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ABSTRACT: The aim of this study was to establish a method for monitoring concrete 

neutralization by using an appropriate fiber optic sensor. As the first step, we developed a novel 

fiber optic sensor to detect the decrease in pH of pore liquid within the concrete. The proposed 

sensor was prepared by incorporating poly(N-vinylacetamide) gel containing a pH indicator into 

a slit in a plastic optical fiber. In order to confirm the practicality of the sensor, monitoring 

experiments were carried out using a piece of mortar in which the sensor was embedded. Each 

end of the optical fiber was connected to a tungsten halogen light source and the detector of a 

visible spectrometer, respectively. The visible spectrum of light transmitted through the optical 

fiber was monitored during immersion of the mortar in HCl solution. The results suggest that 

our sensor can be used to detect the pH decrease in concrete caused by CO2. 

 

 

1 INTRODUCTION 

Concrete neutralization, a serious form of chemical deterioration in concrete structures, is 

caused by the penetration of carbon dioxide (CO2) into the concrete, which produces a 

carbonation reaction with cement hydrates such as calcium hydroxide (CaOH). As a result, the 

pH of pore liquid within the concrete drops to a lower value, which encourages the corrosion of 

reinforcing steel members in the concrete. Since it is difficult to accurately predict the 

neutralization depth or rate within a concrete structure by non-destructive means, evaluation is 

generally conducted using specimens sampled by core drilling. However, narrow or inaccessible 

parts of the structure are difficult to inspect by this method and it is impossible to monitor the 

health of the entire structure. In addition, maintenance and labor costs increase due to inefficient 

procedures. Therefore, the development of innovative technology to realize more effective and 

economical inspection is highly desired. 

The number of accidents due to aging deterioration of infrastructures such as bridges is on the 

rise the world over, and consequently, structural health monitoring (SHM) is drawing 

considerable attention in the civil engineering field and is being studied for application to road 

structures, etc. (Mufti et al. (2008)). The technical concept of SHM is that the structural and 

environmental parameters of a structure are continuously monitored using sensors that are either 

embedded within structural members or attached to their surface, with the ultimate goal of 

replicating the human nervous system. By implementing SHM, information on how a structure 

behaves in-service can be obtained quantitatively and objectively at the time of construction or 

subsequently using sensing devices that can provide information on conditions such as strain, 
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temperature, humidity, etc. Therefore, SHM has the potential to improve conventional 

maintenance techniques in terms of efficiency and cost-effectiveness. 

SHM consists mainly of sensing techniques, data transfer and management techniques and 

diagnostic techniques based on sensor-acquired information. For sensing materials, shape-

memory alloys (SMA), piezoelectric materials, optical fibers, etc. seem to be major candidates 

(Takeda et al. (1996)). The current research and development in SHM typically involves fiber 

optic sensors embedded within structural members, because these sensors have excellent 

properties such as durability, high-temperature endurance, immunity to electromagnetic 

interference, distributed sensing capacity and cost savings (Li et al. (2004)) and they can be 

manufactured with appropriate strength and size characteristics to avoid degrading the structural 

integrity of a host material. At present, monitoring methods using a fiber optic sensor such as 

FBG (Fiber Bragg Grating), EFPI (Extrinsic Fabry-Perot Interferometer), etc. and an optical 

instrument to receive and analyze scattered light produced within an optical fiber, such as 

OTDR (Optical Time-Domain Reflectometry), BOTDR (Brillouin Optical Time-Domain 

Reflectometry), etc., have been examined by many researchers in the civil engineering field 

(e.g., Kalamkarov et al. (2005), Lau et al. (2001), Wu et al. (2006)). Although extensive 

research has been conducted on monitoring methods for mechanical damage, research on 

chemical deterioration caused by environmental conditions is still lacking. 

In this study, we considered the possibility of a monitoring method for concrete neutralization 

using an appropriate fiber optic sensor. As the first step, we developed a novel fiber optic sensor 

to detect the decrease in pH of pore liquid within the concrete. This paper presents the details of 

the developed fiber optic sensor and the results of monitoring experiments using a piece of 

mortar in which the sensor was embedded. 

2 EXPERIMENTAL 

2.1 Principles of proposed fiber optic sensor in this study  

Material color is closely linked to the wavelength of light absorbed by the material. For 

example, a material that absorbs blue and green monochromatic rays of visible light appears red, 

which is the complementary color of blue and green. Therefore, absorption peaks can be 

observed in wave bands of blue and green when the visible spectrum of a red substance is 

analyzed. 

Phenolphthalein is known as an acid-base indicator. Its chemical structure in solutions of 

various pH is shown in Figure 1. Figure 1(a) and (b) indicate the chemical structure in acid 

solutions. When a molecule is in those states, it is excited only by high-energy light. Therefore, 

the molecule only absorbs light in the ultraviolet range, in which it appears colorless. On the 

other hand, in alkaline solutions of pH 10–13.4, double bonds of a quinone ring and a benzene 

ring are conjugated in the molecule (see Figure 1(c)) and consequently, the molecule is 

subjected to excitation even by low-energy light and it absorbs light in the yellow-green range. 

As a result, it appears purplish-red. 

This color reaction peculiar to phenolphthalein is generally utilized for a simple check of the 

neutralization of concrete structures. In concrete hardening, calcium hydroxide (Ca(OH)2) is 

produced with hydration of cement compounds. Since free Ca(OH)2 is soluble in pore liquid of 

the concrete, the liquid is highly alkaline. Therefore, phenolphthalein solution produces a bright 

purplish-red color when sprayed on the surface of concrete. Any parts without coloring are 

considered to be “neutralized”. Neutralization of a concrete structure is normally inspected by 

spraying phenolphthalein solution on the surface of a specimen sampled by core drilling. In this 

study, we attempted to quantitatively detect the color reaction of phenolphthalein solution using 
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an optical fiber and a visible spectrometer in order to determine the progress of neutralization 

within the concrete. 
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Figure 1. Chemical structure of phenolphthalein in solutions of various pH. 

Figure 2 shows the basic principle of our designed detection method for phenolphthalein using 

an optical fiber (Tomiyama et al. (2004)). In this method, we machined a slit in an optical fiber 

and filled the slit with phenolphthalein solution, and then we used this part as a pH sensor. Light 

entering the optical fiber end travels along the fiber with repeated total internal reflections at 

boundaries between the core and cladding of the fiber and interacts with the phenolphthalein 

solution in the sensor part. When the environment surrounding the sensor is acidic or neutral, 

the phenolphthalein solution of the sensor remains clear and colorless and does not absorb the 

light transmitted through the solution (see Figure 2(a)). On the other hand, when the 

environment surrounding the sensor is alkaline, the color of the phenolphthalein solution 

changes to purplish-red, and then an absorption peak should be observed in the “yellow-green” 

absorption band in the spectrum of light transmitted through the sensor (see Figure 2(b)). Thus, 

it is possible to estimate whether or not the concrete is neutralized from the visible spectrum of 

light transmitted through the sensor embedded in the concrete. 

 

Figure 2. Basic principle of the fiber optic sensor proposed in this study. 
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2.2 Experimental materials 

2.2.1 Polymer gel 

Poly(N-vinylacetamide) gel (PNVA gel) was used in order to keep phenolphthalein solution in 

the slit machined in the optical fiber. To prepare the gel applied to the fiber optic sensor, 0.3 g 

of the granular PNVA gel was immersed in 30 ml of ethanol solution containing 1 g of 

phenolphthalein per mL of ethanol and the gel swelled with stirring for 10 hours. The swollen 

gel is shown in Figure 3. The gel, which was originally clear and colorless, turned to purplish-

red within five minutes of being immersed in saturated calcium hydroxide (Ca(OH)2) solution, 

the pH of which was approximately 12.6, corresponding to the pH of pore liquid in non-

neutralized concrete. The gel subsequently lost its color within two hours of being immersed in 

ion-exchanged water. From these results, it appears that the PNVA gel containing 

phenolphthalein produces a color reaction in reverse to pH changes in the environment 

surrounding the gel. 

 

Figure 3. Color changes of gel containing phenolphthalein. 

2.2.2 Optical fiber 

In this study, we used “ESKA SH4001” plastic optical fiber (POF), provided by Mitsubishi 

Rayon Co., Ltd. POF has properties generally peculiar to plastics, such as light weight, 

enhanced flexibility, workability, and resistance to cracking. This POF is a step-index 

multimode optical fiber made of polymethyl methacrylate. The diameter of the POF core is 0.98 

mm and that of the cladding is 1.0 mm. POF especially transmits visible light. 

2.2.3 Cement mortar 

The monitoring experiments were conducted on specimens made of cement mortar having the 

composition shown in Table 1. The specimens were subjected to the experiments after 48 hours 

of atmospheric curing at 20°C and 98% RH and 26 days of underwater curing at 20°C. 

Table 1. Composition of mortar for monitoring experiments 

Cement Water Water-cement ratio Sand-cement ratio 

Ordinary Portland 

cement 
Tap water 0.5 3.0 
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2.3 Experimental procedures 

2.3.1 Sensor preparing 

The processing of the sensor is schematically shown in Figure 4. First, a plastic optical fiber is 

set in the center of a cylindrical mold. Vinylester resin is poured into the mold and then cured 

(see Figure 4(a)). After the mold is removed, a narrow slit is machined by an abrasive cutoff 

machine as shown in Figure 4(b). The width of the slit is 1 mm. Then, poly(N-vinylacetamide) 

gel including phenolphthalein is installed in the slit. The slit filled with the gel is covered with a 

cellophane sheet and the processing of the sensor is completed (Figure 4(c)). Each end of the 

fiber is finished using a hot plate and attached with a connector for connecting to the optical 

devices. 

 

Figure 4. Schematic illustration of the processing of a fiber optic sensor module. 

2.3.2 Monitoring tests 

In order to confirm the practicality of the proposed sensor, monitoring experiments were carried 

out using a piece of mortar (100×100×20 mm) in which the sensor was embedded. The piece of 

mortar was subjected to one-sided 10 mass% hydrochloric acid (HCl) solution kept at 50°C as 

shown in Figure 5. Then, one end of the optical fiber was connected to a tungsten halogen light 

source (Ocean Optics: LS-1) and the other end was connected to the detector of a visible 

spectrometer (Ocean Optics: USB2000). The visible spectrum of light that passed through the 

fiber optic sensor was measured during immersion of the mortar.  

 

Figure 5. Schematic illustration of apparatus for monitoring experiments using an optical fiber sensor 
embedded in a piece of mortar. 
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3 RESULTS AND DISCUSSION 

3.1 Results of monitoring experiments using a bare sensor 

First, in order to check the responsivity of the proposed fiber optic sensor, monitoring 

experiments were carried out using the sensor directly dipped in sodium hydroxide (NaOH) 

solution with the pH adjusted to 12.6. Figure 6 shows a typical example of the spectra obtained 

from the experiments. In this graph, the spectrum at the beginning of dipping the sensor in 

NaOH solution is indicated as “0min.” An absorption peak at approximately 560 nm appeared 

after 40 minutes of dipping and it grew stronger as the dipping duration increased. Since the 

absorption peak belongs to the “yellow-green” absorption band, which is from 560 to 580 nm, it 

is determined that the color of the sensor gel changed from colorless to purplish-red with 

dipping of the gel in alkaline solution. After that, the sensor with the colored gel was immersed 

in ion-exchanged water. Then, discoloring of the gel began after approximately 7 hours of 

immersion and the absorption peak at 560 nm became smaller as the gel lost color. From these 

results, it is confirmed that the proposed sensor can reversibly detect the difference in pH in the 

environment around the sensor as the absorption peak of the complementary color with respect 

to the color of the phenolphthalein. 

 

Figure 6. Change in spectrum obtained from the fiber optic sensor during immersion in sodium 

hydroxide solution with pH adjusted to 12.6. 

3.2 Results of monitoring experiments using a sensor embedded in a piece of mortar 

The visible spectrum of light that passed through the fiber optic sensor embedded within a 

cement mortar plate was measured during immersion of the plate in 10 mass% hydrochloric 

acid (HCl) solution at 50°C as shown in Figure 7. A large absorption peak near 560 nm was 

observed from the beginning of immersion. This peak indicates that the color of the gel in the 

sensor is purplish-red; that is to say, the inside of the mortar piece is alkaline. The absorption 

peak around 560 nm decreased with immersion time after 32 hours and the peak disappeared 

after 38 hours. 

Figure 8 shows a microscope photograph of a specimen cross section after the monitoring 

experiment. From this photograph, it was confirmed that a layer of uniform thickness was 

formed near the surface of the specimen. When phenolphthalein solution was sprayed on the 

surface, this layer was the only area in which the color did not change to purplish-red. The result 
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indicates that the layer formed near the specimen surface is the neutralized layer caused by the 

penetration of HCl solution. That is to say, cross-sectional observation of the piece of mortar 

suggests that neutralization of the mortar by HCl solution had progressed from the surface of the 

mortar to the depth of the sensor, and as a consequence, the absorption peak around 560 nm 

disappeared, as shown in Figure 7. From these results, it is concluded that the proposed sensor 

retains its sensing function even when embedded within the concrete and the sensor can be 

successfully applied to detect the neutralization progress in a concrete structure. 

 

Figure 7. Change in spectrum obtained from the fiber optic sensor embedded in a piece of mortar during 
immersion in 10 mass% hydrochloric acid solution at 50°C. 

 

Figure 8. Microscopic observation of cross section of a piece of mortar with a fiber optic sensor after 38 
hours of immersion in 10 mass% hydrochloric acid solution at 50°C. 

Figure 9 shows the practical application of our proposed sensor. The sensor is embedded near 

the steel reinforcing bars of a concrete structure when the structure is constructed or repaired. 

When the sensor detects that neutralization of the concrete has progressed to the sensor depth, 

the monitoring system will issue an alarm. This provides the opportunity to take necessary 

countermeasures against the occurrence of a serious accident such as that due to rebar corrosion. 

4 CONCLUSIONS 

In this study, we examined the feasibility of using a novel fiber optic sensor to detect concrete 

neutralization within a concrete structure. The proposed sensor was prepared by incorporating 

poly(N-vinylacetamide) gel containing phenolphthalein into a slit in a plastic optical fiber. 
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Monitoring experiments using a piece of mortar in which the proposed sensor was embedded 

were carried out in liquid phase simulating neutralization with carbon dioxide. The results 

suggest that the sensor retains its sensing function even when embedded within the concrete and 

it can detect the progress of neutralization to the sensor depth as the absorption peak of a 

complementary color with respect to the color of phenolphthalein. 

 

Figure 9. Conceptual image of application of the proposed sensor to a concrete structure 
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