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Abstract. In this paper, method on the aging evaluation in nuclear power plant concrete structures was 
investigated. Problems on the durability evaluation of reinforced concrete structures were pointed out and an 
evaluation framework was considered. In view of the importance of evaluating the degree of deterioration of 
reinforced concrete structures, relationships should be formulated among the number of years elapsed, t, the 
amount of action of a deteriorative factor, F, the degree of material deterioration, D, and the performance of the 
structure, P. Evaluation by PDFt diagrams combining these relationships may be effective. A detailed procedure 
of durability evaluation for a reinforced concrete structure using PDFt concept is presented for the deterioration 
factors of thermal effect, irradiation, neutralization and penetration of salinity by referring to the recent papers. 
And the evaluation framework of the deteriorated material constitutive model which can be used for the 
numerical analysis of the integrity evaluation for the concrete structure was proposed. 

1. Introduction 

Reinforced concrete structures in nuclear power plant require aging management, which comprise integrity 
evaluation assuming their use for several years ahead to confirm the effectiveness of the current maintenance 
program. Durability evaluation of reinforced concrete structures generally involves the problems of a wide 
variety of deteriolation factors and a combination of reinforcing steel and concrete. In view of the importance of 
evaluating not only each material but also the composite body for evaluating the degree of deterioration of 
reinforced concrete structures, relationships should be formulated among the number of years elapsed, t, the 
amount of action of a deteriorative factor, F, the degree of material deterioration, D, and the performance of the 
structure, P. Evaluation by PDFt diagrams combining these relationships is effective[1]. Integrity evaluation of 
the deteriorated reinforced concrete structure in use over time consists of two levels, the primary evaluation 
which evaluates the deterioration of materials and the secondary evaluation which evaluates the integrity of the 
structures. In order to implement the durability evaluation of the deteriorated parts or structures, it is necessary to 
evaluate and create constitutive model of the material property values of corroded rebar and deteriorated 
concrete. 

In this paper, a detailed procedure of durability evaluation for a reinforced concrete structure using PDFt concept 
is presented for the deterioration factors of thermal effect, irradiation, neutralization and penetration of salinity 
by referring to the recent studies. And the framework of the evaluation of deteriorated material property values 
as well as material constitutive model was proposed.  

2. Deterioration evaluation diagrams for RC structures 

2.1. Problems and concept 

Durability evaluation of reinforced concrete structures generally involves the following problems: 

(1) A wide variety of external factors: Reinforced concrete structures are placed in natural environments 
involving external factors that vary from one place to another and over a long time span. 
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(2) Combined materials: In order to evaluate the performance of reinforced concrete structural bodies, which are 
a combination of reinforcing steel and concrete, not only the acting factors and deterioration degrees of 
individual materials but also the comprehensive action of factors on the combined material should be considered.  

One solution to problem (1) above is the assumption of the uniformity of deteriorative action. Despite the wide 
variety of deteriorative factors acting on a structure, uniformity may be assumed for their action when 
considering long-term changes on one year-unit basis at a certain place, as each structure is fixed to a location 
for a long time. In other words, evaluation may be carried out by continuous deterioration functions based on 
changes on a scale of a minimum unit of one year. Also, since physical changes can be regarded as increasing 
functions generally having a cumulative property, the following estimation method may be considered simpler 
and more accurate than deductive evaluation using a number of parameters: Determine a basic form of the 
deterioration function using only time or a deteriorative factor as the parameter, and extrapolate actual 
measurement data of deterioration degrees into the function to determine the coefficient in an inductive manner. 
This coefficient allows the evaluation of properties related to the durability of various structures on a universal 
scale.  

As to the combined action stated in item (2) above, it is necessary to clarify the relationships among the time, the 
effect of deteriorative factors, the degree of material deterioration, and the performance degradation of the 
structure.    

2.2. Integrity evaluation method by PDFt curve 

A deterioration evaluation diagram, V(t), expressing time-related changes in an evaluation value, V, is assumed 
as follows: 

V(t) = α v(t)                        (1) 

where α is the coefficient, t is time (years), and v(t) is a basic evaluation equation having no parameters other 
than t. “v(t)” is determined beforehand based on past experiment data and analysis results. Evaluation is carried 
out by determining the evaluation value, Veva, at a desired year, teva, using the established deterioration evaluation 
diagram, V(t), and comparing the result with the predetermined specification values (Vrg: regulation value, Vcr: 
critical value, etc.). When Veva exceeds Vrg, a necessary step may be taken, such as to proceed to the secondary 
evaluation.  

In order to obtain a rational evaluation, the relationships of the deterioration factor and year (F-t diagram), the 
material deterioration and deterioration factor (D-F diagram) and the structural performance and material 
deterioration (P-D diagram) should be cleared. Examples of parameters are given in Table 1. A diagram of the 
evaluation of the deterioration degree of reinforced concrete structures (hereafter referred to as a PDFt diagram) 
is obtained by integrating the above-mentioned evaluation diagrams as shown in Fig. 1. The diagram in the right 
lower quadrant (level IV), which is determined by plotting several values of t and P in the right upper (level I) 
and left lower (level III) quadrants, respectively, forms a P-t diagram for assessing the time-related changes in 
the structural performance. This diagram also clarifies the relationships among the physical quantities. Thorough 
preliminary investigation of the basic evaluation equation for each diagram is necessary as to whether it can be 
expressed by coefficients given in Fig. 1 as α and β regarding its adequacy and accuracy.  

Table.1. Example of parameters 
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FIG.1. Integrity evaluation diagram of reinforced concrete structures (PDFt diagram) 

3. Current evaluation method of aging management for NPP concrete structures 

In the current evaluation method contained in the "Review Manual for Age-Related Technical Assessment in 
Japan "[2] is as follows. 

Thermal effect: The degradation of concrete by thermal effect is evaluated according to whether or not the 
temperature levels of concrete structures over the life span of the structure is less than reference levels (the 
reference levels of temperature of 90°C for concrete structures in designated areas and 65°C for structures 
elsewhere indicate the risk for thermal degradation.) 

Radiation: The strength of concrete is evaluated according to whether or not the radiation levels over the life 
span of the structure are less than reference levels. The reference levels of 1.0×1020 (n/cm2) for fluence of 
neutron radiation and 2.0×1010 (rad) for gamma-rays are obtained from the Hilsdorf’s paper[3] and are employed 
in assessing soundness of irradiated concrete. 

Neutralization: The degradation of concrete is evaluated according to whether or not the depth of concrete 
neutralization over the life span of the structure is less than reference levels, and whether or not neutralization 
reached to rebar. 

Penetration of salinity: The deterioration of reinforced concrete due to penetration of salinity is evaluated 
according to whether or not the chloride concentration over the life span of the structure is less than reference 
levels, and whether or not cracks occur in the concrete. 

4. Evaluation fomula for integrity evaluation of reinforced concrete structures (PDFt diagram) 

4.1. Thermal effect 

F3 (subscript “3” represents the thermal deterioration) is the amount of action of a thermal deteriorative factor, 
which is related to the change of cement hydrates due to thermal effect. Relation between this factor and time t 
(year) is shown in the extrapolation Eq. (2). 

      (2) 

Where, α3 is the thermal deterioration coefficient for change of cement hydrates due to thermal effect.  

�3 = �3 ∙ � 
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As on example, based on the chemical kinetics, this reaction can be shown as Eq. (3). Where, a and b is constant. 
T is temperature (°C). 

                     (3) 

The compressive strength of concrete has a tendency toward significant decreases in the early stages of exposure 
to a high temperature environment[4] as shown in Fig.2. Based on the experimental formula of Abe et al. [5] the 
proposed equation of the convergence value of compressive strength reduction of concrete Du (-) is shown in Eq. 
(4) and Fig.2.  

      (4)  

Where, T is Temperature (°C), T : 20 °C to 400°C. 

 

Fig. 2. The convergence value of compressive strength reduction of concrete[4] 

Relation between the rate of compressive strength reduction of concrete D1 (subscript “1” represents the 
compressive strength reduction of concrete) and the amount of action of a thermal deteriorative factor F3 is 
shown in equation (5). Fig. 3 shows relation between the rate of compressive strength reduction of concrete and 
the amount of action of a thermal deteriorative factor. 

      (5) 

Where, Du is convergence value of compressive strength reduction of concrete depending on temperature (-). 

 

 

 

 

 

 

 

 

Fig. 3. Relation between compressive strength reduction of concrete and a thermal deteriorative factor 

�3 = � ∙ �	
 �− ��  

 �� = �1 − 0.2� + 0.45�2 − 0.0436�3��	
�−0.413��

�1 = �−�3 �1 − �� � + ��   
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4.2 Irradiation (neutron radiations and gamma ray) 

The action of degradation factor F4 (subscript “4” represents the irradiation value) is an integrated value of 
irradiation (neutron radiation and gamma ray), the equation can be expressed as follows: 

      (6) 

Where, α 4 is a constant that is determined by such things as the relative position from the radiation source and 
other factors and n is constant. 

 

 

Fig. 4. Relation between the fluence of radiations and the strength reduction of concrete [3] 

For example, if D1 is assumed to be the rate of decrease in compressive strength of concrete, based on the 
Hilsdorf’s paper, the regression equation can be expressed as follows: 

      (7) 

Where, D1 is the rate of compressive strength reduction of concrete (-) and F4 is fluence of neutron radiation 
(n/cm2). 

      (8) 

�4 = �4 ∙ ��  

�1 = 1 − 10−27� !"�4�20.21 − 10−27 !"�4    

�1 = 1 − 10−23� !"�4�21.61 − 10−23 !"�4    
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Where, D1 is the rate of compressive strength reduction of concrete (-) and F4 is gamma ray dose (rad). 

4.3. Neutralization 

The amount of action of Oxygen as it affects the corrosion of reinforcing steel. However, it is difficult to 
measure this value, so the neutralization depth is used as an alternate value. The neutralization depth is 
represented as F1, (subscript “1” represents the neutralization of concrete) which is the evaluation physical 
property. Generically, the neutralization depth can be expressed by the square root t theory as follows [6, 7] : 

                      (9) 

Where, F1 is neutralization depth (mm), α 1 is neutralization rate coefficient (mm/√year) and t is time (year). 

The rate of loss of steel reinforcing bars, D3 (subscript “3” represents the corrosion of steel reinforcing bars), is 
the amount of corrosion of steel reinforcing bars as compared to their condition at the time of construction. 
Based on the corrosion experiments of Tomosawa et al. the Eq. (10) is proposed [8]. 

    (10) 

Where, W/C is rate of loss of steel reinforcing bars by corrosion (10-4g/cm2), T is temperature (°C), H is relative 
humidity (%), O2 is concentration of oxygen (%) and t is elapsed time after neutralization reaches the steel 
reinforcing bars (day). The corrosion loss of steel reinforcing bars, Wc, and the square root t show a linear 
relationship. The rate of corrosion loss of steel reinforcing bars, D3, is assumed to be Eq. (11). 

                    (11) 

Where, D3 is rate of corrosion loss of steel reinforcing bars (-), β3 is environmental condition (temperature, 
relative humidity, concentration of oxygen et al.) and material (steel reinforcing bars, concrete) constant, F0 is  
thickness of concrete cover (mm) . 

4.4. Penetration of salinity  

For the action of the chloride ion F2 (subscript “2” represents the penetration of salinity) this study uses the value 
of chloride concentration as show in Fig. 6. This evaluation uses the integrated value per annum in practice. 

    (12) 

Where, F2 is amount of action of chloride ion (kg/m3year), Ct is chloride concentration (kg/m3), t is time (year), 
tn is evaluation period (year) and Ccr is critical chloride concentration of stainless steel corrosion(=1.2kg/m3). 

 

 

 

 

 

 

 

Fig. 6: The conceptual diagram of integrated value of chloride concentration F2 

The normally used equation for the prediction of the distribution of chloride concentration in concrete is Eq. 
(13), which is based on the diffusion equation [9, 10]. 

 (13) 

�1 = �1√�   

$% = 138.1 �1.35� + 2.76' + 1.800(2 − 163� ∙ √�   

�3 = )3 ∙ *�12 − �02
 

�2 = + ,�  -�,��
0     ,� ≥ ,%0     

,� = ,0 11 − �02 � 	2√� ∙ ��3  
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Where, C0 is chloride concentration at surface of concrete (kg/m3), x is thickness of concrete cover (mm) and D 
is apparent diffusion coefficient (mm2/year). In Eq. (14) an approximation formula[11] is applied in place of the 
error function “erf” found in Eq. (13). 

    (14) 

Where, α2 is constant of the amount of action of degradation factor as related to the material properties. C0 and 
α2 are calculated using the distribution of chloride concentration values as measured at the determined 
evaluation periods. The amount of action of degradation factor, F2, which represents the integrated value of 
chloride concentration around steel reinforcing bars, is expressed as Eq. (15):  

(15) 

Where, F2 is amount of action of chloride ion around steel reinforcing bars, Ct is amount of chloride ion around 
steel reinforcing bars at evaluation time t (kg/m3), t is time (year) and ∆t is unit time (1year). 

The rate of deterioration of material is D3 (subscript “3” represents the corrosion loss of steel reinforcing bars) 
and is assumed to be the rate of corrosion loss of steel reinforcing bars. D3 is the amount of corrosion of steel 
reinforcing bars as compared to their condition at the time of construction. D3 can represent as follows: 

    (16) 

Where, D3 is the corrosion loss of steel reinforcing bars (mg/cm2), Vt is corrosion rate (mg/cm2/year), Vt can be 
represented as Eq. (17). 

 (17) 

Where, a and b is constants. By substituting the Eq. (17) into the Eq. (16), the Eq. (18) is obtained, which is the 
relational expression of D-F. An example of the determination of the value of the constants a, b is as follows 
[12], 

 (18) 

Where, W/C is water to cement ratio (%). If the diagram is to be determined by the measurement value, then the 
corrosion loss of steel reinforcing bars should use a multi-year measurement.  

The performance of the structure, P is assumed to be the width of cracks in the concrete surface. The relation 
between when cracks will occur in the concrete and the corrosion loss of steel reinforcing bars is shown as 
follows [13] , 

    (19) 

Where Du is critical corrosion loss of steel reinforcing bars to affect a crack in the concrete at a width of 0.1mm 
by FEM analysis (mg/cm2), d : diameter of steel reinforcing bars (mm), Fc : compressive strength of concrete 
(N/mm2). There exists a linear relationship between the corrosion loss of steel reinforcing bars and width of 
cracks in the concrete [14]. The relation between the corrosion loss of steel reinforcing bars, D3, and width of 
cracks in the concrete, P8 (subscript “8” represents the crack of concrete) is expressed as follows: 

(20)  

 

5. Evaluation of deteriorated material constitutive law 

5.1 Framework of members and structures evaluation within secondary integrity evaluation 

Necessary material properties required for durability evaluations of RC members include concrete, rebar and 
mutual effect of both, meaning the property value of strength and initial stiffness as well as material constitutive 
model. Constitutive materials model represents relationship of stress and strain used for materials nonlinear 

�2 = + ,�  -��
0     1= 4 ,�  ∆��

�=0 3  

�3 = + 6�  -���
0   

6� = 1√	 �� ,� + �  

�3 = 1√	 �� �2 + �� � � = 6.0,  = 0.4$/, − 31.7 

�� = −�0.19- + 0.06	 + 2.0� ∙  ���%� + 0.1- + 47 

98 = 0.1 �3��  

 ,� = ,0 :1 − ;1 − �	
 <− �2 ∙ 	2� => ,  �2 = 1?�   
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numerical analysis such as finite element method. Property value of strength and initial stiffness can be obtained 
in the course of constitutive materials model evaluation. Important points to note for evaluation of constitutive 
materials model considering deterioration are stated as follows.  

(1) To clarify the deterioration phenomenon and deterioration factors of the materials and grasp the mechanical 
damages.  

(2) To extract the sample materials from actual deteriorated parts and create constitutive model on the basis of 
those properties.  
(3) To assume materials model so as to result in conservative analytical results. Fig.7 shows framework of the 

secondary integrity evaluation. 
 

 Evaluation target/Deterioration phenomenon/Evaluation points 

Primary evaluation Subtle deterioration 

No 

Secondary evaluation 
Whether continue to 
use structures or not.  

Integrity evaluation of deteriorated parts Integrity evaluation of structures  

Study and test the deteriorated parts 
- Nondestructive test / actual measurements of the members 
- Material properties of the samples 
- Simulation 

Set materials model 
- Concrete (compress/tensile/shear), Rebar 

corrosion, Adhesion, Tension-Stiffening  

Set members model 
- Materials model 
- Restoring property 

FEM/Numerical analysis/Strength calculation Response analysis/FEM, et al.  

Strength/deformation of the members Strength/deformation of structures 

Yes 

 

Fig.7. Framework of members/structures evaluation within secondary integrity evaluation  

5.2 Contstitutive model for deteriorated material 

5.2.1. Corroded rebar 

It is preferred to extract the samples of corroded rebar from actual part and measure the amount eroded and 
obtain stress strain diagram from tensile test. In such case, evaluation of potential strain is also available. In case 
extraction of samples from rebar is difficult, expose the rebar and identify the diameter and type of the rebar so 
as to evaluate the extent of the corrosion. As corrosion of the rebar usually starts from the surface, that material 
deterioration due to corrosion of rebar can be regarded as erosion of cross sectional area. It is rational to evaluate 
appearing Young’s modulus instead of average cross sectional area and make a model by referring the largest 
erosion (the largest corroded amount) of the cross sectional area for yield value[15]（Fig.8(a)）.  

5.2.2. Compression stress strain relationship of concrete 

Stress strain diagram is obtained by extracting the core parts from actual deteriorated parts and implementing the 
uniaxial compression test. In the course of obtaining the stress strain diagram, also evaluate the property value of 
compressive strength and Young’s modulus. And make a model of stress strain relationship on the basis of the 
test results. Existing models are mostly approximated by function curve and poly-linear. Fig.8(b) shows the 
evaluation example.  



 

 9 

5.2.3. Tension softening diagramc 

When considering tensile strength by analysis, generally, the tension softening diagram is used. There are several 
types, one of which expresses the function, bilinear and poly-linear, yet the bilinear can be considered enough 
for normal concrete (Fig. 8(c)). With CEB-FIB model code 1990[16], fracture energy GF is calculated by Eq. 
(21) using compressive strength fc and largest diameter of aggregate dmax, and parameter of the bilinear model is 
evaluated by Eq. (22) using tensile strength Ft. These values can also be evaluated by core samples extracted 
from deteriorated parts. However, applicability to the deteriorated materials should require further verification. 
For further detailed evaluation, there are methods to decide parameter of bilinear model by evaluating fracture 
energy GF with three-point bending tests on notched beams specified in JCI standard[17]. JCI standard also 
proposes several evaluation methods for more detailed poly-linear model[17].  

GF=GF0(fc/10)0.7 
（GF0：Basic value determined by dmax）                   (21) 

W1=2GF/Ft－0.15Wc,  Wc=αF・GF/Ft                    (22) 

5.2.4. Adhesion stress – slip relationship 

The constitutive equation to evaluate adhesion of corroded rebar and concrete is related to the relationship 
between shear stress and slip amount of rebar (Fig. 8(d)). As for such relationship, it is difficult to have direct 
evaluation from deteriorated parts, so that it requires the identification of the evaluation method which estimates 
the value from the extent of corrosion of rebar and properties of the concrete. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8. Contstitutive model for deteriorated material 



 

10 

6. Conclusion 

(1) Relationships are formulated among the number of years elapsed t, the amount of action of a 
deteriorative factor F, the degree of material deterioration D, and the performance of the structure P. 
Evaluation by PDFt diagrams combining these relationships is proven to be effective.  

(2) A detailed procedure and an example of integrity evaluation for a reinforced concrete structure using 
PDFt diagrams is presented. 

(3) Constitutive models of deteriorated material were proposed for the secondary integrity evaluation. 
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