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Sustainable Infrastructure impacts our well-being and day-to-day lives. The
infrastructures we are building today will shape our lives tomorrow. The complex
and diverse nature of the impacts due to weather extremes on transportation and
civil infrastructures can be seen in our roadways, bridges, and buildings. Extreme
summer temperatures, droughts, flash floods, and rising numbers of freeze-thaw
cycles pose challenges for civil infrastructure and can endanger public safety. We
constantly hear how civil infrastructures need constant attention, preservation, and
upgrading. Such improvements and developments would obviously benefit from
our desired book series that provide sustainable engineering materials and designs.
The economic impact is huge and much research has been conducted worldwide.
The future holds many opportunities, not only for researchers in a given country,
but also for the worldwide field engineers who apply and implement these
technologies. We believe that no approach can succeed if it does not unite the
efforts of various engineering disciplines from all over the world under one
umbrella to offer a beacon of modern solutions to the global infrastructure. Experts
from the various engineering disciplines around the globe will participate in this
series, including: Geotechnical, Geological, Geoscience, Petroleum, Structural,
Transportation, Bridge, Infrastructure, Energy, Architectural, Chemical and
Materials, and other related Engineering disciplines.

More information about this series at http://www.springer.com/series/15140
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In-Situ Monitoring of Ground Subsidence
at the Intersection of Expwy 78 and High
Speed Rail of Taiwan During 2003–2011
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Abstract. This paper discusses results of a long-term onsite monitoring on
ground subsidence and soil compressibility at the intersection of Expressway
(Expwy) 78 and the High-Speed Rail of Taiwan (THSR). The intersection area
is located on the Chuoswei River Alluvial Fan-Delta (CRAFD), the largest and
thickest alluvial deposit to the mid-west of the island. The CRAFD has been
subjected to serious subsiding problems for decades because of excess extrac-
tions of groundwater for agricultural and industrial usages. The constructions of
Expwy 78 and THSR in the late 1990s imposed additional loadings on the soft
ground and accelerated the subsidence problem, which was becoming a threat to
the safety of THSR. An 8-year onsite monitoring program at the intersection was
conducted between 10/2003 and 12/2011. The subsidence and compression of
soils were measured through multi-leveled magnetic rings installed in the
ground along boreholes of 300-m deep, as well as a GPS station and several
level-surveying benchmarks. Results indicate the ground subsidence in the
intersection area was 55.7 cm for the entire deposit in the 8-year monitoring
period without the loadings of Expwy 78 and THSR. The loadings of Expwy 78
embankment and THSR piers/viaducts would contribute additional subsidence
of 9.4 cm and 5.5 cm, respectively, to the ground in the same period. The total
subsidence in the 8-year period was 70.6 cm, with an average rate of 8.6 cm/yr.
Further analysis of the compression in soils with depth <300 m indicated that
the shallower deposit (depth <70 m; Aquifer F1 and Aquitard T1) was least
compressible, with a strain rate of <0.01%/yr; while the deeper deposit (depth
220–300 m; Aquifers F3, F4 and Aquitards T3, T4) was most compressible,
with a strain rate of 0.03–0.05%/yr. Higher compressive rates in deeper soils
suggest the extraction of groundwaters has gone deeper in recent decades.

1 Introduction

Ground subsidence has been a serious issue in Taipei basin and along coastal plains of
western Taiwan (Chien 1987; Wu 1987; Liao et al. 1991; Chen et al. 2007). The
subsidence was due to over extraction of groundwaters for municipal usages or fishery
farming. In recent decades, Chuoswei River Alluvial Fan-Delta (CRAFD), deposited
by Chuoswei River to the midwest coastal plain of the island, has become a single

© Springer Nature Switzerland AG 2020
L. Mohammad and R. Abd El-Hakim (Eds.): GeoMEast 2019, SUCI, pp. 1–15, 2020.
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largest subsiding area (Hung et al. 2010). The river divides the fan-delta into Changhua
County to the north and Yunlin County to the south. Previously, the area along the
coastline of CRAFD suffered most serious subsidence due to exploitations of
groundwater for fishery farming. The subsiding area is now moving inlands as the need
of water resources for economic growth in the middle of CRAFD and the extraction of
groundwaters from deeper depths.

Figure 1 indicates the current subsiding zone in Yunlin County, the southern
portion of CRAFD, based on level survey data between 2003 and 2011 (WRA 2011).
The accumulated subsidence has reached about 60 cm in eight years, or an average
subsiding rate of 7.5 cm/yr. The subsidence has caused a serious concern on the safety
of transportation structures of the area. As shown in the figure, Expressway (Expwy) 78
and Taiwan High Speed Rail (THSR) pass through the subsiding zone. Vertical
alignments of these transportation arteries were distorted and threatened the safety of
the structures.

The aims of this study are to provide results of a long-term onsite monitoring
carried between 2003 and 2011 at the intersection of Expwy 78 and THSR, as shown in
Fig. 1, and to clarify the compressions of soil layers within the deposit as well as the
contributions of various factors on the subsidence of the study area.

Study Site

(ITRI)

N

0 5

Km

Accumulated subsidence between 2003 and 2011
in Yunlin County (Unit: cm)

-10 -20 -30 -40 -50 -60

THSR

TR Expwy 78

Freeway 1

Taiwan High Speed Rail
(THSR)

Expwy 78

Fig. 1. Ground subsidence in Yunlin County between 2003 and 2011 (WRA 2011) and location
of the study site
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2 Background Information

The CRAFD is formed by the alluvial deposition of Chuoswei River, the longest river
in Taiwan, and by the marine deposition of seawater where the sea level has been raised
and lowered ±100 m several times in the recent 200 thousand years (Chappell and
Shackleton 1986). In accordance, the fan-delta contains alternating layers of alluvial
and marine deposits, and is considerably thick with an estimated depth of more than
350 m (Lin et al. 1992; Hung et al. 2010).

Figure 2 is a hydrogeologic model of the CRAFD. The alluvial deposits mainly
consist of gravels, coarse and medium sands, and become aquifers (F-series); while the
marine deposits compose of fine sand, mud and clay, and form aquitards (T-series).
Based on Central Geological Survey of Taiwan (CGS 1999), four sets of
aquifer/aquitard have been identified in the upper 300-m of the deposit, in which
Aquifer F2 is the thickest and has been the major groundwater resources of the area.

Gravel or Sand (Aquifer; F) 

Silt or Clay (Aquitard; T) 

Tokeshan Formation (Aquifer)

Shale (Aquitard)

Equal potential line

Flow line

Groundwater level

Sea level

Sea shore

Subsidence center
(~1999)

Excess pumping zone

Study
Site

Touliu
hill

Groundwater
recharge zone

F1

F2

F3

F4

T1

T2

T3

T4

Chinswei
Creek

km

m a.s.l. m a.s.l.

Fig. 2. Hydrogeologic model of the CRAFD (CGS, 1999)
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Figure 3 indicates the layout plan of the study area. The onsite monitoring was
carried out along the alignment of THSR and to the southern quadrant of the inter-
section of the two transportation routes. Figure 4 shows the material layer stratification
of the study area based on 300-m borehole loggings at STA-1 and STA-9. The material
profile indicates the deposit of the site contains interbedded layers of sandy and clayey
soils, which can be further divided into four sets of aquifer and aquitard per the
definitions by Central Geology Survey of Taiwan (CGS 1999).

Figure 5 shows the Expwy 78 and THSR of the site. Expwy 78 was built as an
embankment of approximately 5.5 m high and 56 m wide, which runs in east-west
direction across the CRAFD. THSR consists of a series of viaducts and piers laid in
SW-NE direction and overpassed the Expwy 78 embankment in the study area. The
pier foundations of THSR were formed by group piles of 2 � 2, 2 � 3 or 3 � 4 in
arrangement, with each pile a diameter of 2 m and a length of 50–65 m.

The Expwy 78 embankment and THSR piers/viaducts of the site were constructed
in different periods. As illustrated in Fig. 6, the construction of Expwy 78 embankment
was carried out in three separated stages and at a start time much earlier than the 8-year
monitoring period. The THSR piers/viaducts were fabricated in between Stages I and II
of Expwy 78 construction, and were also completed 1.5 years prior to the onsite
monitoring program discussed herein. The surcharging of Expwy 78 embankment and
THSR pier foundations apparently contributed to the subsidence of the study area.

0 100 m

N

P7-513

P7-514

P7-507

P7-519

Taiwan High
Speed Rail

(THSR)

Legend:
Ground
subsidence
monitoring well

GPS station
THSR pier

TKJHS (Well)

TKJHS (GPS)

STA-1

STA-9

Fig. 3. Layout plan of onsite monitoring locations
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Due to different construction histories, however, the contributions by Expwy 78 and
THSR would not be the same in the 8-year monitoring period. To be noted, an
appreciation on the complete influences of Expwy 78 and THSR on the ground sub-
sidence could not be made based on the 8-year monitoring since both structures were
constructed some times ahead of the onsite monitoring period.

3 Ground Subsidence During 8-Year Monitoring Period

Ground subsidence behavior of the study area was observed based on various kinds of
monitoring methods, including: 300-m boreholes installed with multi-leveled magnetic
rings that attached to the ground (i.e., subsidence monitoring wells), a GPS station, and
level survey benchmarks at the THSR piers. The monitoring of subsidence wells was
conducted periodically by inserting a magnetic sensor into the well where the depths of
the magnetic rings were measured and the subsidence and compressions of the ground
could thus be computed. The following subsections discuss the observed subsidence as
well as the contributions of various influencing factors during the 8-year monitoring
period.

3.1 Summary of Different Types of Monitoring Data

Figure 7 indicates results of the subsidence monitoring well, TKJHS (well), during the
8-year monitoring period. As seen in Fig. 3, TKJHS (well) is located approximately
200 m away from Expwy 78 or THSR, as well as their intersection. The influence of
the loadings from these structures on the ground subsidence at TKJHS (well) would be
minimal and can therefore be neglected.

As depicted in Fig. 7, the soils within the 300-m deposit compressed progressively
with time. The final subsidence of the ground at TKJHS (well) was about 40 cm in the
8-year period, or at a subsiding rate of 4.9 cm/yr, for the 300-m deposit without the
influence of Expwy 78 and THSR loadings.
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Stage I Construc on

H = 0~2.55 m
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Stage II Construc on
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Ramp Construc on
N Ramp (H = 0.5 m)
S Ramp (H = 0.7 m)

2007.1.23 ~ 2008.9.25

THSR Piers P7-513
& P7-514 Construc on

3-Span Con nuous Box Girder
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The 8-year onsite monitoring
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Fig. 6. Construction histories of Expwy 78 and THSR at the site
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From the compression profile, we notice that the deeper soils with depths 220–
300 m tend to compress more than does the shallower soils with depths <70 m, as
depicted by the slopes of the curves. Details of the compression behaviors of the soil
deposit will be discussed in the following section.

Figure 8 indicates the results of various types of monitoring at different locations.
The characteristics of the monitoring data are described below:

• TKJHS (well) data – provides compressions of soils through the measurements of
300-m deep subsidence monitoring well. The monitoring location is located away
from Expwy 78, THSR and their intersection (Fig. 3). The monitoring data is
primarily influenced by the factors other than the loadings of Expwy 78 and THSR,
i.e., nonstructural-related factors, and reflects the compressions of soils within
300 m deep.
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Fig. 7. Results of 8-year monitoring at TKJHS subsidence well
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• TKJHS (GPS) data – provides subsidence of the ground. The monitoring location is
close to that of TKJHS (well) (Fig. 3). The monitoring data is also influenced by the
nonstructural-related factors. However, the data reflects the compression of entire
deposit, including the soils deeper than 300 m.

• TKJHS survey benchmark data – provides subsidence of the ground. The moni-
toring location is adjacent to TKJHS (GPS) (Fig. 3). The characteristics of the
monitoring data is resembling to those of TKJHS (GPS), and reflects the com-
pression of entire deposit, including the soils deeper than 300 m.

• THSR Piers P7-507 and P7-519 survey benchmark data – provides subsidence of
the ground. The monitoring locations are along the alignment of THSR but away
from Expwy 78 embankment (Fig. 3). The monitoring data is therefore influenced
by THSR loading as well as nonstructural-related factors, and reflects the com-
pression of entire deposit, including the soils deeper than 300 m.

• THSR Piers P7-513 and P7-514 survey benchmark data – provides subsidence of
the ground. The monitoring locations are sitting at the intersection of Expwy 78 and
THSR (Fig. 3). The monitoring data is hence influenced by the loadings of Expwy
78 and THSR, and nonstructural-related factors as well, and reflects the compres-
sion of entire deposit, including the soils deeper than 300 m.
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As shown in Fig. 8, the GPS data (thin brown line) and survey benchmark data
(open blue triangles) at TKJHS station agree well indicating the consistency in the
measurements where the subsidence is primarily influenced by factors other than the
loadings of Expwy 78 and THSR. To compare the results of subsidence monitoring
well at TKJHS (well) started in late 2003 (thick green line), the TKJHS (GPS) and
survey benchmark data are extrapolated based on level survey measurements of the
region, as shown in Fig. 1, in approximately the same period as for the TKJHS (Well).
The TKJHS (GPS) and survey benchmark data are shifted such that the ground sub-
sidence in mid-2011 approximately equals 54 cm, as shown at the study site of the
contour plot in Fig. 1.

The shifted and extrapolated TKJHS (GPS) and survey benchmark data (thick
brown line and closed blue triangles) in Fig. 8 illustrate the subsidence behavior of
entire deposit at the study site during the 8-year monitoring period. Compared with the
data of subsidence monitoring well at TKJHS (well) (thick green line), which reflects
the compression of soils within 300 m deep, we notice a substantial compression
occurs in soils with depth greater than 300 m. Details of soil compressions will be
discussed in the following section.

Figure 8 also shows the monitoring data at THSR pier survey benchmarks. Piers
P7-507 and P7-519 are located about 200 m away from the intersection (Fig. 3), and
the subsidence measured at these locations (average values in thick orange line) would
b y TKJHS (GPS) (thick brown line), due to additional influence by the THSR loading.
Piers P7-513 and P7-514 are situated at the intersection (Fig. 3), the subsidence
measured at these locations (thick black line and closed blue dots) would also be
greater than those at Piers P7-507 and P7-519 (thick orange line), due to further effect
by the loading of Expwy 78.

3.2 Contributions by Various Influencing Factors

To differentiate contributions to ground subsidence by various factors, the following
assumptions are made: (1) soil layers are horizontally extended; (2) groundwater level
fluctuations are the same across the site; and (3) superposition principle is applicable for
subsidence calculations. In accordance, the ground subsidence due to factors other than
the loadings of Expwy 78 and THSR, i.e., nonstructural-related factors, can be repre-
sented by the TKJHS (GPS) data. The ground subsidence due to the loading of THSR
can be estimated by subtracting the TKJHS (GPS) data from the level survey benchmark
data at THSR Piers P7-507 and P7-519. Similarly, the ground subsidence due to the
loading of Expwy 78 can be assessed by subtracting the level survey data at THSR Piers
P7-507 and P7-519 from the level survey data at THSR Piers P7-513 and P7-514.

Figure 9 presents results of the above assessment on the contributions of various
factors to the ground subsidence of the site. Table 1 indicates the contributions to the
ground subsidence during the 8-year monitoring period are 13% and 8%, respectively,
by the loadings of Expwy 78 and THSR. Although Expwy 78 embankment appears to
be more influential than THSR piers/viaducts, their contributions to ground subsidence
are significantly less than those by nonstructural-related factors.

In-Situ Monitoring of Ground Subsidence at the Intersection of Expwy 78 9
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The nonstructural-related factors in a broader sense would include the short-term
fluctuations and long-term declines of groundwater levels due to infiltration or evap-
oration of rainfalls or surface waters, or due to human extraction of groundwaters, as
well as the creeping of soil deposit due to its great amount of thickness. As indicated
previously, the subsiding area has been moving inlands of the CRAFD in recent
decades due to economic growth of the areas and extractions of groundwater from
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Fig. 9. Influences of various factors on the subsidence behavior of the site

Table 1. Contributions of various factors on the subsidence of the site during the 8-year
monitoring period (2003.10.1– 2011.12.20)

Influence factor Subsidence
contribution
(cm) (%) (cm/yr)

Nonstructural-related factors: groundwater fluctuation,
overpumping, soil creeping, etc.

55.7 79 6.78

Expwy 78 embankment loading 9.4 13 1.14
THSR pier loading 5.5 8 0.67
Total 70.6 100 8.59
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deeper depths. Apparently, the drops in groundwater levels by overpumping would
have a significant contribution on the subsidence of the site. Besides, the CRAFD
consists of soil deposits of more than 350 m in thickness (Lin et al. 1992; Hung et al.
2010). In spite the soils might have completed their normal consolidation process,
insignificant creeping in soils can still accumulate deformations with time to an amount
that cannot be neglected.

It should be noted, however, the contributions of various factors on the subsidence
of the site cannot be fully addressed based solely on the results of 8-year monitoring.
As pointed in Fig. 6, the constructions of Expwy 78 embankment and THSR piers and
viaducts consisted of separated stages and started prior to the 8-year monitoring. The
influences of Expwy 78 and THSR loadings would be decreasing with time. In the
8-year monitoring period, the contributions of Expwy 78 and THSR loadings to the
subsidence were apparent in the first two years, and then became stabilized as shown in
Fig. 9.

4 Soil Compression During 8-Year Monitoring Period

This section discusses compressions and compressibility of soil layers based on the
monitoring data of magnetic rings installed in the subsidence well TKJHS (well).

4.1 Compressions of Soils at Different Depth Intervals

As shown previously in Fig. 7, the compression profile at TKJHS (well) can be divided
into three depth intervals, of which the calculated compressions and compressive
strains are indicated in Table 2. In the shallower depth of less than 70 m, the com-
pression would be the least, accounted for 6% of the total subsidence in the 8 years, and
the compressibility would be the smallest, with a strain rate of 0.047 cm/m. For the
deeper depth range of 220–300 m, however, the compression would be the greatest,
accounted for 42% of the total subsidence in the 8 years, and the compressibility would
be the largest, with a strain rate of 0.290 cm/m.

Table 2. Compressions of soil at different depth intervals of the deposit during the 8-year
monitoring period (2003.10.1–2011.12.20)

Depth interval Compression &
compressive strain
(cm) (%) (cm/m)

0–70 m 3.3 6 0.047
70–220 m 13.9 25 0.093
220–300 m 23.2 42 0.290
>300 m 15.3 27 –

Total 55.7 100 –

In-Situ Monitoring of Ground Subsidence at the Intersection of Expwy 78 11
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The depth range of 220–300 m comprises aquifers F3 & F4 and aquitards T3 & T4.
Since Aquifer F2 (depth range 55–160 m, approx.) used to be the major groundwater
resource of the area, the observed greater compressions and compressibility of deeper
layers suggest the extraction of groundwaters should have gone deeper in recent
decades.

Table 2 also indicates the compression of soils with depth deeper than 300 m,
based on the difference of monitoring data between TKJHS (GPS) and TKJHS (well),
as depicted in Fig. 8. Results indicate the compression of soils deeper than 300 m (i.e.,
the monitoring depth of subsidence well TKJHS (well)) would be substantial,
accounted for 27% of the total subsidence in the 8 years.

In view of the installation depth of THSR group piles of 50–65 m, the compression
of shallower soils (i.e., 3.3 cm in 8 years; for depth <70 m) appears small and would
not cause adverse effects (i.e., negative skin frictions) on the piles. The compression of
deeper soils (i.e., 52.4 cm in 8 years; for depth >70 m), however, is substantial and
would be detrimental to the vertical alignment of the THSR structure.

4.2 Compressions of Aquifer and Aquitard Layers

Compressions of soils are further analyzed in terms of aquifer and aquitard layers, and
results shown in Fig. 10 and Table 3. As illustrated in Fig. 10(a), Aquifer F1 and
Aquitard T1 presented least compressions, while Aquifers F2 & F4 experienced most
compressions, over the 8-year monitoring period.

However, the amount of compression would be affected by the layer thickness. The
compressive strain or compressive strain rate is adopted instead. As shown in Fig. 10(b)
and Table 3, Aquifer F1 and Aquitard T1 have least compressibility, or a compressive
strain rate of <0.01%/yr; while Aquifers F3 & F4 and Aquitards T3 & T4 exhibit
greatest compressibility, or a compressive strain rate of 0.03–0.05%/yr.

Aquifer F1 and Aquitard T1 of the site are situated at a depth of <60 m. The
minimal compressibility of the layers might suggest the associated soils are in a slightly
overconsolidated (OC) condition. Aquifers F3 & F4 and Aquitards T3 & T4 are located
at a depth range of 220–300 m. The greater compressibility of these layers, however,
indicates the associated soils are approximately in a normally consolidated (NC) state.
Greater compressibility of deeper soils might also suggest the extraction of ground-
waters of the study area had gone deeper in the recent decades.

12 M. Chang et al.
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(a) Accumulated compressions in soil layers

(b) Accumulated compressive strains in soil layers

-2

0

2

4

6

8

10

12

20
03

/1
/1

20
04

/1
/1

20
05

/1
/1

20
06

/1
/1

20
07

/1
/2

20
08

/1
/2

20
09

/1
/2

20
10

/1
/2

20
11

/1
/3

20
12

/1
/3

20
13

/1
/3

Ac
cu

m
ul

at
ed

 C
om

pr
es

si
on

 (c
m

)
Date

Aquifer (F1)

Aquitard (T1)

Aquifer (F2)

Aquitard (T2)

Aquifer (F3)

Aquitard (T3)

Aquifer (F4)

Aquitard (T4)

-0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

20
03

/1
/1

20
04

/1
/1

20
05

/1
/1

20
06

/1
/1

20
07

/1
/2

20
08

/1
/2

20
09

/1
/2

20
10

/1
/2

20
11

/1
/3

20
12

/1
/3

20
13

/1
/3

Ac
cu

m
'd

 C
om

pr
es

si
ve

 S
tr

ai
n 

(%
)

Date

Aquifer (F1)

Aquitard (T1)

Aquifer (F2)

Aquitard (T2)

Aquifer (F3)

Aquitard (T3)

Aquifer (F4)

Aquitard (T4)

Fig. 10. Compressions and compressive strains of soil layers at the site
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5 Conclusions

This paper discusses results of a long-term monitoring carried between 2003 and 2011,
an 8-year onsite monitoring at the intersection of Expwy 78 and THSR, with the aims
to clarify the compression behavior of soils in the CRAFD and the contributions of
various factors on the subsidence of the study area. Major findings of this study are
listed as follows:

• The ground subsidence in the intersection area is 55.7 cm for the entire deposit in
the 8-year monitoring period without the loadings of Expwy 78 and THSR, i.e.,
structural-related factors.

• The loadings of Expwy 78 and THSR would contribute additional 9.4 cm and
5.5 cm, respectively, to the ground in the same period.

• Nonstructural-related factors appear dominating the subsidence behavior of the site.
Nonstructural-related factors generally include the short-term fluctuations and long-
term declines in groundwater levels due to infiltration or evaporation of rainfalls or
surface waters, or due to human extraction of groundwaters, as well as the creeping
of soil deposit which is enormously thick (>350 m).

• To be noted, the contributions of various factors on the subsidence cannot be fully
addressed based solely on the results of 8-year monitoring. In viewing that Expwy
78 embankment and THSR piers/viaducts were constructed in separated stages and
started prior to the 8-year monitoring, the influences by Expwy 78 and THSR
loadings would only be partially reflected in the period considered in this study.

• The monitored compressions in soils reveal the shallower deposit (depth <70 m;
Aquifer F1 and Aquitard T1) is least compressible, with a strain rate of <0.01%/yr;
while the deeper deposit (depth ranged 220–300 m; Aquifers F3 & F4 and Aqui-
tards T3 & T4) is most compressible, with a strain rate of 0.03–0.05%/yr.

• The compression of shallower depths (<70 m; 3.3 cm in 8 years) appears small and
would not cause adverse effects (i.e., negative skin frictions) on THSR piles.

Table 3. Compressions of aquifers and aquitards measured at TKJHS Station during the 8-year
monitoring period (2003.10.1–2011.12.20)

Soil layer Thickness Compression Compression rate Compressive strain rate
(m) (cm) (cm/yr) (%/yr)

Aquifer F1 16.83 0.3 0.04 0.002
Aquitard T1 24.70 1.3 0.16 0.007
Aquifer F2 106.28 10.1 1.25 0.012
Aquitard T2 63.75 5.5 0.68 0.011
Aquifer F3 21.70 5.0 0.62 0.029
Aquitard T3 10.23 3.6 0.44 0.044
Aquifer F4 20.46 8.1 1.00 0.049
Aquitard T4 21.97 6.5 0.80 0.037
Total 285.92 40.4 4.98 0.018

14 M. Chang et al.
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However, the compression of deeper depths (>70 m; 52.4 cm in 8 years) is sub-
stantial and would be detrimental to the vertical alignment of THSR structures.

• Higher compressibility of deeper soils suggests the extraction of groundwaters in
the study area has gone deeper in the recent decades.
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Abstract. This paper outlines the most common quality challenges testing
laboratories are facing during their accreditation process. Accreditation is the
independent evaluation of conformity assessment bodies (i.e. Testing labora-
tories) against recognized standards to carry out specific activities to ensure their
impartiality and competence. Through the application of national and interna-
tional standards, government, procurers and consumers can have confidence in
the quality of test results, inspection reports and certifications provided.
This study has been performed based on data collected by more than 300

testing laboratories, from 41 countries worldwide, accredited against the
requirements of the international standard ISO/IEC 17025-2005 “General
requirements for the competence of testing and calibration laboratories.”
The Non-Conformities were issued during the accreditation process of various

testing laboratories specializing in different testing categories (Civil, Geotech-
nical, Mechanical, Electrical, Chemical, Microbiological, etc.). Findings vary
from commonly reported quality management system issues to the most
demanding technical challenges faced by testing laboratories.
The identified Non-Conformities were categorized and statistically processed.

The trends are identified and analyzed per quality management system or
technical category. Under the accreditation process, laboratories are required to
respond to any significant findings with a submittal of a corrective action plan
containing an analysis of the root cause, details of actions taken to resolve the
issue and strategies to prevent reoccurrence. Various responses were analyzed
and some suggestions and good practices were gleaned from these submittals.
Opportunities for improvement are presented for each corresponding category of
findings.

ISO/IEC 17025:2005 specifies the general requirements for the competence to carry out tests and/or
calibrations, including sampling. It covers testing and calibration performed using standard methods,
non-standard methods, and laboratory-developed methods. It is applicable to all organizations
performing tests and/or calibrations. These include, for example, first-, second- and third-party
laboratories, and laboratories where testing and/or calibration forms part of inspection and product
certification. The standard is applicable to all laboratories regardless of the number of personnel or
the extent of the scope of testing and/or calibration activities.
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1 General

ISO/IEC 17025 was first issued in 1999 by the International Organization for Stan-
dardization (ISO) and the International Electro-technical Commission (IEC). It is the
single most important standard for calibration and testing laboratories around the
world. CASCO is the ISO committee that works on issues relating to conformity
assessment. CASCO develops policy and publishes standards related to conformity
assessment. CASCO’s standards development activities are carried out by working
groups made up of experts put forward by the ISO member bodies. The experts are
individuals who possess specific knowledge relating to the activities to be undertaken
by the working group [1].

The data provided in this paper refers to the ISO/IEC 17025 version 2005 [2]. Since
December 2017 the ISO/IEC 17025 version 2017 [3] of the standard is available, with a
transition period until December 2020. After that date the 2005 version will not be used
anymore and it will be replaced by the 2017 version of the standard. In order to
facilitate the reader, at the end of this paper there is a table (see Annex) with corre-
sponding clauses of 2005 and 2017 versions of the standard.

At the International Laboratory Accreditation Cooperation (ILAC) General
Assembly in October 2013 the Laboratory Committee (which is composed of stake-
holder representatives of accredited testing and calibration) recommended that ILAC
request that ISO/CASCO establish a new work item to comprehensively revise ISO/IEC
17025:2005. The 6th ISO/CASCOWG 44 meeting was held on July 10–12, 2017 in ISO
Central Secretariat, Geneva. The deliverable of this meeting was the FDIS version of the
new ISO/IEC 17025 version. The document was published at November 2017.

Please note that throughout this article the term “the standard” refers to the new
ISO/IEC 17025:2005.

2 Scope

According to ISO [4] and ILAC [5] more than 68.000 calibration as well as testing
laboratories, worldwide, are accredited to ISO/IEC 17025 standard, from more than
120 Accreditation Bodies, out of which 98 are ILAC MRA signatories. The ILAC
Mutual Recognition Arrangement (ILAC MRA) provides significant technical under-
pinning to the calibration, testing, medical testing and inspection results of the
accredited conformity assessment bodies and in turn delivers confidence in the
acceptance of results. The ILAC MRA enhances the acceptance of products across
national borders. By removing the need for additional calibration, testing, medical
testing and/or inspection of imports and exports, technical barriers to trade are reduced.
In this way the ILAC MRA promotes international trade and the free-trade goal of
“accredited once, accepted everywhere” can be realized [6].

Testing Laboratories are using ISO/IEC 17025 standard to implement a quality
system aimed at improving their ability to consistently produce valid results. Since the
standard is about competence, accreditation is simply a formal recognition of a
demonstration of that competence. A prerequisite for a laboratory to become accredited
is to have a documented quality management system. Regular internal audits are
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expected to indicate opportunities to make the test or calibration better than it was. The
laboratory is also expected to keep abreast of scientific and technological advances in
relevant areas.

This study has been performed based on data collected by more than 300 testing
laboratories, from 41 countries worldwide, accredited against the requirements of the
international standard ISO/IEC 17025:2005 “General requirements for the competence
of testing and calibration laboratories.”

The Non-Conformities were issued during the accreditation process of various
testing laboratories specializing in different testing categories (Mechanical, Electrical,
Geotechnical, Chemical, Microbiological, etc.). Findings vary from commonly repor-
ted management system issues to the most demanding technical challenges faced by
testing laboratories.

The identified Non-Conformities were categorized and statistically processed. The
trends are identified and analyzed per management system or technical category. Under
the accreditation process, testing laboratories are required to respond to any significant
findings with a submittal of a corrective action plan containing an analysis of the root
cause, details of actions taken to resolve the issue and strategies to prevent reoccurrence
[7]. Various responses were analyzed and suggestions and good practices were gleaned
from these submittals. Opportunities for improvement are presented for each corre-
sponding category of findings.

3 Analysis – Results

The non-conformance analysis of data was performed across all countries. Here is the
breakdown of number of laboratories per country that was selected for data analysis
(Fig. 1).
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Five major fields (scopes of accreditation) were identified and grouped for this
analysis:

• Geotechnical
• Mechanical/Physical/Structural
• Electrical/Electronics
• Chemical/Microbiology/Environmental
• Medical

At Fig. 2, below, is the pictorial representation of number of laboratories per scope
and number of laboratories identified for this analysis:

At Fig. 3, below, is the pictorial representation of the number of laboratories per
scope and number of laboratories identified of the top five countries with the largest
volume of laboratories for this analysis:
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A total of 1510 non-conformities noted during the assessments that were reviewed.
Based on the analysis, the distribution of non-conformities was measured as described
in the Fig. 4, below:

Upon observation of the chart above, it is noted that the most common of the non-
conformities were cited on clauses 5.5 (Equipment) and 5.4 (Test and calibration
methods).

The group of clauses 5.6 (Measurement traceability), 5.2 (Personnel), 5.10
(Reporting the results), 4.14 (Internal audits), 5.9 (Assuring the quality of test and
calibration results), 4.3 (Document control), 4.6 (Purchasing services and supplies) and
4.13 (Control of records) formed the next layer of non-conformities with similar per-
centages of findings.

Finally, a series of other clauses were minor ones constituting 22.24% of the non-
conformities in the collected data.

The top ten clauses on which the most of non-conformities were cited were:

1. 5.5-Equipment.

This clause refers to the policies and procedures for ensuring equipment used for
testing are available, suitable and properly maintained.

2. 5.4-Test and calibration methods.

This clause refers to the policies and procedures for choosing methods of testing
and calibration (which covers sampling, transport, storage, uncertainty, control of data
etc.).
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3. 5.6-Measurement traceability.

This clause refers to the procedure for choosing, using, calibrating, checking and
maintaining measurement standards, reference materials used as measurement stan-
dards, and equipment used for testing.

4. 5.2-Personnel.

This clause refers to the measures taken to ensure that all laboratory staff is properly
skilled and qualified.

5. 5.10-Reporting the results.

This clause refers to the measures taken to ensure that results of testing are reported
clearly and objectively.

6. 4.14-Internal audits.

This clause refers to the policies and procedures for conducting internal audits and
implementing findings.

7. 5.9-Assuring the quality of test and calibration results.

This clause refers to the procedures for monitoring the validity of testing.

8. 4.3-Document control.

This clause refers to the procedures for:

A. Controlling all documents (internal and external) relating to the QMS – regu-
lations, normative reference documents, drawings, specifications, instructions,
manuals etc.
B. Approving and issuing documents (including maintaining a master list).
C. Changing/correcting documents.

9. 4.6-Purchasing services and supplies.

This clause refers to the policies and procedures for choosing and buying services
and supplies that, when used, may affect the quality of tests.

10. 4.13-Control of records.

This clause refers to the procedures for controlling records (identification, collec-
tion, indexing, access, filling, storage, maintenance and disposal of quality and tech-
nical records).

The clauses referred above and all the data provided in this paper refers to the
ISO/IEC 17025 version 2005 [2]. Since December 2017 the ISO/IEC 17025 version
2017 [3] of the standard is available, with a transition period until December 2020.
After that date the 2005 version will not be used anymore and it will be replaced by the
2017 version of the standard. In order to facilitate the reader, at the end of this paper
there is a table (see Annex) with corresponding clauses of 2005 and 2017 versions of
the standard.
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This standard was developed with the objective of promoting confidence in the
operation of laboratories and contains requirements for laboratories to enable them to
demonstrate that they operate in a competent and impartial way and that they are able to
provide valid results.

It is important to be noted that the new update to ISO/IEC 17025:2017 is intro-
ducing greater emphasis on the responsibilities of senior management, risk analysis,
impartiality and explicit requirements for continual improvement of the management
system itself, and particularly, communication with the customer. Laboratories that use
ISO/IEC 17025, version 2005, that have not demonstrated full compliance with new
ISO/IEC 17025:2017 international standard by December 1, 2020, are subject to
suspension/cancellation of their accreditation status.

Analysis of these top ten clauses across the top five countries with the highest
laboratories population was performed and similar trends were observed as presented in
Fig. 5, below:

The top ten clauses on which most non-conformities were cited for the Top 5
Countries, with higher number of laboratories, were:

1. 5.5 (Equipment)
2. 5.4 (Test and calibration methods)
3. 5.6 (Measurement traceability)
4. 5.2 (Personnel)
5. 5.10 (Reporting the results)
6. 4.3 (Document control)
7. 4.14 (Internal audits)
8. 4.6 (Purchasing services and supplies)
9. 4.1 (Organization)

10. 4.13 (Control of records).
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The trends between all countries when compared to the ones from the top 5
countries in laboratories population are very similar. It is concluded that the distribution
of non-conformities is consistent among the countries with many accredited labs and
the ones with less. This is a result of:

• The globalized approach on accreditation rules and guidelines as issued by ILAC
and regional ILAC members.

• The harmonized approach on management system documentation in global level,
followed by consultants.

• The more homogeneous training programs, facilitating a uniform approach in the
design and the implementation of testing laboratory accreditation systems.

A detailed analysis of non-conformities across various scopes of accreditation was
also performed and based on that analysis, the following trends were observed (Fig. 6):

In the geo-technical scope, most of the non-conformities were cited on the fol-
lowing clauses:

1. 5.5 (Equipment)
2. 5.4 (Test and calibration methods)
3. 5.6 (Measurement traceability)
4. 5.10 (Reporting the results)
5. 4.1 (Organization)
6. 4.3 (Document control)
7. 5.9 (Assuring the quality of test and calibration results)
8. 4.6 (Purchasing)
9. 5.2 (Personnel) and

10. 4.13 (Control of records)
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7.76 5.07 
5.07 

5.07 
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4.77 
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20.04 
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Fig. 6. Appearance in geotechnical scope labs (%)
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The trends among geo-technical scope are typical to the ones observed among all
laboratories. The distribution of non-conformities among labs follows the usual trends.
It is interesting though to note the following:

• Technical issues (5.5-Equipment, 5.4-Test and calibration methods, 5.6-
Measurement traceability and 5.10-Reporting) produce the majority of non-
conformities. Those results remain on the top 4 and constitute more than half of the
raised non-conformities.

• Clause 4.1 (Organization) is relatively much higher compared to other types of
laboratories. This can be explained due to the nature of geo-technical laboratories,
the extended external work performed and the operation of many site laboratories.

The distribution of the non-conformities for mechanical/physical/structural scope
was also performed and based on that analysis, the following trends were observed
(Fig. 7):

In the mechanical/physical/structural scope, most of the non-conformities were
cited on the following clauses:

1. 5.5 (Equipment)
2. 5.4 (Test and calibration methods)
3. 4.6 (Purchasing)
4. 5.2 (Personnel)
5. 5.6 (measurement traceability)
6. 5.10 (Reporting of results)
7. 4.14 (Internal audits)
8. 4.3 (Document control)
9. 4.13 (Control of records) and

10. 5.9 (Assuring the quality of test and calibration results).
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Fig. 7. Appearance in mechanical/physical/structural scope labs (%)
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The trends among mechanical, physical and structural scope are also typical to the
ones observed among all laboratories. The distribution of non-conformities among labs
follows the usual trends. It is interesting though to note the following:

• Technical issues (5.5-Equipment, 5.4-Test and calibration methods, 5.6-
Measurement traceability, 5.2-Personnel and 5.10-Reporting of results) produce
the majority of non-conformities. Those results remain on the top 6 and constitute
more than half of the raised non-conformities.

• Clause 4.6 (Purchasing) is relatively much higher (3rd) compared to other types of
laboratories. This can be explained as luck of interesting in performing such
activities, probably due to sufficient number of complying suppliers.

The distribution of the non-conformities for electrical/electronic was also per-
formed and based on that analysis, the following trends were observed (Fig. 8):

In the electrical/electronic scope, most of the non-conformities were cited on the
following clauses:

1. 5.5 (Equipment)
2. 5.4 (Test and calibration methods)
3. 5.2 (Personnel)
4. 4.14 (Internal audits)
5. 4.6 (Purchasing)
6. 5.9 (Assuring the quality of test and calibration results)
7. 4.13 (control of records)
8. 5.6 (Measurement traceability)
9. 4.3 (Document control) and

10. 5.10 (Reporting of results)
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Fig. 8. Appearance in electrical/electronic scope labs (%)
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The trends among electrical and electronic scope are also typical to the ones
observed among all laboratories. The distribution of non-conformities among labs
follows similar trends. It is interesting though to note the following:

• Clause 5.10 (Reporting of results) is ranked last at the list of first 10, similarly to 5.6
(measurement traceability) which is no. 10. This indicates a relatively higher level
of technical compliance than the rest of the sample.

• Clause 4.14 (Internal audits) is relatively ranked higher (no. 4) than the average of
the sample. Similarly clause 4.6 (Purchasing) is relatively higher (5rd) compared to
other types of laboratories. This can be explained as luck of interesting in per-
forming such activities, probably due to sufficient number of complying suppliers.

The distribution of the non-conformities for Chemical/Microbiology/
Environmental was also performed and based on that analysis, the following trends
were observed (Fig. 9):

In the Chemical/Microbiology/Environmental scope, most of the non-conformities
were cited on the following clauses:

1. 5.4 (Test methods)
2. 5.5 (Equipment)
3. 5.6 (Measurement traceability)
4. 5.9 (Assuring the quality of test and calibration results)
5. 4.14 (Internal audits)
6. 4.3 (Document control)
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Fig. 9. Appearance in chemical/microbiological/environmental scope labs (%)
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7. 4.13 (Control of records)
8. 5.10 (Test reports and calibration certificates)
9. 5.2 (Personnel) and

10. 5.3 (Accommodation and environmental conditions)

The trends among different fields/scopes, when compared to each other, are also
very similar. It is concluded that the distribution of non-conformities among labs of
different fields follows the same trends. It is interesting to note the following:

• Clauses 5.4 (Test methods) and clauses 5.5 (Equipment) remain the top sources of
non-conformities on all types of testing laboratories.

• Clause 4.14 (Internal audits) is not the top, but it remains a repeated cause of non-
conformities throughout all types of testing laboratories.

• Clause 5.3 (Accommodation and environmental conditions) is more common cause
of non-conformities in the Chemical/Microbiology/Environmental than the other
ones, due to the nature of the tests.

The next task included analysis of data performed in a region-wise approach. The
analysis results are presented below (Fig. 10):

In the region of North, Central and South America, most of the non-conformities
were cited on the following clauses:

1. 5.5 (Equipment)
2. 5.4 (Test and calibration methods)
3. 4.14 (Internal audits)
4. 5.2 (Personnel)
5. 4.6 (Purchasing)
6. 4.3 (Document control)
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Fig. 10. Appearance in Americas (%)
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7. 5.6 (Measurement traceability)
8. 4.15 (Management review)
9. 4.13 (Control of records) and

10. 5.10 (reporting the results)

The trends of North, Central and South America are indicative of the following:

• Clause 5.10 (reporting the results) is last on the list of non-conformities, which
makes it the strong point for American labs. The mature market, the litigation risks
and the advanced document processing systems are the main drivers for this fact.

• Clause 4.14 (Internal audits) is high for this region. With 4.15 (Management
review) they are reaching close to 14% of non-conformities.

The distribution of the non-conformities for Europe, Middle East and Africa was
performed and based on that analysis, the following trends were observed (Fig. 11):

In the region of Europe, Middle East and Africa, most of the non-conformities were
cited on the following clauses:

1. 5.4 (Test and calibration methods)
2. 5.5 (Equipment)
3. 5.6 (Measurement traceability)
4. 5.9 (Assuring the quality of test and calibration results)
5. 5.10 (reporting the results)
6. 4.1 (Organization)
7. 5.3 (Accommodation and environmental conditions)
8. 5.2 (Personnel)
9. 4.14 (Internal audits)

10. 4.6 (Purchasing)
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Fig. 11. Appearance in Europe/Middle East/Africa (%)
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The trends of Europe, Middle East and Africa are characteristic of:

• Strong weakness in evident in Technical issues in that geographical region. Since
the majority of the sample comes from Middle-East and Gulf countries, it is evident
that the usage of many ex-patriot technicians and the high rates of changing per-
sonnel are negatively affecting the lab operation.

• Clause 4.14 (Internal audits) is the strong point for this region. With 4.6 (Pur-
chasing) they are reaching less than 10% of non-conformities.

The distribution of the non-conformities for Asia was also performed and based on
that analysis, the following trends were observed (Fig. 12):

In the region of Asia, most of the non-conformities were cited on the following
clauses:

1. 5.4 (Test and calibration methods)
2. 5.5 (Equipment)
3. 4.13 (Control of records)
4. 5.9 (Assuring the quality of test and calibration results) and
5. 5.10 (Reporting the results)

The trends of Asia are characteristic of:

• Strong weakness in Technical issues mainly clauses 5.4 (Test and calibration
methods) and 5.5 (Equipment) that constitute more than 50% of the non-
conformities.

• Clause 4.13 (Control of records) is also high (3rd) a little less than 10%.
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Fig. 12. Appearance in Asia (%)
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• Asian testing laboratories tend to underestimate the value of a well prepared test
report and many times they don’t take under consideration the test report require-
ments of the individual testing standards. Relative clause 5.10 (Reporting the
results).

The overall trends among all different regions can be summarized as follows:

• Test and calibration methods and Equipment are remaining the main sources of
findings.

• Internal Auditing can be considered a significant problem in the American region.
• Traceability remains a significant problem in the Europe, Middle East and Africa

regions.
• Asian region is weak in Control of Records and Testing Reports.

4 Opportunities for Improvement

Usually, at the end of each accreditation (or surveillance, or re-accreditation) assess-
ment, during the closing meeting, the Accreditation Body’s Lead Assessor will present
the findings and summarize whether the Laboratory’s operation is in conformance or
not to Standard and Management System requirements. If not fully in conformance, the
Assessor will work with the management of the laboratory in order to develop a time
line of corrective actions. Satisfactory proof of acceptable corrective actions should be
then submitted by the laboratory to Accreditation Body. When the submitted corrective
actions are implemented and accepted by the Assessor, then the laboratory can be
accredited, or retain its accreditation in the case that it has been already accredited.

In addition to accreditation assessment, most accreditation standards/criteria,
including ISO/IEC 17025 require from the laboratory to perform internal audits on a
regular basis. Continual improvement is basic element of most management system
standards so the continuing effectiveness of the laboratory’s management system is a
key issue.

Based on the corrective actions submitted by the assessed laboratories, in response
to identified non-compliances, described in details in our present analysis, a series of
opportunities for improvement have been identified and implemented. We are sum-
marizing the main opportunities for improvement below:

1. Laboratories are advised to carefully implement the nationally/internationally
recognized test methods.

2. In case, any test method is developed by the laboratory, it needs to be validated.
Laboratories should modify standard methods or develop their own method, only if
it is a requirement. In that case appropriate validation records must be prepared and
provided

3. Laboratories need to ensure that they employ competent personnel, capable to
perform measurement uncertainty understanding and being in position to explain
the theory and mechanisms behind it. It is advised to train those personnel in
specialized courses explaining the details of the uncertainty of measurement.
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4. Testing and other related data needs to be checked and transferred carefully. The
laboratory should be careful with securing control of data.

5. With regard to equipment, it is suggested that laboratory keeps the equipment
inventory with all the relevant information such as calibration certificates, main-
tenance records and manuals in place where it can be easily accessible.

6. Maintenance should be performed in time frames described in a preventive
maintenance schedule, and appropriate records should be available to trace any past
problems and actions.

7. The laboratories can keep an automated system in their Laboratory Information
Management Software (LIMS) reminding them on the upcoming calibration
schedules well in advance to avoid the unnecessary delays.

8. The laboratories need to keep the unbroken chain of tracing the measurements to
relevant primary standards of measurement standards. This is usually possible by
calibrating their measuring devices at ISO/IEC 17025 accredited calibration lab-
oratories. Attention should be paid that the calibrated instruments are covered by
the scope of accreditation of the ISO/IEC 17025 accredited calibration laboratories.

9. When using reference standards, the laboratory need to keep a schedule for the
calibration of reference standards and a maintenance plan for the same.

10. When using certified reference materials, laboratory staff needs to know the key
parameters and the effective use of the reference materials.

11. Laboratories need to lay out a plan for internal audits and management reviews to
do it periodically (recommended annually) and maintain effective documentation.

12. Please note that, while performing fixes to the findings noted during the
internal/external audits, the laboratory needs to perform root cause analysis and
come up with an effective action to fix it from recurring. There is distinction
between correction and corrective action. The Standard is asking for corrective
actions and not corrections.

13. With regard to purchasing, it is suggested to perform periodic review of the
approved vendors/suppliers of critical consumables on a routine basis. Records of
this evaluation/review are expected to be available.

14. With regard to assuring quality of test results, laboratories need to identify possible
participation in proficiency testing, inter-lab comparison besides performing
replication of tests. Other assuring quality of test results can be acceptable such as
replication tests, repeatability tests, comparison of test results performed by dif-
ferent technicians etc.

15. A plan/schedule with regards to assuring quality of test results, as described in the
point above, is expected. The plan can be from one to four years (a full accredi-
tation cycle). It is expected that all tests under the scope of accreditation ac covered
under this plan.

16. Laboratories need to pay attention to the reporting requirements of the ISO/IEC
17025 standard and appropriate technical standards using which the tests are
performed. It is important to note that in addition to ISO/IEC 17025 many testing
standards are also requiring specific information to be included in the test report.

17. It is recommended to perform document review and maintain proper control of
documents.
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18. Training is an essential element of the laboratory success. It is suggested to the labs
to invest in training their personnel to Standard elements, in depth, choosing
reputable training sources.

19. When the laboratory is a part of bigger organization, there should be clear
demarcation between the divisions and firewalls in place.

20. Please note that ISO 9001 is not equivalent standard to ISO/IEC 17025. ISO 9001
fulfills some of the management requirements of the ISO/IEC 17025 standard,
which leaves the technical requirements to be addressed in order to complete the
accreditation to ISO 17025. ISO 9001 does NOT address any of the technical
requirements of a Laboratory’s management system.

21. Laboratories have to be careful to NOT use ISO 9001 certification logo on the test
reports they are issuing. This is a requirement of the standard ISO/IEC 17021-1 [8],
clause 8.3.2, that clearly states that “a certification body (means the ISO 9001
registry) shall not permit its marks (means ISO 9001 logo) to be applied to lab-
oratory test, calibration or inspection reports or certificates”.

5 Conclusions

Through a careful reading of the performed analysis it is evident that the majority of the
identified non-conformities are related to the following ISO/IEC 17025 requirements:

• Equipment calibration and maintenance
• Estimation of measurement uncertainty
• Test methods
• Measurement traceability
• Internal audits
• Lack of root cause analysis in coming up with corrective actions
• Management review
• Lack of addressing key requirements and topics during Management Review
• Lack of commitment of top management (i.e. not participating in management

reviews)
• No clear demarcation between the divisions, when part of a bigger organization
• Uncertainty of Measurement not calculated
• Laboratory key personnel not in position to explain Uncertainty of Measurement

mechanics
• Lack of a plan for assuring the quality of test results
• No evidence of assuring the quality of all test results
• No evidence of intermediate controls
• Monitoring and Updating employees on new testing methodologies
• Evaluating employee competencies on periodic basis
• Lack of efforts by the laboratory to take part in proficiency testing, inter-lab

comparisons
• Test reports/calibration certificates partially meeting the reporting requirements
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Laboratories need to pay attention to implement effectively the corrective actions
(with non-conformities) besides the policies and procedures in place, to avoid systemic
failures that can result in an ineffective management system leading to drastic per-
formances. Random failures can be controlled to only certain extent.

All systemic failures need to be controlled in an efficient way. That can be
accomplished with total commitment of management (from top to bottom, including all
the employees) by adhering to perform to meet the policies, procedures and require-
ments of the Standard and the Laboratory’s Management System. Some opportunities
for improvement are also suggested at the end this paper and the laboratory can work
on creative processes to make sure they have an effective management system in place.

Finally, in order to facilitate the reader, at the Annex at end of this paper a table is
included, presenting the corresponding clauses of 2005 and 2017 versions of the
standard ISO/IEC 17025.

Appendix

See Appendix Table 1.

Table 1. Relating the clauses of ISO/IEC 17025:2005 to ISO/IEC 17025:2017

Clause
version
2005

Title Clause
version
2017

Title

4.3 Document control 8.3 Control of management
systems documentation
(Option A)

4.6 Purchasing services and
supplies

6.6 Externally provided products
and services

4.13 Control of records 8.4 Control of records (Option A)
4.14 Internal audits 8.8 Internal audits (Option A)
5.2 Personnel 6.2 Personnel
5.4 Test and calibration methods 7.2 Selection, verification and

validation of methods
5.5 Equipment 6.4 Equipment
5.6 Measurement traceability 6.5 Measurement traceability
5.9 Assuring the quality of test

and calibration results
7.7 Ensuring the validity of results

5.10 Reporting the results 7.8 Reporting the results
4.1 Organization 5.0 Structural requirements
4.2 Management System 8.2 Management System

documentation (Option A)
4.4 Review of requests, tenders

and contracts
7.1 Review of requests, tenders

and contracts

(continued)
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Table 1. (continued)

Clause
version
2005

Title Clause
version
2017

Title

4.5 Subcontracting of tests and
calibrations

6.6 Externally provided products
and services

4.7 Service to the customer 8.6 Improvement (Option A)
4.8 Complaints 7.9 Complaints
4.9 Control of non-conforming

testing and/or calibration work
7.10 Nonconforming work

4.10 Improvement 8.6 Improvement (Option A)
4.11 Corrective action 8.7 Corrective actions (Option A)
4.12 Preventive action – –

4.15 Management review 8.9 Management review (Option
A)

5.1 Personnel 6.2 Personnel
5.3 Accommodation and

environmental conditions
6.3 Facility and environmental

conditions
5.7 Sampling 7.3 Sampling
5.8 Handling of test and

calibration items
7.4 Handling of test and

calibration items
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Abstract. The usage of WIFI and in particular the urban WIFI has exponen-
tially grown in the last years. However, the deployment of an urban WIFI
system is a tedious labour that needs a lot of field work in order to deploy and
later validation of the system. In this paper a novel approach for deploying urban
WIFI is presented which is based on an urban 3D model and by mean of a web
tool. The main objective of this tool is the development of a system that allows
to obtain, from a 3D urban model, a catalogue of specifications and predefined
rules; a proposal of solutions that indicate the ideal positions and the types of
WIFI devices needed to increase the coverage offered at the minimum cost. In
order to do that, the tool uses a web 2D and 3D viewer of coverage distribution
maps and as it is possible to configure the catalogue, the predefined rules and all
steps in the tool, as a result the needed access points and antennas are
minimized.

1 Introduction

For the first time in Europe, the 85% of the users had an internet connection in 2016,
according to the “Internet usage in Europe - Statistics & Facts”. Therefore, users
increasingly demand internet connection in different places, such as hotels or means of
transport, etc. Furthermore, the internet was used daily by 71% of EU citizen, which
shows that the massive use of the internet is evident (The Statistics Portal, n.d.).

The purpose of wireless technology, as its name suggests, is the interconnection of
users and devices to applications and/or network services without wiring. In recent
years, wireless technologies are acquiring great relevance for citizens, companies and
public corporations, and in general for society, mainly due to the great flexibility in
mobility in the access they provide to users. The advantages versus the traditional
wired networks are: mobility, simplicity and speed of installation, flexibility of
installation, cost reduction, etc. (Pahlavan and Krishnamurthy 2011).

WIFI wireless transmission technology has grown incredibly in recent years, and
currently it is possible to perform many tasks that were previously impossible if the
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people were not at home or in the office. It is just enough with a laptop or Smartphone
and a point of connection to the Internet. Such is the usage of this technological combo
in our lives, that it is estimated that more than half of Internet users connect to the
network of networks through this method (Song and Issac 2014).

Barcelona (Spain) is one of the cities that strongly supports this type of services.
Currently they have deployed more than 700 WIFI access points. In addition, the city
of Barcelona will invest 3.6 million euros to implement the WIFI service in public
transport and will expand it also to parks and gardens. Currently they usage of free
WIFI service is near to 100.000 users per month in a city with a population of 1.6
million, which clearly shows the good acceptance of these service by citizens (Ajun-
tament de Barcelona, n.d.).

The implementation of an urban WIFI system currently includes a list of tedious
aspects, such as: (a) network specifications, (b) dimensioning and determination of the
equipment, (c) radio planning, (d) calculation of the level of radioelectric emissions,
(e) deployment, (f) certification and commissioning, (g) network management and
service provision, (h) recognition of the coverage area, (i) location of the wireless
access point site, (j) connection to the wired network and (k) access securing (Henry
and Luo 2002).

The following additional considerations will be taken also into consideration, such
as consideration of public service and what it implies in terms of administrative
authorizations and legality, quality of service and implications in terms of sizing of
network resources, quality of service, management and security.

Security is also one of the main characteristics to consider when deploying wireless
services. In addition, it is necessary to achieve a series of challenges in the deployment
of WIFI networks such as efficient management of communication networks, security,
optimal coverage, convergence and deployment of services over networks and speed
(Potter 2006).

But on the other hand, the risks that are taken when using urban WIFI in public
places seriously compromise people security. That is why it is necessary to be aware of
the situation and take a series of precautions in order to make surfing on the Internet a
pleasant experience (Afanasyev et al. 2010).

The use of a public network can bring with it a series of disadvantages that can be
very harmful such as the possibility of being victims of data theft, since the traffic in it
can be easily monitored and all our information, such as passwords for access to email
accounts, credit card data and other sensitive information, collected.

In this paper a novel approach for deploying urban WIFI is presented which is
based on an urban 3D model and by mean of a web tool. Indoor WIFI planning is a
topic that has been deeply analyzed and there are multiple tools are available. However,
outdoor planning is still an open issue where more research is needed.

The rest of the article is structured as follows. First, the current way of deploying an
urban WIFI is explained. Then the new proposed novel approach is described in
Sect. 3. In Sect. 4 the validation of the proposed workflow is done through a case study
in Donostia/San Sebastián (Spain). Finally, the main conclusions obtained from the
work described in this article are presented.
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2 Current Workflow

Traditionally, the implementation of urban WIFI has focused on providing coverage to
areas unique in which the influx of a small number of customers was foreseen. With the
new technologies such as M2M or IoT, this type of deployment resembles that of urban
mobile networks differing in that there will be fewer radiant equipment and with a
separation less.

To provide these services it is necessary to carry out a preliminary study and
analysis of how to offer these services with a high quality (bandwidth and range) by
minimizing the number of repeaters placed in the city.

When deploying an urban WIFI both economic and technical aspects are analysed.
In order to do that, the following aspects are analysed:

• Analysis of the situation. The main objective is to use the minimum number of
AP. For that, the radioelectric spectrum can be used efficiently by reusing
frequencies.

• Radioelectric propagation and coverage. Through the radiation diagrams of the
available antennas, a propagation analysis is carried out with the areas covered by
those antennas.

• Planning in interiors and exteriors. Coverage and capacity are related in such a
way that as the distance between transmitter and receiver increases, the SNR
(signal-to-noise ratio) worsens, being necessary to retransmit erroneous packets, or
adopt a less efficient but more robust modulation. This aspect will be much more
critical for the case of exteriors than in coverages inside buildings. In the exterior
areas, compliance with local regulatory regulations, both in terms of construction
and the environmental or legal impact of each area, will be essential.

• Radiation of the antennas. When carrying out a coverage study, the radiation
diagrams of the antennas will be understood fundamentally, in order to properly
understand the area of coverage provided by them. To better understand the
behaviour of the antennas, an image can be shown in which it is possible to interpret
the azimuth (horizontal), the elevation (vertical) and its three-dimensional
composition.

• Position of the antennas. The strategy of deploying the antennas and the position
of them must be done according to the position of the potential clients. Although in
the zones of the great lateral distances antennas with great lateral advance will be
used. The areas are focused on areas of reduced interest, the use of antennas with
transversal orientation is used.

• Verification with client devices. As it has been seen, radiation in the AP direction
towards the client is a good measure to be able to establish the coverage area of an
antenna. One question to ask is: To what extent can we consider the operational
limit of an AP coverage? The answer to this question is answered indirectly since
the limiting factor will be the client device. In general, the emission capacity of an
antenna is an important energy consumer, so in general portable devices will not
have large emission capabilities.
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Because of its increasing adoption, WIFI technology will continue to become
faster, more secure, more reliable and more resourceful. These advances in turn drive
new developments to incorporate this technology in the new processes to provide
different services to users on an ongoing basis.

Starting from infrastructure of conventional communications systems based on
passive materials, such as fiber optic cabling or copper wiring, new WIFI wireless
technologies are generated with bandwidth and quality of service solutions that offer
customers better services, greater availability, greater security and redundancy.

But the use of access systems has grown exponentially and is changing significantly
as it is used to access the point-in-time applications of a few users and has now been
used to concentrate a high density of data for the use of all types of applications.

In addition to security, the improvement of network management has become an
important point. It is important to plan the networks towards the convergence of mobile
applications and the density of users that it will have, therefore the choice of archi-
tecture in these deployments is key. The right choice of wireless technology at this time
is the key to a network prepared for the next generation of SMART services.

3 Proposed Workflow

In this section a novel approach for deploying urban WIFI based on an urban 3D model
and a web tool is explained. In order to do that, a list of actions is presented:

• Complete the Catalogue
This module allows completing the system with the different elements that can be
installed in an urban WIFI installation. Elements such as access points, antennas
and the mounting kit can be completed in this step. For each of them, a list of
parameters has to be fulfilled. In the Table 1 the defined parameters are presented.
The completion of the catalogue data can be done in any moment, is independent of
the projects. And in the same way, it must be maintained up to date.

• Create Urban 3D Model
The urban 3D model is the urban information server, which contains geometric
information such as semantics at different levels of detail or LoD (Level of Detail).
Each user or application will work with the level of detail that needs. For this
application, the urban 3D model is based on existing standards.
The standard CityGML, which is defined by the OGC, is used to represent the urban
3D model. CityGML defines 5 levels of detail, from 0 to 4. Level 0 represents the
2D terrain. Levels 1 to 3 define the building in greater detail but focusing on the
exterior and LoD 4 already contemplates interior elements of the building (columns,
stairs, doors …).
Then, using the LIDAR and DTM data, the real height of the buildings is obtained.
In this way it is possible to generate the buildings in 3D with its real height and
positioning it correctly, both in position and in altitude (on the digital terrain
model). For this application building are generated in LoD2 (see Fig. 1).
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The urban furniture such as street lighting of the area of interest are also added since
they can be optimal locations to place WIFI repeaters. Trees are also modelled
because they attenuate the WIFI signal, and they need to be taken into account.

• Identification of Optimal Locations
The identification of optimal locations is the main process to be carried out by the
system. The objective is to identify the locations of the access points and antennas
in order optimize them, but always providing coverage to the entire selected area.
The Fig. 2 shows the followed workflow in order to identify the optimal locations.

When a city wants to cover a specific area with WIFI, the first step is to get in touch
with a WIFI installer. The WIFI installer will create/edit the project in the system and
will notify the GIS technician to generate the urban 3D model for that project.

GIS technician will then generate the urban 3D model and will store it in CityGML
format (.gml) and export the geometry to KML format (for visualization purposes).

Meanwhile the WIFI installer will create/edit a project and its predefined rules or
conditions and develop an urban 3D model of the area of interest. In the next step, a list
of possible point of accesses and antennas will be shown, just the ones that apply the
previously predefined rules, which are the filtered elements from the catalogue. From
that list the WIFI installer must select only one point of access, one antenna and one
mounting kit.

Table 1. Catalogue elements and their parameters

Access point (AP) Antennas Mounting kit

Model Model Model
Manufacturer Manufacturer Manufacturer
Band Band Compatible AP
Number of antennas Gain Long
WIFI type Radiation Width
Installation Assembly Price
Integrated antennas Price
Price

• Cadaster  (shp)
• GIS data provided by the City Hall (shp)
• OpenStreetMap (osm to shp)
• Digital Surface Model - LiDAR data (asc)
• Digital Terrain Model - DTM (asc)

• Buildings LoD0
• Buildings LoD1
• Buildings LoD2

Fig. 1. Urban 3D model modelling
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Fig. 2. Identification of optimal locations
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In the next step, the WIFI installer can visualize the generated urban 3D model that
includes buildings, street lighting and trees. Then, it must select the area where the
WIFI needs to be deployed according to the specifications given by the city.

In the next step, which is optional, a list of fixed positions can be defined. Which
means that, for example, if we know that in the case study is available a public
building, in which it will be easy to deploy an access point, it can be defined as a fixed
access point position. In this way, this access point will appear mandatorily in the final
result. An advantage of this step is that, in this way, the needed simulation cycles are
minimized.

In the calculate possible locations two different this are done. In one hand, as a
constraint all the building which are public building are a possible location, because as
they are public building, the needed procedures are easier than in private buildings.

In the other hand, the street lighting is a possible location for WIFI access point.
However, as it is very possible that in the selected case study area a big amount of
them, a clustering process is performed (see Fig. 3). In this process, which is performed
in the platform, the street lighting location that can include, by distance, most of the
others are selected. The number of desired clusters is specified by the WIFI installer.

The next step calculate/edit optimal locations is iterative. In each calculation a
unique new location is generated by the system. In this step all the calculations are
performed in the platform, which will access to the urban 3D model information. In this
way the WIFI installer can follow the simulation result and modify or delete the
calculated locations if desired, until the desired result is achieved.

Fig. 3. Street lighting clusterization by K-means (https://rosettacode.org/wiki/K-means%2B%
2B_clustering)
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The following formulas are used, first in order to calculate the attenuation and then
in order to calculate the received power in a certain point.

In addition to these formulas, as the buildings in the area can have different con-
struction materials, different attenuation values are used. Furthermore, in case trees are
in the case study, an attenuation value is also applied. In the Table 2 those attenuation
values are presented.

During possible and optimal location calculations, the results can be visualized in
2D and 3D in the web 3D viewer

Table 2. Attenuation values for different materials and objects (http://www.ubeeinteractive.
com/support/consumers/faq/signal-attenuation-receive-signal-strength-indicator-rssi-4)

Material Attenuation (dB)
2.4 GHz 5 GHz

Interior drywall 3–4 3–5
Cubicle wall 2–5 4–9
Wood door (hollow-solid) 3–4 6–7
Brick/Concrete wall 6–18 10–30
Glass/Window (not tinted) 2–3 6–8
Double-pane coated glass 13 20
Bullet-proof glass 10 20
Steel/Fire exit door 13–19 25–32
Free space .24/ft. .5/ft.
Tree (est.) .15/ft. .3/ft.
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4 Case Study

For the validation of the explained approach it has been tested in a case study in
Donostia/San Sebastián (Spain).

4.1 Web Tool Architecture

The web tool architecture is split in three layers. In the data layers, two different
databases have been created. The first one related with the projects data and the second
one with the urban 3D model. On top of the urban 3D model a Web Feature Service
have been deployed in order to access to the data contained on it in a standard way.
Both databases are stored in a PostgreSQL + PostGIS database.

In the business layer the processes that need computation are developed, such as the
street lighting clusterization process or optimal locations simulation. Those processes
have been developed in Java.

Finally, in the presentation layer the urban WIFI deployment web tool have been
developed in HTML 5 + Javascript. Two different technologies have been used for
geospatial data visualization, such as Leaflet1 for 2D data and CesiumJS2 for 3D data.

4.2 Urban 3D model

The generation of the 3D urban model is done using different data sources as can be
seen in Table 3.

In the Fig. 4 the resultant urban 3D model of Donostia/San Sebastián is shown.

4.3 Tool for Designing Urban WIFI Based on a Urban 3D Model

It is the responsible of calculating what types of WIFI devices should be used and the
exact placement of them. The platform has as input data the urban 3D model and the
catalogue. This tool is divided into the following functionalities:

Table 3. Data sources for urban 3D model generation

Element Data source Format Number of elements

LIDAR GeoEuskadi .ASC 4
Buildings Cadaster SHP 506
Street lighting City hall DXF 1080
Trees City hall DXF 1208

1 https://leafletjs.com/.
2 https://cesiumjs.org/.
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• Predefined Rules
This module allows to filter the elements of the catalogue using the previously
defined project rules. In this way, the catalogue elements that comply with the rules
defined by the user are displayed. In addition, other rules such as, maximum budget,
needed coverage quality, etc.

• Select Access Point, Antenna and Mounting Kit
This module allows selecting a single combination of access point, antenna and
mounting kit. This combination is the one that is used later when calculating the
solution.

• Choose Area to Provide WIFI Coverage
This module allows selecting the area of interest in which WIFI coverage needs to
be provided. This selection is made on a 2D map. In addition, the separation in
meters of the coverage grid to be calculated is selected. That is, if the coverage for
each of the points is calculated every 1, 2, 5, 10, 20 or 50 m. In the Fig. 5 the
selection of the desired area is performed.

• Clusterization of Street Lights
This module allows the clustering of the equivalent locations associated with the
streetlights. If, for example, in a study area there are more than one hundred
lampposts, using this module is to perform a clustering calculation to find which are
the X (the number can be modified) more representative lamps. In this way, in the
simulation, instead of using 500 different lamppost locations, the clustered ones are
used, thus speeding up the calculation of solutions. In the Fig. 6 the clusterization of
the street lights is shown. In red all the street lighting locations are presented and in
green only the clusterized ones.

• Select Initial Fixed Locations
Through this module the user can select fixed locations in which he necessarily wants
to have an access point. In this way, that points are fixed and cannot be eliminated
when the simulation is performed. This step can be done in both 2D and 3D.

• Calculate Possible Locations
This module obtains the possible locations in which an access point can be placed. In
case of the buildings, it must fulfil the following characteristics: to be a public

Fig. 4. Urban 3D model of Donostia/San Sebastián
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building and to have electrical power supply. In the case of street lighting it is
necessary that they have electrical power supply. In the viewer (both 2D and 3D) all
the buildings and lampposts that appear in green are the possible locations. In the
Fig. 7 the possible locations, both building and clusterized street lighting, are pre-
sented in green. In addition to that, two fixed positions can also be shown (red dots).

• Calculate Optimal Locations
This module allows, once the clusters of the equivalent locations and selected fixed
locations have been made, perform the calculation to obtain the optimal locations
needed in order to have at least the minimum WIFI coverage in the whole area of

Fig. 5. Choose area to provide WIFI coverage

Fig. 6. Clusterization process result
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Fig. 7. Calculation of possible locations

Fig. 8. Calculation of optimal locations I

Fig. 9. Calculation of optimal locations II
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interest. For this calculation also takes into account the attenuation created by both
trees and buildings, thus obtaining a more realistic calculation. The result can be
seen in colours on the grid of coverage intensities. This step can be done in both 2D
and 3D (see Figs. 8 and 9).

• Export Result to PDF
This module allows exporting the solution once it has been demonstrated that it
meets all the project rules (see Fig. 10).

5 Conclusions

The main objective of this tool is the development of a system that allows to obtain,
from a 3D urban model, a catalogue of specifications and predefined rules; a proposal
of solutions that indicate the ideal positions and the types of WIFI devices needed in
order to increase the coverage offered at the minimum cost.

Indoor WIFI planning is a topic that has been deeply analyzed and there are
multiple tools are available. However, outdoor planning is still an open issue where
more research is needed.

The main aspects of innovation of the project focus on the following areas:

Fig. 10. The result in PDF format
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• 2D and 3D web viewer of coverage distribution maps. The viewer allows to
present the result of the generation of the 3D urban model. It also presents the
optimal locations in order to place the WIFI devices. It also presents the result of
each solution indicating the exact position of each WIFI device and present the
coverage distribution map with different colours.

• Return of investment calculation: The existing urban WIFI simulation tools do
not allow to create complete budgets. They only show the budget of the material to
be used, without taking other materials or necessary works into account. Besides
this, they do not allow calculating the maintenance costs and energy costs that the
facilities have; what is of vital importance.

• Urban WIFI Platform: The urban WIFI platform have the business logic that
allow the proposal of solutions on what types of WIFI devices to place and their
positions. The urban WIFI platform also presents complete budgets with installa-
tion, maintenance and energy costs and the possibility of comparisons with other
solutions.

• Configurable result. Possibility of easily adapting the configuration to the regu-
lations and needs of different cities with different legislations.

• Minimization of repeater antennas. The main objective is to cover the largest
coverage area using the minimum number of repeater antennas. For that it is nec-
essary to identify the optimal locations, thus obtaining fewer signal losses and
increasing the coverage radius.

Acknowledgments. The work of this paper has been done as part of the project WIFIGIS
“Sistema de identificación de localizaciones óptimas basado en un modelo urbano 3D para el
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Project Application of BDS + Automatic
Monitoring and Early Warning Technology
for the Risk Assessment of Reconstruction

Highway Cutting Slope
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1157991006@qq.com

Abstract. It is practically important to monitor and warn the instability risk of
high-steep slope of highway during cutting. The paper presents a case study
carried out in a real slope in Liuzhou-Nanning Expressway Expansion Project.
Grades of instability risks of slopes are firstly classified based on qualitative and
quantitative assessment, and then different monitoring methods are adopted.
Then, BDS (BeiDou Navigation Satellite System), Tilt photogrammetry, Inter-
net of things are used to establish a 3D intelligent monitoring and warning
system. The system was successfully to monitor and warn the risk during
removal of support, and is now working well in service. In addition, a Leica
TM50 high-precision measurement robot is used to calibrate the BDS + mon-
itoring data. The results show that the trend obtained by the intelligent moni-
toring system is consistent with that measured by the robot.

1 Introduction

With the development of the Chinese economy, the existing expressway can no longer
meet the demand for passage, and the expansion and transformation of the expressway
is gradually increasing. The expansion of the existing expressway should dismantle and
excavate the support of the existing cutting slope, which will cause the redistribution of
stress. If the excavation site is not properly treated, there will be a risk of instability,
and even serious damage to personnel and property. Therefore, it is necessary to
classify the risk of slope excavation and adopt automatic technology to monitor the
slope in real time according to the classification results.

Some experts and scholars have studied the risk classification of slope excavation
and the monitoring technology of slope automation. Such as Lin Junyong used analytic
hierarchy process and fuzzy comprehensive evaluation method to establish the security
risk estimation model of high-steep slope (Lin 2017). Majilei and others put forward
the Beidou Automatic Monitoring Technology and System Optimization Scheme for
Highway Slope Field (Ma et al. 2017). Tao proposed to embed the cloud server (ECS),
cloud database (RDS), cloud sites and other data security storage system in the
“Newton force change monitoring and early warning system” based on the multi-
source data fusion technology (Tao et al. 2017). Domestic and foreign experts have
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done some relevant research and obtained application results. However, there is a lack
of universal assessment methods and more intuitive and intelligent monitoring systems.

So, the paper presents a case study carried out in a real slope in CHINA Liuzhou-
Nanning Expressway Extension Project. Grades of instability risks of slopes are firstly
classified based on qualitative and quantitative assessment, and then different moni-
toring methods are adopted. Then, BDS, Tilt photogrammetry, Internet of things are
used to establish a 3D intelligent monitoring and warning system.

2 Project Overview

Relying-on project is located in Liuzhou (Luzhai) to Nanning Expressway expansion
project K1261+900–K1262+300 section, located on both sides of the highway, and it is
the road slope. We use top-down grading excavation expansion to expand the way. The
slope is divided into 3 zones, and the left slope is divided into 2 areas. The length of the
slope is about 400 m, and the height is 45 to 105 m. The right side is divided into 1
zone, and this time we use the right side slope as the object of study. The right side
slope is about 140 m long and 55 m high, which is the soil slope, and the bedrock is
exposed locally at the bottom and top of the slope. The mulch layer is thicker,
according to field investigation and survey data, and the composition of the mulch is
mainly the plastic state of the horned gravel red clay, and exposed bedrock is mainly
moderately weathered - strong weathered dolomitic limestone.

3 Slop Risk Classification

The risk assessment of slope expansion construction is carried out by expert investi-
gation and evaluation method and index system method, according to the risk level of
the assessment, special slope excavation scheme is formulated, and automatic moni-
toring and early warning of the slope during excavation and after excavation support
are carried out to understand the stable state during construction and operation
(Guangxi Traffic Investment Group Co., Ltd., Changsha University of Science &
Technology 2016; Anon. 2015).

3.1 Expert Investigation and Evaluation Method

The method of expert investigation and evaluation is a method to evaluate and predict
the high slope according to the construction scale, geological conditions, engineering
characteristics, inducing factors, construction environment and data integrity based on
the knowledge and experience of experts who are the objects of obtaining information.
The expert should have senior technical title or above, and the person in charge of the
evaluation should have more than 10 years’ experience, and the member should have
more than 5 years’ experience in project management, as well as the work experience
in high slope investigation, design and construction. The evaluation expert group has 3
people, according to the construction of high slope scale, geological conditions,
inducing factors, construction environment, the data integrity of five disciplines, the
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four risk ratings are itemized rating score Ri, namely: rank IV (high risk) (4 points),
grade III (high risk) (3 points), grade II (medium risk) (2 points), grade I (low risk)
(1 point). On this basis, the expert confidence index Wi is given to the sub-assessment
score, and the risk grade of the slope is finally determined according to the scoring
value of each expert member Dr and the average scoring value Dr.

A summary of the scores and results of each expert in the right area of the slope can
be found in Table 1.

3.2 Index System Method

The indicator system of the overall risk assessment of the safety of the high slope of the
road is divided into 5 categories: construction scale, geological conditions, induced
factors, construction environment, data integrity, and the establishment of the evalu-
ation index system is according to the specific conditions of each indicator. This
assessment uses the materiality sequencing method to determine the weight coefficient.
Experts select important metrics from metrics that affect stability based on a certain
slope. After the sequence is arranged, the weight coefficient is used to distinguish the
importance of each evaluation index. Weight coefficients can be calculated directly
according to the formula (1).

c ¼ 2n� 2mþ 1
n2

ð1Þ

In the formula, the gamma-weight coefficient, n-evaluation indicator (important indi-
cator) number of items, m-importance order number, m � n. The overall risk of road
safety on high slope is determined by formulas (2 and 3):

Table 1. Table of K1261+900–K1262+300 section right high slope expert survey and
evaluation method

Expert
subitem

Expert 1 Expert 2 Expert 3
Point Confidence

index
Point Confidence

index
Point Confidence

index

Scale of
construction

R1 = 3 W1 = 0.75 R1 = 3 W1 = 0.85 R1 = 3 W1 = 0.85

Geological
conditions

R2 = 3 W2 = 0.75 R2 = 3 W2 = 0.85 R2 = 3 W2 = 0.90

Inducing
factors

R3 = 3 W3 = 0.80 R3 = 3 W3 = 0.80 R3 = 3 W3 = 0.80

Construction
environment

R4 = 2 W4 = 0.85 R4 = 2 W4 = 0.75 R4 = 2 W4 = 0.65

Data integrity R5 = 3 W5 = 0.70 R5 = 2 W5 = 0.60 R5 = 3 W5 = 0.65
Dr 2.78 2.65 2.83

Dr 2.75

Risk level Grade III (High risk)
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F ¼
X

Xij ð2Þ

Xij ¼ Rij � cij ð3Þ

Xij - Evaluation indicator point, i = 1, 2, 3, 4, 5; j = 1, 2, …, n. n is the number of
important indicators included for the corresponding category I assessment indicator.

After calculating the F value, the overall risk level of road safety is determined by
comparison with Table 2.

Combined with the actual characteristics and findings of the slope, the important
evaluation indicators of this slope are determined as the following 8 categories: slope
height, slope rate, stratigraphic rock, construction season, impact of natural disasters,
engineering measures, geological data and design documents, and the weight coeffi-
cients of these 8 categories of indicators are sorted and determined in Table 3.

Based on the evaluation index and weight coefficient determined in the table above,
the evaluation score of each indicator of the slope is determined, as detailed in Table 4.

According to the slope importance index and its evaluation score as determined in
the table above, the overall risk F value of the construction safety of the high slope of
the road is calculated in the substitute formula 2:

F ¼
X

Xij ¼ 66:20

Table 2. General risk rating standard for high slope safety

Risk level F

Grade IV (Extreme risk) F > 60
Grade III (High risk) 45 < F � 60
Grade II (Moderate risk) 30 < F � 45

Table 3. Table of K1261+900–K1262+300 section right slope importance indicators and
weight coefficient

Order of importance Evaluation indicators Weight

1 The slope height 0.23
2 Formation lithology 0.20
3 Slope shape and rate 0.17
4 The construction season 0.14
5 Natural disasters 0.11
6 Type of engineering measures 0.08
7 Geological data 0.05
8 Design documents 0.02
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According to Table 2, the overall risk level of the safety of the right slope of K1261
+900–K1262+300 as determined by the indicator system method is: Grade IV
(Extreme Risk). Comprehensive expert assessment method and index system method,
need to develop a special construction plan for the slope, and carry out automated
monitoring and early warning.

4 BDS + Monitoring System and Program

4.1 BDS + Monitoring System (Ouyang et al. 2005; Zhang et al. 2011;
Wu et al. 2004)

BDS satellite navigation system is China’s self-built and independent operation satellite
navigation system, and it is to provide global users with all-weather, all-day, high-
precision positioning, navigation and timing services for the country’s important space
infrastructure. BDS deformation monitoring system can provide users with a world-
wide continuous, real-time, high-precision positioning. It measures the surface defor-
mation of landslides and it is characterized by: small measurement error, accurate
measurement, no need to look across the observation points, convenient selection
points, and it can be applied to a variety of collapse and slide different deformation
stage 3D displacement monitoring, and it can be observed around the clock.

Table 4. Table of K1261+900–K1262+300 section right slope importance indicator assessment
score

Class Evaluation
indicators

Grade Basic
score
(Rij)

Weight
coefficient
(cij)

Evaluation
score (Xij)

Scale of
construction
(X1)

The slope height
(X11)

H = 105 m 100.00 0.23 23.00

Slope shape and
rate (X12)

Road slope over natural slope ratio quasi
gradient value
△a = 20°

87.50 0.17 14.88

Geological
conditions
(X2)

Formation
lithology (X21)

Strongly weathered bedrock 30 0.20 6.00

Inducing
factors (X3)

The construction
season (X31)

Local annual rainfall is more than
1000 mm.

100 0.14 14.00

Impact of
natural disasters
(X32)

Natural disasters are rare 20 0.11 2.20

Construction
environment
(X4)

Type of
engineering
measures (X41)

Retaining wall works 24 0.08 1.92

Data integrity
(X5)

Geological data
(X51)

There is one survey section on each slope
and two exploration points on each
section

50 0.05 2.50

Design
documents (X52)

One slope, one drawing, one direction,
the drawing is incomplete

85 0.02 1.70
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(1) System Composition
BDS deformation monitoring station is composed of data acquisition system, data
transmission system, GNSS solution system and data service platform. Data
acquisition system: Data acquisition system is composed of measuring receiver,
power supply system and installation protection system. Among them, the mea-
suring receiver uses a high-precision measurement GNSS receiving module,
which integrates the self-developed signal-noise filtering procedure to ensure
high-quality raw data. Data transmission system: The data transmission system
adopts GPRS wireless transmission technology, and realizes the real-time out-
going and disconnecting function of big data through the unique communication
protocol, which ensures the data integrity. GNSS solution system: the data
solution system with independent intellectual property rights, high-precision
continuous real-time solution. Data service platform: remote configuration of field
equipment, debugging, troubleshooting, upgrade and other operations of all
integrated and data management system, and achieve true integration and
intelligence.

(2) Technical Indicators
Shown as Table 5: All-In-One BDS-Deformation Automatic Monitoring Station
Technical Parameters.

(3) Early Warning Mechanism
In view of the relatively single alarm method in the current specification, the early
warning mechanism is refined and multi-level early warning is carried out
according to the severity of deformation. According to the measurement and
control values provided by the design and related monitoring specifications, the
early warning status of the monitoring points during construction and operation is
divided into three levels according to the severity: yellow monitoring early
warning, orange monitoring warning (early warning value in specification) and
red monitoring early warning. Different levels of alert is corresponding to different
levels of response.

Table 5. Table of all-in-one BDS-deformation automatic monitoring station technical
parameters

Equipment
name

Technical indicators Technical parameters

BDS
monitoring
station

Single epoch
calculation accuracy

Plane: ±(2.5 mm + 1 � 10 − 6D)
Altitude: ±(5.0 mm + 1 � 10 − 6D)
Single epoch calculation Initialization time: less
than 10 min

Data output
frequency

Support for output frequency of 20 Hz,
adjustable

Power Direct current input of 7–36 V
Environment Work temperature: −35 °C–75 °C

Storage temperature: −40 °C–80 °C
Waterproof and dustproof: IP65

The external interface Power/GNSS Antenna/GPRS
Antenna/RS232/RS485/WiFi/Bluetooth, etc.
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(4) Equipment Place Selection
The reference stations and observation stations of the BDS deformation moni-
toring station are laid out in a certain number of proportions, i.e. each of the 1
station corresponds to 3 stations, and the observatories are distributed around the
reference station, with the reference station as the core, and through real-time data
compare the surface deformation of the monitoring area. Generally one moni-
toring reference station can cover monitoring points within a radius of several
kilometers. The exact number of layings depends on the site conditions and
equipment performance.

4.2 Monitoring Scheme

This project monitoring surface displacement monitoring sensor selects a Samsung
eight-frequency monitoring receiver, and rain monitoring sensor selects an integrated
rain monitoring station, and lays 2 camera monitoring. At the same time use the
measurement robot to lay 38 monitoring points (left and right side) for periodic
monitoring and review.

4.2.1 BDS Monitoring Scheme
The whole system has a total of 1 base station and 6 monitoring stations, of which 2 are
located on the right side slope. The base station is built in a nearby toll station, while
the monitoring station is laid out according to the central line of the slope, and the
specific location is shown in Fig. 1. Under normal circumstances, BDS automated
monitoring is implemented 24 h a day, and a set of data is collected daily on a fixed
period of time to calculate the average, and the period is initially calculated according
to a hydrologic year (365 days), whether to continue monitoring in the following year
is according to the monitoring stability.

Toll Station

Base Station

Monitoring Station 1

Monitoring Station 2

Monitoring Station 6

Monitoring Station 5

Monitoring Station 3

Monitoring Station 4

Fig. 1. BDS monitoring system monitoring point laying
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4.2.2 High-Precision Robot Monitoring Scheme
Automatic observations are carried out using the Leica TM50 high-precision moni-
toring robot (Li 2017a, b), which is monitored once every 15 days and it is expected to
be monitored 24 times a year. If unstable local slopes or existing cracks are found to
suddenly increase during monitoring, the monitoring interval needs to be shortened
according to the actual situation. According to the slope topography along the highway,
the deformation monitoring network of this project should adopt a triangular network,

Fig. 2. BDS monitoring system platform and monitoring data display
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and the monitoring reference network is composed of 3 reference points and one
working base point. The K1261+900–K1262+300 right-hand high-slope slope and the
right-hand–turn of the slope edge to the west of 200 m belong to the outside of the
slope stability range, and in this position establish the reference point TS0 (at the same
time set up as a working base point), and the station near the stable position sets up a
reference point, point named TS1, Along the highway to both sides of the stable
position about 200 m to 500 m set a reference point, and the point name is set to TS2,
TS3 (Figs. 2 and 3).

Toll Station

Backsight Point TS3

Monitoring Point

Monitoring Point 

Monitoring Robot TS0

Backsight Point TS1

Backsight Point TS2

Fig. 3. Map of the laying of robot monitoring sites
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5 Monitoring Data Analysis

The validity of BDS monitoring data is verified by comparing and analyzing the data
trend of the right slope BDS monitoring data and the data deformation trend of the
Leica robot (Guangxi Communications Investment Technology Co. Ltd. 2019).

5.1 BDS Monitoring Data

The cumulative displacement of surface displacement monitoring pointised into
cumulative horizontal displacement and cumulative settling based on the initial value

BD05-Displacement Time Curve

Fig. 4. BD05-displacement time curve

BD06-Displacement Time Curve

Fig. 5. BD06-displacement time curve
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of the first monitoring coordinate value. For the period from February 2019 to the end
of March 2019, the cumulative displacement-time graph for the local table displace-
ment monitoring points is shown in Figs. 4, 5 and 6. In the local time period data
fluctuates greatly, mainly because the data is reduced by the poor accuracy of system
solving caused by the congestion of GPRS data transmission channel. This fluctuation
does not affect the determination of the deformation trend of each monitoring point.

During the monitoring period, there was no obvious trend of horizontal displace-
ment and settlement, and the slope at the monitoring point was stable.

During the monitoring period, there was no obvious trend of horizontal displace-
ment and settlement, and the slope at the monitoring point was stable.

5.2 Leica Monitoring Data

Using Leica periodic monitoring, the monitoring data from the end of January to the
end of March were analyzed, according to the results of the monitoring data, the surface
monitoring deformation rate and cumulative deformation were both small, and there
was no super-warning value. The deformation trend was flat, and there was no sign of
increasing.

The comprehensive comparison of the monitoring data of BDS + system and the
Leica robot is consistent with the deformation trend, which shows that BDS-system can
effectively play the role of automatic monitoring.

Plane Change 

Vertical Change 

D
eform

ation A
m

ount 
D

eform
ation A

m
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Fig. 6. Deformation amount of plane change and vertical change
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6 Conclusions

(1) The revised method of expert investigation and evaluation and the index system
method are adopted to evaluate the risk of highway roadbed excavation, the
evaluation results show that the slope has great excavation risk, based on this, a
special monitoring program is developed.

(2) A 3D intelligent monitoring system based on BDS high precision positioning
technology, Tilt photogrammetry and Internet technology is developed, and the
monitoring risks shall be classified and pre-warned.

(3) The results show that the BDS + intelligent monitoring system is consistent with
the change trend of Leica robot monitoring data.
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Abstract. Roads are terrestrial communication paths specially designed for the
movement of vehicles and pedestrians and part of the national transport system.
Maintaining proper road conditions is essential for traffic safety and road net-
work availability. There are a number of factors that impact the decision-making
process regarding the road structure programme management, including the
technical condition of the roads, traffic safety, heavy traffic, the cost of main-
tenance works and the low funding allocated to this sector. Thus, an effective
approach is needed to attain a balance between the program of maintenance/
repair/rehabilitation activities and the works that can be executed within the
limits of the available funds, so that the investment achieves the highest prof-
itability. This paper aims to analyze the technical state of the road network in
Romania using a multi-criteria decision analysis method, namely Electre
method. The method was applied on only four sectors of National Road 1 (the
method requires a large number of parameters: weights and different thresholds
assigned by the road network authorities) and aimed at identifying those road
sections with the most severe conditions regarding the technical condition of the
roads.

1 Introduction

The public road network in Romania consists in all the roads open to public traffic
throughout the country. According to GO no 43/1997 regarding the road regime, from the
functional and administrative territorial point of view, the roads are divided into roads of
national interest, roads of county interest and roads of local interest Table 1 [1, 2].

At present, about 60% of the national road network have an outdated service life
and over 5,000 km of roads are in a medium and critical condition [3].

Insufficient funds allocated to regular maintenance works/current repairs and
rehabilitation are a major issue facing road managers. Lack of funds limits the number
of maintenance and repair works, which leads to the increase and accentuation of
degradation and ultimately to increased costs in repairing damaged road sections.

It must be also borne in mind that maintenance works have a permanent and
continuous character, which makes it difficult for the road administrations to take into
account the fact that, at a certain point in time, the types and quantities of works that
need to be carried out are not known and they are identified throughout the year.
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The decision makers and road network administrators respectively often carry out
rehabilitation works on the road network without taking into account the prioritization
of road sections requiring maintenance works and without using a systematic proce-
dure. These arbitrary decisions do not guarantee the efficiency of budget allocation.

Thus, road administrations need to strike a balance between the programme of
maintenance/repair/rehabilitation activities and the works that may be executed within
the limits of the available funds so that the investment reaches the highest return and
the road network is durable.

This is possible through the adoption of a road infrastructure management system
that allows optimal allocation of funds available for road maintenance and rehabilita-
tion [4].

An efficient road infrastructure management system should answer the following
questions:

• what is the technical state of the road network?
• where are maintenance/repair works required?
• which are the priority jobs?
• how much money should be allocated for the work?

The decision-making process is part of the process of solving infrastructure
problems. This includes: identifying issues that can be addressed by building a new
infrastructure, rehabilitating existing infrastructure or improving the management
thereof. Infrastructure management involves making decisions on the maintenance,
reconstruction, improvement or upgrading of the infrastructure systems.

Over time, various methods have been developed in the referenced literature to
analyze and predict the durability of road networks.

Thus, the multi-criteria methods of analysis have been applied in the decision-
making processes related to the maintenance and reconstruction of the transport
infrastructure.

Fancello G. et al. proposes the development of a procedure to assist road network
administrators in planning works to increase road safety using a multi-criteria method
called “Electre I Compliance Analysis,” which uses surpassing relationships based on
the analysis of the concordances and of the discrepancies. The paper presents a
methodology for classifying solutions by comparing them on the basis of different
variables [5].

Table 1. The public road network in Romania, from the functional point of view

Nr. Road
category

Length - km Road administrator

1 National
roads

17654 National Company for Road Infrastructure
Administration

2 Motorway 763
3 County

roads
35149 County council

4 Local roads 33296 Local council
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2 Electre Method – Decision-Making Tool for the Analysis
of the Roads Technical Condition

Decision-making is a continuous process correlating and harmonizing the objectives
with the resources, while the decision is the result of the processing of information by a
person or group of people [6].

One of the methods used in making decisions is the Electre method (Elimination et
Choix Traduisant to Réalité), developed by Bertrand Roy, as a tool for optimizing
decision-making in certainty conditions.

By describing the use procedure designed by Bertrand Roy, the team of authors of
this article analyzes and proposes the application thereof for the Romanian road net-
work management system by creating a management work tool in the intervention
strategy to make roads in exploitation durable.

Generally, from a procedural point of view, the Electre method is used in situations
where there are several solutions Vi ; i ¼ 1;m possible to achieve a certain objective,
while the evaluation considers several criteria Cj ; j ¼ 1; n, and compares the solutions
two by two [6].

2.1 Brief Theoretical Presentation of the Method

The Electre method is a ranking and choice method in the presence of multiple points
of view. It allows for the variables to be sorted according to complex criteria by
successive comparisons, two by two. There are several stages in the application thereof:

• establishing the decision-making solutions (Vi ; i ¼ 1;m) and the resulting conse-
quences in certain dimensions thereof (when used on roads it can refer to the
characteristics of the technical condition of the roads, elements related to the traffic
safety, etc.) by considering an assembly of criteria (Cj ; j ¼ 1; n) that make their
occurrence conditional. Each alternative is evaluated according to the established
criteria, and matrix M of the qualifiers is built with the help of the awarded qual-
ifiers:

ð1Þ

• for the resulting decision-making consequences, the utilities are established and
then the utilities matrix;

• establishing the importance coefficient vector kj ; j ¼ 1; n by which the decision
maker adjusts the share of the criteria in the process for the making of the final
decision. The sum of the coefficients of importance is equal to 1 (or 100);
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• calculating the concordance matrix and the discordance matrix. The concordance
matrix is square and expresses the superiority of Vi variant compared to Vj variant,
the calculation of the elements being realized with the help of the reports:

cij ¼
Pm

conc¼1
kj

Pn

j¼1
kj

ð2Þ

where:
Pm

conc¼1
kj is the sum of the coefficients of importance corresponding to the criteria for

which the rating of alternative Vi (of the homogeneous matrix M2) is greater than or
equal to the rating of alternative Vj (in the homogeneous matrix M2);

Pn

j¼1
kj is the sum of all the coefficients of importance, having the value of 1 or 100.

The discordance matrix is also square (m, m) and expresses the superiority of
alternative Vj compared to alternative Vi; while the elements are calculated as follows:

dij ¼ max ddð Þ
hm

ð3Þ

where:
hm is the difference between the largest and lowest grade of the homogeneous

matrix M2.
max ddð Þ ¼ N Vj

� �� N Við Þ� �
, where: N Vj

� �
, N Við Þ are the grades for alternative Vj

and alternative Vi, corresponding to the same criterion within the homogeneous matrix
M2.

• the order of the alternatives is assessed according to the following relations:

cij [ cji; then Vi � Vj ðalternative Vi overrides alternative VjÞ ð4Þ

dij [ dji; then Vi � Vj ðalternativeVi overrides alternative VjÞ: ð5Þ

If relation (4) is multiplied by (−1) and is combined with relation (5) then it is
obtained:

cij � dij [ cji � dji; then Vi � Vj ð6Þ

(alternative Vi overrides alternative Vj)
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2.2 Application of the Method. Case Study

This technique has been applied by the authors of the article for the ELECTRE method
calibration in the field of Road Transport Infrastructure, on 4 consecutive sectors of DN
1 in Romania.

For the multicriteria analysis, four criteria representative of the technical state of the
roads (roughness index, skid resistance, bearing capacity, degradation index) were
taken into account at this stage of the research. They were chosen based on the
assumption that indicators must be easy to measure and must be clear to the decision-
makers. The characteristics of the technical state were noted as: C1-roughness index,
C2-skid resistance, C3-bearing capacity, C4-degradation index.

To exemplify the calculation, the chosen sectors had different types of degradation
of the road surface. The length of each road section considered was 10 km from km
120 + 000 to km 160 + 000, and each section was numbered V1, V2, V3, V4 (as
analysis solutions) to simplify the calculation.

Matrix M of the ratings was built in accordance with the provisions of the Tech-
nical Instructions for the determination of the technical condition of the modern roads
CD 155-2001, for each the technical condition class, on the DN 1 sections analyzed in
this Case Study, obtaining:

ð7Þ

Qualitative qualifiers (FB = Very good, B = Good, M = Medium, R = Poor,
FR = Very bad) for the technical criteria of the analyzed road (C1 - roughness, C2 -
load bearing capacity, C3-) corresponding to M matrix were replaced by the assigned
scores from 1 to 5, determined for each criterion (shares), according to CD 155-2001
and resulted in the matrix M1.
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ð8Þ

The next analysis step takes into account the importance coefficients corresponding
to each C1, C2, C3, C4 technical condition criterion assessed on each 10 km section of
DN1 investigated with the ELECTRE Method.

This procedure falls to the administrator of the road as a management processing, in
order to determine the optimal intervention solution, which in this Case Study is chosen
as an example between V1, V2, V3, V4, as follows.

Since the characteristics of the technical condition of the roads do not influence the
technical condition of the roads equally, different coefficients of importance/shares are
assigned to each technical condition C1, C2, C3, C4 to take into account their indi-
vidual effect. This practice is commonly found in the referenced literature, with road
network administrators assigning different types of criteria to the technical condition of
the roads, based on the opinions provided by the experts in the field, by the field
engineers as well as by the university professors [7–13].

Thus, for case study analysis, four alternatives were established for the importance
coefficient vector kj ; j ¼ 1; 4 according to the intervention scenarios possible for the
durability of the analyzed road. This operation is necessary to emphasize the share of
the criteria in the process for the making of the final decision. The sum of the coef-
ficients of importance must be equal to 1.

k1 ¼ ð0;25; 0;25; 0;25; 0; 25Þ equal share for the criteria
k2 ¼ ð0;4; 0;2; 0;2; 0;2Þ increased share for C1 roughness index
k3 ¼ ð0;2; 0;4; 0;2; 0;2Þ increased share for C2 skid resistance
k4 ¼ ð0;2; 0;2; 0;4; 0;2Þ increased share for C3 bearing capacity
k5 ¼ ð0;2; 0;2; 0;2; 0;4Þ increased share for the C4 degradation index

ð9Þ

Matrix M1 (field matrix data) ratings are multiplied by the coefficients of impor-
tance assigned to each criterion, obtaining the homogeneous matrix M2 (matrix of
technical state), the matrix of concordance (C) with the data taken from the field and
the discordance matrix (D) by viewing the same field data. (The matrix of concordance
is square and expresses the superiority of solution Vi compared to solution Vj).

Thus, for each scenario considered by the road manager, the parameters of matrix
M2 are calculated as follows:

• for k1 = (0,25; 0,25; 0,25; 0,25):
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This results in the 1.25 Very Good rating, the 1 Good rating, the 0.75 Mediocre
rating and the 0.5 Injury rating in the evaluation of the technical condition indices.

On the basis of the obtained ratings, elements cij of the concordance matrix C shall
be determined, as well as elements dij of the discordance matrix D:

• calculating the elements of the concordance matrix Cij i ¼ 1; 4 ; j ¼ 1; 4 using the
relationship:

cij ¼
Pm

conc¼1
kj

Pn

j¼1
kj

where:
Pm

conc¼1
kj is the sum of the coefficients of importance corresponding to the criteria for

which the rating of solution Vi (of the homogeneous matrix M2) is higher than or equal
to the rating of Vj alternative (in the homogeneous matrix M2);

Pn

j¼1
kj is the sum of all the coefficients of importance, having the value of 1 or 100.

Using this calculation mode, the following coefficients of importance result for the
matrix of concordance:

In the case of element c12 of the matrix of concordance C, the sum of the coef-
ficients of importance is obtained after comparing the grades of solution V1 with the
grades of solution V2.
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From the analysis of matrix M2 it can be noticed that the grades of solution V1 are
higher than or equal to the grades in solution V2.

0.75 � 0.75 the value of the coefficient of importance is noted, namely 0.25
1,25 � 1,25, the value of the coefficient of importance is noted, namely 0.25
1,25 � 1,25, the value of the coefficient of importance is noted, namely 0.25
1.25 � 1 the value of the coefficient of importance is noted, namely 0.25
Thus, when adding up the coefficients of importance and applying the relation (4),

we obtain c12 = (0,25 + 0,25 + 0,25 + 0,25)/1 = 1.
The other elements of the matrix are treated in the same manner, and the matrix of

concordance is obtained by completing the corresponding positions Cij.

The next step is the calculation of the elements of the discordance matrix using the
relationship (3). The matrix of discordance is also square (m, m) and expresses the
superiority of solution Vj compared to solution Vi, while the elements are calculated as
follows:

dij ¼ max ddð Þ
hm

ð3Þ

where:
hm is the difference between the higher and lowest grades of the homogeneous

matrix M2.
max ddð Þ ¼ N Vj

� �� N Við Þ� �
, where: N Vj

� �
, N Við Þ, are the grades of solution Vj

and solution Vi, corresponding to the same criterion within the homogeneous matrix M2.
In the case of element d12, the elements of matrixM2 in columnC1, namely positions

N Vj
� �

= N(V2) = d21 and N Við Þ = N(V1) = d11, are deducted (since the discordance
matrix expresses the superiority of solution Vj versus solution Vi). The value of element
d12 of the discordance matrix is obtained by dividing the difference to hm.
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d12 ¼ NðV2Þ � NðV1Þj j=hm ¼ ð0;75� 0;75Þ=0;75 ¼ 0

The other elements of the matrix are treated in the same manner and the matrix of
discordance is obtained by completing the corresponding positions Dij.

From the application of relations (4), (5) and (6) we may see that the section with the
best characteristics of the technical condition is the section 3 km 140 + 000 − km
150 + 000, followed by 1 km 120 + 000 km 130 + 000 and section 2 km 130 + 000 −
km 140 + 000 and 4 km 150 + 000 − km 160 + 000, the latter being foreground for the
maintenance and repair works.

Similarly, the other scenarios k2, k3, k4, k5 were analysed and the road sections
with a poor technical state were established.

• for k2 = (0,4; 0,2; 0,2; 0,2):

The section with the best characteristics of the technical condition is 3 km
140 + 000 − km 150 + 000, followed by 1 km 120 + 000 − km 130 + 000 and 2 km
130 + 000 − km 140 + 000 and 4 km 150 + 000 − km 160 + 000, the latter being
foreground for the maintenance and repair works.

• for k3 = 0,2; 0,4; 0,2; 0,2ð Þ:
The sections with the best characteristics of the technical condition are sec-

tions 1 km 120 + 000 − km 130 + 000 and 2 km 130 + 000 − km 140 + 000, fol-
lowed by sections 3 km 140 + 000 − km 150 + 000 and 4 km 150 + 000 − km
160 + 000, the latter being foreground for the execution of maintenance and repair
works.

• for k4 = (0,2; 0,2; 0,4; 0,2):

The section with the best characteristics of the technical condition is sections 1 km
120 + 000 − km 130 + 000, followed by sections 2, 3 and 4.

• for k5 = (0,2; 0,2; 0,2; 0,4):

The section with the best characteristics of the technical condition is section 1 km
120 + 000 − km 130 + 000, followed by sections 2, 3 and 4, the latter being fore-
ground for the maintenance and repair works.
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3 Conclusions

In order to ensure a reliable transport network, it is necessary to maintain the existing
network at an acceptable level of viability, while the administrators of the road network
have to strike a balance between the programme of activities involving
maintenance/repair/rehabilitation works and the works that can be executed within the
limit of the funds available, so that the investment achieves the highest profitability and
the road network has a good durability.

A first important result of the paper is the highlight of certain global concerns about
the use of multi-criteria methods for the analysis, decisions and forecast of some
variables related to the technical condition of the roads.

The use of such techniques and methods has the following effects: it improves
process transparency and information management; it facilitates planning and decision-
making processes; it creates opportunities for outsourcing specific business processes;
it reduces road use and maintenance costs.

A second result of the paper is that of describing and using a multi-criteria method -
the Electre method - which assists the road manager to determine the road sections with
a critical technical condition of the road network. The application of the method
through the case study analyzed was carried out on only four sections of National Road
1 (the method requires a large number of parameters: different weights/shares and
thresholds assigned by road authorities) and aimed at identifying those sections of the
road subject to analysis with the most severe conditions in terms of technical condition.
Thus, a partial classification of the road sections with the most severe conditions in
terms of technical condition is obtained, namely the road section from km 130 + 000 −
km 160 + 000.

The results obtained by using these procedures for assessing the technical state of a
road allow the measurement of the amplitude and the severity of the problem, but this
requires a consistent history. All these statistical methods and techniques are essential
working tools in the field of road network management and allow the establishment of
clear targets for strategic intervention actions in road transport infrastructure, further to
the analysis.
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Abstract. An extensive subsurface investigation program was executed to
characterize the formations in the city of Al-Burrulus site in the north coast of
Egypt. The site is situated on the Mediterranean Sea coast with shallow ground
water at the area. According to the subsurface ground investigations, thick layers
of sands with relative densities varying from very loose to very dense sand
underlain by very soft to hard clay and intermixed soils are characteristic of this
area. A plethora of high quality laboratory and insitu tests were performed to
identify the soil properties. The field tests include the Standard Penetration Test
(SPT), Piezocone (CPTu), Seismic Piezocone (SCPT) and Downhole Test
(DHT). Additionally, “undisturbed” specimens are extracted from the cohesive
soils using Shelby tube samplers, while disturbed samples are obtained from
cohesionless soil layers. Several laboratory tests were performed on the extracted
specimens for classification purposes (e.g. grain size distribution and Atterberg
limits). Tests on “undisturbed” samples are conducted to determine the strength
properties (e.g. consolidated undrained triaxial test, unconsolidated undrained
triaxial test, and direct shear tests). Site specific correlations are developed
between the clay strength obtained from tests performed on high quality Shelby
tube specimens and insitu tests. These correlations are beneficial to estimate clay
strength in future projects in Al-Burrulus area based on field tests.

1 Introduction

Soil is characterized by a significant degree of variability/uncertainty in its properties.
Proper selection of soil parameters is important for the analysis and design of any civil
engineering project. Traditionally, boreholes are executed to extract soil samples at
regular intervals with depth. The soil specimens are transported to the laboratory for
classification and further characterization. Index laboratory tests are performed be to
confirm visual soil classification. Soil strength parameters were determined using tri-
axial and direct shear tests. Typically, laboratory tests are time consuming and
expensive. Noting the fast construction projects nowadays, other more economic
subsurface investigation techniques are needed to provide reliable results in a shorter
timeframe. On the other hand, insitu tests provide a faster and more economic means to
characterize the subsurface. At Al-Burrulus site, several insitu tests, including the
Standard Penetration Test (SPT), Piezocone (CPTu), Seismic Piezocone (SCPT) and
Downhole Test (DHT), were executed to characterize ground conditions. These tests
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L. Mohammad and R. Abd El-Hakim (Eds.): GeoMEast 2019, SUCI, pp. 72–91, 2020.
https://doi.org/10.1007/978-3-030-34187-9_6

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-34187-9_6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-34187-9_6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-34187-9_6&amp;domain=pdf
https://doi.org/10.1007/978-3-030-34187-9_6


www.manaraa.com

are used for soil classification and to quantify some soil parameters by the use of
correlations. This paper focuses on quantifying the short term shear strength of clay at
Al-Burrulus area in Egypt.

2 Project Site Location/Geology

Al-Burrulus site is located in the Western Nile Delta about 55 km North East of
Alexandria, on the Eastern side of the Rosetta Nile branch. The site is situated on the
Mediterranean Sea coast, as shown on Fig. 1. The ground consists of low sand dunes,
surface salt crusts and shallow ground water. A geological map of the area is shown in
Fig. 2.

Fig. 1. The project location map (source: Google Map) Link: www.google.com/map. Access
date: 3 May 2018

Fig. 2. Geological map of north delta basin (source: Google Images) Link: www.google.com/
search/images. Access date: 13 May 2018
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The ancient Nile delta ground surface now is being about 50–60 m below sea level.
The sediments of the delta are marine sediments until Pleistocene time. The lower clay
deposit in the northern shores of the Nile delta is extending to depth about 50 m is
marine. Sand was deposited due to deposit became coarser grained, as the delta
advanced. Recent alluvial and deltaic deposits are thought to be about 60–160 m thick
so thick deposits of silts, clays and sands existed due to the area was infilled with
marine and Nile sediments. Figure 2 shows a geological map of north delta basin.

3 Subsurface Ground Profile

An extensive subsurface investigations campaign was performed in the area of Bur-
rulus site in the north coast of Egypt for the design of a major project. A total of 75
boreholes, 124 CPTu piezometers, etc... were performed. Figure 3 shows a represen-
tative a borehole log of study project zone.

According to soil investigation results in study zone, the upper 14 m soil crust is
composed of very loose to loose sand extends to depth 0.6–7 m underlain by very soft
to medium stiff clay with depth 0.5–8 m. While below 14 m, layers are medium dense
sand extends to depth 0.6–7 m, followed by dense to very dense sand with depths 1–
13 m below stiff to hard clay with depths 0.5–8 m.

In situ tests included penetration tests (SPT and CPTu) for getting soil shear
strength and geophysical tests (DHT and SCPT) for obtaining soil shear modulus at
small strain (Gmax). Advantages of in situ tests are obtaining soil parameters at its
natural environment (Stress state and chemical conditions) and applying different

Fig. 3. Representative boreholes of study zone
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loading schemes to get soil response at various loading conditions. CPT and SCPT data
were obtained within 20 m below ground level, while SPT and DH data within 40 m as
shown in figures of soil subsurface investigation.
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Fig. 7. (a), (b), (c) Piezocone data versus elevation (d) Standard Penetration test results versus
elevation (e) Downhole and SCPTu data versus elevation in Module (4) Zone (A)
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Fig. 8. (a), (b), (c) Piezocone data versus elevation (d) Standard Penetration test results versus
elevation (e) Downhole data versus elevation in Module (4) Zone (B)
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Fig. 9. (a), (b), (c) Piezocone data versus elevation (d) Standard Penetration test results versus
elevation (e) Downhole and SCPTU data versus elevation in Module (4) Zone (C)
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The site consists of four large modules (1, 2, 3 & 4). Each module was broken
down into three zones (A, B & C) to reduce soil stratification variability. Figures 4, 5,
6, 7, 8 and 9 show data reduction of module 1 & 4 that we applied relationships of
predict soil parameters.

This paper presents a comparison between the undrained shear strength parameter
predicted from in situ tests and the measured parameter from laboratory tests.

4 Laboratory Tests on Clay Specimens

A plethora of laboratory tests were performed on clay specimens to determine strength
parameters, as summarized below. These tests included index properties such as the
liquid limit, plastic limit, shrinkage limit and water contents. The results of these tests
are presented in Fig. 10. Based on the index properties, the clay is classified as CH. The
consistency index varies between 0.25 and 1.65, which is indicative of very soft clay to
very stiff clay as per the Egyptian Code of Practice for Soil Mechanics and Foundations
(2001).
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Additionally, the stress history parameters (pre-consolidation pressure pc and over
consolidation ratio OCR) are measured from the one dimensional consolidation test
performed on undisturbed samples. Alternatively, the pre-consolidation pressure (p

0
c) is

estimated using the piezcone results as proposed by Mayne et al. (2009) and presented
in Eq. (1)

p
0
c ¼ 0:33 qt � rvoð Þm

0
ðPatm

100
Þ1�m

0
ð1Þ

Where exponent (m′) is calculated the CPT soil index Ic according to Eq. (2).

m
0 ¼ 1� 0:28

1þ Ic
2:65

� �25 ð2Þ

Where the CPT soil index Ic is computed as per Eq. (3) (Robertson 2009)

Ic ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3:47� logQtnð Þ2 þ 1:22þ logFrð Þ2

h ir
ð3Þ

Where Qtn = stress normalized cone tip resistance and Fr = normalized sleeve friction
as outlined in Robertson (2009).
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The measured and predicted values of OCR are presented in Figs. 11 and 12 for
modules 1 and 4, respectively. Relatively good agreement is found between laboratory
measured and piezocone evaluated values for both areas.

In addition, the undrained shear strength was measured by testing “undisturbed”
specimens extracted using Shelby tubes. Soil strength is not a unique property but is
affected many factors which include the boundary conditions, mode of loading, rate of
loading, and drainage conditions. In the current study, the following tests were per-
formed on the clay specimens to measure its undrained shear strength.

– The Unconsolidated Undrained Compression Test (UU) where drainage is not
allowed during both the confining pressure and shearing stages. As no drainage is
permitted, there are no changes in either the total volume or the void ratio. Although
this test is not representative of the actual insitu conditions, it provides a quick and
economic evaluation of strength.

– The Consolidated Undrained Compression Test (CU) where drainage is allowed
during the application of confining pressure and drainage is prevented during the
shearing stage. The pore water pressure may be monitored during the shearing
stage. The shear strength parameter can be presented as total and effective stresses.
The test may be used to measure both the undrained and drained soil strength.
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– The Unconfined Compression Test (UC) is performed on cohesive soils to provide
rapid approximate values of the undrained shear strength. The test is conducted on
axially loaded cylindrical samples without any lateral confinement. The load
applied at a high rate to prevent drainage. Usually, the measured undrained shear
strength is underestimated relative to the in-situ values because of the zero con-
finement stresses.

The unconsolidated undrained tests are conducted at three confining stresses
100 kPa, 200 kPa, and 300 kPa that are applied to the specimen with no drainage
allowed. Then the samples are loaded up to failure. Similarly, the consolidated
undrained tests are performed on specimens subjected to three different confinement
stresses of 100 kPa, 200 kPa and 300 kPa. The specimens are permitted to consolidate
under the applied stress then loaded to failure with no drainage allowed. Pore water
measurements are measured during the loading stage.

Figures 13 and 14 present the undrained shear strength values versus depth for
zones 1 and 4, respectively. The laboratory test results are shown as dots while the
values estimated from the field data using the correlations listed in Table 1 are pre-
sented as lines. The upper clay layer, which is approximately 14 m thick, exhibit
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undrained shear strength that vary between 7.5 kPa and 101 kPa. The recorded
undrained shear strengths are 7.5 kPa to 46 kPa, 22 kPa to 101 kPa and 38 kPa to
57 kPa for UC, UU and CU tests, respectively. The clay is described as soft to medium
stiff clay according to Egyptian code of practice (2001). The predicted undrained shear
strength from UC tests are estimated using Mayne et al. (2009) from the cone pene-
tration test results and found to range between 14.5 kPa to 20.5 kPa. Similarly, the
undrained shear strengths are evaluated to be 22.5 kPa to 37.38 kPa and 36 kPa to
61 kPa for UU and CU tests, respectively. The undrained shear strength from the
consolidated undrained compression test is also calculated from the CPT results using
the correlation proposed by Mayne and Puechen (2018). The values range between
30 kPa and 56 kPa. Finally, the undrained shear strengths are calculated using the
shear wave velocity according to Mayne (2014) with values varying between 29 kPa
and 109 kPa.
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Fig. 14. Predicted versus measured undrained shear strength with Depth of Module 4
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Higher shear strength values are recorded for the lower clay layer (deeper than
14 m). The undrained shear strength measured from the unconfined compression,
unconsolidated undrained and consolidated undrained are 53 kPa to 221 kPa, 73 kPa
to 199 kPa and 200 kPa, respectively. As per the Egyptian Code of Practice (2001), the
clay is described as stiff to hard. Using Mayne et al. (2009), the predicted undrained
shear are 63 kPa to 75 kPa corresponding to unconfined compression test, 86 kPa to
109 kPa corresponding to unconsolidated undrained triaxial tests and 187 kPa for the
consolidated undrained tests. While the undrained shear strengths representative of
consolidated undrained triaxial loading are computed according to Mayne and Puechen
(2018) with value 219 kPa. The highest estimated shear strengths are based on the
shear velocity using the correlation proposed by Mayne (2014) with values of 86 kPa
to 482 kPa.

All the measured and predicted strength values are presented in Fig. 15. As shown,
there is a high degree of scatter in the data. The ratios of the predicted to measured
undrained shear strengths are computed and presented in Table 2. The maximum
average ratio is 1.8 which is highest for the shear wave based relationship proposed by
Mayne (2014). For the other cases, the ratio of the predicted to measured undrained
strength varies between 0.72 and 0.96. Figure 15 shows comparisons between mea-
sured and predicted undrained shear strengths for the different modes of loading. The
results are bound by 2:1 line (over prediction) and 0.5:1 line (under prediction).

Table 1. Selected correlations for calculating undrained shear strength

Equation Reference

su
r0
vo

� �
UC

¼ 0:14 OCR0:8

su
r0
vo

� �
UU

¼ 0:185 OCR0:8

su
r0
vo

� �
CU

¼ 0:33 OCR0:8

Mayne et al. (2009)

su ¼ qt�rvo
NKT

NKT = 13.3 - consolidated undrained triaxial
Where qnet ¼ qt � rvo

Mayne and Puechen (2018)

su kPað Þ ¼ Vs
7:93

� �1:59 Mayne (2014)
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5 Site Specific Correlations

As discussed above, the soil strengths estimated using field tests show a large degree of
variation compared with laboratory tests. Although some of the differences between the
measured and predicted parameters may be attributed to natural soil variability, the
development of site specific correlations is beneficial to improve on existing correla-
tions. Accordingly, revised correlations are deduced to evaluate the undrained shear
strength from the piezocone and seismic shear wave velocity for Al-Burrulus
formations.
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Fig. 15. Predicted versus measured undrained shear strength values

Table 2. Ratios of predicted to measured value of the undrained shear strength

Mayne et al.
(2009)

Mayne and Puechen (2018) Mayne (2014)

UC UU CU CU –

Minimum ratio 0.29 0.37 0.66 0.53 0.66
Maximum ratio 2.1 1.37 1.08 1.1 4.63
Mean ratio 0.72 0.81 0.96 0.86 1.8
Standard deviation 0.4 0.29 0.14 0.17 0.84
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Consequently, the undrained shear strength obtained from the different laboratory
shear tests on high quality “undisturbed” clay specimens. Figure 16 shows the corre-
lation between the undrained shear strengths values and shear wave velocity. Corre-
lations are developed to evaluate the undrained shear strengths for consolidated
undrained triaxial, unconsolidated undrained triaxial and unconfined compression tests,
as presented in Eqs. 4, 5 and 6, respectively.

suð ÞCU¼
Vs

2:79

� �1:12

;R2 ¼ 0:4 ð4Þ

suð ÞUU¼
Vs

3:57

� �1:13

;R2 ¼ 0:68 ð5Þ

suð ÞUC¼
Vs

5:52

� �1:27

;R2 ¼ 0:66 ð6Þ

Where undrained shear strength su in kPa and shear wave velocity Vs in m/s.

Similarly, the undrained shear strengths values are plotted versus the over con-
solidation ratios for the consolidated undrained triaxial, unconsolidated undrained

Fig. 16. Correlation between undrained shear strength and shear wave velocity
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triaxial and unconfined compression tests as shown in Fig. 17. The best fit correlations
are listed in Eqs. 7 through 9 for the three loading types.

ðsu=r0
voÞCU ¼ 0:34 OCRð Þ0:8;R2 ¼ 0:9 ð7Þ

ðsu=r0
voÞUU ¼ 0:29 OCRð Þ0:8;R2 ¼ 0:66 ð8Þ

ðsu=r0
voÞUC ¼ 0:26 OCRð Þ0:8;R2 ¼ 0:46 ð9Þ

Finally, the undrained shear strengths are plotted versus the net cone resistance as
shown in Fig. 18. Equations 10, 11 and 12 show the best fit correlations for the
consolidated undrained triaxial, unconsolidated undrained triaxial and unconfined
compression tests, respectively.

suð ÞCU¼
qnet
13:75

;R2 ¼ 0:93 ð10Þ

suð ÞUU¼
qnet
22:32

;R2 ¼ 0:67 ð11Þ

suð ÞUC¼
qnet
18:62

;R2 ¼ 0:75 ð12Þ

Where qnet ¼ qt � rvo.
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Fig. 17. Correlation between undrained shear strength and over consolidation ratio
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6 Conclusions

This paper presents the results of an extensive subsurface investigations campaign in
Al-Burrulus area in Northern Egypt. The site is situated on the Mediterranean Sea coast
with shallow ground water at the area. The ground is formed of thick layers of very
loose to very dense sands underlain by very soft to hard clay and intermixed soils are
characteristic of this area. High quality “undisturbed” clay samples are extracted at
different depths. The piezocone and shear wave velocity results are used to evaluate the
undrained shear strengths for different loading types (consolidated undrained triaxial,
unconsolidated undrained triaxial and unconfined compression tests) are evaluated
using a number of correlations. Site specific correlations are developed to quantify clay
strengths from field tests. These correlations can be used to estimate shear strengths
from insitu test at Al-Burrulus area which is valuable because extracting high quality
“undisturbed” soil specimens is expensive and time consuming. Thus, the use of these
correlations would save cost and time on future subsurface investigation campaigns.
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Abstract. Gravel loss on unsealed roads is financially a major setback for all
road agencies. The maintenance strategy in Australia is primarily based on
visual inspection only which has inherent drawbacks. It is also environmentally
unsustainable. Key challenges associated with the unsealed road management
are identified as (i) difficulty to forecast behaviour, (ii) significant data collection
needs and (iii) vulnerability in level of service & maintenance practices. The
quality of gravel material is one of the major influencing factors. Various the-
oretical models have developed in the past to estimate gravel loss. These studies
are used to estimate road deterioration and maintenance strategy in practice.
A range of approaches such as regression analysis of field measured data, system
dynamic modelling approach, laboratory measurements have been employed in
the past. In the state of Queensland of Australia, the long-term gravel loss
monitoring is planned in the region affected by frequent flood to assess the
amount of gravel loss and associated maintenance issues. Recently, a mammoth
maintenance work was undertaken on unsealed road network to cater for gravel
loss due to Ex Tropical Cyclone Debbie. Visual inspection can be a useful tool
to provide snapshot of unseal road network at a time. Most road agencies still
use this visual inspection as a maintenance strategy tool. It is recommended in
this study to integrate visual inspection with localised gravel loss model and
roughness data. GPS based data can be integrated by using visual inspections,
roughness and the gravel model.

Keywords: Gravel loss � Unsealed road � Visual inspection � Theoretical
model

1 Introduction

Australia has a staggering 574,660 km of gravel roads, comprising more than 60% of
the nation’s road length. Most of these unsealed roads are the responsibility of their local
council, which is onerous task considering many rural and regional councils cover huge
areas and have only a small population to try to meet the costs to maintain this network.
Queensland State has 51,482 km of unsealed road length. It compromises 38% sealed
road network and 62% unsealed road network. Scenic Rim Regional Council (SRRC) is
responsible to maintain a huge network of sealed and unsealed roads. SRRC has a road
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network of 1,816 kms, which compromises of 955 kms of sealed roads, 861 kms of
unsealed roads and a small number of unpaved roads. SRRC has 47.42% unsealed road
network and 52.58% of unsealed road network.

For about 500,000 km length of unsealed roads in Australia approximate mainte-
nance cost per year is A 1 Billion dollars. SRRC annual maintenance budget on
unsealed road is about a 2 Million dollars per year. Gravel roads are the economic
backbone of Australia that depend on mining, farming and forestry. Those low traffic
volume roads cannot be upgraded to sealed roads. As stated in first paragraph Aus-
tralia’s unsealed road network is around 60% of the whole road network and requires
arbout 20% to 30% of the total road maintenance cost. It is large part of the road
infrastructure cost. Societies in rural and regional Australia depend on the unsealed
road network for transportation of produce and people on this road network. Major
complaints across many councils pertaining to gravel roads are related to dust, potholes
and either slippery road after wet weather or loose stones after long period of dry
weather.

This paper provides background information relevant to unsealed roads,
problems/concerns related to unsealed roads and maintenance. Emphasis is on visual
inspections for maintenance management and priorities. Advantages and limitations of
visual inspections and how visual inspection can be used in a better way using GPS
applications to provide visual data. This paper provides a case study on unsealed road
network within SRRC. SRRC unsealed road maintenance strategy is developed with
visual inspection only. It also provides brief overview on how a unseal road research
project was initiated due to Ex tropical Cyclone Debbie.

1.1 Challenges Associated with Maintenance and Management
of Unsealed Roads

Unsealed roads considered in this research are low volume road (generally 20 to 500
vehicles per day) designed to the appropriate design standards with necessary drainage.
This unsealed road has a layer of granular material which is compacted. The thickness
of this compacted layer is dependent on traffic loading. It is required to maintain
unsealed road regularly. It is worth mentioning that sealed roads are the ones with top
layer either spray seal or asphalt which protects the underneath pavement layers from
water ingress.

Dust emission and uncomfortable driving conditions are two main complaints
encountered by local road authorities. Many research projects have struggled to fore-
cast unsealed road problems. A common challenge for most of the predicting models is
the intricate relationship between gravel quality (properties), maintenance practices,
weather, drainage, construction practices and, geometric design. There are two tactics
used for unsealed road data collection. First is to gather a substantial number of
condition data regularly. Second one is road inspections by professionals to evaluate
the complete condition of the unsealed network. The first tactic causes a substantial
burden on road agencies, while second tactic lacks information for strategic planning.
Due to neither approach is entirely reasonable, data collection methods with most road
agencies varies significantly according to ad-hoc practices. Due to the flexible accep-
tance of specifications for unsealed roads over sealed roads, there is a large discrepancy
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for the levels of service on unsealed roads and the maintenance practices. There are
huge variances in the geology, landscape, subgrades, environment and material
between areas, which causes large variances in unsealed road performance. A reliable
planning method that delivers for these variances is not possible.

‘The Unsealed Roads Manual, Guidelines to Good Practice, 3rd edition March
2009’ covers management procedures and practices for unsealed road network in
Australian and New Zealand. This manual was developed by George Giummarra from
Australian Road Research Board (ARRB). ARRB has clearly indicated that unsealed
roads are presently managed with very little technical input. Due to this lack of
technical input, full benefit is not realised from the available funding. The Unsealed
Roads Manual provides a sound technical base for various areas relating to design,
construction and maintenance of unsealed roads. Local and State Government
authorities and other agencies are the major beneficiary of this manual. Unsealed Roads
Tactical Asset Management Manual (August 2015) in New Zealand also mentions
significant dependence on exhaustive data collection. The issues with gathering data
related to unsealed road management systems are:

• Specific material characteristics normally do not exist for individual unsealed roads
• Unseal road condition can change significantly in short period of time, which makes

existing data not relevant after it has collected
• Regular data collection is needed to for the management system adequately reliable.

But regular data collection sometimes is not be cost effective and can be demanding
task for road agency.

2 Unsealed Road Maintenance Types

The maintenance for unsealed roads can be categorised into two major types: periodic
maintenance which is performed on yearly basis programme and monthly or prede-
termined frequency (2 to 6 months) routine maintenance based on cyclic programme.
Periodic maintenance is long term regravelling which requires to address gravelling
timing, quantity of gravel which is gravel layer thickness. Routine maintenance of
unsealed road targets surface defects only for which route cause is traffic and weather
conditions. Routine maintenance programme revolves around grading programme.
Grading programme is governed by level of service depending on availability of
maintenance funds and managing road user expectations.

In Australia different types of grading are light, medium, heavy and resheeting.
A Light formation grading is to restore rideability. Where the road is formed, and loss
of shape and material is minor only, a Light formation grading may be appropriate to
restore shape. Medium formation grading is to restore the road surface to profile and
condition. Work includes roughening of top 50 mm of roadway (by grader), clearing
and grubbing to remove light vegetation and grass, recovery of suitable material from
table drains (by grader), incorporation of water and compaction. No material is
imported for this activity. Heavy Formation grading is to reinstatement of formation
and profile of road. Work include clearing and grubbing and recovery of suitable
material from table drains (by grader), tyne less than 100 mm depth, incorporation of
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additional gravel/material, trimming, and compaction. Resheeting is the addition of
imported gravel/material to the roadway to reinstate the running surface and correct
profile. Work include preparation of the formation through heavy formation grading.
Supply and spreading of imported gravel/material. Imported material should be con-
sistent with the existing gravel material.

In New Zealand grading is also divided into different types: routine grading, cut out
grading, dry weather grading, wet weather grading and so on. Routine grading is to
maintain the road in smooth rideable condition and removing potholes and corrugations
by not changing the pavement cross section. Cut out grading is cuts in the table drain or
high shoulders to drain out surface runoff from pavement. Dry weather grading is
mainly during drought conditions to manage loose pavement material top of pavement
surface. This loose material is deposited on the side so that it can be respread when
water becomes available at later date. Wet weather grading is when the pavement has
better moisture content. Ideal timing is after rain when there is optimum moisture in the
pavement. Grading Cycle also depends on traffic volumes, road and weather conditions
i.e. rainfall, winter, summer drought conditions, harmonization with renewal of road
works e.g. the gravelling and resheeting programmes, public complaints and political
pressures and level of service the client requires.

3 Unsealed Road Inspection Types

Unsealed road inspections can be classified into two major types Periodic condition
surveys and routine inspections. Periodic condition surveys are GPR, Roughnesss,
visual, drainage inspections. Routine inspections are monthly inspections by mainte-
nance crew, client audits and inspections based on public complaints.

3.1 Periodic Condition Surveys

Ground Penetrating Radar (GPR) surveys can be used to record gravel thickness and
other relevant data on Unsealed roads. The measuring antenna and the software used to
analyse for GPR have been improved during last decade. There is a misunderstanding
that GPR can provide precise gravel layer thicknesses. The GPR data analysis is time
consuming and requires expert interpretation and costly. Roughometer type surveys use
roughness meters and cell phone applications such as Road Roid for unsealed road data
surveys. During recent years the roughometer devices which can measure roughness on
an unsealed road have developed by leaps and bounds. The location is recorded using
GPS (Global Positioning System) receiver and a roughness value is also recorded by a
sensor attached to vehicle suspension. The results are mapped graphically due to GPS
data which can be compared with previous surveys. Frequent roughness surveys are
useful to compare similar problem identified. A better drainage which keeps away
water from pavement plays major role in maintaining the road in good condition.
Drainage Inspections are carried out by asset management team or field staff.

Visual Inspection Based Maintenance Strategy 95



www.manaraa.com

3.2 Routine Inspections

Field foreman perform visual inspections at predetermined frequency from monthly to
quarterly of an unsealed network. This monthly inspection is for maintenance crew
which carries out small repairs like potholes and associated fillings. Maintenance
graders locations and activities are recorded using a netbook or tablet fitted in the
grader in New Zealand. These records can be viewed on screen or exported to a GIS
system for further comparison. Routine Grading can be classified one more type of
inspections. The routine grader operator who has been on the network or part of
network for a long period of time and has developed a better understanding of the
unsealed network can be very useful to the maintenance team while carrying out
grading work. This grader operator may help routine crews repairing and other
maintenance activities. Most Road authorities or local councils have a customer request
management (CRM) system to record and tress calls of consumers or road users.
These CRM are used by road authorities to maintenance crew to inspect, analyse and
determine needs for maintenance activities. Analysis of those CRM’s can help for
planning of routine and maintenance of unsealed road network.

4 Case Study: Unsealed Road Maintenance and Visual
Condition Assessment at SRRC

SRRC area is 4,200 km2 and 40,000 people call it a home. The region is surrounded by
mountain ranges on east, south and west. On 30th and 31st March 2017 the rainfall
produced by Cyclone Debbie and the cold front meeting over the SRRC ranged from
350 mm in the West of the Scenic Rim region to 800 mm in the East of the Scenic Rim
region in a 24-h period. The annual average rainfall for Scenic Rim was 892 mm
(Cryna weather station). The 24-h flood event was approximately equal to the annual
rainfall. This high rainfall in short periods of time created ground water velocities
causing sever scour damage to most gravel surfaces. Sealed roads suffered very little
damage, while gravel roads and bridges received major damage. Figure 1 shows the
SRRC area.

Due to large amount of gravel road involved and many roads now getting recon-
structed (regravelling and resheeting) SRRC has initiated gravel road research project.
Aim of this project is to enhance the existing gravel material specification, measure
gravel loss on this new modified gravel material, calibrate the existing gravel loss
models, refine those existing gravel loss models to better suit SRRC area. Based on
those refined models the gravel road maintenance strategy will be developed.

The maintenance strategy and visual inspection is discussed briefly here. The
current Maintenance Management Manual (MMM) provides guidance for program-
ming and prioritisation of defects for sealed and unsealed roads. MMM provides
maintenance management system with regular inspection of road network and it is
anticipated that road defects will be identified and programmed for inspection.
A comprehensive intervention level response time per activity listing is provided in an
annexure to this manual. Where intervention levels are exceeded, these must be
highlighted at Works meetings. The Works Manager is to review the list of all activities
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with exceeded intervention levels and reprioritise, assign more resource or employ
external contractors. It is common that low risk activities are often pushed back in
favour of new high-risk activities. A suggested process for this is to increase the
priority level every time an activity intervention level is exceeded. In this way the
activity will become high enough to receive attention.

Council engages external contractors to undertake condition assessments of sealed
roads, unsealed roads and footpath. Condition assessments of unsealed roads and
footpath is carried out each year. The data produced from these assessments is fun-
damental to assess, programme and manage road assets. Table 1 provides details of the
inspection frequency based on road category. Road Category is dependent on annual
traffic per day. Unsealed roads within SRRC are under category from 5a to 5d. Higher
volume roads are inspected more frequently and lower volume roads are less
frequently.

Table 1. Inspection frequency based on Road category

Road
category

4a: rural
connector

4b: rural
collector

5a: rural
access

5b: rural
access

5c: rural
access

5d: rural
access

5b: rural
access

Traffic
volume
(ADT)

1000–3000 500–1000 150–500 80–150 40–80 10–40 2–10

Inspection
frequency

Monthly Monthly 3 monthly 4 monthly 4 monthly 4 monthly 6 monthly

Fig. 1. Scenic Rim Regional Council map
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In addition, Council undertakes inspections on all road infrastructure on a timely
manner according to the Council’s road hierarchy. The higher-class roads are given
higher priority in inspection whereas lower class roads receive lower priority. Defects
are identified by Road Name, Chainage, Type of defect e.g. pavement failure, gravel
resheeting, shoulder resheeting etc. and Maintenance Area. Condition rating is com-
pleted using an electronic platform called ‘Reflect’ which is asset management database
software. This system uses the data entered to analyse the roads and provide a condition
rating B. Safety Inspections are carried out on all roads listed on Council’s Road Asset
Register during the month of August on an annual basis. An additional annual Safety
inspection are carried out on Roads with an estimated AADT in excess of 400 vpd
during the month of February. Condition inspections are carried out annually during the
months of October, November and December. This timeframe allows the information
gathered to be collated and assessed for possible budget submissions. Condition
Inspections may be required at irregular intervals due to unforeseen circumstances such
as higher than average rainfall. In cases such as this, only the effected locations would
be inspected to determine network needs.

4.1 Visual Condition Assessment

AT SRRC Visual Condition Assessment of unsealed road network is carried out by
capturing video imagery and then the assessment of road segments with assessment
criteria. This video imagery is recorded by asset management company. Integrated
Road Survey Vehicle (IRSV) is used to capture video imagery of a road network. This
imagery is recorded at every 100 m of road section intervals and in the direction of
IRSV travel. The data is also provided with an accurate GIS layer representing the
location of each 100 m assessment. This data is linked to a GIS road segment.

Table 2. Visual condition rating criteria

Score Loss material Roughness Scouring &
potholes

Corrugations Shape

1 Nil Very
Good

Nil Nil Clear Crown

2 Sporadic &
minor

Good <10% &
Minor

Just Perceptible No Crown

3 Significant &
substantial

Fair <25% &
Moderate

Mild < 25 mm Mild
Rutting < 25 mm

4 Extensive &
substantial

Poor <50% or
Extreme

Significant < 50 mm Deep
Rutting < 75 mm

5 Extensive &
extreme

Extreme >50% &
Extreme

Extreme > 50 mm Extreme
Rutting > 75 mm

9 No gravel
present

Variable N/A N/A Track Only
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The condition assessment definitions are scored from 1 to 5, based on surface
condition. Condition 9 is used to indicate an unmaintained or non-existent pavement
structure which is commonly known as track. Surface condition major categories are
loss of material, roughness, scouring and potholes, corrugations and shape. Based on
surface condition and the score from 1 to 5, a condition rating guidance matrix is
developed. Table 2 provides details of the condition rating criteria used by SRRC and
external contractor to record data during visual inspection.

Condition 1, indicates a pavement in a sound state of service. Condition 2, indi-
cates pavement in reasonable state of service. Condition 3, indicates pavement in a fair
state of service. Condition 4, indicates a pavement in poor service condition. Condi-
tion 5, indicates a pavement in extremely poor service condition. These conditions
rating are generic and do not consider the type of gravel. These condition definitions
are widely used by many local authorities in Australia. The total extent of the specific
defects or condition score for every 100 m assessment section, is calculated and
reported either total extents or average conditions score to one decimal place accuracy.
It is also linked to GIS road segment.

Figure 2 represents the visual average score for the entire unsealed road network.
One set is for 2017 and 2 sets for 2018. There was deliberate decision to condition
assess twice in a year due to rapidly changing gravel network and funding approvals.
This visual data was quite useful for flood repair approvals from the funding agencies.
February 2017 assessment was a month prior to Cyclone Debbie and the other two
assessments are post Cyclone Debbie and flood recovery work. There are noticeable
changes in network condition. During 2017 there was only 10 km of network under
condition 1 and majority was under condition 2 and 3(725 km). After cyclone as the
flood repair work is progressing there is noticeable increase of condition 1 (95 km).
Condition 2 and 3 together are 614 km. Since 2017 to 2018 length of road under
condition 1 and 2 has increased whereas length of road under condition 3 has
decreased. This is because of resheeting and regravelling work completed during 2018.

1 2 3 4 5 9
Feb-17 1,000 3,22,250 4,03,450 - 1,950 12,200
Mar-18 76,900 1,93,700 4,51,100 62,900 5,500 42,600
Oct-18 94,900 3,46,600 2,68,100 48,400 14,200 44,500
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Fig. 2. Unsealed road condition by length during 2017–2018
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Figure 3 is a graphical representation of maintenance strategy based on visual
condition assessment. It displays total length of road under 3 major categories: No
maintenance required (combined condition rated sections of 1 and 2), Requires
maintenance (condition rated sections of 3), Priority maintenance (combined condition
rated sections of 4 and 5).

 -  100  200  300  400  500

Priority Maintenance (4-5)

Requires Maintenance (3)

No Maintenance Required (1-2)

Kilometres

Fig. 3. Unsealed road maintenance strategy

Fig. 4. SRRC unsealed road condition map.
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Figure 4 shows the SRRC unsealed road condition map with colour coded con-
dition rated roads. As this map is produced after the 70% completion of flood recovery
works the whole network is in better condition. The network assessed in condition
states requiring intervention usually reviewed with the high definition video imagery
through the GIS or AMS by local works coordinators or managers who then prioritise
and distribute maintenance resources having regard for their own judgement and
experience and considering the operational circumstances at that time.

Visual Assessment has been a good tool on a network basis but it is based on
surface condition and does not include gravel type. From Pavement and structural
stability point of view there is need for better technique or assessment.

5 Gravel Loss Monitoring, Assessment and Expected
Outcomes

SRRC has started resheeting and regravelling unsealed road network damaged during
Ex Tropical Cyclone Debbie. SRRC has initiated gravel loss and maintenance strategy
development project for unsealed road network. Under this project 56 gravel loss
monitoring stations are established. There are 23 stations in the east region and 33
stations in the west region.

To reduce the resource demand and improve efficiency in data collection latest GIS
App and QGIS software is used. Gravel loss monitoring will continue for 2 years and
the Martin 2013 (ARRB) gravel loss model will be further refined for localised con-
ditions. While completing the resheeting and regravelling the gravel material specifi-
cation is amended and improved. The gravel material is sourced using this updated
specification. Aim is to reduce gravel loss by use of this improved material. The
material specification will be further developed during this study for wet and dry
weather conditions. In addition to gravel loss measurement using gravel loss stations
SSRC is measuring roughness on the section of roads where gravel monitoring stations
are established. The aim of this roughness measurement is to establish any relationship
between gravel loss and roughness on the road. The gravel loss at particular station
provides cross section of the road over period of time. Roughness provides the
roughness level along the road to driving condition.

6 Advantages and Limitations of Visual Inspections

Visual inspections provide snapshot of network. It is very good tool for Asset manager
to demonstrate the overall condition of unsealed road network in a particular time
frame. It provides condition rating of a particular road or a section of road. Visual
inspections can be summarised to provide stakeholders and customers at what condi-
tion network is. For stakeholder or customer complaints it is possible to check for quick
review as a desktop if not in a position to go and visit site. Ease to assess improvement
or degradation of overall network based on summary report. Provided the inspection is
carried out annually it is possible to work out if network is improving or degrading and
what rate. It is good insurance policy in case of flood, safety incidents/accidents.
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Even though the visual condition assessment is focused on surface characteristics and
functionality of asset it is possible to use video imagery to check for safety
incidents/accidents related to customer claims or investigations. Although author does
not support this idea but at some instances it may be useful as a historical record.

Being visual inspection there is inherent limitation not able to provide overall
condition (Subgrdae, drainage). Difficulty to develop routine maintenance program
based on visual condition rating as this inspection identifies only surface defects gravel
depths are not measured and similarly drainage problems. Due to rapidly changing
characteristic of unsealed roads makes it difficult to justify usefulness of visual
inspections.

Data collection and management of unsealed roads are focused on operational
processes and lack of useful information at tactical and strategic level (Henning et al.
2019). ‘Assessment Process for the Condition of Unsealed Roads, NZ Transport
Agency research report’ recommends further development performance reporting and
system to assist with analysis for tactical levels. SRRC visual inspections provides
higher level of maintenance strategy based on road lengths requiring immediate
attention. Those areas can be further investigated in detail using other decision-making
frameworks which can add value to the unsealed road management process.

7 Conclusion

It is difficult to predict unsealed road behaviour hence decision frameworks for
unsealed roads are normally a combination of practical and theoretical approaches.
Managing unsealed roads often involves operational issues, because unsealed roads
change very quickly and when defects appear they must be addressed within a short
response time. Many times, routine and cyclic maintenance is planned and scheduled
according to routine inspections and experience from road operators.

However, longer-term maintenance activities, such as re-gravelling and surfacing of
unsealed roads, need a more sophisticated process that includes predictive models.
A major consideration during these analyses involves the economic appraisal of dif-
ferent maintenance options and timings of intervention.

Visual inspection can be a useful tool to provide snapshot of unseal road network at
a time. Most road agencies still use this visual inspection as a maintenance strategy
tool. It is recommended in this study to integrate visual inspection with localised gravel
loss model and roughness data. GPS based data can be integrated by using visual
inspections, roughness and the gravel model.
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Abstract. Composite bearers, which are the long crosstie beams, are safety-
critical components in railway switches and crossings. Recent adoption of
composites to replace aging timber bearers has raised the concern about their
engineering performance and behaviour. Since the design and test standards for
composite bearers are not existed, most performance evaluations are based on
the flexural tests in accordance with the test standards for railway concrete
sleepers. In this study, both numerical and experimental studies into the flexural
behaviours of composite bearers have been conducted to improve the under-
standing into the resilience and robustness of the components under service load
condition. The full-scale composite bearers are supplied by an industry partner.
The full-scale tests have been conducted in structures laboratory at the
University of Birmingham. 3D finite element modelling of the bearers has been
developed using Strand7. The comparison between numerical and experimental
results yields an excellent agreement with less than 3% discrepancy. The results
exhibit that the composite bearers behave in the elastic region under service load
condition. This implies that they can recover fully under the load, enhancing
engineering resilience of the turnout systems.

1 Introduction

A novel composite material, ‘fibre-reinforced foamed urethane (FFU)’ has gained an
important momentum for applications in railway industry. As railway bearers in
switches and crossings, the FFU components acting as a beam are to redistribute the
train forces (static and dynamic loads) onto track support (ballast). Also, they can
secure the rail gauge to allow trains to travel safely [1–3]. Its structural performance
must be instigated and assured at all time through inspection (safety-related assessment
functions), monitoring (surveillance functions) and maintenance [4–6]. A further
function of the structural elements in a ballasted railway track system is to aid lateral
track protection to enhance the stability and stiffness of the track structure. Any
structural deterioration or poor conditions of the elements could affect the reliability,
safety, and quality of the railway line. This leads to impaired rail services, for example,
if the bearers cracked dramatically, they would deform highly under the loads induced
by wheel-rail interaction. This large differential settlement encourages the damage to
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L. Mohammad and R. Abd El-Hakim (Eds.): GeoMEast 2019, SUCI, pp. 104–113, 2020.
https://doi.org/10.1007/978-3-030-34187-9_8

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-34187-9_8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-34187-9_8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-34187-9_8&amp;domain=pdf
https://doi.org/10.1007/978-3-030-34187-9_8


www.manaraa.com

other railway elements that in turn shortens the maintenance period of the railway line.
However, if the bearers are more flexible (low elasticity), the track can dramatically
deform and providing the outcome in a large differential local track surface (top
smoothness) [7–12]. These cause higher dynamic loads, poor travelling comfort and
extra train energy consumption [13–15]. Additionally, if the lateral resistance of the
line is inadequate to support horizontal loads, (i.e. due to loosened ballast or abraded
bearers), rail buckling may occur [16].

Railway urban turnout is a unique track system employed to divert a train from a
particular direction or a particular line onto other lines or other directions. It is a
structural grillage system which comprises of steel rails, crossing (uncommon line
elements), points (well-known as switches), rubber pads, steel plates, insulators, screw
spikes, fasteners, beam bearers (either polymer, concrete, steel, or timber), ballast, and
formation as shown in Fig. 1. Conventional turnout structural were typically supported
by timber bearers. They allow the steelwork to be mounted directly on steel plates
which are spiked or screwed into the bearers. Timber has an outstanding damping
coefficient, whilst steel and concrete tend to have nearly no damping coefficient [17–
20]. Concrete has proven to be a great counterpart to improve line and turnout stability
– laterally, vertically [21, 22]. Moreover, steel bearers perform well in a short period,
anyway, having higher turnout settlement and ballast breakage during the long period
[23, 24].

Material scarcity and environmental concern force researchers considering new
materials capable of satisfying the railway system specifications. Developing new
materials capable of satisfying the functional requirements including enhancing their
recyclability. There is a constant search for a material that is durable, reasonably easy to
produce and maintain, has attractive costs, and meets the expected requests effectively
[25]. A crucial concern in the railway industry is the replacement of deteriorated and
damaged bearers in existing lines [25]. Especially in special positions such as railways
crossings and switches, railway bridges, and transition zones, the requirement for
alternative materials to replace old timber components is undoubtedly important [26,

Fig. 1. Typical turnout geometry [7].
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27]. It is well known that common turnout generally imparts high impact actions on to
structural members due to its blunt geometry and mechanical connections between
closure rails and switch rails. This has boosted the importance of structural perfor-
mance and failure modes of the elements employed in railway systems. Because the
design method for composite bearers has not been standardized yet [1–4], most design
concept for the composites is based on allowable stresses, which is slightly more
conservative (more safety margin) compared with limit states design principle (Fig. 2).

As a result, it is imperative that material reduction factors be identified based on the
data recorded through experiments into failure mode and structural performance. These
in-depth understandings would later help the railway owner or authority to verify the
cost effectiveness and safety possibility of the composite bearers. This allowable stress
design concept determines the maximum strength of constituent materials, which then
cannot be exceeded in the component. Safety and serviceability aspects such as brittle
fracture, bursting, fatigue failure, and allowable deflections are taken into account in
this design method by the determination of safety factor values [29]. The cost effec-
tiveness can then be evaluated using reliability indexes whether the component is either
optimally, overly, or under designed.

There are many efforts towards improving the characteristics of the materials
already utilized in the railway track engineering (wood, concrete, and steel) as applied
to the polymer by itself or composite polymers, using primarily fibres [30]. For over 35
years, fibre reinforced foamed urethane (FFU) composites have been utilized in the
construction of railway track systems. Sekisui Chemical & Co [31] is the principal
producer of this material. Numerous researches using Japanese testing standards are
conducted for this material in order to define its limits of use or validated them in
specific and particular cases [31]. On the other hand, based on the significant review for
composites [1], it is clear that there is no previous work to evaluate the failure mode,
structural damage and structural design performance of the FFU composites. The aim
of this study is to focus the flexural behaviours of FFU composite bearers obtained
from numerical and experimental data to enhance the insight into the resilience and
robustness of the components under service load condition. The main highlight is to

Nomenclature

E modulus of elasticity

SF safety factor

σ  stress 

strain

Fig. 2. Schematics of allowable stress design concept for each material [28].
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underpin the design ideas of plastic and FFU composite bearers. This is because the use
of such bearers is relatively new in railway industry across the world. Knowledge of the
engineering design principle is therefore significant for enabling proper repair, adop-
tion, and retrofit of the line components in the future. In this paper, the experimental
and numerical investigation into the flexural modes connected with plastic and com-
posite bearers are presented. These understandings will aid railway engineers to
determine suitable engineering methods and solutions for track construction and
maintenance under future uncertainties.

2 Materials and Experiment of Composite Beams

An industry partner provided nine full-scale beams (160 mm depth � 250 mm width �
3200 mm length) using fibre reinforced foamed urethane composites (designed for
railway track components). The experimental testing is based on the evaluation
benchmark of EN 13230 (Test material specifications, support conditions, loading
procedures, and some specific requirements for bending tests on railway track concrete
sleepers). Some procedures are followed by these tests to prove the test information. On
the other hand, EN 13230 has severe limitation in order to determine failure mode of
flexible composites. For example, some test procedures are adjusted to investigate the
structural damage and the failure mode of the full-scale FFU composite beams [32–34].

Positive and negative bending tests are needed at the rail seats support, based on
EN 13230-2 bending testing. Since the FFU test specimens have the same positive and
negative capacity (symmetry). In this paper, there is the only positive bending tests
conducted to identify a resemble failure mode in a track system [25, 34, 35]. The
standard requires articulated support and must be 100 mm wide, made of steel with
Brinell: HBW > 240. In the experiments, quasi-static load should be applied to the
middle span of the beam for normal positive bending. Figure 3 demonstrates the layout
of the bending load process. Additionally, it indicates the locations of many different
non-destructive test (NDT) sensors. Linear variable differential transformers (LVDT)
are placed at the mid-span location of the specimen to collect the deflection. Also, three
acoustic emission (AE) devices are employed in each test. Four strain gauges are set up
at the front and rear locations of each specimen to record stress changes.

Rigid Support

Rigid SupportRigid Support

Quasi-sta c load

Strain Gauges

AE device 1

AE device 2 AE device 3

LVDT

Fig. 3. Experimental setup of a full-scale FFU composite beam under flexural load.
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3 Finite-Element Model of Composite Beam

The finite-element model of an FFU beam under flexural load was developed to
investigate its flexural behaviour. The sleeper model based on Timoshenko theory is
the most agreeable approach for generating two-dimensional concrete sleepers [36–39].
Anyway, this model was modelled using 6,000 bricks with a trapezoidal cross-section
in STRAND7 [40, 41], as shown in Fig. 5. Also, the finite element model consists of
the brick components, which take into account flexural and shear deformations, in
order to model the FFU beam model. The material and geometric properties of these
bricks are presented in Table 1. These properties were chosen because they were
identical to a particular type of bearers manufactured in the UK. A flexural mode shape
was conducted to evaluate the quality of the finite element (FE) model. It was found
that 6,000 bricks, representing a composite beam, can provide acceptable estimation of
bearer’s flexural behaviours under service load condition compared with the existing
experimental measures.

Lo
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Deflec on (mm)

First load
Ul mate load

Fig. 4. Load-deflection behaviour of full-scale FFU composite beams under flexural load [28].

Table 1. Engineering properties used in the modelling.

Parameter lists Value Unit

Elastic modulus 7000 MPa
Poisson’s ratio 0.25 –

Beam density 600 kg/m3

Beam length 3.2 m
Beam cross-sectional area of a rectangle (0.16, depth * 0.25, width) 0.042 m2

108 S. Kaewunruen et al.



www.manaraa.com

Fig. 5. Finite element analysis for modelling and behaviour of an FFU composite beam under
flexural condition.
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Fig. 6. Comparison the defection of Flexural behaviour between the numerical and experimen-
tal data under flexural load
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In order to verify the model, the flexural bending mode shape of a beam under static
load condition obtained from the FE model were compared with experimental data.
Figure 6 shows a comparison between the finite-element analysis and experimental
results of deflection. The outcomes are found to be in a very good agreement with
around less than 3%, as given in Fig. 6. However, this study shows the comparison
between the FEA and experimental data in the only static linear analysis under flexural
behaviour in first load condition.

4 Result and Discussion

As shown in Fig. 4, crack propagation has been collected and marked under the load
increment. It is obvious that the first crack (fracture of internal fibres) occurs at 34 kN
and composites failed at 132 kN. Figure 7 demonstrates the crack propagation appears.
The fibre cracks can be observed longitudinally along the fibre orientation. Also, minor
fractures can be noticed before the sudden failure of the composite beams. Figure 8
illustrates the failure mode of the composite beams in laboratory. Obviously, first
cracks or localized fibre failure is relative low, compared with the ultimate failure load.
The rapid rupture can be seen through the delamination of fibres along with the beams.
In fact, the brittle failure mode of the composites controls as the consideration of the
load deflection given Fig. 4. In addition, when larger fibre breaks are seen, the com-
posites behave nonlinearly towards the failure point. While the linearization of struc-
tural behaviour is true only when the small fibre breaks occur.

Top surface view

Deflec on (16.4 cm)

Front view 34 kN34 kN 132 kN
34 kN 34 kN

Fig. 7. Crack behaviour of full-scale FFU composite beams under flexural load [28].
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5 Conclusion

Flexural behaviours of Fibre-reinforced foamed urethane (FFU) bearers in railway
system are crucial for improving the understanding into the resilience and robustness of
the components under service load condition. The flexural behaviours of an FFU
composite model were studied using the finite element approach. Whilst, FFU beam
specimens used in the experimental test were conducted employing a three-point
bending test. The experimental investigations into the failure modes of FFU com-
posites. The new insight into the load defection, crack propagation, and failure mode
will aid the rail industry to produce a better decision for proper adoption of composites
in railway infrastructure. The three-dimensional modelling has been verified and found
in very good agreements with the experimental data with less than 3% difference, as
given in Fig. 6. According to the use of standard test approaches, it is confirmed that
existing standard cannot be acceptable for the composite materials. Obviously, the
results of flexural behaviours between numerical and experimental data cannot be
validated without better understandings of in-track behaviours, failure modes, and
science-based design approach for the materials. Additionally, this paper identifies that
the composites are likely to have brittle failure modes. This means that a more safety
factor should be applied for the element approach. The rupture cannot literally be
observed from the progression of cracks appeared on the surface of the element. The
development of condition monitoring implement is essentiality before wide-spread use
of composites in railway industry. This model has been very useful and has led to
further research on structural behaviours of the railway FFU bearers in the track
structure system or as well known ‘the in-situ railway FFU bearer’. Also, a numerical
analysis under failure condition should be conducted to absolutely verify the experi-
mental data.
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Fig. 8. Failure mode of full-scale FFU composite beams under flexural load [28].
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Abstract. This paper investigates the current state of ICT use for travel by
public and private transportation users in two different Southern African cities of
Bloemfontein, South Africa and Gaborone, Botswana. ICT use is seldom in
transportation systems in the developing world, the transportation systems are
still conventional with minimal communication technologies supporting the
system. This study investigates ICT use for travel and travel purposes for which
ICT is currently applicable.
Before investigating ICT use, the study first establishes the need for travel and

modal split between activities, then explores ICT knowledge and access in both
cities to determine feasibility of promoting ICT for travel. The current state of
ICT usage for transportation and travel purposes is investigated to determine
ICT influence on travel. The study further investigates the perceptions of
transportation users towards ICT in transport by investigating ICT components
(devices, applications and software) which would be useful for travel at different
stages of a trip, and the purposes for which the users would use them.

Keywords: ICT � Public transportation � Travel behaviour � User perception

1 Introduction

Transportation in an urban areas is one of the most important systems for the area’s
efficiency. Mobility of people, goods and services through the transportation systems
enables functionality between all of the city’s systems. However, most of the world’s
cities have not been able to efficiently operate human travel systems that satisfy the
urban area. Transportation solutions evolved from creation and development of new
models of passenger cars, buses and trains to searching for solutions in information
technologies. Emergence of Information Communication Technologies (ICT) prompted
their exploitation by various industries as catalysts to communication problems.
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ICT was catapulted into transportation through logistics and traffic monitoring; the use
of Automatic Vehicle Location and Intelligent Transportation Systems.

Advancement of technology and high speed internet brought forth the proliferation
of mobile communication devices, smartphones and mobile applications which have
contributed to change in travel behaviour and patterns. Recent impact of ICT on
transport, which greatly impacted travel and travel behaviour is the surge in ride
sharing platforms. Technologies developed from GIS software to Global Positioning
Systems (GPS) to enabling simplified navigation and mapping application accessible
through mobile devices. Ridesharing platforms leveraged the growth of ICT, created
mobile applications providing travellers with more convenience and flexibility though
increased travel mode options as well as methods of payment for travel.

Larger cities in Southern Africa such as Johannesburg and Cape Town have
advanced public transportation systems compared to Bloemfontein and Gaborone.
High speed trains, public transportation travel applications such as GoMetro and
WhereIsMyTransport, as well as ride sharing platforms like Uber and Lyft are available
in these cities.

Impacts of ICT on travel behaviour have also been researched over the years,
including the use of ICT as a substitution to travel. The penetration of ICT in transport
however did not occur universally at the same time. Developing countries are still
behind on the technological trends. African countries, faced with high poverty levels
did not prioritise adoption of ICT. Hinderance of ICT growth is also influenced by the
high costs of ICT devices, high cost of internet, which leads to lack of access to ICT.
African countries also face severe lack of ICT infrastructure, which also contributes to
the high cost of internet access.

2 Study area

The study was conducted in two Southern African cities, Bloemfontein in South Africa
and Gaborone, Botswana. Bloemfontein, which includes the Mangaung area has a
population of 463 699 (World Population Review 2017), while the city of Gaborone
has a population of 232 000 which is predicted to grow to 250 000 by 2021 (Statistics
Botswana 2016).

Although Gaborone is the capital city of Botswana and Bloemfontein is the capital
city of the Free State province in South Africa, they are relatively smaller, in population
size, geographic characteristics and urban structure compared to some of the major
cities in the Southern African region. Transportation systems in both cities are domi-
nated by private vehicle use and the use of traditional public transportation systems.
Public transportation system is composed of a bus service by a single operator,
Interstate Bus Lines, mini-bus taxis, 5 seater taxis as well as cabs operated by various
private companies and individuals. Gaborone’s public transportation system is com-
prised of mini-bus taxis (known as combis), 5 seater taxis (commonly known as a taxi)
and on-demand cabs. Application based rise sharing platforms are not available in both
these areas.
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3 Literature review

ICT’s influences on transportation include impact on physical transportation structures
as well as organisation of transportation services. ICT also influences travel demand
and preferences (Snellen and De Hollander 2017). Information Communication
Technologies have greatly impacted the way people travel. Travel behaviour and
patterns, dissected into mode choice, time of travel, route choice, travel activities and
reason for travel are influenced by access or lack of ICT thereof. ICT and transportation
can influence activity travel pattern by modification, substitution and activity genera-
tion (Lila and Anjaneyulu 2016). Dissemination of ICT devices and internet access
supports activity fragmentation and multitasking during travel (de Abreu e Silva et al.
2017). ICTs are changing demand for mobility and tools to meet the demand for
mobility, therefore, ICT has the ability to change transport systems and improve travel
experiences (Snellen and De Hollander 2017).

Previous studies have resulted in four main impacts if ICT on travel, ICT substi-
tuting travel, ICT complementing travel, ICT neutralising travel and ICT modifying
travel (Mokhtarian 1990). ICT in transportation has the following change effects; more
information is now available, it increases the range of transport options available to
users, reduced the need to travel, changes perceptions on travel time, geography of
destinations change, the mobility system complexity increases and finally the arrival of
self-driving vehicles (Snellen and De Hollander 2017).

The purpose of travel is primarily to access activities but with growth in technol-
ogy, some activities have been virtually replaced. Lila and Anjaneyulu (2016) explored
the impacts of teleworking, e-commerce, tele-medicine on transportation. Teleworking
or working from home has increased majorly since the advancement of ICT and has
been seen to reduce congestion and energy consumption as a result of reduced home to
work trips (Melo and Silva 2017). Even though ICT has the potential to reduce travel, it
also may largely increase travel as it improves flexibility to daily travel and travel
decisions ((Ben-Elia et al. 2014).

The benefits that ICT could bring to transport are linked to the ability and will-
ingness of people to change their travel behaviour (Snellen and De Hollander 2017).
Studies also show that travellers weigh their options before beginning their trips, as a
way of managing uncertainties, (Nyblom 2014), although, the most important part of
travel planning is thinking ahead. The use of information from analogue, informal
information services and ICT based information is common for trip planning. Besides
the use of ICT to access information before journeys, ICT is useful during and after trips.

Emergence and improvement of portable and mobile technologies have also impact
travel behaviour and patterns, specifically decision making. Portable ICT components
such as cell phones, laptops, tablets as well as wireless internet connections such as
mobile data and portable Wi-fi have enabled virtual performance of activities from
anywhere (Ben-Elia et al. 2014). Multitasking during trips by form of performing
virtual activities has risen due to access to ICTs. The ability to perform multiple tasks
have increased with the increase in availability of ICTs (Varghese and Jana 2018).
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Availability and access of ICT is not homogenous world-wide due to different
countries socio-economic aspects. Socio-economic status in developing countries
impacts ICT knowledge and access, financial status as well as living standards influ-
ence access and types of devices affordable to users. Socio-economic factors also
influence mode choice as well as reasons for travelling (Li and Lo 2018). Factors such
as age and duration of ICT use can also influence virtual mobility, adaptation and use
of ICT and travel (Konrad and Wittowsky 2018).

Most studies focus on ICT as a way of decreasing the need to travel and substi-
tuting travel, focusing on spatial, time and activity relationships, however, the use of
ICT for the purposes of travel itself are not fully investigated. The relationship between
ICT and travel purposes have not been thoroughly researched (de Abreu e Silva et al.
2017). It is evident that ICT would be impactful to travel, but there is no clear indi-
cation of purposes for which ICT is used.

4 Methodology

Research data was acquired using face to face questionnaire surveys carried out on 415
individuals in Bloemfontein, South Africa and 388 individuals in Gaborone, Botswana
from August 2017 and November 2017. The participants of the study were both private
and public transportation users.

The methodology aimed at exploring the state of ICT for travel and ICT use for
public transportation as well as the possibilities of ICT use for travel purposes.

1. What is the state of ICT use for travel?
2. Is there scope for ICT incorporation into travel?

Modes of transportation used to access different activities were explored to establish
travel characteristics of individuals. Variables used to measure the existing state of ICT
use for travel purposes are (i) ICT use for public transportation and (ii) ICT compo-
nents used for travel as well as (iii) the purposes of which ICT components are used.

To forecast the possibilities of future ICT use and its probable impacts on travel, the
following variables were used, (i) ICT knowledge (ii) Internet access (iii) Activities
during trip (iv) Importance of ICT before, during and after trips and lastly (v) the
purposes of which ICT would be used before, during and after trips.

Diverse groups of respondent in both cities were used, their demographic charac-
teristics are presented on Table 1. All the participants were asked the following
questions:

1. Do you have any knowledge of ICT?
2. Do you have internet access?
3. Do you use ICT for any reasons related to public transportation travel?
4. Which of the following activities do you perform during your trip?
5. Which of the following ICT components do you use for travel?
6. At what stage of travel would ICT be useful for your travel?
7. For what purpose would ICT be useful before/during or after a trip?
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5 Results

5.1 Travel Characteristics

First, we explore the need to travel as well as the mode of travel. Travel is generated by
the need to perform activities. To fulfil the need to travel, travellers use various modes
of transportation. Tables 2 and 3 show the modal split among activities.

On Table 2, which shows modal split in Bloemfontein, an overwhelming majority
of shopping trips are by taxi, (61.1%), followed by 34.5% walking trips; 19.5% cab
trips and 17.3% shopping trips by private vehicles. Only 7.6% of the trips are by bus.
Work trips are mostly be taxi, (37.8%), while 14.1% work trips are by walking; 10.2%
bus trips and 9.8% work by private vehicles. Further, 2.9% work trips are by cabs. Only
0.5 and 0.2% of trips to work are by motorcycles and bicycles consecutively. School or
educational trips are 29.8% taxi trips and 23.7% walk to school. 4.6% of students take

Table 1. Demographic characteristics of study sample

Characteristics Gaborone (%) Bloemfontein (%)

Age 18–25 43,0 34,7
25–35 37,4 40,2
36–45 15,5 16,9
46–55 4,1 7,2
55+ 0 1,0

Gender Male 46,6 54,5
Female 53,4 45,5

Occupation Student 33,0 29,2
Part-time employee 7,5 13,5
Self employed 11,9 7,0
Full-time employee 41,0 38,3
Unemployed 5,9 6,7
Student and Part-time employee ,8 5,3

Table 2. Modal split for activities in Bloemfontein

Bus Taxi Cab Private vehicle Motorcycle Bicycle Walking

Shopping 7.6 61.1 19.5 17.3 0.7 1 34.5
Work 10.2 37.8 2.9 9.8 0.5 0.2 14.1
School 4.6 29.8 3.4 8 0.7 0.5 23.7
Personal 4.9 46 10.7 18.2 0.5 0.7 38.9
Leisure 2 27.7 12.4 14.6 0.7 1.7 28.2
Sporting activities 1.7 24.6 2.2 12.9 0.5 1.7 28.3
Sightseeing 1.7 19.8 3.7 13.2 0.5 1.2 26.8
Family obligations 8.3 39.3 3.4 23.4 0.7 1.2 17.5
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the bus to school while 3.4% take a cab. Only 0.8% of respondents take private
vehicles to school. Motorcycles and bicycles were the least common modes of trans-
portation for travelling for all activities.

Combis and private vehicles, as shown on Fig. 3, are the most used modes of
transportation in Gaborone. 44. 2% of respondents used combi for shopping trips while
41.3% used private vehicles A further 16.2% walked for their shopping trips; 11.6%
used cabs while 11.1% used taxis. None of the respondents used motorcycles and
bicycles for shopping trips. Travel to work in Gaborone is dominated by combi and
private vehicles. 31.8% of respondents used combis for work trips while 28.4% used
private vehicles. Only 4.4% and 4.1% walked and used taxis consecutively. School
trips were also mostly dominated by combis and private vehicles; 35.4% combi trips;
15.8% private vehicles; 6.2% taxi trips and 2.6% cab trips. Personal trips, these are
trips to perform miscellaneous activities not listed on the questionnaire. 48% of these
trips are undertaken using combis, 36.4% by private vehicles; 11.9% walking trips and
lastly 9.3% by taxis and cabs respectively. Travel for leisure, sporting, sightseeing and
travel for family obligation activities indicated that majority of respondents used pri-
vate vehicles over combis for these activities; 39.8% private vehicles over 35.7%
combi leisure trips; 23.8% private vehicle sporting trips over 20.4% combi trips; 36.2%
private vehicle sightseeing trips compared to 15.2% combi trips and lastly, 51.9%
private vehicle use for family obligations compared to 30.7% combi use. Cabs are
mostly used for leisure trips compared to other activities; 15% cab use for leisure trips;
6.7% cab trips for family obligations.

Travel for leisure activities is lagging behind travel for socio-economic activities
such as education, work and shopping. The purposes of which trips are undertaken to
fulfil helps determine applicability of ICT. Whether these activities could be substituted
by ICT, whether their integration with ICT would create more reason to travel or could
be modified by availability of ICT.

Table 4 shows activities performed by respondents simultaneously with their trips.
Social networking platforms are the popular activities, during travel. Most of the
activities are not related to travel itself but communication and entertainment. Per-
formance of these activities is not in any way related to the trip but are for enter-
tainment and personal communication purposes. Activities performed simultaneous to
trip making are however limited to in-vehicle activities that are supported by access or

Table 3. Modal split for activities - Gaborone

Combi Taxi Cab Private vehicle Motorcycle Bicycle Walking

Shopping 44,2 11,1 11,6 41,3 0 0 16,2
Work 31,8 4,1 1,6 28,4 0 0 4,4
School 35,4 6,2 2,6 15,8 0 0 6,5
Personal 48 9,3 9,3 36,4 0,3 0 11,9
Leisure 35,7 6,2 15 39,8 0,5 0,5 11,9
Sporting activities 20,4 2,8 1,6 23,8 0,5 0,8 13,4
Sightseeing 15,2 1,6 2,1 36,2 0,3 0,3 15,2
Family obligations 30,7 6,2 6,7 51,9 0 0 3,9
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ownership of technological devices or conventional media. Reading, conversations
with other passengers, social networking using smartphones, entertainment such as
music and gaming.

From the results, it is evident that activities accessible through mobile devices are
common during travel. This is partially due to portability of mobile devices and
wireless internet.

5.2 ICT Characteristics

Figure 1, shows ICT knowledge, access and use of ICT for public transportation
related purposes. Both cities have high levels of internet access and ICT knowledge.
91.1% in Gaborone had access to the internet, and 89.1% in Bloemfontein and 82.3%
of ICT knowledge in Gaborone and 81.7% in Bloemfontein. The study further
investigated ICT use for public transportation reasons, 50% of respondents in
Bloemfontein used ICT for public transportation reasons compared to 31.8% of
respondents who used ICT for public transportation in Gaborone. Majority of
respondents in both study areas have ICT knowledge and Internet access but do not use
ICT for public transportation travel reasons. For ICT to be impactful towards travel,
there need to be acknowledgement of its accessibility, availability as well as usefulness.
Knowledge of ICT and access to internet as significant indicators of ICT penetration in
to Southern African cities was assessed. The internet is the cornerstone to the func-
tionality of various communication technologies, therefore, its access could determine
the potential penetration of technology.

Table 4. Activities performed during trip

Bloemfontein Gaborone

Activity Responses Percent of
Cases

Activity Responses Percent of
CasesN Percent N Percent

Reading 21 3.9% 6.6% Reading 17 2.3% 5.5%
Email 22 4.1% 6.9% Email 38 5.1% 12.3%
Facebook/Twitter 97 18.1% 30.3% Facebook/Twitter 229 30.5% 74.4%
WhatsApp 207 38.7% 64.7% WhatsApp 264 35.2% 85.7%
Phone Call 82 15.3% 25.6% Phone call 112 14.9% 36.4%
Games 20 3.7% 6.3% Games 30 4.0% 9.7%
Music 13 2.4% 4.1% Music 31 4.1% 10.1%
No activities 73 13.6% 22.8% No activities 29 3.9% 9.4%
Total 535 100.0% 167.2% Total 750 100.0% 243.5%
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5.3 ICT Components for Travel

Figure 2, shows ICT components used for travel in Gaborone and Bloemfontein. There
is high usage of devices, applications and ICT systems in in Bloemfontein compared to
Gaborone. However, in both areas, smartphones, phone calls, SMS, social networking
and web browsing are the mostly used. Purposes for which the devices were used for,
the results indicated that the use of smartphones, for travel is mainly for social net-
working and entertainment purposes. The devices, applications and systems do not
greatly influence trip making decisions and behaviour. Exceptions lie on the conven-
tional use of phone calls and SMS communication between cab users and cab service
providers. Cab trips, begin with the prospective passenger calling a cab company or
driver to request their service. Communication thereafter relies on phone calls for
further details, cancellations, notification of delays etc. Payment systems, through
online platforms or smart card electronic systems are not available in both cities.
Therefore, public transportation fare payments are made in the form of cash and fare
loaded bus tags in Bloemfontein. Internet use for traffic updates and navigation are
mostly used by private vehicle users.
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5.4 The Future of ICT and Travel

Figure 3, shows ICT potential usefulness at various stages of a trip. The results indicate
that ICT would be useful for different purposes at three stages of a trip; Before, during
and after trip completion. Majority of individuals in both study areas would be willing
to use ICT for their trips. 91.6% of respondents in Bloemfontein and 88.3% in
Gaborone would use ICT before their trips, 79.6% and 84.7% during the trip and finally
78.3% and 72.5% of respondents would use ICT after the trip. There is lower interest
for ICT use after the trip compared to before and during trips.

Further, the purposes of which ICT would be used for were explored. Using a 5
point importance Likert scale of importance, respondents were requested to indicate the
level of importance which they though various purposes would be at varying stages of
the trip.
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5.5 ICT Importance Before Trips

Uses of ICT before a trip included trip planning, inquiries, route mapping, sourcing
information before a trip, comparing available modes of transport and for traffic
information were provided. 20.4% and 55.4% of respondents indicated in Bloem-
fontein that ICT would be important and very important to trip planning, 32.4% and
40.4% indicated that ICT would be important and very important for inquiries, 31.6%
and 37.9% for route mapping, 25.5% and 40% for sourcing information before the trip,
25.4% and 35.1% for comparing modes of public transportation and 28.1% and 38.5%
for traffic information before trips.

In Gaborone, 34.5% and 37.1% ICT would be important and very important to trip
planning, 30.4% and 39.2% for inquiries, 36.1% and 34.5% for route mapping, 30.4%
and 32.2% for destination information, 30.6% and 31.7% for travel mode comparisons
and 29.1% and 29.9% for traffic information. Less than 20% of respondents showed
ICT would not be important for all purposes.

Information is very essential in decision making, therefore, it is very critical for
travellers to make informed decisions about their trips. People develop anxieties due to
lack of information, lack of insight or knowledge about availability of the next
available public transportation vehicle could be lessened by information provision.
Purposes for which ICT could be used before trips are mostly related to reliability and
convenience. Trip planning provides organisation before one embarks on a journey.
Choosing the mode of transportation based on costs and time. Where available, users
are able to compare all the available modes and schedules as well as fares, allowing
them make travel decisions best suiting their travel needs.

Route mapping would be of more use to private transportation users whose flexi-
bility permits them to travel routes they chose, make stops and at their own times. The
use of ICT to map routes would not necessarily have the same impact on public
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transportation users. Public transportation routes are rigid and pre-set by respective
Taxi Associations and the Department of Transportation. Public transportation users
therefore would not have the freedom to plan a route and travel times. However, the
ability to plan routes, for multiple trip journeys, users could plan routes based on the
available modes for each trip.

Travel mode comparisons, traffic information although both forms of information,
each has a significant influence on travel and decision making. Public transportation
users compare all the available public transportation modes based on their schedules
and fares before the trip. Although traffic congestion does not exclusively impact
private vehicle users, access to traffic information would be most useful to them, Public
transportation drivers and users do not have decision making powers to make choices
relating to traffic and congestion. Public transportation routes are fixed, therefore, in
case of traffic congestion, one cannot legally make decisions to avoid the traffic such as
changing routes.

5.6 ICT Importance During Trips

ICT based activities that would be be performed during trips include trip planning,
travel monitoring, entertainment, real-time traffic monitoring, work and duration
monitoring.

Use of ICT for trip planning in Bloemfontein is not important to 28.2%, important
and very important to 21.6% and 25.7% consecutively. Using ICT for travel moni-
toring was important and not important to 26.5% respectively and not important to
24.5%. Entertainment was very important to 28.4%, important to 21.8% and not
important to 20.9%. Real-time traffic updates during the trip were very important to
29.4%, important to 24% and not important to 19.9%. ICT would be important for
work to 23.3%, very important to 28.9% and not important to 23.1%. Monitoring the
duration of trips would be important to 22.4%, very important to 27% and not
important to 27%.

Results from Gaborone show that ICT for trip planning would be important to
28.8% and very important to 24.9% and not important to 26.8%. Travel monitoring is
important and not important to 29.9% and 27.8% consecutively and not important to
20.5%. Entertainment during the trip was important to 28.3%, very important to 22.3%
and not important to 18.2%. Real time traffic updates during the trip were important to
28.3%, very important to 21.3% and not important to 21.3%. ICT for work purposes
would not be important to 27.3%, important to 22.6% and very important to 19%. Trip
monitoring using ICT is not important to 22.6%, important to 31.7% and very
important to 22.1%.

Planning during the trip does not carry much importance as before the trip begins.
However, trip planning for the next trip for multiple-trip journeys might occur during
the preceding trip. During the course of the trip, ICT could be useful for performing
technology based activities for travel, work or entertainment. Travel related activities
include planning the remainder of the trip, monitoring travel and traffic. When the right
technology is available, passengers are able to perform work activities during the
trip. Real time traffic updates are important, especially to private vehicle users who
have the opportunity to change routes and travelling times as they are in control of their
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vehicles. Flexibility of changing routes based on real-time traffic updates has less
impact for public transportation users without control of the vehicle. Working during
the trip would be useful for people travelling longer journeys as passengers. Laptops,
tablets, smartphones and availability of internet aboard vehicles could enable travellers
to perform work or school related activities during their trips. This however, given the
state of safety in public transportation systems could raise security concerns. ICT
accessible to drivers for work reasons are phone call functions connected to vehicle
audio systems through Bluetooth technology. Entertainment activities such as music,
watching videos, video games also have the potential to attract more passengers to
public transportation, especially younger travellers. This could change adult drivers
travel patterns as often they have multiple trips to cater for younger family members
activities such as school before undertaking their own trips.

5.7 ICT Importance After Trips

Bloemfontein results show that ICT for payment after trips was very important to
40.5% of respondents and not important to 22.4%, while the use of ICT for trip
evaluation at the end of the trip was not important to 27.1%, important to 26.6% and
very important to 23.2%. Using ICT for service evaluation after trips was not important
to 28.4%, important to 20.8% and very important to 25.7%. Use of ICT to log queries
was very important to 26.1%, important to 21.7% Rating trips by public transportation
users would not be important to 32%, very important to 28.8% and important to 17.1%.

Results from Gaborone indicated that use of ICT for payments in after trips is very
important to 35.8%, important to 26.2% and not important to 24.4%. ICT for trip
evaluation is important to 32.2% and not important to 30.6%; Very important to 14%,
Fairly important to 13.2% and slightly important to 3.6%.

Use of ICT to evaluate services after trips is not important to 30.4%, important to
29.9%, fairly important to 18.2%; very important to 15.3% and lastly, slightly
important to 6.2%. Use of ICT to log queries is important to 33.5%, not important to
28.8% and very important to 19.5%; Fairly important to 10.6% and slightly important
to 7.5%. Customer satisfaction evaluation through the use of ICT is not important to
31.2%, Important to 28.6% and fairly important to 19%; Very important to 15.6% and
slightly important to 5.7%.

Both results show that ICT would be most useful for payments after trip comple-
tion. Least important use of ICT would be trip evaluation and evaluation of services
after the trip. Customer satisfaction, especially in public transportation services is
ignored. After journey completion, ICT would help both public transportation patrons
and operators. Operators using feedback and reviews received from trip evaluation and
queries from customers for service improvement. Customers would also benefit from
improved services based on their feedback on ICT based platforms.
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6 Summary and Conclusion

Current travel behaviour is not visibly influenced by ICT but there is scope for
introduction of new ICT solutions to public and private transportation users in both
cities. In both areas, the use of ICT for travel related reasons is seldom. However, there
is interest in ICT use for ravel and transport reasons. The two cities have similar travel
characteristics patterns. The only variation in available modes of transportation is the
availability of buses in Bloemfontein and lack of buses in Gaborone. Access to
activities is influenced by mobility provided by modes of transportation travellers have
access to. ICT also has the potential to affect activities generating travel by way of
travel substitution by opting for virtual access. Some work, educational and shopping
trips can be replaced by tele-working, online schools and courses as well as online
shopping, however there are jobs that cannot be replaced by ICT, therefore, travel
substitution will not completely eliminate the need to travel for work. It is also essential
to note the lack of flexibility in working times for full-time employees and students;
which does not allow for remote virtual learning and working, therefore travel for these
activities is less likely to be substituted by ICT. Compatibility of ICT, especially
devices, and modes of transportation should also be considered.

Motorcycles and Non-Motorised modes, i.e. bicycles and walking have limited
capacities for accommodating devices. Technological devices could also potentially be
distractive to users. Use of devices such as mobile phones, music players and ear-
phones have been linked to road accidents. Motorised vehicles have the potential to
accommodate various devices, both personal to transportation users and built in to the
vehicles. Transportation infrastructure; roads, traffic monitoring and control infras-
tructure, bus stops, taxi and bus rank infrastructure will also need to be upgraded to
accommodate ICT components.

Overall, results indicated that regular travellers desire ICT for travel purposes. The
need for information before beginning a trip is vital to trip making decisions and
behaviour. Availability of information and access to ICT components alone does not
change and impact travel behaviour. Cognitive and psychological factors in individuals
play an important role in travel behaviour. Travellers attitudes and perceptions towards
modes of transportation, their reasons for travel as well as ICTs would still impact their
travel decision making (Ruiz et al. 2018).

The growth of technology based on-demand passenger transportation and ride-
sharing platforms such as Uber, Lyft and Taxify has not reached the cities of Gaborone
and Bloemfontein. These platforms growth over the last years have tremendously
changed public transportation in most of the world’s cities. However, their non-
existence in Bloemfontein and Gaborone is an indication of lack of ICT integration in
the transportation systems of these cities. Private vehicle users’ travel behaviour have
also been impacted by these platforms in ways such as opting for Uber instead of
driving. At the final stages of a trip, ICT applications are available for tech-based public
transportation service providers such as Uber and other ride-sharing platforms that
allow clients to pay and rate their services using mobile applications. Evaluating the
trip after completion, would be useful for public transportation users. This could help
with improvement of services by the providers provided they consider feedback pro-
vided by users.
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Accessibility of ICT as well as current uses shows possibilities of eased integration
into transportation systems. In conclusion, even though there is limited ICT use and
influence on travel, there is potential for ICT incorporation into the transportation
system for travel purposes. The use of ICT would not necessarily eliminate the need to
travel, but improve travel experiences.
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Abstract. Road users’ characteristics are amongst the leading causes of traffic
fatalities, leading to reduced levels of traffic safety. There are numerous char-
acteristics of road users, yet, two of these characteristics standout, these include
the visual acuity factor and the reaction process. There are various factors that
contribute to the delay time and reaction process of drivers, and among these are
the non-driving-related activities such as adjusting the stereo, environmental
controls, conversing with passengers, using a cell phone, searching for street
addresses, looking at/for a building…etc. However, there is not a lot of research
on non-driving activities such as the use of navigation tools in the form of Global
Positioning System (GPS) and navigation phone applications while driving.
Through multiple data collection approaches, this study attempts to highlight the
effect of navigation tools and risks involved when used while driving. Subse-
quently answering these questions on the drivers’ reaction process; (i) Can
navigation tools be classified as non-driving activities, (ii) Do navigation tools
influence drivers’ reaction and decision time and (iii) What are the possible
remedies if it affects drivers’ decision time. The findings of the study highlight
the risk, the impact of navigation tools on drivers’ behaviour, its influence on
traffic crashes and propose the possible countermeasures to this effect.

Keywords: Traffic fatalities � Drivers’ distractions � Behaviour � Traffic
safety � Navigation tools

1 Driving and Advanced Technologies

Mobility is an essential part of modern society, leading to increased vehicles on the
road. Nonetheless, global health estimates highlighted that road injury is part of the top
ten global causes of deaths having killed 1.4 million people in 2016, about which 74%
of whom were men and boys (WHO 2016). Some of the key contributing factors to this
tragedy includes speed, drink driving, motorcycle helmets, seatbelts and child restraints
and most especially distracted driving (WHO 2016; Stone et al. 2018). However, since
the genesis of sustainable development goals, there has been a rapid development on
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new technologies that have led to the manufacturing of mobile systems, which are
sometimes adopted without considering all the implications and risks involved
(Renaudin et al. 2016). Generally, driving in itself is a complex task, as it involves;
navigation (planning and route following), guidance (following the road and main-
taining a safe path in response to traffic conditions) and control (steering and speed
control). Thus, drivers’ distraction is not encouraged and all the factors that lead to the
distraction of drivers should be prioritized when designing and adopting new systems
and tools, but this is not always the case because these tools do not always follow a
user-centred perspective before been commercialised (Ellison et al. 2015). Although
human factors are taken into consideration during the design and introduction phase of
these advanced technologies, are often not prioritized.

2 Navigation System and Ride-Sharing

In recent years, the Global Positioning System (GPS) and navigation phone applica-
tions are mostly used while driving, and these systems/tools have their limitations that
can lead to the distraction of drivers, which consequently contribute to traffic fatalities
that lead to reduced levels of safety on the road (Stone et al. 2018). Over the last few
decades, the need for sustainability transportation has risen, and this gave birth of the
era of ride-sharing and carpooling, this was in order to reduce traffic congestion and in
turn the carbon emission footprint. Nevertheless, this birth was built on navigation tools
and has further encouraged its use. Therefore, navigation tools such as Google Map,
Waze, Navmii GPS South Africa, etc. are no longer a want but a need.

In South Africa, the use of Uber, Taxify and other ride-sharing app are on the
increase, as this has not only solved the issue around mobility but have created
employment for many. Consequently, the use of navigation tools has also increased and
its advantages are numerous which includes; reduction of uncertainty and stress level,
creation of shorter or alternative routes, provide information on traffic congestion and
locate point of interest (Stone et al. 2018; Seshadri et al. 2009). Yet, the negative safety
impact and behavioural changes caused by its usage cannot be ignored. Overall, the
accuracy of a GPS is dependent on factors such as signal quality which is influenced by
a number of visible satellites, surroundings and weather; while smartphones if used for
the navigation applications, have limitations that include low accuracy; battery energy
and limited processing power (Kanarachos et al. 2018). Thus, the goal of this current
study is to analyse the effect of navigation tools on drivers’ behaviour in terms of
reaction and decision time form the perspective of the driver and passengers.

3 Methods

The approach used to collect data involved the use of questionnaires collected through
an online platform QuestionPro. The expected feedback was from Africa, but the
majority of the respondents were from specifically South Africa. The analysis of this
paper consists of 203 respondents, the questionnaire used consists of two sections
depending on whether a person is a driver or a passenger. The first section focuses on
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demographic characteristics of both drivers/passengers such as; age, gender, and
educational level. The second section is different depending on whether a respondent is
a driver or a passenger. Passengers’ questions composed of multiple choice questions
focusing on the types of commercial transportation used and the first-hand challenges
experienced while using their respective commercial transportations. The drivers’
questions consisted of multiple choice questions focused on the type of driver’s license
they obtained, the purpose of their driving and the duration of years they have been
driving including the number of traffic fines they have received in the past year/s. The
other part of the questionnaire focused on the types of drivers they are in terms of
paying attention to certain details while driving such as safety belts, safety driving
distances, and maintaining speed limits along driving lanes. The last part focused on
the use of the navigation tools, their expertise in using the navigation tool on the Likert-
type scale, as well as factors that contribute to their distraction while driving.

The use of chi-square statistical tool was employed to test for the hypothesis
relating to the road user’s perception of navigation tools. Thus, the null and alternative
hypotheses for the testing were:

Ho: The road user’s characteristics and perception of navigation tools as driver’s
distraction are independent of each other.
Hi: Null hypothesis is not true

The expected cell frequencies were compared with the observed cell frequencies
using the test chi-square, as estimated.

X2 ¼
X Oi � Ej

� �2

Eij

where:
X2 = chi-square
Oij = observed frequency of the cell in the ith row and jth column
Eij = expected frequency of the cell in the ith row and jth column

The calculated chi-square result was compared with the critical chi-square value
(using the table) with (r−1) � (c−1) degree of freedom to make a decision regarding
the acceptance or rejection of the null hypothesis, Kothari (2004).

3.1 Decision Rule

If Xtab
2 > Xcal

2 , accept Ho, otherwise reject.

4 Results/Findings

4.1 Demographic Information of Respondents

A total of 203 respondents responded to the questionnaire, 52% were passengers and
the remaining were drivers, and from the total respondents, 58% were male (Table 1).
Most (65%) of the respondents are between the ages of 18 to 30 and only 9% are above
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40 years old. Educational level among the respondents’ ranges from undergraduate,
postgraduate and grade 1–12 at 52%, 30% and 18% respectively, this will have resulted
that the survey was distributed to universities students. Although, 60% of the
respondents own a driver’s license however, on a regular basis 47% are drivers which
imply are in custody of cars to drive.

4.2 Drivers Data and Navigation Tools

Out of the 47% that are drivers on regular basis, 89% are in possession of South Africa
driver’s license and with the majority (41%) of the drivers are licensed for a light motor
vehicle (license type B) followed by the licence type C1 (heavy vehicle up to 16
000 kg GVM) (Table 2). Additionally, the majority of the respondents drive for private
use and only 8% drive for commercial. A minority (20%) of the drivers interviewed
have been driving for a while (11 to 40 years), while the majority have been driving for
4 to 10 years, and novice drivers about 30%. The driving experience is set to influence
their perception of the navigation tools, as it is expected to first master the act of driving
and seconding understanding the use of navigation tools. Over the last three years,
about 29% have been involved in a car accident, this can be some worth justified with
the percentage of novice drivers. Also, only 41% have never received fines for vio-
lation of traffic rules within the past year.

Table 1. Road users demographic data

Demographic characteristics Class Percentage

Road users Passengers 52
Drivers 48

Age From 18 to 25 44.0%
From 26 to 30 31.0%
From 31 to 39 17.0%
From 40 to 49 6.0%
Above 50 2.0%

Gender Female 42.0%
Male 58.0%

Education Grade 1–6 5.0%
Grade 7–12 13.0%
Undergraduate 52.0%
Postgraduate 30.0%

Owning driver license Yes 60.0%
No 40.0%

On a regular basis, are you Driver 47.0%
Passenger 53.0%
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Table 2. Drivers data and navigation tools

Drivers data Class Percentage

Driver license issuer South Africa 89.0%
Other countries 11.0%

License type A1 2.0%
A 2.0%
B 41.0%
EB 8.0%
C1 39.0%
C 8.0%
Others 2.0%

Driving purpose Commercial 8.0%
Private 92.0%

Type of commercial Ride-Hailing 17.0%
Meter-Taxi 33.0%
Other 50.0%

Years of driving license 0 to 3 30.0%
4 to 10 50.0%
11 to 25 15.0%
26 to 40 5.0%

Involved in a car accident within the last 3 years No 71.0%
Yes 29.0%

Driving fines 0 41.0%
1 to 3 47.0%
4 to 6 6.0%
7 to 10 3.0%
Over 10 3.0%

Distracted while driving Always 4
Often 13
Sometimes 41
Rarely 34
Never 8

Using a mobile phone while driving Always 12
Often 17
Sometimes 44
Rarely 17
Never 11

How often do you use a navigation tool Always 12
Often 23
Sometimes 37
Rarely 22
Never 6

(continued)
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Furthermore, from Table 2, only 8% of the interviewed drivers are ‘never’ dis-
tracted while driving, although, over 70% of the drivers sometimes use their mobile
phone while driving. Consequently, never distracted could be justified based on the
20% experienced drivers. Most of the drivers interviewed at 37% ‘sometimes’ use the
navigation tools and 28% rarely use it. Yet, 76% claimed to have a good to excellent
knowledge in using the navigation tools, this correlates to the fact that only 30% of the
drivers are novice and majority of the respondents are educated.

4.3 Passengers Data and Navigation Tools

With regards to the passengers (Table 3), the study indicated that only 35% of the
passengers have driver’s license but are a passenger regularly, this implies that they do
not have a car at their possession. Thus, the majority of the passengers use public
transportation, with 26% using minibuses, 27% meter taxies and 43% ride-hailing
taxies. Additionally, 46% of the respondents have never or rarely use the ride-hailing
App, and the majority use the App for unfamiliar destinations. Overall, the passenger
prefers the drivers to use navigation tools than being guided by the driver on an
unknown route; this implies that the passengers prefer the judgement of the navigation
tools over the drivers’ judgement of direction. Although, 44% responded that any
option is fine, but this has resulted in a lot of conflicts between drivers and passengers
as the passenger tend to blame the driver for taking a longer route to increase the fare.

Table 2. (continued)

Drivers data Class Percentage

Level of expertise in using the navigation tools Excellent 20
Good 56
Fair 18
Poor 5
Very poor 1

Table 3. Passengers data and navigation tools

Passengers data Class Percentage

Owning driver license No 69
Yes 35

How often do you use commercial transport Always 20
Often 31
Sometimes 29
Rarely 11
Never 9

(continued)
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4.4 Road Users Perception of Navigation Tools to Danger

Figures 1 and 2 show the perception of road users in terms of impact of navigation
tools to drivers distraction and drivers error or mistake. Results show a slight balance in
the perception of road users towards the contribution of navigation tools to the driver’s
distraction. Nevertheless, the driver’s perception when compared to that of the pas-
senger differs, as driver tend to agree (18% Always and 24% often get distracted) that
navigation tools increase the probability of been distracted and the majority of the
passenger’s opinion seem indifferent. This can be justified base on the fact that pas-
sengers might not have discovered the risk posed to drivers when using a navigation
tools. The risk further increase with the failure associated to navigation tools such as
signal quality, low accuracy; battery energy, limited processing power and other
inferring pop ups (such as message notifications and phone calls) when using a phone
App navigation tools. On the other hand, the majority of the road users disagree that
navigation tools contribute to drivers’ error or mistake (Fig. 2). This may be justified
on the fact that driver’s error or mistake entails a great deal of other factors which can
be fatigue, negligence, lack of understanding of traffic signs and regulation and even
vehicle faults.

Table 3. (continued)

Passengers data Class Percentage

Which commercial transportation system do
you use the most

Uber 18
Bolt (taxify) 25
Meter Taxi 27
Minibus 26
None 5

How often do you use the Ride-hailing App Always 4
Often 12
Sometimes 38
Rarely 20
Never 26

What activities do you use the Ride-hailing
App for?

School 25
Work 13
Leisure 25
Unfamiliar destination 38

What do you expect of a driver on unknown
route?

I prefer to guide 13
I prefer Driver to use
navigation tools

43

Any is fine 44
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Furthermore, the perception of the road users on the other causes of distraction was
evaluated, the results show that there is similarity in the perception for the drivers and
the passengers of these factors (Fig. 3). Firstly, text messaging (Texting and Driving) at
18% and 17% by drivers and passengers respectively is seen as the highest risk of
distraction to drivers, this result agrees with the fact that 25% of accidents relate to the
use of cell phone while driving (Tedesco 2014). Nevertheless, text messaging is one of
the means of communicating with the driver on the ride-hailing App, which may
further increase the probability of drivers being distracted while driving. Secondly,
conversing with the passenger(s) while driving is also seen as a form of distraction,
with the driver’s perception at 11% and passenger’s at 13%, although, previous studies
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disagree with that, stating that it improves driving performance (Drews et al. 2008;
Maciej et al. 2011). Nevertheless, the conversation pattern of the drivers is in question
needs to be examined. Thirdly, eating or drinking while driving is considered more as a
form of distraction by the drivers and this might be from the perception of being an
unprofessional act especially when the passenger(s) are on-board. Furthermore, the
passengers at 19% and 16% against the drivers 11% and 12% perceived driver talking
over the phone and dialing/hanging up on the phone respectively as a form of dis-
traction, as the driver on a phone conversation pays less attention to the surrounding
traffic which can result in traffic fatality.

4.5 Cross Analysis of Road Users and Driver Distracted Driving

Evaluation of the three questions was conducted to check the relationship between the
road user’s perception of navigation tools to driver’s distraction and road user’s
characteristics with regards to the different types of road users, gender, age, educational
background and drivers’ years of driving experience.

4.5.1 Cross-Classification Analysis of Road Users and Perception
of Effect of Navigation Tools
In the cross-classification analysis of road users and the perception of the effect of
navigation tools, the results are presented in Table 4. Considering 5% level of sig-
nificance, the chi-square value is 9.49. However, the calculated chi-square values for
the perception of navigation tools to driver’s distraction were larger than the critical
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value, thus, indicating that there are some reasons to believe that the variables are
dependent. Additionally, since the Xcal

2 > Xtab
2 , reject the Ho, meaning the different type

of road users and their perception of navigation tools to drivers distraction are
dependent on each other.

4.5.2 Cross-Classification Analysis of Genders and Perception of Effect
of Navigation Tools
Table 5 shows that statistical result of the association between gender and their per-
ception of the effect of navigation tools. Considering 5% level of significance, the chi-
square value is 9.49 but the calculated chi-square at 7.03. this implies that there is no
relationship between gender and their perception of navigation tools to drivers
distraction.

4.5.3 Cross-Classification Analysis of Age and Perception of Effect
of Navigation Tools
Table 6 presents the cross-classification analysis of age and the perception of the effect
of navigation tools. The result shows that the chi-square value is 5.76 and considering a
5% level of significance the chi-square value is 26.30, the calculated chi-square is less
than the critical value, thus, indicating that the variables are independent. This implies
that road users age and their perception of navigation tools to drivers distraction are
independent of each other.

Table 4. Cross analysis with road users

Road users Perception of navigation tools to the
driver’s distraction
Never Rarely Sometimes Often Always

Passengers 10 16 51 16 7
Drivers 17 24 17 24 18
Chi-square test statistic 26.86
Ho rejected? Yes

Table 5. Cross analysis with genders

Genders Perception of navigation tools to the
driver’s distraction
Never Rarely Sometimes Often Always

Female 6 13 29 20 13
Male 20 27 42 22 11
Chi-square test statistic 7.03
Ho rejected? No
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4.5.4 Cross-Classification Analysis of Educational Background
and Perception of Effect of Navigation Tools
In the cross-classification analysis of the educational background and the perception of
the effect of navigation tools, the results are presented in Table 7. Considering 5% level
of significance, the chi-square value is 21.03. However, the calculated chi-square
values for the perception of navigation tools to driver’s distraction were larger than the
critical value, thus, indicating that there are some reasons to believe that the variables
are dependent. Additionally, since the Xcal

2 >Xtab
2 , reject the Ho, meaning educational

background and their perception of navigation tools to drivers distraction are dependent
on each other.

4.5.5 Cross-Classification Analysis of Years of Driving License of Drivers
and Perception of Effect of Navigation Tools
Table 8 shows that statistical result of the association between drivers’ years of driving
experience and their perception of the effect of navigation tools. Considering 5% level
of significance, the chi-square value is 21.03 but the calculated chi-square at 10.6.
Therefore, it implies that there is no relationship between drivers’ years of driving
experience and their perception of navigation tools to distraction.

Table 6. Cross analysis with age

Age Perception of navigation tools to the
driver’s distraction
Never Rarely Sometimes Often Always

From 18 to 25 5 9.5 17.5 6.5 3.5
From 26 to 30 5 5 9.5 7 6.5
From 31 to 39 1 3 4.5 4.5 1.5
From 40 to 49 1.5 1.5 2.5 1.5 0.5
Above 50 0.5 0.5 1 0.5 0.5
Chi-square test statistic 5.76
Ho rejected? No

Table 7. Cross analysis with educational background

Educational background Perception of navigation tools to the
driver’s distraction
Never Rarely Sometimes Often Always

Grade 1–6 0 0 9 3 3
Grade 7–12 9 2 8 7 2
Undergraduate 16 18 38 18 10
Postgraduate 4 19 20 10 7
Chi-square test statistic 26.37
Ho rejected? Yes
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Overall, road users in terms of driver and passenger, and educational background
have a significant influence on the perception of navigation tools to the driver’s dis-
traction. However, gender, age of the road users and drivers’ years of driving expe-
rience do not influence their perception of navigation tools. It can be deduced that
drivers and passengers reasoning differs on the issue related to navigation tools. Also,
the inbuilt text messaging and phone call system of the ride-hailing App should be
regulated in such a way that it can be disable when driver is in motion. This will further
reduce the probability of drivers been distracted.

In addition, educational background enhances road users level of expertise in using
that navigation tools. However, this expatiate the acceptance and use of navigation
tools and other related tools in developed cities with high level of literacy. Never-
theless, the complications around the interaction mechanism of any driving related
tools should be minimized. On the other hand, implementation of different languages
and standardizing symbols use in navigation tools should be encourage.

5 Conclusion

This study focus on the analysis of contribution of navigation tools to drivers dis-
traction, thus answering these research questions. Can navigation tools be classified as
non-driving activities; research show that there are various non-driving related activ-
ities but as a result of the necessity for navigation tools, it is gradually becoming more
driving-related activities. Coupled with the response of the passengers preference of
drivers to use navigation tools at unknown route. Also, navigation is one of the critical
task of a driver alongside with guiding and controlling, thus, navigation tools should
enhance drivers driving task. This was alluded in the response of the road users and it
should not be seen as a non-driving related activities.

Furthermore, do navigation tools influence drivers’ reaction and decision time;
results show that 12% of the drivers and only 8% of the passengers agree that navi-
gation tools influence drivers distraction (which influence drivers’ reaction and decision
time). Nevertheless, there are other factors which are high-risk contributors to drivers
distraction such as text messaging, eating and drinking, drivers talking on the phone.
Finally, what are the possible remedies if it affects drivers’ decision time; although,

Table 8. Cross analysis with years of driving license of drivers

Years of driving license of drivers Perception of navigation tools to the
driver’s distraction
Never Rarely Sometimes Often Always

0 to 3 6 9 3 7 7
4 to 10 5 14 8 13 9
11 to 25 3 4 5 3 0
26 to 40 1 2 0 0 1
Chi-square test statistic 10.6
Ho rejected? No
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research shows that there are other factors that are riskier when compared with navi-
gation tools, yet, navigation tools most time aided the use their usage. For instance,
using a cell phone-based navigation tools will allow drivers to notice other phone
related activities such as text message, incoming calls …etc. which contributes to
drivers distraction. Thus, remedies such as phone disabling text messaging and phone
call system when drivers are on motion and encouraging the inbuilt ride-hailing system
for vehicles. Overall, navigation tools might not have contributed greatly or directly to
drivers distraction but the use of phone-based navigation tools have contributed to
drivers distraction.
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