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Prediction of Collapse for Tunnel Portal Slopes using General Linear Model
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Abstract

This study was intended to develop a high reliable technique by statistically processing on-site data
with a general linear model, providing the basic data for construction, analysis of stability and establishment
of maintenance measures for portal slopes in the future. This study evaluated the stability of a tunnel’s
portal slope using a quantified technique, which is based on a general linear model. The important scores of
each independent variable were allocated by using the ranges of the quantified values, based on the predicted
coefficient of regression and the scores for categories of each independent variable were allocated so that those
are equally spaced. The quantification model obtained from the results of evaluating the total data used for
the quantification process provided precise results. In addition, it is expected that a more detail subdivision
of response variables and sufficient data would produce a better stability evaluation standard.
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Introduction

Tunnels connecting roads in the country were essential considering the fact that mountains account
for 70% and more of the territory. However, collapses of tunnel portal slopes and exit/entrance slopes have
caused a huge loss nationally, which has wasted the required budget on repairs. The review of stability in
constructing tunnels, therefore, is becoming more important and has been studied intensively (Yoo, C. S.,
2004). On the other hand, a study about tunnel portal slopes needed to be studied further. General slopes
have been managed by the slope maintenance system or the routine investigation system (KISTEC, 2003) on
each of expressway, national highway and railroad.

This study was intended to develop a high reliable technique by statistically processing on-site data
with a general linear model, providing the basic data for construction, analysis of stability and establishment
of maintenance measures for portal slopes in the future.

Concept of General Linear Model

A collapse forecasting quantification technique using statistical processes, as a tunnel portal slope
maintenance method, was utilized to evaluate the status. The general linear model for data in which a response
variable is continuous and independent variables are continuous or categorical is executed from the following
sequences. Assuming that the actual values are y = (y1, y2 · · · yn)′, the following linear model is probable.

y = Xβ + e

The predicted value, based on the least square method for the above linear model, of coefficient of
regression is given as below.

β = (X ′X)−1X ′y
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From a view of quantification, the prediction for the efficient of regression can be interpreted as a
process to get β a maximum value of the following correlation coefficient.

corr(y, Xβ) (1)

If clarifying it when the linear model includes the intercept term, it can be expressed in the following
way

X = (1, X1, · · · , Xp) : n× p Matrix
y = (y1, · · · yn)′ : n× 1 vector
β = (β0, β1, · · · , βp)′ = (β0, β

′
1) : p× 1 Vector

and it could be assumed for convenience’s sake that X and y are centered matrix and vector. At the point,
the correlation coefficient in the formula (1) is,

corr(y, Xβ) =
y′Xβ1

[y′y]1/2[(Xβ1)′(Xβ1)]1/2

and β, the max value of it can be expressed as the following objective function and constraints.

maxβy′Xβ1 subject to β′1(X
′X)β1 = constant

The solution in the above formula is a value in which the following Lagrange function is maximized.

L(β1, : λ) = y′Xβ1 − λβ′1(X
′X)β1 − β′1(X̃, X̃)β1 = λLagrange multiplier

Differenciating a function L(·) w.r.t. β1 and equate 0, we obtain the following;

∂L/∂β = X ′y − 2λ(X ′X)β1 = 0

If we take λ = 1/2, the predicted value of β1 is as follows.

β̃1 = (X ′X)1X ′y

In this case, if a constant term, β0 is equal to ȳ the predicted β is;

β̃ = (X ′X)1X ′y

The above linear model assumes that independent variables are continuous, but even though they are
mixed with categorical variables, it can be similarly applied by introducing dummy variables. That is, the
procedure to express a categorical variable to dummy variable is as follows. In general, a categorical variable,
ν with as many as k categories can be expressed as w1, · · · , wk−1, the dummy variable of (k − 1).

ν = 1 ⇔ w1 and w2 = · · · = wk−1 = 0,
...

ν = k − 1 ⇔ wk−1 = 1 and w1 = · · · = wk−2 = 0,
ν = k ⇔ w1 = w2 = · · · = wk−2 = wk−1 = 0

Important variable quantification techniques

In this study, for independent variables affecting the stability of tunnel portal slopes, mixed variables
including 7 categorical variables and 2 continuous variables were used. For the response variable, continuous
values expressing the probability of collapse by the researchers are used. That is, y = 1 (stable) represents the
first 15% that collapse is rarely probable, y = 5 (monitoring) does the first 30–15% that collapse is so probable
and y = 6 (measure, unstable) does the first 15% that collapse is also very probable. The detail descriptions
about these variables are summarized in Table 1.

The goodness-of-fit test of the model and the predicted results for the coefficients of regression are
presented in Table 2. In the goodness-of-fit inspection, it is reasonable that this model is significant at 5%
significance level as F-value was 10.88 and significant probability was < .0001 ∗ ∗. The correlation coefficient
in the formula (1), given by the square root of the determination coefficient R2, is as high as

√
0.7462 = 0.8638

and the estimated standard deviation is 1.1904, the Root MSE in Table 2.
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Table 1. Important variables in the stability evaluation of tunnel’s portal slopes

 

 
 

 

 

Table 2. Goodness of fit test of the model

  

  

   

Table 3. Range of quantified values of continuous variables

 

 

 
 

             

              

The range of quantified values for categorical variables could be obtained from (max. value - min.
value) of the predicted values by dummy variables. In addition, the range of the quantified values for continuous
variables could be obtained from R(X) = (coefficient of regression estimated from a variableX)* (sectionalized
range of a variable X). At the moment, a ‘sectionalized range’ can be defined as a difference between the median
in the max section and the median in the min section. The reason why a continuous variable is divided into
several sections is because it is necessary to consider fairly with categorical variables. In the study, the slope
height for a continuous variable and the angle were divided into 3 sections. That is, the data totals 95, so 32
was allocated to the first section, 31 for the middle and 32 for the last, to realized the balanced categorization.
The ranges of quantified values are calculated as in Table 3.

Scoring collapse probability and evaluating this model

The above ranges of quantified values tell the importance of each independent variable. In Table 4,
the importance of each variable is allocated in proportion to the range(total sum: 100 points) and the scores
in a category are allocated to maintain regular intervals. Therefore, the stability for a tunnel’s portal slope
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Table 4. Collapse probable scores

 
 

 

  

  

  

Table 5. Evaluation of the model

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

can be measured, based on a 100 points-system. It could be understood that a lower score represents higher
stability and vice versa. In addition, to divide scores according to stability levels requires an additional process
to select the related threshold.

The total data of 95 used for the analysis were evaluated by using the contribution scores for categories
in Table 4. Table 5 shows 5 sections divided according to collapse probability with the number of data and
actual values. It could be understood that a lower score has a lower y and vice versa.

Conclusion

This study evaluated the stability of a tunnel portal slope using a quantified technique, which is based
on a general linear model. The important scores of each independent variable were allocated by using the
ranges of the quantified values, based on the predicted coefficient of regression and the scores for categories of
each independent variable were allocated so that those are equally spaced. The quantification model obtained
from the results of evaluating the total data used for the quantification process provided precise results. In
addition, it is expected that a more detail subdivision of response variables and sufficient data would produce
a better stability evaluation standard.
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