibits the 382 

average and maximum depth of water penetration as well as their permeability coefficients (kw(avg) and 383 

kw(max), calculated from Equation 3) based on DIN 1048 test results. As can be seen in Fig. 8, the 384 

penetration depth reduced considerably (40-50%) for concretes treated with CA, indicating the 385 

effectiveness of these admixtures for waterproofing purposes. According to Hedegaard and Hansen’s 386 

study [90], concrete can be considered as watertight for all practical purposes when maximum 387 

penetration depth is less than 50 mm.  388 

    389 



Fig. 7. Water penetration depths of concretes with and without CA.  390 

 391 

Fig. 8.  Mixtures’ water penetration depth and coefficient of permeability based on DIN 1048 test 392 

results. 393 

Only CA treated mixtures satisfy this statement by having the average values of 40 mm for OPC-CA 394 

and 25.7 mm for PLC-CA. Comparing the water penetration depth based on maximum or average 395 

values, it was observed that standard errors of results were lower for average penetration depth, 396 

suggesting reliability of using average depth instead of maximum one. OPC mixture (control one) 397 

showed the highest penetration depth, as result the highest permeability coefficient (kw), followed by 398 

PLC, OPC-CA, and PLC-CA. According to obtained results, the mixture of PLC-CA indicates the 399 

highest resistance to water penetration when compared to other mixtures. When only reference 400 

mixtures are considered, PLC showed noticeably higher water tightness than that of OPC (~25% 401 

improvement). It should be noted that no similar study has been found to investigate the role of PLC 402 

on concrete waterproofing. 403 

3.5 Chloride diffusion coefficient 404 

For all mixtures exposed to bulk diffusion in NaCl solution for 180 days, the values of chloride 405 

content (Cl-% of concrete weight) vs. layer depth (mm), measured at 2.5, 8, 14.5, and 21.5 mm depth 406 

from concrete surface, are plotted in Fig. 9-(a) where specimens, shown on the left side, were cured 407 

for 28 days in water and on the right side for 56 days prior to exposing to NaCl solution. The best-fit 408 



curves are also shown by dash-lines in the same plot and their slopes decrease as concrete ages. It was 409 

observed that specimen curing time can affect the penetration of chloride ions into different depth, 410 

mostly due to gradual improvement in the extent of the concrete hydration, density and inner pore 411 

structures with time. Besides that, different diffusing ions clogged the pores inside concrete, not 412 

allowing further diffusion of chloride ions and resulting in concrete’s higher capacity to withstand 413 

chloride diffusion; thus, leading to a low chloride concentration. Hence, the more concrete cures with 414 

moisture in a marine environment, it will be less prone to chloride attack. Overall, for both curing 415 

ages, the chloride content values were lower for specimens treated with CA than that of control 416 

mixtures, suggesting formation of crystalline structures inside pores that act as physical barrier and 417 

can increase chloride binding capacity of matrix; also, can decrease penetration depth of water 418 

carrying chloride ions into concrete. As shown earlier, water penetration depth was lower in concrete 419 

containing CA. Comparing two cement types showed ~15-20 % higher chloride content at all depths 420 

for PLC mixtures. The service life of concrete in a chloride environment can be explained by Fick’s 421 

second law. Using chloride ions’ content profile and the method of least square, the values of surface 422 

concentration and apparent diffusion coefficient were determined by fitting the following equation 423 

(Fick’s second law) [63]: 424 

𝐶(𝑥, 𝑡) = 𝐶𝑠 − (𝐶𝑠 − 𝐶𝑖) ∙ erf (
𝑥

√4 ∙ 𝐷𝑎 ∙ 𝑡
) Equation 5 

where 𝐶(𝑥, 𝑡) is chloride concentration measured at depth 𝑥 and exposure time (𝑡 = 6 months) in mass 425 

% of concrete; 𝐶𝑖 is initial chloride-ion concentration of the cementitious mix before salt solution 426 

submersion; 𝐶𝑠 is projected chloride concentration at the interface between the exposure liquid and 427 

cylinder finished surface and 𝐷𝑎 is apparent chloride diffusion coefficient in m2/s which both 428 

parameters are determined by nonlinear regression analysis. The resulting chloride surface contents 429 

and diffusion coefficients are illustrated in Fig. 9-(b) for all mixtures at 28 and 56 days. The 430 

calculated surface contents ranged from 0.8% to 2% with higher contents belonging to specimens 431 

cured for 28 days and not treated with CA. Those for OPC and PLC (1.6-1.8%) mixtures were higher 432 

than for OPC-CA and PLC-CA mixtures. It was observed that 𝐶𝑠 of all mixtures decrease with an 433 

extension in the curing age. The chloride typically penetrates into concrete through capillary 434 

absorption and diffusion [91,92]. The 𝐶𝑠 mainly depends on capillary absorption of chloride [93] and 435 

until saturation occurs in capillaries, concrete absorbs saltwater. The calculated apparent diffusion 436 

coefficients range from 4 to 14×10-12 m2/s. These values correspond to moderate/low chloride 437 

permeability according to classifications given in Table 4. Without any exception, the results indicate 438 

that OPC/PLC-CA have the lowest diffusion coefficient at both 28 and 56 days while value difference 439 

in OPC control and treated mixtures are relatively small at 56 days. It is interesting that specimens 440 

containing crystalline admixtures exhibited lower diffusion coefficient, indicating lower rate of 441 



chloride ingress into matrix. These results corroborate well with the trend observed using the 442 

permeability test. As more hydration occurred, the modified C-S-H gel and needle-shaped crystals 443 

were produced in the pores of the capillary, which in turn increased the amount of hydration products 444 

and reduced the porosity and pore diameter in CA treated system. Hence, the concrete enhances its 445 

binding capacity with chloride ions and also its diffusion coefficient increases. This result suggests 446 

noticeable differences in chloride binding capacities between CA-treated and control concretes. These 447 

preliminary data cannot be taken as conclusive evidence to support this theory, but definitely shows 448 

the need for further exploration. The following equations can be used to estimate chloride profile and 449 

diffusion coefficient of concretes incorporating CA or PLC after t = 6 months of salt solution 450 

exposure:  451 

𝐶(𝑥, 𝑡)𝑂𝑃𝐶−28𝐷 = 1.786 − 1.781 ∙ erf (
𝑥

2 ∙ √13.4𝑡
) OPC (28-day curing) Equation 6 

𝐶(𝑥, 𝑡)𝑂𝑃𝐶−56𝐷 = 0.918 − 0.913 ∙ erf (
𝑥

2∙√5.25𝑡
)  OPC (56-day curing) Equation 7 

𝐶(𝑥, 𝑡)𝑂𝑃𝐶−𝐶𝐴−28𝐷 = 1.292 − 1.287 ∙ erf (
𝑥

2 ∙ √6.28𝑡
) OPC-CA (28-day curing) Equation 8 

𝐶(𝑥, 𝑡)𝑂𝑃𝐶−𝐶𝐴−56𝐷 = 0.843 − 0.838 ∙ erf (
𝑥

2 ∙ √4.83𝑡
) OPC-CA (56-day curing) Equation 9 

𝐶(𝑥, 𝑡)𝑃𝐿𝐶−28𝐷 = 1.903 − 1.898 ∙ erf (
𝑥

2 ∙ √11.2𝑡
) PLC (28-day curing) Equation 10 

𝐶(𝑥, 𝑡)𝑃𝐿𝐶−56𝐷 = 1.796 − 1.791 ∙ erf (
𝑥

2 ∙ √8.66𝑡
) PLC (56-day curing) Equation 11 

𝐶(𝑥, 𝑡)𝑃𝐿𝐶−𝐶𝐴−28𝐷 = 1.216 − 1.211 ∙ erf (
𝑥

2 ∙ √9.77𝑡
) PLC-CA (28-day curing) Equation 12 

𝐶(𝑥, 𝑡)𝑃𝐿𝐶−𝐶𝐴−56𝐷 = 1.203 − 1.198 ∙ erf (
𝑥

2 ∙ √6.51𝑡
) PLC-CA (56-day curing) Equation 13 



(a) 452 

(b) 453 
Fig. 9. (a) Chloride content profiles, (b) surface chloride concentration and diffusion coefficient for 454 

different concrete mixtures. 455 

3.6 Inter-relationship between permeation properties and durability of concrete 456 

In this section, any possible correlation between different durability indicator parameters such as ER 457 

and RCP is investigated. OPC and PLC concrete types are considered as the reference mix in this 458 

section and while OPC-CA and PLC-CA mixes are regarded as the CA mix. These two sample types 459 

are compared with each other through this section. 460 
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3.6.1 Correlation between surface and bulk electrical resistivity 461 

Considering all curing ages, Fig. 10 shows the relationship between SR and BR data for all mixtures. 462 

Linear equation was the best regression fit to correlate the SR and BR data. As can be seen, two 463 

measurement techniques correlate fairly well (R2 = 0.84) with each other for all cylinders. This 464 

finding agrees with the results reported in other studies [76,77]. Ignoring the limited application of BR 465 

testing technique for field evaluation, it is worth mentioning that the two test methods can be used 466 

interchangeably to measure concrete resistivity in the laboratory.  467 

 468 

Fig. 10. Relationship between surface and bulk resistivity of both concretes with and without CA. 469 

3.6.2 Correlation between surface/bulk resistivity and RCP 470 

Fig. 11 shows the overall relationship between the charge passed and SR (or BR) measurements for 471 

CA-treated and control mixtures at 56 days. Each data point on the figure represents test results from 472 

a single specimen. There was also a good relationship between the SR measurements for both CA-473 

treated and control concretes at 56 days.  Similarly, results were also analyzed for all mixes at 28 474 

days, but plots are not included to maintain brevity. Correlating 28 days SR/BR and RCP test results, 475 

the CA group showed strong linear relationship between these test methods while poor correlation 476 

was observed for control samples. The present research is among few studies investigating the 477 

correlation between RCP test and resistivity values [71,84,85,94]. Other studies suggest the use of 478 

power function to fit the data although it happened not to be a suitable fitting curve for this data set. 479 

This might be due to the high w/c ratio and small variations in RCP test and SR/BR results at certain 480 

age, not having wider range of data set. Generally, SR measurement indicated better correlation with 481 

RCP test than that of BR measurement. 482 



 483 

Fig. 11. Relationship between RCP test and surface (or bulk) electrical resistivity for CA and 484 

reference control mixtures 56 vs. 56 days. 485 

3.6.3 Correlation between surface/bulk resistivity and water permeability 486 

For all mixtures, the relationship between concrete resistivity obtained at 7, 28, and 56 days age and 487 

its water permeability coefficient measured based on maximum penetration depth was analyzed. The 488 

results indicated no linear relation between these parameters. No linear relationship was also found 489 

between resistivity and kw measured based on average penetration depth. Fair correlation was 490 

observed only at 7 days and specifically for BR data. This is mostly due to air curing of water 491 

permeability test samples after casting. Previous studies showed the proposed relationship between 492 

these parameters [84,85]. Concretes containing CA showed no significant correlation between 493 

resistivity and water permeability when compared to control mixtures. As reported earlier, presence of 494 

CA in concrete led to considerable reduction in water permeability but no significant difference in 495 

resistivity values which is a possible cause not to find any meaningful correlation between these 496 

techniques. This also suggests that practitioners who frequently deal with these test methods should be 497 

cautious not to implement these techniques interchangeably for different cement-based mixtures. This 498 

is because the permeability test is a direct method to physically estimate the water penetration depth 499 

and permeability coefficient while resistivity method is an indirect technique to obtain information on 500 

permeability based on electrical resistivity of a porous medium. 501 

3.6.4 Correlation between RCP and water permeability 502 

The charge passed based on the RCPT results at 28 and 56 days were correlated with the kw, 503 

calculated based on the xavg and xmax measured using DIN 1048 test. Moderate linear relationship 504 

between Q and kw was identified for both CA-treated and control concretes at 28 days; however, there 505 

was almost no correlation between these parameters at 56 days (R2 < 0.15). A similar conclusion can 506 

be found in the literature [72,84,85]. Even though, CA-treated concretes showed better performance in 507 



water penetration and RCP tests, they did not establish any significant relation between two 508 

parameters as compared with control samples. Further investigation is required to validate this 509 

relationship with wider range of testing specimens including different w/c ratio, curing age/regimes, 510 

and cementitious combinations. 511 

3.6.5 Correlation between apparent diffusion coefficient and other durability 512 

parameters 513 

To analyze the interdependence between concrete rapid chloride penetration, resistivity and chloride 514 

diffusion coefficient, the correlation between them was studied. Fig. 12-(a), (b), (c) show the 515 

relationship among chloride diffusion coefficient and other parameters measured through RCP, WP, 516 

and ER tests. Linear equation in the form of 𝑦 = 𝑎𝑥 ± 𝑏 was used for regression analysis in all cases 517 

as the best correlation. All parameters indicated poor correlation with 𝐷𝑎 (R2 <0.6).  518 

 519 

Fig. 12. Variation of apparent chloride diffusion coefficient with (a) ER, (b) WP, (c) RCP, and (d) 520 

strength of concrete. 521 

3.6.6 Correlation between durability properties and compressive strength 522 

Due to the mutual influence of pore structure on mechanical and durability properties, there is a great 523 

interest to relate transport properties and compressive strength of concrete. Hence, to investigate the 524 

interdependence between the properties of the concrete mixtures, values of compressive strength with 525 

certain durability parameters such as ER and Q, were compared. No significant linear relationship 526 

between the resistivity/RCP and compressive strength was found; however, it is noteworthy that the 527 

correlation coefficient of the correlation between water permeability and strength results is relatively 528 

(a

(c

(b

(d



high. The relationships between physical and chemical effects of CA in improving concrete durability 529 

could play a vital role in performance-based design of concrete materials and structures. In addition, a 530 

relationship between compressive strength and chloride diffusion was established in this study [Fig. 531 

12-(d)]. To sum up, all results collected from different test methods, Table 5 is presented for concretes 532 

with and without CA/PLC which included standardized penetration classification. Use of CA 533 

indicated better performance in improving water permeability and chloride diffusivity. According to 534 

concrete resistivity results, not much development was observed when using CA which opens up a 535 

need for further investigation of this parameter. As concrete ages, its durability properties also 536 

significantly improve as can be seen from Table 5. 537 

Table5. Summary of conducted durability indicator test results. 538 

Mix ID OPC OPC-CA PLC PLC-CA 

Compressive strength (MPa) 28-day 41.54 46.35 42.07 45.62 

Electrical 

resistivity 

(kΩ.cm) 

SR (kΩ.cm) 

28-day 
6.69 

(High) 

6.45 

(High) 

6.08 

(High) 

6.57 

(High) 

56-day 
8.15 

(High) 

8.38 

(High) 

7.23 

(High) 

7.7 

(High) 

BR (kΩ.cm) 

28-day 
4.01 

(High) 

4.06 

(High) 

3.91 

(High) 

4.03 

(High) 

56-day 
6.78 

(Moderate) 

5.53 

(Moderate) 

6.69 

(Moderate) 

4.81 

(High) 

Electrical charge (Coulombs) 

28-day 
5538 

(High) 

4399.25 

(High) 

4089.25 

(High) 

4257.75 

(High) 

56-day 
2314.75 

(Moderate) 

2238 

(Moderate) 

2578.75 

(Moderate) 

2827 

(Moderate) 

Water 

permeability 

coefficient 

(×10-12 m2/s) 

Based on max. depth 156.92 61.2 102.71 25.2 

Based on avg. depth 97.08 32.81 45.73 19.57 

Apparent chloride diffusion 

coefficient (×10-12 m2/s) 

28-day 
13.4 

(Moderate) 

6.28 

(Low) 

11.2 

(Moderate) 

9.77 

(Low) 

56-day 
5.25 

(Low) 

4.83 

(very low) 

8.66 

(Low) 

6.51 

(Low) 

  539 

3.7 Investigation of self-healing efficiency 540 

The surface crack width (mm), measured initial flow, percent flow-reduction rate, and healing ratio 541 

(HR) of three cylinders for each mix are summarized in Table 6. From the analyzed data in Table 6, it 542 

is clear that the samples being compared had almost similar average surface crack width. The OPC 543 

samples had an average measured crack width of 0.244 mm as compared to 0.245 mm for OPC-CA, 544 

0.251 mm for PLC, and 0.247 mm for PLC-CA. As expected, the higher the crack width, the higher 545 

the initial flow. The effect of healing was examined by calculating a HR parameter as follows 546 

(Equation 14) [58]: 547 



𝐻𝑒𝑎𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑖𝑜 = 1 − 
𝐹𝑖𝑛𝑎𝑙 𝐹𝑙𝑜𝑤

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐹𝑙𝑜𝑤
= 1 −  

𝑞𝐹

𝑞0
 > 0 Equation 14 

where 𝑞0 is the initial water flow (lit/5 min), measured after running self-healing apparatus; 𝑞𝐹 is the 548 

final water flow (lit/5 min), measured after a healing period of 100 h. Presence of CA show slightly 549 

higher HR compared to control concretes; however, the average HR values were generally very close 550 

to each other. 551 

Table 6. Measured crack width and intial flow. 552 

Sample ID 

Surface crack width (mm) 
Real initial flow 

q0 (lit/5 min) 

Healing 

ratio Top Bottom Average 

OPC 

I 0.226 0.290 0.258 

0.2443 

0.0696 0.991 

II 0.292 0.268 0.280 0.1891 0.938 

III 0.184 0.206 0.195 0.0248 0.941 

OPC-CA 

I 0.230 0.254 0.242 

0.2453 

0.0575 0.996 

II 0.332 0.275 0.304 0.1926 0.985 

III 0.176 0.205 0.191 0.0290 0.997 

PLC 

I 0.185 0.226 0.206 

0.2510 

0.0226 0.988 

II 0.325 0.25 0.288 0.1826 0.982 

III 0.244 0.273 0.259 0.0796 0.995 

PLC-CA 

I 0.203 0.263 0.233 

0.2467 

0.0915 0.975 

II 0.248 0.192 0.220 0.0378 0.990 

III 0.330 0.243 0.287 0.2294 0.992 

The results of reduction in water flow and healing ratio over time is presented in Fig. 13. One can 553 

observe that the specimens experienced a rapid initial flow during the first day of exposure to water 554 

pressure; however, the flow reached a constant rate and a fairly steady curve within days. As can be 555 

seen, the flow through the specimens reduced over time, indicating “self-healing” of concrete. The 556 

addition of the crystalline admixtures yielded positive results with regards to self-healing as slope of 557 

flow rate line dropped significantly within few hours after testing for CA treated samples, not the case 558 

for control ones. It is hypothesized that the deposition of crystals into the crack which acts as 559 

membrane and hydrophilic nature of these admixtures can contribute to further fill the pores and 560 

create enough time for concrete to improve its natural healing process; thus, seal the cracks. By 561 

adding 3-4 % into the matrix, the enhancement of CA effectiveness under water pressure has been 562 

also confirmed by other studies [1,25,56-58], reporting 7-10% increase in the healing capability with 563 

respect to control samples, similar to those observed in this work. From this data, the time required for 564 

flow to reduce to a certain threshold value can be determined or the time required for completing 565 



sealing of cracks can also be found. As seem from Fig. 13-(c) , with the increase of healing time, the 566 

HR ratio (especially for CA treated samples) were increased. Among all mixtures, OPC showed the 567 

lowest healing rate over time while CA group indicated ~90% healing within first 30 h of testing. A 568 

clear tendency of better healing rates can be seen when increasing the time and available water. 569 

 570 

Fig. 13. Relationship between water flow and time for (a) OPC and OPC-CA specimens, (b) PLC and 571 

PLC-CA samples, (c) healing ratio vs. time for all mixtures. 572 

Based on Poiseuille’s law, Edvardsen proposed a model that determines the relation between the 573 

water flow passing through a crack and the crack width which is a third-order polynomial with only 574 

the cubic term [19]. The model is expressed in Equation 15: 575 

𝑞𝑜 (
𝑙𝑖𝑡𝑒𝑟𝑠

ℎ
) = 740 × 𝐼 × 𝐶𝑊𝑎𝑣𝑔

3 × 𝑘𝑡 Equation 15 



where 𝑞𝑜 is the initial water leakage per meter visible crack length (lit/h); 𝐼 is hydraulic gradient, m of 576 

water head/m; 𝐶𝑊𝑎𝑣𝑔 is average crack width at the surface (mm); 𝑘𝑡 is factor comprising different 577 

water temperature (𝑘𝑡 = 1 for water at 20°C with viscosity 𝜈 =
𝜂

𝜌
= 1.00 mm2/s). This expression can 578 

be adjusted to the parameters of this study by changing units and the crack length (considered 75 579 

mm), resulting in the expression: 580 

𝑞𝑜 (
𝑙𝑖𝑡𝑒𝑟𝑠

ℎ
) = 740 ×

1.5

0.15
× 𝐶𝑊𝑎𝑣𝑔

3 × 1 × 0.075 Equation 16 

Fig. 14 shows the experimental values of initial water flow measured at beginning of self-healing test 581 

versus the corresponding initial average crack width of all specimens. The best fitting curve was set to 582 

be a cubic function as shown in Fig. 14. The results show that there is an acceptable correlation 583 

between 𝑞0 and crack width with determination coefficient of 0.76. The obtained fitting curve from 584 

experimental results of water flow and averaged crack width fit reasonably well in the theoretical 585 

predictions given by Equation 16, illustrated also in Fig. 14. The lower experimental values might be 586 

due to the inclusion of CA which could help block water flow inside the crack or due to the difference 587 

in crack profile/structure inside the specimen. As self-healing could also be occurring inside the 588 

sample, not only on the surface crack, this correlation can only be utilized to compare the parameters 589 

of healing, rather than to draw an exact relationship between both parameters. An attempt was also 590 

made to use the minimum and maximum crack width instead of average values and find a correlation 591 

between these values and initial water flow. No affirmative trend was observed between these 592 

parameters. This finding is in agreement with the study of Roig-Flores et al. [57]. 593 

 594 

Fig. 14. Comparison between experimental and theoretical water flow and averaged crack width 595 

results. 596 



4. Conclusions 597 

In this study, the influence of the crystalline admixtures (CA) as permeability reducing admixtures on 598 

the durability and self-healing of concrete was investigated. In this paper, durability parameters 599 

including water penetration, chloride diffusivity, and electrical resistivity of concrete are investigated 600 

and correlated. The following conclusions can be drawn based on the results obtained in this study: 601 

 602 

 Concretes treated with CA had almost 50% lower water penetration depth and thus lower 603 

permeability coefficient when compared to control mixes. When compared with OPC group, 604 

PLC concrete group indicated 20% and 37.5% lower water penetration depth for un- and CA-605 

treated, respectively. Generally, the average water penetration depth appeared to be a better 606 

indicator to determine the water permeability coefficient than those obtained from maximum 607 

depth. 608 

 The average cumulative charge, taken from RCP test to provide indirect information about 609 

concrete chloride diffusivity, was 5538 Coulombs for OPC, and was approximately 25%, 610 

35%, and 30% higher for OPC-CA, PLC, and PLC-CA, respectively. This value was 2315 611 

Coulombs for OPC at 56 days, roughly 5% higher than OPC-CA, and was 11% and 19% 612 

lower for PLC and PLC-CA mixtures, respectively. The difference in the total charge passed 613 

(coulombs) in RCP test between concrete mixtures with and without CA was inconsistent.  614 

 Due to its simplicity, rapid-measurement, and low-cost associated with this non-destructive 615 

testing technique, concrete’s electrical resistivity can be an alternative to the time-consuming 616 

permeability indicator test methods such as RCP or DIN 1048.  Through this study, strong 617 

linear correlation was observed between SR and BR measurements, indicating the use of 618 

these resistivity test techniques interchangeably after considering an appropriate correction 619 

factor. The presence of CA did not reveal any significant effect on the surface or bulk 620 

electrical resistivity of concrete in comparison to the control mix.  621 

 A nonlinear relationship between concrete SR (or BR) and its curing age was established, 622 

showing dependency of resistivity on sample’s age. It was also hypothesized that either 623 

dosage of CA added to concrete was not sufficient to result in resistivity alteration and/or 624 

resistivity measurement method may not be a suitable technique to indirectly provide 625 

information about the CA’s role in decreasing permeability. This is in contrast with results 626 

obtained from water penetration tests which showed significant improvement. 627 

 The self-healing test results showed that addition of CA into mix led to slightly better rate of 628 

healing and full water-flow termination within the chosen test period when compared to 629 

control samples. PLC self-healing potential is reported for the first time in this work.        630 

 According to the results of the ponding test, the use of CA helps in enhancing the resistance 631 

to chloride penetration. This improvement increases with increasing in concrete age. 632 



Implementing Fick’s second law, equations were proposed in this work to predict chloride 633 

content of CA-modified and control (OPC or PLC) specimens cured for 28 and 56 days.  634 
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