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Development of Deterioration Prediction Model and Reliability Model
for the Cyclic Freeze-Thaw of Concrete Structures

Tae-Jun Cho”, Lee-Hyeon Kim”*, and Hyo-Nam Cho”
l)Engineering Div., Korea Rail Network Authority, Daejeon 301-803, Korea
“Dept. of Civil Engineering, Hanyang University, Ansan 426-791, Korea

ABSTRACT The initiation and growth processes of cyclic ice body in porous systems are affected by the thermo-physical and mass
transport properties, as well as gradients of temperature and chemical potentials. Furthermore, the diffusivity of deicing chemicals
shows significantly higher value under cyclic freeze-thaw conditions. Consequently, the disintegration of concrete structures is aggra-
vated at marine environments, higher altitudes, and northern areas. However, the properties of cyclic freeze-thaw with crack growth
and the deterioration by the accumulated damages are hard to identify in tests. In order to predict the accumulated damages by cyclic
freeze-thaw, a regression analysis by the response surface method (RSM) is used. The important parameters for cyclic freeze-thaw-
deterioration of concrete structures, such as water to cement ratio, entrained air pores, and the number of cycles of freezing and thaw-
ing, are used to compose the limit state function. The regression equation fitted to the important deterioration criteria, such as accu-
mulated plastic deformation, relative dynamic modulus, or equivalent plastic deformations, were used as the probabilistic evaluations
of performance for the degraded structural resistance. The predicted results of relative dynamic modulus and residual strains after 300
cycles of freeze-thaw show very good agreements with the experimental results. The RSM result can be used to predict the probability
of occurrence for designer specified critical values. Therefore, it is possible to evaluate the life cycle management of concrete structures
considering the accumulated damages due to the cyclic freeze-thaw using the proposed prediction method.
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Fig. 1 Strain deformation of the test specimen as a function
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Fig. 2 Strain deformation of the test specimen for different
entrained air and water to cement ratio'
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Fig. 3 Experimental results of equivalent plastic strain under
the accumulated cycles of freeze-thaw”
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Table 1 Random variables and statistical values (N - mm)

Random Notation for
. the random Mean value COV |Distribution
variables .
variables
M x1 7.30E+06 0.12 Normal
87.972
A, x2 ~175.944 0.015 | Normal
D X3 400 0.015 | Normal
o x4 24 0.119 | Normal
d, x5 20 0.015 | Normal

Note) M is unfactored external moment, f;, is a 28th days com-
pressive strength, and d, is the minimum cover depth



Table 2 Coefficients of RSM for three cases (N - mm)

Table 3 Reliability indices by three evaluation methods

Random variables A& A&
In case of x2=A,=175.944 mm’) 87.972 | 175.944

X1 X2 | X3 |X4| X5 X6 X6

CASEl |7.30E+06|175.9| 400 | 24 | 20 |1.39E-01|6.97E-02
CASE2 |8.18E+06|175.9| 400 | 24 | 20 |1.56E-01|7.69E-02
CASE3 |6.42E+06|175.9| 400 | 24 | 20 |1.23E-01|6.22E-02
CASE4 |7.30E+06| 173.4| 400 | 24 | 20 |1.37E-01|6.86E-02
CASES |7.30E+06| 178.4| 400 | 24 | 20 |1.41E-01|7.07E-02
CASE6 |7.30E+06|175.9| 406 | 24 | 20 |1.37E-01|6.86E-02
CASE7 |7.30E+06|175.9| 394 | 24 | 20 |1.42E-01|7.08E-02
CASES8 |7.30E+06| 175.9| 400 (26.9] 20 | 0.139 |0.06965
CASE9 |7.30E+06|175.9| 400 (21.1| 20 | 0.139 |0.06965
CASE10|7.30E+06| 175.9| 400 | 24 |20.3 | 0.140 |0.07000
CASE11|7.30E+06| 175.9 | 400 | 24 | 19.7| 0.139 |0.06930

Analysis
cases
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Fig. 6 The reduction of relative dynamic modulus with
increased number of cycles of freeze-thaw®”, where
7-55-U-M: 70x70%150 mm, w/c=55%, AE=1.2%, M=
Mix, 10-55-E-M: 100x100x380 mm, w/c=55%, AE=
7%, A: wet throughout, B: alternating wet and dry
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Fig. 8 Residual strain of different size specimens (un-entrained
cases), where 7-65-U-M: 70x70%150 mm, w/c = 65%,
AE = 1.2%, M = Mix, 10-65-E-M: 100x100x380 mm, w/
c=65%, AE =7%, M =mix"®
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Fig. 9 The accumulated residual strain under cyclic freeze-
thaw (entrained air pore of 0%)"

Table 4 Axial points as the input values of RSM for fitting to
the residual strain

Run Water to |Entrained air | Number of | Residual
number |cement ratio| pores (%) cycles strain
1 0.55 7 324 145
2 0.55 7.35 324 160
3 0.55 6.65 324 170
4 0.65 7 313 150

5 0.65 7 277 50
6 0.65 7 313 51
7 0.55 7 287 100
Mean 0.592857 | 7 308.8571 | 118
j;i‘:js;i 0.053452 | 0202073 | 19.21309 | 51.0849
cov 0.09016 0.028868 0.062207 | 0.432923
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Fig. 10 Experimental results of equivalent plastic strain under
the accumulated cycles of freeze-thaw”

Table 5 Axial points as the input values of RSM for fitting to
the equivalent plastic strain

Run Water to [Entrained air| Number | Equivalent
number [cement ratig pores (%) |of cycles| plastic strain
1 0.6 4.5 100 0.1
2 0.6 4.5 200 0.12
3 0.5 1.5 100 0.2
4 0.5 1.5 200 0.5
5 0.5 1.5 100 0.3
6 0.5 1.5 200 0.6
7 0.5 1.5 300 0.8
Mean | 0.528571 | 2.357143 |171.4286| 0.374286
j;i?::;‘gi 0.048795 | 146385 |75.59289| 0.26576
COV | 0.092315 | 0.621027 [0.440959| 0.710047
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Fig. 11 The predicted plastic strain by response surface method
with the fixed water-cement ratio and the variation of
entrained air pores, where g, and g, indicate limit state
function for the constant input of water to cement ratio,
and for the varying input value of entrained air.
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Fig. 12 The predicted equivalent plastic strain by response
surface method with the fixed entrained air pores
and the variation of number of cyclic freeze-thaw,
where g, and g, indicate limit state function for the con-
stant input of entrained air, and for the varying input
value of the number of cycles.
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Fig. 13 The reduction of relative dynamic modulus with
increased number of cycles of freeze-thaw, where 7-
55-U-M: 70x70x150 mm, w/c = 55%, AE =1.2%, M =
mix, 10-55-E-M: 100x100%380 mm, w/c = 55%, AE =
7%, A: wet throughout, B: alternating wet and dry™®
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Table 6 Axial points as the input values of RSM for fitting to Z& 5l th. AFOSM3F MCSell ©3 AlgA A49F 3+
the ROM 3 SES Table 73} 2ol WA FAFAT A ¢
Run Water to Eptrained Number of |Relative dynamic A 2=aro] 387 oS Eaa QY AA WS ul
number cement | air pores | cycles of modulus AEZ BelZ=T 9
ratio (%) freeze-thaw (RDM, %) o= AL Ao
1 0.55 1.2 144 100.948 Table 701]}‘1 HO]'L\_; ?_}\C—)]% %%LU;]\_)‘\‘] %‘ }BH:H%%}\E} ﬁ]
2 05775 | 12 200 89.0963 ol AR A5 EAMEN7E dstehe Al o
3| 05225 | 12 200 94.096 sted Bishnoi o] A% Ak wlasislnt (Fig. 15). 2
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At
7 0.55 1.2 280 78.236 M
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distribution) method with the variation of water to cement ratio

20

SH=Z32|Ests ==& M20# M15 (2008)



Table 7 The reliability index and probability of failure with limit state function by RSM for the investigated cases

Cases

Performance function
(limit state function)

Reliability index
(probability of failure)

(*) =200 — (5632.71 +4957.77x, — 2300,
+6.64x; — 4411.99x7 +163.27x5 — 8.88x 107x3)

Reliability index (8 )=0.8262
Probability of failure (Py) =0.2043

Residual strain

(*) = 600 — (5632.71 + 4957.77x, — 2300,
+6.64x; — 4411.99x7 +163.27x5 — 8.88x 107x3)

Reliability index (f)=2.8499
Probability of failure (P =0.002186

()= 0.8 — (—1.403 + 1.553x; — 0.662x,
+0.000717x; + 6.798x7 +0.0440x3 +4.50 x 10°x3)

Reliability index (f)=0.4272
Probability of failure (Pp)=0.3346

Equivalent plastic strai

()= 0.4 — (—1.403 + 1.553x, — 0.662x,
+0.000717x; + 6.798x7 +0.0440x3 +4.50 x 10°x3)

Reliability index ()= 0.08174
Probability of failure (Pp)=0.4674

2(*) =70 — (—265 — 90.91x, + 700.0x,

Relative dynamic

—0.167x; + 1.81x 107°xT —277.78x3 + 540 x 10"2x3)

Reliability index (f)=2.737
Probability of failure (Py)=0.031

2.2

modulus (RDM) 2(*) =80 — (265 — 90.91x, + 700.0x,

—0.167x; + 1.81x 10°xT —277.78x3 + 540 x 10°

Reliability index (f)=-2.35
2x3) [ Probability of failure (Py)=0.991
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