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Research on anchor service life base on grey prediction model
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INTRODUCTION

he bolt and cable supporting is convenient and fast in construction, low in cost and adaptable to engineering [1-3].

It is widely used in rock and soil slope supporting engineering in water conservancy and hydropower, railway,

highway, construction and other industries. In the course of using the anchor structure, how long their residual life
is, and whether they will suddenly failure one day has become a common concern. Therefore, it is of great importance
significance to study the durability and service life of the anchor. By combining the indoor experiment with theoretical
analysis, this paper analyzes the experimental result indoors through the use of Grey Theory, and based on the experi-
mental result of limit tension anchor rod on site, studies the durability and service life of anchored structures.
According to the corrosion experiment results on different work condition (close and damp, permanently soaked in water,
wet and dry alternately, weak acidity aqueous soaking)) and on the base of determining the critical breakage of catrying
capacity loss rate, this paper first examines the experiment data and then predict the service life of anchor rod on 4
different work conditions by adopting GM(1,1) model. At last, the predicting result is compared with the testing result of
the anchor rod. The results indicate that the grey prediction has high accuracy.

OVERVIEW OF GREY SYSTEM THEORY

The concept of grey prediction
he Grey Theory studies few data and indetermination. It understands and knows the world by creating and open-
ing out the “part” known information, and then it can correctly hold and depict the functional behavior and evo-
lutive rules of the system. It can successfully solve many practical problems in production, life and scientific re-
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search. This theory has been broadly used in many engineering fields.

Grey prediction is based on the processing of raw data and the establishment of grey model, find and master the devel-
opment law of the system, and make a scientific and quantitative prediction of the future state of the system [4-7]. Grey
prediction model generally refers to GM (7,7) model.

GM (1,1) model
Make x® is the modeling sequence of GM(7,7): X =(x21),x22), A, x" (1)), and make x7) is the AGO sequence of
w0 X0 = (xO(1), 502, 0,50 (),

V(1) =x(1), xV (k)= ix“’)(m) (1)

m=1

Make g))(k) is the mean sequence of x()(k)
2V (8) = 0.5x" (&) +0.5xM (£ 1) )
70 (k) = (2x'(2), 25V (3), A, ZxD (n) ©)
The definition type of GM (1,1), that is, the grey differential equation model of GM (7,17) is:
SO®) +azV (k) =b, k=1,2,....n (4)

In the formula: 2 and 4 are constants, among them, « is development coefficient, 4 is grey influencing coefficients.
The GM (1,1) definition equation can be transformed into matrix equations.

Yy = BP ©)

Y =[x @) ) | ©)
<02 1

po| X @ 1 o
_—z@(n) 1

P:J ®)

Under the least square criterion, the solution of YN=BP is:
a T -1 T
p:M.:(B B)'B'Y, )

Substitute B and Yy into the formula, it can calculate the value of # and 4. The detailed formula of GM(1,1) grey predic-

tion model is obtained. When £=0, 1, 2, ..., #, the original sequence fitting value is obtained, for £=#+7, a prediction val-
ue of the original sequence is obtained, and a multi-step prediction can be obtained at one time.
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CORROSION TEST OF ANCHOR STEEL

tensile capacity of the steel bar is calculated according to the remaining cross-sectional area, without considering

the strength reduction of the steel bar. When the steel bar is corroded to a certain extent, not only the sectional
area of the steel bar is decreased, but also the strength and ductility of the steel bar have different rate reduce. When the
steel corrosion is serious, the stress-strain curve of the steel bar has changed greatly. There is no obvious yield point on
the curve, and the yield strength is very close to the tensile strength, it is very easy to cause the sudden brittle fracture of
the structure [8-10].

( : orrosion is the most important factor affecting the service life of anchor steel. When the corrosion is slight, the

Steel bar corrosion mechanism
The chemical composition and mechanical properties of the steel used in the test are shown in Tab. 1.

Chemical composition 20°C Tmpact en-
Ra/MPa  R./MPa P
C Si Mn S P \ : ergy/Ax/]
0.26 0.56 1.57 0.011 0.024 0.107 705 875 35

Table 1: The chemical composition and mechanical properties of the steel.
The corrosion of anchor steel is an electrochemical corrosion process, mainly through the following four processes.

(1) The process of anodic reaction. The iron atom in the anode region is transformed into cationic, and the electron is re-
leased. The equation of reaction is:

Fe— Fe* +2¢* (10)
(2) The process of electron transport. The electrons which released from anode region are transferred through steel to the
cathode region.

(3) The process of cathode region. In the vicinity of the cathode region, the oxygen dissolved in the pore water absorbs
electrons and occurs reduction reaction. The equation of reaction is:

0, +2H,0+4¢ —40H" (11)
The OH produced at the cathode is sent to the anode through the liquid phase in the concrete pore, thus, a closed loop of
corrosion current is formed [11-15].

(4) The formation process of corrosion products. The Fe?" generated in the anode region diffused and migrated in the
aqueous solution, the OH- generated in the cathode zone diffuses through the pores in the concrete to the anode region.

Near the anode, Fe?*and OH- form insoluble Fe(OH), ,and oxidize to Fe(OH),; under oxygen entichment.

Fe** +20H™ — Fe(OH), (12)

4Fe(OH), + 0, +2H,0 — 4F¢(OH), (13)
After Fe(OH); dehydration, it becomes loose and porous red embroidered Fe,Oj, that is:

2Fe(OH )y — Fe,0, +3H,0 (14)
Under the condition of less oxygen, Fe(OH); oxidation is not complete, and part of Fe(OH), forms Fe;Oy, that is:

6Fe(OH), + O, = 2Fe,0, +6H,0 (15)

Therefore, the final corrosion product depends on the oxygen supply.
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Experimental design

The dimension of the specimen steel is ®8X40 mm. Clean the oil of the specimen bar and place it in a dry container.
Specimens were placed in four environments: close and damp, permanently soaked in water, wet and dry alternately, weak
acidity aqueous soaking. The close and damp means that the specimen is hung above the water surface in the sealed con-
tainer. The permanently soaked in water means that the specimen is located below the water level in the sealed container.
The wet and dry alternately means that the specimen is located below the water level for 7 days, and the other 7 days is
located above the water level in the container, and so on alternately, the container is open. The weak acidity aqueous soak-
ing means that the dilute sulfuric acid and tap water was used to prepare soaking solution, and the soaking solution is used
to simulate the acid environment, immerse the specimen permanently below the surface of the acid solution in the sealed
container. All of the above corrosion environments change soaking liquid once a month [16-20].

Experimental result

The experimental results are shown in Fig. 1.

(1) As can be seen from Fig. 1, in the four different corrosion environments, the weight loss rate of steel is the largest in
the weak acid aqueous solution and the minimum in the close and damp environment.

§ ’ —e— close and damp
% = e, permanently soaked in
3 e water
g2 2] e _— wet and dry alternately
) L] o _ . weak acidity aqueous
§ 1 I soaking
——e——————— Ere——
0.5 ="

Ok—%k*f —t—t—t+—¢ t T 2

1 1.5 225 3 354 455 556

Time/month
Figure 1: Distribution of anchor steel weight loss rate with time

(2) The rate of weight loss of steel in wet and dry alternately is almost the same as that in permanently soaked in water, but
the growth rate of weight loss rate in the wet and dry alternately condition is greater than the permanently soaked in water
condition.

(3) The weight loss rate of the anchor steel in close and damp condition is only about 1/5 of the anchor steel in the condi-
tion of permanently soaked in water condition and wet and dry alternately condition.

(4) In any experimental environment, the weight loss rate of anchor steel increases with time, but the increase rate de-
creases with time.

THE ANALYSIS OF GREY PREDICTION

Determination of the bearing capacity loss threshold of steel bars
n practical engineering, the bearing capacity of steel bars direct influence on the structural safety, therefore, the bear-
ing capacity loss rate of the steel bars is taken as the damage criterion. The bearing capacity loss rate of steel bars can
be expressed as:

S,—f.8
£ = M x100% (16)
P fyOSO
In the formula, AP—the decrement of bearing capacity (KN); P— initial bearing capacity (KN); fo—initial strength of
the steel bars(N/mm?); f,—strength damage threshold of steel bars (N/mm?); Sy—initial sectional area of steel
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bars(mm?); §;—sectional area after failure(mm?). Select the strength standard value of the steel bar as its initial strength
that is

Jow=1 )
The safety factor is 1.2, so that the strength damage threshold of the steel bar is:
f,=1,/12 (18)

When other factors are not considered, the sectional area of steel bars has not changed, Sy=5;. Substituting formula (17)
and formula (18) into formula (106), the threshold value of bearing capacity loss rate is calculated to be 16.67%.

In the case of corrosion, not only the sectional area of steel will decrease, but also the yield strength will decrease. When
the corrosion rate of steel bar is greater than 10% and less than 60%, the yield strength before and after corrosion has the
following relations:

_0.985-1.028p,

fo=7 o (19)
-p,

In the formula, f—yvield strength of corroded steel bars: f+—yield strength of steel bar before corrosion: g—cross
sectional loss rate of steel bar.
Substituting formula (19) into formula (106), the following formula can be obtained.

S,—f.8
AP _JubSuS 015, 1.028p, (20)
P fy,kSO

When the loss rate threshold value of bearing capacity is 16.67%, the corresponding steel section loss rate is obtained by
formula (20), and it is 14.76%. Because the test steel is completely immersed in water, it is considered that the corrosion
of steel bat is overall and uniform, and the weight loss rate is linear with the cross-section loss rate of steel bar. Thus, the
weight loss rate of the steel bar is 14.76%, which is used as the threshold value of the grey prediction data sequence.

Feasibility test of the grey prediction

According to the characteristics of MATLAB, two file functions are compiled, namely GREYCCH and GREYNUM, and
their basic algorithms are the same. GREYCCH is used to judge the feasibility of modeling, and GREYNUM is used to
sequence grey prediction. The data sequence for the GM (1,1) model under different corrosion conditions is shown in
Tab. 2.

When the absolute value of the development coefficient is less than or equal to 0.3, it is feasible to predict the weight loss
rate of anchor specimens in the medium and long term by GM (1,1) model. In order to further verify the feasibility of
grey prediction by using the corrosion test data of steel bars, the first part of the original data sequence is used as the
modeling data, and the rest of the experimental data is used as prediction and verification. The results are shown in Tab. 3,
the first 8 sets of data were used to predict the latter 3 sets of data, the predicted value and the actual value are relatively
close, and the error is small. It shows that the grey prediction method is feasible and has high confidence.

Results and analysis of grey prediction

With the weight loss rate as the prediction sequence, the parameters, test indexes and prediction results of the model are
shown in Tab. 4.

(1) From the parameters of GM (7,7) model, it can be seen that the absolute values of the development coefficient are
much less than 0.3, which shows that the model can be used for medium and long-term prediction. At the same time, the
average precision of the model is more than 0.95, and the maximum deviation of the average class ratio is only 0.0373,
which meets the requirements of modeling and the accuracy of the model is higher.

(2) From the comparison between the prediction curve and the original data points (as shown in Fig. 2-5), it can be seen
that the prediction curve passes through the original data points and then develops upwards, and the development trend
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of the prediction curve and the original data points are consistent. In different working conditions, the development trend
of curves is obviously different, but they are not linear, which is closer to the actual situation.

Data sequence Weight loss rate /%
Serial . Close and Permanently Wet and dry Weak acidity
number Time/month damp soaked in water alternately aqueous soaking
1 1 0.043 9 0.660 9 0.424 4 1.140 8
2 1.5 0.060 8 0.661 4 0.497 3 1.466 2
3 2 0.074 3 0.662 2 0.563 0 1.714 7
4 2.5 0.085 1 0.663 6 0.621 4 1.904 6
5 3 0.093 8 0.665 9 0.672 4 2.049 6
6 3.5 0.100 7 0.669 6 0.716 1 2.160 4
7 4 0.106 3 0.675 8 0.752 6 22450
8 4.5 0.110 8 0.6859 0.781 7 2.309 6
9 5 0.114 4 0.702 7 0.803 6 2.3590
10 5.5 0.117 3 0.730 3 0.818 1 2.396 7
11 6 0.1196 0.775 8 0.825 4 24255

Table 2: Data sequences modeled by GM (1,1).

Test 1 Test 2 Test 3
Corrosion envi-
AT predicted actual etrror predicted actual val-  error predicted actual val-  error
value /% value /% /% value /% ue/% /% value /% ue/% /%
Close and damp 0.1241 01144  -8.48 0.1333 0117  -13.64 0.1428 0120  -19.40
el 0.6846 07027 232 0.6886 0.730 571 0.6925 0.776 10.74
soaked in water
Wt erad iy el 0.8592 0.8036  -6.92 0.9224 0818  -12.75 0.9902 0.825  -19.97
ternately
Wiealk picllity 2.5547 2359  -8.30 2.7192 2397  -13.46 2.8912 2426 -19.32

aqueous soaking

Table 3: Feasibility verification of grey prediction.

Corrosion Translation Development coef- Grey influencing coef- Mean accu- Mean stepwise ratio  Predicted
environment value ficient ficients racy deviation life /a
Close and damp 0.2 -0.020 7 0.263 5 0.984 0 0.014 7 8.2
Permanently soaked in 0 -0.0159 0.625 5 0.979 6 0.014 9 8.4
water
Wet and dry alternately 0 -0.049 8 0.523 4 0.956 7 0.037 3 3.2
Weal acidity aqueous 1 -0.009 0 11.483 5 0.991 4 0.006 8 2.4
soaking

Table 4: Parameters and grey prediction results of GM (1,1) model.

(3) From the predicted results, according to the selected weight loss rate threshold value, under the permanently soaked
in water condition, the life of anchor steel bar is the longest, reaching 8.3 years; the life of anchor bar under close and
damp condition is 8.2 years; the life of anchor bar under weak acidity aqueous soaking condition is the shortest, only 2.4
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years. This is because under the weak acid environment, the oxide film passivation layer formed on the steel bar surface is
easily destroyed by acid water, which leads to faster corrosion and shorter service life of steel bars.
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CONCLUSION

ased on the combination of laboratory test and theoretical analysis, the durability and service life of the anchor

structure are analyzed comprehensively by the grey system theory. The main conclusions are as follows:

(1) In four different corrosive environments (close and damp, permanently soaked in water, wet and dry alternate-
ly, weak acidity aqueous soaking), the weight loss rate of the anchor in weak acidity aqueous soaking environment is the
biggest, and the weight loss rate of the anchor in close and damp environment is the smallest. In any environment, the
weight loss rate of anchor increases with time, but the increase rate decreases with time.

(2) The GM (1,7) model is used to test the data of another patt by using some experimental data. The results are relatively
close. It shows that it is feasible to predict the service life of anchor structures by using the GM (7,7) model.

(3) Based on the existing test data, the grey prediction of the anchor service life under four conditions after the test period
is carried out. The service life prediction results of the anchor under four conditions have high confidence.
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