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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 [ailure criterion of deteriorated concrete was dis-
cussions. In 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 rationality of 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

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'' 2, 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: (D Lack of theoretical basis, the research re-
sults 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, ultrasonic veloci-
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''*!, 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™ 1]

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 by-'™!

por—th

v

(D

where, v is the supersonic velocity in concrete and wy, 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™'®!, 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

U =¢(D,f) (2)
where D denotes the damage of concrete, f, is the tensile
strength and f? 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

12 =D, f) (3)
where, f. is the compression strength and f7 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,

D D
o1 ’%(0‘2 +20'3) = ¢(D’ft)’ 02 ggﬁ%?
D B
%(20’1 + ) _aDO':; = ¢(D9ft)9 o > gll_—:iag“j
o DS "

N (D, fo)
where, ¢" is the strength ratio of tensile compression of
the damaged concrete.

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

L=¢D,fy) (5)
where, f, is the strength for equal biaxial stress and £},
is that for the damaged concrete,

Substituting Egs. (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-
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shear failure criterion of the concrete after suffering envi-
ronmental actions can be obtained. Assuming 6=0. 5,
the damage-coupled failure criterion in principal stress
space can be modeled as
3+ A=)
¢ 1

)
(o7 g %(0'1 +63) +%(O’1 _O':;)

g{) _z) D
(1-2 )(20'] +Gg)-3(1 4 )O';; +%11 = (‘D

-

D
@+%@+%L=w

)
022';—<61+0;;)+@2l*(01_0;g) (6)

The parameters mentioned above are as follows;
P = d’ +2" —3"2" , _ %" @ =1

PPA+S Y T WU+
w_ 3 N OND
¢ 2<1+a”>¢<D’/‘)’“ oDy f’
D — C(D’.fbt‘)
© @D fo 0

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-
locity

For China, f.=mv" and f.=me"™, the two forms
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Table 1 Loss rate of compressive strength and supersonic velocity

lLLoss rate of supersonic Loss rate of compressive

Cycle number velocity/ % strength/ %4
D30 H30 D30 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 19. 66 14,74 27.10 28.69
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 » are empirical coeffi-

cientst'"’

. The relationship between ultrasonic velocity
and compression strength of concrete after suffering
freeze-thaw cycles can be expressed as
KA
, U . :
1P =A(—f;) fo= A", (8)
v
where, A and B are fitting constants, v="1{,/".
According to the damage mechanics, the relationship

between f{’ and f, is expressed as

2 =0-D/, (%)
substituting Eq. (1) into Eq. (9), then
2
=20 (10)

substituting Eq. (8) into Eq. (3), then
7 B

oD, f) = A(%) fo=AMAtf0 A
substituting Eq. (2) into Eq. (10), then
2
(D, f) = Z—’; =1, (12)
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 B o1 4.

21 _%(0'3 +20’3) :U/H 02 <L1?D3

1 . o1 +a’%

3(201 +o) —a’%y =95 00 > 11‘+;u_3
Q= #D o _ 7 L (13)

oD, fO AT A
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): o=0. 158 7; H30
(f.=39.4 kN): ¢=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 7,
plane in accordance with different times of freeze-flaw are
described in Fig. 1. The failure surface is gradually

15
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3
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= -5
s (1]
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(c)

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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Fig. 1 Failure surface of concrete after suffering freezing and thawing cycles

(a) Meridians of tensile compression of D30; (b) Limit line of ny plane of D30; (¢) Meridians of tensile compression of H30; (d) Limit line

of xy plane of H30
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Fig.2 The transformation of utmost line with the change of freeze-thaw times under double-axes stress
(a) testing data; (b) forecasting data
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pled strength theory based on twin-shear three parameter
criterion (Eq. (6)), o3 can be induced from ¢, and ..
The calculating index of g; will be compared with its tes-
ting index to testify the damage-coupled strength theory.

In Fig. 2, with the increase of {reeze-thaw times, the
limit line is approaching in the direction of original point,
The curve indicates that the biaxial strength Iimit 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 cut-
off point between the two stages needs to be discussed in
future studies.
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