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Abstract: The damage which represents the alternation of 
internal state of material was introduced to concrete strength 
theory according to the theory of mechanics of continuous me- 
dium and the failure criterion of deteriorated concrete was dis- 
cussions. ]n the tests, ultrasonic velocity is used to establish 
the damage variable and to establish the damage~coupled fail- 
ure criterion of concrete under freeze-thaw. The results show 
that the failure surface is gradually shrinking with the increase 
of freeze-thaw times. Furthermore, by the comparison be- 
tween the theoretical data and the testing data from the litera- 

ture, the rationa]ity o{ strength theory proposed in the paper 
acquire confirmation. The damage>coupled failure criterion 
presented here can indicate the influence of damage evolution 
on the failure surface of concrete. 
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0 Introduction 

T he failure of concrete subjected to environmental actions 

is a gradual process which is different from the failure 

pattern in general strength test. The change of material states 

caused by the damage evolution will affect the concrete 

strength in a certain kind of concrete. 

For years, domestic studies have focused on the effect of 
abominable environmental factors on mechanical property of 

concrete, and have resulted in some achievements I71 12]. The 

studies of some current research results reveal that the effect 

of various environmental factors on mechanical property of 
concrete almost occur under the uniaxial stress condition. The 

various checking indexes prove to be unitary. For instance, 

the testing indexes under freeze-thaw action usually are dy- 
namic modulus of elasticity and mass loss rate. By establishing 
connections between the various inspecting indexes and the 

uniaxial strength of concrete, the strength of concrete can be 

estimated by calculation on the basis of the various checking 
indexes. However, there are three deficiencies in the accom 
plished results: @ Lack of theoretical basis, the research re- 
suits based on abundant tests and the equations are simply em- 
pirical formulas; @ Poor applicability, the studies have been 
carried out under a single condition, and can not be proved 
correct under other conditions; @ Lack of the further study of 
triaxial strength of damaged concrete after suffering abomina- 

ble environmental actions. Most concrete structures are under 

the complex stress state. 
This paper introduces the damage which represents the 

change of internal state of material in concrete strength theory 

according to the theory of mechanics of continuous medium 

and hold discussions on the failure criterion of deteriorated 
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concrete. The damage-coupled failure criterion presented 
here can indicate the influence of damage evolution on the 
failure surface of concrete. In the tests, uhrasonie veloei- 
ty is a nondestructive examination method commonly 
used to establish damage variable and to establish the 
damage-coupled failure criterion of concrete under freeze- 
thaw. Furthermore, by comparing the theoretical data 
with the testing data from the literature, the rationality 
of strength theory proposed in the paper seems to acquire 
further confirmation. 

2 Establishment of the Damage-Cou- 
pled Failure Criterion of Concrete 

2.1 Description of Damage State 
According to the phenomenological theory of damage 

mechanics, analysis of the macromechanical property can 
reflect the phenomenon of microstructural variation by 
adopting the intenal variable El:+2. Hence, the damage var- 
iable can be indirectly represented by some macrosopic 
detectable quantities. Certainly, those quantities must be 
closely related to the microstructure and can describe the 
development of material micro-defects. 

Considering the complexity of the internal structure 
of concrete, the macroscopic detectable indexes are more 
suitable to represent the damage variable. Those indexes 
include dynamic modulus of elasticity, elastic ratio, su- 
personic velocity, the signal energy of sound emis- 
sion EH2" 

Various investigations indicate that the reduction of 
supersonic velocity can show the changes of the concrete 
status. On the other hand, owing to its reliability, high- 
speed, and simple operation, the ultrasonic techniques 
are expediently used in practice. Therefore, ultrasonic is 
a nondestructive technique used to compose the damage 
variation, and other methods can be analogized. 

The damage variation composed by the supersonic 
velocity is expressed byEtS] : 

D = 1 G (1) 
7) 2 

where, v is the supersonic velocity in concrete and vr) is 
the supersonic velocity in damaged concrete. 
2.2 The Damage-Coupled Failure Criterion of Con. 
crete 

The most basic important and widely used strength 
theory of concrete is for the isotropic medium under static 
load and at the ambient temperature. Considering the 
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features of concrete, the new and reasonable weighted 
twin-shear strength theory is adopted. The improvement 
of the unified strength theory (the functional modulus of 
intermediate principal shear stress equual 0.5) is a rea- 
sonable substitute to Drucker-Prager criterion Et<. This 
theory considers the effect of hydrostatic stress, interme- 
diate principal stress and strength difference between ten- 
sion and compression. Furthermore, with its distinct 
physical concept and simple mathematical representation, 
the theory can easily apply. Actually, the failure criterion 
is deemed as a linear approximation of the corner model. 

The damage of concrete in the weighted twin-shear 
strength theory can be used to deduce the equation of 
failure surface. By assuming the relation between the 
tensile strength of concrete before and after suffering en- 
vironmental actions it can be expressed as 

J() = ~(D,ft)  (2) 
where D denotes the damage of concrete, J~ is the tensile 
strength and f v is the tensile strength of the damaged 
concrete. 

Similarly, the concrete compression strength rela- 
tionship before and after suffering environmental actions 
can be expressed as 

J~' = ~ ( D , s  (3) 
where, J~ is the compression strength and f~ is compres- 
sion strength of the damaged concrete. 

Substituting Eq. (2) and Eq. (3) into the two-pa- 
rameter of the weighted twin-shear strength theory, we 
get the strength theory of the concrete after suffering en- 
vironmental actions in principal stress space. 

I) a ( + aDa:, 
(71 - - ~  0"2 @-20"3) = ~(D,f,) a2 <al  

�9 ' 1 + d ) 

( + ) 17 
2ffl d2 ' 1 + a  r) 

D _ _  
12 

where, a 1) is the strength 
the damaged concrete. 

r (4) 
~(D,f+) 
ratio of tensile compression of 

If the biaxial stress is equal, the strength of the 
damaged concrete subjected to environmental actions can 
be expressed as 

Jbr)~ = ~'(D,fuc) (5) 
where, fl,c is the strength for equal biaxial stress and ff~ 
is that for the damaged concrete. 

Substituting Eqs. (2) ,  (3) and Eq. (5) into the 
three-parameter of the weighted twin-shear strength the- 
ory, the damage-coupled three-parameter of the twin- 



shear failure criterion of the concrete after suffering envi- 
ronmental actions can be obtained. Assuming b = 0. 5, 
the damage-coupled failure criterion in principal stress 
space can be modeled as 

3(1 +~)4  0"1-- (1 -- i f)) ( 0 . 2 4  +20.,/), + ~ I 1  = U ) 

0.2 ~ ~-(0"1 @0"3) _L (0"1 --0"3) 

(1+ff2)(204 +0"z)-3(14g))0":~ + ~ 1 1  = ( "  

1 ~ ) (6) a2 >~ ~- (0.1 + 0.:5 ) + 2 (< - 0.:~ 

The parameters mentioned above are as follows: 
- D  _ 3if)at) 9ff ) (d D 1) j ,  + 2 d '  ,, , - 

= - D  olD , 12  - -  a ( 1 +  ) 26"(1--a  ~)) 

C" - 3 )~(D'/ ,  " ~(D,f ,)  
2(1+ff)  ), a ~ (D, fc ) '  

-z)_ ~'(D,J~,~ ) (7) 
a g(D,Jl ) 

The comparison between the failure surface of three 
parameter of twin-shear criterion and that of two-parame- 
ter twin-shear criterion reveal that the biaxial tensile zone 
and triaxial tensile zone of the former shrink while com- 
pressional zone enlarges, which can give more free reins 
to the strength potential of materials. 

3 Experimental Results and Analysis 

3.1 Freeze-Thaw Test 
In order to study the influence of damage evolution 

on the failure surface of concrete, tests of freezing tha- 
wing which is one of the formidable environmental actions 
were carried out. The weighted twin-shear strength theo- 
ry with two parameters has been studied to describe the 
rule of damage-coupled strength theory. Also the three 
parameter twin-shear strength theory mentioned above 
has the similar results. Then, the comparison between 
the theoretical data and testing data from the literature 
were performed. 

Compressive strength and supersonic velocity were 
tested after some freezing-thawing times. The loss rate of 
compressive strength and supersonic velocity are shown 
in Table 1. 
3.2 Damage-Coupled Failure Criterion of Concrete 
under Freeze-Thaw Action Based on Supersonic Ve. 
Iocity 

For China, f ,=mv"  a n d / ~ = m & ,  the two forms 

Table 1 Loss rate of compressive strength and supersonic velocity 

Cycle numher 

1.oss rate of supersonic Loss rate of compressive 
veloci ty /~  strength/~ 

I)30 H30 I)30 H30 

0 0 0 0 0 

25 1.60 1.92 0.71 0.80 

50 2.81 2.87 12.55 10.02 

70 3.21 3. 10 18.42 17.37 

90 7.04 5.78 23.70 24.25 

110 15.05 12.74 24.69 27.78 

130 1!).66 14.74 27.10 28.6!) 

150 22.70 16.72 38.66 32.15 

of nonlinear mathematic representation are often adopted 
to express the relation of supersonic velocity and com- 
pression strength. Where m and n are empirical coeffi- 
cients E:2. The relationship between ultrasonic velocity 
and compression strength of concrete after suffering 
freeze-thaw cycles can he expressed as ),5 

/,(' = A / ~  f ,  = av"f,.r (8) 

where, A and B are fitting constants, 9=v~)/v 2. 
According to the damage mechanics, the relationship 

between fi) and .[, is expressed as 
fi '  = (1 - D)JI  (9) 

substituting Eq. (1) into Eq. (9), then 

v~) f / ?  = y , ,  (lO) 

substituting Eq. (8) into Eq. (3), then 
9 IS 

f ( D , L )  = A /~ = . ,  (11) 

substituting Eq. (2) into Eq. (10), then 

v~) 
~ ( D ,  J i )  = ~ J; = v f ,  (12) 

7) 

Substituting Eq. (11) and Eq. (12) into Eq. (4) 
gives the equations of failure surface which is character- 
ized by supersonic velocity expressed as 

D I) 
_ _  ~ a G3  

0.1 T (0.,, + 2aa,~ ) = v f , ,  0.2 <~ 0.1 + 
- ' 1 + c / )  

( + ) _ i) a 0.3 = ' u f t '  0.2 > 0"1 -~-cll)0"3 20.1 0.2 1 +a  t) 

I ) _  ~ ( D ,  f , )  ~ a 1 I~ (13) 

Based on the Eq. (8),  parameters can be calculated 
by fitting test data in Table 1. The author get the follow- 
ing values, D30:A=0.  940 9 , B = 0 .  761 2; H30..A= 
0. 957 1 ,B=  1. 027 6. According to the empirical formula 
of the relationship of tensile and compression strength in 
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Ref. [18~, the ratios of tensile and compression strength 
can be estimated (D30 (f~ =48.8 kN). a=0. 158 7 ; H30 
(J~ =39.4 kN) �9 4=0. 170 4). The failure surface due to 
freeze-thaw action in Eq. (13) can be obtained. Only the 
meridians of tensile compression and the limit line of m~ 
plane in accordance with different times of freeze-flaw are 
described in Fig. 1. The failure surface is gradually 

shrinking with the increase of freeze-thaw times as show 
in Fig. 1. Figure 2 only shows the changing principle of 
limit line in biaxial stress condition. 

3.3 Verification 
Ref. [5~ presents the triaxial compression strength 

of ordinary concrete in various freeze-thaw times and va- 
rious loading proportion. According to the damage-cou- 
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pled strength theory based on twin-shear three parameter 
criterion (Eq. (6) ) ,  a3 can be induced from a~ and a2. 
The calculating index of a:~ will be compared with its tes- 
ting index to testify the damage-coupled strength theory. 

In Fig. 2, with the increase of freeze-thaw times, the 
limit line is approaching in the direction of original point. 
The curve indicates that the biaxial strength limit line is 
shrinking gradually in according with the law, mentioned 
in the previous section. The increase of freeze-thaw times 
leads to the gradual reduction of strength failure surface 
of concrete. 

4 Conclusion 

The damage-coupled failure criterion indicating the 
influence of damage evolution on the failure surface of 
concrete shows the failure surface is gradually shrinking 
with the increase of damage. It is based on an explicit 
theoretical model and is suitable to describe the strength 
of concrete under various abominable conditions. The 
damage-coupled failure criterions presented in this paper 
are suitable for the first stage of the deterioration of con- 
crete. The failure criterion in the final stage and the cur 
off point between the two stages needs to be discussed in 
future studies. 

References 

12 l.i Jinyu,Cao Jianguo, Xu Wenyu,et al. Study on the Mecha 
nism of Concrete l)estructkm under Frost Action EJ~..lour 
nal oJ Hydraulic Engineering, 1999, ( 1 ) : 41-49 (Ch). 

~2~ Hu Beilei, ~mg Yupu, Zhao Guofan. Experimental Study of 
Deformation and Strength Characters of Concrete under Com- 
plex Stress Conditions at Elevated Temperature ~J~. Build 

ing Science Research of  Sichuan, 1994, ( 1 ) :47-50 (Ch). 
~3~ Khennane A, Baker G. Plasticity Models for the Biaxial Be- 

havior of Concrete at Elevated Temperatures (Part D:  Fail- 
ure Criterion I-J]. (;ompuler Methods in Applied Mechanics 

and Engineering, 1992,100 : 207-223. 
~4~ Khennane A, Baker G. Plasticity Models for the Biaxial Be- 

havior of Concrete at Elevated Temperatures (Part 11): lm 
plementation and Simulation Tests VJ~. (2omputer Methods in 

Applied Mechanics and Engineering, 1992,100 : 225-248. 
ES~ Tan I.ikun. Studyon the Strength and DeJormation of  Con 

crete under Multia.rial Stress after High-Temperature or 

Freeze-Thaw Cycling ED~. I)alian: Dalian University of 
Technology, 2003 (Ch). 

E6J Yah Jihong, I.in Zhisheng, Hu Yunchang. The Effects of 
High Temperature on Compressive Strength of Concrete [-J~. 
(3~ina Civil Engineering Journal, 2002,35 ( 1 ) :17-19 (Ch). 

~7~ Shi Shisheng. Effect of Freezing-Thawing Cycles on Mechan 
ieal Properties of Concrete [J~. China Civil Engineering 

Journal, 1997,30(4) :35-42 (Ch). 
~8~ Sun W, Zhang Y M, Yan H D, et ul. [)amage and Damage 

Resistance of High Strength Concrete under the Action of 

Load and Freezing-Thawing Cycles ~-J~. ('ement and Concrete 

Research, 1999,19(6) :1519-1523. 
[9~ ()sama A. Factors Affecting Resistance of Concrete to Freez- 

ing and Thawing Damage ~J~. Journal Materials in ('ivil 

b2ngineering, 2000,12( 1 ) : 543-550. 
~10~ Chen I.ihong, Yah Bo, Zhang Keqiang. No-Damage Exami- 

ning of Concrete Strength after High Temperature [J~. (7on 
crete, 2001,(1) :35-36 (Ch). 

Ell~ I.uo Xin, Zhu Jingzhang, Weijun. The Nondestructive Esti- 
mation of Concrete Destruction in Freezing and Thawing Cy 

cles ~C~//The Durability and Its Design Method of  ('on- 

crete Structure in Uoastal Region. l~ijing: China Communi 
cations Press, 2004 (Ch). 

~12~ Song Yupu, Yu Changjiang, "Fan l.ikun. Experimental In 
vestigation of two-Axle Compression Strength and Its De- 

formation Character after Suffering Cycles of Freezing and 
Thawing ~J~. Journal of  Dalian University of  Technology , 
2004,44(/1) :545-549 (Ch). 

~13~ l.i Zhaoxia. Damage Mechanics and Its Application ~M~. 

Beijing: Science Press, 2002 (Ch). 
~14~ Akhras N M. Detecting Freezing and Thawing Damage in 

Concrete Using Signal Energy ~J~. Cement and Concrete Re 
search , 1998,29(9) : 1275-1280. 

[15~ I.emaitre J, Chahoche J I.. Material Mechanics o J" Solid 

EM~. Beijing: National Defence Industry Press, 1997. 
[16~ Yu Maohong. Concrete Strength Theory and Application 

EM~. Beijing: Higher Education Press, 2002(Ch). 
[-17~ Group of ('ompilers. Latest Nl)lq "Ibchnique of  Concrete 

~M~. Beijing: Environmental Science Press, 2002 (Ch). 
~18~ Jiang Jianjin, Feng Naiqian. (;oncrete Mechanics ~M~. t~.i- 

jing: China Railway Press, 1991 (('h). 

[] 

661 


