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A  B  S  T  R  A  C  T  

 

Carbonation in concrete reduces alkalinity and increases the risk of steel reinforcement corrosion in the presence of moisture. Carbonation 

depth measurement using pH indicator is a widely used and standardised approach for assessing the carbonation-affected region in concrete for 
concrete durability evaluation. This study compares the carbonation depth obtained using phenolphthalein and thymolphthalein indicators in 

cement mortars and concretes subjected to natural and accelerated carbonation in a widely used and standardised approach of assessing the 

carbonation-affected range in cement combinations with varying clinker contents. Results demonstrate that the use of 1% thymolphthalein 
indicator provides similar carbonation depth to 1% phenolphthalein solution, confirming its usage for carbonation depth measurement in 

laboratory evaluation and for condition assessment in the field structures subjected to ambient carbonation.  
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1. Introduction 

Concrete carbonation is a key durability concern for reinforced concrete 

structures, known to modify the alkalinity [1,2], phase assemblage [3,4], and 

dimensional stability [5–8] in the CO2-affected region and eventually cause 

reinforcement corrosion in reinforced concrete structures [9,10]. Atmospheric 

CO2 diffuses into the pore networks of cementitious materials to react with 

all hydration products, including calcium hydroxide, C-S-H, ettringite, etc., 

to form calcium carbonate. This reaction is accompanied by a reduction in 

the alkalinity of the pore solution, which can be easily obtained using a pH 

indicator to measure the carbonation affected depth [11]. Such measurement 

is a standard approach to assess concrete durability performance [12]. Since 

the reduction of the pH drops below ~9 increases the corrosion risk of 

reinforcement steel, measurement of carbonation depth can be related to the 

durability performance of reinforced concrete structures. Carbonation rate 

(in, mm/d0.5 or mm/year0.5) estimated based on carbonation depth over time is 

used as a predictor for corrosion initiation [13,14] and service life modelling 

[15,16] with the assumption that steel will corrode when the carbonation-

affected depth, as per pH indicator measurement, is greater than the cover 

depth. Although mere measurement of a single point carbonation depth using 

pH indicator as carbonation affected region is a simplification of complex 

cement-CO2 interaction process [17,18], specifically in alternative low 

carbon cements [19], carbonation depth is still used widely for assessment of 

concrete durability and to engineer the performance of concrete mixture 

based on carbonation rates to ensure carbonation depth can be limited below 

the steel surface during the intended design service life.  

Traditionally, phenolphthalein, which changes from pink to colourless as the 

pH drops below ~9, has been used to identify the carbonation front as a 

single point transition for engineering assessment. However, carbonation is a 

gradual reactive transport process, and pH can vary across the carbonated 

region and the carbonation-affected region may even extend beyond the pH 

indicator measurement depth as a partially carbonation region or carbonation 

transition zone [20,21]. There are growing concerns over the use of 

phenolphthalein, as it is regarded to be possibly carcinogenic (IARC Group 

2B) to humans. There is an increasing shift towards different indicators, such 

as thymolphthalein with a close-by pH transition range, which may also be 

used to assess carbonation depth. While phenolphthalein (pH transition ~8.2–

10.0) is widely used to identify carbonation depth, thymolphthalein (pH 

transition ~9.3–10.5) may detect a marginally different carbonation depth due 

to the difference in its alkaline sensitivity. Thus, it is not clear whether 

carbonation depth using both indicators would be comparable between 

different studies or in comparison with previously established data and models 

in the literature based on phenolphthalein carbonation depth. This study 

compares the measured carbonation depths obtained using both these 

indicators on a wide range of cement combinations in cement mortars and 

concrete specimens exposed to both natural and accelerated CO2 exposure.  

2. Experimental program 

2.1 Specimens and carbonation exposure details 

EN 196-1 [22] standard cement mortar prisms (40 × 40 × 160 mm) were 

prepared at a water–cement ratio of 0.5 with 10 combinations of cement 

blends, previously reported in [23], were exposed to accelerated carbonation 

at 1% CO2 and 57% RH. Concrete specimens of 100 mm x 100 mm x 500 

mm were prepared with 7 cement combination, discussed in detail elsewhere 

[24]. Specimens were exposed to accelerated carbonation at 3% CO2 and 57% 

RH. All specimens were cured for 28 days in a moist room and then 

preconditioned at 57% RH for 14 days before accelerated carbonation 

exposure. Natural carbonation was carried out in indoor sheltered conditions 

at 20°C and 57% relative humidity (RH) in controlled conditions for the entire 

duration of the exposure. More detailed descriptions of cement blends, 

concrete mixture and exposure duration can be found in [23,24].  
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2.2 Carbonation depth testing procedure 

After carbonation exposure, the specimen was split using a mechanical 

splitter and the freshly broken surfaces were sprayed with a fresh mist of 1% 

phenolphthalein indicator (prepared in 100 ml isopropyl alcohol) or 1% 

thymolphthalein (prepared in 100 ml isopropyl alcohol). Phenolphthalein 

appears colourless at lower pH and fuchsia at higher pH with a pH transition 

range of 8.2-10 and thymolphthalein appears colourless at lower pH and blue 

at higher pH with a pH transition range of 9.3-10.5 which is moderately 

above phenolphthalein pH transition range. The carbonation depth 

measurement was carried out after 30 min and within 2 hours in all instances 

as colour might fade over time specifically in the pH transition zone. 

Figure 1 shows the carbonation depth obtained for concrete specimens after 

28 days of accelerated carbonation exposure. Carbonation depth was 

measured at 4 points across each side of the specimen surface, i.e., an 

average of 16 data points at each exposure age. Although standards 

recommend the use of 1% phenolphthalein indicator prepared in 70% alcohol 

+ 30% water. The presence of water was found to modify the carbonation 

depth observed due to leaching, etc, as stated in [18,24]. Hence, both 

indicator solutions were prepared 1% in 100 ml of isopropyl alcohol. Figure 

1 presents the carbonation depth measured using both indicators in two 

concrete mixes with a difference in observed carbonation depth. 

 

   
 

 

 

 
(a)1% Phenolphthalein 

indicator 

(b)1% Thymolphthalein 

indicator 

Figure 1 Carbonation depth obtained using two indicators on an OPC 

concrete (top) and low carbon concrete with 45% clinker replacement 

(bottom) 

3. Results and discussion 

Figure 2A and 2B present a comparison of measured carbonation depths in 

cement mortar and concrete obtained using phenolphthalein and 

thymolphthalein indicator, respectively. In Figure 2A, carbonation depth in 

cement mortar was assessed using both indicators after natural and 

accelerated carbonation exposure to assess the difference based on 

carbonation exposure condition between the indicators. There is a limited 

difference in the carbonation depth measured using both indicators, 

highlighting that both phenolphthalein and thymolphthalein offer a similar 

measurement of the carbonation-affected region in cement mortar and 

concrete. The carbonation depth obtained from both accelerated and natural 

carbonation is compared in Fig. 2A, so any difference in reaction mechanism 

in environmental exposure is also shown not to produce a significant shift in 

the measured carbonation depth, as the carbonation depth from two indicators 

remains closely aligned to the line of equality. This affirms the robustness of 

thymolphthalein as a potential alternative to the widely used phenolphthalein, 

similar to the previous observation in [25]. 

The results presented in Figure 2B on concrete specimens show a moderately 

higher scatter in measured carbonation depth compared to cement mortar, 

which is expected due to large aggregate fractions in concrete specimens, 

which inherently increase the scatter in the carbonation depth measurement at 

the near-surface region and also due to the presence of interfacial transition 

zones that are a weak link for carbonation to progress. However, trends are 

still aligned to confirm that both phenolphthalein and thymolphthalein offer 

comparable and reliable measurements of carbonation depth in concrete mixes 

with a wide range of clinker content from portland cement to 50% clinker 

replacement binder that was used here, from as reported in [24]. Although it 

should be noted that thymolphthalein showed a clearer carbonation-affected 

region in OPC than phenolphthalein due to slightly higher pH sensitivity at 

10.5 pH, as shown in Figure 1. However, this difference is still within the 

scatter obtained in the measurement, which is typically based on 16 depth 

measurements at clearly visible maximum depth points parallel to the surface, 

except the instance of an isolated deeper point, indicating distortion due to air 

voids or microcracking [11,26]. Also, the similarity between the carbonation 

depth obtained using phenolphthalein and thymolphthalein indicates a 

narrower pH shift zone between the measurement pH ranges of these two 

indicators. Other indicators, such as Alizarin yellow R (pH transition ~10.1-

12), may be preferred to trace carbonation with a completely different pH 

threshold to obtain multi-step pH-affected region assessment, if that is 

desired. 

 

 

 

Figure 2 Comparison between phenolphthalein and thymolphthalein 

indicators in cement mortar (A) and concrete (B) specimens 

Carbonation of cementitious materials is accompanied by a gradual reduction 

of pore solution alkalinity, and once the pH drops below a threshold (~9.0), 

the passivation of the embedded steel reinforcement becomes unstable, 

increasing corrosion risk. Therefore, using an indicator with a transition range 

marginally above this critical alkalinity level is essential to provide a 

conservative assessment of the carbonation front. The close similarity in pH 

sensitivity (max. pH transition range of 10-10.5) ensures that both 

phenolphthalein and thymolphthalein indicators would provide a conservative 

estimate of the carbonation front, thereby supporting safer assessments of 

reinforcement protection during durability assessment between various 
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concrete mixtures and also in condition assessment of concrete structures as 

per IS 516 [27,28].  

4. Conclusion 

This study highlights the influence of indicator choice on the measured 

carbonation depth of cement-based materials. A solution of 1% 

phenolphthalein and 1% thymolphthalein in 100 ml alcohol was found to 

provide similar carbonation depth and indicates a narrower alkaline zone 

between the measurement range of these two indicators. Measured 

carbonation depths were nearly similar across a range of cement blends with 

varying clinker content, exposure conditions and duration. This close 

agreement suggests that either indicator is suitable for routine field and 

laboratory assessments of carbonation-affected depth. Thymolphthalein 

indicator can be used as a suitable alternative for the estimation of 

carbonation depth for concrete carbonation evaluation due to the IARC 

Group 2B ‘possibly carcinogenic’ categorisation of phenolphthalein.  

5. References 

[1]. L.J. Parrott, D.C. Killoh, Carbonation in a 36 year old, in-situ concrete, 

Cem Concr Res 19 (1989) 649–656.  https://doi.org/10.1016/0008-

8846(89)90017-3.  

[2]. D.J. Anstice, C.L. Page, M.M. Page, The pore solution phase of 

carbonated cement pastes, Cem Concr Res 35 (2005) 377–383. 

https://doi.org/10.1016/j.cemconres.2004.06.041. 

[3]. G.W. Groves, D.I. Rodway, I.G. Richardson, The carbonation of 

hardened cement pastes, Advances in Cement Research 3 (1990) 117–

125. https://doi.org/10.1680/adcr.1990.3.11.117. 

[4]. Z. Yue, Y. Dhandapani, S.A. Bernal, Structural alterations in alkali-

sulfate-activated slag cement pastes induced by natural and accelerated 

carbonation, Cem Concr Res 187 (2025) 107713.  

https://doi.org/10.1016/j.cemconres.2024.107713. 

[5]. T.C. Powers, A Hypothesis on Carbonation shrinkage, Journal of PCA 

Research and Development Laboratories (1962) 40–50. 

https://doi.org/https://trid.trb.org/View/102092. 

[6]. H. Ye, A. Radlińska, J. Neves, Drying and carbonation shrinkage of 

cement paste containing alkalis, Materials and Structures/Materiaux et 

Constructions 50 (2017). https://doi.org/10.1617/s11527-017-1006-x. 

[7]. K. Kamimura, P.J. Sereda, E.G. Swenson, Changes in weight and 

dimensions in the drying and carbonation of Portland cement mortars, 

Magazine of Concrete Research 17 (1965) 5–14. 

https://doi.org/10.1680/macr.1965.17.50.5. 

[8]. Moro Sabitwu, Y. Dhandapani, M. Drewniok, S. Adu-Amankwah, S.A., 

Bernal, Carbonation induced changes in the mechanical performance, 

water and chloride permeability of Portland cement-slag-limestone 

composite concretes, Cem Concr Compos 163 (2025) 106222. 

https://doi.org/10.1016/j.cemconcomp.2025.106222. 

[9]. A.B., Revert, K. De Weerdt, K. Hornbostel, M.R. Geiker, Carbonation-

induced corrosion: Investigation of the corrosion onset, Constr Build 

Mater 162 (2018) 847–856. 

https://doi.org/10.1016/j.conbuildmat.2017.12.066. 

[10]. U. Angst, F. Moro, M. Geiker, S. Kessler, H. Beushausen, C. Andrade, 

J. Lahdensivu, A. Köliö, K.I. Imamoto, S. von Greve-Dierfeld, M. 

Serdar, Corrosion of steel in carbonated concrete: Mechanisms, practical 

experience, and research priorities – A critical review by RILEM TC 

281-CCC, RILEM Technical Letters 5 (2020) 85–100. 

https://doi.org/10.21809/rilemtechlett.2020.127. 

[11]. CPC-18 Measurement of hardened concrete carbonation depth, Mater 

Struct 21 (1988) 453–455. https://doi.org/10.1007/BF02472327. 

[12]. S.A. Bernal, Y. Dhandapani, Y. Elakneswaran, G.J.G. Gluth, E. 

Gruyaert, M.C.G. Juenger, B. Lothenbach, K.A. Olonade, M. 

Sakoparnig, Z. Shi, C. Thiel, P. Van den Heede, H. Vanoutrive, S. von 

Greve-Dierfeld, N. De Belie, J.L. Provis, Report of RILEM TC 281-

CCC: A critical review of the standardised testing methods to determine 

carbonation resistance of concrete, Mater Struct 57 (2024) 173. 

https://doi.org/10.1617/s11527-024-02424-9. 

[13]. V.G. Papadakis, C.G. Vayenas, M.N. Fardis, Experimental investigation 

and mathematical modeling of the concrete carbonation problem, Chem 

Eng Sci 46 (1991) 1333–1338. https://doi.org/10.1016/0009-

2509(91)85060-B. 

[14]. S. Rathnarajan, B.S. Dhanya, R.G. Pillai, R. Gettu, M. Santhanam, 

Carbonation model for concretes with fly ash, slag, and limestone 

calcined clay - using accelerated and five - year natural exposure data, 

Cem Concr Compos 126 (2022) 104329. 

https://doi.org/10.1016/j.cemconcomp.2021.104329. 

[15]. fib Model Code for Concrete Structures (2020), 2023. 

[16]. S. Rathnarajan, R.G. Pillai, Carbonation models using mix-design 

parameters for concretes with supplementary cementitious materials, 

Journal of Building Engineering 104 (2025) 112392. 

https://doi.org/10.1016/j.jobe.2025.112392. 

[17]. G. Verbeck, Carbonation of Hydrated Portland Cement, in: Cement and 

Concrete, ASTM International100 Barr Harbor Drive, PO Box C700, 

West Conshohocken, PA 19428-2959, 1958: pp. 17–36. 

https://doi.org/10.1520/STP39460S. 

[18]. S. Von Greve-Dierfeld, B. Lothenbach, A. Vollpracht, B. Wu, B. Huet, 

C. Andrade, C. Medina, C. Thiel, E. Gruyaert, H. Vanoutrive, I.F. Saéz 

del Bosque, I. Ignjatovic, J. Elsen, J.L. Provis, K. Scrivener, K.-C.C. 

Thienel, K. Sideris, M. Zajac, N. Alderete, Ö. Cizer, P. Van den Heede, 

R.D. Hooton, S. Kamali-Bernard, S.A. Bernal, Z. Zhao, Z. Shi, N. De 

Belie, Understanding the carbonation of concrete with supplementary 

cementitious materials: a critical review by RILEM TC 281-CCC, Mater 

Struct 53 (2020) 136. https://doi.org/10.1617/s11527-020-01558-w. 

[19]. Z. Yue, Y. Dhandapani, J.L. Provis, S.A. Bernal, A reactive-transport 

framework to model carbonation performance of a hardened cement: the 

case of alkali-sulfate slag cement pastes, Cem Concr Res 197 (2025) 

107961. https://doi.org/10.1016/j.cemconres.2025.107961. 

[20]. Y.F. Houst, The role of moisture in the carbonation of cementitious 

materials, Internationale Zeitschrift Für Bauinstandsetzen 2 (1996) 49–

66. http://infoscience.epfl.ch/record/29446/files/I_J_Rest_Buildg_96.pdf. 

[21]. H. Bao, G. Xu, Q. Wang, Y. Yang, Y. Su, Investigation on the 

Distribution Characteristics of Partial Carbonation Zone of Concrete, 

Journal of Materials in Civil Engineering 33 (2021). 

https://doi.org/10.1061/(asce)mt.1943-5533.0003548. 

[22]. BS EN 196-1, BS EN 196-1: Methods of testing cement. Determination 

of strength, (2016). 

[23]. Y. Dhandapani, S. Bhadauria, S. Krishnan, M.C.G. Juenger, S.A. Bernal, 

Effect of the Carbonate Source on the Carbonation Performance of 

Blended Binders Containing Calcined Clays, in: A., Jędrzejewska, F., 

Kanavaris, M., Azenha, Benboudjema, S.D. F. (Eds.), International 

RILEM Conference on Synergising Expertise towards Sustainability and 

Robustness of Cement-Based Materials and Concrete Structures. 

SynerCrete 2023., Springer, Milos, 2023: pp. 1173–1182. 

https://doi.org/10.1007/978-3-031-33187-9_109. 

[24]. Y. Dhandapani, K.K. Subramanian, F. Kanavaris, L. Black, S.A. Bernal, 

The meta-kaolinite content of the calcined clay source impacts the 

mechanical and durability performance of blended Portland concrete, 

Cem Concr Res 196 (2025) 107922. 

https://doi.org/10.1016/j.cemconres.2025.107922. 

[25]. N. Vogler, M. Lindemann, P. Drabetzki, H.-C. Kühne, Alternative pH-

indicators for determination of carbonation depth on cement-based 

concretes, Cem Concr Compos 109 (2020) 103565. 

https://doi.org/10.1016/j.cemconcomp.2020.103565. 

[26]. BS EN 12390-12:2020, Testing hardened concrete – Part 12: 

Determination of the carbonation resistance of concrete – Accelerated 

carbonation method, n.d. 

[27]. IS 516 (Part 2/Sec 4), Hardened Concrete-Methods of Test Part 2 

Properties of Hardened Concrete other than Strength Section 4 

Determination of the Carbonation Resistance by Accelerated 

Carbonation Method ( First Revision ) IS 516 (Part 2/Sec 4) : 2021, 

2021. www.standardsbis.in. 

[28]. IS-516 (Part 5-3), Hardened Concrete-Methods of Test Part 5 Non-

Destructive Testing of Concrete Section 3 Carbonation Depth Test ( First 

Revision ), 2021.  

https://doi.org/10.1016/0008-8846(89)90017-3
https://doi.org/10.1016/0008-8846(89)90017-3
https://doi.org/10.1016/j.cemconres.2004.06.041
https://doi.org/10.1680/adcr.1990.3.11.117
https://doi.org/10.1016/j.cemconres.2024.107713
https://doi.org/https:/trid.trb.org/View/102092
https://doi.org/10.1617/s11527-017-1006-x
https://doi.org/10.1680/macr.1965.17.50.5
https://doi.org/10.1016/j.cemconcomp.2025.106222
https://doi.org/10.1016/j.conbuildmat.2017.12.066
https://doi.org/10.21809/rilemtechlett.2020.127
https://doi.org/10.1007/BF02472327
https://doi.org/10.1617/s11527-024-02424-9
https://doi.org/10.1016/0009-2509(91)85060-B
https://doi.org/10.1016/0009-2509(91)85060-B
https://doi.org/10.1016/j.cemconcomp.2021.104329
https://doi.org/10.1016/j.jobe.2025.112392
https://doi.org/10.1520/STP39460S
https://doi.org/10.1617/s11527-020-01558-w
https://doi.org/10.1016/j.cemconres.2025.107961
http://infoscience.epfl.ch/record/29446/files/I_J_Rest_Buildg_96.pdf
https://doi.org/10.1061/(asce)mt.1943-5533.0003548
https://doi.org/10.1007/978-3-031-33187-9_109
https://doi.org/10.1016/j.cemconres.2025.107922
https://doi.org/10.1016/j.cemconcomp.2020.103565
http://www.standardsbis.in/

