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3. RESULTS
3.1 Data Collection
The data of the acoustic monitoring technique were collected from May 2001 until July 2007 and were used as the main data for this project. MRA had installed a SoundPrint® acoustic monitoring system after conducting a successful on-site pilot test in May 2000. Until 2007, MRA has monitored 188 sites (10,000 pipes) and detected 1220 distressed pipes in SA segment of both the SS and TB lines. Some of these sites have been monitored twice. These sites have been monitored with different periods varying from 50 to 900 days. 

The data collected in this project included design, manufacture, environmental, and operational variables. The wire breaks is used as the dependent variable (response). In addition, four independent variables were chosen as following: 

1. The diameter of the pre-stressing wire which has the values of 4.88, 6.35, 7.25 and 7.92 mm.

2 Wrapping layer (single=1, double=2).

3 Earth cover, the height of soil cover on the pipe which has the values of 2.8, 3, 4 and 5 m. 

4 Type of coating, the outside coating of the pipe (White, Black).

3.2 Data Analysis

The one-way ANOVA and nonparametric techniques have been used to determine the effect of each independent variable (at different levels) on the response as discussed in the following sections. 

3.2.1 One-way ANOVA

1. Soil height 

A random sample of 20 was randomly chosen from SS line with three levels: Short - 2.8 m, Medium - 3 m, and Long - 4 m. The data are analyzed using Minitab statistical software to determine if differences in the number of wire breaks exist between these levels. Figure 3.1 shows Minitab output of the analysis of the soil height with the wire breaks. 
One-way ANOVA: SHORT, MEDIUM, LONG 

Source   DF     SS   MS     F      P

Factor    2    558  279  0.59  0.555

Error   146  68831  471

Total   148  69389

S = 21.71   R-Sq = 0.80%   R-Sq(adj) = 0.00%

                          Individual 95% CIs For Mean Based on

                          Pooled StDev

Level    N   Mean  StDev  ----+---------+---------+---------+-----

SHORT   50   8.92  14.58  (-----------*-----------)

MEDIUM  50   9.52  25.09   (-----------*-----------)

LONG    49  13.31  23.96          (------------*-----------)

                          ----+---------+---------+---------+-----

                            5.0      10.0      15.0      20.0

Pooled StDev = 21.71
Fig. 3.1 Minitab output for soil height (SS line)
Since the p-value is larger than 0.05, we fail to reject H0 that the three levels of Soil Height are equal and conclude that changing the level of soil height does not change the number of wire breaks. 

As indicated in chapter 2, an assumption of normality of the residuals must be satisfied to ensure that the results are reliable. Figure 3.2 shows a normal probability plot of the residuals. 
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Fig. 3.2 Normal probability plot of residuals of soil height – SS line 
Since the points in Fig. 3.2 do not follow a straight line, it can be concluded that the residuals are not normally distributed. In this case, one of the ANOVA assumptions has been violated. One solution to deal with this issue is to use nonparametric methods.  
The same procedure was followed for TB line. A random sample of 50 was randomly chosen with three levels: Short - 2.8 m, Medium - 3 m, and Long - 4 m. The data are analyzed using Minitab statistical software to determine if differences in the number of wire breaks exist between these levels. Figure 3.3 shows Minitab output of the analysis of the soil height with the wire breaks. 

One-way ANOVA: SHORT, MEDIUM, LONG 

Source  DF      SS     MS     F      P

Factor   2   30.83  15.42  2.11  0.131

Error   57  417.10   7.32

Total   59  447.93

S = 2.705   R-Sq = 6.88%   R-Sq(adj) = 3.62%

                          Individual 95% CIs For Mean Based on Pooled StDev

Level    N   Mean  StDev    +---------+---------+---------+---------

SHORT   20  1.200  0.410    (---------*---------)

MEDIUM  20  1.950  1.572          (---------*---------)

LONG    20  2.950  4.395                  (----------*---------)

                            +---------+---------+---------+---------

                          0.0       1.2       2.4       3.6

Pooled StDev = 2.705
Fig. 3.3 Minitab output for soil height (TB line)

Since the p-value is larger than 0.05, we fail to reject H0 that the three levels of Soil Height are equal and conclude that changing the level of soil height does not change the number of wire breaks. 

To check the normality assumption of residuals, a normal probability plot was constructed and shown in Fig. 3.4. Since the points do not follow a straight line, it can be concluded that the residuals are not normally distributed. 
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Fig. 3.4 Normal probability plot of residuals of soil height – TB line

2. Wire wrapping 
A random sample of 50 was randomly chosen from SS line with two levels: Single wrap and Double wrap. The data are analyzed using Minitab to determine if the wire wrapping affect the number of wire breaks. Figure 3.5 shows Minitab output of the analysis of the wire wrapping.
One-way ANOVA: Single; Double  
Source  DF     SS   MS     F      P

Factor   1    128  128  0.72  0.400

Error   98  17495  179

Total   99  17623

S = 13.36   R-Sq = 0.72%   R-Sq(adj) = 0.00%

                         Individual 95% CIs For Mean Based on

                         Pooled StDev

Level    N  Mean  StDev  ---------+---------+---------+---------+

Single  50  6.44  14.41  (--------------*--------------)

Double  50  8.70  12.22           (--------------*--------------)

                         ---------+---------+---------+---------+

                                5.0       7.5      10.0      12.5

Pooled StDev = 13.36

 Fig. 3.5 Minitab output for wire wrapping (SS line)

Since the p-value is larger than 0.05, we fail to reject H0 and conclude that both levels of the Wire Wrapping have the same effect on the wire breaks. 

To check the normality assumption of the residuals, a normal probability plot was constructed and shown in Fig. 3.6. Since the points do not follow a straight line, it can be concluded that the residuals are not normally distributed.
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Fig. 3.6 Normal probability plot of residuals of wire wrapping – SS line

To check the normality assumption of the residuals, a normal probability plot was constructed and shown in Fig. 3.4. Since the points do not follow a straight line, it can be concluded that the normally assumptions of residuals has been violated.  

The same procedure was followed for TB line. A random sample of 50 was randomly chosen from the TB line with two levels: Single wrap and Double wrap. The data are analyzed as shown in Fig. 3.7 using Minitab to determine if the wire wrapping affect the number of wire breaks. 

One-way ANOVA: single tb; double tb 

Source  DF      SS    MS     F      P

Factor   1    47.6  47.6  2.72  0.102

Error   98  1716.1  17.5

Total   99  1763.7

S = 4.185   R-Sq = 2.70%   R-Sq(adj) = 1.71%

                             Individual 95% CIs For Mean Based on

                             Pooled StDev

Level       N   Mean  StDev  ------+---------+---------+---------+---

single tb  50  1.540  1.343  (----------*-----------)

double tb  50  2.920  5.764               (-----------*-----------)

                             ------+---------+---------+---------+---

                                 1.0       2.0       3.0       4.0

Pooled StDev = 4.185

Fig. 3.7 Minitab output for wire wrapping (TB line)

Since the p-value is larger than 0.05, we fail to reject H0 and conclude that both levels of the Wire Wrapping have the same effect on the wire breaks. 

To check the normality assumption of the residuals, a normal probability plot was constructed and shown in Fig. 3.8. Since the points do not follow a straight line, it can be concluded that the residuals are not normally distributed.
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Fig. 3.8 Normal probability plot of residuals of wire wrapping – SS line

3. Wire diameter 
A random sample of 50 was randomly chosen from SS line with three levels: Diameter 1 of 4.88 mm; Diameter 2 of 6.35 mm; And Diameter 3 of 7.25 mm. and Double wrap. The data are analyzed using Minitab to determine if the wire diameter affects the number of wire breaks. Fig. 3.5 shows Minitab output of the analysis of the wire wrapping.

One-way ANOVA: DIA1; DIA2; DIA3 

Source   DF     SS   MS     F      P

Factor    2    103   52  0.14  0.866

Error   147  52930  360

Total   149  53034

S = 18.98   R-Sq = 0.20%   R-Sq(adj) = 0.00%

                         Individual 95% CIs For Mean Based on Pooled StDev

Level   N   Mean  StDev    +---------+---------+---------+---------

DIA1   50  10.76  22.66          (--------------*--------------)

DIA2   50   9.26  16.33     (--------------*---------------)

DIA3   50   8.82  17.33    (--------------*--------------)

                           +---------+---------+---------+---------

                         3.5       7.0      10.5      14.0

Pooled StDev = 18.98

Fig. 3.9 Minitab output for wire diameter (SS line)

Since the p-value is larger than 0.05, we fail to reject H0 and conclude that the wire breaks are equal for all levels of the wire diameter.  

To check the normality assumption of the residuals, a Histogram of the residuals was constructed and shown in figure 3.8. It can be seen from the figure that the residuals are not normally distributed. 
For the TB line, a random sample of 50 was randomly chosen with three levels: Diameter 1 of 4.88 mm; Diameter 2 of 6.35 mm; And Diameter 3 of 7.25 mm. The data are analyzed using Minitab to determine if the Wire Diameter affects the number of wire breaks. Figure 3.11 shows a Minitab output of the analysis of the wire diameter.
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Fig. 3.10 Histogram of residuals of wire diameter – SS line
One-way ANOVA: DIA1; DIA2; DIA3 

Source   DF      SS    MS     F      P

Factor    2   106.2  53.1  1.93  0.149

Error   147  4042.0  27.5

Total   149  4148.2

S = 5.244   R-Sq = 2.56%   R-Sq(adj) = 1.23%

                         Individual 95% CIs For Mean Based on

                         Pooled StDev

Level   N   Mean  StDev  -------+---------+---------+---------+--

DIA1   50  2.960  5.628         (---------*---------)

DIA2   50  1.880  1.891  (---------*--------)

DIA3   50  3.940  6.873               (---------*---------)

                         -------+---------+---------+---------+--

                              1.5       3.0       4.5       6.0

Pooled StDev = 5.244

Fig. 3.11 Minitab output for wire diameter (TB line)

Since the p-value is larger than 0.05, we fail to reject H0 and conclude that the wire breaks are equal for all levels of the wire diameter. 

To check the normality of the residuals, a Histogram of the residuals was constructed and shown in fig. 3.12. It can be seen from the figure that the residuals are not normally distributed. 
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Fig. 3.12 Histogram of residuals of wire diameter – TB line
4. Type of coating 
A random sample of 50 was randomly chosen from SS line with two levels: Black and White. The data are analyzed using Minitab to determine if type of coating affects the number of wire breaks. Figure 3.13 shows Minitab output of the analysis of type of coating.

One-way ANOVA: White; Black 

Source  DF       SS      MS      F      P

Factor   1   1378.0  1378.0  13.96  0.000

Error   97   9572.0    98.7

Total   98  10950.0

S = 9.934   R-Sq = 12.58%   R-Sq(adj) = 11.68%

                          Individual 95% CIs For Mean Based on

                          Pooled StDev

Level   N   Mean   StDev  ---+---------+---------+---------+------

White  50  9.360  13.913                        (-------*-------)

Black  49  1.898   1.342  (-------*-------)

                          ---+---------+---------+---------+------

                           0.0       3.5       7.0      10.5

Pooled StDev = 9.934

Fig. 3.13 Minitab output for type of coating (SS line)

Since the p-value is less than 0.05, we reject H0 and conclude that type of coating affects the number of wire breaks. In other words, pipes with black coating have lower breaks than pipes with white coating.   

To check the normality of the residuals, a Histogram was constructed and shown in figure 3.14. It can be seen from the figure that the residuals are not normally distributed. 
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Fig. 3.14 Histogram of residuals of type of coating – SS line
For the TB line, a random sample of 50 was randomly chosen with two levels: Black and White. The data are analyzed using Minitab to determine if type of coating affects the number of wire breaks. Figure 3.15 shows a Minitab output of the analysis of coating.

Since the p-value is larger than 0.05, we fail to reject H0 and conclude that the type of type of coating does not affect the wire breaks.  

To check the normality of the residuals, a Histogram of the residuals was constructed and shown in figure 3.16. It can be seen from the figure that the residuals are not normally distributed. 

One-way ANOVA: White; Black 

Source  DF      SS    MS     F      P

Factor   1    8.74  8.74  2.57  0.112

Error   97  329.28  3.39

Total   98  338.02

S = 1.842   R-Sq = 2.59%   R-Sq(adj) = 1.58%

                         Individual 95% CIs For Mean Based on

                         Pooled StDev

Level   N   Mean  StDev  -----+---------+---------+---------+----

White  50  1.880  2.504              (----------*---------)

Black  49  1.286  0.677  (----------*---------)

                         -----+---------+---------+---------+----

                            1.00      1.50      2.00      2.50

Pooled StDev = 1.842

Fig. 3.15 Minitab output for type of coating (TB line)
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Fig. 3.16 Histogram of residuals of type of coating – TB line
3.2.2 Nonparametric techniques 

As indicated in chapter 2, one of the assumptions of using ANOVA technique is that the residuals or error should follow the normal distribution. If this assumption is violated, the results of ANOVA should not be considered. In such a case, nonparametric methods should be used. Since the results obtained in the previous section revealed that the residuals are not normally distributed, a nonparametric method will be used in this section to analyze the data and determine if any of the independent variables affect the wire breaks. 
1. Soil height 

The same random sample used in ANOVA technique will be used in the nonparametric method - Kruskal-Wallis test. The data are analyzed using Minitab, and the results are illustrated in fig. 3.17. 

Kruskal-Wallis Test: C2 versus level 

149 cases were used

1 cases contained missing values

Kruskal-Wallis Test on C2

level      N  Median  Ave Rank      Z

long      50   4.500      83.8   1.77

meduim    49   2.000      69.2  -1.14

short     50   3.000      71.8  -0.64

Overall  149              75.0

H = 3.24  DF = 2  P = 0.198

H = 3.38  DF = 2  P = 0.184  (adjusted for ties)

 Fig. 3.17 Minitab output of analyzing soil height using nonparametric test (SS line)

Since the p-value is larger than 0.05, we fail to reject H0 and conclude that the soil height does not affect the number of wire breaks.  

For the TB line, the same procedure was used, and the results are shown in fig. 3.18. Like the SS line, the changing the levels of soil height does not change the number of wire breaks based on the p-value. 
Kruskal-Wallis Test: C2 versus level1 

Kruskal-Wallis Test on C2

level1    N  Median  Ave Rank      Z

long     20   1.000      33.6   0.97

medium   20   1.000      32.7   0.69

short    20   1.000      25.2  -1.66

Overall  60              30.5

H = 2.79  DF = 2  P = 0.248

H = 3.90  DF = 2  P = 0.142  (adjusted for ties)

Fig. 3.18 Minitab output of analyzing soil height using nonparametric test (TB line)

2. Wire wrapping 
Using the random samples used in the ANOVA technique, the data are analyzed using Kruskal-Wallis test. Based on the p-value in figure 3.19, the wire wrapping affects the wire breaks.  In other words, pipes with a single wrap have lower number of wire breaks than the pipes with a double wrap. 
Kruskal-Wallis Test: C5 versus C4 

Kruskal-Wallis Test on C5

C4         N  Median  Ave Rank      Z

Double    50   3.000      56.6   2.12

Single    50   1.500      44.4  -2.12

Overall  100              50.5

H = 4.49  DF = 1  P = 0.034

H = 4.87  DF = 1  P = 0.027  (adjusted for ties)

Fig. 3.19 Minitab output of wire wrapping analysis using nonparametric test (SS line)
In the TB line (Fig. 3.20), both the single and double wrapping pipes have the same number of wire breaks based on the p-value. 

Kruskal-Wallis Test: C10 versus C9 

Kruskal-Wallis Test on C10

C9         N  Median  Ave Rank      Z

Double    50   1.000      53.0   0.87

Single    50   1.000      48.0  -0.87

Overall  100              50.5

H = 0.75  DF = 1  P = 0.385

H = 1.15  DF = 1  P = 0.283  (adjusted for ties)

 Fig. 3.20 Minitab output of wire wrapping analysis using nonparametric test (TB line)

3. Wire Diameter 
Using the random samples used in the ANOVA technique, the data are analyzed using Kruskal-Wallis test. Since on the p-value in Fig. 3.21 is less than 0.05, the wire diameter affects the number of wire breaks for the SS line. From Fig. 3.9, the average wire breaks of the three levels (DIA1, DIA2, and DIA3) of wire diameters are 10.76, 9.26, and 8.82, respectively. Therefore, it can be concluded that the smaller the diameter, the larger the number of wire breaks. 
Kruskal-Wallis Test: C2 versus C1 

Kruskal-Wallis Test on C2

C1         N  Median  Ave Rank      Z

 DIA 1    50   1.000      90.5   2.99

 DIA 2    50   1.000      80.0   0.90

 DIA 3    50   1.000      56.0  -3.89

Overall  150              75.5

H = 16.56  DF = 2  P = 0.000

H = 27.94  DF = 2  P = 0.000  (adjusted for ties)

Fig. 3.21 Minitab output of wire diameter analysis using nonparametric test (SS line)
Figure 3.22, however, indicates that the wire diameter does not affect the number of wire breaks.
Kruskal-Wallis Test: C2 versus C1 

Kruskal-Wallis Test on C2

C1         N  Median  Ave Rank      Z

 DIA 1    50   1.000      77.2   0.34

 DIA 2    50   1.000      66.9  -1.71

 DIA 3    50   1.500      82.3   1.36

Overall  150              75.5

H = 3.26  DF = 2  P = 0.196

H = 4.05  DF = 2  P = 0.132  (adjusted for ties)

Fig. 3.22 Minitab output of wire diameter analysis using nonparametric test (TB line)

4. Type of coating 
Using the random samples used in the ANOVA technique, the data are analyzed using Kruskal-Wallis test. Since the p-value in Fig. 3.23 is less than 0.05, we conclude that the type of type of coating affects the number of wire breaks for the SS line. In other words, pipes with black coating have lower number of wire breaks than pipes with white coating. 
Kruskal-Wallis Test: C2 versus C1 

Kruskal-Wallis Test on C2

C1         N  Median  Ave Rank      Z

Black     51   1.000      40.1  -3.79

White     50   3.500      62.1   3.79

Overall  101              51.0

H = 14.34  DF = 1  P = 0.000

H = 15.62  DF = 1  P = 0.000  (adjusted for ties)

Fig. 3.23 Minitab output of type of coating analysis using nonparametric test (SS line)

The p-value in Fig. 3.24 is larger than 0.05 indicating that the type of type of coating does not affect the number of wire breaks. 

Kruskal-Wallis Test: C2 versus C1 

Kruskal-Wallis Test on C2

C1         N  Median  Ave Rank      Z

black     50   1.000      48.5  -0.68

white     50   1.000      52.5   0.68

Overall  100              50.5

H = 0.46  DF = 1  P = 0.499

H = 0.84  DF = 1  P = 0.358  (adjusted for ties)

Fig. 3.24 Minitab output of type of coating analysis using nonparametric test (TB line)
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