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8 Abstract Now-a-days, multiple types of corrosion

9 inhibiting admixtures (CIAs) are being used to

10 enhance the chloride threshold (Clth) of steel–cemen-

11 titious systems. However, due to the application of

12 external potential to drive chlorides, some existing

13 short-term test methods are not suitable to assess the

14 Clth of S–C systems with CIAs containing anions. This

15 paper presents the development of a Modified Accel-

16 erated Chloride Threshold (mACT) test to determine

17 the Clth for S–C systems with CIAs. The test

18 specimens consisted of a mortar cylinder with an

19 embedded steel piece and electrodes forming a

20 3-electrode corrosion cell. The specimens were

21 exposed to chloride solution and the linear polariza-

22 tion resistance tests were conducted every 3.5 days.

23 The corrosion initiation was detected using statistical

24 analysis of the repeated Rp measurements. After

25 corrosion initiation, the chloride content in mortar

26 adjacent to the embedded steel piece was determined

27 and defined as Clth. The time required to complete

28 mACT test for an S–C system with CIAs is about

29 120 days. The Clth of eight specimens each with S–C

30 system containing (i) without inhibitor, (ii) anodic

31 inhibitor [calcium nitrite] and (iii) bipolar inhibitor

32 [both calcium nitrite and amino alcohol] were deter-

33 mined. Both anodic and bipolar CIAs showed

34enhanced corrosion resistance. Also, the bipolar

35inhibitor performed better than anodic inhibitor. It

36was concluded that the use of CIAs could significantly

37delay the initiation of chloride-induced corrosion. The

38mACT test can be used to determine the Clth and

39estimate the service life during the planning and

40design stages of a project and help select durable

41materials.
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44%bwoc % by weight of cement

45r5 Standard deviation of Rp data set considered

for analysis

46rst Standard deviation of stable Rp data set

47ACT Accelerated threshold test

48AN Anodic inhibitor

49BP Bipolar inhibitor

50CIA Corrosion inhibiting admixtures

51Clth Chloride threshold value (%bwoc)

52Cs Surface chloride concentration

53Dcl Chloride diffusion coefficient of concrete

(m2/s)

54E Applied potential (Volt)

55Ecorr Corrosion potential (millivolt)

56EIS Electrical Impedance Spectroscopy

57I Corrosion current (milliampere)

58ISE Ion specific electrode
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59 k Multiplication coefficient to define

stable data

60 LPR Linear polarization resistance

61 mACT Modified accelerated chloride threshold

62 M(ti) Median of time required for ti (year)

63 OCP Open circuit potential

64 OPC Ordinary portland cement

65 PDF Probability density function

66 QST Quenched and self-tempered

67 Rcm Resistance of cementitious system (X cm2)

68 RCPT Rapid chloride permeability test

69 RMT Rapid migration test

70 Rp Polarization resistance at steel–

cementitious interface (X cm2)

71 Rtotal Bulk resistance of steel–cementitious

system (X cm2)

72 SCE Saturated calomel electrode

73 SPS Simulated pore solution

74 t Duration of exposure (year)

75 ti Time required for corrosion initiation (year)

76 x Depth considered to determine anion

concentration (mm)

77

78

79 1 Introduction

80 1.1 Chloride threshold (Clth)

81 The chloride threshold (Clth) is one of the key input

82 parameters for service life estimation models. A small

83 change in the Clth value may have a significant

84 influence on the estimated service life [1–4]. When a

85 structure is exposed to marine environment, chloride

86 ions can diffuse through the concrete cover and reach

87 the steel reinforcement. Once they come in contact

88 with the steel reinforcement and build up in sufficient

89 quantity, they damage the protective, passive film

90 (even at high pH) and initiate active corrosion [5–7].

91 The Clth can be defined as the minimum concentration

92 of chlorides required at the rebar level to initiate

93 corrosion, irrespective of the high pH level [8].

94 Significant research has been done to quantify the

95 Clth of various types of steel reinforcement embedded

96 in concrete. Angst et al. [9] provided a thorough state-

97 of-the-art review on Clth. Figure 1 shows the Clth
98 values (based on laboratory results) reported in the

99 literature. These values exhibit a huge scatter and vary

100from 0.1 to 1.8% by weight of cement (%bwoc). This

101scatter may be due to the variations in the influencing

102factors like binder type, water-binder ratio, steel type,

103exposure conditions, etc. Also, the differences in the

104test methods followed by different researchers to

105detect the corrosion initiationmay be another cause for

106the scatter among the reported values of Clth. Hence, a

107reliable short-term test method that can be standard-

108ized is required to determine the Clth of steel–

109cementitious systems (S–C), especially with corrosion

110inhibiting admixtures (CIAs).

1111.2 Corrosion inhibiting admixtures (CIAs)

112The CIAs offer an economical and easier way to

113increase the Clth of steel embedded in concrete

114[5, 10–14]. A variety of CIAs are available in the

115market. Calcium nitrite [Ca(NO2)2] is a widely used

116anodic CIA. Also, the bipolar CIAs are emerging in

117the construction industry. Following is a discussion on

118anodic (AN) and bipolar (BP) inhibitors.

1191.2.1 Anodic inhibitor (AN)

120Various authors reported that the AN inhibitor

121enhanced the corrosion resistance in alkaline environ-

122ments compared to other CIAs [15–17]. For example,

123the calcium nitrite inhibitor helps in forming a better

Fig. 1 Chloride threshold values reported in literature
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124 passive film based on the reactions in Eqs. 3 and 4

125 [5, 17].

2Fe2þ þ 2OH� þ 2NO�
2 ! 2NO " þFe2O3 þ H2O

ð1Þ

127127 Fe2þ þ OH� þ NO�
2 ! NO " þcFeOOH ð2Þ

129129 At the anode, ferrous ion (Fe2?) ions (as soon as

130 they form) are oxidized to ferric ions (Fe3?), which are

131 very stable in the nitrite-rich environment. Also, the

132 nitrite ions help in producing cFeOOH, which are

133 more stable than naturally formed passive layer and

134 help in increasing the Clth value. These reactions form

135 the basis for the inhibitive action by nitrites. However,

136 there exist mixed opinions on the effectiveness of

137 nitrite based anodic inhibitors.

138 For example, it is reported that the effectiveness of

139 the anodic inhibitor could depend on the amount of

140 chloride ions present in the surrounding concrete [17]. It

141 was also found that the calcium nitrite based CIAs are

142 not effective when chloride-to-nitrite ratio (Cl-/NO2
-)

143 is less than one [18]. Ann and Song found that CIAs are

144 not suitable for concrete in immersed conditions,

145 because the nitrite ions can leach out of the concrete

146 and reduce the nitrite ion concentration inside the

147 concrete [6]. The adverse effect of this leaching on

148 corrosion depends on the quality and thickness of the

149 cover depth—the less the quality and cover depth, the

150 more would be the adverse effects. Supporting this,

151 Montes et al. [19] reported that the effectiveness of

152 calcium nitrite based CIA is seen only in concrete with

153 low water to binder ratio (i.e.,\0.5) indicating high

154 quality cover. Note that there is a possibility for the

155 beneficial effects of the nitrite inhibitor to decrease over

156 the service life of the structure, due to the emission of

157 NO, according to Eqs. (1) and (2). However, the rate of

158 emission and its effects have to be quantified experi-

159 mentally using a long-term experiment and is out of the

160 scope of this article. Although there are ambiguities

161 regarding the performance of calcium nitrite based

162 CIAs, it is still one of the most widely used CIAs. Also,

163 quantitative and probabilistic information on their effect

164 onClth is required for realistic estimation of service life.

165 1.2.2 Bipolar inhibitors (BP)

166 Bipolar inhibitors retard the corrosion process at both

167 anodic and cathodic sites of a corrosion cell. The BP

168inhibitor acts by reducing the rate of ferrous decompo-

169sition at the anodic site and at the same time restricts the

170availability of oxygen at the cathodic site [20]. BP

171inhibitors with polar group with Nitrogen (:N), Alkyl

172(R), and hydroxyalkyl (R–OH) are found to be effective

173in inhibiting corrosion [21]. Organic polymer com-

174pounds such as amine and amino alcohol are commonly

175used in BP inhibitors. Rakanta et al. [22] reported that

176the use of organic inhibitors of 2% by weight of cement

177(%bwoc) could reduce the mass loss of steel by about

17843%. Also, the overall performance of organic BP

179inhibitors in reducing the corrosion rate was better than

180the calcium nitrite based AN inhibitor. Nmai et al. [23]

181compared the performance of reinforced concrete slabs

182with organic and calcium nitrite inhibitors. Active

183corrosion was observed on control specimens (i.e.,

184without inhibitors) after 30 days of continuous exposure

185to 6% chloride solution. At 50 days of exposure, the

186specimens containing calcium nitrite inhibitor showed

187active corrosion and those with organic inhibitors

188showed no signs of corrosion. As these types of BP

189inhibitors were evolved recently, very limited quantita-

190tive and the probabilistic information is available on

191their performance. Such information is required for the

192realistic estimation of service life.

1931.3 Methods to detect corrosion initiation

194The method of detecting the corrosion initiation can

195influence significantly the estimation of Clth [24].

196During the 1950’s, non-destructive test methods were

197developed to assess the electrochemical properties of

198steel embedded in concrete [25]. Since then, the half-

199cell potential and linear polarization resistance (LPR)

200techniques have become very popular in detecting

201corrosion initiation.

202The ASTM C876 [26] is commonly used to find the

203probability of occurrence of corrosion using the

204corrosion potential (Ecorr) measured. Ecorr is a ther-

205modynamic parameter and will not provide details

206about the corrosion kinetics (say, corrosion rate, icorr)

207of the steel. Pour Ghaz et al. [24] showed that, for the

208same icorr, the measured Ecorr can vary with the

209difference in the cover concrete resistivity. In a

210laboratory study, Cigna et al. [27] studied the polar-

211ization resistance of the S–C interfaces (Rp) and

212concluded that the Ecorr is not as good as a parameter

213like icorr to detect the corrosion initiation.
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214 Since the 1970s, LPR technique has been accepted

215 as a commonly used test method to measure the

216 instantaneous corrosion rate in the solution elec-

217 trolytes with low electrical resistance. The three-

218 electrode LPR technique given in ASTM G59 can be

219 used to measure the polarization resistance of the S–C

220 interface (Rp), and hence; the kinetics or rate of

221 corrosion [28]. The LPR test setup consists of a

222 corrosion cell with a working electrode (WE), a

223 counter electrode (CE), and a reference electrode

224 (RE). However, when concrete or mortar with fine

225 pores and high bulk electrical resistance (say, ranging

226 from 0.01 to 100 kX cm2) is used as an electrolyte, it

227 will have a major influence on the measurement of

228 corrosion [29, 30].

229 Table 1 provides a list of criterion used by several

230 researchers in detecting corrosion initiation. The data

231 are tabulated in the form of criteria with a combination

232 of the following:

233 • Ecorr (mV; measured using half-cell potential test)

234 • icorr (lA/cm
2; measured using LPR test)

235 • Icorr (lA; measured using galvanostatic pulse

236 method), and

237 • Rp (X cm2) measured using LPR test.

238 For example, Xu et al. [31] detected corrosion

239 initiation using a ‘‘and/or’’ combination of Ecorr, icorr,

240 and Rp and then determined the Clth. Bouteiller et al.

241 [32] concluded that among Ecorr and icorr data, the icorr
242 provides more detailed and reliable information on the

243 corrosion initiation. Also, the corrosion initiation have

244 been defined based on (i) threshold Ecorr, (ii) a

245 threshold icorr, (iii) a significant change in Ecorr, (iv)

246 a significant change in icorr. However, the scatter in the

247 corrosion data can still lead to difficulties in detecting

248corrosion initiation during the experiments with

249repeated measurements, as is the case with the current

250study. As reported by Angst et al. [33], a test method

251that monitors the corrosion level and differentiates the

252stable corrosion level, significant variation in the rate

253during corrosion initiation of individual specimen is

254required. Valipour et al. [34] suggested to use the

255change in trend of the data obtained from real-time

256corrosion data using any of the above method is

257reliable. The current study will develop such a

258corrosion detection methodology using LPR

259technique.

2601.4 Existing test methods to determine Clth of steel

261in systems with CIAs

262The Japanese Industrial Standard JIS A6205 provides

263a test procedure for assessing the performance of CIAs

264used in concrete [35]. In this method, a bare steel

265specimen is kept directly in contact with the simulated

266pore solution (SPS) or saline water (i.e., immersed in

267salt water) and the corrosion initiation is detected by

268visual observation. Poursaee reported that the corro-

269sion performance of steel immersed in solution might

270be different from that embedded in concrete [36].

271Therefore, the results from JIS A6205 test may not

272replicate the performance of steel reinforcement

273embedded in mortar or concrete. On the other hand,

274the ASTM G109 [37] test method uses measurements

275on steel rebars embedded in the cementitious sys-

276tem—mimicking the situations in real structures. This

277method suggests assessing the efficiency of CIAs

278based on the changes in the half-cell potential value

279[26] and macrocell corrosion current measurements

280during the cyclic wet-dry exposure using 3.5% sodium

Table 1 Corrosion
initiation criteria used in
literature

Corrosion initiation criteria References

Ecorr\-350 V vs CSE and/or icorr[ 0.2 lA/cm2 and/or Rp[ 104 X cm2 [30]

Rp & 103–104 X cm2 [57]

Ecorr\-350 mV vs CSE [58]

Ecorr\-350 mV vs CSE or Rp & 103–104 X cm2 [31]

Two consecutive icorr[ 10 lA or Ecorr\-280 mV vs SCE [59]

Change in Ecorr[-200 mV and then continue to be more negative [33]

Ecorr\-350 V Vs CSE and/or icorr[ 0.2 lA/cm2 [32]

0.5[ icorr[ 10 lA/cm2 and Ecorr\-233 mV Vs (Ag/AgCl) [34]

icorr[ 15 lA [60]

icorr[ 3r of previous icorr readings [39]
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281 chloride solution. However, this test does not provide

282 direct guidance on the determination of Clth. However,

283 many researchers have used this method for monitor-

284 ing corrosion performance and followed by further

285 tests on the same specimens to determine Clth. It

286 should be noted that the better the CIA, the more will

287 be the duration of this test. Depending on the system, it

288 may take many years to complete the ASTM G109

289 testing, which is not acceptable by most of the

290 engineers, designers, and clients, who want to select

291 the materials during the planning and design stage

292 itself.

293 To overcome these issues, Trejo and Miller devel-

294 oped and patented an accelerated chloride threshold

295 (ACT) test method to detect the corrosion initiation in

296 plain cementitious systems [38]. Later, Trejo and

297 Pillai refined the test method [39]. In this ACT test

298 method, an external potential (20 V) is applied across

299 the 38 mm thick mortar cover to drive the chlorides

300 towards the embedded steel surface. This application

301 of potential was found to be an issue in adopting this

302 method for determining the Clth of S–C systems with

303 CIAs.

304 1.5 Issues in adopting ACT test method

305 in evaluating the performance of CIAs

306 The ACT test method was developed for steel

307 embedded in plain cementitious systems and uses an

308 external potential gradient of 20 V to accelerate the

309 movement of chlorides towards the embedded steel in

310 plain cementitious systems [39]. When external

311 potential is applied, the hydroxides in the mortar can

312 move towards the steel reinforcement and can have an

313 effect on corrosion measurements. Also, when the

314 mortar contains CIAs with anions (say, nitrites), the

315 external potential can drive both the chlorides and

316 nitrites towards the embedded steel. This can increase

317 the nitrite concentration at the S–C interface during

318 the testing. In other words, the nitrite concentration at

319 the S–C interface at the beginning and after some time

320 of testing would be different. Such increase in nitrite

321 concentration, in turn, reduces the Cl-/NO2
- ratio at

322 the S–C interface. However, such increase in the

323 nitrite concentration at the S–C interface does not

324 occur in real structures. Therefore, a test method that

325 does not induce changes in nitrite concentration at the

326 S–C interface during the course of chloride exposure

327 and testing is required. One option would be to

328develop a method that does not use an external

329potential to drive the chlorides towards the embedded

330steel.

3312 Research significance

332Now-a-days, Corrosion Inhibiting Admixtures (CIAs)

333based on various chemical families are being used in

334concrete structures. Engineers want to quantify (dur-

335ing the planning and design stage itself) the effect of

336such CIAs on the service life of concrete structures.

337For this, the Clth of S–C systems with CIAs needs to be

338determined. However, no suitable, short-term test

339methods are available to determine the Clth of S–C

340systems with CIAs. This paper develops a suitable,

341short–term test (known as mACT test). This mACT

342test would be useful for the engineers to determine the

343Clth of S–C systems with CIAs in about 120 days (say,

344during the planning and design stage itself). This

345determined Clth, in turn, can be used to estimate the

346potential service life that could be achieved.

3473 Experimental program

348In this study, three phases of experiments were

349conducted.

350• Phase-1: study on the effect of external potential

351on the migration of chlorides and nitrites in

352cementitious systems. The Rapid Migration

353(RM) test was used.

354• Phase-2: Development and validating of a ‘mod-

355ified’ ACT (known as mACT herein) test proce-

356dure to determine the Clth of S–C systems with

357CIAs.

358• Phase-3: Determination of the Clth of S–C systems

359with AN and BP type CIAs, using the mACT test

360method developed in Phase-2.

3613.1 Phase-1: effect of external potential

362on the migration of chlorides and nitrites

363through mortar

3643.1.1 Rapid migration test setup

365Figure 2a shows the schematic of ACT test setup to

366determine the Clth of steel embedded in plain mortar
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367 [39]. In this, the steel specimen has a 15 mm thick

368 mortar cover (indicated by the curly bracket), across

369 which potential gradient of 20 V is applied. This

370 scenario is simulated in the RM cell arrangement,

371 which follows the test setup given in [40, 41].

372 Figure 2b shows the schematic of the RM cell with a

373 15 mm thick mortar cylinder (100 mm diameter)

374 sandwiched between the cells with sodium chloride

375 (NaCl) solution and simulated pore solution (SPS).

376 The positive terminal of the DC potential source was

377 connected to the cell with SPS and the negative

378 terminal to the cell with NaCl solution. Upon appli-

379 cation of potential gradient across these terminals, the

380 chlorides and nitrites would migrate. The rightward

381 arrow in Fig. 2b indicates the direction of migration of

382 chloride and nitrite ions (denoted as ‘C’ and ‘N’ in

383 Fig. 2b. A photograph of the RM cell is shown in

384 Fig. 2c.

385 3.1.2 Materials used

386 The mixture proportion of the mortar was 0.5:1:2.25

387 (water:cement:sand). Distilled water was used for the

388 preparing the mortar. The 53-Grade Ordinary Portland

389 Cement meeting the IS:12, 269 [42] and with a

390 Blaine’s fineness of 220 m2/kg and specific gravity of

391 3.14 was used [39, 43]. Silica sand of IS:383 Grades I,

392II and III (in 1:1:1 proportion) was used to make the

393mortar [41]. A calcium nitrite based AN type inhibitor

394(29% solid content) was used at a manufacturer

395recommended dosage of 5.4 ml/kg of cement. The

396cement mortar cylinders of size the 100 mm diameter

397and 200 mm length mortar cylinders were cast and

398cured for 28 days at standard laboratory condition.

399Then, the specimens were sliced to 15 mm length and

400used for RM tests.

4013.1.3 Rapid migration test

402The prepared 15 mm thick mortar cylinders were

403placed in the RM test cell shown in Fig. 2b, c. The SPS

404contained 0.3, 10.4, and 23.23% of calcium hydroxide,

405Sodium hydroxide, potassium hydroxide, respec-

406tively. Then, an external potential of 20 V was applied

407continuously for 6, 12, 36, and 48 h. Three specimens

408each were tested for each duration (leading to a total of

40912 specimens). At the end of the potential application

410for the specified periods, the mortar powder at a depth

411of 3, 7, 11, and 13 mm (from the mortar surface in

412contact with the 3.5% NaCl cell) was collected from

413each specimen. Then, the chloride concentrations in

414these powder samples were determined using the

415SHRp-330 procedure [44]. The nitrite concentrations

416in these powder samples were determined using the

Fig. 2 Comparison of ACT specimens with RMT test
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417 UV–Visible spectrometer. The ratio between the

418 chloride and nitrite ions (denoted as Cl/NO2 herein)

419 was also calculated.

420 3.2 Phase-2: development of the mACT test

421 procedure

422 The ACT test method [38, 39] was modified to mACT

423 test method with the following features: (1) no

424 application of potential gradient (2) reduced cover

425 depth [from 38 to 15 mm], (3) increased concentra-

426 tion of NaCl solution [from 3.5 to 15%], and

427 (3) modified statistical method to detect corrosion.

428 Following sections present the details on: (i) specimen

429 configuration and materials used (ii) casting, curing

430 and exposure conditions, (iii) corrosion measure-

431 ments, (iv) detection of corrosion initiation, and

432 (v) determination of chloride concentration.

433 3.2.1 Specimen configuration and materials used

434 Figure 3 shows the schematic of the mACT test

435 specimen and setup. The mACT moulds with features

436 to appropriately place or embedded the various

437 electrodes in the mortar were designed and fabricated.

438 A 100 mm diameter Polyvinyl chloride (PVC) cylin-

439 der (Item 8 in Fig. 3) is the mould for holding the

440 cement mortar. A 16 mm diameter steel rebar was cut

441 to 20 mm length and used (Item 5) as working

442electrode (WE). The chemical composition of the

443steel is shown in Table 2. The Ordinary Portland

444Cement was used to cast the specimens (see Table 2

445for chemical composition). The standard silica sand

446classified as Grade III in IS:383 was used [41]. Mortar

447with cement:sand ratio of 1:2.25 and a water-cement

448ratio of 0.45 ± 0.05 was used. Distilled water was

449used for preparing the mortar. Eight ‘without In-

450hibitor’ specimens, were tested to develop and validate

451the mACT test method and determine the Clth of steel

452in plain mortar (i.e., without inhibitors).

4533.2.2 Casting, curing, and exposure conditions

454The mACT test specimens were cast according to

455the procedures given in Appendix A of Karup-

456panasamy [45]. The solution reservoir was filled

457with distilled water after the final setting time. The

458specimens were then cured for 28 days in a

459laboratory environment with 65 ± 5% relative

460humidity (RH) and 25 ± 2 �C temperature. After

461the curing period, the solution reservoir (Item 2) on

462the top of each specimen was filled with 15%

463sodium chloride solution (150 g of NaCl in 850 g of

464deionised water). The solution level was maintained

465at 30 mm above the mortar surface. The solution in

466the reservoir was replaced at an interval of 10 days

467with a freshly prepared solution to maintain the

468similar chloride concentration.

Fig. 3 Modified accelerated chloride threshold (mACT) test layout

AQ2
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469 3.2.3 Corrosion measurements

470 As shown in Fig. 3, the test setup consists of three–

471 electrode corrosion cell system (WE, CE, and RE).

472 The Open Circuit Potential (OCP) and Linear Polar-

473 ization Resistance (LPR) tests were conducted on each

474 mACT specimen using an electrochemical worksta-

475 tion (Solartron Models—SI 1287/1260). At first, the

476 OCP of WE was measured. Then, the LPR test was

477 conducted by sweeping the potential from -15 to

478 ?15 mV with respect to OCP and at a scan rate of

479 0.1667 mV/s. Then, the electrical impedance spec-

480 troscopy (EIS) test with a stable AC potential of

481 10 mV and frequency ranging from1 MHz to 0.1 Hz

482 was conducted to determine the total resistivity (say,

483 Rtotal) of the S–C interface and the thin mortar layer

484 (say, about 2 mm) between the embedded reference

485 electrodes (RE) and counter electrode (CE). The Rtotal

486 was calculated as the slope of the applied potential (E)

487 versus measured current density (i) curve at the zero-

488 corrosion current and expressed mathematically as

489 follows:

Rtotal ¼ DE=Di

� �

E!Ecorr

ð3Þ

491491 The bulk resistivity of the mortar layer between the

492 electrodes (say, Rcm; the subscript ‘cm’ stands for

493 cementitious material) was calculated by fitting the

494 EIS data in the modified Randles circuit [46]. Based on

495 the repeated testing of specimens, it was found that the

496 Rcm value decreases as a function of the exposure

497 period and becomes negligible by about 30 days of

498exposure to chloride solution. Thus, the polarization

499resistance of S–C interface (Rp) can be assumed to be

500equal to Rtotal, as follows.

Rtotal � Rp ð4Þ

502502The Rp changes as a function of the change in

503corrosion activity. The Rp values are monitored at

504every 72 ± 3 h until the detection of corrosion

505initiation. To confirm the corrosion initiation, at least

506one more Rp is measured and analyzed. The following

507statistical approach was adopted to detect and define

508corrosion initiation.

5093.2.4 Detection of corrosion initiation

510Figure 4 shows the flowchart of the test procedure to

511conduct the mACT test and obtain Clth. Considering

512the large scatter in the corrosion data, the (1/Rp) values

513observed at the beginning of the exposure period may

514have significant scatter, which can lead to erroneous

515inteRpretation of data. This randomness/scatter is

516shown in the early part of Fig. 5. Typically, the

517randomness reduces and the (1/Rp) gets stabilized after

518about a month of exposure. In this study, a ‘stable’ set

519of five (1/Rp) values (i.e., with acceptable scatter) is

520identified as follows.

521First, the mean and standard deviation of the first

522five consecutive (1/Rp) values (denoted as l5 and r5)

523are calculated. This data set is considered as ‘stable’ if

524all the five (1/Rp) values are less than (l5 ? k r5); the

525definition of k is provided in the next paragraph.

Table 2 Chemical
compositions of QST steel
and OPC used

Quenched and self-tempered (QST) steel Ordinary portland cement (OPC)

Element Constituents (%) Element Constituents (%)

Cu 0.16 Al2O3 4.51

Co 0.02 CaO 66.67

Al 0.03 Fe2O3 4.94

Ni 0.15 K2O 0.43

Mo 0.06 MgO 0.87

Cr 0.24 Na2O 0.12

S 0.01 SiO2 18.91

P 0.08 SO3 2.50

Mn 0.63

Si 0.24

C 0.20

Fe Remaining
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Fill chloride reservoir with 3.5 % NaCl solution

Measure OCP, LPR, and EIS data

Is (1/Rp)
t > (μst+3×σst) ?

Autopsy the specimen and collect the mortar near steel-cementitious interface

Determine the chloride concentration and defined as Clth

Wait for 
72 ± 3 
hours

Cast and cure the mACT specimens for 28 days

Connect the specimen to electrochemical workstation

t = 1; i = 0; n = 5; sum = 0; temp = 0; μ5 = 0; σ5 = 0; k = 1.3

Is t > = n? t = t + 1

i = (t ‒ n) + 1

Is μ5 ≠ 0  &&
σ5 ≠ 0?

Yes

μ5 = 0; σ5 = 0; i = 0;
sum = 0; temp = 0

No

Yes

Yes

No

Yes

Is i > t?
NoYes

i = (t ‒ n) + 1

Is i > t?
Yes

i = (t ‒ n) + 1

No
Is (1/Rp)

i < (μ5 + k×σ5) ?

Is i > t?
No

No

No

Yes

i = i + 1

i = i + 1

i = i + 1

μ5 = μst ; σ5 = σst

Determine Rcm from EIS data

Determine Rtotal from LPR data

Calculate Rp = Rtotal ‒  Rcm

sum = sum + (1/Rp)
i

μ5 = sum / n

temp = temp + [(1/Rp)
i – μ]2

σ5 = √(temp / n)

Fig. 4 Flowchart to conduct mACT test
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526 Otherwise, the next five consecutive (1/Rp) values are

527 checked for the stable data condition. This will be

528 continued until a stable data set is identified. Once the

529 stable (1/Rp) data set is identified, the corresponding

530 l5 and r5 are defined as lst and rst). In short, the

531 stable data limit is shown by the horizontal line with

532 cross markers [i.e., at (lst ? 1.3 rst)] in Fig. 5. Then,

533 the LPR tests are continued until the corrosion

534 initiation occurs. Corrosion initiation is defined to

535 occur when the (1/Rp) value exceeds the (lst ? 3rst).

536 This statistical approach was followed for detecting

537 corrosion of each specimen.

538 The value of k was determined using a different

539 analysis on (1/Rp) values (not discussed in detail in this

540 document). It was found that k = 1.3 yielded reason-

541 able number of test specimens with ‘stable’ data set.

542 When the k-value was less than 1.3, many specimens

543 did not exhibit ‘stable’ data set. On the other hand,

544 keeping the k-value above 1.3 led to other challenges

545 in detecting corrosion initiation. In short, k = 1.3 was

546 found suitable and used in this study. More details on

547 the determination of k are given in Karuppanasmy

548 [45].

549 3.2.5 Determination of chloride concentration

550 Once the corrosion is initiated, the specimens are

551 autopsied at the level of the mortar between the steel

552 surface and Luggin probe, as shown in Fig. 6. It should

553 be noted that in most cases, the specimens may not

554 exhibit visible corrosion. In other words, the corrosion

555 initiation was detected before significant quantity of

556 rust that is visible with naked eyes was formed. In

557some cases, very small rust spots were observed at or

558near the ribs and away from the epoxy coating. The

559mortar adjacent to the steel surface was powdered

560using the profile grinder (Fig. 6 shows the location of

561grinding) and the chloride concentration was deter-

562mined, as per SHRp–S–330 procedure [44]. This

563chloride concentration is defined as the Clth of the

564S–C system. Additional details about the mACT test

565are provided in Karuppanasmy [45].

5663.3 Phase-3: determination of Clth of QST

567embedded in AN and BP corrosion inhibitors

568The puRpose of the mACT method is to determine the

569effect of AN andBP type CIAs on the Clth of Quenched

570and Self–Tempered (QST) (or Thermo–Mechanically

571Treated (TMT)) steel embedded in cementitious sys-

572tems. In this study, a total of 30 mACT test specimens

573with QST steel pieces embedded in mortar without

574inhibitors (‘W/O’) and with anodic and bipolar

575inhibitors (‘AN’ and ‘BP’) were tested (i.e., 10 spec-

576imens each of W/O, AN, and BP). The manufacturer

577recommended dosage of 5.4 ml/kg of cement was

578adopted for the calcium nitrite based AN inhibitor. The

579manufacturer recommended dosage of 5 ml/kg of

580cement was adopted for the BP inhibitor with calcium

581nitrite and amino alcohol.

5824 Results and discussions

5834.1 Phase-1: effect of external potential

584on the migration of anions through mortar

585Figure 2 shows the schematic and photograph of the

586Rapid Migration (RM) test setup used for this study.

Fig. 5 Statistical approach used in mACT method to detect
corrosion initiation Fig. 6 Specimen autopsied across the steel mortar interface
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587 The change in the concentration of anions near the SPS

588 cell (at right side) is the focus of this study (i.e., at

589 13 mm from the chloride solution cell). The changes

590 in the concentrations of chlorides and nitrites, and the

591 chloride-nitrite ratio at various depths in mortar, due to

592 the application of potential gradient, are discussed

593 next.

594 4.1.1 Migration of chloride ions

595 Figure 7a shows the chloride concentration (in

596 %bwoc; by weight of cement) at different depths of

597 the 15 mm thick mortar specimens exposed to the

598 external potential of 20 V for 6, 12, 36, and 48 h. The

599 concentration of chlorides in the mortar near the SPS

600 cell is about 0.7 %bwoc after 6 h of potential appli-

601 cation (circular markers at right end). The concentra-

602 tion of chlorides increases almost linearly with

603 increase in the duration of potential applied. After

604 48 h of potential application, chloride concentration in

605 the mortar near the SPS cell (at right end) increases to

606 about 1.1 %bwoc (triangular marker). Thus, the

607 external potential application results in the migration

608 of chlorides through mortar within a short duration.

609 However, it also helps in the migration of nitrite ions,

610 as discussed next.

611 4.1.2 Migration of nitrite ions

612 Figure 7b shows the concentration of nitrites at

613 different depths in mortar with respect to the duration

614 of application of 20 V. The concentration of nitrites in

615 mortar near the SPS cell is about 0.3 %bwoc even after

616 12 h of potential application (see the square marker at

617 right end). However, this concentration has increased

618 to about 1.2 %bwoc after 48 h of potential application

619 (see the triangular marker at right end). These results

620 prove that the concentration of nitrites near the steel

621 WE in the ACT test specimen would increase signif-

622 icantly if the external potential is applied for long

623 term. This increased nitrite concentration at the steel

624 surface can lead to a delay in corrosion initiation—but,

625 such increase in nitrite concentration will not happen

626 in real structures. Therefore, it can be concluded that

627 the application of external potential can lead to

628 erroneous estimation of the Clth of S–C systems with

629 CIAs containing anions.

6304.1.3 Variation in the chloride-nitrite ratio

631Figure 7c shows the Cl/NO2 ratio at different depths

632in mortar with respect to the duration of application of

63320 V (i.e., 6, 12, 36, and 48 h). With the increase in

634the duration of application of 20 V, the Cl/NO2 ratio

635reduces to a value below one (triangular and rhombus

636markers), which is reported as the threshold value for

637corrosion initiation [5]. Also, the change in this ratio

638depends on the rate of change of either Cl- or NO2

639concentrations (i.e., either numerator or denominator).

640This indicates that due to the prolonged application of

Fig. 7 Variation in a chloride concentration, b nitrite concen-
tration, and c chloride-to-nitrite ratio due to application of
external potential (20 V)
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641 potential gradient, the concentrations of both chlo-

642 rides and nitrites at the steel surface could increase

643 significantly, but at the same time it may not exhibit

644 active corrosion because the Cl/NO2 ratio is less than

645 one.

646 Based on these, it can be concluded that the external

647 potential can be used to accelerate the chloride in plain

648 mortar (as in the ACT test [39]). However, it is not

649 suitable to accelerate chlorides for testing Clth of in

650 systems with CIAs containing anions. In short, the

651 application of an external potential to drive the

652 chlorides towards the surface of the embedded steel

653 alters the S–C interface chemistry and provide erro-

654 neous test results. Thus, an alternate Clth test method,

655 which will not alter the anion concentrations near the

656 steel surface during the course of the testing is required

657 to assess the Clth of systems with CIAs containing

658 various anions.

659 4.2 Phase-2 mACT test results

660 4.2.1 Inverse polarization resistance data

661 for specimens without inhibitors

662 Figure 8a shows the variation of inverse polarization

663 resistance (1/Rp) as a function of exposure period for

664 specimens without (W/O) inhibitors. The unfilled

665 circular marker towards the end of each curve

666 indicates the corrosion initiation point for that partic-

667 ular specimen. Corrosion initiation was detected using

668 the method discussed earlier in this paper. For

669 example, Specimen W/O-S8 exhibits a significant

670 increase in (1/Rp)at about 30 days of exposure.

671 Similarly, other specimens also showed corrosion

672 initiation between about 24 and 36 days. Two W/O

673 specimens showed significant scatter in the 1/Rp

674 values. The reason for this unexpected behaviour

675 could not be identified. Also, due to this, the identi-

676 fication of stable data was difficult as per the statistical

677 approach provided in Sect. 3.2.4. Thus, only eight out

678 of ten specimens were used for further analysis and

679 interpretation in this study. The measurements were

680 continued for at least one more reading after the

681 circular markers. This was done so to confirm that the

682 active corrosion is propagating. In general, all spec-

683 imens showed corrosion initiation in reasonable period

684 of time.

6854.2.2 Clth for specimens without inhibitor

686and validation of mACT test method

687The second column in Fig. 9 shows the Clth of steel

688embedded in cementitious systems without inhibitors

689(determined using the mACT test method). The

690average Clth of the steel is found to be about

Fig. 8 Inverse polarization resistance Vs chloride exposure
time for systems with aW/O inhibitor, bAN inhibitor, and c BP
inhibitor
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691 1.0 %bwoc (indicated by the solid horizontal line) and

692 the standard deviation is 0.5 %bwoc. To validate the

693 developed mACT test method, it would be ideal to

694 compare the determined Clth values with those deter-

695 mined using a long-term test method with the identical

696 S–C systems. However, such tests could not be

697 performed. Therefore, the Clth values (for S–C

698 systems without inhibitors) reported in the literature

699 over a period of 50 years (see Fig. 1) were collected

700 and compared with the results obtained from the

701 mACT method. The data points shown in the first

702 column of Fig. 9 are the average Clth values reported

703 in the literature and is about 0.8% by weight of cement

704 (%bwoc) and standard deviation of 0.4 %bwoc.

705 Statistical tests were performed on these two data

706 sets for specimens without inhibitor case. Both the Clth
707 data reported in the literature and those determined

708 using the mACT test method passed the normality test

709 (Shapiro—Wilkinson method). Further, Student’s t-

710 test using the two data sets concluded that, at a

711 significance level of a = 0.05, there is no evidence to

712 reject the null hypothesis. This indicates that there is a

713 statistical similarity between the two data sets in 1st

714 and 2nd columns of Fig. 9. This validates that the

715 mACT test can produce good estimates of Clth for high

716 relative humidity conditions (say about 95–100%)

717 because this test adopted a continuous ponding with

718 NaCl solution. Also, while autopsying the mACT

719 specimens, it was visually observed that the water

720 saturation level at the S–C interface was between 95

721 and 100%—resulting in the average Clth values of

722 abound 1.0 %bwoc, which is in good agreement with

723 the findings by Pettersson. Pettersson reported that the

724average Clth observed for systems with 0.5 w/c mortar

725at 95% relative humidity was about 0.8 %bwoc [47].

7264.3 Phase-3: determination of chloride threshold

727of steel embedded in systems with CIAs

728This subsection provides the Clth of eight specimens

729each with steel embedded in cementitious systems

730with AN and BP inhibitors. Similar to the case of

731without inhibitors, the variation of (1/Rp) as a function

732of exposure period for specimens with ‘AN’, and ‘BP’

733inhibitors (Fig. 8b, c), respectively is considered for

734detecting the corrosion initiation.

7354.3.1 Clth of steel embedded in systems with CIAs

736The second, third, and fourth column of the Fig. 9

737shows the Clth values of steel embedded in mortar with

738W/O, AN, and BP inhibitors. Table 3 shows the Clth
739values obtained for each specimen. The Clth of steel

740embedded in cementitious system with W/O, AN, and

741BP inhibitors can be expressed as normal distributions

742as follows: *N(1.0, 0.5), *N(1.4, 0.35), and

743*N(1.8, 0.6) %bwoc, respectively. The average Clth
744of specimens with CIAs exhibited higher Clth values

745than that of specimens without inhibitors shown in

746Column 1. Moreover, the Clth values of many spec-

747imens with BP inhibitors are higher than the average

748Clth of the specimens without inhibitor and AN

749inhibitor.

7504.3.2 Duration of mACT testing for systems

751with and without CIAs

752The exposure period (after 28 days of curing) required

753for specimens to initiate corrosion on the steel when

754embedded in cementitious systems with different

755CIAs is calculated. The mACT specimens without

756inhibitor took about 28 days to initiate corrosion. The

757mACT specimens with AN and BP took an average of

75842 and 54 days, respectively, to initiate corrosion.

759Based on these results, it can be concluded that the

760average time required to initiate corrosion will be

761around 70 days. It indicates that the total time

762(including specimen preparation, casting, curing,

763etc.) to determine the Clth using the developed mACT

764test method could be around 4 months. Therefore, the

765mACT test method could be used to determine Clth of

Fig. 9 Chloride threshold of QST steel in systems with and
without CIAs
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766 systems with new steel and CIAs and estimate service

767 life during the planning and design stage itself.

768 5 Practical Applications of the mACT

769 The main focus of this study is to facilitate the

770 assessment of the effect of CIAs in increasing the

771 overall service life of structures by increasing the

772 corrosion initiation period (ti). In the present study, ti
773 for a reinforced concrete column made of OPC

774 concrete (w/b = 0.5) with a cover depth of 50 mm

775 and different CIAs are estimated using Life–365TM

776 software program [48]. The Clth values for systems

777 with different CIAs determined using the mACT test

778 method were used. The chloride diffusion coefficient

779 of concrete was assumed to be 2 9 10 - 12 m2/s

780 [49, 50]. The probability density functions (PDFs) of

781 the ti for the three systems (with W/O, AN, and BP

782 inhibitors) are shown in Fig. 10. The vertical lines

783 within each PDF indicate the median of the estimated

784 ti [denoted as M(ti)]. The systems without inhibitors

785 may exhibit anM(ti) of 28 years, whereas the systems

786 with AN and BP inhibitors could exhibit anM(ti) of 37

787 and 51 years, respectively. Also, in Fig. 10, note that

788 the scatter of the PDF for the cases with anodic and

789 bipolar inhibitors is larger than that for the case

790 without inhibitor. This is because the LIFE 365TM

791 software program assumes a constant Coefficient of

792 Variation of 0.2 for the chloride threshold. This

793 indicates that the larger the mean value of Clth, the

794 larger will be the standard deviation calculated by Life

795 365TM. This larger standard deviation leads to a larger

796 scatter of the PDF as the mean of the Clth increases.

797However, it should be noted that the experimental

798values observed in this test program (with less than

79910 specimens in each case) did not exhibit a system-

800atic increase in the scatter as the mean Clth increased.

801A software program that considers a user-defined

802COV for Clth needs to be developed for estimating the

803service life in a more realistic manner.

8046 Limitations of mACT test method and future

805work

806• Specimen size The length of steel specimen used

807for the study is only 20 mm. Such a small

808specimen may not sometimes allow sufficient

809cathodic area to be developed to sustain the active

810corrosion. This could lead to a longer time for

Table 3 Chloride
threshold of QST steel in
cementitious system with
and without CIAs

Specimen number Clth of steel in mortar with

W/O AN BP

S1 0.40 1.01 1.83

S2 0.58 1.39 2.12

S3 0.96 1.83 2.56

S4 1.14 1.90 1.34

S5 1.83 1.39 1.38

S6 0.83 1.12 1.76

S7 1.58 1.45 2.58

S8 1.01 0.97 No data

Equivalent normal distribution, *N(l, r) *N(1.0, 0.48) *N(1.4, 0.35) *N(1.9, 0.51)

Fig. 10 Estimated corrosion initiation period of steel with
different CIAs
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811 corrosion initiation and the subsequent active

812 corrosion rates could be lower [51]. However,

813 note that this test adopts repeated measurements of

814 instantaneous corrosion rates on same specimen

815 (similar to a typical metallographic specimen) and

816 statistical comparison to detect if there are any

817 statistically significant changes. Therefore, the

818 results may still be reasonable. Further studies are

819 required to quantify the effect of the specimen size

820 and electrode configuration.

821 • Specimen preparation It is very crucial to ensure

822 that the distance between the electrodes in the

823 3-electrode mACT specimen is maintained as

824 prescribed. This requires a delicate, careful, and

825 meticulous approach of casting the specimen.

826 Also, the epoxy used for coating the side faces of

827 the steel specimen must be very good and resistant

828 to alkaline environment—so that the chances of

829 underfilm/crevice corrosion in minimal.

830 • Test procedure The mACT procedure detects the

831 corrosion initiation by conducting the repeated

832 LPR tests followed by a statistical approach. The

833 data analysis involved in this process may be

834 complex for some technicians.

835 • Application The determined Clth might be suit-

836 able only for the structures experiencing high

837 moisture conditions (say, submerged or saturated

838 conditions). The direct application of the results to

839 other moisture conditions may be appropriate.

840 However, Frederickson (1996) provides useful

841 information for such extrapolations [52].

842 7 Conclusions

843 The following conclusions were drawn from this

844 experimental work.

845 • The application of external potential is not a

846 suitable method to accelerate the chlorides towards

847 the embedded steel in a chloride threshold test; the

848 determined Clth of S–C system with CIAs may be

849 erroneous.

850 • A new test method is developed for determining

851 Clth of S–C systems with CIAs containing anions.

852 The time required to complete the test is about

853 3 months. However, it should be noted that the

854 better the inhibitors under evaluation, the longer

855 would be the test duration.

856• The specimens without inhibitors exhibited Clth of

8571.0 ± 0.5 %bwoc, which is similar to the range of

858the reported values in the literature

859(0.8 ± 0.4 %bwoc). Considering the inherent

860variations in corrosion mechanisms and large

861scatter in measurements reported in the literature,

862it could be concluded that the modified ACT test is

863a suitable test procedure.

864• The specimens with anodic and bipolar inhibitors

865exhibited Clth of 1.4 and 1.8 %bwoc, respectively.

866Based on this, it can be concluded that the use of

867CIAs can potentially delay the onset of corrosion

868in concrete structures in immersed conditions.

869• For a system with a cover depth of 50 mm and

870chloride diffusion coefficient of 2 9 10-12 m2/s,

871the use of anodic and bipolar CIAs can delay the

872corrosion initiation period by about 1.5 and 2

873times, respectively; when compared to that of steel

874embedded in the cementitious system without any

875corrosion inhibitor.

876• Note that the results in this paper are for Portland

877cement mortar systems with a w/c ratio of 0.50.

878The times to corrosion initiation would be signif-

879icantly increased for steel in concrete and for lower

880w/c ratios. Furthermore, the addition of supple-

881mentary cementitious materials could alter the

882pore solution composition and the chloride thresh-

883old, the influence of inhibitors and the time to

884initiate corrosion.
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