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Abstract:
Construction projects are expected to complete on time, within budget,
within quality in order to fulfill its defined functions. In Sudan, it has been
noticed that delay of construction projects is natural phenomenon. Actions
or in-actions of contract parties, consultants coupled with external environ-
mental factors contribute to construction delays. 42 construction delay main
causes that could be attributed to client’s, contractor’s, consultant’s or exter-
nal environment’s action / in-action. The same causes were divided into four
groups that depict inefficiency and/ or ineffectiveness of the stakeholders.
Contractors and consultants were asked to rank them on Likert’s five point
scale. The ranking process revealed categorizing %76 of the main causes in a
pre-determined pin. Most of those causes were also attributable to responsi-
bilities of contract parties. Eleven causes were marked as the most prevailing
causes that contribute to construction delays. It’s expected that parties will
carefully manage those eleven causes during construction phase in order to
decrease rates of construction delay.

Key words:

Construction delays, Conventional Construction Contracts, Pro-active plan,
Re-active plan, Construction baseline time, Construction as built time, Con-
struction time over run.
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considered reasonable alternative sources of aggregate for concrete as-
phalt mixture productions.

*  Further research is still required to obtain new specifications for the use
of SSA in different fields of application to conserve Sudan natural re-
sources and preserve the environment.
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Fig. 6 Voids in mineral aggregate for different asphalt mixtures

4.Conclusion

In this research, natural aggregate was replaced by SSA, which is waste ma-
terial derived from the steel industry, in different asphalt concrete mixes. The
effectiveness of replacing natural aggregate by SSA was judged by the im-
provement in the physical and mechanical properties of the tested samples.
The following conclusions can be drawn:

The physical properties of SSA basically satisfy the requirements of
Marshall Specification for design of HMA. Based on laboratory test
results, SSA appears to be especially beneficial for the use in Sudan to
reduce the dependent on naturally occurring aggregate. Thus, it is rec-
ommended that the producers and the users of AHM in Sudan consider
the use of SSA.

From the economic point of view, utilization of steel slag as road con-
struction aggregate may reduce the cost of extracting and processing
naturally occurring aggregates. The steel producing industry may also
reduce their cost for treating and disposing the huge number of steel slag
stockpiles.

The use of natural aggregate in the HMA layer of road pavement is seen
as a wasteful use of a finite natural resource. Therefore, the use of waste
(secondary) materials is recognized as being of benefit to both environ-
ment and society. Of the various waste materials, the steel slag can be
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Fig. 4 Flow curves for different asphalt content and mixtures
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Fig. 5 Air voids versus asphalt content relationship for different asphalt
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When stability and density values are considered, specimens prepared with
SSA had the highest stability compared with the specimens prepared with
natural aggregates, as shown in Fig. 3. It is believed that the reason for this is
due to the low crushing and Los Angeles abrasion values of the (SSA) when
compared to natural aggregates.
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Fig. 3 Corrected stability curves for different asphalt mixtures

A slight decrease in the flow value was noticed in the case of specimens
prepared with SSA when compared to the natural aggregate (NAG) speci-
mens. The curves shown in Fig. 4 show that all specimens prepared at their
optimum Asphalt Content (OAC) are in the range recommended by the As-
phalt Institute between 3-5 mm for the surfacing and heavy traffic category
([15]). The Percentage of air voids (AV) decreased while VMA increased
for specimens prepared with SSA when compared to the values of the NAG
specimens as shown in Fig. 5 and 6, respectively. It seems that the particle
shape, grading and maximum nominal size for the aggregate used play the
major role in the determination of these values. It is important to mention
that the AV and VMA values obtained for specimens prepared with SSA
and NAG specimens comply with the values recommended by the Asphalt
Institute [15].
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The abrasion test provides an indication of the relative quality of competence
of various sources of aggregate with similar mineral compositions. The abra-
sion test is used as an indication of aggregate wear resistance. In this case,
comparing the steel slag aggregate results to the natural aggregate results il-
lustrate that slag particles show high resistance to abrasion as given in Table
4. Also, the specific gravity values of the slag are always more than the natu-
ral aggregate.

Table 4 Physical and mechanical properties of aggregates

Test Percent of SSA

0 50 75 100
Bulk specific gravity 2.92 2.93 2.95 3.10
Absorption, % 2.3 2.6 2.7 3.2
Los Angles abrasion, % 14 12.0 11.5 10
Flakiness, % 22.1 14.0 11.2 8.4
Elongation, % 21.0 12.2 10.0 7.5
Stripping & coating Above 95

The results of the mix design for both the SSA mix and the conventional nat-
ural aggregate mix are presented in Table 5. Comparing the results, it can be
observed that steel slag aggregate provide better properties and high values
of density and stability, which resist permanent deformation. The Marshall
tests results on the prepared specimens showed that the Optimum Asphalt
Content (OAC) was increased from a value of 5.1% in the case of specimens
prepared with natural aggregate to a value of 6.1% for specimens prepared
with 75% SSA. The reason is due to the high absorption value of the (SSA)
used.

Table 5: Asphalt Hot Mix design results

Property Percent of SSA
0 50 75 100
Optimum Asphalt Content, % 5.1 5.6 6.1 5.3
Max. Unit Weight, KN/m3 24.0 23.9 24.0 24.0
Marshall Stability, KN/m2 1390 1530 1700 1560
Flow, % 3.5 3.4 3.5 3.2
Air voids, % 4.6 4.1 4.3 3.3
VMA, % 15.8 16.7 17.4 17.4
VFB, % 71 74 74 80
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3.3 Mix Design

For the evaluation of using SSA in asphalt mixes, Marshall specimens us-
ing natural aggregate were prepared at asphalt content 4, 4.5, 5, 5.5, 6% by
weight of aggregate to be compared with those prepared with 50, 75 and
100% of SSA. Marshall Specimens were prepared and tested in accordance
with ASTM D1559.

For all specimens, aggregate and asphalt were heated at temperatures of 140
and 180°C, respectively. Specimens were compacted with 75 blows of Mar-
shall’s hammer on each side to count for heavy traffic category. Specimens
were extracted from the molds and kept at ambient temperature for one day.
Necessary data for obtaining the specific gravity, percentage of air voids
(VA), voids filled with bitumen (VFB) and voids in Mineral Aggregates
(VMA) and to count for stability correction were measured and recorded.
These data are mainly the weight in air and water and the height of the speci-
mens. To conduct the Marshall stability and flow tests, the specimens were
kept in a water bath at 60°C for 30 minutes. The Optimum Asphalt Content
(OAC) values for the specimens prepared with different aggregate combi-
nations were determined according to Marshall Stability, percentage of air
voids and voids filled with bitumen.

3.4 Results and discussion

The results of the experiments conducted for measuring the physical proper-
ties of asphalt cement are listed in Table 3.

Table 3: Physical properties of asphalt cement used

Test Method Result
Penetration, 0.1mm ASTM D5 62
Ductility, cm ASTM D113 100
Softening Point, °C ASTM D36 58
Kinematics viscosity, cst ASTM D2170 340
Flash point, °C ASTM D92 250
Fire point, °C ASTM D92 320
Specific gravity ASTM D70 1.03

The steel slag and natural aggregate samples were used to determine the
physical and mechanical properties such as abrasion resistance, specific
gravity, water absorption, flakiness and elongation, and stripping and coat-
ing. The tests results are shown in Table 4.
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This aggregate was collected from the crushing plants at Toria hill.

Steel slag was delivered from the by-product of steel manufacturing at Giad
factory in Khartoum. After the steel slag has been crushed and graded into
the desired sizes it was stockpiled for delivery (Fig. 2). The surface texture
of the slag was observed to be quite variable, from very dense and solid like
basalt, to vesicular like volcanic cinders. SSA samples were selected from
three different stockpiles of coarse aggregates, fine aggregates and mineral
filler. The samples of SSA were delivered to the road laboratory at university
of Khartoum.

Fig. 2 Stockpiling of steel slag aggregates at crushing plant

3.2 Sampling and Testing

The steel slag sample was subjected to crushing and screening into the de-
sired sizes. Samples of steel slag and natural aggregates were prepared to
three different sizes; the coarse sizes are 19 to 5 mm, the fine sizes passing
sieve no. 4 (4.75mm) and retained on sieve no. 200 (0.075mm) and filler
material of size finer than 0.075 mm.

A series of tests were carried out to determine the quality of asphalt used
and the characteristics properties of SSA and natural aggregates. Laboratory
tests conducted on aggregates include gradation, specific gravity and absorp-
tion, crushing value, Los Angeles abrasion test. Consistency tests performed
on asphalt include penetration, ductility, softening point, kinematic viscos-
ity and specific gravity test. Safety tests of flash and fired points were also
conducted on asphalt. The tests were carried out in accordance with ASTM
[14].
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Due to its high levels of hardness and angularity, steel slag is able to improve
skid resistance. Kehagia [18] carried out a study on the skid resistance of
a thin wearing surface using three different mixes: 100% slag mix, partial
slag replacement mix, and a natural aggregate mix. Skid resistance was mea-
sured four months and one year after installation on a high traffic highway
in Greece. After one year, all the slag mixes had outperformed the natural
aggregate mix. The mix with 100% slag exhibited the best skid resistance.
The minimum allowable skid number on this type of roadway was 35. After
one year of service, the value for the 100% slag mix section ranged from
58 to 64, whereas the section with partial slag replacement varied from 48
to 60. The natural aggregate section without steel slag displayed acceptable
numbers from 40 to 57. The study showed that steel slag can improve HMA
roadway conditions.

Based on the results of the previous studies reviewed, adding steel slag in
HMA has significant improvement on the mechanical properties of the mix
in terms of resistance to fatigue cracking, rutting and thermal cracking. Im-
provements in skid resistance also increase the safety of drivers on the road-
way. The results indicated from the studies clearly show potential benefits of
using SSA in HMA. However, due to climate and material variations, the use
of steel slag in HMA must be investigated using local materials, based on lo-
cal specifications. Therefore, the aim of this study is to investigate the effects
of steel slag in HMA specifically for Sudan local materials and climate.

3. Laboratory Testing

As the objective and purpose of this paper are to test the suitability of SSA
for its application in the manufacture of asphalt mixtures, an intensive labo-
ratory testing program was conducted. The tests were carried out to deter-
mine the characteristic properties of SSA and evaluate them in accordance
with the standard specifications. It presents also the details regarding the
proposed mix design for HMA that contains SSA. Then it describes in detail
the tests of HMA that contains SSA and presents and analyzes the physical
and mechanical property tests results.

3.1 Materials Used

The materials used in testing include asphalt, natural aggregate and steel
slag aggregate. The asphalt used in preparing all specimens of penetration
grade 60 - 70. This asphalt was obtained from asphalt plants belong to road
contractors at Toria hill in Omdurman town.

The natural aggregate used in this study is crushed stones of different sizes.
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Table 2: Mechanical properties of Steel Slag, [11]

Property Value
Los Angeles abrasion (ASTM C131), % 25-20
Sodium sulfate soundness loss (ASTM C88), % 12>
Angle of internal friction 50°-40°
Hardness (measured by Moh’s scale of mineral hardness)’ 7-6
California bearing ratio (CBR), % top size 19 mm (3/4 inch)’ Up to 300

Note: 1. Hardness of dolomite measured on same scale is 3 to 4.
2. Typical CBR value for crushed limestone is 100%.

2.3 Previous Investigations

The use of steel slag in asphalt concrete has been investigated by many re-
searchers. The previous studies have been conducted on HMA with varied
percentage of SSA. Most of the studies were concerned about the utilization
of steel slag in HMA as coarse aggregate replacement. The effects of steel
slag on the performance of asphalt concrete are reviewed below.

United States have extensive experience with the addition of steel slag to
HMA. Their experiences indicate that the addition of steel slag may enhance
the performance characteristics of the pavement. In asphalt mixtures, the
steel slag is usually added as part of the coarse aggregate fraction of the
mixture at a percentage of 20% to 100%, depending on the application of the
mixture. Since the slag is rough, the material improves the skid resistance of
the pavement. Also, because of the high specific gravity and angular, inter-
locking features of the crushed steel slag, the resulting HMA is more stable
and resistant to rutting ([14], [1], [15]).

Ahmedzade and Sengoz [16] evaluated the effect of steel slag in HMA with
100% coarse aggregate (limestone) replaced by SSA. They observed im-
proved fatigue resistance as the steel slag mix exhibited higher indirect ten-
sile strength and modulus values than the coarse aggregate mix. Pasetto and
Baldo [17] conducted a study on steel slag in HMA by substituting the natu-
ral aggregate at 0%, 30%, 60%, and 90% SSA based on the total aggregate
weight. The substitution included both coarse and fine aggregate particles.
It was found that all the slag mixes exhibited better rutting resistance than
the control mix under repeated axial loads. However, the 90% SSA mix per-
formed better than all the other slag mixes.
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Table I: Chemical composition of steel slag (source [13])

OPEN HEARTH Basic Oxygen
Constituent
STEEL SLAG Steel Slag
Calcium oxide (CaO) 25.8 41.3
Silicon dioxide (SiO,) 16.4 15.6
Iron (FeO or Fe,0,) 26.0 20.0
Magnesium oxide (MgO) 10.0 6.9
Manganese oxide (MnO) 11.2 8.9
Aluminum oxide (41,0,) 2.4 2.2
Titanium dioxide (TiO,) 0.8 0.5
Free lime (free CaO) 2.1 33

The chemical composition of steel slag varied with the steel making practice
and the quality of steel being produced. However, in accordance with the
description from FHWA [11], there were many grades of steel that can be
produced, and the properties of the steel slag can change significantly with
each grade. Grades of steel can be classified as high, medium, and low, de-
pending on the carbon content of the steel. High-grade steels had high carbon
content. To reduce the amount of carbon in the steel, greater oxygen levels
were required in the steel-making process, [6].

2.2.3 Mechanical Properties

According to The Federal Highway Administration (FHWA) [11] the pro-
cessed steel slag has favorable mechanical properties for use as aggregates in
construction; these include good abrasion resistance, good soundness char-
acteristics, and high bearing strength. These properties greatly improve the
performance of asphalt mixes and road safety level. SSA exhibits less sus-
ceptibility to abrasion due to its high particle density, allowing it to provide
better skid resistance than natural aggregate. Steel slag has a high degree of
internal friction and high shear strength. FHWA [11] has documented the
general mechanical properties of steel slag as given in Table 2.
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2.2 Steel Slag Properties

Different properties of various aggregates influenced their level of perfor-
mance and suitability for an application. The physical and mechanical char-
acteristic of an aggregate played an important role in providing the ideal
durability, permeability, stability and resistance against abrasion, cracking,
and permanent deformation. Besides, the chemical composition of an aggre-
gate was continuously studied and found to be a factor affecting its adhesion
with other construction material to form an ideal combination. The National
Slag Association (NSA) [10] along with the Federal Highway Administra-
tion (FHWA) [11] has documented some of the characteristics properties of
steel slag.

2.2.1 Physical Properties:

Steel slag aggregates (SSA) are highly angular, roughly cubical pieces hav-
ing flat or elongated shapes. They have rough vesicular nature with many
non-interconnected cells which gives a greater surface area than natural ag-
gregates of equal volume; this feature provides an excellent bond with bitu-
men, [10]. The rough textured surface of SSA provides the particle interlock,
and if properly compacted, the high stability required for good serviceable
pavements can be attained. Moreover SSA particle exhibits higher poros-
ity, superior adhesion with binder due to its surface structure and chemical
content, and favorable shapes. Pores continuity in SSA may improve the wa-
ter permeability in asphalt mixes and improve the skid resistance, while the
superior adhesion with bitumen may address the problem of stripping and
moisture related damage on pavement. SSA has high bulk specific gravity
and less than 3% water absorption. Also SSA exhibits high density, but apart
from this feature most of the physical properties of steel slag are better than
hard traditional rock aggregates.

GeoPave [12] pointed out that steel slag aggregates are strong and durable
materials. They have excellent angular shape which helps to develop very
strong interlocking properties. They have high resistance to abrasion and
impact.

2.2.2 Chemical Properties

The chemical composition of steel slag is a complex matrix structure con-
sisting primarily of simple oxides determined from elementary analysis of
x-ray fluorescence. According to Emery [13], steel slag usually contains four
major oxides, namely lime, magnesia, silica and alumina. Minor elements
include sulfur, iron, manganese, alkalis and trace amount of several others.
Table 1 shows the list of various ranges of compounds presents in steel slag
as reported by Emery [13].

Journal of BRR Volume (19) december. 2015



an angular, generally well-graded, material that is relatively free of metallic,
and the recovered steel (2 to 4% of raw steel production) is a valuable scrap,
[5]. There are several different types of steel slag produced during the manu-
facturing process, including furnace slag, raker slag, ladle slag, and cleanout
or pit slag, [6]. Fig. 1 shows a diagram of the general flow and production of
different slag in a modern steel plant.

Primary Tranger Syntnate Ladle Wastz &
Stesimaking Fiux Cumped
[Fumace) Laze Addltion Resioue

=S

Fumace Raker Ladle Clean Out
Slag Slag Slag oOrFit Slag

l Fig. 1 Steel slag produc-

M tion in a modern inte-
Nonmetallic Steel Siag for Slag for
Disposal grated steel plant, [6]

Potential Aggregate Dsa

In the past, the application of steel slag was not attractive because vast vol-
umes of blast furnace slag were available. Steel slag has been used commer-
cially since the mid-19th century. Recently, due to availability of electric-
furnace steel throughout the world, also the growth of available amounts of
this type of waste, steel slag is becoming increasingly important, while the
application of steel slag is also rapidly growing in the developed countries,
particularly in areas with high concentration of iron and steel production
such as the United States, England, Japan and Canada.

Nowadays, extensive researches play a vital role to remove steel slag from
industrial waste into modern industrial product which is effectively used for
many industrial purposes, especially as raw material in road construction,
[7], [8]. Special attention has been directed at investigating the possibili-
ties of using it as substitute for natural mineral aggregates when producing
asphalt mixtures. Even the old Romans used slag from furnaces in the con-
struction of Roman roads in the Sussex District in England, [5]. Recently, the
use of steel slag as an aggregate substitute to natural aggregates is considered
a standard practice in many countries. In the USA slag is used from the first
half of the 19th century as road construction material, from the second half
of the 19th century as railway ballast and in cement industry, and from the
beginning of the 20th century as aggregate for asphalt mixtures, [9].
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1.Introduction

Steel slag has been used to construct pavements for nearly one hundred
years. Since it was discovered that the residue from the manufacture of steel
could be crushed and processed into a product that looked like crushed rock,
researches were started to investigate the usefulness of this “waste” product.
In Sudan, Giad factory in Khartoum produces significant quantities of steel-
making slag as the major waste during the manufacture of iron and steel. The
estimated daily production of steel slag is 15 — 20 tons. The disposal of steel
slag in landfills may cause environmental hazards. The material produced by
crushing and screening is the Steel Slag Aggregate (SSA).

In asphalt hot mixes (AHM), the physical and mechanical properties of the
used aggregates play the major role in determining the overall properties of
the mixtures. It is found that these required properties for AHM are found in
the SSA, [1], [2]. The use of steel slag as an aggregate substitute to natural
aggregates is considered a standard practice in many countries. The incor-
poration of steel slag as a AHM aggregate has been evaluated extensively in
many parts of the world, but not yet in Sudan. In order to consider the use
of SSA in Sudan, local materials, climate, and specifications must be taken
into account. Therefore, it is imperative to carry out a comprehensive study,
based on local materials and conditions, of the feasibility of utilizing the
steel slag produced by steelmaking factory in Khartoum as a replacement for
natural aggregate in production of asphalt concrete mixture.

2. Literature Review
2 .1Steel Slag Production

Metallurgical slag is a waste or by-product formed in metallurgical processes
from impurities in the metals or ores being treated. The metallurgical slags
are classified in two types; ferrous and nonferrous slag. The ferrous slag
includes iron slag generated in blast furnace process and steel slag produced
from various processes (open hearth, basic oxygen and electric arc furnace).
The nonferrous slag such as copper and nickel slag, [3]. The Steel slag is
defined by Kalyoncu [4] as “a non-metallic product, consisting essentially of
calcium silicates and ferrites combined with fused oxides of iron, aluminum,
manganese, calcium and magnesium that are developed simultaneously with
steel”.

Processing of steel slag for steel recovery is very important as it results in
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Experimental Study of Steel Slag Used As Aggregate
in Asphalt Mixture

Magdi M.E. Zumrawi, Faiza O.A. Khalill’

Abstract

Steel slag is a by-product of the steel industry and can be used potentially
as aggregate in asphalt mixture. This study evaluates the use of Steel Slag
Aggregates (SSA) as substitute for natural aggregates in the production of
hot mix asphalt (HMA) for road construction. Based on intensive labora-
tory testing program, the characteristic properties of SSA were assessed to
determine its suitability to be used in HMA. Four different percentages (0,
50, 75 and 100%) of SSA were used, and the proposed mix designs for HMA
were conducted in accordance with Marshall mix design. The experiments
results revealed that the addition of SSA has significant improvement on the
properties of HMA. An increase in density and stability and a reduction in
flow and air voids values were clearly observed in specimens prepared with
100% SSA. It is concluded that the steel slag can be considered reasonable
alternative source of aggregate for concrete asphalt mixture production.

Keywords : Aggregate, asphalt mixture, stability, steel slag.
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Fig 9: Frequency Distribution of Follow up Headway

5. Conclusion

To sum up the mean critical gap value were found 3.64s with upper bound
of 3.68s and lower bound 3.60s, the standard deviation of the critical gap is
0.67s by using Wu model. The critical gap value using Raff’s method was
found 3.5s.The two methods almost give the same result for the critical gap.

The mean follow up headway was found at 1.94s with upper bound 1.99s and
lower bound 1.89s, the standard deviation of follow up headway is 0.85s.

TRB [2] mention that the lower bound for critical gap is 4.1s and for upper
bound is 4.6s. The follow up headway is 2.6s for lower bound and 3.1s for
upper bound.

By comparing the values of the critical gap and follow up headway with
those values of TRB [2] the lower value indicate that the drivers have limited
experiences in using roundabout, they are tended to be more aggressive.The
study recommended further research on critical gap and follow up headway
in Malaysia using different roundabouts types. Moreover conducting educa-
tional/awareness campaign for drivers and enforcement on the operation in
the use of roundabouts.
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Table 1: Critical gap macroscopic probability of equilibrium model

Critical Gap (s)| Standard Deviation | Confidence level 95%
Upper Bound | Lower Bound
3.64 0.64 3.68 3.60
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Fig 8: Critical gap macroscopic probability of equilibrium model

The follow-up headway was obtained directly from recorded time events.
By definition, follow up headway is the minimum headway between two
entering vehicles, which can be calculated by the average difference between
the passage times of two entering vehicles accepting the same main stream
headway under a queued condition. Table 2 shows the result of follow up
headway and standard deviation. From the table it was found that the fol-
low up headway is 1.94s and the standard deviation equal to 0.85s. Figure 9
shows the frequency distribution for the follow-up headway

Table 2: Follow up headway

Follow  up|Standard De-|Confidence level 95%
Headway (s) viation (s) | Upper Bound Lower Bound
1.94 0.85 1.99 1.89
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Fig7:Critical gap Raft’s model

The distribution functions of probability of accepted gaps Fa (2) and rejected
gaps Fr (¢) are shown on Figure 8. The distribution function of critical gap
Ftc(t) was calculated in accordance with macroscopic probability equilib-
rium model of Wu and the curve of this function lies between Fa (¢) and Fr
(t). The mean value of the critical gap tc¢ = 3.64 s with standard deviation
0.67s. All the results were listed in Table 1.

After calculating the mean and standard deviation of critical gap and follow
up headway of sample of population (sample size = 1340) it is important to
estimate the confidence band for the population mean based on the sample
mean using 95-percent confidence level (a=0.05) to estimate the upper and
lower bounds of respective means as illustrated by Equation [4].

— _ = 55

Bi= Bk b [2] 41
Where '

— ITI.1 : Upper or lower bound of natural of logarithms of population
mean

— ¥; : Sample mean

— & : Standard deviation

- :r“_Eldﬂ : t- Distribution value cross pounding to the degree of freedom

o Alfa value equal to 1.96 for 95% confidence level and degree

of freedom greater than 100

— dr: degrees of freedom (n-1)

- ni:sample size

1
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both entry traffic for the four approaches of the roundabout and circulating
traffic for at least one hour, during morning peak hour and afternoon peak
hour for three days.The cameras were placed at a high ground point level to

ease the observation of the gaps as shown in Figure [6]

S

T

Fig 6: The camera position at the roundabout

4. Results and Discussion

Data was collected by video recording with a camcorder. The camcorder
was positioned at an approach to capture both entry traffic for the four ap-
proaches of the roundabout and circulating traffic for at least two hours a day,
during morning peak hour and afternoon peak hour for three days. After that
the data transferred to a computer and reduced by reading vehicle positions
past common conflict area into MS Excel, the rear bumper was used as a
common vehicle reference since it gave a complete vehicle clearance past a
common conflict point.

The critical gap was estimated at the entry of the roundabout, using two
different methods Raff’s model and macroscopic probability of equilibrium
model.

Figure7 shows the result of critical gap that were obtained from Raff method.
The curves of accumulative probability of accepted gaps Fa (2) and rejected
gaps Fr (t) were drawn. The critical gap is at the cross point of Fa () and
1-Fr(t) was taken. The critical gap was found 3.5s.
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The difference between Raff’s model and Wu model, Raff’s model is extreme-
ly simple and easy to understand, beside this there is no iterative calculation
required. On the other hand the model based on the macroscopic probability
equilibrium of Wu (2006) has the following advantages:

a. The possibility of achieving the empirical probability distribution
function of the critical gaps directly,

Simple calculation procedure without iteration,

Solid theoretical background (equilibrium of probabilities),
Robust results,

Independent of any model assumptions,

me a0 o

The possibility of taking into account all relevant gaps (not only
the maximum rejected gaps as is the case of the (Troutbeck model
(1992))

3. Experimental Work

The scope of this study has only focused on the driver merging gap accep-
tance at a roundabout. For this, purpose traffic data was collected to find the
critical gap and the follow up headway, which presented the major param-
eter for the gap acceptance principle. The critical gap was estimated using
Raff’s model and macroscopic probability of equilibrium model. The follow
up headway was obtained directly from the recorded time events.

3.1 Data collection Method
The data collection method on this study includes the following:
a) Site Investigation

The selected site must have good access and safety for the researchers and
equipment during the process of data collection. Meanwhile, the traffic vol-
ume must be high enough so as to ensure the data collected is adequate to be
analysed. The site should also have a good sight distance location for video
recording purposes. It was very hard to find a roundabout match all the above
criteria, due to little number of roundabouts in Skudai area. After searching
for roundabout that met all selection criteria the choice fell on university
technology Malaysia roundabout(UTM). UTM roundabout belongs to the
category of small two lane roundabout. The roundabout faces heavy traffic
stream at morning peak and as same as at afternoon peak.

b) Actual field data collection

The methodology used in the data collection was mainly by video recording
with a camcorder. The camcorder was positioned at an approach to capture
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tion, Wu’s method is based on the following probability equilibrium Equa-
tion [2].

Pr.tc = Frit). Pr.tc + Fa(t) Pa,tc 27

Denote the distribution function of the critical gaps to be estimated by Ftc
(1), then the probability Prtc () that a gap of length t in the major stream
would be rejected is Ftc (2), and the probability that it would be accepted is
1-Ftc (). Substituting Prtc (1) = Ftc (¢) and Pa,tc (1) = I-Ftc (1), for Wu's
model the following distribution function Ftc (?) of the critical gaps present
in Equation [3]:

por g Fuit) _ 1-Friti

Fte(t) = Faiti+1-Fries Faitl+1—Frif) 13f

Wu proved that Equation [3] means that the result from Raff’s model is the

median value but not the mean value of the critical gap [12].

n9
ik
a?
a6
s
a4
14
al
al

Distribution Function F

7 B 9 10

t(s}!

Fig 5: Schematic relationship between the PDF’s for the rejected gaps, the
accepted gaps, and the estimated critical gaps from the Wu model.

A comparison between the Raff’s methods, Maximum likelihood of Trout-
beck and the macroscopic method of Wu had been made, and it was found
that the macroscopic method of Wu gives similar results for the mean critical
gaps as that from recognized MLM of Troutbeck [7].In addition, one can get
not only the main value of critical gaps but also the median value, which is
the same value as the result of Raff’s method [7]. Also one can directly get
the probability distribution function ofthe critical gaps [7]. Advantage of this
method is simple calculation procedure without iteration as it is in the case
of the Troutbeck model [7].
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2.2.3 Maximum Likelihood

The maximum likelihood method of estimating critical gap is based on the
fact that a driver’s critical gap is a value between the range of his largest
rejected gap and his accepted gap. A probabilistic distribution for the criti-
cal gaps must be assumed, a log-normal distribution for the critical gaps had
been used [9]. This distribution is skewed to the right and has non-negative
values, as would be expected in these circumstances. In this model, two as-
sumptions are made:

a. A log-normal distribution of the critical gaps and
b. The driver behaviour is both homogeneous and consistent

An assessment of varied models using microscopic simulation had been
made [10], and found that the model of Troutbeck gives the best results.
Thus, this model is recommended for estimating the critical gaps in many
standard manuals for traffic engineering (e.g., TRB 2000, HBS 2001, etc.).
The maximum likelihood model was used to analysis critical gap of dual lane
roundabouts [11], and the results show that the critical gap depends, among
other factors, on the target lane (near or far), and the type of the vehicle. A
population of drivers has variable critical gaps and this variability can be ex-
plained by a probability distribution. The above statements point to the fact
that critical gap varies across drivers in a population and amongst individual
drivers [6].

2.2.4 The Macroscopic Probability Equilibrium Model

Wu [12] suggested with a new model for estimating critical gap and its distri-
bution at un-signalised intersection based on the equilibrium of probabilities,
his claim that the assumption of Troutbeck are disadvantages. Furthermore,
the model of Troutbeck is very complicated to use and its results are not very
robust [12]. This model also requires a large sample size for establishing
stable results [12]. He noted that the equilibrium of probabilities lies between
the largest rejected and smallest accepted gaps for a population of drivers as
shown in Figure 5 [12].

The theoretical background of the Wu’'s model is based on the probability
equilibrium between the rejected and the accepted gaps. The cumulative dis-
tribution of the rejected and accepted gaps is used to establish the macro-
scopic probability equilibrium. The observed probability that a gap of length
t is accepted is Fa (¢) and that it is not-accepted is /—Fa (¢). The observed
probability that a gap of length t is rejected is Fr (2) and that it is not-rejected
is I—Fr (t). Generally Fr (¢)is not equal /—Fa (¢) and also /—Fr (¢)is not equal
Fa (t). Considering the observed probability of both acceptance and rejec-
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2.2 Gap Acceptance Models

Estimation of gap acceptance parameter from traffic observation is a very
difficult task for traffic engineers. Critical gap need statistical models or pro-
cedure to estimate. Many models have been developed to estimate the criti-
cal gap.

2.2.1 Raff’s Model

Raff model had been used in many countries in the past; because of it is
simple and easy to understand. Equation (1) represent Raff’s model [7]; the
model is based on the probability distribution function (PDFs). Let F7 (?) and
Fa (1) be the probability distribution functions (PDFs) of rejected and ac-
cepted gaps, respectively. Then Fr (¢) and Fa () can be obtained empirically
by in situ measurements. Thus, the observed probability that a gap of length
tis rejected is F7 (), and that it is not rejected is 1-F7 ().

Raff’s model defines the critical gap as the value of t where the functions
1-Fr(t) and Fa (1) intercept as described in Figure 4:

Fa ()= 1-Fr(1) (D

Accepted

Probability

Rejected

Critical gap Gap
Fig 4:Critical Gap by Raff’s model
2.2.2 Ashton’s Model

Ashton model is a modification to Raff’s model by using of both lags and
gaps [8]. The numbers of rejected lags and gaps of all sizes have been scaled
so that the total number of rejected lags and gaps equals the total number
of accepted lags and gaps. The asymptotic value for Ashton’s critical lag is
derived as the solution of complex integral equations involving both the dis-
tribution of minimum acceptable gaps and the distribution of offered gaps.
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Major Stream

Minor Stream

Fig 2: Lag and Gap Definition

Follow up headway is defined as the time between the departure of one ve-
hicle from the minor street and the departure of the next vehicle using the
same major street gap as shown in Figure 3.

The follow-up headway at single-lane roundabouts is related to the round-
about size (inscribed circle diameter) and circulating flow rate [3]. Higher
circulating flow rate resulted in much smaller follow-up headway.

First Entring Vehicle

Follow up Vehicles

Minor Stream

Fig 3: Follows up Headway
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A gap acceptance theory is a more appropriate tool in estimating the capacity
of the roundabout. An advantage of this method is that the gap acceptance
technique offers a logical basis for the evaluation of capacity [5]. Secondly,
it is easy to appreciate the meaning of the parameters used and to make ad-
justments for unusual conditions [5]. Moreover gap acceptance conceptually
relates traffic interactions at roundabouts with the availability of gap in the
traffic streams [5].

There is variety of gap acceptance application in transportation engineering
due to the operational characteristics of traffic streams within the road sys-
tem. There are three major applications [6] i.e.:

a. Freeway merges from ramp to main freeway,
b. Lane changes in multi-lane highways, and

c. Freeways, un-signalized intersections, roundabouts and permitted
right-turn phase at signalized intersections for countries that use
keep left driving rule on the road.

A critical gap is defined as the minimum time interval in the major street
traffic stream that allows intersection entry for a minor street vehicle [2]. A
particular driver would reject any gap less than the critical gap and would
accept a gap greater or equal to the critical gap. Estimates of critical gap can
be made on the basis of observation of the largest rejected and smallest ac-
cepted for a given intersection

The rejected gap is defined as the time interval that a subject vehicle fails to
enter a main lane due to the vehicle obstacle flow in the main lane. “Maxi-
mum rejected gap” is the largest rejected gap in the middle of the reject gaps
of the individual vehicles [2].

Accepted gap is defined as the time interval for a subject vehicle in the cur-
rent lane to enter the traffic stream on the main lane without vehicle obstacle
flow from the main lane as illustrated by Figure 2 [2]. The general assump-
tion is that drivers only consider the adjacent gap i.e. the headway between
a lead vehicle and a lag vehicle over the object lane to which it wishes to
change to. In the case of merging into the adjacent lane, if the driver can ac-
cept both lead and lag headway, the gap is accepted and the lane changing is
accomplished.
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2. Literature Review

The roundabout has the ability to decrease the number of the conflicts point
in the intersection as shown in Figure 1. The conflict points are reduced from
32 points to just 8 points. Four points are diverging conflict and the oth-
er four are merging conflicts. The crossing conflicts are eliminated by the
roundabout.

It

A

0 Merging
@ Diverging

O Crossing

Fig 1: Potential collision points at roundabout

Studies by the Federal Highway Authority and Insurance Institute for High-
way Safety (IIHS) have shown that roundabouts typically achieve[4]:

* 37% reduction in overall collisions

* 75% reduction in injury collisions

* 90 % reduction in fatality collisions

*  40% reduction in pedestrian collisions

* 75 % fewer conflict points than a traditional intersection

2.1Gap Acceptance Concept

At un-signalized intersection driver should make a certain decision when it
is safe to cross or merge into the conflicts traffic flow. The need to search
for gaps between vehicles that they can accept, take into their account other
driver have higher priority (yield and stop control). This method is known as
gap acceptance method.
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1. Introduction

Roundabouts are a type of intersection. Roundabouts are becoming increas-
ingly popular because of their performance in terms of safety, capacity, and
cost. Roundabouts have the potential to reduce accident risk, since the traf-
fic flows merge and diverge at small angles and low speeds. Under certain
conditions, roundabouts also improve the flow of traffic at the intersection,
compared to other choices. Usually the circulating vehicles have priority of
movement and all entering vehicles must reject or accept the available gaps
while waiting to enter [1]. As traffic volumes increase on local roadways,
engineers are more frequently turning to roundabouts as an efficient, cost-
effective way to improve safety and traffic flow. Roundabouts substantially
decrease severe injury and fatality collisions and allow drivers to get through
intersections more quickly. Roundabouts also provide a safer way for pedes-
trians and bicyclists to navigate traffic.

1.1 Research Problem

The roundabout entry capacity is one of the major issues for the traffic en-
gineer. The entry capacity is suggested to be an exponential function that
depends on the critical gap and follow up headway [2].

The critical gap plays an important role in order to determine the need for
stop signs and to solve other design problems at any intersection. The avail-
ability of quantitate data for the critical gap charteristics therefore is very
important for this application [3].

1.2 Aim and Objectives

The aim of this study is to estimate the driver merging gap acceptance at the
roundabout. To achieve this aim, the study was carried out based on the fol-
lowing objectives:

I.  To collect and analysis gap acceptance and rejection data at round-
about

II.  To determine driver’s critical gap and follow up headway time at a
roundabout using two different methods
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Driver’s Merging Gap Acceptance at Roundabout

Shaza Farouk Azhari Hassan'

Abstract

Roundabouts in many cities around the world are becoming more popular
to use in their roads rather than other types of intersections. The roundabout
entry capacity is one of the major issues for the traffic engineer. The prin-
ciple of gap acceptance is the main principle for calculating the capacity of
a roundabout, using critical gap and follow up headway as key parameters.
This paper presents the findings of estimation of the critical gap and follow-
up headway in Malaysia roundabouts; roundabout at University Technology
Malaysia was chosen as a case study. Research data was collected using
video technology and reduced by recording time positions of vehicles into
MS Excel. Accepted and rejected gaps of individual entry drivers were ob-
tained. Raff’s method and the model based on the macroscopic probability
equilibrium were used to estimate the critical gap from a pair of accepted and
rejected gaps of individual drivers. The follow-up headway was obtained di-
rectly from recorded time events. The results of the critical gap show that the
two methods gave almost the same results. Comparing the results with that
at TRB (2000) the lower values indicate that the drivers tended to be more
aggressive in entering the roundabout and have limited knowledge of use of
roundabout rules. That leads to near misses and congestion.
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signed for this specific task; they carried out the study and supervised the
rehabilitation works. The authors are grateful to the UKCC administration
for giving permission to use the project data. Also the efforts of the Resident
Engineer (Mohamed A/Al-Raoof),Messers”’Hassan Al-Musharraf for Trade
and Construction Company Limited”and their projects manger (Eng. Mo-
hamed A/Al-Karim) and are highly valued for their team work cooperation
in completing the rehabilitation works satisfactorily and within the specified
time span.
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7. Post demolition findings.
During the demolition operations [4] the following remarks were noted:

- the roof slab was cast thicker than it’s specified thickness - it exceeds 0.25
m in many locations (instead of 0.15 m - thus adding overburden loads to the
roof, [see plates no. 11]. .

- the roof slab was lightly / under reinforced (T10@250c/c B/W) as com-
pared to its span length and the applied loads [see plates no. 12]. . .

- the main beams were having x-sectional area of 0.30*0.5m and were also
lightly /under reinforced (5T 16 bottom and 3T16 top)as compared to its span
and the supported loads.

- the reinforcement bars recovered from the demolished roof system were
found undistorted indicating to the fact that concrete of the roof was of low
grade quality.

-short pieces of reinforcement bars, slags .etc. were found thrown in the roof
slab.

8. Conclusions.

-the innovative method adopted enabled rehabilitation of the roof of the
MPS at ASF in a short time and at a relatively low cost, thus saving the
Factory from the disastrous effects which might have occurred if not being
done.[5]

- rehabilitation of industrial buildings, which were built in last decades inherit
some design and construction problems,and need smart handling in order to
prolong its life span and avoid any possible failures or malfunctioning.

- rehabilitation of these types of structures needs qualified and experienced
personnel and firms to do such jobs.

- utmost safety precautionary measures are needed in such works.
9. Acknowledgement.

This work was part of the UKCC consultancy services conducted, at first on
July 2014 for the structural assessment study and second during the period
between April to August 2015. The authors were structural consultants as-
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All drawings and design calculations were revised according to the submit-
ted specifications and conceptual designs.

By adopting and following the described method, the rehabilitation works [ plate
10] were carried out & completed professionally, safely, efficiently, in a very short
period (four months) and with a reasonable cost (only 174,000.00 USD).

T e S

Plate Mo, (60: Steel Truws resdy for Plate Mo, (71 Steel Trugs fixed to
pravinling & lilling. pewsilinn foguether wilh porling,

l’te Mo (8 Roof Sheefing™s tixed on Plate Mo, i9): Complete CH5S roof after
trusses, removal of the overhead platform.

Plate No. (10): Side Yiew of CMS roof
upon completion.
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cording to the given specifications and the conceptual designs & drawings,
were prepared, as outlined below:

A. Overhead Platform
The overhead platform is composed from the following components:

- Boxlattice main girders (x-sectional area 0.4*0.6m ) assembled from rect-
angular hollow sections pipes chords (top &bottom),verticals& diagonals
- to span the distance between the RC crane beams (8.6m apart) at spacing
of 2.0m c/c along the crane beams. These girders are firmly fixed/tied to the
existing RC crane beams [Fig 5 & plates no. 1, 2, 3, 4&5]. .

- Purlins from rectangular hollow section pipes spaced @ 1.0m c/c, fixed and
tied to lattice box girders [plates 3 &4]. .

- Plywood plates, 20 mm thick, laid on & riveted to the purlins [plate 5 . .
- Polythene sheets laid on the plywood plates.

- Curtain wall, made from rectangular hollow sections pipes and ployethene
sheets, to extend vertically from edge of the platform to the concrete roof.

- External scaffolding around the MPS.

- Temporary mobile steel ladder made from rectangular hollow sections
pipes.

- Barrel pipe down shoot for removal of debris.
B. Roof trusses

- Trusses (Howe Truss type) assembled according to 5950-2000[2], by weld-
ing from rectangular hollow section pipes [plates 6, 7, 8 & 9].

- Purlins from rectangular hollow section pipes.
- Bracings from rectangular hollow section pipes.

- Stiffening the bottom chord at the end joint of the roof truss, bearing plate
and anchor bolts.

- Corrugated metal sheets gauge 24 complying with BS 15016172:2011[3]
was used.
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6. Rehabilitation works.

The construction Contractor “Hassan Al-Musharraf for Trade and Construc-
tion Company Limited” was entrusted by the Sudanese Sugar Co. Ltd. to
carryout the required works under the supervision of UKCC.

The detailed designs and drawings for the platform and the roof trusses, ac-
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the pump/groundfloor level. The overhead platform to be designed rigid
and strong enough to support safely it’s own weight, the load of debris from
demolished RC, the new corrugated metal roof materials, the personnel in-
volved in rehabilitation works and their necessary tools.

- Demolition of the whole concrete roof system (except the top tie beam),
and the top of column’s heads to be carried out using light hand tools.

- Design, assembly and erection of a complete light roof (corrugated metal
sheets roof).

- Cleaning and painting the inner walls of the MPS and control room, carting
away debris and cleaning the site of works and restoration of the MPS to its
original working conditions.

The overhead platform is comprised of main lattice girders assembled
from rectangular steel hollow sections [Fig. (5) & plates (1) & (2)] ,rectan-
gular steel hollow sections purlins and plywood plates. The platform was
covered by ployethene sheets to safeguard against the dust -resulting from
demolition activities - from entering the MPS [Fig. (3) & plates 3,4 &5 ].

After due consultations with the administration of irrigation sector at ASF,
it was agreed to reschedule the pumping operations at MPS by shutting down
half of the pumps & covering / warping them by ployethene sheets, during
the whole period of rehabilitation works of that half of the MPS roof.

60 x 30 mm

SEC. X-X

Fig (5): Main lattice Box Girder
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5. Remedial Methodology.
The main concerns of the Client (Owner), as mentioned above, were:

I.  Safe guard against any sudden failure of the RC roof.

II. Remedial method adopted shall not interrupt the operation schedule of
the pumps in MPH and shall guarantee the safety of the equipments
&personnel at the MPS.

III. Remedial works are to be completed in short reasonable period of
time.

The team of experts studied all possible options for the rehabilitation works

under these constrained and challenging conditions and concluded that the
first obvious thinking of carrying the remedial works from the ground floor
level was not seen feasible &acceptable; instead it was thought wise to con-
fine all the rehabilitation works (inside the MPS) above the level of the
RC crane beams at height of 7.2m above pump floor,in order to guarantee
no-interference with the on going working schedules&the daily activities
inside &around the MPH and to guarantee the safety of the operation teams
as well.

An innovative method for rehabilitation works (demolition and erection of
new roof) was proposed by erection of an overhead platform (to isolate and
confine the rehabilitation works well above the pumps level, thus avoiding
any interference in the working schedules of the pump station)and then the
design erection of light weight roof. The overhead platform will be support-
ed on the RC crane beams that run parallel to the main axes of the MPS at a
height of 7.2m above the pump floor [Fig 3].

Due to practical reasons it was decided to carryout the required works in
two stages, by carrying out the demolition & erection of one half of the MPS
roof at a time and then shifting to the other second half upon completing the
first half.

Conceptual designs & drawings, for the overhead platform and the light
weight roof (corrugated metal sheet roof), together with the technical speci-
fications for materials and workmanship and bill of quantities were prepared
by UKCC study team [Fig. (3)].

The study team identified the essential items in rehabilitation works to in-
clude:

- Design and erection of a light weight overhead platform resting on the
reinforced concrete (RC) crane beams 8.6m apart at a height of 7.2 m above
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Fig (3): Proposed Platform.

Fig (5): Typical Section Of The New Corrugated Metal Sheet (C"MS) Roof

Fig (4): Typical Section of the Proposed Corrugated Metal Sheet
(CMS) Roof.
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ing the already critical situation and pave the way for the leakage of water
through the roof slab into the MPS.

-Steel reinforcement of the RC roof slab panels& main beams showed signs
of rusting (de coloring of concrete surfaces in the vicinity of the cracks).

- Large through cracking of one column at its head - due to excessive deflec-
tion and rotation of the roof main beam supporting it — was noticed.

- Neither the water proofing coats for water tightness of concrete surfaces,
nor the light weight concrete (khafgi) layer, for surface draining of storm
water from roof & heat insulation of the roof, were executed during the con-
struction stages, rendering the roof vulnerable to accumulationof storm wa-
ter (pond) &leaking into the MPS through the RC roof slab .

- The depth of concrete section of the main beam, which is spanning 8.6m,
was under sized- the actual depth (L/17) is less than the depth (L/10) neces-
sary to meet deflection requirements.

-Inherited, residual permanent deflections of the roof panels noticed at dif-
ferent locations noticed were likely to be due to the yielding/settlement of
the props (supports) of the formwork for the roof system which might have
occurred during construction stage in addition to the effect of concrete creep
during the past four decades.

- The quality of the workmanship was generally acceptable.
4.2 The Recommended Rehabilitation and remedy:
The team of the structural assessment study recommended the following:

- Immediate demolition of the existing defected concrete roof system [Fig.

3l
- Erection of a light weight roof in place [Fig 4];

- The required rehabilitation works (demolition of the RC roof and erection
of light weight roof in place )to be executed by an experienced Construction
Contractor;

- The rehabilitation works should not interrupt or affect the operation sched-
ules of the MPS;

- Safety of personnel and equipment inside the station must be guaranteed.
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The Authorities of the Sudanese Sugar Co. Ltd. (SSCL) and ASF
administration,became aware of the catastrophic economical effects that
might be incurred, if a sudden failure of the roof of MPH occurred- such
as reduction in the production of sugar cane or an untimely shutdown of
the Sugar Factory - and were so concerned of how to deal with this critical
situation. This urged the authorities to seek the advice of the University
of Khartoum Consultancy Corporation (UKCC ) for the rectification of this
critical situation.

This technical paper embodies the outcome of the the structural assessment,
design of an innovative method for the rehabilitation of the RC roof and the
procedures followed by the siteworks to accomplish the task successfully
and timely, and without stopping operations of the MPS operations.

4. The structural assessment of the roof of the MPS and The recom-
mended rehabilitation:

4.1 Assessment:

UKCC consultant’s team, formed in July, 2014, conducted a structural as-
sessment for the structural components of the defected roof of the MPS
through the following activities:

- Site visits of MPS for visual inspections;
- Reviewof available structural drawings;
- Classification of the type of cracks;

- Estimation/measurement of deflections;

- Assessment of the environment of working conditions and the schedules of
operation of pumps at MPS.

The results of the structural assessment [1] of the RC roof were as follow:

- The deflections of both RC roof slab panels & main beams far exceed the
acceptable limiting values.

- Crack’s widths in the RC main beams & slab panels exceeds the acceptable
limiting values.

- Formation of two large water ponds on the RC deflected roof, which last
for the whole rainy season, added additional loads to the roof, thus worsen-
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The Main Pump House(MPH) is a reinforced concrete framed building, it’s
structural components comprised of a slab & beam roof, having plan area of
8.5*%36.0 sq.m.,at a height of 9.8 m. above ground or pump floor; two sub-
basements (suction or receiving basins) cast monolithically with the pump
house; overhead crane that runs along two RC crane beams at a height of
7.2m. above the ground or pump floor; control room attached to the pump
house. The discharge basin is located north of MPS at a distance of about
20.0 m from it, [see figs.(1)& (2)and plates (1), (2) ,( 3) & (4)].

The MPH accommodates five centrifugal axial pumps, each having a capac-
ity of 4.0 cu.m per second.

Fig (1): Sectional Elevation of  Fig (2): Roof Plan at Level
Main Pump House +388.5

3. Statement of the problem.

The reinforced concrete roofing system ( slab panels framed by beams) of
the MPS experienced noticed excessive deflections, over the past span of
time since its construction, (especially the three western panels) associated
with wide flexural cracks in the main beams and slab panels resulting in the
breakage of one column at its head. These excessive deflections caused ac-
cumulation of rain/storm water on top of the roof and then leaking into the
pump house.[Fig 2].

This situation makes the roof of MPS in a state of incipient failure, thus en-
dangering the safety of the pumps inside the MPS and the pumps operation
team.
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Map (1): location of Asalya Sugar Fact

ry cheme.

2. Description of the Main Pump Station (MPS).

The MPS of the scheme lies on the eastern (right) bank of the White Nile
(WN) river, near Rabak city (capital of the WNS), situated at distance of
600.0 m from the bank of WNand connected to it by a tail canal.

Map (2): Main
Pump Station of
Assalaya Sugar
Factory.

Journal of BRR Volume (19) december. 2015




ujjﬁe;}éuhmm‘md\édsmj cu&d\éuu)u\e.\mu@)}.as
JAagall Gl yall) Clallal) 2 ae ¢ Ellu Al Cud ) ) ) Glales b e @l
u.a}\} ¢aal A5|U.\ d)bd\ms.uem: c)LLAY\ ahwwd@u&uﬁ\@(@su\
u,auas;usug_uS).\j ‘@)J\ujéc@h)d\@i\umdb\uj}aé\ M\Jﬂ\

A0S dalial) sl \}N\
Sl ¢S] Sl el claall s Sl o) & Liea u)ﬂx\d&u\m

Qsamm}hwﬁ);}wdh} ‘mwm\}d@u&ﬁ)&\mbj\&}
CalEY) ] A ;) € daill o34 A bl a1 il bl Al ) @l el
Jialill Olee A 5n el 20all i) 30 5a s laal) gmgly AN Cillee a2l
- o )

5oladll il s 350 o LR Y) o 55 Jaalll Auslie e Sl A4l pud] 3S a1
il ol ) cand Jaall) g Glaeal) 3850 53 5aad) agall

e.m..a.\u,a M\)J\d.q)&é\lau\y)}.aaweaﬁhu&;d&hﬂuh&sﬂ&méﬂ\mb
\)XY‘&JM&-HS)J}M}‘@L&)A”M\AMJ‘});&S}‘M}M\MJ\&-\AS}}@.MAJ)
dbag\ﬁs‘,‘tu@.m 4.:.1.3:1\

Gy ¢ mlll o) b ) Al duelicall @lal) e Gaadl o) 13 ) caald
S ISLaL e g paail (and g Aaal e ) 2 liad i) ) asenatl) S any (e il
J\)@\UM@G}]\&\J}J\&AMM\ @\)M‘aJmMuQAM\yL@_\Ad\u
J8 G lie 5305 )50 J) gt bt oda it Jaalil y Gilall cillee (o) 6366, lasad
4;..45\&_\\ \);\d.ud.a J\Ch&dl&sy\bﬂdﬂu‘}‘UYJM\UKﬂjuﬂ)w\wM\
il llee o) Al

1. Introduction.

Assalaya Sugar Factory (ASF) is a state owned sugar production factory,
which was established in 1979 and started its operations in Jan.15,1980. ASF
lies in White Nile State (WNS), at a distance of 280km south of Khartoum
City (the NationalCapital of Sudan), [Map 1].Its maximum production ca-
pacity is 110,000 tons of sugar per year; the area of the agricultural scheme
is about 35,000 fedans (14,700 hectares),irrigated from White Nile (WN).
The irrigation system, in this scheme, comprised of a tail canal, main pump
station (MPS), major canal, booster pump stations (BPS), minor canals, net-
work of irrigation& drain canals.
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The rehabilitation works were constrained by the impossibility of carrying
out any works from the pump floor due to the strict operation schedules of the
pump station in order not to affect the irrigation of the agricultural scheme.

The study team invented an innovative method for the required rehabili-
tation works, by designing & erecting an elevated platform resting on the
crane beams. This platform protects the pumps underneath; intercepts the
debris resulting from demolition operations and serves as working space for
erection of the new roof.

Hassan Almusharf for Trade and Construction Company Ltd. was entrusted
by the Sudanese Sugar Company Ltd. to carryout the rehabilitation works
under the direct supervision of UKCC experts. The rehabilitation works were
carried out satisfactorily and within the specified time frame.

This technical paper concludes that some industrial structures which were
constructed on the last century requires inspections by qualified experts to
identify structural deficiencies; the importance of adoption of routine main-
tenance programs for such structures; the rehabilitation of such structures re-
quire highly qualified experts and experienced contracting companies; adop-
tion of tough Heath &Safety measures is a prerequisite of such works.
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(Technical Note)

An Innovative Method of Rehabilitation of the roof of
the Main Pump House at Assalaya Sugar Factory.

Yousif Tibin Musa and Osman Abdelrahaman Aballa’
Abstract

Assalaya Sugar Factory Ltd. which lies in White Nile state north of Rabak
city, was established and started its production in 1981 with a maximum
production capacity of 110, 000.0 tons of sugar per year. The agricultural
scheme is irrigated from White Nile River through irrigation systems com-
posed of tail canal, main pump station, carrier canal, booster pump stations,
and networks of irrigation canal & drains.

The pump house of the Main Pump Station is a reinforced concrete framed

building, cast monolithic with sub-basements (suction basins), it accom-
modates five pumps, overhead crane and control room. A reinforced con-
crete discharge basin is located at distance to it.

The roofing system of the pumps house experienced excessive deflections
associated with large cracks resulting in the accumulation of storm water
during the whole rainy season, therefore rendering the roof at the state of
incipient failure, and endangering the safety of the personnel & equipments
inside the pumps house.

The Sudanese Sugar Co. Ltd., being aware with the catastrophic economical
consequences incase a sudden failure of the roof occurred, entrusted the the
University of Khartoum Consultancy Corporation (UKCC) to conduct struc-
tural assessment study and to recommend the necessary remedial measure
in order to rectify this critical situation. The UKCC formed a team from its
experts to carryout the required task and supervise the rehabilitation works.

This technical paper embodies the results of the study and process of the
rehabilitation works.

The study team conducted structural study in June 2014 and concluded that
the reinforced concrete roof beams were undersized; there exist inherited
deflections due to construction defects (yielding of the props of the form-
works); the water proof coat & the light weight concrete (khafgi) that fa-
cilitate roof draining were not executed. The team recommended immediate
removal of the RC defected roof and erection of a light weight corrugated
metal roof in place.

1-Lecturer , Building and Road Research institute (BRRI),UofK
2-Assistant Professor, BRRI ,UofK
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5. Conclusions

The following conclusions may be drawn from the present study on the eval-
uation of the stress history expressed in terms of pre-consolidation pressure
and over-consolidation ratio parameters from CPT data for various Sudanese
cohesive soils types:

a) The CPT test has proven its usefulness and reliability in solving quickly
and successfully some of these foundation problems in the regions where
a sufficient experience has been gained in the interpretation of the test
results.

by Attempts to estimate the stress history parameters op and OCR for
the cohesive soil types studied through application of some empirical
methods developed elsewhere were not successful despite their reported
reliability and validity in the region where they have been proposed.

c) As the stress history parameters and CPT data of soils are influenced
by many factors, a simple and direct relationship cannot be easily
established between these soil variables. For the purpose of analysis,
the soil samples were classified according to their types and selected
parameters which included plasticity index (PI), cone tip resistance (qc)
and friction ratio (Ry).

d) A linear regression analysis was performed to study the relationships
between the effective pre-consolidation pressure (o’p) and over-
consolidation ratio (OCR) on one hand and the CPT data on the other.
Generally, the analysis results indicated reasonable to strong relationships
between OCR and the CPT normalized cone resistance (qe) for the
differently analyzed data sets. However, the correlation was better in the
regression models based on the PI and Rr than those based on the soil
type and qc.

e) The OCR-qcn regression model based on the Rf seems to be the most
preferable compared to the other three models for estimating the OCR
from the CPT normalized cone resistance, qcn. The accuracy regression
relationships established between the soil OCR and the CPT data can be
improved by considering more data from future research works and site
investigations.
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It may be concluded that the models based on the PI and the R, parameters
give the best OCR-CPT relationships. Accordingly, the regression equations
expressed in terms of R, and PI parameters can be used in the absence of the
definitive consolidation test data for estimating the OCR with a reasonable
accuracy for soils similar to those studied. The accuracy of the developed
relationships can be improved using data from future research studies and
site investigations or other relevant sources.

Furthermore, the following factors may be considered for comparison to find
which of the two models based on PI or R, would be preferred for OCR
evaluation from technical and practical viewpoints:

a) The CPT provides continuous information regarding the variation of
measured data with depth, thus the R, will be known at any penetrated
depth.

b) The Rf is used worldwide to classify soils by applying well known
schemes or charts developed in various countries. In Sudan, a method
based on the CPT data was developed since 1980 [2] for the classification
of local soils.

c) Fora given soil, the OCR can be readily and rapidly estimated using CPT
results since there is no need to obtain samples for laboratory testing as
will be required for the equations based on the PI.

d) The effects of in-situ soil shear strength and stress state conditions on the
OCR are reflected in the R+ value because they are indirectly related to
the cone resistance of penetrated soils , and

e) TheRrmaybedetermined forall soil types whereas the Plis a characteristic
of plastic clay soils only. Such an advantage facilitates extending the Rr
based OCR-qn relationships for non-plastic silty and sandy soils.

Considering the above factors, the OCR-q_ regression model based on R,
may be ranked as the most preferable of the four different approaches for the
evaluation of the OCR from the CPT data. The methodology for using the R,
regression model for OCR evaluation involves the following steps:

a) Determination of Rr for the soil material at the depth of interest from
CPT data profiles

b) Selection of the appropriate Rr range from Table 5 for soil data sub-
grouping, and

€) Substitution of the Rr value obtained in step (a) in the OCR-qe equation
assigned for the Rrrange specified in step (b).
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other hand, the model based on the plasticity index (PI) gave the lowest stan-
dard error and an R* value slightly lower than that based on the R .
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4.5 Discussion of Regression Modeling Results

It is clear from the results of data analysis summarized in Tables 2 through 5
that in general reasonable to strong indirect relationships can be established
between the OCR and q_ for the cohesive soils by considering the effects soil
type and condition indicated by certain indices or parameters.

High values of the regression analysis coefficients (R, R? and Adjusted R?)
were obtained for the SC soil type, non-plastic soils and soils with very high
cone resistance (over 12MPa) or very low friction ratio (below 2%). Such
high correlation coefficients indicate strong relationships between the OCR
and q_ for these particular soil types.

Similarly, reasonable correlation relationships have been indicated between
OCR and q_, with R*and adjusted R* values in the ranges of 0.61 to 0.793
and 0.577 to 0.782 respectively for the data sets pertaining to the other soil
subgroups There are, however, some variations in the results derived analy-
sis in the four data sets considered to model the OCR and q_, relationships.
Generally, the degree of correlation was better for the data analyzed n terms
of the soil plasticity index (PI) and the CPT friction ratio (R,) than in terms
of the soil type and cone resistance (q ).

For the purpose of an overall rating of the four regression models the data
given in Table 6 below were deduced from analysis results to examine which
of them gives the best OCR-q_ correlation.

Table 6: Ranges and average values of regression analysis results

Regression model Coefficient of determination R? Standard error

pased o Range Average Range Average
Soil type 0.774 - 0.626 0.683 1.132-1.348 1.200
Plasticity index 0.776 - 0.645 0.730 1.042-1.145 1.064
CPT cone resistance | 0.859 —0.654 0.723 0.776-1.956 1.216
CPT friction ratio 0.845 - 0.645 0.747 0.982-1.539 1.261

A simple comparison was made on the basis of the values of the R? and stan-
dard error measures of regression analysis in Table 6. The average values
of R?(0.683 to 0.747) and standard error (1.064 to 1.261) generally indicate
reasonable and comparable correlation relationships for the different data
sets. The highest and lowest average R? values were indicated in the OCR-
q,, models based on the friction ratio (R,) and soil type respectively. On the
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Table 3: Regression analysis results for data grouped in terms of plasticity index

Plasticity index (P1) %|  Samplesize | Best fit line equation R 'S Adj.R*|  Standard error
Less than 10 29 OCR =0.046q,+0.674 0887 0.786 0.778 1.044
10-19 4 OCR=0.011q,,+2.116 0.847 0717 0.710 1,046
20-29 38 OCR=0.015q,,* 1322 0879 0.772 0.766 1042
30-50 N OCR=0.021g,,+2.123 0814 0662 0.645 1.145
Over 50 9 OCR=0.028q,,+ 1189 0.844 0.712 0.671 1.042

¢) Data Based on CPT Results
The soil data were divided in two main groups each consisting of five sub-

groups of specified cone resistance q_ and friction ratio, R

f

ranges. Regres-

sion analysis was performed and the results obtained are presented in Tables
4 and 5 for the q_and R, data sets respectively.

Table 4: Regression results for data grouped in terms of CPT cone resistance

Cone resistance, Sample size | Best fit line equation R R? |AdLR Standard error
q. (MPa)
0.50-2.00 21 OCR=0.072q,, +1.306 0.825 0.681 0.664 0.776
2.00-5.00 40 OCR=0.040q,,, +0.953 0.809 0.654 0.645 1.122
5.00-8.00 34 OCR =0.025q,, +1.220 0.837 0.701 0.692 0.999
8.00-12.00 14 OCR=0.051q,, +1322 0.781 0.610 0.577 1956
12.00-20.00 15 0CR=0.019q,, 0.927 0.859 0.848 1226

Table 5: regression results for data grouped in terms of cpt friction ratio

Frctionratio R, (%) | Sample size Best fit ine equation R IS Adj. R | Standard error
Over 7.0 20 OCR=0.034q_+1.230 0891 0.793 0.782 0982
50-70 1l OCR=0047g_+0.728 0.845 0.714 0.699 1207
35-50 40 OCR=049q_+0.56 0.794 0.645 0636 130
20-35 i 0CR=0013q_ +2.102 0858 0.737 0725 1539

Less than 2.0 16 OCR=0018q_ + 1405 0920 0.845 0834 1237
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range of the above soil parameters or indices. For the data set pertaining to
each subgroup, the OCR values were plotted against the normalized cone
resistance q_ . Outlier data points which appear too large or too small in com-
parison to the other values have not been included in the analysis. Such
points may be resulting from incorrect experimental process, calculation
and/ or sampling or the observed value is due to different mechanism other
than that guides rest of the data set.

Linear regression analysis was then performed to establish the relationships
between OCR and q_ for all soil subgroups using the Microsft Excel built-in
statistical package. The following output data were obtained from regression
analysis for the various data sets:

e) Slope and y-intercept of the best fit straight regression line
f) Coefficient of correlation, R

g) Coefficient of determination, R2

h) Adjusted coefficient of determination, Adj. R2

i) Standard error.

4.4.2 Data Analysis for Different Soil Groups

a) Data Based on Soil Type

In this data set, the soil samples were divided in four subgroups based on the
USCS Scheme; low plastic clay soils (CL); highly plastic clay soils (CH);
silty soils (ML-MH) and clayey sand soils (SC). The results of the linear
regression analysis are summarized in Table 2.

Table 2: Regression analysis results for data grouped in tems of soil type

Soil Sample Best fit line equation R R? Adj. Stan-
Type size . dard
error
CH 33 OCR=0.015qcn + 1.917 0.791 0.626 0.614 1.348
CL 36 OCR =0.030qcn + 1.987 0.831 0.690 0.680 1.171
ML- 37 OCR =0.037qcn + 1.681 0.690 0.643 0.633 1.132
MH
SC 18 OCR = 0.020qcn + 0.201 0.880 0.774 0.760 1.147

b) Data Based on Plasticity Index

The samples in this data set were divided into five subgroups: (i) non-plastic
and low plastic soils of PI < 10%, (ii) soils of PI = 10 to 19% (iii) soils with
PI =20 to 29% (iv) soils of PI =30 to 50% (v) soils of PI > 50%. The results
of linear regression analysis carried out are given in Table 3.
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Fig.4 Relationship between over-consolidation ratio and
CPT normalized cone resistance

4.4 Modeling the OCR and CPT Relationships for Selected Soil Subgroups

4.4.1 Selection of Soil Sub-Group for Analysis

The relationship between the OCR and q_ in Figs. 3 seems to be slightly
more defined than in 6” versus q_ plot In F1g 4 as indicated from the lower
degree of data scatter and the hlgher computed R? value and inferred by
the patterns of data variations in the two figures. This implies that a more
promising correlation could be established between the CPT q  and the OCR
rather than the o’ . Thus, the main emphasis in this study was devoted to
study the p0s51b111ty of developing a relationship between the OCR and q_
soil variables.

The following parameters which qualitatively or quantitatively reflect the
type and condition of soils have been considered in an attempt to establish
reliable relationships between OCR and the CPT:

a) Soil type designation using the USCS scheme
b) Plasticity index (PI)

¢) CPT cone tip resistance (q ), and

d) CPT friction ratio (R)

For simplicity of comparison, the data pertaining to all soil samples can be
arranged in four main sets or groups under the above headings. These groups
were further divided into subgroups each representing a type or a specified
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in R? is more than one would expect to see by chance. The regression line ef-
ficiency can also be evaluated through the estimation of standard error such
that the smaller the variance between observed and estimated variable values
the better is the model. A linear regression analysis was used to examine the
relationship between the stress history and the CPT data of the soil types
covered by this study.

4.3 General Relationships Between CPT and Stress History Parameters

To study the relationship between the stress history parameters and the CPT
data, the values of the pre-consolidation pressure ¢’ and over-consolidation
ratio OCR determined for all soil samples were plotted against the normal-
ized cone resistance (q -0, )/o’  as shown in Figs. 3 and 4 respectively.

Figs. 3 and 4 show general variation trends that the o, and OCR tend to in-
crease with the normalized cone resistance however the degree of data scat-
ter is very significant in both plots. This clearly indicates that no simple and
direct relationships exist between any of the two stress history parameters
and the CPT data. The high degree of data scatter may be attributed to the
fact that the o’ OCR and CPT results are influenced by several factors prob-
ably the most 1mp0rtant are the type and condition of the soils. The effects
of such factors were indirectly considered as discussed in the subsequent
sections in order to develop useful correlation between the o’ ,or OCR and
the CPT data.

1000
900
HI
700
GO0
500
400
300
200
100

I
o oo 200 300 400 2S00 &0D

Pre-consolidation pressure o’ (kPa)

Fig.3 Relationship between pre-consolidation pressure and CPT
cone resistance
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soil types considered in this study. Comparisons were made between the o”
and OCR values determined from consolidation test results and the values
estimated according to corresponding empirical methods. Unfortunately,
the application of the three empirical methods has not revealed any good
agreement between measured and estimated data. None of the three meth-
ods proved to be successful in yielding sound or meaningful predictions of
the 0’ and OCR for the Sudanese soil types considered. This is not unusual
consi(iering the complex stress history behavior, the empirical nature of the
relationships and doubt with respect to their applicability to soils different
from those for which they have been developed.

In view of the unsuccessful outcome of applying the empirical methods to
evaluate o’p or OCR parameters from CPT data, consideration has been di-
rected towards attempts to development of new relationships for the Suda-
nese soils.

4.2 Modeling of Variables Relationships by Linear Regression Analysis
Linear regression analysis is often used to develop a mathematical relation-
ship between an independent and dependent soil variables or parameters rep-
resenting a set of data. This is done by adjusting the observations to define
the slope and intercept of the straight line that best predicts the dependent
variable from the independent variable. Various measures may be used to as-
sess the “goodness” of regression model in explaining the relation between
the two variables. These include the data scatter plots, residual values around
the regression line, coefficient of correlation R, coefficient of determination
R?, adjusted R* and standard error.

The scatter plot shows the direction, strength, and shape of the relationship
between the variables and can also be used to spot outliers and nonlinear as-
sociation. The residual value is the deviation of a particular point from the
regression line. For a perfect fit the line passes through all points and thus
the residual value in any point is zero. However, such an ideal case rarely
exists and normally the line fits through data points such that sum of squares
of residual expressed as the ratio of variance is minimized. The ratio of vari-
ance would be 0 if two variables are perfectly related however this ratio
would fall between 0 and 1 in most cases. Mathematical subtraction of the
ratio of variance from 1.0 gives the value of the coefficient of determination
R?, a measure of how well the model fits the data. An R? value close to 1.0
indicates that almost all of the variability specified in the model has been
accounted for. The value of R? is, in turn, closely related to coefficient of
correlation R and the adjusted R2 The use of an adjusted R? is to take ac-
count of the increase in R?value when extra explanatory variables are added
to the model. Unlike R?, the adjusted R? increases only when the increase
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3. Database of Consolidation Test Results and CPT Data

The soil database used in this study was obtained through compilation of
consolidation test and CPT data from previous research studies undertaken
at BRRI on Sudanese soils and some relevant data from previous geotechni-
cal reports prepared for several infrastructure projects. Such soil data pertain
to sites located in Khartoum State and several other states of the country. In
total, 125 data pairs of clayey soils (CL and CH), silty soils (ML and MH)
and sandy soils (SC and SM) were considered for analysis.

A static CPT machine with a mechanical adhesion jacket cone was used
throughout in these research studies and investigations for performing tests
very close to the locations of boreholes drilled to obtain undisturbed samples
for laboratory testing. The CPT profiles were used for determining the cone
resistance (q ) and friction ratio (R)) at the depths from which the soil samples
were taken in the adjacent boreholes. The oedometer tests were performed
on undisturbed soil samples to determine the Gpl and OCR using the appro-
priate e—log p curves according to the Casagrande method. The soil index
properties and stress history parameters ranges pertaining to the different soil
types covered in this study are summarized in Table 1 below.

Statistical regression analysis was carried out based on the database obtained
for the evaluation of the stress history parameters of the types of soil consid-
ered from CPT data as described below.

Table 1: Ranges of the index properties, CPT data and stress history param-
eters of studied soils

Soil Fines Atterberg 1D Odometer
Sample CPT Data
type i content limits test Data
size @) | )LL [ ) PL| g (MPa) | (%R, | o (kPa) OCR

CH 331 97-60 | 11841-|82-24| 14.0-0.8 | 10.0-1.0 [ 610-75 9.0-1.0

CL 36| 97-50 | 50-26 | 34-7 | 20.0-0.8 [ 9.0-0.1 480 - 78 12.0-0.3
ML-MH 371 99-32 | 63-23 | 21-0 | 21.5-0.1 | 10.0-0.8 | 780-80 13.0-0.5

SC 18] 50-27 | 85-23 | 52-6 | 19.0-3.0 | 7.5-1.3 500 - 80 11.6-0.3

4. Analysis and Discussion of Study Results

4.1 Validity of Previous CPT and Stress History Parameters Correlations

To examine the usefulness of some of the previous methods to predict soil
history parameters from the CPT data, the methods given in Equations 1, 2
and 3 tested for their validity in estimating the o’p and OCR for the Sudanese
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Fig. 2 Relationship between over-consolidation ratio and
normalized CPT cone resistance [15]

Mayne et al [16] developed the following unified regression equation for

evaluation of effective pre-consolidation pressure in soils in terms of the net

CPT piezo-cone resistance: . ,
0,=0.33(q,-0,)"o,,/100)"" “4)

The exponent m’ was related to the CPT material index I defined in Eq. 5
below as a function of normalized cone resistance Q, and sleeve friction F,

[8]:
I =[(3.47 —log Q)+ (1.22 + log F }}]°s (5)

Based on the review of experience gained in previous studies it seems that
the CPT method is a useful tool for the evaluation of the soil stress history
parameters o_and OCR. The present study is considered as a continuation of
research on this important aspect of the CPT applications. More specifically,
it has two objectives; firstly, to examine the usefulness of some published
predictive methods based on CPT for evaluation of the OCR and o, of Suda-
nese soils and; secondly, to attempt developing new relationships using the
available relevant soil database in case they are not applicable.
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The importance of establishing relationships between the soil types and char-
acteristics determined from the conventional testing methods and the static
CPT is that some theoretical and empirical solutions of foundation engineer-
ing problems are based on the CPT. The development of CPT brought the
attention on the possibility of using the test data for the evaluation of o’ and
OCR stress history parameters [8,9]. The first direct and simple relationship
of 0’ = q/3 was proposed in 1979 [10] between o, and the cone resistance
(q) for the soil deposits in eastern Europe. This was further rectified by in-
cluding the soil overburden pressure, o, [11]. Several other theoretical mod-
els in which the 0’ or OCR were related to the CPT data were proposed by
several authors [lf, 12, 13]. The following empirical relationship between
o’ and the net cone resistance (q- o, ) was developed for Canadian clays

[10].
0,=(q,-0,)/N, [2]

N_ in Eq. 2 denotes a factor that was found to be highly dependent on the
soil properties in different sites with reported values of 2.5 and 3.28 in two
studies based on world soil data [14, 15]. A typical relationship showing the
variation of the pre-consolidation pressure (o) with the net cone resistance
(q,-0,,) is shown in Fig.1. The relationship in ‘Eq. 3 and graphically depicted
in Fig. 2 was proposed using a large number of data points between the soil
OCR, the normalized cone resistance, Q and the soil plasticity index L [15]:

OCR = 0.646Q""! Ip0-2! 3)
-/ "
a
7
Vi
¥
—\._ - - /" h
g N4
© J A
o Ty
-- / =
e !
f/ ::;....::‘" |

. . ap.- (l&) . .
Fig. 1 Relationship between pre-consolidation
pressure and net cone resistance [10]
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tion, determination of physical and mechanical soil properties, estimation of
soil bearing capacity, prediction of soil settlements and the design of shallow
and deep foundations. Worldwide, numerous empirical and semi-empirical
methods have been developed to evaluate geotechnical parameters for wide
ranges of soil types and conditions from the CPT data. These evaluation
methods vary greatly in their reliability and applicability.

Research on the CPT for Sudanese soils was initiated by the Building and
Road Research Institute (BRRI), University of Khartoum in 1980 [2] and
since then several studies have been undertaken to cover various aspects on
the use of CPT for classification and evaluation of the geotechnical behavior
of'soils [3, 4, 5]. Areview of the experience and research works carried out at
BRRI on the use of CPT in Sudanese soils was presented by the author [6].

The main objective of this study is to examine the usefulness of the CPT
technique in the evaluation of soil stress history of some Sudanese cohesive
soils which are dominant in the upper subsurface strata in most central states
of the country, particularly in Khartoum State.

2. Evaluation of Stress History of Cohesive Soils Using CPT
Data; A Review

The soil stress history is an important geotechnical aspect and is normally ex-
pressed in terms of two main parameters; the pre-consolidation pressure (op)
and the over-consolidation ratio (OCR). The OCR is defined as the ratio of
o, i.e. the maximum effective vertical stress a soil has experienced in the past
to the present effective stress (o, ). The determination the OCR is of great
importance as the strength, stress-strain behavior and the compressibility of
soils are significantly affected by their stress history. The pre-consolidation
pressure is determined by performing oedometer tests on undisturbed or re-
moulded soil samples but their results are influenced by sample disturbance,
test procedure and the method of interpretation.

The pre-consolidation pressure and over-consolidation ratio have previously
been related to some soil parameters or indices such as plasticity index (PI),
liquidity index (LI), apparent soil cohesion (¢ ) and undrained shear strength
(s,)- For instance, the following relation was proposed for estimating the ef-
fective 0’ in terms of the liquidity index (LI) and atmospheric pressure (p,)

[7]:
o’ Jp = 100116210 (D)
p'Fa
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1. Introduction

The cone penetration test “CPT” is an important site investigation tool and
one of the most commonly used techniques for the classification and charac-
terization of soils in the field of geotechnical engineering.This test is carried
out by statically pushing a standard mechanical or electrical cone of 60° apex
angle and 10cm? cross-section through the soil at a constant rate of 20mm/
sec. The main parameters measured in the CPT are the cone tip resistance
(q,) and sleeve friction (f) which are normally recorded at small depth inter-
vals that can be as small as Smm in modern CPT equipment.

The CPT has some advantages over the drilling and sampling methods [1];
which include:

e It is relatively quick, simple and economical

e It provides information on soils in their undisturbed or natural condi-
tions

e It provides a continuous record of data measurement for the investigated
depth

e [t provides repeatable and reliable data i.e not operator dependent, and
e There are strong theoretical basis for CPT data interpretation.

The main disadvantages of the CPT are that no soil samples could be re-
trieved for visual inspection or laboratory testing and the penetration can be
restricted in gravelly and highly cemented soil strata.

The CPT technique has been applied in various ways such as soil classifica-
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Use of Static Cone Penetration Test for Evaluation of Over-
consolidation Ratio of Some Sudanese Cohesive Soils

Abdul Karim Mohammad Zein'

Abstract

The aim of this study was to examine the usefulness of the CPT method in
the evaluation of soil stress history parameters of some Sudanese cohesive
soils. Database which pertain to sites in Khartoum and several other states
in the country was deduced from the CPT and consolidation test results of
previous research studies and geotechnical reports prepared at BRRI. Statis-
tical linear regression analysis was performed to establish the relationships
between over-consolidation ratio (OCR) and the normalized CPT cone resis-
tance (q_ ). A total of 125 data pairs representing various cohesive soils were
considered for analysis in this study. The CPT data were determined using a
mechanical adhesion jacket cone at the depths corresponding to those from
which the samples were taken for odometer testing. Four data sets grouped
according to the soil type, the plasticity index (PI), CPT cone resistance (q)
and CPT friction ratio (R,) were considered for analysis. Generally, the anal-
ysis revealed reasonable to strong relationships between the OCR and g in
all data sets. However, the degree of correlation was better for the data sets
based on PI and R, soil parameters than those based on soil type and cone re-
sistance (q ). The OCR-q_ regression model based on the R, was considered
to be more preferred for the evaluation of the OCR than that based on PI, be-
cause it is simple and more convenient to apply in practice. The accuracy of
the developed OCR-q_ relationships needs to be improved and refined using
additional data from future research studies and site investigation.

Keywords: Cohesive soils, Stress history, Over-consolidation ratio, normal-
ized CPT cone resistance, CPT friction ratio, Linear regression analysis.
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2.4 Tables:
- Tables should be numbered consecutively in the order in which they

are referred to in the text (e.g. Table I).

- Table should be simple with brief column headings including unit

and as few rows and columns as possible.

- Each table should have a caption or title (e.g. Table (3):

Bricks properties) and the title to be at the top of the table.

2.5 Figures:
- Figures should be numbered consecutively in the order

in which they are referred to in the text (e.g. Fig. 1).

- Figures must be suitable for reproduction in black and white.
- Each figure should have a title (Fig. 2 stress vs strain for pure bitu-

men tested at +'C) and the title to be at the bottom of page.

2.6 References:

d)

The references quoted in the text should be numbered consecutively
in the order in which they are referred to in the text.

The numbers of references grouped together to form a list and pre-
sented at the end of the paper.

The list of references should include only the publications that are
referred to in the paper.

In writing references the following guidelines should be followed:
References for papers: author(s) name(s) title of paper, journal name,
volume number, inclusive pages number, month and year.
References for books: author(s) name(s) title of book, edition num-
ber, volume if applicable, publishers name, city and country of publi-
cation, inclusive pages number if required, and year of publication.
References for conference proceedings, seminars and symposiums:
author(s) name(s) title of paper, conference title, name of sponsor,
volume number, conference place, month and year, inclusive pages
number.

References for thesis and dissertations: author name, title of thesis
degree, university and department, city and country, year, inclusive
pages if applicable.
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The author(s) should adhere to the following guidelines so that their
paper to be published in the Journal of Building and Road Research
(J. of BRR).

The paper should be written in correct manner either in Arabic or Eng-
lish Language.

The text should not exceed 5000 words or 15 pages size A4, double
spaced.

The paper should be submitted to the secretary of the Journal in both
hard and soft copy.

The paper should contain abstract of 200 words in length in English
and Arabic.

The section and sub-section of the paper should be numbered.

2.3 The paper should include the following:

a.

e 2

The first page should contain the following:
paper title; author(s) name(s) and their titles and addresses; abstracts
in both Arabic and English language.
Introduction.

Objectives.

Literature Review.

Materials and methods.

Results supported by tables, figures, photos, etc.
Discussion of results.

Conclusions and recommendations.

References.

Symbols and notion used if any.

[, (@) Journal of BRR Volume (19) december. 2015



Journal of Building and Road Research

1. Call for Papers

1.1 Scope:
In1985 Building and Road Research Institute (BBRI), University of
Khartoum (U. of K.), took decision to issue a scientific biannual
journal. The objectives of which are:

* Dissemination of information in the fields of building and
road industry.

* Exchange of knowledge and experience in the afore-said
fields.

* Publication of referred paper directed towards advancement
of building and road industry and other BRRI publications
such as:

BRRI Digest, Technical Notes and BRRI News.
In 1997 the first volume appeared and now the 19" volume is under way. In
November 2006 an International Standard Serial No. ISSN 1858-5019 was
allocated for the Journal and its copy right procedures were accomplished.
Papers published in the previous volumes were cited in the U. of K. web site:
http:/brri.uofk.edu, e-mail: brri@uofk.edu

1.2 Topic:
The BRR Journal addressed itself to the issues pertaining to the following
fields:

- Materials and Components.

- Architectural Design and Planning of Engineering Structures.

- Techniques of Construction.

- Building Technology and Construction Management.

- Soil behavior and Foundation Engineering.

- Performance of Structures.

1.3 Papers and Submissions
Papers submitted should be in English or Arabic and should be provided
in two forms (hard and soft). A bi-lingual abstract (Arabic-English) for
each paper is required.
The address of the author should be clearly stated including e-mail and
telephone number.
We look forward to receive contributions for the coming volumes.
Accepted papers will be published without delay..

_ (1) Journal of BRR Volume (19) december. 2015



[, Journal of BRR Volume (19) december. 2015



Journal of
Building and Road Research

Volume (19)
December. 2015

ISSN 1858-5019



