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Abstract: In order to effectively assess the mechanical properties
of concrete with freeze-thaw and seawater erosion, tests about
basic mechanical properties of concrete after freeze-thaw and
seawater erosion are conducted based on the large-scale static
and dynamic stiffness servo test set. 50, 100, 200 and 300
cycles of freeze-thaw cycling are made on normal concrete, and
the artificial seawater is produced. The reasonable wet and dry
accelerate system is selected. 10, 20, 30, 40, 50 and 60 cycles
of wet and dry cycling are made to concrete after freeze-thaw
cycling. The degeneration law of the concrete elastic modulus
and compressive strength is studied. The Ofttosen tri-axial
strength criterion considering cycles of freeze-thaw and wet and
dry cycling is deduced based on uniaxial mechanical properties
of concrete and damage theory. Experimental results show that
with the increase in the number of wet and dry cycles and
freeze-thaw cycles, the concrete axial compressive strength and
the elastic modulus decline gradually. Tensile and compressive
meridians of concrete shrink gradually. The research can be
referenced for anti-crack design of actual structures eroded by
seawater at cold regions.
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n 2001, after summarizing 59 years research progress of
I concrete durability, Professor Mehta'' at the University
of California found that the main deterioration factors that
lead concrete structures to degenerate are reinforcement rust,
seawater freeze-thaw and erosion. Evaluating the concrete
coupling damage under seawater freeze-thaw and erosion has
engineering application and theory value.

Freeze-thaw is one of the main factors that cause mechan-
ical properties damage to concrete structures. The concrete
eroded by the freeze-thaw cycles generally appears to be sur-
face loose, spalling, exposed aggregate and exposed rein-
forcement and so on. Domestic and foreign scholars have
done much research on concrete freeze-thaw damage "',
Currently, one of the most popular theories is the hydrostat-
ic hypothesis proposed by Powers'*™. At present, most
studies on concrete structure performance after freeze-thaw
cycles'®”" involve the changes of material properties after
freeze-thaw. The research concerning mechanical properties
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degradation rules is rare.

Any environments whose pH value is less than 12. 5 can
be theoretically classified into erosion conditions "', The pH
value of natural seawater is between 7.9 and 8.4. Mu
et al. "™ studied variation rules of the concrete dynamic
elastic modulus under chemical corrosion and freeze-thaw
damage.

It is found that the literature concerning concrete mechani-
cal performance degradation after wet and dry cycles is
rare'”""!. The relevant literature about triaxial strength cri-
terion of concrete considering the coupling effect of seawater
freeze-thaw and erosion is not found.

1 Experimental Design

Concrete in marine environments is immerged and corro-
ded by ions such as SOi’, Mg“, and Cl~. But the con-
crete corrosion is a long-term progress in low concentration
sulfate solutions, especially in Na,SO, corrosion solutions.
So, the reasonable acceleration system is used to study the
concrete mechanical properties in erosion solutions.

At present, most studies concerning concrete damage use
the wet and dry acceleration system, but this system is not
uniform'”". Obviously, there is not a specific rule about
the acceleration test system. Atkinson’s acceleration test
system is improved in this paper. The highest temperature is
considered, and the highest temperature in the wet and dry
cycle system is 80 C. For preventing the temperature
stress, the specimen is immersed in solution after cooling 1
h naturally. The design wet and dry cycle system of con-
crete is as follows: the concrete specimen is baked 16 h in a
furnace at 80°C, cooled down 1 h at room temperature and
immersed 7 h in the corrosion solution.

The erosion ions concentration in the corrosion solution is
five times that in seawater (see Tab.1).

Tab.1 Artificial seawater composition g/L

Chemical contents
in artificial seawater

Chemical contents

Chemical composition .
in natural seawater

NaCl 21.00 105. 00
MgCl, 2.54 12.70
MgSO, - 7H,0 1.54 7.70
CaS0, - 2H,0 2.43 12.15
CaCo, 0.10 0.50

First, freeze-thaw tests of 50, 100, 200 and 300 cycles
are done to the concrete specimen. Secondly, the wet and
dry cycle test is done to concrete specimens after freeze-
thaw. Finally, the compressive strength test is done.

2 Concrete Damage Variable

From an injury phenomenological perspective, material
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inner injury can be described entirely by macro-parameters
such as the elastic modulus and Poisson’s ratio. The four-
order isotropic tensor D is used to describe concrete injury.

Dijkl =D16i,‘5k1 +D26ik6jl (D)

E(v-v)

B . _E(d+v)
"TE(L+w)(1 -2p)° b, =1

b : E(1 +v)

(2)
where E and v are the non-destructive concrete elastic modu-
lus and Poisson’s ratio, respectively; E and p are the de-
structive concrete elastic modulus and Poisson’s ratio, re-
spectively; D, and D, describe volume injury and distortion
injury, respectively.

The expression of the concrete destructive elastic modulus
is simplified as follows:

E=E[1 -pN]* (3)

The equation of the concrete Poisson’s ratio with the num-
ber of wet and dry cycles can be written as

a:i—l‘zz”[l—qzv]” (4)

where N is the number of the concrete indoor wet and dry
cycles; p, ¢, k and h are material micro-parameters. They
can be determined by tests.

3 Concrete Wet and Dry Cycles Damage Criteria

The strength criterion of concrete after wet and dry cycles
of seawater can be established according to existing tests
combined with the classic injury and plasticity theory. The
concrete after wet and dry cycles is assumed to have charac-
teristics of a non-destructive concrete failure surface. The
stress invariants of concrete after wet and dry cycles can be
written as

}:all’ jz :,BZJN }3 :B3J3, 6=0 (5)
where
1 1
*=1_3p,-p, P 1-D,

and I, J,, J, are concrete invariants after wet and dry cy-
cles; 1,, J,, J, are non-destructive concrete invariants; «,
are pending parameters; 6, 6 are Lode angles after wet and
dry cycles and before wet and dry cycles, respectively.

Substituting D, and D, in Eq. (2) into Eq. (5), a, B can
be expressed as

_ E(1+p)(1-2v) B_E(1+i/)
TE[(1+v)(1-20) +3(v-0)1" P T E(1 +v)

! (6)
The equation of the concrete failure surface in the Cauchy
stress space can be expressed as

f(1, 0, a(D),i=1,2,...) =0 (7)

The Ottosen four parameters model can reflect the main
characteristics of the concrete failure surface, so the Ottosen
model is adopted to establish the triaxial strength criteria of
concrete after suffering from seawater erosion. The four pa-

rameters model can be expressed as

- - _ J 7 I
A, J,, cos36) =af,22+)\ ??+b}c}_1 =0 (g

A =A(cos30) >0

where a and b are used to determine the meridian curve; A
is used to determine the partial plane destruction graphics; f,
is the concrete uniaxial compressive strength.

According to the assumption of membrane analogy, A can
be expressed as

!

=k, cos [ %arccos( k,cos36) ] cos30=0

k, cos[ % - %arccos( — k,cos36) ] cos30 <0
(9)

where k, is the size coefficient, and k, is the type coeffi-
cient.

4 Calculation of Concrete Elastic Modulus

The values of the concrete initial elastic modulus after
freeze-thaw cycles are obtained by dealing with measured
data, The results are presented in Tab. 2.

Tab.2 Test values of concrete mechanical properties after
freeze-thaw

Cycle Number ~ f./MPa  Peak strain £/10 ~* E/GPa
1 60. 22 1.24 96. 82
0 2 53.95 1. 15 93.50
3 44. 43 1. 14 78.22
1 43.97 1.33 66. 17
2 44. 82 1.22 73.71
50 3 45.27 1.12 81. 14
4 54.27 1.26 86. 14
5 63.75 1.81 70. 63
1 34.00 1.75 38. 86
2 38.00 1.73 43.93
3 39.90 1.75 45. 60
100
4 40. 00 1. 10 72.73
5 52.00 1.40 74.29
6 62. 00 1. 60 77. 50
1 36. 30 1.73 41.92
200
2 37.56 1.51 49. 85
1 26.73 1.71 31.27
2 29.73 2.09 28.45
300
3 31.90 1.91 33.40
4 27.33 2.03 26.93

Multiple linear regression is conducted to the experimental
data presented in Tab. 2, and parameters p, k are calculat-
ed. The concrete elastic modulus degradation model is ex-
pressed as

E=E,(1+0.001N) *** (10)

where E; is the initial elastic modulus of non-destructive
concrete.

Another group of test cubes undergo coupling effect of
seawater freeze-thaw and erosion. Their mechanical proper-
ties are shown in Tab. 3.
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Tab.3 Concrete compressive strength test values MPa
Cycles Cube 1 Cube 2 Cube 3
Ordinary test cube 55.44 48.73 56. 48
100 freeze-thaw cycles 47.53 45.28 40. 52
100 freeze-thaw cycles + 4337 45,65 40,67
10 wet and dry cycles
100 freeze-thaw cycles + 4304 37 75 39,26
20 wet and dry cycles
100 freeze-thaw cycles + 38,24 3375 36,26
30 wet and dry cycles
100 freeze-thaw cycles + 34,24 3. 75 30,26
40 wet and dry cycles
100 freeze-thaw cycles + 30. 24 2775 31,26
50 wet and dry cycles
100 freeze-thaw cycles + 28,24 2. 75 2.6

60 wet and dry cycles

The Poisson ratio considering the number of freeze-thaw
cycles N, is expressed as

_ 1 1-2x0.2
g o TR

> > 1 +0.001N,)

(11)
The concrete elastic modulus after different freeze-thaw
cycles N, and different wet-dry cycles N, is assumed to be

E=E,(1+0.00IN,) **(1 +AN,)" (12)
where N, is the number of indoor rapid freeze-thaw cycles;
N, is the number of wet and dry cycles where concrete is in
water whose concentration is five times than in natural sea-
water.

Parameters A =1.359 and B = - 0. 111 are obtained by
the use of multiple linear regression modeling of the experi-
mental data in Tab.2 and Tab. 3. The concrete elastic mod-
ulus under the coupling effect of freeze-thaw and erosion is

E=E,(1+0.001N) ** (1 +1.359N,) *""  (13)
5 Parameters Determination of Ottosen Strength
Model

The concrete uniaxial compressive strength is 52. 863 MPa
and the uniaxial tensile strength is 3. 81 MPa according to
the test results. The nonlinear equations of the Ottosen
strength criteria are written as

Uniaixal compression

k, COS( % - %arccos( k,) )
Ly —b-1=0 (l4a)
3 B
Uniaixal tension
k ! k
ajf lcos( 3 ——arccos( ))f bf
—+ —-1=0 (14b)
3, B, "¥.
Biaxial compression
k, cos Larccos(k )| x1.16
1.16* xa ‘C°(3 2) :
+ -bx2x
3 5
1.16 -1 =0 (14¢)

Triaxial compression

8a +2/§cos(%—%arceos(k2))—5/§b—1 =0  (14d)

Four parameters are obtained by solving the above nonlin-
ear equations (14). The surface of the Ottosen strength cri-
teria is written as

f(Il,Jz,cos30)—12735fc Bff 31924f— 1=0
(15)

When cos36=0,

A=—=11 725005[ ;*arccos(O. 98co0s36) ]

1
)
When cos36 <0,

A =1—=11.725cos[

T Larccos( —0.98co0s30) ]
D

33
6 Determining Tensile Meridian and Compressive
Meridian

The concrete elastic modulus degradation model ( Eq.
(12)) and the Poisson ratio degradation model (Eq. (11))
are substituted into Eq. (2), and D,, D, are written as

(1+0.001N,) ** x (1 +1.359N,) """ x0. 002N,
to (1.2 +0.000 2N,) (0. 6 —0. 000 4N,)

(1+0.001N,) ™ x (1 +1.359N,) "' x1.2
(1.2 +0.000 2N,)

D,=1-

The Haigh-Westergard coordinate (p, &, ) is used to de-
scribe the surface of the Ottosen strength criteria, and the
coordinate relationships are written as

3/3J,
J;/Z

1
p=2@, 5:?1, cos(36) =

The tensile meridians and compressive meridians of dif-
ferent freeze-thaw cycles and wet-dry cycles are drawn in
Fig. 1.

10 %n. %,n%

‘**zq,
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2 | ——N,=0,N,=0,tension
——N,=100, N, =30, compression
2L ——N,=100, N, =30, tension

——N,=300, N,=60,compression,
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Fig.1 Tensile and compressive meridians of concrete coupling
injury failure surface

7 Conclusions

1) The triaxial strength criterion of concrete considering
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the number of wet-dry cycles and freeze-thaw cycles is es-
tablished based on the continuum of damage mechanics and
classical failure criterion models.

2) The numbers of both wet-dry cycles and seawater
freeze-thaw cycles in this paper are indoor numbers, and the
numbers under natural conditions are useful for evaluating
the service performance of structures in marine environ-
ments. It is necessary to study the effective indoor and out-
door correlation models. We will do such research in the fu-
ture.
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