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ABSTRACT 

In order to improve the aging management of nuclear power plants (NPPs) and extend the plant life by 

allowing long-term operation, a numerical model, which is able to evaluate the changes in the structural 

performance due to drying, is proposed.  

The numerical model is based on a 3D rigid body spring network (RBSN) model combined with a truss 

network and takes into account moisture transport and subsequent drying shrinkage as well as changes in 

physical property. 

In this study, in total, we analysed four beams of two different sizes without stirrups both in a sealed and in 

a desiccated state showing a shear failure mode. Comparing experimental results and simulation, the 

following points were reproduced: 1) strain distribution of rebar after drying, 2) changes in diagonal 

cracking patterns, 3) tendency of changes in load-deforming relationship, especially diagonal cracking 

strength were agreed with experimental result. However the ultimate shear strengths didn’t correspond with 

the experiment. Based on previous studies, this is presumably due to the need of considering dowel effect 

at shear failure.  

Since the change in structural performance due to drying could be appropriately reproduced in the beam, 

we considered it would be possible to evaluate the effect of drying and heating on walls and column-beams 

by expanding the proposed numerical model.  

 

INTRODUCTION 

For the safe long-term operation of nuclear power plants (NPPs), aging management of NNPs has become 

important issue. In the case of Japan, it is assumed that constructions of new NPPs will be considerably 

difficult, and thus management of the existing NPPs, especially their irreplaceable concrete members, is 

crucial. 

For the evaluation of changes in performance of concrete structures, effect of drying plays an important 

role. Recently, it has been reported that natural frequency of reinforced concrete structures decreases by 

aging (Maruyama 2016). It is thought that this arises from the fact that the desiccation of concrete reduces 

the Young’s modulus by microcracks (e.g., Naus et al. 2005, Maruyama et al. 2014) while, in the macroscale, 

the overall stiffness of a reinforced concrete member is reduced by drying shrinkage cracking. Furthermore, 

the natural frequency change is important for the integrity analysis of NNPs because sympathetic vibration 

between the structure and the installed implementations is expected. 

Therefore, the method to predict the structural performance changes of RC structures due to drying is 

required. In this study, a numerical model, which takes into account the moisture transport coupled with 

shrinkage and physical property changes of concrete, is proposed. What is noteworthy is the implementation 

of the drying effect on concrete from millimeter scale to micro scale in this numerical model.  

For the evaluation of this numerical model, two size of beams without shear reinforcement both in sealed 

and in drying state, which is experimented by Mitani et al.(2011), are simulated. 

 

NUMERICAL MODEL 

Three-dimensional RBSN 
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In this study, the Rigid Body Spring Networks(RBSN), which developed by Kawai(1978), were adopted. 

RBSN employs a discrete numerical analysis method, and deals with crack propagation of concrete directly 

since RBSN represents a continuum material as an assembly of rigid particle elements interconnected by 

zero-size springs along their boundaries. By nonlinear behavior of these zero-size springs, the cracking 

behavior of a continuum material could be simulated. In the present modelling, each interface between two 

rigid particles was divided into several triangles formed by the barycenter and vertices of the interface, with 

each triangle having three individual springs, one for a normal force and two for orthogonal tangential 

forces as shown in Figure 1. In existing studies (i.e., Nagai et al., 2005), he interfacial plane has a rotation 

spring for bearing momentum, while in the present study, several divided triangles with springs for normal 

forces bearing the momentum acting on the interfacial plane. At the same time, the nonlinearity of bending 

behaviour was reproduced by nonlinearity of vertical spring. 

Using a discrete analysis model, the position where cracks can occur is defined by element division, 

therefore element division has a large influence on the result of analysis. In order to solve this problem, 

random geometry using Voronoi diagrams was applied (Bolander and Saito 1998). 

 

 
Figure 1. Schematic of the elements in RBSN and springs connecting them 

 

Concrete Material Model 

Figure 2 shows the concrete material models that are used in the analysis.  

The tensile behavior of concrete was modelled using linear elasticity to tensile strength, followed by a 

bilinear softening branch of a 1/4 model, as shown in Figure 2(a). The parameters for concrete behavior in 

the tension field are the tensile strength ft, the tensile fracture energy Gft, and the distance between the 

Voronoi generators (centroid of rigid particle) h.  

The behavior in the compression field is shown in Figure 2(b), whose S-type curve is derived from the 

relationship between stress and volume under hydrostatic pressure conditions (Yamamoto et al. 2008).  

Tangential springs represent the shear transfer mechanisms of cracked and uncracked concrete matrices 

(Figure 2(c)). The softening process was modeled by the following equations 

Barycenter of interface Position of springs

Shear spring

Shear springNormal spring

  
(a) Tensile model of normal spring (b) Compression model for normal spring 

 

 
  

(c) Shear spring model (d) Mohr-Coulomb criteria (e) Softening coefficient for shear spring 

Figure 2. Constitutive models for concrete 
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where G: shear stiffness (N/mm2), τf: shear strength (N/mm2), γf: strain at the maximum stress in shear strain 

and shear-stress relationship, and K: shear softening coefficient. A linear relationship between shear strain 

and shear stress was first assumed until the stress reached the peak. Following the peak, the softening 

process was determined by the strain and stress normal to the plane on which the shear force was acting, 

while the minimum value was assumed to be 0.1 τf. 

The shear strength was defined by the Mohr–Coulomb type criterion as shown in Figure 2(d) and is 

represented by the following equations 
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where c: cohesion parameter (N/mm2), φ: angle of internal friction (degree), and σb: maximum shear 

strength of a normal spring(N/mm2). The softening process of shear springs is a function of normal stress 

as shown in Figure 2(e): 

K G      (3) 

0 maxmin( ( / ), )b          (4) 

where β0, βmax, χ: parameters for shear softening. Shear transfer is reduced when the strain in the normal 

direction to the plane that shear stress acts upon is in the post-peak region. This process is represented by a 

coefficient βcr as shown in Eqs. (5)–(7): 
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where γft=τft/G, εt: strain at the peak of normal stress, εtu: ultimate normal strain when stress attains zero, ε: 

normal strain, and κ: reduction factor for shear transfer due to cracking. 

 

Rebar and Bond-Slip Relationships Model 

For rebar and bond-slip modelling, discrete rebar model proposed by Saito & Hikosaka (1999) was 

applied. This model uses zero size link elements, which connect to Voronoi generators (concrete element) 

and other link elements with springs. In axial behavior of reinforcing bars, the formula developed by 

Shima et al. (1987) were adopted. In the other direction, elastic model was applied. Bond-Slip 

relationship between concrete element and link element is represented by following equations (8) (Suga et 

al. 2001).  
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where τ: Bond stress(N/mm2), s: slip(mm), f’c: compressive strength of concrete(N/mm2), D: rebar 

diameter(mm), s1:0.2mm, s2:0.4mm. 

 

Truss-Network Model for moisture transfer 

Water diffusion in the concrete was modeled using a random lattice, whose mesh was defined by a Voronoi 

diagram, originally developed by Bolander & Berton (2004). Lineal conduit elements connect the Voronoi 

generators and special nodes set on boundary surfaces, which are named “Surface truss nodes,” are the 
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centroid of surfaces of Voronoi mesh facing the boundary. The governing equation of potential flow of Eq. 

(9) was modeled assuming potential flow in the linear conduit as described in Eq. (10). 
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where w: volumetric water content (g/mm3); whyd: water consumption by cement hydration (g/mm3); K (w): 

water transfer coefficient(mm2/s·g/mm3·g/J); μ1, μ2: chemical potential of water in conduit nodes 1 and 2, 

respectively (J/g); μ env: chemical potential of water in the environment (J/g); denv: nominal distance for the 

boundary condition of water transfer from the matrix to the environment (mm); t:time (s);and ω: volumetric 

conversion factor (2.0 in case of 2-dimensional flow), The third term in the left-hand formula represents 

the flow on the boundary surface. Ae: the area of the Voronoi facet between the contiguous nodes i and j, 

L: length of conduit from node 1 to 2. Ab: area of the finite area on the boundary (mm2); μenv: global chemical 

potential of water vapor of the environment. 

The water transfer model was based on the research of Maruyama et al. (2011). For detailed information 

such as calculation of K(w), this paper is available. 

 

Moisture-dependant properties’ change 

In this study, properties change of concrete due to drying were implemented in normal springs , and drying 

shrinkage crack were introduced directly as a separation of elements. Properties changes due to drying is 

induced by microcracks as a result of interaction of aggregate and cement paste and by changes in the 

structure of C-S-H as a colloid (Maruyama et al. 2014) . These mean that these behaviors cannot be dealt 

with directly when treating concrete as a concrete element, not as aggregate and paste, as in the analysis of 

RC beam. Therefore, in this study, properties change of concrete were introduces as change in characteristic 

value of spring. These properties change was introduced only while the element was elastic. After plasticity, 

it was uniquely determined by the softening curve when a spring was plasticized. 

 

EXPERIMENTAL DETAIL AND NUMERICAL PARTAMETERS 

Target Experiment 

We analysed the loading experiment of shear failure beams, which investigated the influence of drying on 

the shear performance of reinforced normal strength concrete beam, conducted by Mitani et al. (2011). On 

Table 1 Specimen specifications 

 
b/h/l 

(mm) 

c 

(mm) 

a 

(mm) 

d 

(mm) 

ps 

(%) 

 
a/d 

fy/fu 

(MPa) 

D250-Sealed 
300×305×2300 200 750 250 1.03(2D22) 

 

3.0 1080/1230 
D250-Drying  

D1000-Sealed 
300×1130×7500 500 3000 1000 1.06(4D32) 

 

D1000-Drying  
b: width of beam, h: height of beam, l:length of beam, c: distance between loading points, a: shear span, d: effective depth 

ps: tensile reinforcement ratio(As/bd)(As: Total section area of rebars),fy: yield strength ,fu: tensile strength 

 

Table 2 Material properties(Mitani et al., 2011) 

 
Initial curing time 

(cured in sealed) 
Ages at 

loading(days) 

fc 

(MPa) 

Ec 

(GPa) 

ft 

(MPa) 

Gft 

(N/mm) 

D250-Sealed 

7days 

91 38.6 23.9 3.2 0.15 

D250-Drying 125 37.3 20.9 3.2 0.2 

D1000-Sealed 120 36.7 25.9 3.2 0.15 

D1000-Drying 288 39.7 21.5 3.3 0.19 
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this paper, four types of beam were analyzed in total. The effective depths range 250mm and 1000mm, and   

the specimens of each sizes were loaded after being exposed in sealed state or in drying state respectively. 

Tensile reinforcement ratio of beams was 1.03%-1.06% with no web reinforcement and compression bars. 

Outline of reinforced concrete beams and mechanical properties of concrete are shown in Table 1, Table 2. 

Average temperature and average relative humidity during exposure were 15.2°C and 46.1%. Detailed 

information on the experimental program is available in the original paper(Mitani et al., 2011). 

 

Analytical Outline 

Figure 3 shows the elements used in the analysis and the details of specimen used in experiment, which 

effective depth is 250mm (D250). For the information on effective depth 1000mm (D1000) and more details, 

original paper is available (Mitani et al. 2011).  About analysis element, an average length of springs 

(distance between Voronoi generators) was 33mm both in D250 and D1000. In the case of dry, moisture 

transfer analysis is first carried out, and then the drying shrinkage is introduced into a normal spring as a 

stress which cause deformation equivalent to drying shrinkage according to the water content. The drying 

shrinkage was modelled as a liner function of the relative water content (R=w/w0) as shown in the following 

equation: 

Δεsh = αsh  ΔR    (11) 

where αsh: coefficient of conversion from relative water content to shrinkage strain and R: relative water 

content (i.e., the ratio of water content w to the maximum water content w0). 

Furthermore, as described in the section on "Numerical model", the material properties of concrete were 

linearly changed according to R. For example, in the case of D250, as shown in Table 2, Ec was 23.9 GPa 

at saturated and Ec after equilibrium (RH. 46.1%) was 20.9 GPa, and between them, Ec was linearly 

determined according to R. 

 

Numerical Parameters 

The numerical parameters for normal and shear springs of concrete element is shown in Table 3.  Since the 

properties obtained from real test disagree with spring parameters, each parameter in Table.3 has been 

decided by conducting parametric analyses comparing with the test results of uniaxial tension, uniaxial 

compression, hydrostatic compression and triaxial compression (Yamamoto et al. 2008). The parametric 

analyses include a variety of specimen size, shape, mesh size and concrete strengths. Parameters of rebar  

were the same as shown in Table 1. The moisture transfer parameter is shown in Table 4 . In this study, αsh 

was obtained from free shrinkage test. (Mitani et al. 2011) 

 

NUMERICAL ANALYSIS RESULT AND DISCCUTION 

Moisture transfer 

Figure 4 shows analytical and experimental result of rebar strain due to restrain. For each beam size, the 

rebar strain at the end of drying was almost correspond with the experimental result. And Figure 5 shows 

calculated normal spring strain distribution in mid-section of beam with effective depth 250mm at the end 

of drying. It was confirmed that drying shrinkage crack reached around rebar. This result was similar to the 

result of Gebreyouhannes et al. (2014) who analysed the same beam.  

 

 

 

 
 

(a) Geometry of meshing: About 10000 elements (b) Specimen’s detail (Mitani et al., 2011) 
 

Figure 3. Mesh divided using Voronoi diagram and detail of specimen: Effective depth is 250mm 
The blue line in Figure 4.(b) is displacement meter. Detail were shown in Sato & Kawakane (2008), Mitani et al. (2011) 
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Load-Deformation relationship and cracking behaviour  

Figure 6 and Figure 8 shows Load-Deformation relationships of D250 and D1000 comparison with 

experimental results and elastic theoretical value. Figure 7 and Figure 9 indicate crack patterns and strain 

distribution of D250 and D1000 after post-peak.  
Focusing on D250 (Figure 6, Figure 7), the ultimate strength coincided with the experimental results of 

drying and sealed, and the tendency that the deformation at the ultimate strength of desiccated beam became 

larger than the sealed beam was reproduced. Initial stiffness of sealed specimen was different between 

analysis and experiment, but it was the same with elastic theoretical stiffness. Furthermore, characteristic 

of failure cracks was similar as shown in Figure 7. In the case of D250-Sealed, failure cracks occurred 

straight across the middle of the shear span and the loading point. As well, in the case of D250-Drying, it 

was observed that the failure cracks occurred in the curve shape, it slipped under the loading point. These 

results were consistent with the experimental results.  

On the other hands, at the D1000 (Figure 8, Figure 9), the ultimate fracture strength was significantly 

different from the analysis. However, the trend of changes in structural performance due to drying was 

reproduced, such as the ultimate fracture strength of the sealed beam was higher and the dried beam's 

deformation at that time was larger.  

However, the cracks along with longitudinal bar was not reproduced, especially in drying case. This will 

be discussed later section, “Consideration on shear beam fracture mechanism”. 

 

Diagonal cracking strength  

It is known that diagonal cracking strength is affected by cracks and stress induced by shrinkage. Diagonal 

cracking strength was determined from sudden increased points of vertical deformation (Sato et al. 2007, 

Table 3 Applied values of springs in the numerical calculation 
(a) Normal spring 
 Young’s modulus  Tension field  Compression field   

 Ec(N/mm2)  ft(N/mm2) Gft(N/mm)  fc(N/mm2) εc2 αc1 αc2 

 1.4Ec
*  0.8ft

* 0.5Gft
*  1.5fc

* -0.015 0.15 0.25 

 

(b) Shear spring 
 Shear modulus  Failure criteria  Softening behavior 

 η=G/Ec  c(N/mm2) φ(degree) σb(N/mm2)  β0 βmax χ κ 

 0.35  0.14fc
* 37 fc

*  -0.05 -0.025 -0.01 -0.3 

 

Table 4 Materials properties for moisture transfer and drying shrinkage 
Volumetric water content  

at saturation   w (g/mm3) 

Moisture transfer coefficient  

at saturation (mm2/g・g/mm3・(J/g)-1) 

Moisture capacity 

dw/du 

Shrinkage at equilibrium denv 

(mm) αsh 

0.2505 2.125×10-9 0.0016 
-1100μ 

2444×10-6 
5.0 

 

 

 

Figure 4. Calculated result of rebar strains at 

the mid-span with experimental result 

Figure 5. Strain distribution of normal spring at the end of 

drying: Effective depth 250mm 
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Mitani et al. 2011, Nakarai et al. 2016) as well as crack patterns. Figure 10  shows relationships between 

shear forces and vertical deformations which obtained from Voronoi element of the beam surface as shown 

 in Figure 3, for calculating diagonal cracking strength. Figure 11 is a comparison of the diagonal cracking 

strengths obtained from the analysis of the present study with result of target experiment. These results 

were almost identical in all cases. From the good correlations of diagonal cracking strength, the behavior 

before failure are considered to be reproduced by this analysis. 

 
Consideration on shear beam fracture mechanism 

Figure 12 shows the load and the slip of the link element at the end of the rebar at each step. The link 

element at the end of the rebar exists on the surface of both rectangular side of the beam.  From Figure 12, 

it was observed that the step in which the load suddenly decreases in post peak and the step in which the 

slip abruptly increase were coincident. This means after diagonal crack had occurred, beams kept the tied 

arch until the ultimate shear strength. Therefore, the failure mechanism in this numerical model was 

attributed to the break of bond-slip relationship.  

On the other hands, as confirmed by experiment and analysis, the actual beams without stirrups collapse 

in another mechanism. In the process of failure, after diagonal crack has occurred, so called “tensile 

splitting cracks” along with reinforcement bar developed, after which beam fails. This tensile splitting 

cracks is general crack pattern in the beams without shear reinforcement and also it is observed in Figure 

7(c) and Figure 9(c). Furthermore, it was reported that the tensile splitting cracks behaviour, which is 

caused by the dowel effect, closely associated with the ultimate failure strength (W. J. Krefeld et al. 1966, 

  
(a) D250-Sealed (b) D250-Drying 

Figure 6. Load-deflection relationships: Effective depth is 250mm 

 

D250 

SEALED DRYING 

  

(a) Deformation after post peak (The magnification is ×10) 

  

 
(b) Strain distribution of normal springs after post peak 

  
(c) Experimental result(Mitani et al., 2011) 

Figure 7. Crack patterns of numerical and experimental results: Effective depth is 250mm  
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P. S. Chana et al. 1987). In the shear failure process of beams, Chana et al. (1987) measured crack widths 

in three parts, compression part, diagonal crack, tensile spitting crack (called “dowel crack” in the paper) 

 and it was confirmed that the beam failure occurs as a result of the abrupt expansion of the tensile 

splitting crack. Furthermore, Kim and White (1999), Sato et al. (2004) analysed the slender RC beams, 

which shear span ratio was 2.5-3.0, considering the tensile splitting behaviour, and reproduced the failure 

mechanism, which could not be reproduced without taking this behaviour into consideration.  

From the above, it is considered that the overestimate of shear failure strength in this numerical model is 

due to the neglect of dowel effect of rebar. Then, in order to reproduce the actual shear failure behavior, 

modelling rebar as a Voronoi element rather than line element is needed. However, these consideration is 

  
(a) D1000-Sealed (b) D1000-Drying 

Figure 8. Load-deflection relationships: Effective depth is 1000mm 
 

D1000 

SEALED DRYING 

  
(a) Deformation after post peak (The magnification is ×10) 

  

 
(b) Strain distribution of normal springs after post peak 

  
(c) Experimental result(Mitani et al., 2011) 

Figure 9. Crack patterns of numerical and experimental results: Effective depth is 1000mm 
 

  
(a) Effective depth: 250mm (b) Effective depth: 1000mm 

Figure 10. Calculated determination of diagonal cracking strength 
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needed only in a special case such as a beam without shear reinforcement. In addition, since this 

numerical model reproduced the structural change due to drying appropriately except for failure, by 

extending this model, this analysis will be possible to evaluate the wall and beam-column frame. 

 

SUMMURY 

In this study, to evaluate the structural performance of an aged RC structure, a numerical model, which 

takes into account the moisture transport coupled with shrinkage and physical property changes of concrete, 

is proposed. Based on the experimental study by Mitani et al. (2011), we analysed the effect of drying on 

the performance of two beams of different sizes without stirrup and obtained the following findings: 

(1) Using the proposed numerical model, following items were reproduced: restraint strain of rebar caused 

by drying shrinkage, diagonal crack strength and diagonal crack pattern in both sealing and drying cases, 

tendency of change in ultimate shear failure strength due to drying.  

(2) The cracks along the reinforcing bars at the failure and the ultimate strength of D1000 could not be 

reproduced. From the previous studies that examined the shear fracture mechanism, it was assumed 

that the cause of this discrepancy was due to neglecting of the dowel effect of rebar in this study. To 

solve this, introducing rebar as Voronoi element rather than line element is needed.  

(3) From the above, it was confirmed that this numerical model could appropriately evaluate the influence 

of drying on structural members, although there are some remaining issues regarding to the brittle 

fracture.  

(4) In the case of NPPs, the structural members are subjected to heating as well as to drying which reduce 

the stiffness and the ultimate strength. Therefore, for aging management, it is important to address the 

influence of heating and drying on the structural performance both experimentally and analytically. We 

believe that it is possible to evaluate the structural performance of a wall member and subsequently of 

the entire facility by extending of the proposed numerical model. 
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(a) Effective depth: 250mm (b) Effective depth: 1000mm 

Figure 11. Diagonal cracking strength 

 

  
(a) D250-Sealed (b) D1000-Sealed 

Figure 12. Relationship between load and slip of edge link element 
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