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ABSTRACT 

Frost damage is one the most important durability issues for reinforced concrete structures 

built in cold and wet areas. Once frost damage initiates, cracks are induced and enlarged in 

concrete which leads to severer strength and stiffness reduction. Besides, the bond between 

concrete and reinforcement bars is also weakened due to the degradation of concrete cover and 

concrete-reinforcement interface. As a result, the structural behaviors usually show significant 

deterioration and the lifetime of structures is shortened under the effect of frost damage. Thus, 

to predict and evaluate the reinforced concrete structural performance under frost damage is 

urgently needed so that effective maintenance and repairment could be proposed. 

In fact, several scales exist for the fundamental mechanisms of frost action to the structural 

performance with frost damage: (1) pore pressures owing to ice formation initiate in microscale 

which accounts for the propagation of meso-cracks in concrete; (2) the meso-cracks result in 

the macroscopic residual deformation of concrete, strength and stiffness reduction of concrete 

and deteriorated bond properties; (3) the degradation of concrete material and bond in 

macroscale material level is further upscaled into structural level to affect the structural 

performance. This study has developed a multi-scale evaluation methodology for reinforced 

concrete structures under the effect of frost damage following the above-mentioned “material 

(micro-meso-macro)-structure” system. 

The methodology starts from explaining the mechanism of frost action in the porous 

skeleton. Both strengthening effect of elastic properties due to ice-filled pores and damaging 

effect by meso-cracks due to internal pressures are considered by implementing the 

comprehensive strengthening/damaging models into the mesoscopic simulation application – 

RBSM (Rigid Body Spring Model). 2D RBSM is adopted for the meso-macro simulation of 

concrete with frost damage while axisymmetric RBSM is newly developed to simulate the bond 

degradation. Based on the parametric study of simulation results, macroscale deterioration 

constitutive models of material and bond are proposed, and various experimental data are used 

to verify the models. The deterioration constitutive models are further upscaled and integrated 

into the 3D structural analysis with FEM (Finite Element Method). The structural behaviors of 
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reinforced concrete beam are analyzed with this methodology and experiments are conducted 

to demonstrate its applicability. 

 

Keywords: frost damage, reinforced concrete structure, meso-macro simulation, structural 

analysis, rigid body spring model, finite element method 
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Chapter 1 

1. Introduction 

1.1  Background 

In cold and regions, frost damage is a very common and serious durability issue for 

reinforced concrete structures. It is generally believed that frost damage is attributed to the ice 

formation from water inside the porous materials, e.g. mortar, concrete, etc. Once temperature 

falls below the freezing point (lower than 0 ℃ due to the super cooling effect as Gruebl 1980) 

of pore water, ice initiates and causes tensile stress on the porous skeleton. The stress is usually 

high enough to result in micro-cracks, which reduces the strength and stiffness of concrete. As 

the key mechanism of reinforced concrete structure, bond ability between reinforcement bars 

and concrete also deteriorates under the effect of frost damage. One reason is above-mentioned 

degradation of concrete, and the other reason is that the bond region between reinforcement and 

concrete can be also treated as porous substance with larger pore fraction. Thus, ice will also 

form in the bond interface and cause tensile stress to tear apart the connect between rebars and 

concrete. Combining both aspects, the reinforced concrete structures suffer severe damage 

under frost action, and the structural morphology as well as performance might change greatly 

(Hayashida et al. 2014). For instance, Fig. 1.1 shows some concrete structures which has 

suffered frost damage and have obvious deterioration: Fig. 1.1(a) shows that the concrete parts 

of a bridge which has suffered frost action show severe cracking and even spalling off; Fig. 1.1 

(b) shows that the roof top of a concrete-made building with frost damage has obvious scaling 

phenomenon; Fig. 1.1 (c) shows that the fence made of concrete has pop-out appearance under 

the effect of frost damage. 
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Fig. 1.1. Examples of typical frost damage cases 

 

1.2  Statement of Problems and Objectives 

Deterioration of mechanical properties of concrete: 

Frost damage is an important durability issue to concrete materials that has been studied for 

several decades. Many experimental investigations are available on the mechanical behaviors 

of frost-damaged concrete: Shi et al. (1997) investigated the compressive strength, tensile 

strength and elastic modulus with cylindrical concrete specimens which suffered the freezing-

thawing cycles (FTC) as suggested by ASTM C666-84. Obvious reduction in these 

characteristics was observed for the frost-damaged specimens. Hasan et al. (2004) conducted 

“air-freezing and water-thawing” FTC tests with concrete prisms and proposed an empirical 

stress-strain model for frost-damaged concrete using residual plastic tensile strain as the 

damage index. Shang and Song (2006) followed GBJ82-85 FTC test standard to conduct both 

uniaxial and biaxial loading test with frost-damaged concrete. Duan et al. (2011) carried out 

uniaxial compressive experiments with unconfined and confined prismatic concrete specimens 

following the same standard as Shang and Song (2006). Based on the test results, the 

degradation models were proposed where FTC numbers were used as the damage index. 

Through scanning electron microscopy technique, Zou et al. (2008) successfully observed the 

micro-structures of the frost-damaged concrete. Besides, a material degradation model was also 

proposed based on their test results in which relative dynamic elastic modulus (RDEM) was 

chosen as the damage index. Cao et al. (2013) suggested to use both FTC number and RDEM 

as the frost damage indexes and proposed an empirical deterioration constitutive relationship 

based on the experimental data. Diao et al. (2011) studied the combined effect of steel corrosion, 

(a) cracking (b) scaling (c) Pop out
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FTC and sustained load on structural performance of RC beams to find faster and severe 

degradation took place in coupled damage factors including frost damage. Although Diao et al. 

(2011) referred to the same test standard (GBJ82-85), the minimum temperature of each cycle 

in Diao et al. (2011)’s test was more than two times lower than that in Shang et al. (2006) and 

Duan et al. (2011). Peterson et al. (2007) referred to RILEM TC 176-IDC standard, which was 

a different FTC method compared with the above ones. In their test, only one surface of the 

specimen was open to freezing-thawing environment. The effects of FTC on elastic modulus of 

concrete and interfacial bond behaviors were evaluated. Hanjari et al. (2011) adopted the 

temperature variation suggested by RILEM TC 176-IDC but chose to submerge the specimen 

during FTC. Both compressive and tensile degradation of concrete were evaluated, as well as 

the bond properties after FTCs. All the previous experimental conditions were briefly 

summarized in Table 1.1. 

As observed in Table 1.1, the test parameters such as concrete mix proportions (e.g. 

water/cement ratio), number of FTCs and minimum temperature of each cycle varied a lot by 

different papers. Though some empirical equations (Hasan et al. 2004, Duan et al. 2011, Cao et 

al. 2013, etc.) were proposed to model the mechanical degradation of concrete, the models were 

somehow limited to specific test conditions and difficult to be adopted in general. Besides, from 

those test results with air-entrained concrete (Shi et al. 1997, Hasan et al. 2002, 2004, Zou et al. 

2008), quite different results were obtained where some experiments showed almost no strength 

and stiffness reduction while others showed significant reduction. Current work focuses on the 

non-AE case for following reasons: (1) the effectiveness of AEA is very sensitive to its type 

and quality; (2) frost damage has also been found in many structures even air-entraining-agent 

was adopted which yields the effects of AEA is minimal in those structures; (3) a practical 

deterioration model for non-AE concrete is still absent and in urgent need. 
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Table 1.1. Summarization of available experimental studies on frost-damaged concrete 

 Standard 
Size  

(mm3) 

FTC exposure  

(℃) 
No. of FTCs w/c 

Comp. strength  

(MPa) 

Air void  

(%) 

Measured 

properties*1 

Shi 

(1997) 

ASTM 

C666-84 
Φ100x203 

10→-30 (5 hrs) 

Min.=-30 (3 hrs) 

-30→10 (4 hrs) 

0, 30, 60, 90 

0.35 
61.71 

/ 

(AE) 

fc, E, v,  

fts, τs, G 

59.85 

0.48 
43.37 

38.63 

Hasan 

(2004) 

ASTM 

C666-03 
100x100x200 

20→-25 (1 hr in air*2) 

Min.=-25 (3 hrs in air) 

-25→15 (1 hr in air) 

15→20 (2 hrs) 

0, 88, 148, 188 0.60 47.8 4.5 (AE) 

εpf, fc, E, εc0 
0, 50, 100,  

200, 300 
0.50 49.8 1.5*3 

Hasan 

(2002) 

ASTM 

C666-97 

100x100x400 

100x100x100 
4.4~-17.8 

0, 34, 62, 109, 

205, 261, 305 

0.50 

ft=4.43 
/ 

(AE) 
RDEM, ft,  

E, wmax, Gf 
0, 10, 17, 28,  

41, 76, 205, 305 
ft=4.20 (Non-AE) 

Zou 

(2008) 

ASTM 

C666-03 
100x100x400 / 

0, 100, 150,  

200, 250, 300 
0.38 42.98 (AE) fc, E, εc0 

Shang 

(2006) 
GBJ82-85 100x100x100 

6→-15 (2.5-3 hrs) 

-15→6 (2.5-3 hrs) 
0, 25, 50, 75 0.50 34.2 1.7 

RDEM, ΔW, 

fts, fc, E, εc0 

Fu 

(2010) 
GBJ82-85 

100x100x400 

150x150x150 

8→-17 (1-2 hrs) 

-17→8 (1-2 hrs) 

0, 25, 50,  

75, 100, 125 

0.35 50.7 

/ 

(Non-AE) 

RDEM, ΔW, 

fc, fts, ft 

0.39 45.4 

0.46 35.6 

0.58 29.1 

Duan 

(2011) 
GBJ82-85 100x100x300 

8→-17 (3.5 hrs) 

-17→8 (3.5 hrs) 

0, 50, 75, 100, 

125, 150, 175, 200 

0.48 41.54 

/ 

(Non-AE) 
fc, E, εc0, a, b 0.54 39.18 

0.60 28.73 

Ji 

(2007) 
GBJ82-85 

100x100x100 8→-17 (3 hrs) 

-17→8 (3 hrs) 
0, 15, 30, 50 0.5 

33.98 
1.9 fc, E, εc0, fts 

150x150x150 30.71 

Cao 

(2013) 
GBJ82-85 150x150x150 

8→-17 (1.5 hrs) 

-17→8 (1.5 hrs) 

0, 25, 50,  

75,100, 125 

0.41 50.7 3.0 

RDEM, fc,  

E, εc0, a, b 

0.44 45.4 3.4 

0.55 35.6 2.6 

0.75 29.1 3.0 

Diao 

(2011) 
GBJ82-85 100x100x300 

20→-35 (2 hrs) 

-35→20 (2 hrs) 

0, 50, 100,  

150, 200 

0.44 41.30 
/ 

(Non-AE) 
fc, E 0.50 26.59 

0.55 26.48 

Peterson 

(2007) 

RILEM TC 

176-IDC 
75x80x250 / / 

0.6 
/ 

1.0 

RDEM, E 1.5 

0.7 1.5 

Hanjari 

(2011) 

RILEM TC 

176-IDC 
Φ100x200 / / 0.57 40.97 

/ 

(Non-AE) 

RDEM, fc, E, 

εc0, fts, wmax 



 

5 

Note: 

*1- fc: compressive strength, E: Elastic modulus, εc0: compressive peak strain, fts: splitting tensile strength, 

ft: pure tensile strength, τs: shear strength, G: shear modulus, RDEM: relative dynamic elastic modulus, 

ΔW: weight loss, wmax: maximum crack width, Gf: fractural energy, a and b: parameters in Guo et al. 

(2003)’s compressive stress-strain model; 

*2-The FTC exposure is “water condition” in default unless “in air” is specifically marked; 

*3-The air void shown in only number represents “Non-AE” condition; 

 

Besides those experimental works, theoretical studies have also been accomplished to 

explain the frost damage mechanism of concrete materials: In the beginning, it was believed 

that the hydraulic pressure caused frost damage. Powers (1949) developed the hydraulic 

pressure model on basis of Darcy’s law which was a time-dependent approach. In his model, 

maximum spacing factor of the entrained air could be determined to prevent frost damage. 

Recent studies found that the crystallization and cryosuction pressures were another mechanism 

since frost damage could also be found in partially saturated cases, which could hardly be 

explained by Powers’ theory since the hydraulic pressure vanished. Sun et al. (2010) developed 

a mathematical way to calculate the overall stress and strain caused by crystallization and 

cryosuction pressures. Coussy and Monteiro (2008) also developed a static model based on 

poro-mechanics without considering the hydraulic pressure theory. Both Sun and Monteiro 

ignored the hydraulic flow and pressure release which meant the internal forces were same 

during each cycle as long as the specimen is sealed. However, it could only be adopted for the 

first few cycles since the permeability would increase with damage accumulation, which made 

the water movement more easily and the pressure might release. Gong et al. (2015) proposed a 

comprehensive model combining both Powers’ model and poro-mechanical model where the 

internal pressure during FTC was determined by various environmental factors such as water 

cement ratio, minimum temperature, etc. The internal pressure model was also implemented 

into 2D mesoscale RBSM program to simulate the deformability of mortar and concrete under 

frost action. The simulation results correlated well with both open and close test, which strongly 

demonstrated its reliability. 

In this paper, meso-macro simulation will be conducted on mechanical behaviors of 



 

6 

concrete under the effect of frost damage based on the above-mentioned program. Three 

environmental parameters are adopted including water cement ratio (w/c), minimum 

temperature of each FTC and number of FTC. A prediction model of compressive strength of 

frost-damaged concrete will be developed with verification by the available experimental data. 

In addition, the constitutive relationships including compressive stress-strain and tensile stress-

crack width of frost-damaged concrete will also proposed depending on both simulation results 

and several test data. The proposed models are further utilized in analyzing the structure 

performance of RC structures under FTC conditions through FEM applications. 

Deterioration of bond properties: 

Different like the study of mechanical deterioration of frost-damaged concrete, very limited 

attention has been given to the degradation of bond properties. Experiment especially pulling-

out test with specimens of short embedment length could be found which investigated the local 

bond-slip relationship under the effect of frost damage. Shih et al. (1988) conducted concentric 

pulling-out test with prismatic specimens to find that the cyclic temperature change affected 

both bond strength and bond-slip curve. Peterson et al. (2007) carried eccentric pulling-our test 

on cubic specimens with only one-surface suffering frost damage according to the RILEM TC 

176 IDC test standard. Their results showed that the bond strength decreased but the slip at peak 

bond stress showed slightly decreasing for the first few cycles and then increased. By contrast, 

other experiments indicated continuous increase of slip at peak bond stress and reduction of 

bond strength with accumulation of frost damage (Hanjari et al. 2011, Xu et al. 2017, Ji 2007, 

etc.). Liu et al. (2016) proved that the bond between reinforcement and TIC (thermal insulation 

concrete) had a better resistance against frost damage than normal concrete due to the special 

porous structures of TIC. Xu et al. (2017) tested the frost-damaged bond properties under 

monotonic and cyclic loading and proposed empirical formulas. 

Theoretical or simulation studies are hard to find relating to the frost-damaged bond 

behaviors. The reasons could be due to the complexity of bond mechanism and frost damage 

mechanism. However, with the internal pressure model (Gong et al. 2015) and mesoscale 

RBSM, it is possible to develop an analytical tool to simulate and evaluate the bond 

deterioration under the effect of frost action. Since bond action between concrete and deformed 

bars is a three-dimensional issue where hoop stresses in concrete exist to resist the outward 
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component of the interactive pressure between rebar and concrete. The 2D mesoscale plane 

stress/strain RBSM (Nagai et al. 2004) program could no longer be applied. 3D RBSM program 

(Nagai et al. 2005) could simulate the bond behaviors properly but consume numerous time due 

to the large number of elements in mesoscale, especially for the calculation time of frost damage 

procedure (Gong et al. 2017). Therefore, the axisymmetric mesoscale Rigid Body Spring 

Method will be developed to avoid the extremely large consumption of calculation time. 

In this study, the axisymmetric mesoscale RBSM program is aimed to be exploited to 

investigate the bond degradation under frost damage. Similarly, only non-air entrained case was 

focused. Firstly, the newly-developed axisymmetric RBSM needs verification by uniaxial 

compression test of concrete and uniaxial tension of rebar. Afterwards, one-way pulling-out test 

will be simulated after a whole process of FTC. The simulated bond-slip relationships for both 

sound (non-damaged) and damaged specimens are compared with previous experiments to 

prove its reliability and applicability of the program. Finally, parametric study is conducted to 

propose a meso-macro simulation-based deterioration model of bond-slip relationship, which 

will be adopted in the numerical structural analysis of reinforce concrete members. 

Structural performance of frost-damaged RC beam: 

Once the deterioration is modeled for concrete and bond, structural analysis will be executed 

to investigate the degradation of structural performance under the effect of frost damage. Since 

the thermal lag effect exists so the damage level varies according to different locations (Wang 

et al. 2017), 2D heat transfer analysis is conducted so that the material and bond constitutive 

models can be given by positions of the RC beam. Non-linear structural analysis using DIANA 

FEA is achieved and experiment is also prepared to verify the proposed multi-scale 

methodology. Till now, the multi-scale structural evaluation methodology can be summarized 

as: microscale model of ice strengthening/damaging effect→application into mesoscale 

RBSM→meso-macro simulation of concrete and bond degradation→macroscale constitutive 

models of frost-damaged concrete and bond→integrating into FEM→structural analysis. 

1.3  Outline of the Dissertation 

Chapter 1 presents the background of the study with some engineering examples. The research 

objectives are stated in three aspects: deterioration of concrete, bond and structural behaviors 
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under the effect of frost damage. The clear scope of developing the multi-scale structural 

evaluation method is mentioned. 

Chapter 2 describes the basic concept of 2D mesoscale plane-stress RBSM and ice 

strengthening/damaging model. The microscale enhanced elastic properties are considered in 

the mesoscale springs of RBSM and internal pressure by ice formation is acted as pre-stress in 

the springs. 

Chapter 3 contains the meso-macro simulations where the uniaxial compression and pure 

tension test of frost-damaged concrete is simulated by the program and macroscale constitutive 

laws are modeled with the simulation results. The constitutive models are also verified with 

existing test data. 

Chapter 4 focuses on developing the axisymmetric mesoscale RBSM with applying rebar 

element so that the bond-slip behavior could be simulated. The new RBSM program is verified 

by simulation of uniaxial compression of concrete and uniaxial tension of rebar. Pulling-out test 

is then simulated, and macroscale bond-slip constitutive laws are modeled with the meso-macro 

simulation results. 

Chapter 5 combines the results from last two chapters and includes 2D heat transfer analysis 

for RC beam. The material and bond deterioration models are applied in the 3D structural 

analysis with FEM approach. The flexural behaviors of RC beam are evaluated, and 

experimental work is done to check the reliability of the proposed multi-scale method. 

Chapter 6 summarizes the work and draw conclusions of this study. 
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Chapter 2 

2. Theoretical Background in Micro and Meso Scale 

2.1  2D Mesoscale Plane Stress RBSM 

The RBSM (Rigid Body Spring Method) is a discrete numerical analysis method firstly 

developed by Kawai in 1978. It has been widely accepted that RBSM is a more proper way 

pertaining to simulate the cracking issues for cementitious materials compared with the 

continuum applications such as Finite Element Method or Finite Difference Method. Several 

researches have been conducted to develop the RBSM to simulate mechanical behaviors and 

durability issues of reinforced concrete structures: 

Kawai firstly introduced the concept and made several discussions based on the simulation 

results of 2D plane stress/strain RBSM programs. Bolander and Saito (1998) adopted truss 

reinforcement elements and polyhedron concrete elements and applied the approach to analyze 

reinforced concrete beams. Muto et al. (2004) implemented 2D in-plane reinforcement elements 

with configuring the outline of ribs and simulated uniaxial pulling-out test of specimens with 

long embedment length. Tension stiffening was successfully observed in their simulation and 

the effect of several parameters were also discussed. Nagai et al. (2004, 2005) developed the 

2D mesoscale plane stress/strain as well as 3D mesoscale RBSM for concrete materials by 

introducing mortar elements, coarse aggregate elements and the interfacial transition zone (ITZ) 

between mortar and aggregate. Using the mesoscopic programs, the uniaxial/biaxial mechanical 

tests and the bending test for concrete and mortar were simulated. Nakamura et al. (2006) and 

Wang et al. (2011) combined truss element with 2D in-plane RBSM to simulate the mass 

transfer in cracks and deterioration of concrete with chloride iron penetration. Hayashi et al. 

(2017) adopted 3D concrete elements and reinforcement elements with geometric shape to 

conduct pulling-out simulation to investigate the RC anchorage performance with 3D RBSM. 

Ueda et al. (2009) proposed a mesoscale stress-strain relationship for concrete under the effect 

of frost damage on basis of the 2D mesoscale plane stress RBSM. Meso-macro simulations 

were conducted where the results showed satisfactory agreement with experiments. Through 

integrating the theoretical internal pressure models due to ice formation as well as the 

constitutive models of springs accounting for frost action and fatigue, Gong et al. (2015a) 
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developed the 2D mesoscale plane stress RBSM application to simulate the monotonic and 

fatigue behaviors of frost-damaged concrete which was demonstrated by several experiment 

results. In current study, 2D mesoscale plane stress RBSM is adopted to simulate and model the 

compressive and tensile behaviors of frost-damaged concrete. 

In the 2D mesoscale plane stress RBSM program, the analytical model is divided into 

polyhedron elements which are randomly arranged using Voronoi diagram to assure that cracks 

could take place in random directions. Each Voronoi cell stands for a mortar or aggregate 

element and two adjacent elements are connected by a couple of normal and shear springs. Each 

element has two translational and one rotational degrees of freedom at the center of gravity, see 

Fig. 2.1. The values of stiffness for normal and shear springs are calculated as Eq. (2.1) where 

a weighted average value is used in case the springs represent mortar-aggregate interfaces. In 

Eq. (2.1), Kn and Ks mean the stiffness of normal and shear springs; hi is the length of the 

perpendicular line from the centroid of element to the boundary, see Fig. 2.1; Naming Ksp to 

be the stiffness with subscripts n and s standing for normal and shear springs, respectively. The 

values of Ksp could be given as Eq. (2.2), where Eelem and velem are the mesoscopic elastic 

modulus and Poisson’s ratio of the element (mortar or aggregate) which are derived from the 

macroscale material values, see Eq. (2.3) (Nagai et al. 2004). 

 

 

Fig. 2.1. Schematic diagram of 2D mesoscale plane stress RBSM 
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As suggested by Nagai et al. (2004), a normal distribution is assumed for the tensile strength 

of normal springs since concrete is a heterogeneous material, see Eq. (2.4). In which, ft,elem is 

the tensile strength of the element and assuming ft,elem=0 for ft,elem<0; μ is the average value of 

ft,elem while s is the standard derivation. For shear springs, an elasto-plastic behavior is adopted 

where the maximum shear strength τmax is calculated on basis of the state of normal springs, as 

shown in Eq. (2.5): 

( )
( )

2 2
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exp / 2
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f s
f f
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 (2.4) 

( )( )0.63

max , , ,0.11 t elem t elem t elemf f f =  − + +  (2.5) 

in which σ is the normal stress. For the springs of mortar-aggregate interfaces (ITZ), the shear 

criterion follows: 

( )max tan ic  =  +  (2.6) 

where θ and ci are constant values. When the shear sliding is large enough and the attached 

length is significantly reduced, the shear stress could decrease. Besides, the shear strength and 

stiffness could also be affected by the tensile crack width in normal direction. This phenomenon 

is considering by applying Eq. (2.7) (Gong et al. 2017): 

( )( )

( )( )
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max max max
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1 / 1 /

1 / 1 /

s elem

s s s elem

l w w

K K l w w

  



= − −

= − −
 (2.7) 

where δs and lelem are the sliding distance and length of attaching boundary between the adjacent 

elements; w is the crack width in normal direction and wmax is the maximum crack width for 

different components. In addition, the tensile stress could also be affected by the shear sliding 

and a linear reduction is adopted for normal springs in the program as below: 
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The macroscopic material properties are input referring to the previous researches where 

some values have been proved to be related with others (Nagai et al. 2004). If one parameter is 

given, the rest ones could be calculated, see Eq. (2.9). 
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 (2.9) 

where fcm is the compressive strength of mortar; Em is the elastic modulus of mortar; ftp is the 

pure tensile strength of mortar; fti is the tensile strength of ITZ; w/c is the water cement ratio 

and ci is the parameter in interface criterion, see Eq. (2.6). Eq. (2.9) yields that ITZs have lower 

strength than mortar since fti is always less than ftp. 

 

2.2  Micro-meso Strengthening/Damaging Model 

In the 2D mesoscale plane stress RBSM program, mechanical models are required in 

mesoscale which account for the concrete behaviors, especially under the effect of FTC 

(freezing and thawing cycles). The main influences from the ice formation are explained in the 

following statements by separating the influencing scale into microscale and mesoscale. At 

microscale level, the representative volume elements (RVE) are adopted which compose of 

cement matrix and pore space filled with ice, liquid and air, see Fig. 2.2. In this stage, the 

internal pore pressure is transferred into an equivalent volumetric force while the pore ice leads 

to higher elastic mechanical properties such as elastic modulus, Poisson’s ratio and strength. At 

mesoscale level, springs connecting the Voronoi elements are adopted where the internal pore 

pressure is treated as pre-stressed condition and the ice-enhanced properties are directly 

considered in the constitutive laws. In this stage, meso-cracks form in normal springs if the ice 

volume expansion is big. 
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Fig. 2.2. Upscale of 2D mesoscale plane stress RBSM (Gong et al. 2018) 
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The freezing points of water in pores with specific radius (r0) could be calculated based on 

Eq. (2.10) where γCL≈0.04 J/m2 is the specific energy of crystal/liquid surface; ΔSfv≈1.2 J/cm3K 

is the molar entropy of fusion; T0 is for certain freezing temperature in Kelvin unit; δ≈0.9 nm 

is the thickness of liquid film between the ice crystal and the pore wall (Scherer 2005). 
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In previous studies, the authors have proposed an empirical pore size distribution model 

based on the water adsorption test by Xi et al. (1994). The model considers a wide range of 

parameters such as water/cement ratio, curing age and curing temperature etc., as shown in Eq. 

(2.11): 
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where V(r≥r0) means the absolute volume of pores with larger radius than r0 in unit volume of 

cement paste; Wsat stands for the normalized water content by weight of cement paste; ρ is the 

density of substance; RH is the relative humidity; The values of Wsat and RH could be calculated 
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as Eq. (2.12) where γLV≈0.072 J/m2 is the specific energy of liquid/vapor surface; vl=1.8x10-5 

m3/mol is the molar volume of water; R=8.314 J/K/mol is the ideal gas constant; the thickness 

of adsorbed liquid-like layer δ’=10-9(0.834RH+0.0626+0.02309(1.105-RH)-1). The other 

parameters are given in Eq. (2.13) based on Xi et al. (1994). 
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In Eq. (2.13), t is the curing age; T is the curing temperature in absolute unit and w/c is the 

water cement ratio. Combining Eq. (2.10) and (2.11), the ice content at a certain temperature 

could be calculated by integrating the normalized pore size distribution v(r≥r0), see Eq. (2.14). 

( ) ( ) ( )
( )0 0

0
2 / fv

c
r T S

T v r dr v r dr
 


 

−  +
= =   (2.14) 

To consider and quantify the phenomenon of hysteresis between freezing and thawing, the 

pore shape factor is adopted since the freezing point is usually controlled by the size of pore 

entry while the thawing point is usually controlled by the size of pore body. The pore shape 

factor ζ could be approximately regressed by the minimum temperature of FTC as ζ=-

0.0095Tmin+0.125 according to Gong et al. (2015b) based on Sun and Scherer (2010)’s tests. 

The thawing curve is modified as following: in the relationship between ice content and 

temperature, if temperature has reached the minimum Tmin and starts to increase, the existing 

ice will not melt immediately but melt until the temperature reaches ζTmin. Eq. (2.10-2.13) show 

that the ice content is affected by both w/c (assuming constant degree of hydration), temperature 

and RH or degree of saturation. 

 



 

18 

2.2.2 Internal pressures and ice strengthening effect 

It has been widely agreed that multi pressures would initiate during the FTC process. To 

explain the contradictory experimental phenomenon in closed and open tests, Gong et al. 

(2015b) have proposed a more comprehensive internal pressure model by combining the 

hydraulic pressure model and the cryosuction/crystallization pressure model. 

For the hydraulic pressure, both water flow theory (Powers 1949) and poro-mechanical 

theory of volume expansion (Coussy and Monteiro 2008) are taken into consideration. The 

expression of hydraulic pressure Ph is shown in Eq. (2.15). More detailed introduction could be 

found in Gong et al. (2015b). 

2
0.09 c l

c h h

E E p c l

A m b
P P

V R r K K K

 




 
− = + +  −  

 (2.15) 

where φ is the porosity; m is the permeability of the porous body; η is the viscosity of liquid 

water; K is the bulk modulus with subscripts p, c and l for porous body, ice content and liquid, 

respectively; b is the Biot coefficient; rE and RE are the equivalent radii of air void and 

influential radius (average spacing factor between air voids L= 2RE); A and V are the equivalent 

empty space and influential volume; ψ represents the volume fraction in pore space with 

subscripts l and c standing for liquid and ice. 

Due to the effect of surface tension, pressure difference exists on crystal-liquid surface and 

liquid-vapor surface, which result in the cryosuction pressure Pl, see Fig. 2.3. Assuming the 

pressure of vapor is same as ambient pressure (zero), the cryosuction pressure is always 

negative. The pressure uniformity of liquid requires that the surface tension of liquid-crystal 

interface is equal to that of vapor-liquid interface, which yields “κCLγCL=κLVγLV” where κ and γ 

are the curvature and specific energy of interface between different phases, subscripts CL and 

LV stand for the liquid-crystal interface and vapor-liquid interface. Besides, it indicates that 

κCLγCL=ΔSfv(T0-T) by Scherer (2005) so that cryosuction pressure can be calculated from 

temperature as Eq. (2.16) depending on the liquid content. Accompanied with the cryosuction 

pressure, the crystallization pressure Pc acts on the pore wall which depends on the shape of the 

pores, see Fig. 2.3. The formulas to calculate crystallization pressure is also given in Eq. (2.16) 

where ζ is the pore shape factor. As mentioned in section 2.2.1, the ice content (ψc) could be 
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affected by water cement ratio of the porous materials and temperature, thus the internal 

pressures would also vary with these factors. Combining the hydraulic pressure, cryosuction 

pressure and crystallization pressure, the effective stress σ0 due to ice formation on porous body 

can be given in Eq. (2.17): 

 

 

Fig. 2.3. Cryosuction and crystallization pressure in a cylindrical pore (Scherer, 2005) 
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( )0 h l cb p p p = + +  (2.17) 

Besides the internal pressure by ice formation, the effective elastic properties of 

representative volume elements are also estimated. Based on various literatures, Gong et al. 

(2015b) developed a model for microscale representative volume elements composing with 

cement matrix, ice, liquid water and air, and upscale it to mesoscale level. The homogenized 

bulk (Khom) and shear (Ghom) moduli for a general n-phase composite are calculated as: 
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in which fr is the volume fraction of phase r; Pr and Qr stand for the compressibility and shear 

compliance of phase r. The expression of compressibility and shear compliance varies on 

different inclusion morphology of mortar level and cement paste level where detailed 

information could be found in Gong et al. (2018). With given Khom and Ghom, the effective elastic 

modulus and Poisson’s ratio are given according to Eq. (2.19). 
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2.2.3 Mesoscale constitutive relationships for springs 

In mesoscopic level, for saturated concrete in non-freezing case, the normal springs of 

mortar, ITZ and bond behave linearly before the stress reaches the tensile strength ft. Once the 

tensile strain exceeds the threshold value ε0, the stress will decrease linearly with increasing 

strain, see the black lines in Fig. 2.4. If freezing temperature is obtained and ice forms, enhanced 

elastic properties are taken into consideration for mortar, ITZ and bond. As a result, the elastic 

modulus of normal springs of mortar, ITZ and bond interface would increase from kn to kn
’. In 

other words, the constitutive curves of these springs would shift from the black lines to the red 

lines under freezing temperature (see Fig. 2.4). Besides, it should be emphasized that no ice is 

assumed to take place in aggregate, thus the elastic modulus of normal springs of aggregate are 

not enhanced during the freezing temperature. 

To consider the influence by frost damage, the linear unloading-reloading path developed 

by Ueda et al. (2009) is adopted after the maximum historical strain reaches ε0, see the solid 

black curves in Fig. 2.4 and 2.5. The envelope curve will point to a compressive strain εpa, 

which could be calculated based on experimental data. It should be noted that two systems exist 

in the frozen cementitious material: the porous body system and ice-liquid system. The effective 

internal pressure due to ice formation σ0=b(Ph+Pl+Pc) takes place firstly in the ice-liquid 

system. With expansion of the porous body, this effective pressure σ0 is released until an 

equilibrium is achieved between two systems, referring to the intersection point in Fig. 2.4. For 

convenience of the simulation, the internal pressure σ0 is applied externally on both systems 

instead of internally on the ice-liquid system as long as the final stress (σp) and strain (εta) of 

porous body are same, as shown in Fig. 2.5. 
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Fig. 2.4. Mesoscale stress-strain of normal spring (σ0 added internally, Gong et al. 2018) 

 

 

Fig. 2.5. Mesoscale stress-strain of normal spring (σ0 added externally, Gong et al. 2018) 
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Chapter 3 

3. Meso-macro Simulation and Modeling of Concrete 

3.1  Simulation Models 

Meso-macro simulations were conducted to model the deteriorated material behaviors of 

concrete under the effect of frost damage. 100x200 mm2 concrete specimen with 40% volume 

fraction of coarse aggregates randomly sprayed inside the model. Grain size distribution was 

given on basis of JSCE standard. Around 2600 meshes were divided for each model where the 

dimension was approximately 3 mm. 

According to Eq. (2.9), the material inputs were calculated and applied into the program. 

The values of elastic modulus of aggregate Ea, Poisson’s ratio of mortar vm, Poisson’s ratio of 

aggregate va were set to be constant values of 50 GPa, 0.18 and 0.25 while he frictional angle 

in shear criterion of ITZ (in Eq. (2.6)) was set a typical value of 35° (Nagai et al. 2004). Fully 

saturated was assumed for all models and the porosity could be calculated by water cement ratio 

following the procedures below: 

The normalized water content by weight of cement paste Wsat was given in Eq. (3.1), the 

total volume ratio of pores in cement paste φcp and mortar φm (neglecting the pore volume in 

ITZ) would be (Gong et al. 2017): 

/

1/ /

sat wat
cp

solid sat wat

m cp cp

W

W

f




 

 

=
+

=

 (3.1) 

where fcp was the volume fraction of cement paste in mortar which could be determined by: 

/
1 1

/ / /

sand sand
cp sand

sand sand wat wat cem cem

m
f f

m m m



  
= − = −

+ +
 (3.2) 

Here a linear relationship between fcp and w/c was proposed depending on Sicat et al. (2014)’s 

experiment where fcp=0.313w/c+0.486. All the necessary material inputs could be given 

according to Eq. (2.9), (3.1) and (3.2). The effect that non-uniform porosity and thickness of 

ITZ due to bleeding and gravity might affect the frost damage was neglected since the thickness 

of ITZ was assumed to be zero in the Rigid Body Spring Model for simplicity.  

As mentioned above, the water cement ratio (w/c), minimum temperature of each FTC (Tmin) 
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and the numbers of FTC (N) were chosen to be the variables. Three types of concrete model 

were prepared depending on water cement ratio (0.4, 0.5 and 0.6) for consideration of the 

common adopted cases in both laboratory tests and engineering applications. The material 

inputs for concrete models were calculated based on Eq. (2.9), (3.1) and (3.2) and they were 

listed in Table 3.1. 

 

Table 3.1. Material inputs for concrete models with different w/c 

w/c fcm
’ (MPa) Em (MPa) ftp (MPa) fti (MPa) ci (MPa) φm 

0.4 42.55 23380.81 3.75 1.72 2.86 0.179 

0.5 31.91 21165.66 3.35 1.58 2.60 0.217 

0.6 24.82 19230.54 3.00 1.44 2.34 0.257 

 

For each RBSM model (with certain water cement ratio), firstly an entire process of FTC 

(with specific minimum temperature Tmin and number of cycles N) was applied. For each type 

of model, five cases of FTC were adopted depending on different minimum temperature of each 

cycle (-10, -15, -20, -30 and -40 ℃) and the numbers of FTC (50, 100, 150, 200 and 300 cycles), 

respectively. Additionally, a reference model without frost damage was simulated for 

comparison. Afterwards, the behaviors of frost-damaged model under mechanical external 

loading including uniaxial compression and tension was simulated. With the simulation results, 

parametric studies were executed.  

It should be noted that in this simulation, no temperature and moisture gradients were 

assumed, which in other words, the heat and moisture field was uniform inside the model. Thus, 

the damage took place uniformly in spite of the positions. Besides, the fact that no obvious 

difference whether the temperature changing rate were considered pertaining to the final status 

of frost-damaged concrete had been indicated in previous works. In order to achieve faster 

computation speed, simplification was adopted where temperature changing rate was neglected. 

After FTC finished, the models were applied with uniaxial compressive and tensile loads by 

actuating prescribed displacement load on top surface of the model while the bottom surface 

was restrained in vertical direction. Loading rate for uniaxial compression and tension were set 

differently to be 0.005 mm/step and 0.001 mm/step respectively. For other boundary conditions, 

horizontal and rotational restraints were given to both loading and supporting surfaces. 
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3.2  Simulation Results 

3.2.1 Residual strain and meso-cracks after FTC 

Unrecoverable plastic tensile deformation was induced owing to the meso-cracks initiated 

by frost damage, which was also observed in many previous experiments. Fig. 3.1 showed the 

vertical strain of C0.5-20 model suffering 300 freezing-thawing cycles and the meso-cracks 

illustration at the end of 200th cycle. In Fig. 3.1, the short red lines meant that the crack width 

had reached 0.005 mm in normal springs. Since ITZ usually acted as the weakest part in 

concrete, meso-cracks would initiate in the ITZ part earlier than in the mortar part, which could 

also be seen in Fig. 3.1. The simulated values of residual tensile strain were listed in Table 3.2 

for two reasons: 1. The residual plastic strain was able to be measured experimentally, which 

could be treated as the damage index; 2. Almost no material test with concrete suffering frost 

damage could be found to report such information. 

 

 

Fig. 3.1. Vertical strain during 300 FTCs and meso-crack propagation (0.005mm) 

 

Table 3.2. Residual tensile strain for all the models (μ) 

Model w/c Tmin (℃) 
FTC Numbers 

50 100 150 200 300 

C0.4-10 

0.4 

-10 0.01 0.12 10.39 77.85 390.77 

C0.4-15 -15 7.48 68.03 203.61 380.09 741.28 

C0.4-20 -20 108.30 273.95 455.48 638.06 976.03 

C0.4-30 -30 353.31 536.77 729.90 891.98 1208.73 

C0.4-40 -40 430.76 621.81 793.96 954.33 1264.24 
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C0.5-10 

0.5 

-10 0 10.59 132.01 388.44 932.22 

C0.5-15 -15 56.54 265.34 540.19 813.71 1290.58 

C0.5-20 -20 305.12 578.84 847.09 1083.16 1528.94 

C0.5-30 -30 621.61 892.29 1106.80 1354.76 1795.19 

C0.5-40 -40 725.30 970.76 1186.92 1421.88 1865.34 

C0.6-10 

0.6 

-10 0.21 92.62 440.41 828.19 1470.63 

C0.6-15 -15 183.01 560.34 921.58 1200.44 1872.15 

C0.6-20 -20 533.18 904.39 1231.07 1545.35 2174.17 

C0.6-30 -30 903.83 1223.22 1527.38 1843.16 2229.35 

C0.6-40 -40 985.54 1308.04 1608.42 / / 

 

 

3.2.2 Degradation of compressive behaviors 

The compressive strength for both intact and damaged concrete were listed in Table 3.3 

where it could be indicated the compressive strength of concrete diminished obviously with 

increasing numbers of FTC, lower temperature cycles and larger water cement ratio. Similar 

tendency was also found in various experimental results, see Table 1.1. As an instance, Fig. 3.2 

showed the compressive stress-strain relationship of C0.5-20 specimens after suffering different 

numbers of FTC. In addition, the cracking failure patterns and deformation at post peak stage 

of the intact specimen were also plotted. In Fig. 3.2, the short red lines meant that crack reached 

maximum value (the strains of normal springs had reached εmax) which made the normal springs 

ineffective to sustain any load (see Fig. 2.4 and 2.5). It should be mentioned that the 

deformation in Fig. 3.2 had been enlarged by 10 times. From Fig. 3.2, it could be seen that the 

compressive strength (fc) would decrease with accumulation of frost damage while the 

compressive strain at peak stress (εc) would show continuous increase. Moreover, the stiffness 

of frost-damaged concrete showed obvious diminishment with “stiffness recovery” effect: the 

stiffness of frost-damaged concrete had a reduced value at first owing to the meso-cracks 

induced by frost action but later recovered to a higher value along with the closure of cracks. 

This phenomenon was also observed and explained by several experimental works, e.g. Hasan 

et al. (2004), Zou et al. (2008), Duan et al. (2011) and Cao et al. (2013) etc. 
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Table 3.3. Compressive strength for all the models (MPa) 

Model w/c Tmin (℃) 
FTC Numbers 

0 50 100 150 200 300 

C0.4-10 

0.4 

-10 

30.88 

29.93 29.83 28.94 30.14 27.39 

C0.4-15 -15 31.22 32.01 27.87 30.43 25.52 

C0.4-20 -20 30.11 30.36 25.80 24.29 19.97 

C0.4-30 -30 27.78 24.09 23.49 19.71 15.51 

C0.4-40 -40 27.00 24.65 21.64 19.07 15.52 

C0.5-10 

0.5 

-10 

24.98 

25.49 23.00 24.40 22.09 13.78 

C0.5-15 -15 26.21 23.52 20.01 14.69 11.21 

C0.5-20 -20 23.89 20.57 16.44 12.01 8.99 

C0.5-30 -30 20.73 14.36 12.75 10.45 7.23 

C0.5-40 -40 20.49 13.13 12.86 10.26 6.58 

C0.6-10 

0.6 

-10 

21.20 

20.00 18.72 17.94 14.28 7.51 

C0.6-15 -15 18.85 16.05 10.40 11.98 5.34 

C0.6-20 -20 16.39 12.13 9.97 7.31 4.34 

C0.6-30 -30 12.15 8.3 7.16 5.71 4.43 

C0.6-40 -40 10.71 7.80 7.15 / / 

 

 

Fig. 3.2. Stress-strain relationship for C0.5-20 series, crack pattern and deformation 

 

To model the deterioration of compressive strength for frost-damaged concrete, Berto et al. 

(2015) suggested to use an environmental damage parameter denv (=1-fcd/fc) where fc and fcd 

represented the compressive strength of intact and frost-damaged concrete, see Eq. (3.3). The 

environmental damage parameter denv could be calculated based on Eq. (3.4) when the ASTM 

C666-A frost damage condition was adopted (Berto et al. 2014, 2015). In Eq. (3.4), λ was a 

parameter depending on the compressive strength of intact concrete fc; Neq was called the 
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equivalent number of FTCs on basis of ASTM C666-A condition which could be calculated 

depending on the actual number of FTC (N), as shown in Eq. (3.5): 

1 cd
env

c

f
d

f
= −  (3.3) 

env eqd N=  (3.4) 

eqN N =  (3.5) 

in which χ and β were parameters depending on experimental conditions. Substituting Eq. (3.3) 

and (3.5) into Eq. (3.4) and letting α=χ·λ, the relative compressive strength Rfc (=fcd/fc) would 

be expressed as Eq. (3.6) where α and β were parameters relating to concrete strength (w/c) and 

FTC conditions (w/c, Tmin). Through fitting the simulation results with Eq. (3.6), it was found 

that compressive strength was approximately linear-proportional to the numbers of FTC. Thus, 

β could be adopted with 1.0. Meanwhile, α could be determined by water cement ratio w/c and 

minimum temperature Tmin, as shown in Eq. (3.7): 

1cRf N = −  (3.6) 

( ) 3

min1.5 0.6 ln 6 5.1 10

=1.0

w w
T

c c




−    
= + − + −     

      (3.7) 

Eq. (3.6) and (3.7) were the proposed prediction model to calculate the compressive strength of 

frost-damaged concrete with given conditions, including water cement ratio, temperature of 

FTC and numbers of FTC. Relative compressive strength Rfc was adopted in this model in order 

to eliminate the effect from different morphologies of the specimens. To verify the reliability of 

the model, various available experimental results were used to demonstrate the predicted 

compressive strengths of frost-damaged concrete, which was calculated by Eq. (3.6) and (3.7). 

As shown in Fig. 3.3, satisfactory agreement was found between test and analytical results, 

which strongly proved the applicability of the proposed model. 
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Fig. 3.3. Comparison of Rfc by proposed model and experiments 

 

The elastic modulus (Ecd) and compressive strain at peak stress (εcd) of frost-damaged 

concrete were also important factors when evaluating the compressive behaviors. Several 

literatures had suggested that the damaged elastic modulus and compressive strain at peak stress 

could be related to the relative compressive strength Rfc. Thus, the simulated values of relative 

elastic modulus REc (=Ecd/Ec) and relative compressive strain at peak stress Rεc (=εcd/εc) were 

plotted versus the relative compressive strength Rfc in Fig. 3.4 and 3.5. Meanwhile, empirical 

formulas were developed with data-fitting so that the value of REc and Rεc could be calculated 

based on the relative compressive strength Rfc, as shown in Eq. (3.8). Fig. 3.6 and 3.7 showed 

the comparison between Eq. (3.8) and available experimental data by various scholars, where 

good correlations were found for both REc and Rεc, which further verified the reliability of the 

simulation results as well as the proposed models. 
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 Fig. 3.4. Relationships between REc versus Rfc by RBSM simulation 

 

 

Fig. 3.5. Relationships between Rεc versus Rfc by RBSM simulation 

 

 

Fig. 3.6. Comparisons of REc between proposed models and experiments 
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Fig. 3.7. Comparisons of Rεc between proposed models and experiments 

 

 

3.2.3 Degradation of tensile behaviors 

Besides the compressive behaviors, the tensile strength of frost-damaged concrete was also 

analyzed and modeled with the meso-macro simulation results by 2D mesoscale RBSM. Fig. 

3.8 showed an example of tensile stress-strain curves of C0.5-20 specimens after suffering 

different numbers of FTC, together with the cracking failure pattern and deformation at post 

peak of intact concrete. In Fig. 3.8, the short red lines meant that the strains of normal springs 

had reached εmax which made the normal springs ineffective (see Fig. 2.4 and 2.5) and the 

deformation had been enlarged by 50 times. Again, since ITZ acted as the weakest part of 

concrete, the failure pattern happened along ITZ as much as possible. 

 

 

Fig. 3.8. Stress-strain relationships for C0.5-20 series, crack pattern and deformation 
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The relationship between compressive strength and tensile strength had already been 

established for intact concrete by several standards, e.g. fib Model Code 2010, Euro Code 2, 

etc. For frost-damaged concrete, such relationship was still in lacking. However, some studies 

reported to calculate the deteriorated tensile strength on basis of the damaged compressive 

strength. They had proposed empirical models with their own experimental results. Following 

this way, the meso-macro simulation results between compressive and tensile strength of frost-

damaged concrete were plotted in Fig. 3.9. It could be found the tensile strength always had a 

higher reduction than the compressive strength, which was observed in many previous studies 

as well. Through fitting the simulation data in Fig. 3.9, the model to calculate relative tensile 

strength Rft was proposed in Eq. (3.9). Comparison was made between the analytical and 

experimental results, in which good agreement could be achieved as shown in Fig. 3.10. 

( )3.13 1
0.89 0.11cRf

tRf e
−

= +  (3.9) 

 

 

Fig. 3.9. Relationships between Rft versus Rfc by RBSM simulation 
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Fig. 3.10. Comparison of Rft between proposed model and experiments 

 

 

3.3  Modeling of Deteriorated Constitutive Relationships 

3.3.1 Compressive stress-strain curve 

Many mathematical equations could be found to express the compressive stress-strain 

relationship of intact concrete. As stated in section 3.2.2, the pre-peak compressive behaviors 

of frost-damaged concrete had an obvious stiffness change, which was attributed to the 

randomly-oriented cracks in concrete induced by frost damage before mechanical external 

loading. Thus, the compressive load would actuate on concrete with lower stiffness before the 

closure of cracks, and then concrete showed a stiffer (still lower than the sound value) pre-peak 

behavior. To consider such phenomena, a stress-strain relationship originally developed by Guo 

et al. (2003) was adopted to model the complete compressive constitutive relationship for frost-

damaged concrete. Since the model had two shape controlling factors, which could express such 

“stiffness recovery”, as shown in Eq. (3.10): 
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 (3.10) 

where y=σ/fcd and x=ε/εcd; σ and ε represented the compressive stress and strain; a and b were 

independent parameters to control the shape of the pre-peak and post-peak curves, which could 

be adopted as the suggestions by Guo et al. (2003). To calculate the parameters ad and bd for 
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frost-damaged concrete, Duan et al. (2011) suggested using the damaged compressive strength 

as index while Zou et al. (2008) and Cao et al. (2013) suggested adopting relative dynamic 

elastic modulus. For convenience, here the relative compressive strength was utilized to 

calculate the parameters ad and bd. 

 

 

Fig. 3.11. Relationships between relative compressive strength and Ra 

 

 

Fig. 3.12. Relationships between relative compressive strength and Rb 

 

In Fig. 3.11 and 3.12, the regression models to calculate the normalized ascending/descending 

shape controlling factors Ra (=ad/a) and Rb (=bd/b) were plotted among the test results by Duan 

et al. (2011) and Cao et al. (2013). Formulas of the models were given as Eq. (3.11). 
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( )

( )
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c

c

Ra Rf

Rb Rf

= +

= −
 (3.11) 

Eq. (3.10) was the compressive stress-strain relationship, which was developed on basis of 

the RBSM simulation results and experimental data. To explain more clearly, the procedure to 

derive the compressive constitutive relationship of frost-damaged concrete follows: Firstly, 

calculate the damaged compressive strength and strain at peak compressive stress according to 

Eq. (3.6) and (3.8); Secondly, calculate the shape controlling parameters referring to Eq. (3.11); 

Finally, substitute all the results into Eq. (3.10) and achieve the complete compressive stress-

strain relationship for frost-damaged concrete. In order to demonstrate the proposed constitutive 

relationship, experimental results by Hanjari et al. (2011) was compared with the analytical 

results, see Fig. 3.13. In Fig. 3.13, “EXP.” and “CAL.” represented for the experimental and 

calculated results where satisfactory agreements could be found. 

 

 

Fig. 3.13. Experimental and analytical compressive stress-strain curves 

 

 

3.3.2 Tensile stress-strain curve 

The crack was defined to start propagation when tensile stress had reached the tensile 

strength. Thus, the complete tensile stress-strain curve was divided into two parts: for pre-peak 
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compression) could be calculated according to Eq. (3.9) and (3.8); for post-peak branch where 

tensile stress had reached the tensile strength and crack initiated, a simplified bi-linear 

relationship was proposed in the model based on test results by Hanjari et al. (2011), which 

could be easily utilized in the FEM application. To further describe it: if drawing the 

relationship of σt/ftd versus w/wdmax curve, the inflection point of post-peak bi-linear curve 

would always pass (0.14, 0.17), see Eq. (3.12). In which, σt and εt were tensile stress and strain; 

εtd could be calculated as ftd/Ecd; w and wdmax stood for the crack width and maximum crack 

width for frost-damaged concrete where wdmax could be calculated by fitting Hasan et al. 

(2002)’s and Hanjari et al. (2011)’s experimental data in spite of large scattering, see Eq. (3.13) 

and Fig. 3.14. wmax was the maximum crack width which could be measure in the laboratory 

test (0.8 mm and 0.2 mm for Hasan et al. 2002 and Hanjari et al. 2011). The analytical post-

peak model was also illustrated together with Hasan et al.’s (2002) tested results, see Fig. 3.15. 

It could be indicated that the tension-softening curve proposed in Eq. (3.12) had a good 

correlation with the experimental results. 

max max

max max

,

1 5.929 , & 0.14

0.198 1 , & 0.14

t cd t t td

t
t td

td d d

t
t td

td d d

E

w w

f w w

w w

f w w

   


 


 

= 

= −  

 
= −   

 

 (3.12) 

1.821

max max 6.716 tRf

dw w e
−

=   (3.13) 

 

 

Fig. 3.14. Relationships between relative tensile strength and Rwdmax 
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Fig. 3.15. Comparison between experimental and analytical tension softening curves 

 

 

3.4  Conclusions of This Chapter 

Following conclusions could be drawn from current chapter: 

(1) 2D mesoscale Rigid Body Spring Model was adopted to evaluate and model the 

compressive and tensile behaviors of concrete under the effect of frost damage. Similarly like 

observed in many previous experiments, the simulation results showed that the frost action had 

significant influence on the mechanical behaviors of concrete. 

(2) According to the simulation results, the model to predict the compressive strength of frost-

damaged concrete was proposed, which comprised various cases with different water cement 

ratio, minimum temperature and number of freezing thawing cycles. Using normalized 

compressive strength as the damage index, other deteriorated material properties such as tensile 

strength, elastic modulus and compressive strain at peak stress were also empirically modeled 

on basis of the meso-macro simulation results. The analytical results had satisfactory 

correlations with experimental data which strongly demonstrated the reliability and 

applicability of the models. 

(3) Constitutive laws including compressive and tensile stress-strain relationships of frost-

damaged concrete were proposed based on several experimental results, which can be further 

applied to the structural analysis of frost-damaged RC structures with Finite Element Method. 
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Chapter 4 

4. Meso-macro Simulation and Modeling of Bond 

4.1  Axisymmetric Mesoscale RBSM 

4.1.1 Basic concepts 

Axisymmetric model can be categorized into the two-dimensional analytical methods. 

However, different from the 2D plane stress/strain methods, axisymmetric model can evaluate 

the out-of-plane stress and strain components as well (Kambayashi et al. 1999, Yao et al. 1995, 

etc.). In the polar coordinate system, circumferential strain and stress of the element will initiate 

once deformation takes place in the radial direction, see Fig. 4.1. 

Similarly like the 2D mesoscale RBSM described in chapter 2 and 3, the axisymmetric 

mesoscale RBSM model is also divided into polyhedron elements with random mesh using 

Voronoi diagram where the elements are connected by springs. Each Voronoi cell represents a 

mortar, aggregate or reinforcement element with two translational and one rotational degree of 

freedom locating at the center of gravity of the element. For two connecting elements, there are 

three springs linking them, i.e. normal spring, shear spring and circumferential spring, which 

are placed at the midpoint of boundary between two elements (see Fig. 4.1). Following the 

suggestion by Takeuchi et al. (1980), the stiffness values of springs Ksp are calculated according 

to Eq. (4.1) where subscripts n, φ and s stand for normal spring, circumferential spring and 

shear spring, respectively. Eelem and velem are accordingly the mesoscopic elastic modulus and 

Poisson’s ratio of the element (mortar, aggregate or reinforcement), which can be derived from 

the macroscale material properties as Eq. (4.2). 

(1 )

(1 )(1 2 )

2(1 )

elem elem
n

elem elem

elem
s

elem

v E
Ksp Ksp

v v

E
Ksp

v



−
= = + −


 =
 +

 (4.1) 

( )

4 3 2

4 3 2

24.8 31.9 16.4 4.28

33.7 17.0 4.13 0.327 1

elem

elem elem elem elem elem

v v v v v

E E v v v v

= − + − +

= − + − + +
 (4.2) 

For normal and shear springs of mortar-aggregate interface, the stiffness K is given as weighted 

average of mortar and aggregate like mesoscale 2D RBSM, as shown in Eq. (2.2). In which, h 
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is the length of the perpendicular line from the centroid of element to the boundary, see Fig. 

4.1. For normal and shear springs of mortar-reinforcement (bond) interface, the values of 

stiffness are assumed same as those for mortar according to the suggestion by Muto et al. (2004). 

It should be emphasized that for circumferential springs, the values of stiffness for mortar-

reinforcement (bond), mortar-mortar, mortar-aggregate (ITZ) and aggregate-aggregate 

interfaces are calculated using Eelem and velem of mortar. In other words, the circumferential 

springs of concrete have the elastic modulus and Poisson’s ration as mortar for simplification, 

no matter they are located in mortar, aggregate, ITZ or bond interface on the z-r plane. 

 

 

Fig. 4.1. Schematic of mesoscale axisymmetric RBSM model 

 

Other definitions are same with 2D mesoscale plane stress RBSM as described in section 2.1 

except for following points: 

(1) for the shear springs of mortar, the value of maximum shear strength τmax changes based on 

the status of normal springs follow Eq. (4.3) like 3D RBSM (Nagai et al. 2005): 

( )( )0.42.5

max 0.30 0.15elem elem elemft ft ft =  − + +  (4.3) 

(2) for circumferential springs of mortar-reinforcement (bond), mortar-mortar, mortar-

aggregate (ITZ) and aggregate-aggregate interfaces, the values of tensile strength are set the 

same as ITZ for consideration that ITZ usually acts as the weakest part and dominates the 

circumferential behaviors. 

 

4.1.2 Development of stiffness matrix 

To develop the mesoscale axisymmetric RBSM, the stiffness matrix is rather important, and 
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the following process shows how to derive it: 

Firstly, define u=[uP1 vP1 uP2 vP2]
T and ue=[u1 v1 θ1 u2 v2 θ2]

T to be the displacement vectors 

of mid-point of interface between two adjacent elements (point P) and elemental centroids 

(point 1 and 2) in global z-r-φ polar coordinate system, see Fig. 4.2. 

 

 

Fig. 4.2 Illustration of two adjacent elements in axisymmetric RBSM 

 

Then the relationship between u and ue is given as Eq. (4.4), where xij=xi-xj and yij=yi-yj; 0 is 

the zero matrix: 

( )

1 1

1 1

2 2

2 2

1 0 1 0

0 1 ( ) 0 1

1 0 1 0

0 1 0 1

P P

P P

P P
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y y y

x x x

y y y

x x x
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   −
   

− − −  

eu Q u

0 0

Q

0 0

 (4.4) 

Converting the displacement of point P from global polar coordinate system (z-r-φ) into local 

orthogonal coordinate system (n-s) where normal and shear springs locate, it yields that: 

43 43

43 43

43 4343

43 43

cos sin

sin cos 1
=
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u R u

0 0

R
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 (4.5) 

where u=[uP1 vP1 uP2 vP2]
T is the displacement vector of point P in local coordinate system. θn 

stands for the angle between interface and r-direction. L43 represents the length between point 

3 and 4, as shown in Fig. 4.2. Once the displacements of point P are given, the spring 

deformation vector d=[δn δr δs]
T of point P could be calculated, referring to Eq. (4.6). δn and δs 

represent the deformation of normal and shear springs. δr stands for the deformation in r-
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Axis

δr

r
φ

z



 

44 

direction, which in other words, is the translational movement of point P towards the z-axis, 

see Fig. 4.2. 

1 1

1 143 43 43 43

2 243 43 43 43

2 2

1 0 1 0
1 0 1 0

2 cos sin cos sin

0 1 0 1
0 1 0 1

P P

n

P P

r n n n n

P P

s

P P

u u

v vy x y x

u ul l l l

v v



    



=

    −
−        

− − − −        = − − =        
      −         −    

d M u

 (4.6) 

Combing Eq. (4.4), (4.5) and (4.6), it indicates that the relationship between ue=[u1 v1 θ1 u2 v2 

θ2]
T and d=[δn δr δs]

T follows: 

43 43 43 1 43 1 43 43 43 2 43 2

43 43 1 43 43 2
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 
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 
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e
d N u

N M R Q
 (4.7) 

The relationship between spring deformation vector d=[δn δr δs]
T and spring strain vector ε=[εn 

εφ εs]
T follows Eq. (4.8): 
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 (4.8) 

where hi is the length of the perpendicular line from the centroid of element to the boundary 

(h=h1+h2), see Fig. 4.1. r is the radial distance between point P and the axis, see Fig. 4.2. 

According to the theories of mechanics of elastic bodies, the stress-strain relationship for 

springs in axisymmetric model is: 
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D  (4.9) 

In Eq. (4.9), σ and ε means stress and strain, and subscripts n, s and φ represent normal, shear 

and circumferential direction, respectively. Applying the principle of virtual work, if small 
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displacement ue
* is assumed to take place on the adjacent elements, the corresponding strain of 

springs would be ε*: 

   
T T

= 
* *

e eu f ε σ  (4.10) 

where fe is the force vector of element centroids (point 1 and 2). Considering the spring lengths 

and effective areas, the right term of Eq. (4.10) could be transformed according to Eq. (4.8) and 

(4.9): 
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Substitute Eq. (4.11) into Eq. (4.10) and eliminate the term of {ue
*}T, it yields that: 
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= =

=

e e e
f B DB u K u
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Finally, the stiffness matrix K is derived for axisymmetric mesoscale Rigid Body Spring 

Method. Afterwards, the micro-meso strengthening/damaging models accounting for ice 

formation in porous material were integrated into the normal and circumferential springs of 

newly-developed program. 

 

4.2  Verification of Axisymmetric RBSM 

After the mesoscale axisymmetric RBSM had been developed, two sorts of tests were 

adopted to verify its reliability and applicability including the uniaxial compression test of pure 

concrete (intact and damaged) and uniaxial tensile test of reinforcement. For compression of 

pure concrete, results from 2D mesoscale RBSM and experiment were compared with 

axisymmetric mesoscale RBSM. While for tension of reinforcement, the elastic modulus and 

Poisson’s ration of steel bar were investigated. Details are stated in the following. 

4.2.1 Uniaxial compression of concrete 

Cylindrical concrete specimens were modeled according to the NC-C35 specimens in the 

experiment by Liu et al. (2016) where no air-entraining-agent was used. Compressive strength 

of non-damaged concrete was 39.28 MPa and the mix proportion was listed in Table 4.1. As 

stated in previous chapters, some mesoscale material inputs can be calculated once others were 
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given, see Eq. (2.9). It is indicated from Eq. (2.9) that the strength of ITZ was always less than 

that of mortar, which means the ITZ acted as the weakest part. Besides, as mentioned in section 

4.1.1, the stiffness of bond interface was set same with that of mortar while the stiffness of ITZ 

between mortar and aggregate is assumed as the weight averaged value between two materials. 

Thus, mortar-aggregate interface was always stiffer than the bond interface. Volume fraction of 

aggregate was determined by the proportion of concrete and density of aggregate. Same as the 

2D RBSM, size distribution was calculated as the suggestion by JSCE standard. The dimension 

of concrete specimens is Φ100x200 mm2. Each model was modeled both by 2D plane stress 

RBSM and axisymmetric RBSM respectively, see Fig. 4.3. 

 

Table 4.1. Mix proportion of concrete (Liu et al. 2016) 

Type 
Cement 

(kg/m3) 

Water 

(kg/m3) 

Sand 

(kg/m3) 

GHB* 

(kg/m3) 

Gravel 

(kg/m3) 
w/c 

C30 239 127 490 156 970 0.53 

C35 384 192 468 156 986 0.50 

C40 417 200 440 156 1010 0.48 

Note: *-In calculation of material inputs, GHB was neglect for NC-C35 specimens while GHB was 

assumed as coarse aggregate for TIC specimens, as shown in section 4.2.3. 

 

 

Fig. 4.3. Cylindrical concrete, 2D plane stress RBSM and axisymmetric RBSM 
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FTC was firstly applied to the (2D and axisymmetric) models before the external 

compressive loading. Simplification was made to neglect the effect of freezing and thawing 

rates so that much less computation time was consumed, as explained in previous chapter 3. 

Previous works had proved that such simplification would not affect the simulation results of 

final status of the frost-damaged specimens, which was the focus. According to Liu et al. (2016), 

the temperature variation was from +20℃ to -20℃ in one cycle and three cases were prepared 

depending on different number of cycles (30, 60 and 100). The temperature was applied 

uniformly to the specimen without considering the thermal lag effect (Wang et al. 2017). After 

the FTC, prescribed displacement loading with 0.005 mm/step was applied vertically to the top 

surface of frost-damaged models. Meanwhile, restrictions of horizontal, vertical and rotational 

direction were given to the bottom surface of the specimens. The analytical compressive stress-

strain curves for both intact and frost-damaged concrete were drawn in Fig. 4.4, where “2D” 

and “Axi” represented the simulation results with 2D plane stress RBSM and axisymmetric 

RBSM, respectively; The numbers (0, 30, 60 and 100) stood for the numbers of freezing and 

thawing cycles. From Fig. 4.4, it indicated that the two different models had satisfactory 

agreements in different aspects, e.g. compressive strength, strain at peak compressive stress as 

well as the stiffness in ascending branches. However, post-peak behaviors showed slightly 

different between 2D and axisymmetric simulation. The reason was that after cracks initiated 

in normal springs in x-y or z-r plane, these in-plane springs in 2D model became free to move 

while the in-plane springs in axisymmetric model could still be confined by the circumferential 

springs. The cracking patterns of sound concrete by both models were drawn in Fig. 4.5 where 

(a) and (d) showed the original models before compressive loading; (b) and (c) showed the post 

peak deformations where the deformations were enlarged by 10 times; (c) and (f) represented 

the cracking patterns in z-r plane where the red short lines meant the stress of normal spring 

had reached zero and become ineffective to sustain any load (strain of normal springs equaled 

to εmax in Fig. 2.4 and 2.5, and the crack width could be calculated according to the length of 

spring). As already known, typical X-shape cracking was observed in 2D plane stress case as 

shown in Fig. 4.5(c). Besides, the cracking shape could also be simulated with axisymmetric 

model, see Fig. 4.5(f). It should be emphasized that the cracking of circumferential springs (in 
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φ direction) was plotted in Fig. 4.5(g) where the blue spots meant that the strain of 

circumferential springs had reached εmax. Compared with 2D plane stress RBSM, axisymmetric 

RBSM could give more information since it dealt with the issues of three-dimensional stress 

condition. In addition, the axisymmetric RBSM needed less computation time than the 2D plane 

stress RBSM even though it had finer mesh. 

 

 

Fig. 4.4. Compressive stress-strain curves by 2D and axisymmetric RBSM 

 

 

Fig. 4.5. Cracking patterns for sound concrete by 2D and axisymmetric RBSM 

 

Besides, the experimental data of compressive strength degradation by Liu et al. (2016) was 

also plotted together with the simulation results with both 2D and axisymmetric models, see 

Fig. 4.6. In previous studies, it had already been demonstrated that the 2D plane stress RBSM 

could successfully predict the deteriorated compressive behaviors of frost-damaged concrete. 
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Here in Fig. 4.6 where “2D” and “Axi” represented the simulation results with 2D plane stress 

RBSM and axisymmetric RBSM, the mesoscale axisymmetric RBSM developed in this study 

was proved to be reliable and adoptable to predict the material properties of frost-damaged 

concrete as well. 

 

 

Fig. 4.6. Compressive strength degradation by test, 2D and axisymmetric RBSM 

 

 

4.2.2 Uniaxial tension of reinforcement 

The elastic modulus and Poisson’s ratio of reinforcement was verified by simulating the 

uniaxial tension test of reinforcement for two reasons: 1. The elastic behaviors of rebar could 

affect the bond-slip relationship, thus precise simulation of elastic properties of rebar was vital; 

2. Owing to the Poisson’s effect, radial contraction of rebar took place when the reinforcement 

was pulled out of the concrete and longitudinal elongation took place. This radial contraction 

would lead to delamination between the surface of reinforcement and the covering concrete, 

which would affect the bond-slip behaviors. As a result, simulation of uniaxial tension was 

conducted with 200 mm long D12 rebar where the ribs were neglected for simplification, see 

Fig. 4.7. Since it was mentioned that no yielding of rebar was observed in the experiment, no 

yielding strength was given to the springs for reinforcement in the current program. In other 

words, only the elastic modulus of rebar was verified and adopted in this simulation. The input 

elastic modulus and Poisson’s ratio of the reinforcement were 170 GPa and 0.3, respectively. 
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The simulated results were drawn in Fig. 4.8 where the calculated elastic modulus and Poison’s 

ratio were approximately 150 GPa and 0.32, which demonstrated that the elastic behaviors of 

rebar could be well simulated by the axisymmetric mesoscopic RBSM. Red curve in Fig. 4.9 

showed the calculated Poisson’s ratio by simulating the compression test of pure concrete with 

2D plane stress RBSM by Nagai et al. (2004). In their study, it had been successfully proved 

that the Poisson’s ration of concrete (around 0.2) could be well simulated with the two-

dimensional RBSM. In the current study, the simulation results indicated that the developed 

axisymmetric RBSM could successfully simulate the Poison’s ratio for reinforcement as well, 

see the black curve in Fig. 4.9. 

 

 

Fig. 4.7. Uniaxial tension test of rebar and axisymmetric RBSM model 
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Fig. 4.8. Elastic modulus of reinforcement by axisymmetric RBSM simulation 

 

 

Fig. 4.9. Poisson’s of reinforcement by axisymmetric RBSM simulation 
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of reinforcement such as cross-sectional area (As), spacing between ribs (sR), rib height (hR) and 

rib width (wR) could be found in previous literature (Liu et al. 2016). For convenience, the 

values were also listed in Table 4.2. The schematic of pulling-out model was drawn in Fig. 4.10. 

In the experiment, plastic sleeves were adopted to insulate the un-bonded region of 

reinforcement from surrounding concrete so that the desired bond length could be ensured 

during casting. Besides, water would not penetrate directly from the ends of bond region during 

FTCs. After curing, the specimens were put into containers with 5 mm demineralized water of 

immersion where water could only penetrate from the surfaces (top, bottom and side surfaces) 

of concrete. As a result, an un-bonded area was modeled in the RBSM program as well, as 

shown in Fig. 4.10. 

 

Table 4.2. Morphology of HRB-D12 reinforcement (Liu et al. 2016) 

Type As (mm2) sR (mm) hR (mm) wR (mm) 

HRB Φ12 113.1 7.9 0.99 1.0 

 

 

Fig. 4.10 Axisymmetric pulling-out model and details of ribs 

 

It should be emphasized that Liu et al. (2016) also prepared several thermal insulation 

pulling-out specimens with different embedment length (3D and 6.5D) and concrete strength 

(C30 and C40) by casting the concrete with additional glazed hollow beads (GHB). Although 

the frost-damage resistance of such specimens was somehow difficult to simulate in current 

study, simulating the pulling-out behaviors of those non-damaged specimens could offer more 

support to the reliability of the program. Accordingly, for the intact pulling-out models, five 
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cases were simulated depending on the embedment length (3D, 5D and 6.5D) and concrete 

strength (C30, C35 and C40), see Table 4.3. To model those thermal insulation specimens, the 

GHB was treated as aggregate as explained in Table 4.1 as well. In Table 4.3, the models were 

named by “concrete strength grade-embedment length-FTC numbers”. For instance, “C35-5D-

30” meant that the specimen was made of C35 (compressive strength=39.28 MPa) concrete and 

the embedment of reinforcement was 5D (60 mm) which had suffered from 30 freezing and 

thawing cycles. Material inputs could be calculated according to Eq. (2.9) and FTC followed 

the same process as described in section 2.2. Similar to the simulation in section 4.2.1, three 

damage levels were prepared where FTC stopped at the end of 30, 60 and 100 cycles together 

with one reference case. Pulling-out simulation was conducted after the specimens had finished 

the corresponding numbers of FTCs. Prescribed displacement loading with 0.01 mm/step was 

applied vertically at the bottom surface of reinforcement while the bottom surface of concrete 

was restrained in horizontal, vertical and rotational directions, see Fig. 4.10. 

The average bond stress τ was calculated by Eq. (4.13) where P, D and la was the applied 

load, rebar diameter and anchorage length. The bonding area was directly calculated imaging a 

plain rebar. In other words, the area contribution from ribs was neglected. The slip between 

reinforcement and concrete was defined as the displacement of the loading end (bottom surface 

of the reinforcement). The bond-slip behaviors of non-damaged specimens were drawn in Fig. 

4.11. From Fig. 4.11, it was indicated that for same concrete strength (C35), the calculated bond 

strength showed slightly decreasing with larger embedment length. Meanwhile, for specimens 

with the same embedment length (5D), the bond strength would increase by increasing the 

concrete strength grade. This phenomenon matched well with the observation by Liu et al. 

(2016) and other studies. 
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Fig. 4.11. Bond stress-slip curves of non-damaged specimens by axisymmetric RBSM 

 

The bond strength for all the models (both intact and frost-damaged case) were listed in Table 

4.3 and plotted together with the experimental results, as shown in Fig. 4.12. Though the 

simulated bond strength showed a bit larger than the test data, but they were still considered to 

be correlated since the experimental results also showed larger scattering (up to 24.8%) 

according to Liu et al. (2016). 

a

P

dl



=  (4.13) 

 

Table 4.3. Bond strength by Liu et al. (2016) and RBSM 

Specimens 
τu (MPa) 

Cov. (%) 
Test RBSM 

C30-5D 22.35 25.14 11.09 

C35-3D 26.85 28.34 5.26 

C35-5D 24.80 26.41 6.09 

C35-6.5D 22.70 22.29 2.12 

C40-5D 26.43 28.83 8.32 

C35-5D-30 22.42 24.04 6.73 

C35-5D-60 20.67 21.35 3.18 

C35-5D-100 15.94 15.93 0.06 
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Fig. 4.12. Comparison of bond strength by experiment and axisymmetric RBSM 

 

The deformations and meso-cracks of all the models after suffering different freezing-

thawing cycles were drawn in Fig. 4.13 and 4.14, where the deformations in Fig. 4.13 were 

enlarged by 100 times and the short red lines in Fig. 4.14 represented the crack width of the 

corresponding normal spring had reached 0.005 mm. From Fig. 4.13 and 4.14, it yielded that 

the frost action would lead to meso-cracks and expansive deformations in concrete (as chapter 

3). Besides, meso-cracks initiated firstly along ITZ and bond regions since they acted as the 

weakest parts. Especially for the specimen suffering 100 FTCs, obvious meso-cracks could be 

found between reinforcement and concrete, see Fig. 4.13(d) and Fig. 4.14(d), which would 

diminish the bond strength in a large extent. It should be also emphasized that since the spring 

length of bond interface was less than that of ITZ between mortar and aggregate, the tensile 

strain (damage) of bond interface was larger than that of ITZ between mortar and aggregate. 
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Fig. 4.13. Deformations of the specimens after FTCs (enlarged by 100 times) 

 

 

Fig. 4.14. Meso-cracks (=0.005 mm) of the specimens after FTCs 

 

The simulated bond-slip behaviors of frost-damaged models were drawn in Fig. 4.15 and 

the degradation of bond strength were plotted in Fig. 4.16 together with the experimental results. 

It was indicated that the frost damage had obvious influence on the bond-slip behaviors: both 

bond strength and stiffness showed significant reduction with increasing numbers of freezing-

thawing cycles while the slip at peak bond stress increased slightly in the first few FTCs and 

decreased later. The slip at peak bond stress showed different behaviors in meso-macro 

simulations compared with previous experimental results, which needed further examinations. 

(a) 0FTCs (b) 30FTCs (c) 60FTCs (d) 100FTCs

(a) 0FTCs (b) 30FTCs (c) 60FTCs (d) 100FTCs
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From Fig. 4.16 where the analytical and experimental results were plotted and compared, 

correlation between the RBSM simulation and experimentation could be found on the 

degradation of bond strength, which strongly demonstrated the fact that the developed program 

could predict the degradation of bond strength under the effect of frost damage. 

 

 

Fig. 4.15. Bond stress-slip curves for both sound and damaged specimens by RBSM 

 

The cracking patterns in z-r plane when normal springs reached the maximum bond stress were 

shown in Fig. 4.17, where the short red lines meant that the width of cracks had reached 0.005 

mm in the corresponding normal springs. From Fig. 4.17, with more cycles of freezing-thawing, 

the diagonal cracks induced by external load would penetrate deeper into concrete from bond 

interface. These cracks would connect with the meso-cracks in concrete which were generated 

by the frost action, see Fig. 4.17(d). 

 

 

Fig. 4.16. Comparison of bond strength degradation between experiment and RBSM 
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Fig. 4.17. Cracking patterns of the specimens at maximum bond stress 

 

 

4.3  Simulation and Modeling of Bond 

4.3.1 Meso-macro simulation 

The bond behavior between concrete and reinforcement under the effect of frost damage 

was simulated and modeled using the axisymmetric mesoscale RBSM. Two models with 

different water cement ratio were made (w/c=0.42 and 0.52). Each model was further 

categorized depending on the the minimum temperature in each FTC (Tmin=-10, -20, and -30 ℃) 

and the number of cycles (N=30, 60 and 100). In addition, a reference model without any frost 

damage was simulated for comparison. The schematic of pulling-out model was same as the 

one shown in Fig. 4.10, where the dimension of concrete was 75x150 mm2 with volume fraction 

of coarse aggregate equaling to 40%. The grain size distribution followed the suggestion by 

JSCE standard. Deformed steel bar with the nominal diameter of 12 mm was embedded in the 

concrete with bond length of 5D (60 mm). Detailed information of rebar such as the 

configuration of ribs was shown in Fig. 4.10. The elemental size of mortar and aggregate was 

approximately 4.5 mm while the size of reinforcement elements was around 2 mm. Besides, 

finer mesh in gradient (from 0.5 mm to 2 mm) was adopted near the bond area. The specimens 

were tested with pulling-out load after suffering a whole process of FTC. Prescribed 

displacement loading was adopted downwardly at the bottom surface of the reinforcement 

while the bottom surface of the concrete was restrained in horizontal, vertical and rotational 

(a) 0FTCs (b) 30FTCs (c) 60FTCs (d) 100FTCs
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directions. Similarly, the material inputs were calculated according to Nagai et al. (2004) and 

Gong et al. (2017), see Table 4.4. 

 

Table 4.4. Material inputs for pulling-out models with different w/c 

w/c fcm
’ (Mpa) Em (MPa) ftp (MPa) fti (Mpa) ci (Mpa) φ 

0.42 40.0 22904.37 3.66 1.69 2.81 0.186 

0.52 30.0 20689.22 3.26 1.55 2.54 0.225 

 

 

4.3.2 Modeling of deteriorated bond-slip relationship 

Some experimental studies had suggested to model the bond degradation by relating the 

bond strength with relative dynamic elastic modulus. In this study, relative compressive strength 

of concrete was adopted as the damage indicator instead of RDEM for consideration of the 

consistency with material degradation models of concrete as stated in chapter 3. Empirical 

model for deteriorated bond strength was proposed based on the simulation results, as Eq. (4.14), 

where τ1 and τ1d represented the bond strength for sound and frost-damaged specimens, 

respectively. In meso-macro simulations, pulling-out failure in bond area instead of splitting 

crack of covering concrete was found for all models. The deteriorated bond strength by Eq. 

(4.14) was compared with several test data as shown in Fig. 4.18 where good correlation could 

be found. To model the bond-slip relationship, the expression of intact case suggested by fib 

Model Code 2010 was adopted and modified for the frost-damaged case: The bond strength τ1, 

residual bond strength τ3 and corresponding slip values (s1, s2 and s3) for non-damaged case 

could be adopted following fib Model Code 2010; For frost-damaged case, the bond strength τ1 

could be calculated by Eq. (4.14) and the residual bond strength τ3 was assumed to be reduced 

proportionally to the bond strength τ1. According to Hanjari et al. (2011), the corresponding slip 

values (s1, s2 and s3) for frost-damaged case were simply assumed the same as non-damaged 

case. Comparison between the analytical bond-slip relationship by Eq. (4.14) and test results 

was made in Fig. 4.19. 

( )1 11.259 0.259d cRf = −  (4.14) 
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Fig. 4.18. Comparison of Rτ1 between proposed model and experiments 

 

 

Fig. 4.19. Comparison between experimental and analytical bond-slip curves 

 

 

4.4  Conclusions of This Chapter 

Following conclusions could be drawn from current chapter: 

(1) The axisymmetric mesoscale Rigid Body Spring Method program was successfully 

developed by derivation of stiffness matrix and programming work. Through combining the 

micro-meso strengthening/damaging models accounting for frost action in chapter 3, the 

pulling-out behaviors of specimens of short embedment length with frost damage was analyzed. 

(2) Simulations of uniaxial compression of pure concrete and uniaxial tension of rebar were 

conducted. It yielded the axisymmetric RBSM could simulate the mechanical behavior of 
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concrete (both intact and with frost-damage) and reinforcement (both elastic modulus and 

Poisson’s ratio) well, which demonstrated the reliability and applicability of the program. 

(3) Pulling-out test of short embedment specimens was simulated and analyzed with the new 

program. For non-damaged specimens, the macroscale bond-slip behaviors could be well 

simulated with different cases (e.g. concrete strength and embedment length), which further 

showed the reliability of the program. For frost-damaged specimens, the degradation of bond 

strength by meso-macro simulation was observed in good correlation with experimental data. 

(4) Parametric study was conducted to propose the bond deterioration model based on the meso-

macro simulation results, which was hopefully to be adopted in the structural analysis with 

Finite Element Method. 
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Chapter 5 

5. Macroscale Structural Analysis 

5.1  Finite Element Analysis 

5.1.1 2D heat transfer analysis 

According to the literature reviews, “thermal lag” effect exists when dimension of specimen 

is large which will affect the temperature field inside the reinforced concrete member, thus lead 

to a different frost damage distribution (Wang et al. 2017). Several factors are related to the 

thermal lag such as the size of specimen, adopted materials (thermal conductivity), temperature 

variation speed in freezing and thawing process, ambient humidity, etc. As a result, the 

temperature field and history during FTC should be understood to precisely calculate the 

damaged material/bond constitutive relationship. In this study, a simplified heat transfer 

analysis was conducted without considering the influence from material damage (deformation 

or crack) on the transfer process. In other words, the thermal conductivity and specific heat 

capacity was not changing during FTC even though damage was induced. Cross-section of RC 

beam was modeled and analyzed with 2D FEM application instead of 3D since the longitudinal 

length of beam was much larger than the dimension of width and height of the beam. DIANA 

FEA (version 10.2) application was used for the heat flow analysis during FTC and the model 

of cross0section was shown in Fig. 5.1(a). The thermal conductivity of concrete and rebar was 

set as constants of 2.67 and 45 W/m·K. Freezing and thawing temperature was applied on the 

four boundaries and heat convection took place between the boundary medium and the 

reinforced concrete beam. It should be noted that in the experiment, the beam was frozen in air 

while thawed in water according to ASTM C666-B method. Similarly, the boundary medium 

was chosen as air and water (heat convection coefficients of 15 and 200 W/m2·K) for freezing 

and thawing branch, respectively. For one FT cycle, in air-freezing phase the ambient 

temperature was decreasing from 5 ℃ to -18 ℃ gradually in 7 hours. While in water-thawing 

phase the water of 5 ℃ was kept supplied for 7 hours as the experimental conditions. Fig. 5.1(b) 

illustrated the counter map of temperature distribution at the end of air-freezing phase of the 

first FT cycle (7 hours) and from which it clearly indicated the thermal lag effect from heat 
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transfer during FTC. Temperature history of three different positions (corner, mid-point of top 

boundary and center) was plotted with ambient temperature variation, see Fig. 5.2. It yielded 

the minimum temperature of FTC was different due to the thermal lag effect, which would 

affect the calculation of material and bond deterioration. The cross-section of the RC beam was 

roughly divided into 6 regions, e.g. A-F in Fig. 5.1(a). The minimum temperature of reach 

region was given by the average value of all the nodes it covered, which was also listed in Table 

5.1. The material and bond deterioration were determined according to the minimum 

temperature of corresponding region, which would be stated in the following. 

 

 

Fig. 5.1. (a) 2D heat transfer model (b) temperature contour map at 7 hours 

 

 

Fig. 5.2. Temperature history of different locations (3 FTCs) 
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5.1.2 3D reinforced concrete beam model 

Combing the temperature history of different regions, analytical models of frost-damaged 

concrete (chapter 3) and bond behavior (chapter 4), 3D structural analysis was conducted with 

DIANA FEA (version 10.2). The reinforced concrete beams were modeled as: the cross-section 

of the model was 200x200 mm2 and length was 1600 mm (span length=1200 mm). Steel loading 

plate and supporting plates with dimension of 40x40x200 mm3 were set at specific location to 

avoid the stress concentration, as shown in Fig. 5.3. Two longitudinal D13 rebars were modeled 

with bond-slip truss element and the location of the rebars was drawn in Fig. 5.1(a). Concrete 

was modeled with solid element with mesh of 40x40x40 mm3, see Fig. 5.3. The load type is 

prescribed displacement with 0.1 mm/step, which was applied vertically at the central line of 

loading plate while the restraint type was simply-supported, see Fig. 5.3. 

 

 

Fig. 5.3. Schematic of reinforced concrete beam (“T”) model 

 

 

5.1.3 Material models 

The material properties for non-damaged concrete were given as following: the compressive 

strength of intact concrete was 22.7 MPa, which was measured value in the verification 

experiment. The value of elastic modulus (E), compressive peak strain (εc) and tensile strength 

(ft) were not measured in test, the values of these parameters were calculated based on some 
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recommendations. For instance, according to JSCE Standard Specifications for Concrete 

Structures, the elastic modulus and tensile strength could be calculated according to the 

compressive of concrete. Besides, Nicolo et al. (1994) proposed a relationship between the 

compressive strength of intact concrete and the strain at peak compressive stress. These 

equations were summarized in Eq. (5.1) and the calculated results were listed in Table 5.1. 

Parameters a and b for determining the compressive constitutive relationship of sound concrete 

were calculated by linear interpolation from the data of Guo et al. (2003), see Table 5.1. The 

maximum crack width of sound concrete was calculated based on the fracture energy and tensile 

strength. After all the parameters had been confirmed, the compressive and tensile constitutive 

relationship for sound concrete were given in Fig. 5.4 and 5.5. Total-strain-based crack model 

was adopted for concrete and the shear retention was modeled by introducing the shear retention 

factor. Mass of studies had yielded the shear retention factor was valued 0 to 1 and in the current 

study 0.5 was selected. 

( )

4

2/3

5

18
2.2 10

20

0.23

1.491 10 0.00195

c

t c

c c

f
E

f f

f −

− 
= +  
 

=

=  +

 (5.1) 

For frost-damaged concrete at different locations (A-F), the damaged compressive strength 

was predicted by Eq. (3.7) and the other corresponding material parameters were calculated 

according to Eq. (3.8), (3.11), (3.9) and (3.13), as shown in Table 5.1. Afterwards, the 

compressive and tensile constitutive laws for frost-damaged concrete in different locations 

could be given according to Eq. (3.10) and (3.12), as shown in Fig. 5.4 and 5.5. Hanjari et al. 

(2013) mentioned in their study that the compressive stress-strain relationships in FEM analysis 

must be modified according to the dimension of specimens in material test and element size. In 

current study, the dimension of specimens was 200 mm as the RBSM model in section 3.1 and 

element size of concrete in FEM was 40 mm. As a result, the compressive constitutive 

relationships were calibrated and plotted together with the original curves, as shown in Fig. 5.4. 

The curves were named as “N/T-O/M-A~F” in which “N” and “T” represented sound and frost-

damaged case; “O” and “M” stood for original and modified curves; “A~F” meant the regions 

as shown in Fig. 5.1(a). 
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For reinforcement, the elastic modulus (Es=200 GPa) and yielding strength (fy=370 MPa) 

were determined based on the measurement in the verification experiment. Owing to localized 

yielding at the crack vicinity and bond effect, the yielding strength of reinforcement was 

reduced as suggested by Salem and Maekawa (1999), see Eq. (5.2). In Eq. (5.2), fy0 was the 

reduced yielding strength; ft was the tensile strength of concrete and ρ represented the 

reinforcement ratio. After yielding, secondary hardening was considered with stiffness (Es
’) of 

0.01 times of Es, as shown in Fig. 5.6. 

0
2

t
y y

f
f f


= −  (5.2) 

 

Table 5.1. Material characteristics of sound and damaged concrete for FEM analysis 

Type 
Tmin 

(℃) 

fc 

(MPa) 

E 

(MPa) 

ft 

(MPa) 

εc 

(μ) 
a b 

wmax 

(mm) 

Sound / 22.70 24350 1.84 2288 2.10 0.99 0.36 

Damaged-A -8.35 13.49 11322 0.66 3459 0.63 2.12 1.26 

Damaged-B -8.47 13.35 11155 0.66 3477 0.62 2.13 1.27 

Damaged-C -9.31 12.40 10017 0.60 3598 0.56 2.19 1.34 

Damaged-D -8.81 12.96 10679 0.63 3527 0.59 2.16 1.30 

Damaged-E -9.62 12.07 9633 0.58 3640 0.54 2.21 1.36 

Damaged-F -10.47 11.22 8661 0.54 3748 0.50 2.26 1.42 

 

 

Fig. 5.4. Compressive stress-strain relationships of concrete 
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Fig. 5.5. Post-peak tensile stress-strain relationships of concrete 

 

 

Fig. 5.6. Stress-strain relationship of reinforcement 

 

 

5.1.4 Bond-slip models 

According to fib Model Code 2010, the bond strength τ1, residual bond strength τ3 and 

corresponding slip values (s1, s2 and s3) for non-damaged RC beam could be calculated since 

the compressive strength of sound concrete had been provided. Together with the compressive 

strength of frost-damaged concrete in bond region and Eq. (4.14), the bond strength τ1d, residual 

bond strength τ3d for frost-damaged RC beam could also be given. The bond-slip relationships 

for both beams were plotted in Fig. 5.7 where “N” and “T” represented the reference beam and 

the frost-damaged beam, respectively. 
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Fig. 5.7. Bond-slip relationships of sound and frost-damaged RC beam 

 

All the constitutive models that would be adopted in the intact and frost-damage RC beam 

included compressive and tensile stress-strain relationship of concrete, stress-strain relationship 

of reinforcement, bond-slip behaviors between rebar and concrete. These models were directly 

integrated into the 3D RC beam model with DIANA FEA after which external loading was 

applied. Thus, the proposed multi-scale structural evaluation method could be summarized as: 

the deteriorated constitutive relationships including concrete materials and bond-slip properties 

were calculated based on the models proposed by 2D and axisymmetric mesoscale Rigid Body 

Spring Method simulations. Besides, the heat flow and temperature history during FTC was 

simulated by 2D FEM analysis. Finally, applying the deteriorated constitutive relationships into 

3D FEM RC beam model with consideration of the non-uniform damage level, the structural 

analysis was conducted. 

 

5.2  Experimental Verification 

5.2.1 Specimens preparations 

In order to verify the multi-scale evaluation method, experiment was executed by the 

cooperation member in Civil Engineering Research Institute of Japan. Two RC beams, naming 

after “N” and “T” which represented the reference case and frost-damaged case, and several 

cylindrical concrete specimens were casted. The cross-section of beams was 200x200 mm2 and 

length was 1600 mm (span length=1200 mm). Concrete was made with Ordinary Portland 

Cement, river sand and crushed stones. The water cement ratio was set 0.65 to achieve an 
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accelerated degradation from freezing and thawing cycles and no air-entraining agent was 

added. For each beam, two D13 reinforcements with yielding strength of 370 MPa were 

embedded with depth of covering concrete equaling to 50 mm, as shown in Fig. 5.8. 

As the frost damage indicator in the multi-scale methodology, the compressive strength of 

concrete was measured with the Φ100x200 mm2 cylindrical concrete specimens. However, the 

compressive strength of concrete in RC members was somehow difficult to test for those in-

service constructions. Some researchers suggested to relate ultrasonic pulse velocity with frost-

damaged compressive strength of concrete. In this experiment, the cylindrical specimens 

suffered same FTC process as the RC beam and UPV was measured for both cylinder and RC 

beam for two reasons: 1. the relationship between ultrasonic wave velocity and compressive 

strength of frost-damaged concrete could be developed for evaluating the in-service structures; 

2. the compressive strength of frost-damage RC beam predicted by the multi-scale methodology 

could be further verified. 
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Fig. 5.8. Configuration of the RC beam and loading apparatus 

 

 

5.2.2 FTC and loading 

The cylindrical concrete specimens and beam “T” was put into the FTC set-up after they 

were cured in constant temperature and humidity for 28 days. The FTC set-up included a large 

temperature chamber containing a water pool made of steel framework with water resistant 

membrane covered in the inner surfaces. All the specimens were frozen in air and thawed in 

water as suggested by ASTM C666-B method. Pipes were used to connect the water pool and 

the water pumps. The pumps were controlled following the freezing and thawing system of the 

temperature chamber: during the thawing process, water with maximum temperature would be 

poured by one pipe into the pool where the specimens located for 7 hours. During this phase, 

the ice in specimens would melt and water was continuously absorbed by the specimens so that 

a high saturation degree could be assured for the next air-freezing phase; Then before freezing 

process started, the water inside the pool would be drained out by another pipe. In freezing 

phase, the ambient temperature gradually decreased from 5 ℃ to -18 ℃ in 7 hours. 

UPV (ultrasonic pulse velocity) were firstly measured for cylindrical concrete specimens 

after they had suffered certain FT cycles. The FTC was finally ended after 300 cycles for beam 

Beam “N”

Before loading (0kN)
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“T”. The UPV transducers (28 Hz and 1 kV) were put along the longitudinal direction of 

cylindrical specimens. After UPV measurement, the concrete specimens were conducted with 

uniaxial compression test so that the relationship between UPV and compressive strength could 

be derived. Meanwhile, the measurement of UPV for RC beam was parallelly along interval of 

20 mm in height at different cross-sections, as shown in Fig. 5.8. After the UPV test, 3-point 

bending test was applied for both beam “N” and “T”. The loading apparatus of beam “N” was 

shown in Fig. 5.8. 

 

5.3  Results and Discussions 

5.3.1 Ultrasonic pulse velocity 

The results of ultrasonic pulse velocity and compressive strength of frost-damaged concrete 

were drawn in Fig. 5.9. Normalized formulation was expressed to derive the empirical 

relationship between the normalized compressive strength (fcd/fc) and relative UPV (vd/v), as Eq. 

(5.3). It could be indicated by the test results that the frost damage led to obvious reduction of 

pulse velocity, which was attributed to the cracks of concrete induced by frost action. As widely 

accepted, the transmission time was longer in crack (filled with water or air) compared with 

intact porous medium. 

0.908 0.092cd d

c

f v

f v
= +  (5.3) 

 

 

Fig. 5.9. UPV versus compressive strength of concrete (in normalized formulation) 
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The value of UPV of RC beam (both “N” and “T”) was plotted in Fig. 5.10. It yielded that 

the he UPV for intact concrete was around 4.1 km/s while the value for concrete after 300 FTC 

decreased to 2.1 km/s. As shown in Fig. 5.10, the bottom area of beam “T” (0-70 mm in height) 

showed slightly higher UPV than other regions. The reason was that the ultrasonic pulse 

transmitted faster in those zones owing to the presence of reinforcement. In addition, the 

reinforcement restrained the surrounding concrete from expansion during FTCs which lead to 

less cracks and thus higher UPV. Based on the measured UPV values of beam “T” and the 

relationship between UPV and compressive strength of frost-damaged concrete (Eq. (5.3)), the 

averaged compressive strength of frost-damaged concrete (beam “T”) along height domain was 

calculated, referring to the triangle mark “Test” plotted in Fig. 5.11. As comparison, the 

averaged compressive strength from prediction by the multi-scale methodology in Table 5.1 

was also plotted (see the square mark “Prediction”) in Fig. 5.11, from which satisfactory 

agreement was found to further demonstrate the reliability of the proposed approach. 

 

 

Fig. 5.10. UPV test result for beam “N” and “T” 
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Fig. 5.11. Rfc by UPV test and prediction 

 

 

5.3.2 Structural behaviors 

The load-displacement curves for beam “N” and “T” by both experiment and FEM analysis 

were drawn in Fig. 5.12 and 5.13. For beam “N” as shown in Fig. 5.12, “EXP” and “SIM” 

meant the results by experiment and FEM analysis, respectively. Besides, for non-damaged 

beam, calculation results of cracking and yielding load as well as deflection based on theory of 

structural mechanics were also plotted, see the blue curve “CAL” in Fig. 5.12. It should be 

noted that the yielding deflection of beam “N” was calculated by adopting the minimum cross-

sectional stiffness (mid-span) as the averaged value for the whole beam. According to Guo et 

al. (2003), this simplification would lead to overestimating of the yielding deflection but within 

10% which was acceptable. In Fig. 5.12, the FEM numerical results indicated that the cracking 

load (9.98 kN) took place at deflection of 0.12 mm and the calculated results showed that the 

cracking load (8.72 kN) happened at deflection of 0.09 mm. In addition, yielding load was 40.86 

kN at 1.70 mm and 43.93 at 1.94 mm from FEM numerical and calculated results. However, 

the experimental results showed larger deflection at yielding load (around 4 mm) compared 

with both numerical and calculated result, see Fig. 5.12. 

For beam “T” as shown in Fig. 5.13, the FEM numerical results demonstrated that the 

cracking load (2.12 kN) and yielding load (35.85 kN) took place at deflection of 0.15 mm and 

3.6 mm. The FEM numerical results showed satisfactory agreement with the experimental result 
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which strongly proved the reliability of the proposed methodology. From both numerical and 

experimental results, the frost-damaged beam performed smaller cracking and yielding load 

while as the deflection at yielding load increased on contrast with the non-damaged case. As a 

result, the stiffness of the frost damaged beam was reduced significantly. 

 

 

Fig. 5.12. Load-displacement curve by FEM analysis and experiment (N) 

 

 

Fig. 5.13. Load-displacement curve by FEM analysis and experiment (T) 

 

For beam “N” in the experiment, around nine flexural cracks with interval of 10 cm were 

observed at range of -50 to 30 cm from mid-span when reinforcement yielded, see the grey lines 

in Fig. 5.14. The crack patterns from FEM analysis at same status were also plotted in Fig. 5.14 

where the similar cracking patterns had been simulated, see the color lines. With increasing 

load in the experiment, maximum load of 61.1 kN was reached at deflection of 52mm. 

Meanwhile, the three cracks at -17, -80 and +15 cm from mid-span became wider as the black 
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lines in Fig. 5.14. Especially, the cracks at -17 and +15 cm from mid-span propagated along the 

tensile reinforcement if load increased further, and then load decreased rapidly which lead to 

the final failure of beam “N”, as shown in Fig. 5.15. 

For beam “T” in the experiment, four flexural cracks with interval of 12 cm initiated at 

range of -15 to 20 cm from mid-span, as shown by the grey lines in Fig. 5.16. It should be noted 

that the heights which cracks reached at yielding load for beam “T” were somehow lower than 

that for beam “N”. As load increased to the maximum value, the flexural crack at -14 cm 

extended diagonally, which pointed from loading point towards -25 cm at the bottom surface, 

as shown by the black lines in Fig. 5.16. Besides, two short cracks initiated at -37 and +37 cm 

at the same time. The maximum load of frost-damaged beam “T” was 49.3 kN which was 19% 

less than that of beam “N”. Deflection at maximum load of beam “T” was 26.3 mm which was 

almost half compared with that of beam “N”. With further increasing load after maximum load 

had been achieved, the diagonal cracks propagated quickly from the loading point to the tension 

side of the beam, which lead to failure of beam “T”, as shown in Fig. 5.17. This could also be 

predicted from FEM numerical results shown in Fig. 5.16 where many tiny diagonal cracks 

already took place at yielding load. Since no stirrups were provided in this study, the RC beams 

after suffering to frost action tended to initiate diagonal cracks easily due to the significantly 

reduced tensile strength. As a result, the failure mode of the frost-damaged RC beam turned out 

to be more brittle on contrast with the sound beam. 

 

 

Fig. 5.14. Cracking patterns at yielding/maximum load of beam “N” by FEM 

 

0-20 +20 +40 +60-40-60 (cm)



 

78 

 

Fig. 5.15. Cracking patterns at failure stage of beam “N” by test 

 

 

 Fig. 5.16. Cracking patterns at yielding/maximum load of beam “T” by FEM 

 

 

Fig. 5.17. Cracking patterns at failure stage of beam “T” by test 

 

 

5.4  Conclusions of This Chapter 

(1) The proposed prediction models of frost-damaged concrete and bond constitutive laws by 

mesoscale RBSM was not only verified by available material tests (in chapter 3 and 4) but also 

proved to be adoptable for structural analysis with FEM in current chapter. 

(2) The deterioration laws of different regions were calculated with consideration of thermal 

history and distribution during FTC. The predicted compressive strength of concrete was 

verified using Ultrasonic Pulse Velocity measurement. 
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(3) Satisfactory agreement was achieved between the 3D FEM structural analysis and 

experiment, which both indicated that frost action would result in significant reduction of 

stiffness and strength of RC beam. Besides, the frost damage would change the failure mode in 

a certain extent where the RC beam tended to initiate more diagonal cracks after affected by 

frost action. 

(4) The multi-scale structural evaluation methodology (chapter 3, 4 and 5) is effective to 

predict and evaluate the structural behaviors of RC members under the effect of frost damage. 

But due to the limitation of test data, whether it could be adopted as general method still need 

more evidence (experimental works and parametric studies), which is one of the future plans. 
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Chapter 6 

6. Conclusions 

A multi-scale structural evaluation methodology on RC members under the effect of frost 

damage is proposed and discussed in this dissertation. The conclusions are summarized and 

remaining tasks are also presented: 

(1) The multi-scale method follows the procedure of “(micro-meso-macro) material-structural”. 

Start from explaining the physical models of ice strengthening/damaging effects in 

microscale, these effects are upscaled into the enhanced elastic properties and pre-stress of 

mesoscale springs in Rigid Body Spring Model. Meso-cracks and the deteriorated 

macroscale properties were achieved through numerical simulation. Macroscale 

degradation models including concrete and bond were proposed based on the meso-macro 

simulations. Together with the heat transfer analysis, the degradation models were 

implemented into FEM application and structural behaviors of RC member were analyzed. 

(2) 2D mesoscale plane stress RBSM was used for simulation and modeling of frost-damaged 

concrete. A prediction model of damaged compressive strength was proposed with 

verification by test results. Taking the relative compressive strength as the damage index, 

other material parameters were modeled, e.g. elastic modulus, peak strain, tensile strength, 

etc. The full constitutive curves including compression and tension were also presented and 

proved by various experiments. 

(3) Axisymmetric mesoscale RBSM was developed to simulate and model the frost-damaged 

bond properties. The stiffness matrix was derived and applied into the program. The 

reliability was demonstrated by conducting uniaxial compression of concrete, uniaxial 

tension of reinforcement as well as the pulling-out of reinforced concrete specimens. The 

effect of frost damage on bond properties was successfully simulated and the damage model 

was finally proposed. 

(4) Based on the 2D heat transfer analysis by FEM, the frost-damaged concrete and bond 

models were adopted in 3D RC beam model in macroscale. Structural analysis and 

experiment were conducted where satisfactory agreements could be found. Besides, 

ultrasonic pulse velocity test was conducted for both concrete and RC beam. With aid of 
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the relationship between Ultrasonic Pulse Velocity and damaged compressive strength, the 

applicability of multi-scale methodology was further demonstrated. 

Future tasks: 

(a) In the future, parametric study is hopefully to be conducted with the proposed multi-scale 

structural evaluation method. With considering various environmental cases, the RC 

structural behaviors will be analyzed. Furthermore, the current design codes are aimed to 

be modified with respect to the effect of frost damage as deterioration factor. 

(b) Current methodology has already taken the heat transfer of RC member into consideration, 

as stated in section 5.1.1. However, not only heat transfer but also moisture transfer happens 

in mass construction and they are usually coupled with each other. Thus, the frost damage 

distribution in the structures might be affected by the coupled heat and moisture transfer. 

More precise evaluation of structural behaviors will be developed by combining the coupled 

transfer with frost damage in reinforced concrete structures. 

(c) In current study, the damaging effect due to frost action is considered as the meso-cracks 

induced by effective internal pressure by ice formation. However, there are also some 

micro-cracks initiated inside the RVE, which will affect the mesoscale properties. Such sort 

of microscale damaging effect is not modeled and integrated into the multi-scale evaluation 

method. In the future, this effect is aimed to be modeled theoretically and applied into 

RBSM, or with the aid of a microscale analytical application. 

(d) Actually, due to the existence of reinforcement, initial deformation (strain) is induced in the 

RC members before external loading is conducted. Such initial deformation will affect the 

results of structural evaluation, which has not been considered yet. In the future, the initial 

deformation (strain) will be calculated by RBSM and considered as the pre-

deformed/loaded condition in FEM. 
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Appendix-A 

Appendix-A 

In appendix-A, the simulation of pulling-out test with 2D was presented, so that the 

importance of developing axisymmetric RBSM program could be understood better. Fig. A1 

showed the pulling-out model with 2D RBSM. It could be observed that the 2D model behaved 

like a “sandwich” where the concrete and reinforcement were simply attached to each other. 

During the pulling-out process, the diagonal mechanical interlocking force (blue arrow) 

between ribs and concrete could be divided into the vertical (yellow arrow) and horizontal stress 

component (red arrow), see Fig. A1. The horizontal stress component could push the connecting 

concrete to move away towards the reinforcement. This movement should be confined by the 

hoop force of concrete ring (black arrow), which could not be considered in the 2D RBSM 

simulation. In addition, the moment induced by the horizontal stress component and reaction 

stress from bottom boundary will lead to rotation of the concrete cover. Thus, diagonal crack 

was observed in the simulation which was contradictory to the reality, as the blue oval showed 

in Fig. A1. 

 

 

Fig. A1. Pulling-out simulation with 2D mesoscale RBSM 

 

As a result, 2D mesoscale RBSM can no longer be adopted to simulate the pulling-out 

behaviors. The best solution is to use the 3D program. However, extreme computation time is 

needed for the 3D mesoscale simulation, especially when the frost damage process is simulated. 
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Appendix-B 

Appendix-B 

In appendix-B, the effect of elemental size on the pulling-out behaviors was discussed. As 

stated in section 4.3.1, the Voronoi element of mortar near bond interface was meshed gradually 

from 0.5 to 2 mm. Here several cases were simulated by changing the elemental size in the bond 

region: as shown in Fig. B1, the mortar elements attached to reinforcement were set constantly 

with dimension of 0.5 mm. However, the gradient factor (elemental size of layer n/elemental 

size of layer n-1) varied to be 1.1, 1.2, 1.5 and 1.8 for models (a)-(d). All the other material 

properties were same including the embedment length, concrete strength, etc. 

 

 

Fig. B1. Illustration of model with different gradient factors 

 

 

Fig. B2. Bond-slip behaviors with different gradient factors 
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The simulation results of bond-slip behaviors for all the models were plotted in Fig. B2. It 

could be seen that if mesh of mortar was finer in bond region, the calculated bond strength 

tended to be larger and the corresponding slip was also larger. The maximum and minimum 

bond strength simulated by different models were 23.38 and 20.47 MPa, respectively. The 

scattering was limited within 14.2% by different mesh types (gradient factors). Though finer 

mesh lead to a more precise simulation result, GF=1.5 was adopted in current study for 

consideration of the conservative prediction and less computation time consumption. 


