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Abstract

Calcareous sediments are commonly used, in the eastern region of Saudi Arabia as base and
subase material for roads and runways. The construction materials are produced from crushers in which
materials with different qualities and particle sizes are mixed together and the final product is intended to
have a certain gradation. The produced materials have acute water sensitivity. In addition to the
upnormal behavior of the calcareous base course materials under the prevailing environmental and
loading conditions. The adequacy of use of conventional testing procedures for strength determination of
these materials is questionable. This is caused by the poor correlation between the laboratory and the
field results as result of discarding the oversize particles for the laboratory samples.

In this search program, the effect of gradation and testing procedures on the load carrying
capacity of calcarecous sediments (marls) was studied. This was achieved by performing a testing
program using the CBR. Unconfined Compressive Strength and Clegg Hammer tests. Three different
gradations for two different marls were used in the study. In addition, a large size compaction and CBR
testing setup was used to study the effect of oversize particles on the CBR and CIV values. Furthermore,
the applicability of the common oversize correction methods was investigated.

The results clearly showed that soil gradation has a remarkable effect on the UCS values while its
effect on the CBR and CIV results was not that significant. In addition, the maximum particle size, which
was included in the specimens was found to have great significance on the CBR values. Furthermore, the
maximum dry density and the optimum moisture content values were found to be independent of soil
gradation. The mold confinement was found to have a significant effect on the CBR values. About 100%
increase occurred on the CBR values as a result of mold confinement. In addition, CBR values greater
than 200% were found to have questionable practicality.

After implementing the oversize correction methods for the selected marls, it was observed that
all equations approximated the dry density of the entire material and produced density values close to
those obtained using the large mold, with less than 2% tolerances. However, the ASSHTO-1 and ASTM
correction equations gave underestimated and overestimated values, respectively. While AASHTO-2
equation and scalp and replace methods gave accurate results.
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Calcareous sediments are commonly used, in the eastern region of Saudi Arabia, as base
and subbase material for roads and runways. The construction materials are produced from
crushers in which materials with different qualities and particle sizes are mixed together and
the final product is intended to have a certain gradation. The produced materials have acute
water sensitivity. In addition to the upnormal behavior of the calcareous base course materials
under the prevailing environmental and loading conditions. the adequacy of use of
conventional testing procedures for strength determination of these materials is questionable.
This is caused by the poor correlation between the laboratory and the field results. as a result
of discarding the oversize particles for the laboratory samples.

In this research program. the effect of gradation and testing procedures on the load
carrying capacity of calcareous sediments (marls) was studied. This was achieved by
performing a testing program using the CBR. Unconfined Compressive Suength and Clegg
Hammer tests. Three different gradations for two different marls were used in the study. In
addition. a large size compaction and CBR testing setup was used to study the effect of
oversize particles on the CBR and CIV values. Furthermore, the applicability of the common
oversize correction methods was investigated.

The results clearly showed that soil gradation has a remarkable effect on the UCS values
while its effect on the CBR and CIV results was not that significant. In addition. the maximum
parucle size. which was included in the specimens. was found to have great significance on
the CBR values. Furthermore. the maximum dry density and the optimum moisture content
values were found to be independent of soil gradation. The mold confinement was found to
have a significant effect on the CBR values. About 100% increase occurred on the CBR values
as a result of mold confinement. In addition, CBR values greater than 200% were found to
have questionable practicality.

After implementing the oversize correction methods for the selected marls. it was
observed that all equations approximated the dry density of the entire material and produced
density values close to those obtained using the large mold, with less than 2%, tolerances.
However. the AASHTO-1 and ASTM correction equations gave underestimated and
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Chapter 1

Introduction

1.1 General

Calcareous soils are defined as soils that contain calcium carbonate, which occur in
different forms, such as calcite and aragonite [CaCO:;], and dolomite [CaMg(CO;)-],
while gypsum [CaSO,.2H,0] is often present at varying percentages (Aiban et al, 1999).
Due to the massive number of engineering projects, which were wimessed by the Gulif
countries in the last few decades, large amounts of calcareous sediments (locally known
as marl) were utilized in those projects as back fill behind retaining walls, foundation
materials and graded base-course for service roads and highways. The utilization of marl
soils was necessary due to the scarcity of good engineering materials. The excessive use
of marl soils without enough knowledge of their upnormal behavior, under severe
environmental and loading conditions, resulted in unsatisfactory performance of some
structures and a complete failure in some cases. Failures were observed in some service

roads in Dammam area where marl soils were used as a graded base course (Aiban, 19953).

Marl soils are usually used as a base material after being processed and brought to a
certain gradation. This may require the addition of crushed stones with different particle

sizes. On the other hand, marl soils can be used in their natural gradation as subbase
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maternial for roads after the exclusion of large boulders. The poor performance of this
modified material is caused by its acute water sensitivity i.e. the fluctuation of moisture
content causes great changes in the strength. In addition. a growing confusion was
observed among consultants about the suitability of the conventional testing procedures
for these inaterials. This confusion is caused by the poor correlation berween the
laboratory and the field results, even when the testing conditions and the quality control
procedures are the same. Hence, the possibility of developing new testing techniques or,

at least, modifying the existing ones, needs to be investigated.

1.2 Calcareous Sediments

Different kinds and formations of calcareous soils exist in many parts of the earth. The
two common types, which are used in construction projects, are calcrete (sometimes
called conglomerate) and marl. The word “mar!” in English is used for a mixture of clays,
carbonates of calcium and magnesium, and remnants of shells (American Heritage
Dictionary, 1991). Locally, it is used to identify the carbonate sediments, which cover the
costal parts of Saudi Arabia. In general. carbonate soils form as a result of physical and
chemical weathering of parent carbonate rocks like limestone, dolomites, carbonate
sandstone, etc. (Akili. 1980). The simultaneous deposition of carbonate soils and clay had
lead to the formation of marls. These types of deposits are usually found in the form of
consolidated or cemented layers. Locally, marl layers are present mostly in the eastern
region of Saudi Arabia in Rus Formation, Dammam Formation, Hadrukh Formation, Dam

Formation and Hafouf Formation (Aiban. 1995; Roger, 1985).
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Generally, calcareous sediments show high water sensitivity, which is observed
especially in fine-grained sediments. This phenomenon is substantiated by the sharp
changes in the load carrying capacity and strength with slight changes of the water content
(Aiban, 1999). Qahwash (1989) reported a reduction of about two thirds of the bearing
capacity of marl samples prepared at optimum water content when tested after being fully

submerged instead of being tested without soaking.

The range of particle sizes in calcareous soils is tremendous. These soils can range
from boulders down to ultra fine-grained colloidal materials. Such variation in gradation |
has its effects, not only on the engineering behavior but also on the laboratory' testing
procedures. which have some limitations regarding the maximum particle sizes that can be

included within the tested specimen.

1.3 Testing of Gravelly Soils

The accuracy of any testing procedure depends very much on the quality of the specimen
tested and on whether the test is reliable to assess the required engineering properties of
the specimen. Conventional laboratory test procedures for determining soil strength and
load carrying capacity usually require the removal of particles larger than a predetermined
maximum size. This leads to inaccurate results and may need corrections. For example. a
common criterion for triaxial testing is that the maximum soil particle size should be
limited to no more than one sixth of the sample diameter (ASTM. 2000). According to
Donaghe and Torrey (1994), Holtz and Lowitz recommended in 1957 a ratio between

specimen and particle diameters not less than 5 to 6 for moisture- density relationships for



soil containing oversize particles. Because of the fixed ratio between the largest particle

size and specimen diameter, testing of soils containing oversize particles is believed to be

both problematic and questionable.

In the California Bearing Ratio test, the specimen must be compacted in a 6 in.
diameter mold where the soil is usually finer (passing through) than the ¥%-in. (19-mm)
sieve. This implies that the material retained on this sieve “oversize material” should be
excluded. The ASTM standard states that if the test specimen contains more than 5% by
weight oversize fraction (coarse fraction) and the material will be excluded before the test.

corrections must be made to the unit weight and water content of the test specimen

(ASTM. 2000).

Calcareous sediments, which are commonly used as construction materials in eastemn
Saudi Arabia. usually contain relatively high percentages of oversize material. Hence.
there 1s no test procedure that might be suitable for these materials without excluding
some particle size. Therefore, the reliability requirements of the results obtained from
these tests in the absence of proper correction methods will be violated. Generally, the
quality control of construction projects. in which calcareous materials are used. follows
the classical techniques adopted by the standards for general geomaterials. Locally, in
eastern Saudi Arabia, the consulting agencies follow the American Society for Testing
and Materials (ASTM). and the American Association for State Highway and
Transportation Officials (AASHTO) standards. Despite the fact that these standards are

internationally adopted, a growing confusion regarding their suitability for local use is



observed among consultants. This resulted after realizing high discrepancies between field

performance and laboratory test results.

1.4 Objective of the Investigation

California Bearing Ratio test is the most common test, which is used locally for
measuring the characteristics of base and subbase materials. However inaccurat.e; results
may appear when the standard methods of testing are used (for example ASTM D1883)
without realizing the water sensitivity of the material. This is mainly because pas.t- practice
has shown that CBR results for those materials having substantial percentage of particles
retained on the No. 4 sieve are more variable than for finer materials (ASTM, 2000). For
materials having maximum particle size larger than % in. (19mm) the effect of mold size
will cause significant discrepancies in the CBR values. A ratio of specimen diameter
(mold diameter)»to the largest particle size should not be less than 5 to 6 as suggested by
Donaghe and Torrey (1994). In addition. there is an uncertainty associated with the
applicability of the CBR test to coarse-grained soils. Furthermore, the meaning of CBR
values greater than 100 percent is not yet clear (Terrel et al. 1984).

Currently, there is no available information regarding the effect of the presence of
oversize particles in marl soil when tested using traditional CBR testing techniques.
Furthermore, CBR values higher than 100 percent, which are always measured when
testing marl soil, need a careful investigation. In addition. there is a need to have a close
simulation for field conditions. This can be achieved by the use of larger molds, which

will minimize the constraints imposed by the standard (small size) molds.



The main objectives of this experimental research program are:

- To study the effects of oversize particles on the load carrying capacity of marl.
The California Bearing Ratio and the Clegg Hammer tests will be used to evaluate
these effects.

- To study the effect of mold size on the CBR values of calcareous materials

- To study the effect of gradation on the load carrying capacity of marl.

- To study the applicability of the common correction methods which are commonly
used for materials having oversize particles.

- To investigate the meaning of high CBR values by studying the correlation
between CBR and other reliable tests such as the unconfined compressive strength.

In summary. the investigation will take into account the effects of the following

parameters:
1- Mold size (two sizes).
2- Soil gradation (three different gradations).
3- Moisture content of the soil during compaction.
4- Marl type (two different marls).

5- Oversize correction methods (five correction methods).

The outcome of this study will constitute an advanced step towards better
understanding of the behavior of local construction materials. This will contribute 1o the
database of local soils and also will be helpful for road construction industry and for
foundations construction. This study will help also in assessing the reliability of the

currently used field quality control procedures.



1.5 Thesis Organization

To accomplish the abovementioned objectives, a comprehensive literature review was
conducted. The detailed literature review is given in the second chapter. which includes
the basic features of calcareous materials, the testing techniques for gravelly soils and the
common correction methods adopted for soils with oversize particles. The third chapte}'is
devoted for the detailed description of the experimental program. The fourth chapter is
concerned with the presentation of the results obtained from the experimental program
and discusses the output of the entire work. Summary, conclusions and recommendations

for further studies are presented in the fifth chapter.



Chapter 2

Literature Review

2.1 Calcareous Soils

Calcareous soils are characterized by the presence of carbonates in the soil matrix. These
carbonates consist usually of calcium carbonates deposited around or within the soil
particles and in the voids of the soil matrix. These soils cover great parts of seabeds where
oil and gas platforms are built in many parts of the world such as Australia. India. North
Atlantic, the Gulf of Mexico, and the Arabian Gulf (Ismail and Ahmed. 1990). Engineers
dealing with calcareous soils are facing many problems associated with the variabilitv of
constituents. extreme water sensitivity, leachibility. crushing of particles upon compaction
and inapplicability of standard tests and specifications (Aiban et al. 1995). Therefore
special attention is required when using such materials in engineering projects.

2.1.1 Geological Formation of Calcareous Soils

Calcareous or calcium carbonate soils have their own properties, which are quite different
from those of ordinary soil types. In order to understand their peculiar properties. the
geologic formation of calcareous soils must be given some attention. Continental
carbonate soils are mostly derived from calcrete development in subhumid to semi-arid

climates. Calcrete is the product of calcium carbonate precipitation in soil profile,



weathered rocks, as well as alluvium and other clastic sediments of the vadose zone. The
accumulation of calcium carbonate will enhance the development of calcrete deposits.
which prevails when the precipitation rate exceeded the evapotranspiration rate. Such
phenomenon is common in subhumid and semi-arid climates (Horta. 1988). Most
carbonate sedimentation results from chemical or biochemical processes, whici}_ occur
usually in special marine environments that are usually found in clear, warm and shallow
water. Fig. 2.1 shows a world map with areas of modem deposition of carbonates.
including the equatorial belt, and areas of warm ocean currents (Wilson. 1975).
Carbonates are a polygenic group of rocks. When carbonate soils have been buried.
significant changes in their original characteristics may occur, for example most
dolomites. which are magnesium rich carbonates represent a post depositional alteration
of the limestone (Fookes and Higginbottom, 1975).

The parent rocks from which the Arabian Gulf calcareous soils had been gencrated
are weak sedimentary calcareous rocks, which are believed to be of Holocene-Pleistocene
age and thus. in geological terms are considered to be very voung (Cook. 1999). Geologic
studies of the Eastern Saudi Arabia region indicate that the surface rocks are Tertiarv in
age covered by Quaternary deposits (Roger. 1985; Johnson. 1987). Sediments ranging
from Paleocene-early Eocene to Miocene-Pliocene cover most of the area. In addition.
unconsolidated materials including gravel of Tertiary age and various sediments of
Quaternary age, such as beach gravel and sand, gravel and silt in basin deposits, sabkha

sediments and various aeolian sand deposits do exist in the area (Roger. 1985).
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2.1.2 Marl Soil

Locally the term marl is used to indicate carbonate sediments, which cover most of
eastern Saudi Arabia such as Abqaiq, Dhahran. Dammam, Abu Ali. Hafuf, Berri. Fadhli.
Jubail, Abu Hadriyah and Safaniyah areas. The available geomaterials for construction
purposes in eastern Saudi Arabia are marl soils, sands, sabkhas and expansivgcla_vs. Each
of these soils has its problems. Sands are mostly fine to medium in size and they have low
strength, especially with the lack of confinement (Aiban et al. 1999). Sabkhas and clavs
are problematic and have high water sensitivity, which does not qualif_v. them as
construction materials. Despite their upnormal behavior, marl soils are considered the best
alternative for engineering use. They are commonly used as foundation materials and
sometimes as backfill for retaining structures.

Marl soils exhibit wide variation in terms of origin, color, mineral composition.
plasticity and other engineering properties and because of these variations, there is no
standard definition for marls (Qahwash, 1989). This fact can be subsiantiated by the
different definitions provided by different researchers, as shown in Table 2.1. In addition.
the mineralogical composition of such material differs significantly from place to place
and even within the same place and depth. The X-ray diffraction analyses of eastern Saudi
Arabia marls are summarized in Table 2.2. These values were obtained for marl samples
collected from different locations in an area extending from Nariya and Abu Hadrivah in

the north to Hafuf in the south and covers places, which have abundant marl soils that are

suitable for construction.



Table 2.1: Marl definitions and attributes used by different authors (Aiban et al.. 1999)

Author(s) Year Definitions and Autributes

Terzaghi and Peck 1967 Suff to very stiff marine calcareous clays of
greenish color.

Pettijohn 1975 Sotl or rock like material containing 33-63%
carbonate and a complementary content of
clav.

Fookes and Higginbotiom 1975 A simple binary mixture of calcium
carbonate and clay.

Mitchell J K. 1976 Marl 1s ranging from relatively pure calcium

1993 carbonate to a mixture of calcium carbonate
with mud and organic matter formed by
biochemical processes.

McCarthy 1977 A soft limestone

Challinor 1978 A mixed rock containing clay minerals and
aragonite or calcite. usually together with
accessory components, such as silt. in lesser
guantitv.

Saudi-ARAMCO 1978 Soft limestone contaminated with varving
amounts of clay

Sowers and Sowers 1979 Water-deposited sand, silt or clay containing
calcium carbonate

Bates and Jackson 1980 It is an old term that is generally loosely
applied to a variety of materials most of
which consist of an intimate mixture of clay
and calcium carbonate.

Mitchell R.S. 1985 Soft calcareous clav-rich mineral

Blvth and de Freitas 1985 Calcareous mudstone

Al-Tayyib et al. 1985 Carbonate soils, the formation of which is
attributed to  physical and chemical
weathenng of parent carbonate rocks

McLean and Gribble 1985 Friable carbonate earths deposited in
freshwater lakes

Qahwash 1989 Calcareous sediments

Aiban 1994a | Fine-grained calcareous sediments
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2.2 Engineering Properties of Calcareous Sediments

2.2.1 General

Calcareous sediments are considered the best candidate for road bases and foundations in

eastern Saudi Arabia. These materials are heterogeneous in nature and their engineering

- properties and performance under the prevailing harsh environmental and loading

conditions have not vet been fully researched. In addition, most of these sediments have
acute water sensitivity, high grain crushing, non-plastic fines and, by definition. high
c#rbonate contents. Furthermore, the available classification systems and some of the
standard testing procedures may not be applicable and may result in erroneous results
(Aiban et al., 1999).

Although calcareous sediments may differ significantly from one location to another.
carbonate soils may still be characterized by a number of common features. Carter et al.
(1999) reported the most common characteristics. after Le Tirant and Nauroy. as follows:

1. The individual grains largely composed of bioclastic material, are extremely

angular and weak.

19

The degree of cementation of carbonate soils varies considerably.

LI

Carbonate soils are generally highly compressible, and this results from the
combined effect of relatively large porosity (both inter-and intra particle). and the

irregularity and brittleness of the particles.



4. The particle type, grain size distribution, degree of cementation and mechanical
properties such as shear strength, compressibility and permeability can significantly
change over short distances.

Calcareous sediments exist usually as consolidated or cemented carbonate deposits.
Marl soils usually contain some impurities like, gypsum, anhydrite, aragonite. calcite,
expansive clay, sand, chert, quartz geodes and others, which influence not only the marl
appearance and structure but also its behavior and engineering properties in general

(Aiban, 1995).

Various engineering classification methods have been suggested for these soils. These
methods are based on combinations of some parameters such as carbonate content.
structure. consislency. cementation. grain size, void ratio. compressibility and strength.
From an engineering point of view. engineers must account for the variations in
calcareous soils forms, since each form has its own characteristics. For example, when
calcareous soils are sufficiently indurated, they may be classified as weak rocks and their
strength will qualify them for use in different engineering projects. On the other hand.
they may show high compressibility (when thev are weakly cemented). causing great
problems when used as a base material in different engineering projects (Carter et al.
1999).

According to Fookes and Higginbottom (1975), the main variables. which

influence the engineering properties of calcareous soils. are:

1. Mineral composition.
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Type of carbonate minerals present, whether calcite (CaCO:s;), dolomite

(CaMg(CO:s)). or siderite (FeCOs).

(93]

Origin and forming process, whether the formation is due to physical or chemical
weathering of parent carbonate rocks.
4. Grain size.

3. Degree of cementation.

2.2.2 Strength Characteristics

California Bearing Ratio test (CBR) is commonly used to assess the bearing capacity of
soils. It is used by different agencies because it is not time consuming, easy 1o perform (in
both laboratory and field) and cost effective compared to other sophisticated testing
techniques such as the Modulus of Resilient test. The CBR values for calcareous
sediments are highly dependent on the molding water content, density and maximum
particle size. Both soaked and unsoaked CBR values are higher near the optimum water
content and decrease as the molding water content decreases below or increases above the
optimum value. According to Aiban (1995) the reduction of the CBR values on the dry
side of optimum is caused by the lower density and the porous structure, while the lower
density and the sofiening of the cementing salts by water, which weaken the connectors.
cause the reduction on the wet side of optimum. In addition. the presence of excess water
may results in a higher lubrication. which will increase particle crushing, and this will
lead to finer gradation. Sometimes calcareous sediments show high CBR values. which
may exceed 100% depending on the water content. This can be attributed to the common

presence of high percentages of stony particles with enough fines in calcareous sediments.
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However, this phenomenon still needs careful investigation since CBR values in excess of

100% is considered meaningless (Terrel et al, 1984).

Horta (1988) reported that the bearing capacity of calcareous soils increases with
increasing the carbonate content in addition to other factors such as granularity, fines
content, sizes of fine particles, shape of coarse particles and hardness of coarse particles.
Akili (1980) observed that maximum CBR values occur on the dry side of optimum. this
is substantiated by the CBR test results reported by Aiban et al. (1999), which show that
the maximum CBR values were attained at moisture contents lower than the optimum
moisture content values (i.e. on the dry side of optimum). In addition. in calcareous
sediments, the variation of the unconfined compressive strength with molding water

content is similar to that of the dry density and CBR variation (Aiban, 1999).

According to Aiban (1995) the angle of internal friction for calcareous sediments
passing the ASTM No.4 sieve is not highly dependent on molding water content although
¢ values show a slight decrease as the moisture content increases. On the other hand.
cohesion values show. high dependency on the molding water content despite the fact that

calcareous soils are usually non-plastic.

2.2.3 Effect of Gradation

Soil gradation is one of the engineering properties that affects the engineering behavior of
most soils. Calcareous soil gradations, which can contain a broad spectrum of particle
sizes, ranging from clay to large boulders, have great effects on their behavior. Ramadan

(1999) performed a series of odometer tests on undisturbed samples of calcareous solls,
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collected form the Egyptian Westem Desert, and concluded that the samples containing
high fine percent exhibit considerably less collapse potential than samples containing
lower fine content. The gradation of the samples shows a correlation with their salt
content. It was observed that samples with high fine content contain salt of about twice
the amount measured in samples with low fine content. Regardin_g the compressibility of
the samples, it was observed that samples with high amount of fines compress less than
samples with coarse gradations. In addition, the fine content affects the bearing capacity
of calcareous soils, as indicated by Horta (1988), who stated that high CBR values were
obtained only when the fine content lie below 35%. This is because 30 1o 35% fines. is
generally considered the maximum amount of fines for which the friction between the
coarse particles of a soil can be mobilized.

According to pile driving records, carbonate soils with relatively low fine content
exhibit higher strength characteristics than those with high fine content. As a result.
Johnson et al. (1999) concluded that carbonate soils must have relatively low fine content
to be considered for improvement (i.e. upgraded) of its strength parameters. Alsanad and
Albader (1990), while investigating the leaching effects on the engineering properties of
some calcareous soils in Kwait, noticed that leaching increases with the increase of the
fine content of the soil.

The specific gravity of the fines for cemented calcareous soils is higher than that of
the coarser particles. In addition, the grain size distribution by weight of calcareous soils.
like calcrete, is found to be overestimating the volume occupied by fine particles (Datta et

al. 1982).
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2.3 Graded Base Course Material Characterization

2.3.1 General

Many tests have been devised for determining the characteristics of the graded base
materials for pavements construction. Some of these tests are arbitrary in the sense that
their efficiency lies in the correlation of the results with the field performance. By such
correlation, many materials testing procedures have been standardized; the procedures
must be followed at all times in order to obtain reproducible results. However, it is not
uncommon to find some discrepancies in test conditions and results for a particular test
procedure.

There are many standard tests to characterize materials for use as a base material in
pavement construction. Municipalities and consulting authorities use certain tests in order
1o assess the quality of the material before its use in construction. The types of tests are
usually defined in order to predict the basic strength and durability parameters that are
necessary for proper pavement construction with high level of service for the paved road.
Locally, in eastern Saudi Arabia, the basic tests specified by the municipalities are,
gradation, plasticity, California Bearing Ratio, compaction, Los Angles abrasion, sand
equivalent and soundness of aggregates. For each test there is a limit beyond which the
material will not be eligible for use. For example, consultants usually specify upper and
lower limits for base gradation. The gradation limits used by Saudi Ministry of

Communications and Dammam Municipality are shown in Fig. 2.2.
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Figure 2.2: Some of the base gradation limits used in Saudi Arabia (Aiban and
Al-Abdul Wahab, 1997).



2.3.2 Compactibility

Generally, the density of soils is the most important parameter that affects the strength,
compressibility, swelling, permeability and the other engineering properties. The common
practice, in characterizing base course materials, includes pe_rforming compaction test, in
order to determine the maximum dry density and the opuimum water content. For the
Dammam municipality, and after realizing the acute water sensitivity of marl soils, the
pre-qualification procedure requires superimposing the compaction and the CBR curves in
one figure. Hence, the range of moisture contents within which the soil must be
compacted is given such that it produces a certain CBR value, which is specified for each
project. |

In order to illustrate the effect of the maximum grain size, the compaction curves for
calcareous sediments from Eastern Saudi Arabia (Abqaiq area) were determined using the
modified proctor test (ASTM D1557) for samples containing particle sizes up to 19 mm
(374 inch) and for samples passing ASTM sieve No. 4. The difference between the two
compaction curves shown in Fig 2.3 reflects the effect of the maximum grain size. It is
clear from the figure that samples with larger particles have higher density and lower
optimum moisture content values compared to those with finer particles. Therefore it is
expected that the field density will be higher than the laboratory value because of the
presence of particles larger than 19 mm sieve in the field (Aiban, 1995). However. in the
laboratory, this is usually accounted for using one of the standard oversize correction

methods.
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In addition, the performance of fine-grained calcareous sediments is greatly
influenced by the preparation method. A remarkable difference in behavior was observed
between samples prepared at optimum water content and those prepared on either the drv
or wet sides of optimum. Samples compacted on the dry _side of optimum had lower
strength (CBR and unconfined compressive strength) in both as molded conditions and
upon inundation, and higher compressibility upon wetting compared to samples
compacted at optimum. Furthermore, samples compacted on the wet side of optimum had
lower strength and higher compressibility compared to those compacted at optimum
moisture content (Aiban, 1995).

Some marl samplés from eastern Saudi Arabia were tested after being mixed with
different sand contents and all mixes gave lower optimum moisture content values as
more sand was added. This was caused by the lower water affinity of the sand and to the
total decrease in fines as more sand was introduced into the mix. The reduction of fine
content of any sample will reduce its specific surface and hence its tendency to absorb
water. Moreover, the range of moisture content from the dry side to the wet side of
optimum moisture content was reduced when the amount of the added sand increases.
This is attributed to the absorption of great amount of water when more marl is present
(Qahwash, 1989).

The compactibility of soils in general, and calcareous soils in particular. is very much
affected by the degree of grain crushing. The amount of particle breakage of a soil sample

is defined by the particle size distribution curves measured before and after loading.



According to Hardin (1985) the amount of particle crushing that occurs in an element of
soil under certain stress depends on the following parameters:

1. Particle size distribution.

2. Particle shape.

State of effective stress.

(V3]

4. Effective stress path.

5. Void ratio.

6. Particle hardness (hardness of the cementing material or the weakest constituent of
a particle and weakest particles of the element).

7. Moisture content.

The grain crushing of calcareous sediments from eastern Saudi Arabia. was studied for
both dynamic and static compaction tests, to identify the effect of compaction method on
particle breakage. The results indicate that grain crushing occurred during compaction and
it highly depends on the compaction method and molding moisture content. The energy
applied in each test causes two actions, compression of soil mass and rearrangement of
soil particles. During the compaction process. high contact stresses are generated and
considered responsible for the crushing of the aggregates. It is found that the maximum
crushing of particles was observed in the case of static compaction. This is mainly
because of the difficulty of the rearrangement of particles. The molding moisture content
contributes to the grain crushing by lubrication. Grain crushing was less for samples

compacted on the wet side of optimum for all compaction methods except for modified
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proctor test. It was also observed that the extent of crushing at optimum and dry of

optimum moisture content was almost the same (Ahmed. 1995).

2.4 Evaluation of the Load Carrying Capacity of Soils

Using CBR Test

2.4.1 General

The CBR test is performed by pushing a steel plunger with a standard cross-sectional area
(3 in.” (1290 mm?®)) into a specimen at a fixed rate of penetration and measuring the force
required to establish a certain penetration (0.1 in. or 0.2 in. (2.5 mm or 5.0 mm)). The
California Bearing Ratio (CBR) value is obtained from the load — penetration curve. The
test was developed during the 1930°s at the laboratory of the Maierials Research
Department of the California Division of Highways, USA. The classical methods for the
assessment of the quality of materials for use in graded base and subbase lavers were
found to be no longer adequate especially after the increase of the volume and weight of
traffic. The CBR test was recommended to the American Society for Testing and
Materials (ASTM) as a standard test by Stanton in 1944, and is now designated as ASTM
D1883. The procedure was then developed to enable its use for airfields construction by
Parter and Davis in 1949 (Head, 1982).

After the development and standardization of California Bearing Ratio method for

pavement design and its wider adoption. different test procedures were introduced. The



equivalence of these procedures and the conditions under which they should be used has
led to an increasing confusion and a need for careful investigation.
In general. the CBR test can be performed on:
(2) Undisturbed samples that are cut from the ground and carefully trimmed 1o fit the
standard mold.
(b) Remolded samples prepared in the standard laboratory mold.
(c) In-situ on the surface of either the natural soil formation or 2 compacted laver.
Researchers reported many discrepancies between laboratory and field CBR values

even when both tests were performed at the same density and moisture content. The
discrepancies can be attributed to the differences between test conditions such as the
effect of mold confinement. gradation, preparation (compaction) method and the oversize
particles. However, CBR values can differ even when the tested samples are prepared
under the same testing conditions having the same density. moisture content. gradation. ...
etc. This 1s mainly because soil samples compacted to nominally the same conditions may
have different pore water pressures. which affects the test results (Black. 1961).
2.4.2 CBR-Density Relationship
The CBR value of a soil is highly dependent on the dry density and moisture content.
Because of this, it is always convenient to relate CBR values of remolded samples to
moisture-density relationship of the soil. obtained by the compaction method used for
preparing CBR samples. For soils in general. and cohesive soils in particular, for a given
degree of compaction the CBR values of a soil decrease with the increase of moisture

content bevond the optimum. According to Head (1982). Davis (1949) reported that, the



decrease of CBR values with the increase of moisture content. bevond the optimum. is
sharper for granular soils. A general relationship between CBR and moisture content is
shown in Fig. 2.4.

For calcareous sediments, the CBR value is known to be water sensitive. Generally.
the CBR values increase with increase of the molding water content till a peak is reached
near the optimum water content, after which the CBR values start to decrease on the wet
side of optimum as the moisture content increases. Such decrease is very sharp for marls
and is usually observed for the CBR samples prepared on the wet side of optimum
moisture content. A decrease in the CBR values from 211% to 76% occurred when only
0.9% water. by weight of soil. was added to the sample duning compaction as shown in
Fig. 2.5. This can be attributed to the softening of calcareous particles and the matrix
supporting the coarse particles.

2.4.3 Effect of Preparation Method
Specimens prepared in the laboratory, whether by static compression or dyvnamic
compaction, will not necessarily give the same CBR values as those obtained in the field.
or on undisturbed samples taken afier being compacted in the field, to the same density
and at the same moisture content. Head (1982) listed the following reasons for such
discrepancies:

1. The non-homogeneity of the density distribution within the soil laver in the site

when compared to the laboratory compacted specimen.

2. Moisture changes can occur quite rapidly in the exposed formations in the site.
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The boundary conditions, caused by the effect of edge restraint of the

W

compaction mold, are absent in field condition; such effect varies with the soil
type.

4. Remolding the natural soil in the laboratory destroys its original fabric. and may
lead to different gradation.

5. There are also differences between the static, dynamic and vibration compaction
procedures for the preparation of laboratory specimens. Comparisons of CBR
results between one method of preparation and another may not be valid.

It was found that, deformation of samples before failure varies depending on the
method of compaction, which affects the lateral pressure in the CBR mold. For samples
compacted by rammer. the soil was remarkably unstable and show's large strain at failure.
When compacting by a large static load, the strain at failure was reduced to one-sixth of
the value for the soil compacted by the rammer. The third compaction method is
performed by dropping the mold 40 drops, when it is full of soil and ;urcharged with 30 Ib
(13.6 kg) weight. with a drop height of 18 in. (457 mm), this method gave an intermediate
result between those of the previously mentioned tests (Black. 1961 ).

2.4.4 Effect of Oversize Particles

The CBR test is useful for evaluating subgrade soils, subbase and base coarse materials
containing only a small amount of material retained on the % in. (19 mm) sieve
(AASHTO 1982). In the field, soils may contain gravel, fragments of rock. shale. brick or

other hard material but for laboratory samples, material coarser than % in. (19 mm) is



excluded during compaction and an oversize correction for the density is usually made.
The density and CBR values obtained in the field for the total material containing all sizes
cannot be compared directly with the results of laboratory prepared samples. For a soil
specimen compacted in the laboratory, the presence of large size particles gives the
material higher density compared to the material in which large size particles were
excluded. This is mainly because the large particles have greater density than the marrix
material they replace. Several attempts were made to calculate the resulting insitu density
of the whole material.

When using the standard Proctor compaction mold, which is 4 in. (101.6 mm) in
diameter and 5 in. (127 mm) deep. only 20% or less by weight of the material retained on
No. 4 (4.75 mm) sieve can be included (Proctor. 1933). However. for compaction in CBR

mold, which is 6 in. in diameter, 30% or less by weight of the material retained on ¥ in.

(19.0 mm) sieve can be included (ASTM, 2000). Therefore for material containing
oversize particles, the correction for dry density and moisture content must be
implemented in order to obtain equivalent values for the total material. However. there is
no correction method available for the CBR test other than the scalp and replace method.
which has a questionable reliability due to the commonly observed large differences
between laboratory and field CBR values.

In order to investigate the effects of the particle size on the CBR values for gravelly
soils, several tests were performed using different particle and mold sizes. Materials
containing up to 1 % in. (45 mm) particles were tested in a 9.4 in. (240 mm) diameter

mold. The total material tested in the large mold. using the standard plunger size. showed
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higher CBR values compared to the material, which was tested in the same mold but after
replacement of the oversize particles by the same weight of material passing % in. sieve
and retained on No. 4. This is attributed 1o the presence of large size particles. which leads
to higher CBR values. In addition. the CBR values obtained using the standard CBR mold
were found to be higher than those obtained from the large mold for the same gradation.
This is caused by the effect of confinement and the fact that in the large mold the
penetration was done without inverting the mold (Osman, 1995).

2.4.5 Effect of Confinement

One of the most important factors that affects the results of the CBR test and causes
discrepancies between field and laboratory results is the confinement provided by the
mold. The confining effect of the rigid mold in which the laboratory tests are carried out
may lead to CBR values many times greater than the insitu tests. Afier observing that the
field CBR results are not matching the laboratory test values, few investigators have
studied the effect of the mold size. According 10 Nataamadja (1988), Morgan in 1972
showed limited data indicating that the larger the mold the smaller the CBR values for the
same material.

Nataatmadja (1988) investigated the effect of the mold size on the CBR values where
different mold diameters were used ranging from 4 to 10 inches (101.6 to 254 mm). All
samples were tested under the standard surcharge pressure resulting from a weight of 10
Ibs (4.5 kg). It was found that the CBR values obtained for different penetrations decrease

with the increase in the mold diameter as shown in Figs. 2.6 and 2.7. These results
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substantiate the fact that mold size results in laboratory measured CBR values that are
higher than the corresponding field values, especially for granular material.

Black (1961) stated that the mold sides arrest the displacement of the soil along the
shear surface produced by the CBR plunger for a2 material with an internal friction angle
greater than 30°. This conclusion was derived assuming that the failure beneath the
plunger will take the shape shown in Fig. 2.8. However, Nataatmadja (1988) considered
the data produced by Hight and Stevens (1982) and stated that a complete failure below
the plunger was not guaranteed. Their finite element analysis suggested that for stiff soil a
bearing capacity failure could not occur; but for soils of low stiffness the ultimate bearing
capacity was not reached at a penetration of 0.2 in. (5 mm). In addition. the shear strength
of the soil was mobilized only in the zone close to the edge of the plunger. Hence. they
recommended the use of full load- penetration curve in order to obtain the CBR values.
However, they indicated that significantly different load-penetration characteristics are
likely to occur at penetrations larger than 0.3 in.

2.4.6 Merits and Limitations
The CBR test is adopted for use by many authorities because of its advantages despite
some limitations associated with its use. The main merits of CBR test are:
I. Itcan be applied 10 a wide variety of soil types ranging from clay to fine gravel.
2. Test data are applicable to the design of airfield runways and taxiways as well as
roads.

It can be performed in the field and in the laboratory.

(V3]

4. It can be performed on undisturbed and compacted materials.
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The test is relatively quick and simple to operate and gives immediate results.

On the other hand. the test have some limitations, which still need further

investigation, these limitations include:

1.

(28]

(V3]

The test results are applicable only to pavement design for which the procedure
was de_vised.

The test is highly dependent on the testing conditions, hence, the results can hardly
be compared with those obtained elsewhere.

There are no reliable correlations berween the CBR values and the fundamental
soil properties like the soil strength parameters, compressibility, gradation...etc.
The test has less reliability when used for materials containing oversize particles.
Furthermore with the exclusion of the oversize particies from the tested sample.
there 1s no reliable correction method available to find the corresponding CBR
values for the total material.

The laboratory and field test results are still not accurately comparable. This may
be caused by the effect of mold confinement. and the differences in pore water
pressure. compaction methods and soil gradations, especially with the presence of

oversize particles.

2.4.7 Correlation Between the CBR and Soil Strength

Parameters

There is no reliable correlation between CBR and the fundamental soil properties

governing shear strength or compressibility. One of the widely used correlations is the

one developed by ASSHTO Guides for Design of Pavement Structures. in which scales



were obtained to calculate the “layer coefficients” that have traditionally been used in the
original AASHTO flexible pavement design procedure (AASHTO Guide 1986). Relations
between CBR. soil support value (R), Texas Triaxial and Modulus of Resilience can be
obtained using the scales shown in Fig. 2.9. However many of these correlations would
not yield the correct answer when back-correlated through an intermediate parameter.
This is simply because errors are accumulated every ume there 1s an additional
correlation. For example the relation between Resilient Modulus and CBR is given by:

MR = 1500 xCBR (2.1)
and between Modulus of Subgrade Reaction and CBR is given by:

K = ](F-733956~0.568045 [iog (CBR)]/ Q.2

It is not recommended to obtain a direct relation between Resilient Modulus and Modulus
of Subgrade Reaction using the abovementioned relations. The errors observed in back
correlations are attributed to the fact that these relations cannot be utilized for ail types of
soil. For example the MR-CBR relation shown in equation (2.1) 1s not accurate since the
coefficient, which is multiplied by the CBR value can range from 750 to 3000 depending
on soil type (Southgate and Mahboub, 1994).

A relationship between the CBR and the unconfined compreséive strength was
obtained for some granular and fine-grained soil and cement mixtures (Terrel et al.. 1984).
as shown in Fig. 2.10. The difference between the relationships for fine grained and
granular-treated soils results is probably attributed to the uncertainty associated with the

use of the CBR test for coarse-grained soils.
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Livenh (1989) reported the following relations between CBR and the dynamic cone
penetrometer (DCP), the dynamic probing type A (DP4), the standard penetration test
(SPT) and the vane shear test (S) as follows:

Log CBR=2.2-0.71(Log DCP)' (2.3)
where, DCP is the dynamic cone penetration test result value

Log CBR =-5.13 + 6.55 (Log SPT) ™% (2.4)
where, SPT is the Standard Penetration test result value

Log CBR = 2.2- 045 [Log (3.47DPA4)]'> (2.5)
where, the DPA is the Dynamic Probing (type A) test result value

CBR =4.79 §*% (2.6)

where, S is the Vane Shear test result value

2.5 Compactibility of High Gravel Content Soils

2.5.1 General

Due to the material availability and some times cost considerations. engineers are
increasingly using fill materials containing gravel to boulder size particles. However. the
assessment of the quality of the fill needs careful consideration since all conventional
testing methods excludes oversize particles before testing. The term oversize refers to
particles, which are too large to be included in a particular test apparatus; therefore. it is
not fixed dimension. The determination of certain parameters like dry densitv and
optimum moisture content, for the total material, is necessary for any pre-qualifications

tests for fieldwork.



The use of laboratory determination of a reference dry density for compaction
control in the field is based on the implicit assumption that the material compacted in the
laboratory is equivalent to the material compacted in the field. However. when the fill
material contains gravel or rock, this assumption is generally not valid. because large
aggregate sizes are replaced by finer aggregates. Several mc_athods are available to account
for the effect of excluding the coarse fraction on the reference dry density and the
associated optimum moisture content. Each technique adopted by the engineer should be
clearly stated in the compaction specifications to reduce the possibility of conflict with the
contractor. The method for accounting for the rock fraction will have a significant impact
on the evaluation of the reference density. Modifications to the compaction standards.
such as ASTM D698, could significantly affect compactive effort for soils with high rock
content unless the required relative compaction values are adjusted to account for the
differences in the methods used to adjust the maximum dry density (Walsh, 1994). For
the 6 1n. diameter mold, the oversize fraction is considered to be the portion retained on

the % in. sieve. The limiting percentage of oversize particles for which the correction is

valid may be lower than the limiting percentage when the oversize fraction is considered
to be the portion retained on the ASTM No. 4 sieve. Therefore, contractors. construction
inspectors and designers should be consistent in the method adopted for rock correction.
and should follow the procedure outlined in a well-written specification.

Winter (1998) conducted an extensive laboratory test program to determine the
proportion of particles larger than 20 mm at which the transition from matrix to stone

behavior (the behavior which is governed by the significant numbers of stone-to-stone



contacts) occurs. In general, it was found that for an increase in stone content up to 45%
to 50%, there was an increase in maximum dry density and a decrease in the optimum
moisture content. This increase in density does not necessarily represent improvement in
the stability of the soil but reflect the replacement of high moisture content. low density
matrix material with low moisture content, high density stones. For stone contents above
45% 10 50% a decrease in the maximum dry density was observed in addition to the
decrease in the optimum moisture content. If the proportion of particles larger than 20 mm
1s greater than 45% to 50% then the stones will determine the behavior.
However, it was found that, for soils with less than 43% to 50% of particles larger than
20 mm, the matrix would determine the compaction behavior.
Garga and Madureira (1985), investigated the effect of different factors on the
compactibility of a gravelly soil from Sao Simao Hvdro Power Dam site in Brazil and
they listed the following observations:
1. After studying the effect of gravel content, the percentage of gravel fraction was
found be an important factor influencing the maximum density of gravelly soils.
At high gravel content, there is an increasing gravel-to-gravel contact. which
interferes with transmission of compaction energy to the finer material in the
voids. In addition, at high gravel content, there may also be insufficient fines to
completely fill the voids. For the tested soils, it was found that at gravel content of
approximately 20-25%, particle interference begins to affect the compaction of
fines. For material passing the ASTM No. 4 sieve, the dry density values

decreased with increasing gravel content. However for material passing the % in.
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(19 mm) sieve, densities achieved by this fraction were found to increase with the

increase of gravel content.

The influence of the energy of compaction was investigated and results showed
that for materials with similar grain size distribution, regardless of the maximum
particle size, the difference between the maximum dry densities for standard and
intermediate energies is independent of the percentage of gravel fraction. The
maximum density values, under both the modified and intermediate energies reach
the same value at gravel content between 65 and 70%. This may be auributed 1o
the particle interference. At low gravel content. approximately less than 30%.
there 1s insignificant particle interference and the density values are proportionally
dependent on compactive effort. While at gravel contents greater than
approximately 60-70%, it is not possible to obtain denser arrangement as a result

of particle interference and insufficient amount of fines to fill all void spaces.

Different mold sizes were used to study the effect of mold size on the
compactibility of gravely soils. Mold diameters of 4 in. (100 mm). 6 in. (152 mm).
12 in. (305 mm) and 20 in (508 mm) were used. The maximum density values
were obtained from a mold diameter eight times the maximum particle size.
Despite the use of the standard compactive effort for all moid sizes. some
differences in dry densities were observed. These differences may be due to the

different impact pressures produced by the rammers.



4. Two different samples were used to investigate the effect of the water absorbed by
gravel fraction on the maximum dry density. The results indicated that the
variation in the absorbed water content of the gravel fraction does not influence
the maximum dry density values. It was concluded that low values of absorbed
water content, e.g., up to 3%, can be neglected in calculating the water content of
the total sample.

5. The effect of maximum particle size was studied using the maximum dry density
attained by the 3 in. maximum size materials as a basis for comparison. The
densities were found to be identical up to 40% gravel content. regardless of the
particle size. With a subsequent increase in gravel content, the density of the 5 in.
maximum size fraction decreased by 0.9% for 50% gravel content. and by 1.4%
for 60% gravel content. These differences in densities are attributed 1o an increase

in uniformity of the coarse fraction with higher gravel content.

6. Two pairs of samples with gravel contents of 50% and 60% were prepared with
two different grain size distribution curves in order to study the effect of gradation
of gravel fraction. The results of the maximum dry densities showed that the
compacted density was essentially independent of the shape of the grain size
distribution curve. The maximum difference between the obtained dryv densities

was less than 0.5%.
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7. For the tested soil, the gravel content was found to have an inversely proportional
relation with the optimum water content values. The optimum water content of the
total material for the tested soil was found to decrease by approximately 1% for
each 10% increase in gravel content. This decrease may be attributed to the

absorption of the compaction energy by the coarse fraction.

2.5.2 Methods of Estimating the Dry Density for Oversized
Material

Several methods are available to account for the effect of excluding the coarse fraction on
the dry density. The available methods may be categorized as rock correction equations
and laboratory testing modifications. Each of these methods is used to obtain the dry
density of the oversized material. However, not all methods produce the same dry density

for use as a reference value. Some of the well-known techniques include:
a) Small-scale tests without replacement (Elimination Method)
The test consists of performing small-scale compaction tests for which the material
passing the % in. (19 mm) sieve is compacted in a 6 in. (1532.4 mm) mold. while the
material coarser than the %% in. (19 mm) sieve is discarded [e.g.. ASTM D698, method
C]. This method is used only when the material coarser than the % in. (19 mm) sieve
1s less than 10% by weight.
b) Small-scale tests with replacement (scalp and replace method)
The test consists of performing small-scale compaction tests for which the material

coarser than % in. (19 mm) is removed before compaction and replaced with an equal



weight of material retained on No. 4 but finer than % in. (19 mm). This is done in

accordance with (ASTM D698-92) or (AASHTO T99). This method is the scalp and
replacement method, sometimes referred to as the procedure for replacement of
oversize aggregate. However, according to Fragaszy et al. (1990). Donaghe and
Townsend have shown in 1976 that scalp and replace method can give lower
maximum dry unit weights than those obtained when using the total sample. This
method is no longer available in the latest ASTM standards edition (ASTM. 2000).
however it is still used by local agencies.

c¢) Large-scale tests

The test consists of performing large-scale tests using the entire material. as it is
intended for field use, 1o get the maximum dry density and optimum water content.
The test methods shall be modified in order 1o accommodate the oversize particles.
According to Dongahe and Terrey (1994), Holtz and Lowitz reported in 1957 that the
ratio of specimen diameter to the largest particle size should not be less than 3 or 6.
Garga and Madureira (1985) developed by recommended a ratio of 6 1o 8.

Donaghe and Torrey (1994) developed a method for determining the compaction
characteristics of soil-rock mixtures having maximum particle sizes up to 2 or 3 1n.
(51 or 75 mm) while maintaining the standard compaction effort. This method was
developed according to a testing program using 12 and 18 in. (305 and 457 mm)
molds in which mold size effects are minimized. This was achieved by reproducing

the results, which were obtained using a conventional 6 in. (152 mm) diameter mold.
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The 12 in (305 mm) diameter mold test program was performed by duplicating. as
much as possible, the parameters used in the conventional method. These parameters
include the ratio of the hammer foot diameter to mold diameter, hammer drop height
and the number of lavers. The authors recommended the use of this procedure to
determine the moisture—density relationships of soils with gravel fractions containing
particles larger than the % in. (19 mm) sieve and finer than the 3 in. (762 mm) sieve.
This will be achieved by compacting the soil in 12 in. or 18 in. (305 and 457 mm)
molds using standard compactive effort with a 131.4 Ibf (584.5 N) rammer dropped
from a height of 12 in. (305 mm).

Wagner (1970) proposed another method of test for moisture-density relations of
gravelly soils. In his method. a cylindrical metal mold 20 in. (508 mm) diameter with
a height of 15 in. (380 mm) was used. The compaction was done by lifting a metal
rammer weighing 186 1b (83 kg) 18 in. (457 mm) and letting it to fall free at the rate
of 12 blows per minute. This method is applicable for soil passing the 3 in. (75 mm)
sieve.

d) Rock correction equations

The method consists of performing compaction tests on the material passing the
ASTM No. 4 or % in. (19 mm) sieve to get the maximum dry density and optimum
water content for the fine material. Knowing the percentage of rock, the values
obtained for the finer material are corrected to obtain an estimate of the maximum dry

density and optimum water content of the entire (total) soil. This is done in accordance
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with ASTM procedure D4718, AASHTO procedure T224, or U.S. Bureau of
Reclamation (USBR) procedure 5515-89 (Houston and Walsh, 1993).

The well-known rock correction equations are given in Table 2.3. The difference
from one method to another varies depending on the material characteristics. such as
the plasticity index of the material passing the No. 4 sieve (Walsh, 1994).

There exist other methods, to account for the effect of oversize particles such as
the method introduced by Hsu and Saxena (1991), who proposed the following
general formula for determining densities including oversize particles:

1

v, = 2.7)
(1+e)[P/G,v,)+(A-P)/G, -v,)]

where,
e = The void ratio of the total matenal
P = The ratio between the weight of gravel to the weight of total material
Gg= The specific gravity of gravel
G,= The specific gravity of soil binder
Yw = The density of water.
The void ratio can be determined as follows:
e=e,~AP+BP +CP +DPF (2.8)
Where, e, is the initial void ratio, 4, B. C and D are constants which can be obtained

from large scale compaction tests of a typical soil compacted with a specific energy.



Table 2.3: Some of the Rock Correction Equations (Houston, 1993)

Equation Reference Equation* Comments
Designation
AASHTO-1 | AASHTO T224 | D= (1-P)D¢+ 0.9 P, (62.4)Gn, D¢ 1s determined
using Method A or
B, AASHTO T99 or
T180.
AASHTO-2 | AASHTO T224 62.4 D¢ is determined
D = -
P, 624(1-P.) using Method A or
G + ' D B, AASHTO T99 or
™ 2 r T180. r, depends on
rock content.
ASTM ASTM D4718 _ 62.4 D¢ is determined
D= P, 624(1-P.) using ASTM D698
G. = D, or D1557.
USBR USBR 5515 62.4 D¢ 1s determined
D=p—aa-F) using USBR method
G A D 5500. r, depends on
" “ rock content and
plasticity of fines.

* Definitions:

Dy = Maximum dry density of the fine material (pcf)

D = Maximum dry density of the total soil (pcf)

P. = Percent rock (material retained on the No. 4 or the % in. (19 mm) sieve by weight

(decimal)

Gm = Bulk specific gravity of rock

r, = Correction factor in AASHTO equation to account for interference of large

aggregates

1, = Correction factor in USBR equation to account for interference of large aggregates




Torrey and Donaghe (1994) proposed another method for compaction control of

earth-rock mixtures. The proposed method was developed to calculate the maximum dry

unit weight and optimum water content of the total material from the corresponding

values obtained on either the material finer than % in. (19 mm) or the No. 4 (4.76 mm)

sieve. This method was shown to be applicable to a wide range of gradations of earth-

rock mixtures. According to The maximum dry density Yim and the optimum water

content Wy, of the total matenal are calculated as follows:

where,

100 I_ P ms Y. O
Yims = c Yr : M (2.9)
Yw PF + ICP(; th;u
100 W__
o = ——— (2.10)

PG Fopx
I = Density interference coefficient
Pc = Percent gravel
P = Percent finer fraction by weight

Ytmax = Maximum dry unit weight of the finer fraction

Yw = Unit weight of water
Gm = Bulk specific gravity of the gravel

Wipe = Optimum water content for finer material

Fopr = Optimum water content factor
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McLeod (1970) proposed another method for correcting the maximum dry density
of compacted soils containing oversize particles. The method was intended to provide a
calculated value for the maximum dry density (vma.) for the total soil. when the moisture
density relation tests are made on the portion of the soil passing either No. 4 or % in. (19
mm) sieves. The calculate_d Ymax Value for the total soil is required for comparison with the
measured field density value for a layer of soil undergoing compaction in the field. The

maximum dry density of the total soil is calculated as follows:

W W
W o=——o"c (2.11)
OW_+CW,
where,
W, = calculated maximum dry density.

W, = density of the oversize material as given by its ASTM bulk specific gravity
multiplied by the density of water.
W. = measured maximum dry density of the portion of the total soil passing
erither No. 4 or % in. (19 mm) sieve.
O = fraction by weight (dry basis) of the portion of the oversize particles in the
total soil expressed as decimal.
C = fraction by weight (dry basis) of the portion of the total soil passing either
No. 4 or % in. (19 mm) sieves, expressed as decimal.
This method is applicable only when the volume of the compacted portion passing either
No. 4 or % in. (19 mm) sieve is at least sufficient to fill the void spaces between the

oversize particles.
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Day (1989) investigated the relative compaction of fill having oversize particles
using three different methods; the methods used in the research were the elimination
method and the replacement method using the following equation:

_ 1-0.05(F)
S FI-F

e —

162 v,

which obtained from the Navy Engineers Command Manual. In this equation:

Yadj = The adjusted total maximum dry density (pcf)

vi = The laboratory maximum dry density of the soil matrix (pcf)

F = The fraction of oversize particles by weight
This method is considered suitable when the oversize percentage is less than 60% by
weight, for well-graded materials.

The three methods used did not give the same result for the tested soil. Assuming that
the fill must be compacted to 90% relative compaction, the elimination method required
the highest field dry density values, while both the replacement and the equation methods
required the same values of field dry density. although the replacement method cannot be
used for F values greater than 30%.

Hence, afier this literature survey it is observed that different researchers studied the
effect of the particle size on the compactibility of gravelly soils and recommended
different correction methods to account for the removal of the oversize particles from test
specimen. However, there is no attempt made to study the applicability of the

conventional tests for local soils. In addition, the reliability of the common correction



methods for local use is still not investigated. Furthermore, the effect of calcareous
sediments gradation on their load carrying capacity is not fully researched.

CBR test is the most common test, which is used locally to assess the base and
subbase geomaterials strength characteristics. However, its reliability is highly
questionable, due to the high discrepancies observed between the field and the laboratory
values. The researches made to study the deficiencies associated with the CBR test are not
enough. The local concentration on the CBR test is attributed to its relative easiness and
practicality in both the laboratory and the field. In addition, the Clegg Impact Hammer
provides a quick and very easy tool to predict the CBR value of soils utilizing the
correlations obtained between the two tests. Hence compared to the Modulus of resilience
test, which 1s complex, time consuming and may give inaccurate results when back
calculated (Mikhail. et al, 1999), the CBR test still can be valuable after Improving its
reliability. This can be achieved afier clarifving the meaning of the CBR values greater
than 100%, and by correlating the CBR value with another soil strength parameters. In
addition. a practical laboratory CBR values must be obtained using modified testing
procedure that gives better simulation for the filed conditions or by proposing a reliable
correction methods to correct for the effect of the boundary conditions and preparation

methods for the laboratory CBR results.
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Chapter 3

Experimental Program

3.1 General

The nature and behavior of calcareous soils still need more investigation in order to
understand their engineering performance and characteristics. Regardless of the efforts
made recently to study these soils, more research work is urgently needed in order to build
a database, which will provide a better understanding of these soils and will help also 10
avoid problems associated with their use. Despite the fact that calcareous soils are
commonly used, in many parts of the world, as a construction material which expose them
to various types of loading conditions, their load carrying capacity and the factors
associated with it were not properly investigated.

This experimental work was devised to study the effect of gradation and testing
procedures on the load carrying capacity of calcareous sediments. Marl soils from eastern
Saudi Arabia were used for the testing program. The first part of the program comprised
of characterizing the selected marls (two different samples) following the standard testing
procedures stated in the ASTM and the AASHTO standards. Characterization tests were
performed for both the aggregate fraction and the fine material. The second part of the

experimental program was devised to study the effect of gradation and testing procedures



on the moisture-density relationships and on the load carrying capacity of the collected
marls. The tests used for the second part include the, Modified Proctor Test. California
Bearing Ratio Test, Unconfined Compressive Strength Test and Clegg Hammer Test. The
conventional CBR mold and a large (modified) mold were used for the comparison. The
ﬂpwchart of the experimental program is shown in Fig. 3.1, and the expenimental design

1s shown in tables 3.1 and 3.2, respectively.

3.2 Collection of Marl Samples

It 1s well known that the engineering properties of soils, such as strength, volume change
and permeability are highly dependent on gradation as well as other parameters. During
the process of compaction some of soil particles may crush. Calcareous soils, which
contain soft carbonate aggregates, are more susceptible to crushing during compaction.
This crushing of particles will alter the natural gradation; hence some engineering
properties of the soil will change.

Two eastern Saudi marl samples were collected from different sources, which are
still utilized for construction purposes within the region. The two marls were selected
from different borrow areas in order to have some varieties in the parameters. Although
the two marls are found to be eligible for use as construction materials, according to
specifications stated by Dammam Municipality, there exist some quality differences
between them. The first marl, which was collected from Abdullah A. Al-Dossary
Company borrow area was found to have an abrasion value, according to the Los Angeles

Abrasion Test (ASTM C131), in excess of 40%. However, the material obtained from
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Al-Derbas Company borrow area was not exceeding 33%. Other parameters such as the
natural gradation and the plasticity of fines were also different for the two marls. Thus. in
the process of selecting marl soils for this research program, the aggregates susceptibility
to crushing was intended to be one of the major variables. However, the existence of some
differences in other parameters, like the plasticity and the grain size distribution

contributed positively to the study.

3.3 Characterization of the Collected Samples

Generally, laboratory testing permits a greater degree of accuracy of measurements than
field testing. This is attributed to the proper control of test conditions in the laboratory,
which may be difficult to control in the field. However, the eligibility of a soil for use as a
construction material is usually predicted using laboratory tests assuming satisfactory
quality control procedures for the fieldwork.

Prehminary characterization tests were performed to assess the basic engineering
properties of the two collected marl samples. These preliminary tests included plasticity
tests and the grain size analysis. In addition, the characterization included also specific
gravity. compaction. soaked and unsoaked California Bearing Ratio. Los Angeles
abrasion. sand equivalent and soundness of aggregates tests.

3.3.1 Specific Gravity Test
The specific gravity of soil solids is often needed for various calculation purposes in soil
mechanics. It is used in almost every equation that expresses the phase relationship of air.

water and solids in a given volume of soil. It is used as a parameter in the determination of
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some important properties of soil such as void ratio, unit weight of soil and soil particle
size analysis. Since both marl soils are composed of particles larger than and smaller than
the No. 4 sieve, the samples were first separated on the No. 4 sieve. and then the
appropriate test method was used for each portion. For the large particle sizes the specific
gravity value is obtained following ASTM C127 method, anc_i}for material passing the No.
4 sieve, the ASTM D854 method was followed. The weighted average of the two values
was reported as the specific gravity of the soil.

3.3.2 Grain Size Distribution

The grain size analysis was conducted for the two marls using both dry and washed
sieving techniques (ASTM D422). First, in order to separate the gravel particles, the air-
dried samples were passed downward through a stack of sieves with opening sizes 1% in..
I 1n., % in.. Y2 in.. 3/8 in. and 4.75 mm (ASTM No. 4 sieve). The amount of soil retained
on each sieve was collected in separate bags and their masses were recorded. In order to
assure a complete separation of fines, the material passing the No. 4 sieve was subjected
to washed sieving. This was done by taking a representative soil samplie then immersing it
in a distilled water before being dispersed by a mechanically operated stirring device. The
sample was then washed through a set of sieves including ASTM No. 10, 20. 30. 40. 60.
100. 140 and 200 sieves until the water passing through each sieve was clear. The material
retained on each sieve was collected and oven dried before recording its mass.

3.3.3 Plasticity Tests

The liquid limit and plastic limit tests (ASTM D4318) can provide a quick means of

determining the moisture contents limits from which the liquid and plastic phases will



start for soils containing appreciable amounts of fine-grained particles. Both tests were
conducted on material passing No. 40 sieve. For the first marl sample, which was
collected from Al-Dossary borrow area, the liquid limit test was performed with some
difficulty. this is attributed to the relatively low amount of clayey particles. The second
marl. which was collected from Al-Derbas borrow area. showed no plasticity and its
liquid limit was reported as “not defined”.

3.3.4 Compaction Test

Laboratory compaction tests provide the basis for control procedures used in the field.
They provide a relationship between dry density and moisture content for a given
compaction method. Different compaction testing procedures are used depending on the
grain size distribution of the soil sample. In this investigation the modified Proctor
compaction test (ASTM D1557) was used. The soil retained on the ¥ in. (19 mm) sieve
was excluded from the total sample and replaced by the same mass of soil passing the 3
(19 mm) 1n. and retained on the No. 4 sieve. Each soil sample was reconstituted to its
natural gradation to eliminate variations in the grain size and grain size distribution.
3.3.5 Soaked and Unsoaked CBR Tests

California Bearing Ratio (CBR) test is intended for determining the relative bearing value
of soils and soil-aggregates when they are compacted to varying density values and
moisture contents. It has been used in the structural design and evaluation of pavements.
Locally in eastern Saudi Arabia, the CBR test is the major test in assessing the strength of

base course construction materials before their use. Despite the fact that CBR test is an



empirical test and still not well correlated with other soil parameters, 1t is recognized
world wide because of its simplicity and applicability.

In the preliminary characterization. both soaked and unsoaked CBR tests (ASTM
D1883) were performed. The soil was reconstituted to its natural gradation for each
sample. The soil was compacted following the ASTM D1557 compaction method in the
CBR mold. For the unsoaked sets, the samples were tested right after their compaction to
avoid moisture losses. While for the soaked sets, the sampies were immersed in water
after being surcharged with 10 Ib (4.54 kg) weights for 96 hours before testing.

3.3.6 Los Angeles Abrasion Test

This test is usually performed in order to assess the resistance of aggregate sizes smaller
than 1% in. to abrasion. using the Los Angeles testing machine. For marl samples. the test
was conducted using the standard procedure stated in ASTM C131. The test samples were
prepared according to gradation A and using 12 standard steel balis as the abrasive charge.
The weight of the sample was recorded to the nearest 1 gm before testing, after being
washed and oven dried at 110 C° to a substantially constant weight.

The sample was placed with the steel balls inside the hollow steel cvlinder of the Los
Angeles machine. Afier the prescribed number of revolutions (500 revolutions with a
speed of about 31 rpm). the sample was discharged and then sieved using ASTM No. 12,
sieve. The weight of the material retained on the No. 12 sieve was recorded. The
difference between the original and the final dry weights of the material retained on the
No. 12 sieve was expressed as a percentage of the original weight of the tested sample.

and the value was reported as the percentage of wear.
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3.3.7 Soundness of Aggregates Test

This test is intended to determine the resistance of soil aggregates to disintegration by
saturated solution of sodium or magnesium sulphate. It helps to Judge the soundness of
aggregates subjected to difficult weathering conditions, particularly when there is no
adequate information available from service records of the material exposed to actual
weathering conditions.

The test was performed according to ASTM C88 standard procedure. The aggregates
were prepared in three different sets according to their sizes. The first set included
aggregales passing the 1% in. sieve and retained on the % in. sieve. The second set
included aggregates passing the % in. sieve and retained on the 3/8 in. sieve. The last set
was prepared using aggregates passing the 3/8 in. sieve and retained on the No. 4 sieve.
The masses of the three sets are approximately 1500, 1000 and 300 grams, respectively.
Each of the three sets was immersed in a prepared saturated solution of sodium sulphate
for a period of 16 hours. After which the samples were collected from the solutions and
washed by distilled water. The samples were then oven dried to a condition of constant
mass (12 hours was found to be appropriate to reach this condition). This procedure was
repeated five times, and then the three sets of aggregates were passed through 5/8 in., 516
in. and No. 5 sieves respectively. The mass of the materials retained on each sieve was
recorded. The difference between each of these amounts and the initial weight of the
fraction of the sample tested is the loss in the test and was expressed as a percentage of
the initial weight. The summation of the percentages of weight loss was reported as the

percent loss by disintegration for the total sample.



3.3.8 Sand Equivalent Test

The sand equivalent test is considered to serve as a rapid field-correlation test (ASTM,
2000). The theme of this test is to indicate the relative proportions of the clavey or plastic
fines in granular soils and fine aggregates that pass the No. 4 (4.75 mm) sieve.

This test (ASTM D2419) was performed, for the marl samples, by pouring a measured
volume of the fine material into a graduated plastic cylinder containing a working calcium
chionde solution. The specimen was then irrigated using additional amount of solution
and then shook to loosen the clay like coatings from the sand particles. Afier a
sedimentation period, the height of flocculated clay was read and the height of sand in the
cylinder was determined. The sand equivalent is the ratio of the height of sand to the
height of clay times 100. The average of two calculated sand equivalent values for two

specimens was reported as the sand equivalent of the soil.

3.4 Testing Program using Conventional Methods

Soil gradation is believed to be one of the most important parameters. which govern the
geotechnical properties of soils, especially their strength characteristics and volume
change. The ASTM standards suggest different gradations for geomaterials for their use as
bases and subbases for pavements. To study the effect of gradation on the load carrving
capacity of marl soils. a series of tests were performed using different gradations. The

tests used in this investigation are the CBR, Unconfined Compressive strength and Clegg

Hammer tests.
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3.4.1 Samples Preparation

In this investigation, three different gradations were selected for the experimental
program. The first gradation is similar to the Dammam Municipality fine limit gradation
and the second is its coarse limit. The third gradation is a median gradation. which lies
between the fine and the coarse limits. The three gradations used are shown in Fig. 3.2.
Large quantity of each marl sample was sieved to separate different sizes. Each grain
size was kept in bags, and stored inside the laboratory in order to achieve stable initial
moisture content values. All samples were then stored in plastic bags to prevent moisture
changes.
3.4.2 Compaction Test
Compaction tests were performed for each marl on four different sets. The first three sets
were prepared with gradations following the fine, medium and coarse gradation
mentioned previously. The compaction process for the three sets was conducted following
the scalp and replace method (ASTM D1557, 1991) 1o correct for the elimination of
oversize particles (particles retained on the % in. (19 mm) sieve). The forth set was
prepared with the medium gradation, using the elimination method. In such method. the
material retained on the % in. (19 mm) sieve was excluded and the test was performed on
material passing the % in. (19 mm) sieve without replacement. All compaction tests were
performed by securing approximately 1% increase of moisture between each successive
test specimens. These slight increases of moisture were made because of the high
sensitivity of marl to molding moisture content. A prescribed amount of each grain size

was weighed and the different sizes were mixed to reconstitute the samples to the selected
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gradations. For each marl, the compaction test for the medium gradation set was repeated
in order to study the repeatability of the results. A representative amount of the prepared
sample was taken in order to obtain the moisture content value for each specimen. It was
observed that, while drying marl samples in the oven, the state of constant mass (full
dryness) was usually achieved within a period of one to two days. Therefore, all tested
sampies were left to dry in the oven for at least 48 hours to assure full dryness.

3.4.3 Unsoaked CBR Test

Unsoaked CBR tests were performed on samples reconstituted to the three gradations for
each marl. It was decided to perform the test without soaking the samples. in order to
obtain similar testing conditions with the other tests, such as the unconfined compression
test, for further correlations. In addition, the use of the large mold was intended 10
simulate the field conditions, regarding the size of the sample and the fact that the field
tests are usually performed without soaking. All tests were conducted in accordance with
ASTM D1883 for specimens compacted following the ASTM D1557 procedure. In
addition, for each marl, a set of specimens was prepared using the medium gradation and
the elimination method. For all sets, samples were tested immediatelv afier the
compaction process to avoid moisture losses. The consistency of the testing conditions
and its effect on obtaining reproducible results was investigated by repeating the CBR test
on samples prepared according to the medium gradation for each marl.

3.4.4 Unconfined Compressive Strength Test

The unconfined compression test is used to determine the undrained strength and stress-

strain characteristics of undisturbed, remolded and/or compacted soil samples. This test is
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applicable for soils possessing some cohesion, where the sample 1s not allowed to expel
water during loading. The soil sample must retain intrinsic strength after removing the
confinement, which is provided by the mold walls for compacted samples or bv the
confinement of the surrounding soil for undisturbed samples. In the structural design of
pavements, the unconfined compressive strength (UCS) is used as a strength criterion for
base and subbase layers. In common practice, the pavement design standards specify a
certain minimum UCS value for different lavers.

In this research program, the unconfined compressive strength test was performed
after compacting the marl samples in a steel cylindrical mold with a height of 8§ in. (203
mm) and a diameter of 4 in. (102 mm), which gives a height to diameter (h/d) ratio of 2
for the three gradations. The specimen size was preferred for better correlation with the
compaction test in the CBR mold and it permits inclusion of large particle sizes. The mold
used is a split type. The use of a split mold was intended to avoid any change in density
while extruding the sample. According to ASTM D2166, the largest particle size to be
included should be smaller than one-sixth of the specimen diameter. Particles up to % in.
(19 mm) can be included in test specimens of 4 in. (102 mm) diameter (Alkhafaji and
Andersland. 1992).

To achieve an appropriate similarity between the modified Proctor compaction
method. and the compaction in the USC mold, the samples were compacted in the UCS
mold in five layers, and the compactive effort was applied by dropping a 10 Ib (4.54 kg)
hammer from a height of 18 in. (457 mm). It was observed that, in the trial specimens,

compacting a sample, with a certain gradation, in the UCS mold usually gives higher
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maximum dry density than compacting it in the standard CBR mold. This difference in
densities was observed even when the modified Proctor hammer weight, drop height and
number of blows were used for both types. The difference is attributed to the increase of
the compactive effort in the case of the UCS mold because of the lower volume of the
sample compared to that in the CBR mold. Hence, in order to achieve approximately
equal dry densities, a series of samples were compacted in the UCS mold with different
number of blows, keeping the other parameters unchanged. It was found that. for the UCS
mold, 32 blows on each layer was adequate to achieve an acceptable similarity in the dry
densities with those obtained using the CBR mold. The methodology used to obtain the
appropriate number of blows is explained in details in the results and discussion chapter.
Samples were trimmed afier compaction and their surfaces were cut carefully 1o
prevent excessive irregularities and to secure their perpendicularity to the longitudinal
axis of the specimens. Each sample was tested immediately afier its extrusion from the
mold and handled carefully in order to prevent disturbance, changes of cross section or
loss of moisture. Two specimens were tested at each moisture content.
3.4.5 Clegg Hammer Test
Despite the fact that the CBR test is internationally adopted, it is both tedious and time
consuming specially in the field where it requires a lot of preparations and need different
types of equipment. Clegg Impact Hammer shown in Fig. 3.3 was utilized to provide a
simple technique that can correlate well with the CBR test. It is easy to operate and

provides a cost effective quality control method for the quality of field compaction (Khan
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The Clegg Impact Hammer.

gure 3.3
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et al, 1995). This device measures the “Dynamic Impact Value™. which is a measure of
the strength of the soil layer.

The apparatus consists of a falling part with the same shape and size of the modified
Proctor rammer. It is equipped with a piezoelectric accelerometer, which connected to a
digital ’measuring device. The dynamic rebound of the soil against the falling weight of
the haxﬁmer is recorded as the Clegg Impact Value (CIV) of the specimen (Asi et al.
1992).

The test was performed on marl sampies right after the CBR test was finished. The
specimen was inverted so that the surface of the specimen tested by the Clegg Impact
Hammer was not the one used for the CBR test. The specimen was supported by steel
spacer disk. which was placed beneath it. The Clegg hammer was then placed on top of
the specimen and the hammer was raised to 45 cm height and released to fall free on the
sample. This procedure was repeated four times plus one additional blow to insure CIV
stabilized reading. This stabilized reading was recorded as the CIV value of the sample.

The Clegg hammer used in this research was manufactured by “‘Controls Milano Ialy

(model T 168-005)".



3.5 Testing Program using Large-Size Setup

Marl soils, when they are mechanicallv modified for base course construction are usually
classified as gravelly soils. Such soils are believed to have questionable laboratory test
results as a result of discarding large size particles. which alwavs have influential
percentages. Hence, the use of large size testing specimens may provide a suitable remedy
for such testing problems.

In order to carry out this experimental research program. a new compaction and CBR
testing procedure was used. This was achieved by modifying the traditional compaction
machine and CBR mold in order to perform the tests using large scale CBR mold such
that particles up to 2 in. (51 mm) can be accommodated. The setup consists of 12.5 in.
(317.5 mm) diameter mold with a height of 8.1 in. (206 mm) and a collar 2.25 in. (57.2
mm) high. While developing the new method many features of the conventional
procedure were maintained. The modified compaction methodology was used throughout
the testing program and a compactive effort approximately equivalent to the modified
Proctor was maintained. This was achieved using a sector shaped hammer and a drop
height of 18 in. (457 mm). The mold volume is 0.57 fi° (16258 cm”). The svslem was
calibrated many times in order to achieve the same results produced by the conventional
method for the same soil gradation and water content. The details of the proposed mold

and accessories are shown in Fig. 3.4
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3.5.1 Experimental Setup

Due to the differences between the two molds, it was necessary to optimize the
compaction procedure for the large mold to simulate the standard small mold. This was
done by trial and error procedure whereby the hammer weight. drop height and number of
blows were the main variables. In the first trial, a 19 Ib (8.5 kg) mass hammer was used
with a drop height of 18 in. (457 mm) and 60 blows per layer, in order to calibrate the
large size setup. The target density was 2.26 gm/cm’, which is the maximum dry density.
obtained using the standard CBR mold for the same gradation for Marl 1. The soil was
prepared at the optimum moisture content and then compacted using the abovementioned
setup. Initially a dry density of 2.18 gm/cm® was produced. Hence. the setup was modified
in order to increase the compactive effort. The hammer mass was increased to 31.4 Ib (14
kg) and the number of blows was increased to 80 blows maintaining the same drop height
and hammer shape. The modified setup produced a dry density of 2.21 gm/cm”. which
was still less than the target density. The third trial was performed using 47.3 1b (21 kg)
mass hammer and 100 blows. This setup produced a dry density of 2.26 gm/cm’. which is
basically the target value. Hence. the large size compaction setup adopted throughout this
experimental program utilized the standard compaction machine with a 47.3 Ib (21 kg)
hammer; 18 in. (457 mm) drop height and 100 blows per layer. The sample was rotated
manually, during compaction in order to distribute the compactive effort over the whole

surface.
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3.5.2 Compaction Test

Two sets of samples were prepared using the medium gradation and two preparation
methods. The first set was prepared using the scalp and replace procedure; by excluding
the particles retained on the % in. (19 mm) sieve and replace them with the same mass of
material passing the % in. sieve and retained on the No. 4 sieve. The second set was
prepared by reconstituting the soil to the entire gradation curve for medium gradation,
without discarding the oversize particles. Particles up to about 2 in. in size were used
while preparing the second set. All samples were prepared in five batches to assure the
uniformiry of gradation through the test specimens. The molding water was added in order
to attain about 1% increase of moisture between successive specimens. Samples were
handled carefully and tested immediately afier compaction. The modified compaction and
bearing ratio mold and accessories compared to the standard ones are shown in F 1g. 3.5.
3.5.3 Unsoaked CBR Test

The CBR test was performed on the large size compacted specimens, where samples were
compacted using both the entire soil gradation and using replacement method. Afier
removing the collar, the sample surface was trimmed and the sample was then placed on
the testing machine. The sample was inverted and a surcharge of 0.36 psi (2.48 kKN/m?)
was cast 1n order 1o simulate the standard surcharge of the conventional small mold. The
penetration was performed using the standard plunger, which is the typical routine used in
the standard CBR test. However, the test was performed on three different locations. The
first location lies on the center of the specimen surface and the other two were selected to

lie half distance between the center and the wall of the mold. The off center points were



Figure 3.5: The modified and standard compaction and bearing ratio molds and
accessories
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tested in order to study the effect of confinement on the CBR values. Representative
amount of each specimen was taken afier the test to obtain the moisture content and to
determine the moisture losses during testing. The CBR testing setup for the large-size
moid is shown in Fig. 3.6.

3.5.4 Clegg Hammer Test

The Clegg impact value (CIV) was obtained for all specimens, which were prepared for
the CBR test. The CIV test was performed on the undamaged surface. The test was
performed on three points. the first point lie on the center and the other two points lie
midway between the center and the mold wall, on two opposing sides. This was done to
study the effect of the wall on the CIV values. The Clegg hammer test was performed on
samples prepared using both the entire soil gradation and using the scalp and replace
method. The Clegg hammer was dropped 5 times where the fifth drop was made to insure

the stability of the reading. The final stabilized reading was taken as the CIV value of the

lest specimen.
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Chapter 4

Results and Discussion

4.1 Characterization of the Collected Marl Samples

The two marl samples used in this research program were collected from local borrow
areas in eastern Saudi Arabia. which are still used as sources of construction geomaterials.
Both samples were found to be eligible for use as graded base course material according
to the Dammam Municipality specifications. The main differences berween the two
collected samples were the crushing strength of aggregate and plasticity of fines.
Collected marl samples were subjected to a preliminary testing program to explore
their general properties. The characterization-testing program was intended to characterize
both coarse and fine fractions. The properties investigated are the specific gravity (for
both fine and coarse fractions), grain size distribution, plasticity, moisture-density
relation, California Bearing Ratio (soaked and unsoaked), Los Angeles Abrasion. Sand

equivalent and soundness of aggregates.
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The samples were classified using the standard classification methods stated by the
American Association for State Highway and Transportation Officials (AASHTO) and the
Unified Soil Classification System (USCS). Marl #1 was classified as GM according to
USCS system and as A-1-a according to AASHTO system. However, Mar]l #2 was
classified as SM according to USCS system and A-1-b according to AASHTO system.

Comparing the two marls, Marl #1 shows higher average specific gravity, plasticity
index, maximum dry density, unsoaked CBR value and percent wear (using Los Angeles
Abrasion Machine). However. Marl £2 shows higher maximum soaked CBR value. sand
equivalent and percent loss (by disintegration using sodium sulphate solution). The
classification of the two samples and some of their characteristics parameters are shown in
Table 4.1.

The natural gradation curves for both samples are shown in Fig. 4.1. Generally Marl
#2 shows finer gradation when compared with Marl #1. The AASHTO classification
system classified Marl #1 as gravel and Marl #2 as sand. Although the percent passing the
ASTM No 200 sieve were almost similar for both marls, Marl #1 showed a plastic
behavior, which was absent in Marl #2. It is observed that the percent loss by weight was
higher in Marl #1, compared 1o Marl #2, when using a mechanical abrasive agent (steel
balls in the Los Angeles Abrasion Test) but it was lower when using a chemical
disintegrating agent (sodium sulphate in the Soundness Test). This indicates that although
the aggregate of Marl #2 are harder than the aggregate of Marl #1, they have more

solubility in the chemical environment.



Table 4.1: Classification and characteristic properties of the collected marls

Property Designation Marl #1 Marl #2
Classification USCS GM SM
AASHTO A-l-a A-1-b
Specific Gravity (for fine fraction) ASTM D 854 2.71 2.71
Specific Gravity (for coarse fraction) ASTM D 127 246 247
Weighted Average Specific
Gravity 2.61 2.54
Liquid Limit ASTM D 4318 18.1 NP*
Plastic Limit ASTM D 4318 14.2 Non-Plastic
Plasticity Index 3.9 Non-Plastic
Maximum Drv Density ASTM D 1557 2.26 2.23
Optimum Moisture Content ASTM D 1557 5.5 5.8
Maximum Soaked CBR ASTM D 1883 138 243
Maximum Unsoaked CBR ASTM D 1883 278 258
Percentage Wear ASTM C 131 41 33
Percentage Weight Loss ASTM C 88 4 8
Sand Equivalent ASTM D 2419 15 27
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4.1.1 Moisture-Density Relationships

The moisture-density relationships for the marl samples were determined using the
modified Proctor method. The samples were reconstituted to their natural gradation and
compacted in the standard CBR mold. The compaction curves for both marls are shown in
Fig. 4.2. Marl #1 was found to have a maximum dry density of 2.26 g/cm’ and optimum
moisture content of 5.5% while Marl #2 has a maximum dry density of 2.23 g‘cm® and
optimum moisture content of 5.8%. It is observed that Marl #1 attained its maximum dry
density at lower optimum moisture content, which was caused by the coarser gradation of
Marl #1. and hence its lower specific surface and lower affinity for water compared to
Marl #2. As shown in the figure, Marl £1 shows higher dry density values compared to
Marl #2. This is attributed to the fact that Marl #1 is coarser than Marl #2 and to the
higher susceptibility to grain crushing of Marl #1 during compaction, (higher percent of
wear as shown in Table 4.1) compared to Marl #2. This will modify the original gradation
and helps the soil 10 have denser matrix. It is also noticed that the density values on the
wet side of optimum. for both marls started to approach each other

4.1.2 Soaked and Unsoaked CBR Tests

California Bearing Ratio tests (both soaked and unsoaked) were performed in order to
characternize the bearing capacity of the collected marls. The CBR-moisture-density
relationships of the rwo samples are shown in Figs. 4.3 and 4.4. The maximum CBR
values for Marl #1 were achieved on the dry side of optimum water content, as shown in

Fig. 4.3. It is also shown that relatively jow CBR values were associated with the
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optimum water content for both soaked and unsoaked samples. This indicates that,
compacting the soil at its maximum dry density is not a sufficient condition to achieve the
maximum (or at least high) CBR value. However, for Marl #2, the maximum soaked and
unsoaked CBR values were obtained at almost the optimum water content.

Comparing the two marl samples. the maximum CBR values in marl £ were
achieved at lower water contents than that of Marl #2, which substantiate the lower
affinity of Marl #1 for water. The maximum CBR values for the two samples exceeded
100% for soaked and unsoaked sets. Despite the fact that there is no technical meaning for
these high values, marl samples usually present such values in laboratory tests. especialiy
on the dry side of the optimum water contents. This is attributed to the hi gh percentages of
stone fraction in marl soils. For both marls, it is clear that sharp peaks are seen in the CBR
curves for the soaked specimens, while a relatively flat peaks are observed for the
unsoaked samples. Thus, soaking of marl samples increases their water sensitivity. which
may be caused by the weakness of some of the coarse particles due to softening and
reduction of the cementing effects between the particles as a result of immersing the
specimens in water.

Generally, at the same molding water content. the unsoaked CBR values are higher
than the soaked CBR values as shown in Figs. 4.3 and 4.4. The sharper decrease in the
CBR values as a result of soaking is observed in marl %1, compared to Marl #2, which
indicates higher effects of soaking due to the plasticity of the fine fraction. which led 1o
the loosening of the connectors between soil particles. It is also observed that. for the two

marls. the soaked and unsoaked CBR curves tend to merge on the wet side of optimum
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and they ended up to be very close to each other at higher moisture content values. On the
wet side, most of the pores are filled with water and this water will contribute in taking
some of the applied stress. Hence, the bearing values of both soaked and unsoaked sets
will be approximately similar. at higher moisture contents. due to the excess pore water
pressure, which reduces the effective strength due to the reduction in the effective stress
(0" = 6-u). In addition, the water is weakening the connectors, especially when theyv are
plastic, as well as the coarse particles.

Comparison of the soaked CBR values for the two marls is shown in Fig. 4.5. The
results clearly show that Marl #2 has a higher maximum soaked CBR value compared to
Marl #1. However, for the unsoaked sets Marl #1 has higher maximum CBR value as
shown in Fig. 4.6. This again substantiates the acute sensitivity of marl #1 upon soaking.
This sensitivity is attributed to the plastic nature of fines and the higher grain crushability
of Marl #1. Generally. Marl #1 shows sharp reduction in the bearing values with the
presence of excess water i.e. on the wet side of optimum. This phenomenon is clear while
observing that for both soaked and unsoaked samples Marl #1 shows higher CBR values,
compared 1o Marl #2. on the dry sides of optimum. but much lower values on the wet
sides of optimum moisture content. The reduction of the bearing capacity of Marl #1 afier
soaking is atributed to its plastic behavior. According to Aiban (1995) cohesive marl

samples show a remarkable reduction in cohesion values with the increase in the molding

waler contents.
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4.2 Testing Program using Conventional Methods

In order to study the effect of gradation and testing procedures on the load carrving
capacity of marl soils, conventional tests were performed using the standard methods.
These tests include the California Bearing Ratio, Unconfined Compressive Strength and
Clegg Impact Hammer. The conditions were intended to be similar for all tests in order to
eliminate the preparation and material variables and enable comparison or correlation for
other parameters. Although the density may not be a sufficient condition for similarity of
testing conditions, the three types of tests were performed on specimens under
approximately similar densities and molding moisture content. Other parameters were also
maintained the same and only one parameter was considered at a time. The parameters
included soil gradation (three different soil gradations were used throughout this testing

program), compactive effort and molding water content.

To study the effect of repeating the CBR and compaction tests on the obtained
results, testing of samples reconstituted to the medium gradation was repeated for the two
marls. The results are shown in Figs.4.7 and 4.8 for Marl #1 and Marl #2. respectively.
For the first marl, the maximum difference between the dry density values was found to
be 0.013 gm/cm’, which represents 0.6% of the average value. While the maximum
difference between the CBR values was 19%, which represents 7.4% of the average value,
for samples prepared at approximately equal moisture contents. For the second marl. the
maximum difference between the dry densities, for samples prepared at approximately

equal moisture contents, was found to be 0.013 gm/cm®, which represents 0.6% of the
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average value. The CBR values for the second marl gave a maximum difference between
the two sets of 23%, which represents 9.4% of the average value. It is observed that the
dry density is more repeatable than the CBR values. This could be attributed to the
sensitivity of the CBR test to the presence of stony particles. The presence of stony
panigles underneath the plunger will provide more resistance for penetration and hence
gives high variations in the CBR value. Despite this sensitivity the two repeated sets show
maximum differences between the CBR values within 10%, which lead to approximatelyv
similar curves, and hence an acceptable repeatability. The repeatability of the results was

achieved by careful samples preparation and similar testing conditions.

4.2.1 Compaction Tests

The moisture-density relations for the specimens. which are reconstituted to the three
selected gradations. were obtained using the modified Proctor method. The three different
gradations were chosen in order to study the effect of gradation on the maximum dry

density. the optimum moisture content and the load carrying capacity of the matenal.

The moisture density relations for the three gradations, namely the fine, medium and
coarse limits. are shown in Figs 4.9 and 4.10 for Marl #1 and Marl £2, respectively. For
Marl #1. the maximum dry densities for the fine, medium and coarse gradations are 2.26

-
S

. 3 - 3 . - . .
g/em”, 2.26 g/cm” and 2.25 g/em’, respectively, while the corresponding optimum
moisture contents are 4.9%, 5.1%, and 4.9% respectively. The maximum dry densities for
the three gradations are almost the same. However, the optimum water contents, of the

three sets, lie within a range of 0.2%, which represents about 4.1% of the lowest moisture
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content value. The dry density curves at different degrees of saturation are also shown in
Fig. 4.9. As shown in the figure, the wet sides of optimum for the three gradations have

water contents corresponding to a degree of saturation ranging between 82 and 98%.

For Marl #2, the maximum dry densities for the fine, medium and coarse gradations
are 2.22 g/em’, 2.24 g/em® and 2.22 g/em’, respectively. The corresponding optimum
moisture contents are 6.1%, 5.3% and 5.5%. respectively. It is noticed that the maximum
dry density values are almost the same. The optimum water contents, of the three sets. lie
within a range of 0.8%, which represents 15.1% of the lowest moisture content value. As
shown in the saturation curves in Fig. 4.10. the wet sides of optimum for the three

gradations have water contents corresponding 10 a degree of saturation ranging from 85 to

98%.

For both marls, the variation between the maximum dry density vaiues for the three
gradations did not exceed 1% of the lowest value, while for optimum moisture contents
the maximum variation was 15.1% of the lowest value. Hence, for both marls. the
maximum dry density value is somewhat independent of the selected gradations. This is
consistent with the findings of Garga and Madureira (1985) who reported the same
conclusion for gravelly soils from Brazil. In addition, it is observed that the gradation has

slight effect on the optimum moisture content value.

4.2.2 Unsoaked CBR Tests

Both marls were subjected to a testing program to obtain the CBR curves for the three

different gradations. The produced test results give an idea about the effect of soil
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gradation on the CBR- water content relations. As shown in Figs. 4.9 and 4.10, the
densities produced by different gradations are almost similar. However, the similarity in
densities cannot assure a similar trend of the CBR values, because the CBR values depend
also on other factors like the maximum particle size and the pore water pressures of the

samples.

The CBR-moisture-density relationships for the three tested gradations are shown in
Figs. 4.11 to 4.13. For Marl #1 the maximum CBR values were attained at the optimum
moisture content for samples reconstituted to the fine limit gradation and to the medium
gradation. However for sampies reconstituted to the coarse limit gradation. the maximum
CBR value was achieved on the dry side of optimum. The maximum dry density.
optimum moisture content and maximum CBR values. for the three gradations, are shown
in Table 4.2. The coarse limit gradation shows the lowest maximum CBR value. although
it contains higher percentages of stony particles. This can be attributed to the porous
structure of the soil reconstituted to the coarse limit gradation and to the effect of grain
crushing which is enhanced because of the high friction between the coarse particles.
However. the medium gradation set gave the highest CBR values, in all tested sets. This is
mainly due to the fact that the sample contains proportional quantities of the different
particle sizes and thus it has both coarse material needed for bearing skeleton and fine
material needed for voids filling. This is expected to give a matrix that has lower void
ratio when compared to the coarse gradation and more bearing skeleton when compared to

the fine gradation.
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For samples reconstituted using the medium and the fine gradations. a sharp drop
after the maximum CBR values was observed when only about 1% moisture was added.
However, for samples reconstituted to the coarse limit gradation, a relatively gradual drop
after the peak CBR value was observed. The density at which the maximum CBR value
was attained may contribute to this phenomenon. For samples reconstituted to the medium
and to the fine limit gradations, the densities of the specimens tested bevond the peak
CBR points were less than the densities at the peak values. The peak CBR values for the
two gradations were achieved at the optimum moisture content. However. for samples
reconstituted to the coarse limit gradation, the density of the specimen tested right after
the peak CBR point is higher than the density at which the peak CBR was obtained. The

peak CBR value was achieved on the dry side of optimum.

It is observed that for the three gradations, the CBR values obtained for all points
tested on the dry side of optimum as well as at the optimum water content exceeded
100%. However. the CBR values dropped below 50% on the wet side of optimum. This
phenomenon was found to be common although the specimens tested on the wet side have
higher densities than those tested at the drv side of optimum. This observation substantiate
the fact that compacting marl soil at high density will never be a sufficient condition for a

production of high CBR value. especially on the wet side of optimum.

For Marl #2, the maximum CBR values for the three gradations were attained on the
dry side of optimum. The maximum dry density, optimum moisture content and

maximum CBR values, for the three gradations. are shown in Table 4.2. The CBR-



moisture-density relationships for the three gradations are shown in Figs. 4.14 10 4.16.
The maximum CBR value was produced by the coarse limit gradation set. This is caused
by the high stone content of this gradation and the good quality of the aggregates, which
are expected to undergo less degree of crushing during compaction. High stone content
so1l 1s usually expected to produce high CBR values because of their high resistance to the
penetrating CBR plunger, as long as there is enough filler. These high CBR values are
generated by friction between the stony particles as a result of the applied static load. This
friction is enhanced when the stony particles are stiff and have high abrasion resistance.
The fine limit gradation specimens show the lowest maximum CBR value and this is
attributed to their fine gradation and relatively low stone content. It is observed also that
the majority of the tested specimens resulted in CBR values exceeding 100% for all tested

gradations at all compaction moisture content values.

The unsoaked CBR curves for the three tested gradations for Marl #1 and Marl £2
are plotted in Figs. 4.17 and 4.18, respectively. It is shown that at low and high water
contents the three curves tend to approach each other for both marls. On the very dry
side. the soil skeleton will have porous structure because of the difficulty of particles
rearrangement in the absence of water lubrication during compaction. However. applying
the static load through the CBR plunger, the soil beneath the plunger will tend 1o
compress and thus reducing the void spaces. Hence, the penetration will take place till it
reaches the standard ' in. (12.8 mm), while the applied load is transferred partially tc the

soil aggregates as a result of the presence of the porous media of the sample. It is
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therefore expected that the soil gradation will play a minor role in the CBR values of the

soil at low moisture content values.

At high water content values the collapse of the CBR curves for the three gradations
towards each other is attributed to the effect of excess pore water pressure and softening
of the material. Therefore, at the very wet side of optimum, soil gradation has slight effect
on the CBR values. This phenomenon was substantiated by the squeezing of water out of
the samples at the very wet side of optimum in the loading process. This clear when
considering the saturation curves shown in Figs. 4.7 and 4.8, where the wet side of
opumum for the two marls have a degree of saturation ranging from 82 10 98%.
Comparing the two tested marls. it is found that generally Marl #1 has higher CBR values
on the dry side of optimum. while Marl #2 has higher CBR values at both the optimum

and on the wet side of optimum as shown in Fig. 4.19.

4.2.3 Unconfined Compressive Strength Tests

In order to study the load carrying capacity of the collected marl soils for different
gradations, a more reliable test is needed to support the CBR results. The unconfined
compressive strength (UCS) of a soil is used to identify the strength of the soil without
confinement. For the three selected gradations, the UCS values were obtained for samples
compacted at different moisture contents. Samples were prepared at densities
approximately equal to those obtained using the CBR mold. Generally, soil specimen will
attain high UCS value when its internal strength (a product of the firm binding between

soil particles) has higher resistance to the applied static load.
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It was observed that compacting a sample with a certain gradation in the UCS mold
usually gives higher maximum dry density than compacting it in the standard CBR mold.
This difference in densities was observed when the hammer for modified Proctor. drop
height and number of blows were used. In order to achieve approximately equal dry
densities, for the CBR samples and the unconfined compression samples, a series of
samples were compacted in the UCS mold with different number of blows. It was found
that, for the UCS mold, 32 blows on each layer are adequate to achieve drv densities
approximately equal to those obtained using the CBR mold. The relation between the

number of blows and the produced dry densities is shown in F 12. 4.20.

The variations of the drv density and the UCS with the molding moisture content for
Marl #1 are shown in Figs. 4.21 to 4.23 for the three gradations. The maximum drv
density, optimum moisture content and maximum UCS values. for the three gradations,
are summarized in Table 4.3. The results shown in table 4.3, for the moisture-density
relationships obtained from the UCS mold, showed that the maximum dry density and the
optimum moisture content values obtained for the three sets are very close to each other.
Hence, this again shows that the maximum dry density and the optimum moisture content

values are independent of the selected gradations.

Results also show clearly that the maximum UCS values. for the samples tested at
the selected gradations. were obtained at relatively low moisture contents i.e. on the dry
side of optimum. For test specimens reconstituted to the fine limit gradation the maximum

UCS value was attained at moisture content of 3.1%. Specimens reconstituted to the



2.50
} Y =0.00160161 * X - 2.2106
] R =091
~—~~ i
- 2.28 —
=
D
~
: -
=0 J
A
> 226 T2 n
= |
2 | e :
< - |
) I
> h l
A 224 o ’
- i i
I
4 I
|
. i
|
A AN A
. T T T T

24 28 32 36 40 44
Number of Blows

114

Figure 4.20: The relation between dry density and number of blows for UCS mold



Marl #1

- A - Compaction Curve

—&@— Unconfined Compressive Strength

‘)"0
-—
. -
228 -
226 o
o~ -
- ] i
= 2245 -
- 2.00 e
> - 7 -
Z
£ 2.20- —
2 ] o
-t - -
2.18- —
-~ "18- -
- : [
2,16 o
2144 -
2.12 LS L4 I T R 1 T I 13 T R I Ls 14
0 2 4 6 8

Molding water content (%)

Figure 4.21: UCS-moisture-density relationships of the fine limit gradation

for marl #1

900

800

700

600

500

400

Strength (kKN/m 2)

‘CSS1Ve

Unconlined Comp



Marl #1
- A - Compaction Curve

—&@— Unconfined Compressive Strength

] -
] o
‘)‘18_ -
- - -
3 -
2.26 - -
- - -
o~~~ - -
] ] o
= 224 ~
2 ] g
=0 n -
~— 222 —
> ] r
p— L
. ninle ™

= .20 o
3 - X
= 4 -
a9 — —
- 218 o L
2.16— ~
- -
- 7 -
214 =

: 12 1] L) T I o T 11 I L4 e T ] 1] .
0 2 4 6 8

Molding water content (%)

Figure 4.22: UCS-moisture-density relationships of the medium gradation

for marl £1

900

800

700

600

500

400

Unconfined Compressive Strength (kN/m 2)

116



Marl #1

— A — Compaction Curve

—&@— Unconfined Compressive Strength

2.30
2.28 -
226 5
T 4 PN -
3 / .
—~ - \ s
) 2.24- / -
Lond -
= : -
Ny 4947 [
s -] .
g’ - e
) 2.20 -
.~ - -
4p] - -
oy 1 -
3 2.18—- [
e} R -
o 2164 -
=) ] .
m—
2.14 s
ks -
2,124 -
:.10 T T k3 I 1] L] T ] R L4 i I T R
0 2 4 6 8

Molding water content (%)

Figure 4.25: UCS-moisture-density relationships of the coarse limit gradation

for marl #1

900

800

700

600

500

Unconfined Compressive Strength (kN/m 2)

117



118

o0be £9 €2 e by 8y 9T T HOJEPEID YWY 95180,
%4 t9 STT 069 I'S 9Tt uonjepel) winipapy
149 £9 tC'e S8 I'S LTt uopjepe.ay) yuury auy|
A-=\7—u—v -E@U: oy A—.——_u\—:uv -Ev». --=\Zu—v :EWU: oy A...-:u\:.wv -:._.x.
U e [# HE uonepe.In

suonEpEIg JUAIAJJIP 10j S[HEIL 0A) 1) JO sanjeA XN pue Mog ¢ xpp 5y ¢ 'y olqey,




119

medium gradation attained the maximum UCS value at moisture content of 3.2% and for
specimens reconstituted to the coarse limit gradation the maximum UCS value was

achieved at moisture content of 2.9%.

The UCS-moisture-density relationships for Marl #1 show that the maximum UCS
values were obtained, for all gradations, at relatively low dry densities compared to the
maximum dry density values and on the dry side of optimum. For the fine. medium and
coarse gradations, the UCSmax Was attained at dry densities of 2.19 gm\cm’. 2.18 gm\cm’
and 2.14 gm\cm’, respectively. These values correspond to degrees of compaction of 96.
96. 95% for the three gradations. respectively. In addition, it is observed that at the
optimum moisture content the UCS values are relatively low when compared to the
maximum values. The fine limit gradation produced UCS of 448 kN\m->, which is 53% of
the UCSma,. while the medium gradation attained 387 kN\m-~ UCS at the optimum, which
is only 56% of the UCSn,.. The coarse limit gradation gave 280 kKN\m~ UCS. which is

62% of the UCS p.x.

The UCS curves obtained for the three gradations for Marl #1 are shown in Fig. 4.24.
The fine limit gradation shows. generally. the highest UCS values at all moisture contents
while the coarse gradation shows the least UCS values. This is attributed to the high
amount of fines in the fine gradation and relatively low amount of fines in the coarse
gradation. The fine materials, especially when they possess some plasticity, work as a
binding agent, which binds the coarse aggregates together, and this what produces

cohesion. As shown in the figure. the UCS values for the three gradations. approach each
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other on the wet side of optimum. Hence, for Marl #1 the UCS values at high moisture

contents, 1.e. on the wet side of the optimum, are independent of soil gradation.

For Marl #2, the UCS-moisture-density relationships are shown in Figs. 4.25 10 4.27.
As shown in Table 4.3 the maximum dry density values obtained for the three gradations
are approximately the same. In addition, the three gradations gave the same optimum
moisture content values. This again substantiates the independency of the maximum drv

density and optimum moisture content values on the selected gradations.

The maximum UCS values. for the samples tested at the three gradations. were also
attained on the dry side of optimum. For test specimens reconstituted to the fine limit
gradation the maximum UCS value was found at 4% moisture content. Specimens
reconstituted to the medium gradation attained maximum UCS at 3.8% moisture content
and for the third set of specimens. which were reconstituted to the coarse limit gradation

the maximum UCS value was achieved at 4.3% moisture.

As shown in the UCS-moisture-density relationships. for Marl #2. the maximum
UCS values were obtained. for all gradations at dry densities lower than the maximum drv
densities. For the fine. medium and coarse gradations, the UCSp,, was attained at drv
densities of 2.16 gmicm’, 2.16 grn\cm3 and 2.16 gm\cm’, respectively. These values
correspond 1o degrees of compaction of 97, 96. 97% for the three gradations, respectively.
In addition, it is observed that at the optimum moisture content the UCS values are
relatively low when compared to the maximum values. The fine limit gradation gave UCS

of 275 kN\m®, which is only 79% of UCS.. while for the medium gradation the UCS
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value at optimum was 214 kN\m?, which is 62% of UCSm.. The coarse limit gradation
obtained 138 kN\m" UCS at the optimum moisture content, which is 58% of UCS max.
Hence, for both marls. the UCS values at the optimum moisture content are relatively low
compared to the maximum values. Hence. maximum dry densities are not sufficient

condition for maximum UCS values.

The UCS curves for Marl #2, for the three selected gradations, show the same trend
as the one observed for Marl £1. The fine limit gradation gave the highest UCS values, at
all moisture contents. while the lowest UCS values were obtained for the coarse limit
gradation. for all moisture contents. The amount of fines is the basic parameter. which
lead to such ranking for the UCS curves. The UCS curves for the three gradations are
shown in Fig. 4.28. It is clear that the UCS values for the fine and medium gradations are
close to each other while the coarse gradation set lies much below these two. In addition.

the variation between the UCS values for the three gradations is much lower at the

extreme sides of the curves.

The vanations of the UCS with the molding moisture content, for both marls, are
shown 1n Fig. 4.29. Generally, Marl £1 shows higher UCS values on the drv side of
optimum and at the optimum moisture content. This is caused by the adhesion of the
plastic fines of Marl #1. While at the very wet side of optimum, all curves tend to merge
close to each other. However, Marl #2 shows a relatively higher UCS value at higher
water contents. This is attributed to the fact that Marl #2 is cohesionless and thus the

effect of water (on the wet side of optimum) is not significant. In addition, the trends of
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the curves are observed to be different, for example, Marl #1 shows unsymmetrical curves
with remarkable peaks, while Marl #2 curves are somewhat symmetnical and more flat.
Furthermore, it is observed that the maximum UCS values for Marl #1 were obtained at
lower moisture contents values compared to those obtained for Marl 2. Although z pair
of specimens was tested, for each moisture content, some discrepancies appeared berween
the UCS results. Therefore, the best fitting UCS curves were obtained using the results

produced from all specimens, for each gradation.

4.2.4 Clegg Hammer Tests

Clegg Hammer test was performed on the three gradations. in order to obtain another
strength parameter, which can correlate with the CBR values. In general. reliable
correlations between the CIV and the CBR values are expected since the rwo tests are

usually performed under typical testing conditions using the same specimen.

The CIV-moisture-density relationships for Marl #1 are shown in Figs. 4.30 10 4.32.
for the three gradations. All samples show that the maximum CIV values are either at the
opuimum or on the dry side of optimum. For the fine limit gradation the CIV. ., was
attained at moisture content of 4.9%. For specimens reconstituted to the medium
gradation the CIVp,, was attained at moisture content of 4.1%. For the set. which was
reconstituted to the coarse limit gradation the CIV ., was achieved at moisture content of
3.8%. The maximum dry density, optimum moisture content and maximum CIV values.

for the three gradations, are summarized in Table 4.4.
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The CIV curves for Marl #1 for the three gradations are shown in Fig. 4.33. It is clear
that the medium gradation gave the highest maximum CIV value, while the coarse limit
gradation gave the lowest maximum CIV value. The trend of CIV variation is similar to

that shown for the unsoaked CBR. This substantiates the strong correlation between the

Two tests.

The CIV-moisture-density relationships. of the three gradations for Marl #2, are
shown in Figs. 4.34 to 4.36. All sets of samples show that the maximum CIV values were
observed to be on the dry side of optimum, which is similar to the unsoaked CBR curves.
For the fine limit gradation the CIV,,, was obtained at moisture content of 5.1%. For
specimens reconstituted to the medium gradation the CIV ., was attained at moisture
content of 5.1%. For the third set of specimens, where samples were reconstituted to the
coarse limit gradation, the CIV,, was obtained at moisture content of 4.5%. Therefore.
for all gradations, the CIV ., Wwas attained at dry densities less than the maximum dry

densities and on the dry side of optimum as shown in Table 4.4.

For marl #2, the maximum CIV value was obtained for the coarse limit gradation and
the lowest maximum CIV value was obtained for the medium gradation, as shown in Fig.
4.37. However, the difference between the CIV values for the three gradations is very
small. The variation of the CIV values with moisture content for the three gradations is
similar to that of the dry density. Comparing CIV curves for the two marls as shown in
Fig. 4.38. it is clear that Marl #1 shows higher CIV values on the dry side of optimum

compared to Marl #2. This is reversed on the wet side of optimum when Marl #2 shows
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higher CIV values. This phenomenon was observed also for the CBR and the UCS curves.
Hence Marl #1 shows higher strength characteristics, compared to Marl #2, on the dry
side of optimum. While Marl #2 shows higher strength characteristics on the wet side of
the optimum moisture contents. This is attributed to the plastic behavior of Marl #1 (as
shown in the characterization tests), which is absent in Marl #2. According to Aiban
(1995), the cohesion of calcareous soils is highly dependent on the molding water content.
Hence, a remarkable decrease in the strength of cohesive or plastic calcareous soils is
observed with the increase of water content. In addition, as noticed for the CBR and the
UCS tests, the curves for different gradations tend to merge close to each other at the very

dry and the very wet sides of optimum.

In general. the maximum CIV and the maximum CBR values were obtained at the
same dry density and moisture content values. However, there are some exceptions to this
phenomenon and this is attributed to the differences berween the procedures of the two

tests despite their strong correlation.

4.3 Correlations Between the Strength Parameters

It is usually recommended to perform different types of tests in order to assess the
strength properties of a certain soil. This will help in obtaining more reliable results and
will compensate for any deficiency, which may be associated with certain type of testing
procedures. In this study, the load carrying capacity for the different gradations was
assessed using three types of tests, namely the California Bearing Ratio (CBR) Test.

Unconfined Compressive Strength (UCS) Test and Clegg Hammer Test. The means by
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which the sample is loaded is different from one test to another. For example, a static load
with a fixed rate is used for the CBR and UCS tests while a dynamic (impact) loading is

used for the Clegg hammer test.

For both marls, the CBR, UCS, CIV curves were obtained for the three selected
gradations. In addition, combinations of curves were obtained by superimposing each pair
of curves representing two different strength parameters together for the same gradation.
The correlations between different parameters were plotted using the values

corresponding to certain moisture content values.

4.3.1 CBR-UCS Correlation

The CBR-UCS-moisture content curves for the different gradations, for each marl are
shown in Figs. 4.39 to 4.44. Results clearly show that, the peak CBR and UCS values
were observed to be at different moisture contents. Generally, the maximum UCS values
were attained at moisture contents that are less than those at which the maximum CBR
values were attained. In addition, it is observed that, for each pair of curves, the general
trend of CBR-moisture content and UCS-moisture content variation is similar. The
general trend of both curves are the increase of the strength until a peak value, at certain

moisture content, is reached then the strength starts to drop.

The CBR-UCS correlations, obtained using the conventional mold for the three
gradations, for each marl, are shown in Figs. 4.45 and 4.46. As shown in the figures. Marl
#1 gave good correlation, while the data for Marl #2 are highly scattered and did not give

reasonable correlation. For Marl #2, the samples gave high CBR values especially with
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the presence of high percentage of stony particles and this is attributed to the good quality
of the aggregates. While the UCS values correspond to the same samples will be relatively

low as a result of the low amount of fines and their lack of plasticity.

As shown in Fig. 4.45, the CBR values are proportional to the UCS values till a CBR
value of 200% is reached. Afier this limit the UCS values started to decrease with further -
increase in the CBR values. The correlation between the CBR and the UCS for the two
marls, using the three gradations is shown in Fig. 4.47. As shown in the figure. the CBR
values increase with the increase of the UCS values till a certain optimum CBR limit of
about 204% is reached. Afier this value the CBR and the UCS started to have an inversely
proportional relation i.e. the CBR values started to decrease with further increase in the

UCS values.

Furthermore, when correlating the UCS values with the CBR values obtained from
the large-size mold, for the medium gradation, the correlation was reversed at a CBR of
about 108% as shown in Fig. 4.48. Considering the UCS as a reference. and comparing
the limits at which the CBR-UCS proportional relation was reversed, it is clear that a CBR
of 200% using the conventional mold is equivalent to a CBR of about 100% using the
large mold. Hence, CBR values greater than 100%. based on the large mold, may have
questionable practicality, since the UCS may decrease beyond this value. for marls with
low cohesion. Generally, the CBR increases with the increase of aggregate content as
discussed before, while the high maximum UCS values were obtained for the fine

gradations for both marls. Hence. with an excess amount of aggregates the CBR values
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tend to increase while the UCS values tend to decrease because of the lack of binding
between the coarse grains especially with the absence of enough plastic fines to fill the
voids between the aggregates. Therefore, the CBR-UCS correlation may not be

appropriate for material with low cohesion, especially when it has coarse gradations.

4.3.2 CBR-CIV Correlation

The CBR-CIV-moisture content curves, obtained using the conventional mold, for the
different gradations, for Marl #1 and Marl #2 are shown in Figs. 4.49 to 4.34,
respectively. Generally. for each pair of curves the maximum CBR and CIV values were
antained at almost the same moisture content except for only two pairs. where the
maximum CIV values occurred at lower moisture contents than those for the maximum
CBR values. A clear similarity between the trends of each pair was observed, and this
indicates that a strong correlation between the two strength parameters is expected. The
correlation between the CBR and the CIV for the two marls using the three gradations is
shown in Fig. 4.55. The equation obtained from this correlation is given by:

CBR = 0.0587837 x CI} ‘46088

or
CIV =4.5854 x CBR *"

The CBR-CIV relations obtained using the medium gradation for both marls, for the

small-size and large-size molds, are shown in Figs. 4.56 and 4.57, respectively. The

equation obtained from the correlation for the small mold for the medium gradation is

given by:
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CBR = 0.0413708 x CIV 9357

or
CIV =5.1836 x CBR **'%
While for the large mold the obtained equation for the medium gradation is given by

CBR = 0.320132 x CIV 50786

or
CIV =2.1284 x CBR "%
It is clear that the CBR-CIV correlations are not typical for the two molds, even when the

samples were reconstituted to the same gradation and tested at approximately equal
molding water contents. The variation between the equations is attributed to the
differences in samples size and boundary conditions. In order to compare the obtained
CBR-CIV correlations, for both mold sizes. the three equations were plotted in F 12. 4.58.
As shown In the figure, the correlation obtained for the small mold. using the three
gradations and the medium gradation only, are close to each other. hence the medium
gradation correlation can be considered representative for the CBR-CIV correlation
obtained from the different gradations. In addition it was also observed that the correlation
obtained for the large mold is shifted to the left of the correlations obtained for the small
mold and almost parallel to them. Hence. for a certain CIV value. the corresponding large
mold CBR value is higher than the corresponding small mold CBR value. Therefore,
obtaining the field CBR. using the CBR-CIV correlation from the conventional small

mold. may not be accurate.
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4.3.3 CIV-UCS Correlation

The CIV-UCS-moisture content curves for the different gradations, for each marl are
shown in Figs. 4.59 to 4.64, obtained using the conventional mold. The peak UCS and
CIV values were obtained at different moisture contents. Generally, the maximum UCS
values were obtained at moisture contents less than those at which the maximum CIV
values were obtained. It is also observed that the trends of curves for each pair are close to
each other, which may indicate a possibility of a reasonable correlation. The correlation
between the UCS and the CIV for the two marls using the three different gradations is
shown in Fig. 4.65. The CIV values increase with the increase of the UCS vaiues till a
CIV value of about 88 is reached, after which a drop in the CIV values is observed with
the increase in the UCS values. When a CIV value of 88 is considered, the corresponding
CBR value from the CIV-CBR correlation is 244%. Hence it is clear that high CBR

(above 200%) and CIV (above 88) values may not indicate a practical strength of the soil.



Unconfined Compressive Strength (kN/m 2)

Unconfined Compressive Strength (KN/m 2)

Marf £1

—&@— Unconfined Compressive Strength

—=— CIV

900 100
750 1

N — 80
600 . -
4503 - 60 =
300 [
150+ [

0 3 ¥ R4 ¥ T 20
0 8
Molding water content (%)
Figure 4.59: UCS-CI'V-moisture relationships of the fine limit gradation
for marl #1
Marl #1
—@— CUnconfined Compressive Strength
——— CIV

750 — 120
600-' — 100

] - 80
450 C

; Lo 2
300 — C

: — 40
150 C 20

O ] ¥ T ¥ T u O

o0

o

Molding water content (%s)

Figure 4.60: UCS-CIV-moisture relationships of the medium gradation

for marl #1



Marl £1

—@— Unconfined Compresive Strength

= CIv

~ 500 — 90
£ 1 a - 80
= 400 C

= 4 -

§ - ® ': 70
-7.-: - - -

. 300 F

2 ] 90 =
£ 2004 =50 7
< ] - 40
2 100 C

= - °® — 30
:-, O L 4 T L3 T 2 4 L] I L4 T T l T 1 1 20

0 2 4 6 8
Molding water content (%)
Figure 4.61: UCS-CIV-moisture relationships of the coarse limit gradation
for marl #]
Marl #£2
+ Unconfined Compressive Strength
—— CIV

~ 400 100

E . -
7 :

=z 350 F 90

ey ] _

g : — 80
e ] -

7 300—_ -

z y — 70

£ 250 C

z ] ~ 60
z 200 C

£ 200 . C 50

3 ] -

f I wO L4 L] L] R 1 1 4 l’ L4 T T l' L] L] Ll 40

o
19
i
o))
o

Molding water content (%)

Figure 4.62: UCS-CIV-moisture relationships of the fine limit gradation
for marl #2

Clv

161



Uncontined Compressive Strength (kN/m 2)

Uncontined Compressive Strength (kNan 1)

Marl #2

—@— Unconfined Compressive Strength

—=— Cv
4004 — 100
350 90

y [ 80
300 o

] - 70
250 o z

: — 60 ~
200 -

J — 50
150 :_ 40
IOO T L] 1] I’ 1 1 4 ¥ l T T T ]’ 13 L4 L g 30

0 2 4 6 8

Molding water content (%)
Figure 4.63: UCS-CIV-moisture relationships of the medium gradation
for marl #2
Marl #2
—&@— Unconfined Compresive Strength
— CIv
250 — 100

] - 90
200 -

] - 80
150 F 0
100 L 00

] — 50

50 o
h — 40
O T T L] [ ] 1 1 L] 1 R T T l L] 1 1 1 30
0 2 4 6 8

Molding water content (%)

Figure 4.64: UCS-CIV-moisture relationships of the coarse limit gradation
for marl #2

162



(& Finc Limit Gradation (Marl #1) )
< Medium Gradation (Marl £1)
& Coarse Limit Gradation (Marl 1)
[0  Fine Limit Gradation (Marl £2)
= | Medium Gradation {Marl £2)
. Coarse Limit Gradation (Marl £2)
200
175 — R-=0.63
150
125
(= -
o~ .
= 100 —
) 4
75 =
50 —
]
0 lIITIITIIIII!‘IIIIIIIIIIIIIIIIll]l’lr—[T‘II

0 100 200 300 400 500 600 700 800 900 1000
. 2
Unconfined Compressive Strength (kN/m )

Figure 4.65: The correlation between the UCS and the CIV values obtained
using the standard CBR mold



164

4.4 Testing Program using Large size Setup

Marl soils usually contain high contents of gravels, and this necessitates that oversize
particles should be discarded from the soil sample prior testing, when using the standard
compaction mold. Excluding such large amount of material will affect the results accuracy
and consequently the reliability of the testing procedure. In this research program. a large
size compaction mold was used in order to study the effect of excluding the large size
particles from the test specimen. In order to compare the results obtained from the small
size and the large size setups, the tests were performed using similar gradations for both
mold sizes. The medium gradation was used to perform the comparison between the large
size and standard size tests. The tests performed using the large setup were. the

compaction test, the CBR test and the CIV test.

4.4.1 Compaction Test

The moisture-density relation was obtained using the large size specimens (large mold).
Two sets of specimens were tested for each marl type. The first set was prepared using the
scalp and replace method, which is used for the small conventional “modified Proctor”
setup. by excluding the over size material and replacing it with the same amount of stones
passing the % in. (19 mm) sieve and retained on the No. 4 sieve. The second se! was
prepared using the actual gradation. which includes all sizes up to 2 in. (50.8 mm). The
large setup was calibrated in order to obtain approximately the same moisture density
relations, which was obtained using the small size “modified Proctor” mold for the same

gradation.



For the two marls, maximum differences of less than 0.025 gm/cm’® were occurred
between the dry densities obtained, using *“modified Proctor™ and large size molds. for
material prepared using scalp and replace method, as shown in Figs. 4.66 and 4.67.
However, Garga and Madureira (1985) reported that Donaghe and Townsend showed a
maximum difference of 0.06 gm/cm’. As shown in the figures, the large setup and the
small setup gave dry density values that are almost equal. Therefore, the large set up can
be used as a possible replacement of the small setup. This has the advantage that. larger
particles can be included in the specimen, prepared in the large mold. The entire gradation
was used for both marls when reconstituting the soil into the medium gradation. but

without discarding any of the large particles.

The moisture-density curves for the entire gradation for both marls, compared to the
moisture density curves for the material prepared by scalp and replace method, are shown
in Figs. 4.68 and 4.69. The maximum dry density and the optimum moisture content
values. using the two preparation methods, for both marls are shown in Table 4.5. It is
noticed that the entire gradation for both marls gave slightly higher maximum dry
densities at higher moisture content values compared to the maximum values obtained for
material prepared with the replacement method. According to Fragaszy et al (1990).
Donaghe and Townsend reported similar observations after they noticed that scalp and
replace method could give lower maximum dry unit weights compared to those obtained

from samples prepared using the entire gradation.
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Figure 4.69: The moisture-density relationships for material prepared with scalp and
replace method and entire gradation for marl #2 using large mold
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It is also observed that for both marls, the material prepared with replacement. show
higher dry densities on the dry side of the optimum moisture contents. Generally the
differences between the dry densities of the two sets are less that 1% for both marls.
However, a remarkable change in the optimum moisture content value was observed. For
Marl #1, replacing the large particles with the same mass of the smaller ones, caused the
optimum moisture content to drop from 35.3% to 5.0%, while for Marl #2 a drop from
6.6% to 6.1% was observed. In general. replacing the coarse particles with finer ones will
affect the amount of water required to achieve the maximum dry density and hence the
optimum moisture content value will differ. This will have a significant practical
consequence. since the optimum moisture content is critical for such material when it
comes to field construction. It is known that the range of compaction moisture content is
narrow and a little deviation may be critical since it may result in CBR values that are less

than the acceptable ones.

4.4.2 Unsoaked CBR Test

Unsoaked CBR tests were performed on samples prepared using the large size mold 1o
study the effect of the mold size on the CBR values and 1o make a comparison with the
values obtained from the small mold. Samples were prepared for both small and large
mold sizes, using the same gradation (the medium gradation). The large mold CBR tests
were performed on samples prepared using scalp and replace method and on samples

prepared using the entire gradation.
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The CBR-moisture-density relationships for Marl #1, for samples prepared using
scalp and replace method and samples prepared utilizing the entire gradation are shown in
Figs. 4.70 and 4.71, respectively. In order to compare the CBR curves obtained using the
two preparation methods, the two CBR curves are shown in Fig. 4.72. It is clear that the
material prepared using the entire gradation (without excluding the oversize particles) has
higher maximum CBR values. This is caused by the presence of the large particles in the
sample. which increase the resistance to penetration of the plunger into the soil. It is
shown in the figure that the differences between the CBR values for the two curves

decrease as the moisture content increases on the wet side of optimum.

The CBR values for specimens compacted using scalp and replace method. using
small and large molds, are shown in Fig. 4.73. A sharp decrease in CBR values was
obtained when using small molds as compared to the same material tested using the large
mold. The maximum CBR obtained from the small mold was 289% while maximum CBR
value obtained from the large mold did not exceed 127%. This corresponds to a decrease
of about 56% in the maximum CBR value obtained from the conventional mold.
However. the differences in the CBR values were reduced on the wet side of optimum.
This remarkable difference between the two curves is attributed to the effect of mold
restraining effect or confinement in the case of small mold, which is absent or at least

reduced when the large mold was used.

The CBR-moisture-density relationships for Marl #2, for samples prepared using

scalp and replace method and samples prepared utilizing the entire gradation are shown in



173

Marl #1
— A - Compaction Curve

—4&@)— Unsoaked CBR

2.28 150
226 i
] - 123
224 i
— - |
("‘.._ -
= : — 100
3 97 77— -
S e —
2 ] - s
N’ ] i f/
2 220- — 75 ~
Z . . -
= 5 =
£ 2184 - ~
> . _— 50
O 2164 A
] — 25
2,14 X
2 12 1 1 L4 I T T T I L L 0
2 4 6 8

Molding water content (%)

Figure 4.70: Unsoaked CBR-moisture-density relationships of sample prepared in the large
mold using scalp and replace method for the medium gradation for marl #1
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Figure 4.71: Unsoaked CBR-moisture-density relationships of sample prepared in the large
mold using the entire material for the medium gradation for marl #1
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Figure 4.75: Unsoaked CBR-moisture relationships of the material prepared using scalp
and replace method using standard and large molds for marl #1



177

Figs. 4.74 and 4.75, respectively. The CBR curves obtained from the two preparation
methods are shown in Fig. 4.76. It is clear that the material prepared using the entire
gradation has higher CBR values at all molding water contents, which is caused by the
presence of large particles in the sample. As shown in the figure, the differences between
the CBR values for the two curves are greater on the dry side of optimum compared to the
differences on the wet side of optimum moisture content. On the wet side of optimum the
presence of excess water will reduce the effective strength of the sample and hence the

preparation method will not have significant effect on the strength.

The CBR values for specimens compacted using scalp and replace method. for
samples prepared using the small and large molds. are shown in Fig. 4.77. A sever
decrease in CBR values resulted upon the use of the large mold, for the same material.
when compared to the CBR values obtained from the small mold. The maximum CBR
value obtained from the small mold was 311% and the maximum CBR value obtained

from the large mold was 162%. This gives a decrease of about 50% in the maximum CBR

value when using the large mold.

It is clear that the CBR values obtained using the large mold. for samples compacied
on the dry side of optimum. were almost half of that obtained using the conventional
small mold for the two selected marls as shown in Figs. 4.73 and 4.77. To study the effect
of wall restraining on the CBR values, a series of CBR tests were conducted at points
lying at half the distance between the wall and the center of the mold. The results given in

Figs. 4.78 10 4.81 clearly show that the CBR values of the off center points are generally
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Figure 4.74: Unsoaked CBR-moisture-density relationships of sample prepared in the large
mold using scalp and replace method for the medium gradation for marl £2
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Figure 4.75: Unsoaked CBR-moisture-density relationships of sample prepared in the large
mold using the entire material for the medium gradation for marl #2
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Figure 4.76: Unsoaked CBR-moisture-density relationships of sample prepared in the
large mold using scalp and replace method and entire material for the

medium gradation for marl #2



181

Mar] #2

—f3— Srandard moid
—J— Large mold

[ 25 B VY B VY

N O W

W O W
1114

[
WU
o

CBR %

tJ
W

o
o

oleaalans s lsnibissdasalinalass

~!
n

o__lJ_LLlllllll’l

N
o

[R8)

S W

to
H
o)
o

Molding water content (%)

Figure 4.77: Unsoaked CBR-moisture relationships of the material prepared using scalp
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Figure 4.78: Unsoaked CBR-moisture relationships at center and off center points for material
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Figure 4.79: Unsoaked CBR-moisture relationships at center and off center points for material
prepared in the large mold using the entire gradation for marl #1
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Figure 4.80: Unsoaked CBR-moisture relationships at center and off center points for material
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Figure 4.81: Unsoaked CBR-moisture relationships at center and off center points for material
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higher than those obtained at the center, although the two points are about 3 in. apart only.
This is caused by the boundary conditions and restraining effect of the mold. This could

explain the differences in the CBR values between the standard (small) mold and the large

mold.

4.4.3 Clegg Hammer Test

Clegg Hammer tests were performed on the large specimens to study the effect of the
molid size on the CIV values. Samples were prepared for both the standard (small) and the
large mold sizes, using the medium gradation. The Clegg hammer tests were conducted on

samples prepared using scalp and replace method in addition to samples prepared using

the entire gradation.

The CIV-moisture-density relationships for Marl #1, for the two marls compacted in
the large size mold for the two preparation methods utilizing the medium gradation are
shown in Figs. 4.82 and 4.83. In order to compare the CIV values obtained using the two
preparation methods, the two CIV curves are shown together in Fig. 4.84. The material
prepared using the scalp and replace method show higher maximum CIV value compared
to the material prepared using the entire gradation, except at low moisture contents. The
results have shown that the differences between the CIV values for the two curves are
more on the dry side of optimum. However, the two curves merge close 1o each other on
the wet side of optimum. The CIV values for specimens prepared using scalp and replace
method, compacted in the standard and large molds, are shown in Fig. 4.85. Generally. the

large mold gave lower CIV values compared to the small mold. The maximum CIV
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Figure 4.85: CIV-moisture relationships of the material prepared using scalp and
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obtained from the small mold was 98 while the maximum CIV value obtained from the
large mold was 69. This gives a decrease of about 30% in the maximum CIV value. The
differences between the CIV values, for the two preparation methods, decreased on the

wet side of optimum as shown in the figure.

The CTV-moisture-density relationships for Marl £2, for the two preparation methods
using the large size mold are shown in Figs. 4.86 and 4.87. To Compare the CIV values
obtained from the two preparation methods, the two CIV curves are shown in Fig. 4.88. It
is shown that the material prepared using scalp and replace method has higher maximum
CIV. as observed for Marl #1. As shown in the figure. the differences between the CIV
values for the two curves are greater on the dry side of optimum. while there are slight
differences on the wet side of the optimum moisture content. However, the differences are
small when compared to those for the CBR values. Hence. the CIV show less sensitivity

to specimen maximum particle size compared to the CBR value.

The CIV curves for specimens prepared using scalp and replace method, compacted
in small and large molds, are shown in F ig. 4.89. Generally the large mold gave lower
CIV values compared to the small mold. The maximum CIV obtained using the small
mold was 89 while the maximum CIV value obtained from the large mold was 356, this
corresponds to a decrease of about 37% in the maximum CIV value. Hence, as observed
for the two selected marls, the CIV obtained using the large mold is about two thirds of

that obtained using the conventional standard mold.
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Figure 4.87: CIV-moisture-density relationships of sample prepared in the large mold
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Figure 4.88: CIV-moisture relationships of sample prepared in the large mold using
scalp and replace method and entire material for the medium gradation
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Figure 4.89: CIV-moisture relationships of the material prepared using scalp and
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In addition to the CIV tests at the center of the mold, tests were performed at points
located between the center and the edge of the mold. The CIV values for different
locations are aimost the same, as shown in Figs. 4.90 to 4.93. This indicates that only
slight effect of mold confinement and wall restraints on the CIV values was observed.
This is not in agreement with the CBR values since the CBR tests produces large
deformation and plastic flow of material and thus the confinement of the walls will

increase the resistance to deformation and the resulting CBR is expected to be hi cher.

4.5 Comparison between the commonly used

Correction Methods

Compaction control for construction necessitates that the fieldwork should meet a certain
percentage of the maximum dry density as obtained by a standard test procedures such as
ASTM D698 or AASHTO T99. For gravelly soils or soils with oversize particles. the
value of this reference dry density is usually accounted for using certain correction
procedures after conducting the laboratory test on the finer fraction only or material
passing the % in. (19 mm) sieve. Certain correction methods were proposed by different
standards, but the adequacy of these correction methods for use with different soils. must
be investigated prior 1o their implementation. In this research program. four different
correction methods were selected in order to study their applicability for calcareous

sediments. The correction methods used in this testing program were:

(D The scalp and replace method (ASTM 1557, 1991).
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(2) ASTM D4718 method.
3) AASHTO T224-method 1(using an empirical equation).

4 AASHTO T224-method 2.
In order to apply the correction equations on the selected marls, samples were prepared
using the elimination method, whereby the oversize particles (material retained on the %

in. sieve) were excluded. The material was reconstituted to the medium gradation.

4.5.1 Correction of the Dry Densities using Scalp and Replace
Method

Scalp and replace method was performed for the two marls utilizing the medium
gradation. In this method. the material retained on the % in. (19 mm) sieve 1s excluded
from the sample and then replaced with the same mass of material passing the % in (19
mm) sieve and retained on the No. 4 sieve. The moisture density relationships obtained
using the elimination method accompanied with the corrected curves using scalp and
replace method in addition to the compaction curve obtained using the large mold for the
entire gradation, are shown, for both marls. in Figs. 4.94 and 4.95. As shown in the
figures, the scalp and replace method gave good approximation for moisture density
relationships, for the entire material. The maximum differences between the densities

were 0.04% and 0.9% for Marl #1 and Marl #2, respectively.
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4.5.2 Correction of the Dry Densities using ASTM Equation
The American Society for Testing and Materials (ASTM) suggested the following

equation to correct for discarding the oversize particles from the test specimen:

v
D= L (4.1
P +y\..(l P)

G D,

where,

D = Drv density of total soil

D¢ = Dry density of the fine material (material passing the % in. (19 mm) sieve)

P. = Percent of oversize particles by weight (decimal)

Gm = Bulk specific gravity of coarse particles

Y« = Unit weight of water
Using this equation to correct for the dry densities obtained using the elimination method.
new curves, for both marls, were obtained as shown in Figs. 4.96 and 4.97, in addition to
the compaction curves obtained using the large mold for the entire gradation. A general
increase of dry density values is observed when using the correction equation as shown in
the figures. The maximum differences between the dry density values obtained using the
correction equation and the large mold, were 1.5 and 1.12% for Marl #1 and Marl #2,
respectively. Hence, the ASTM correction equation gave a reasonable approximation for

the dry density values of the entire material.
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4.5.3 Correction of the Dry Densities using the AASHTO

Equations
The American Association of State Highway and Transportation Officials (AASHTO)

suggests the following empirical equations to correct for the absence of the oversize

particles in the tested specimen:
D= (]‘Pc)Df+ 0.9 P, (YMJGM (4-2)
For better predicted values AASHTO suggests the following equation:

4

D= — 0= (4.3)
G, ' r, D/

where,

D = Dry density of the total soil
Dr= Dry density of the fine material (material passing the % in. (19 mm) sieve)
P. = Percent rock by weight (decimal)
Gm = Bulk specific gravity of rock
r. = Correcuon factor in AASHTO equation to account for interference of large
aggregate
v« = Unit weight of water
The compaction curves, which were produced using these equations, compared to the

uncorrected curves as well as the compaction curves obtained from the large mold for the

entire gradation. are shown in Figs. 4.98 to 4.101, for both marls. For AASTO-1 equation.
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Figure 4.98: The moisture-density relationships obtained using the AASHTO-1 correction
equation, elimination method and large mold for marl #1
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Figure 4.99: The moisture-density relationships obtained using the AASHTO-1 correction
equation. elimination method and large mold for marl #2
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Figure 4.100: The moisture-density relationships obtained using the AASHTO-2 correction
equation, elimination method and large mold for marl #1
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Figure 4.101: The moisture-density relationships obtained using the AASHTO-2 correction
equation. elimination method and large mold for marl ¥2
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the maximum differences between the dry density values obtained using the equation and
the large mold, were 1.54 and 1.88% for Marl #1 and Marl #2, respectively. While for
AASHTO-2 equation, the maximum differences were 0.04 and 0.9% for Marl £1 and
Marl #2, respectively. Hence AASHTO-2 equation also gave a good approximation for
the entire material moisture-density relationships.

The corrected curves, using the four methods, for both marls are compared together.
as shown in Figs. 4.102 and 4.103 for the two marls. In addition, the moisture density
relationships obtained using the entire material, compacted in the large size mold are also
plotied. As shown in the figures, for both marls the ASTM correction equation gave the
highest dry density values. while the AASHTO-1 equation gave the lowest dry densities
values. The curves obtained using the scalp and replace method. AASHTO-2 equation and
the large size mold. are very close to each other. Hence the ASTM equation is believed to
overestimate the values for dry density while the AASHTO-1 equation underestimates the
values. The scalp and replace method gave an adequate dry density values compared with
the results obtained from the large size mold. Furthermore AASHTO-2 equation shows a
good approximation for the dry density values when compared with that obtained from the

large size mold.

By comparing the differences between the maximum dry densities obtained when
using the correction methods and the entire material compacted in the large mold. It is
found that the maximum difference obtained from all methods is less than 2% of the

maximum dry densitv obtained from the large size mold. Hence the used correction
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Figure 4.102: The moisture-density relationships obtained using the different
correction methods and the elimination method for marl #1
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Figure 4.103: The moisture-density relationships obtained using the different
correction methods and the elimination method for marl #2



methods are applicable for calcareous soils, however ASTM equation and AASHTO-2

equation gave overestimated and underest:mated density values, respectively.

4.6 The effects of Scalp and Replace Method on the CBR

and CIV values

Scalp and replace method is the commonly used oversize correction method. However,
this method was not adopted in the recent editions of the ASTM standard (ASTM, 2000).
In this research program, a comparison was done between the CBR and CIV values for
maternial prepared using the elimination method (ASTM D1557, method C). the scalp and
replace method using the standard and large molds and the entire gradation prepared in
the large mold. The moisture density relationships obtained using the elimination method
indicate lower values of dry densities compared to scalp and replace method using the
medium gradation. In addition, a decrease in the unsoaked CBR and the CIV values was
observed upon the use of the elimination method compared to those obtained when using
the scalp and replace method as shown in Figs 4.104 to 4.107, for both marls. This
decrease in dry densities, CBR and CIV values is attributed to elimination of the large

particles without making any substitution for them.

As shown in the figures, when comparing the CBR and CIV values obtained using
these preparation methods with the values obtained using the large mold, for different
preparation methods, it is clear that the large mold gave the lowest CBR and CIV values
as a result of the minimization of the boundary conditions in the large mold. The

maximum CBR and CIV values obtained using the two methods and the large mold are
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Figure 4.104: The CBR-moisture relationships obtained using standard mold (scalp and
replace and elimination methods) and large mold (scalped and replaced
and entire materials) for marl #1
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Figure 4.105: The CBR-moisture relationships obtained using standard mold (scalp and
replace and elimination methods) and large mold (scalped and replaced
and entire materials) for marl #2
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Figure 4.106: The CIV-moisture relationships obtained using standard mold (scalp and
replace and elimination methods) and large mold (scalped and replaced
and entire materials) for marl #1
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Figure 4.107: The CIV-moisture relationships obtained using standard mold (scalp and
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and entire materials) for marl #2
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shown in Table 4.6, for both marls. As shown in the table, the effect of replacing the
oversize particles with finer ones did not have the same impact on the obtained CBR and
CIV values. Decreases of 41 and 28% in the maximum CBR values were observed for
samples prepared with replacement for Marl #1 and Marl #2, respectively when the same
material was tested without replacement (using the elimination method). However only
reductions of 4 and 10% were observed in the maximum CIV values, for materials
prepared with replacement, for Marl #1 and Marl #2, respectively when the same material
was tested without replacement. It is also observed that the maximum CIV values

obtained for each mold size did not show remarkable variations with the change of the

preparation method using the same mold size.
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4.7 Statistical Analysis

Experimental work is usually performed by conducting a test or series of tests in which
changes are made to the input variables of a certain process or system so that the reasons
for changes in the output may be identified. In such research program, the experiment

results can be described using a statistical model.

Using linear statistical model. the effect of marl type, soil gradation and moisture
content, on the CBR. UCS, and CIV values was investigated for the conventional tests. In
addition. the effect of marl type, preparation method and moisture content value on the
dry density, CBR and CIV values was also studied for the large-size setup. Furthermore
the contribution of marl type, mold size and moisture content value on dry density and
CBR values was studied. Despite knowing that the moisture content value has high level
of significance on these variables, its effect was studied to assess the reliability of the used
methodology. The model used is a three-factor model with only single replicate.
Assuming no interaction between the different factors, the three-factor analysis of

variance model will be,

=12
Vi S M4+, + ﬂj TV T, J=123
k=1..6

where,
p = the overall mean effect

7;= the effect of the /-th marl type



B;= the effect of the j-th parameter (gradation, preparation method. . .etc)
v; = the effect of the &-th moisture content value
€ = the random computed error

The linear statistical model used is found to be appropriate for data with more than one

factor and only one observation per cell (Montgomery, 1997).

4.7.1 Hypothesis Testing

A statistical hypothesis is a statement about the parameters of a probability distribution.
For example, if we have two values, the values may or may not be equal. This may be

stated formally as:
Ho: p1=pa
Hiipy # 2

Where u; and p; are the means of the response variables (CBR, UCS, CIV or Yary) for

Mar] #1 and Marl #2 respectively. The statement Ho:w1= p2 is called the null hypothesis
and H;:p, #u> is called the alternative hypothesis. To test a hypothesis a procedure was
devised by taking a random sample, computing the appropriate test statistic, and then

rejecting or failing to reject the null hypothesis Ho (Montgomery, 1997).

P-value approach has been adopted widely in practice. It is defined as the smallest
level of significance that would lead to rejection of the null hypothesis Hy. The analysis

of variance (ANOVA) were conducted using the software STATISTICA. The data
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and ANOVA tables are shown in Tables 4.7 to 4.9. The significance of each parameter

was determined at a confidence level of 95%.

For the CBR tests, only the gradation of the tested marls shows insignificant effect
on the obtained CBR values. Hence, changing soil gradation within the gradation limits
has no impact on the produced CBR values. This substantiates the efficiency of the
gradation limits provided by Dammam Municipality. While for the UCS test, all
parameters show a remarkable significance on the obtained results. Hence the UCS values
are found to be more sensitive to the change of marl type and gradation than the CBR test.
This is attributed to the significant effect of the amounts of fine and their plasticity on the
UCS valueé. For the Clegg Impact test, it is clear that changing marl type and soil

gradation did not alter the produced CIV values significantly.

For the large size mold, the data and the ANOVA tables for the Y4, CBR and CIV

are shown in Tables 4.10 to 4.12. The parameters studied were the marl type, preparation
method (scalp and replace and entire material) and moisture content. For the dry density,
the preparation method shows no significance on the obtained results, which substantiate
the efficiency of the scalp and replace method as an oversize correction method. For the
CBR results, all parameters show high level of significance on the obtained results. It is
clear that utilizing all particle sizes has a remarkable impact on the obtained CBR values
compared to the values obtained using the scalp and replace method. Furthermore, marl

type and preparation method show no valuable contribution on the produced CIV results.



217

SO-N9'E | T8ST11°6 | 96°990¢ LT 8'LS6LT ¢ PaXL] maje )y aamsjopy f¢)
LTOBL'O | VL8ET0 | 96'990¢ A TRV z paxi uopepeas) pog {7}
SLT90'0 | BGLIL'E | 96990 T S T Paxt S pepy 1)
mnjua-g i 1015 T TR R RETTH I I REYT R A
SW i SW [ (ERYIR]
PIO [jELls au} 10J 1831 Y€1) oY) 10] d|qR [, VAONYV QLY |qey,
Hijcoeiseefeotfzot] o8 ffortfonz] soc[Loz]corTuseorTevz ozc[vs a1t ]co1] 81 ] 05 [19z 5ol oTeeil ¢ o 88z | sez [ vt [os1 ferosTasi]siz[ovi]on] eoued
nemvanlsuemvnﬁnemvn«»em..p.Nnemvn-.e¢.v~.~.x.o..._

T YR I TH)

HOPEPEIEY NiNpagy

UOPEPRIN I ] dulq

T Y TR ETILR)

uojEpRIs) ngpajy HopEPEAL) W] ANy

BN

1# e

PIOLLE [JBLWIS D) 10§ SLIRW POISD) 0AV) DU} 10 RIEP Y€1) O, =L b e,




35

S0-4S'S | vSevo's | LTLILI LT £EPRYI S paxt Juajuo) aamsjopy {¢}
6L600'0 | 8PLISS | LZLILT Lz UOSLEG z paxt uoppeis) j1o§ (7]
880000 | SI86'cl | L'TLILI Lz 0010k ! paxt| adsp e {1}
MnjeA-g ] do1x YT I EETTFT R N RRTT Car)

SW Y S n 1

PO [jetus oty 10y 1891 SHN AU 10y d|qE L, VAONYV ‘q'8'p :31qe |,

Uo[IUPYIL) )jill) | 351¥0))

uofspvaz) ingpagy

uOEPEAL) Y] i

orjooc|scclose]see] 1€z aotoszleIc]vec | Rectivifzs Lerpiez]seeteotlict] so oy sespesLlosslom| v {oziloorTosy 889 | STOUSE| L01 [ 6ve 88y oSt xxm;n.._awmuz
\.gmvnﬂbemvnN\.em.\‘.nNB.&m.‘mN,M-omvn,.m.ﬂﬁm.‘n~ %,

TTUONEPEIS) Iy | asan))

HoNEPEIS) NI

NO)NBpRIY Iy Mify

H 1B\

1# e

PIOW |eLls o) 10§ spiew po)sa) oM} o) 10§ BIEP S O, “B-§'p 1djqR .



219

SO-A1'T | 11TEL'6 | v8I'sTe L7 8’161z ¢ paxtg o)) aamsjopy [¢]
90bTL'0 | LL92E°0 | P8ISTE LT £L8S°tL z poaxiy uojjepeas) fos {7)
8SPTY'0 | 9€L59°0 | v8IsTe LT 8TO'8Y1 ] paxt,| oS ey 1}
A~ ! 10a13] 10153 RETTH 1337 Q)
SW W SW | ap 133
PIOW [[Rus o)) 10§ 189) AL 9y J0j d1qe L, VAONY "q'6'p :9|qe,
1loo|wiLs|orlfacTds 68 leslvofIsHor8Lizo]onlss tvpvz|ov|eolsslos]aoolffor]ry 6 (86198 oLezioc|eolsLlst]m AD
\.emVMNﬂemvmﬂbcm..ﬂNF.bmvﬁNpem..mNF.vmvnN %0
uogepRIs) juif| 381¥0) uopyepeas) tunjpagy uopEpwIs) HJHuY 30| uoplupraty Juy' as180)) uofjepe1n) tn|pagy uogieprAL) JUP| augg
TH e 1# e\

PIOW [uLtis 91} 40J S[1RWI PAISI) OAV) DU 10 RIEP ALD DU, "B-6'p :dJqE .




220

1856000 | 815891 [ 2¢9000°0 b CrEO10'0 b paxL| oo’y amsjopy fg

6IEST'0 | 9S98LL°T | Z£9000°0 b STH000 _ paxt  potpagy weeredaiy (7]

9¥01S0°0 | 8£896S°L | T£9000°0 b SO8Y00'0 I paxi; adi g jregy {1}
d d doarg | orony [opagg T ooy | Qi)
S T SIV T ENTE]

plotu 9z1s-08.e| oY) Joj sanjea Kyisuac] Kicp oy 10§ ajqe v AONYV ‘9-01'p :9[qe .,

veepere sie v eveffaore[vee ] ce Tare [ 8oz fsee 9T e e otz [ rzr|ove ] ere]sre Lapl
L 9 S 14 3 L 9 S 4 t L 9 S £ 9 § v £ o490t
uopepRI) AR pojgy 2wy piiv ..l_-....f. T T ivpupean aapuy poyagy ey pus djeag
(H ME 1# e

plow dz1s-03ae) ay a0y wpep Aysuaqq L1 oy, e-01'p R)Iqey.




o
o

prow dz1s-d3ae] aY) 10) son[eA YL 10) OEL VAONY '4-1 1P Py

1L6S00°0 | BLTLO'IT | SLYTII I SLEPLET b paxt] ey umjsiopy e}

PLTLIOO | TiTse'st | stoTin |y TR e T PNy | pewpagy uoneaedang 1z

6T1100°0 | SLL8S'GY | SL9°Z11 b | 80b8L _ paxt ALy, pepy {1
d oA doary doary ward | Ry /)
S T S w ENITE]

OLL [ SLh P Ler | L6 T oot Joot Tost [ood | s8 1 oo

tel

sl

.14}

86

%U4)

14

AR

uopEpEIs) aapg poi)agy dedayg pus djidg

UoNBPEITY APy

poyagy aejday pue djedg

(4 3R B

I# e

plow dz1s-0Tue| oY) 10J vIep YED oL, B[ 'Y D|qe .




99010°0 | ZZTev'sl | Loy b SL1089 b POXL| wajue)y aansyopy fg
98199'0| 8p€ZTT0 | SLOWY p 8 I paxtl i poupagy uopusedorg {7}
IL6b8'0 | 6E80KO'0 | SLO'PY b 81 I paxy Xy 1repy 1)
d 4 Joary Jonry 1)) ERITEC] T
SW I SW T ERITE]

plout 9zis-031u] auy 10j sANJLA AL 10) QUL VAONY "4-Z1'b |qey,

] sl LY ty 14 3 24 09 $9 L1

AlD

uopEPEIN NI POy eI pure djpurg

9,0

“Hopupuiny aig)iryg potjjagy auydayy pur djedg

CH e

I# e

plow oz1s-ad.e| oy 40 vIRp A[D O], "B-7 |y B]qu .




The effect of marl type, mold size and moisture content on the dry density, CBR and
CIV values is studied using ANOVA and are shown in Tables 4.13 to 4.15, accompanied
with the data. As shown in the tables, changing the mold size from small to large did not
show any significance on the obtained dry density; hence, the large mold can be taken as a
possible replacement for the small mold for compaction. However, changing the mold
size caused a2 remarkable differences between the produced CBR values due to the
variation of the boundary effects between the two mold sizes. For the CIV values it is
noticed that changing the size of the mold, from small to large, has significant impact on
the obtained CIV values, in addition the contribution of marl type was increased.

4.7.2 A Proposed Correction Method to Correct for the Effect
of Mold Confinement on the CBR values

The CBR results obtained from the conventional small mold size are believed to be
overestimated values. Hence, to have reliable correlation between the laboratory and field
CBR results, the CBR values obtained using the conventional CBR mold need to be
corrected.

A linear regression relation was obtained using the test results obtained using the
small and the large molds as shown in Fig. 4.108. Hence the CBR values for the large size
mold can be obtained using the CBR values obtained from the conventional mold using

the following relation

CBRY rge-Maia = 0-3832CBRs a1 mo1g + 26.889 4.4)
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Figure 4.108: The relation between the standard and large molds unsoaked CBR
values



The CBR values obtained using the conventional small mold in addition to the
experimental and the predicted CBR values for the large size mold are shown in Table
4.16. As shown in the table, the proposed relation gave a reasonable approximation for the
large mold CBR values. The experimental versus the predicted CBR values for the large
size mold are plotted in Fig. 4.109, which shows that the prediction gave quite close
values compared to the actual values despite the limited number of data points. Hence this
relation can be used as an initial stage for a reliable correction method to correct for the

effect of boundary conditions on the laboratory CBR values.



Table 4.16: CBR values obtained from the small and large molds and the predicted large

mold CBR values
CBR (Small Mold) CBR (Lage Mold) CBR (Predicted Values)

156 90 87

145 75 82
249 99 122
289 127 138

37 46 41

9 9 30

90 70 61

110 91 69
234 108 117
311 162 146
200 120 104
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Chapter 5

Summary, Conclusions and
Recommendations

5.1 Summary

As a result of the scarcity of good construction geomaterials, calcareous sediments are
extensively used in the Eastern Province of Saudi Arabia. This extensive exploitation of
calcareous sediments for constructional purposes, without realization of their upnormal
behavior under sever climatic and loading conditions, led to many post constructional
problems. Despite the past research efforts, the complicated engineering properties of
calcareous soils and the effect of different factors on them are still not properly
investigated. In addition. testing of these soils is usually performed without realization of
their complicated characteristics, which may lead to inaccurate results. Hence. the
possibility of developing new testing techniques or, at least, modifving the existing ones,

needs to be investigated. In addition, there is a lack of published information about the
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adequacy of the standard oversize correction methods for use for marl soils and their

effects on the produced strength.

Determination of the effect of gradation and the commonly used testing procedures
on the assessment of the load carrying capacity of calcareous sediments was the primary
objectives of this study. Two marl samples were collected from two borrow areas in
eastern Saud: Arabia. The basic characteristics of the marl samples were obtained
following the ASTM testing procedures. Small and large size testing setups were used to
study the compactibility and the load carrying capacity of the selected marls. using
different gradations.

Based on the results obtained from this experimental program, it was found that the
test type and the preparation method have significant effects on the results. In addition.
the gradation and the maximum particle size included in the sample were found to have
remarkable effects on the strength, especially for some test types. Furthermore, it was

found that the preparation method is highly affecting the obtained strength values.

5.2 Conclusions

Based on the results revealed from the experimental research program, the following
conclusions can be drawn:

1. The assessment of the load carrying capacity of marl soils using one testing

procedure may give misleading results especially when the used testing

methodology requires some modifications on the soil gradation. Hence,



different testing procedures must be performed in order to have better
engineering judgment.

- The maximum particle size, which is included in the specimens, has a great
significance on the strength, especially when using conventional testing
procedures, such as CBR and UCS tests.

- The strength of the tested marls is extremely sensitive to the molding moisture
content. There was remarkable loss of the bearing capacity as a result of
increasing the moisture content, especially for samples with plastic fines.

. The maximum dry density and the optimum moisture content values were
found to be independent of soil gradation.

. High maximum dry density value is not a sufficient condition for a practical
strength for marl soils.

. The mold confinement was found to have a significant effect on the CBR
values. More than 100% increase can occur on the CBR values as a result of
mold confinement.

. The AASHTO 2™ equation, for oversize correction, was found to give the best
prediction for the maximum dry density of the entire material while AASHTO
1* equation failed to predict the maximum dry density of the total material.

. The ASTM equation for oversize correction gave higher predicted maximum
dry density values for the entire material compared to the entire material

compacted in the large mold. Hence contractors may face some difficulties to
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achieve the required density if the specifications were given according to the
ASTM equation without realizing this pnenomenon.

Scalp and replace method was found to be an adequate oversize correction
method. However it gave slightly lower maximum dry density and optimum
moisture content values compared to those obtained for the entire material.
Material prepared using scalp and replace method resulted in a higher CBR
values compared to those obtained using the elimination method, which
excludes the oversize particles without replacement.

The CIV values were found to have a strong correlation with the CBR values
and a moderate correlation with the UCS values. However the CBR-UCS

correlation was found to be weak for the tested specimens.

5.3 Recommendations for Further Study

1.

9

There is a need to develop a large size setup that is fully automated in order to
test soils, which commonly include oversize particles (particles larger that %
in.). The new setup that was used throughout this program can be the base of
the intended setup.

More marl soils must be tested to increase the reliability of the obtained

correlations. In addition, the use of marl samples with different characteristics

will enrich any further study.



3. The effect of soil plasticity and grain crushing on the load carrying capacity of
marls need to be investigated further. This can be studied using marl samples
with different plasticity and aggregate stiffness.

4. Comparison program between laboratory and field-testing should be executed
whereby relationships between results obtained using small molds, large molds
and field data are compared. Specific recommendations can then be stated after
such study.

5. The contribution of sample height and confinement on the CBR and CIV
should be studied. Such study may initiate a correction method, which can be

applied for the CBR and the CIV tests.



CBR
Crv

DCP
DPA

Yadj

Nomenclature

Fracuion by weight (dry basis) of the portion of the total soil passing either No.
4 or % in. (19 mm) sieves, expressed as decimal.

California Bearing Ratio

Clegg Impact Value

Maximum dry density of the total soil (pcf)

Maximum dry density of the fine material (pcf)

The dynamic cone penetration test result value

The Dynamic Probing (type A) test result value

The void ratio of the total material

The initial void ratio

The fraction of oversize particles by weight

Optimum water content factor

The specific gravity of gravel

Bulk specific gravity of the gravel

The specific gravity of soil binder

Density interference coefficient

Fraction by weight (dry basis) of the portion of the oversize particles in the total
soil expressed as decimal.

The ratio between the weight of gravel to the weight of total material

Percent rock (material retained on the No. 4 or the % in. (19 mm) sieve by weight
(decimal)

Percent finer fraction by weight

Percent gravel

Coefficient of determination

Correction factor in AASHTO equation to account for interference of large
aggregates

Correction factor in USBR equation 10 account for interference of large
aggregates

The Vane Shear test result value

The Standard Penetration test result value

Unconfined compressive strength

Optimum water content for finer material

Optimum water content

Calculated maximum dry density.

Density of the oversize material as given by its ASTM bulk specific gravity
multiplied by the density of water.

Measured maximum dry density of the portion of the total soil passing either
No. 4 or % 1n. (19 mm) sieve.

The adjusted total maximum dry density (pcf)



Yfmax
Tw
B4

Ti

B;
Vi

€5k

u.

Maximum dry unit weight of the finer fraction

The density of water.

The laboratory maximum dry density of the soil matrix (pcf)
Angle of internal friction

The overall mean effect

The effect of the i-th marl type

The effect of the j-th parameter (gradation, preparation method. . .etc)
The effect of the A-th moisture content value

The random computed error

The effective stress

The total stress
The pore water pressure

8]
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