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Preface

This textbook is an essential guide to all facets of concrete block paving technology
and aims to assist practising engineers, technologists and postgraduate students.
Among all the materials required, mechanistic and empirical models are available
for design pavements, standards and specifications are available to determine the
material and construction process, and engineers and technologists have fairly good
knowledge about the traditional pavement types. However, a comprehensive
compilation of such technical information on this subject not being available had
led those interested in the field to resort to the means of referring to multitudinous
resources. Considering those circumstances, this book was composed to reflect the
very best of concrete block paving technology thus is inclusive of the proper
pavement design standards, guidelines for block selection, mixture design, pave-
ment design and appropriate construction and maintenance procedures that should
be undertaken. Simply stated, written by a renounced researcher in the area of
concrete paving technology, it covers all aspects of concrete block paving tech-
nology from foundation design through to finishing.

Moratuwa, Sri Lanka Wasantha Kumara Mampearachchi
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Chapter 1 ®)
Introduction Check for

1.1 Why We Need Concrete Block Paving

In most countries, a high percentage of roads have been constructed mainly using
asphalt and concrete. However, people, realizing defects in these roads gave rise
to the idea of having other options for constructing roads. Since the unit cost of a
concrete road is very high, it is quite unbearable for countries with a developing
economy.

There are several disadvantages to asphalt pavement roads. Bitumen; the primary
material of asphalt, comes as a byproduct of purified crude oil. Therefore the prices of
bitumen also increase parallel to the escalating crude oil prices. The most vital issue
is that bitumen may not be a substantial construction material any more, due to the
rapid depletion of crude oil. As a result of that, the road designers try to improve the
existing road construction technology to suit the present era. This ‘Concrete Block
Paving’ (CBP) concept is based on the concept of ‘Stone Paving” which lasted in the
world thousand years back.

There are only few concrete block pavements in Sri Lanka. The Road Development
Authority and Provincial Road Authorities are going to promote CBP for rural roads
as an alternative for bitumen roads, considering the benefits such as low construction
and maintenance cost, aesthetic appearance, and durability.

1.2 Historical Background

The history of stone paving roads dates back to 4000 BC, Assyria. By 2000 BC
flagstones were being used to pave village streets (Concrete Manufacturing Asso-
ciation, 2004). Cobble stones which were water worn stones or large pebbles about
150 mm had been used for paving at a very early stage and with the passage of
the time were replaced by hand cut stones. The most famous of all Roman roads
is the Appian Way, built by Roman engineers in 312 BC. It still carries traffic

© Springer Nature Singapore Pte Ltd. 2019 1
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Fig. 1.1 The early
interlocking
pavement—Roman Appian
way (ICPI, 2004)

between Rome and Italy’s south-eastern port of Brindisi. This was surfaced with
tight-fitting paving stones (Fig. 1.1).

Later on, people started to use burnt bricks for road construction as an alternative
to stone paving. The modern version of concrete paving blocks (pavers) were manu-
factured in Netherlands in the late 1940s as a replacement for burnt bricks, because
there was a scarcity of bricks due to the Second World War. Concrete blocks were
introduced as an alternative to brick paving and subsequently became recognized as
a durable paving material.

In the very early stages, the block paving concept was put into practice due to
the aesthetic appearance. However, with time, designers identified the significant
advantages of concrete block paving over other techniques. As a result, concrete
block paving has been extensively used for commercial, municipal and industrial
applications since the 1960s. The study of Ghafoori and Mathis (1998) reveals that
over a hundred million square meters are paved annually in Europe, while it is
estimated that more than two hundred eighty million square meters of concrete paving
units are produced worldwide (Ghafoori & Mathis, 1997).

1.3 Applications of the Concrete Block Paving

Applications of CBP can be categorized based on the traffic condition;

Non-Traffic: Building premises, Foot paths, Shopping Malls, Pedestrian walks,
Landscapes, Public gardens, Domestic paving, Embankment slopes etc.

Light Traffic: Car parks, Office driveways, Commercial complexes, Rural roads,
Residential streets etc.
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Medium Traffic: City streets, Small market roads, Utility service stations.

Heavy and Very Heavy Traffic: Container/Bus terminals, Ports/Doc yards,
Industrial complexes, Heavy duty roads, Bulk cargo handling areas, Factory
floors/Pavements, Airport pavements etc.

Non-Traffic

Domestic use: Concrete Block Paving is used in domestic applications. It provides
a very attractive appearance and enhances the value of the property (Fig. 1.2).

Pedestrian walkways: Concrete Block Paving can be used in pedestrian walkways
to provide an aesthetically pleasing appearance (Fig. 1.3).

Embankment protection: The use of CBP alongside the freeways is a very effective
and quick method of slope protection (Fig. 1.4).

Fig. 1.2 CBP in Domestic use in a temple, Beruwala and Mihindu Seth Medura, Attidiya,
Sri Lanka

Fig. 1.3 Pedestrian Walkway at Waters Edge, Sri Lanka
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Fig. 1.4 Embankment protection at Colombo Katunayake Expressway, Sri Lanka

o Light Traffic

Residential streets: The flexibility of the block pavement in adapting to changes in
land use and road geometry, coupled with their highly aesthetic nature and low main-
tenance costs, has firmly established block paving as a viable solution for residential
street construction (Fig. 1.5).

Rural roads: The present Sri Lankan government and the Road Development
Authority has focused on introducing concrete block pavements for rural roads as a
cost-effective paving method (Figs. 1.6 and 1.7).

Car parks and driveways
See Fig. 1.8.
o Medium Traffic

City streets: The ease of access to underground services, the ability to withstand
heavy slow moving traffic, the low maintenance costs and the aesthetic advantages of

Fig. 1.5 Residential street at
Lund City, Sweden
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Fig. 1.7 Borupana- Ratmalana Road- Sri lanka

interlocking concrete pavements have established block paving as a major alternative
for the surfacing of city streets (Fig. 1.9).

o Heavy and Very Heavy Traffic

Industrial hard surfacing: The most cost-effective use of block paving can be
found more frequently in the industrial sphere. The ability of the block pavement
to withstand concentrated heavy load and to resist the wheel load of heavy off-road
vehicles such as forklifts, straddle carriers and trans trainers, have made interlocking
concrete paving the first choice for many industrial pavements, including in particular,
container yards (Figs 1.10 and 1.11).

Bus terminals: Typically buses stop and start continuously at the same locations,
therefore, can quickly cause rutting in flexible pavements. This problem is aggravated
by the spillage of oil and lubricants typical of bus operations, which leads to the flux-
ing and softening of asphaltic materials. To overcome these problems, interlocking
concrete block paving is increasingly used.
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Fig. 1.9 City Street in Malmo City—Sweden
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Fig. 1.10 A Container Yard (Concrete Manufacturing Association 2004, bk. CBP 1 Introduction)

Fig. 1.11 A Warehouse (Concrete Manufacturing Association 2004, bk. CBP 1 Introduction)

Often such facilities are located on reclaimed lands, subjected to ongoing settle-
ments. The ability to recycle (replace) block pavement facilitates the use of concrete

block paving in such places because settlement deformation can be easily remedied
(Fig. 1.12).

1.4 Advantages of Concrete Block Paving
There are many advantages of concrete block paving over other paving methods.
They are,

e Simple construction
e Provision for underground repairs
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Fig. 1.12 Bus Terminal - Lund City, Sweden

Long lasting surface

Reusable

No adverse thermal effect

The possibility of allowing traffic just after construction or repair
High-quality control

Higher elastic deflection

High skid resistance

Low maintenance.

1.5 Limitations

Concrete block paving can be expensive if specialist block materials are chosen, good
practices are followed in the preparation of subbase/base and laying, and the edge
restraints are provided. There are only a few limitations in concrete block paving.
They are,

e Not suitable for streets where the speed limit is above 70 km/h (due to high noise
and vibration)

e Need edge restraints or curb lines

e Manual laying consumes more time.



Chapter 2
Structural Behaviour of Concrete Block Geda
Paving

2.1 Interlocking Mechanism

When the tire load is applied on top of the concrete block pavement, concrete blocks
(pavers) tend to rotate and translate. Block rotation and translation are generally
associated with hinge formation as shown in Fig. 2.1.

‘Interlock’ is the inability of pavers to move independently from its neighbours.
When considering the design and construction of block pavements, three types of
interlocking must take place simultaneously: such as vertical, rotational and hori-
zontal interlocking as illustrated in Fig. 2.2.

Vertical interlock is achieved by the shear transfer of loads to surrounding units
through the sand in the joints. Rotational interlock is maintained by pavers of suf-
ficient thickness, placed closely together, and restrained by a curb from the lateral
forces of vehicle tires. When progressive stiffening has been stabilized, the pavement
experiences what is known as a “lockup.” Horizontal interlock is primarily achieved
through the use of laying patterns that disperse forces from the braking, turning, and
accelerating of vehicles. They maintain the horizontal interlock, while the units are

Fig. 2.1 Deflection shape of Adge Restraint
block pavement (Panda & oA No.l.ca:l y A
Ghosh, 2002)
7 |
Load
7 e i
“a 1 - E
Hinging Point
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|

No vertical interlocking No rotational interlocking No horizontal interlocking

' | y
20 | A _ L R

Displaced sand isplaced sand Horizontal displacement

Ly v

Vertical interlock Rotational interlock Horizontal interlock

Fig. 2.2 Type of Interlocking (ICPI, 2004)

subjected to repeated lateral loads from vehicle tires. Stable edge restraints such as
curbs, are essential for the whole system to be locked up.

2.2 Shape of the Block

Even though around 40 block shapes have been patented, all of these are not suitable
for traffic pavements. The common block types used in the road construction industry
are shown in Fig. 2.3. They are; (1) Uni Style, (2) Key Stone, (3) Cobble, (4) Clover,
(5) Honey Style and (6) Satin Pave.

Based on past experience and researches, the block paving industry has been
involved in producing a vast range of block shapes. Concrete blocks can be divided
into three categories based on the shape (Concrete Manufacturing Association, 2004).
Extent of Interlocking can vary with the shape of the block. They are named as type
1, type 2 and type 3,

Type 1 blocks allows a geometrical interlock between all vertical or side faces of
adjacent blocks (e.g.—Uni style).

Type 2 blocks allows a geometrical interlock between some faces of the adjacent
block (e.g.—Key stone).

Type 3 blocks allows no geometrical interlock between adjacent blocks (e.g.—Cobble
type).

Research have shown that ‘type 1 blocks’ develop the best resistance to both
the vertical and horizontal creep, and therefore is generally recommended for all
industrial and heavy duty applications. Type 2 and 3 blocks are generally selected
for aesthetic reasons.
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Fig. 2.3 Common block types used in CBP

Blocks with a complex shape have a larger vertical surface area than rectangular
or square blocks of the same plan area. Consequently, rectangular or square shaped
blocks have larger frictional areas to allow load transfer to adjacent blocks.

2.2.1 Field Performance of Block Shapes

According to the traffic studies done in Australia, South Africa and USA, block
pavements laid with shaped (denoted) blocks have been reported to perform better
than pavements laid with rectangular units. Generally, pavements laid with denoted
pavers tend to exhibit smaller deformations than pavements utilizing rectangular
pavers. Recent Australian studies show that paver shape also influences the develop-
ment of the horizontal creep under traffic. Tests show that for a given laying pattern,
rectangular pavers are associated with a much greater horizontal creep than denoted
units.

A field test was conducted in the test road at Mahawa, Kurunegala, Sri Lanka
to investigate the effect of block shapes, laying patterns and laying angles, on the
performance of CBP. The deflection information from the Benkelman beam test,
gathered for different block shapes are given in Fig. 2.4. The average deflection in
all three types of concrete blocks within the test area, for a standard axle of 8160 kg,
were 49, 54 and 54 for Uni style, Cobble and Key stone, respectively. Here, the laying
angle was kept at 90° and the stretcher block pattern was used. The block shapes
were changed to evaluate the deflection. It was observed that Uni style blocks show
the least deflection while the Cobble shape blocks and the Key stone blocks have the
most deflection.

Furthermore, the Benkelman beam deflection data were collected at different
locations from the cross section, to plot the deflection basin for an applied load.
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Fig. 2.4 Effect of block shapes on deflection

These data were collected in a transverse direction of the road, by loading the road
at the centerline and measuring the deflection at 0 mm (at the center), 300, 600 and
900 mm from the center. Cross sectional deflection profiles (deflection basin) are
shown in Fig. 2.5. A narrow deep deflection basin was observed for the cobble block
shape, with the highest deflection at the center, and a deflection close to zero at
900 mm from the center. The deflection of the Uni style block shape was lesser at
the center of the road, but extended a longer distance than the Cobble and Keystone
block shapes. A Uni style block is a type 1 block, and has a geometrical interlock
between adjacent blocks in all the vertical faces. Consequently, Uni style blocks have
larger frictional areas for load transfer to adjacent blocks. It is postulated that the
effectiveness of the load transfer depends on the vertical surface area of the blocks.

The gaps between the concrete blocks vary when vehicles move on the road. A
field testing was conducted to measure the gaps between blocks at predetermined
locations for selected block shapes. The gap variations of different block shapes, with
time (number of vehicle passes over the blocks) are shown in Fig. 2.6. The joint gap
variations of three different block shapes which are laid along the road do not show
any significant variation until 7.9E 4 03 ESAL. However, the Uni style block shape
has a lesser gap variation after 7.9E 4 03 ESAL, and this gap variation becomes
constant after 15.9E + 03 ESAL. The Cobble block and the Key stone block have
larger gap variations, but the variations are of the same magnitude.

The Cobble block shape has the poorest performance while the Uni style block
shape has the best performance with respect to the deformation (lead to permanent
deformation in wheel paths, rutting) and joint gap variation. Uni style blocks have a
geometrical interlock between all side faces of adjacent blocks causing the minimum
joint gap variation. Therefore, it is possible to conclude that the Uni style block shape
has the best performance when used as a block pavement under both horizontal
(braking action) and vertical loading.
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2.3 Thickness of the Block

Some of the early studies on concrete block paving, done by (Clark, 1978) reported
a small improvement in the pavement performance with the increase of block thick-
ness. Miura, Takaura, and Tsuda (1984), Shackel (1980), and Shackel, O’Keeffe,
and O’Keeffe (1993) claimed that an increase in the block thickness reduced elastic
deflection, and the stress was transmitted to the sub base. The recent research con-
ducted by Panda and Ghosh showed a significant reduction in the elastic deflection as
the block thickness increased. Rectangular blocks of the same plan dimension, with
three different thicknesses: 100, 80 and 60 mm, were tested in a prototype pavement
model. Blocks were laid in a stretcher bond pattern in the prototype model and the
deflection related to the applied load was measured. Load was varied from O to 50 kN.
It was observed that the shapes of load—deflection curves were similar for all the
selected block thicknesses. A change in thickness from 60 to 100 mm, significantly
reduced the elastic deflection of the pavement. The comparison is shown in Fig. 2.7.

Thicker blocks provide a higher frictional area. Thus, the load transfer will be
high with thicker blocks. The individual block translation in thicker blocks is more
with the same amount of block rotation. As a result, the back thrust from the edge
restraint will be high. The thrusting action between adjacent blocks at hinging points
(Panda & Ghosh, 2001) is more effective with thicker blocks. Thus, deflections are
lesser for thicker blocks. The combined effect of the higher friction area and the
higher thrusting action in thicker blocks provide a more efficient load transfer. Thus,
there is a significant change in the deflection values, when increasing the thickness
of blocks. It can be concluded that the response of the pavement is highly influenced
by the block thickness.

60 T
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40 + 1
=60 mMm
1 ==fll=80 mm

=100 mm

30 +4

Load (KN)

20 1

10 +

0 0.5 1 1.5 2 2.5 3
Deflection(mm)

Fig. 2.7 Effect of block thickness on behavior of block pavement
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2.4 Block Size

Shackel (1980), reported that the load-associated performance of block pavements
was essentially independent of the size of blocks, but Panda and Ghosh (2002) proved
that there was a clear response on the concrete block pavement performance with
the variation of block sizes. For this experiment, Panda and Ghosh (2002) used
rectangular blocks laid in the stretcher bond pattern. The responses were measured
for different thicknesses under the applied loads. The shapes of the load deflection
paths are similar for all block sizes. Lesser deflections of the pavement have been
obtained with the increase of the block size (Fig. 2.8). The number of joints per unit
area of pavement is high when small blocks are used. The translation of a block in
the loading area cannot be effectively reflected to its full extent at the edge restraints.
This leads to the lesser compression of jointing sand, and lowers the buildup of
joint stresses. Thus, the pavement experiences a higher deflection under the same
load when smaller blocks are used. It is established that block size influences the
load-spreading ability of the pavement. The larger the size of the block, the more the
pavement performance will improve.

2.5 Block Strength

In 1980, Shackel reported that the load-associated performance of block pavements
was essentially independent of the compressive strength of the blocks, and that was
verified again by Panda and Ghosh (2002).

Panda and Ghosh (2002) conducted the experiment using three types of blocks
with identical sizes, made out of different concrete mixtures, to have different com-
pressive strengths. The areas of friction were the same for the three block types. Each
individual concrete block was subjected to compressive stress with a negligible bend-
ing stress because their sizes were small. The elastic modulus of the concrete block

S.D. = 0.04 mm -
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= 40+ _r‘ > 1
g 375 — 150%x150
3 % 75 | ‘
§ 204 E Loaiani 106x106
10..
0 . . . |
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Fig. 2.8 Effect of block sizes on behavior of block pavement
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was many times higher than that of the underlying materials. The concrete blocks
behaved as rigid bodies in the pavement, and transferred the external load to the
adjacent blocks and underlying layers by the virtue of its geometrical characteristics,
rather than its strength. Panda and Ghosh (2002) established that the load-associated
performance of block pavements was independent of the compressive strength of
blocks.

Selection of materials and suitable mix proportions are discussed in Sect. 3.1.

2.6 Laying Pattern

Load spread in concrete block paving roads is accomplished by the interlocking
actions. Hence, the laying pattern of pavers (concrete blocks) act as a major com-
ponent in the load spreading in concrete block paved roads. Therefore, it is very
important to identify the most effective laying pattern which can improve the inter-
locking action.

Different laying patterns are commonly used for block laying work. Knapton
(1976) discovered that the laying pattern did not significantly affect the static load-
spreading capacity of the pavement. From plate load studies, Miura (1984) and
Shackel (1993) have reported that, blocks laid in a herringbone bond exhibited a
higher performance than the stretcher bond for a given shape and thickness. In 2001
Panda and Ghosh reported that no significant variation can be found in the perfor-
mance of block pavements with the differentiation of laying patterns. Therefore, it
is apparent that the findings are inconsistent about the performance of block pave-
ments with respect to different laying patterns. Therefore, an exploration regarding
this factor in concrete block paving is essential.

There are mainly four types of block laying patterns used in industrial applications:
such as the herringbone bond, stretcher bond, basket weave and stack bond. In the
concrete block laying practice, 45° angle patterns are used. However, pavers perform
better when their laying pattern runs in line or at a right angle to the direction of traffic.
When vehicles deviate by even an angle of 10° on any direction, interlocking action
becomes less effective (Murat Algin, 2007). Hence, it is recommended not to use 45°
angle laying patterns for concrete block laying work in road construction. Concrete
block laying patterns commonly used in road industry are shown in Fig. 2.9.

2.7 Determination of an Effective Laying Pattern

According to the 3-D finite element software model of Mampearachchi
and Gunarathna (2010), the herringbone bond pattern gave a lower verti-
cal deflection against loading, compared to other bonding patterns. Therefore,
it is apparent that the herringbone bond is more stable against vertical loading
(Fig. 2.10). Figure 2.15 clearly shows that herringbone bond pattern gives minimum
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Fig. 2.10 Loading position and vertical deflection in different laying patterns (effect of vertical
load) (Mampearachchi & Gunarathna, 2010)

vertical deflection against the breaking action of vehicles compared to other laying
patterns. However, the stretcher bond pattern gives minimum horizontal deflection
against breaking action, compared to other laying patterns (Fig. 2.12). The horizon-
tal deflection values were less than 0.7 mm and vertical deflection (Fig. 2.10) was
a minimum of 1.82 mm. So, vertical deflection is nearly three times higher than
horizontal deflection for breaking action. Therefore, the vertical deflection curve can
be considered as the deciding factor for selecting the stronger bond pattern under the
breaking effect in that study (Fig. 2.11).
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Tests for the field performance of the selected block shapes were conducted by
(Mampearachchi & Senadeera, 2014) to verify the FEM finding, since there is a
contradictory behavior of block patterns for vertical and horizontal deflection against
breaking action.
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2.8 Field Performance of Laying Pattern

Laying Pattern used:

A total of 100 m road length was selected and divided into 10 equal parts, and blocks
were paved according to selected combinations in each different section, as given in
Fig. 2.13.

There are four different block laying patterns employed in the test section for the
comparison of deflections. Herring, stretcher, basket and stack laying patterns were
compared based on the data collected from test sections. In this case, the laying angle
remained constantly at 90° and the block shape used for the test was Uni style. Then
the laying pattern was changed, and the deflections were measured at the center of
loading and locations were selected to capture the shape of the deflection basin.

Figure 2.14 shows that the Stack bond has the largest deflection. The Stretcher
bond type and the Herringbone bond type have an equal amount of deflection, which
is also the lowest deflection. Therefore, these two types of patterns are more suitable
for a road.

The data collected for the transverse direction of the road, shows how deflection
is distributed within the road section. Figure 2.15 shows that the Stretcher bond
type and the Herringbone bond type have the least deflection. Also the variations of
deflection among different types of laying patterns, are higher than the variations of
deflection of different block shapes and angles. The largest deflection occurs at the
center of the road for the Stack bond. The deflection of the Basket weave is larger
than the deflection of Herringbone bond and Stretcher bond, but it is lower than that
of the Stack bond. However, the deflection of Stack bond reaches zero much quicker
than the other three bond patterns. The deflections of other three patterns continue
further than the Stack bond pattern, though they have lesser deflection at the center
of the road. The load transfer from block to block is the reason for the spreading of
deflection for an extended length from the centerline.

The block joint gap variations among four different paving patterns show how
the gaps increase or decrease due to vehicular loading. Figure 2.16 shows that the
Stretch and Herringbone bonds are nearly the same, and also have the least joint gap
variations. It shows that Stack bond pattern has the least gap variation at the beginning
but becomes the highest gap variation after 1.06E -4 ESAL. The gap variations for all
bond types become nearly constant after 1.85E + 4 ESAL. Therefore, it is concluded
that Stretch and Herringbone bond patterns show the best performance of the block
pavement under load, with respect to all the parameters considered in this study.

The analysis mentioned above can be summarized to evaluate the results, in order
to find the best selection, as given in Table 2.1.
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Type of block - Uni Style Type of block - Uni Style
Pattern - Stretcher bond Pattern - Stretcher bond
Angle - 0° Angle - 45°

Type of block - Uni Style Type of block - Uni Style
Pattern - Stretcher bond Pattern - Strack bond
Angle - 90° Angle - 90°

Type of block - Uni Style Type of block - Cobble
Pattern — Basket weave bond Pattern - Stretcher bond
Angle — 0/90° Angle - 0°

Type of block - Cobble Type of block - Cobble
Pattern - Stretcher bond Pattern - Stretcher bond
Angle — 45° Angle - 90°

Fig. 2.13 Field test laying patterns
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Type of block — Key stone Type of block - Uni Style
Pattern - Stretcher bond Pattern - Herringbone bond
Angle - 90° Angle — 0/90°

Fig. 2.13 (continued)
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Table 2.1 Summary of performance of blocks
Variable Performance
Deflection | Deflection Joint gap Selection
profile variation
Block shape Uni style v 4 v Uni style
Cobble
Keystone
Laying angle | Angle 0° v v v Angle 0°
Angle 45°
Angle 90° v v v Angle 90°
Block laying | Stretcher v v v Stretcher
pattern bond bond
Stack bond
Basket wave
Herringbone | v/ v v Herringbone
bond bond

Note Best performance is indicated as v/
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2.9 Joint Between the Blocks, and Filling of Block Joints

CBP is constructed of individual blocks of brick-sized units, placed in patterns with
close, un-mortared joints on a thin bed of sand. The joint spaces are then filled with
sand. A review of the literature revealed a wide range of views regarding the specifica-
tions for bedding and jointing sand, and their contribution to the overall performance
of the pavement. Therefore it is important to carry out a comprehensive study about
bedding sand and filling sand, and their contribution to the overall performance of
the Concrete Block Pavement.

The concrete blocks in the pavement, without jointing sand, behave as individual
units. Individual blocks do not transfer the applied load to adjacent blocks. Thus,
the block layer has little load spreading capacity. The block layer obtains the load
spreading capacity when the individual blocks are interconnected. In 2002 Panda
and Gosh verified that pavements without joint sand deflect three times more than
pavements with joint sand. Therefore, joints between the blocks should be filled with
sand to obtain the full interlocking action in the concrete block pavements.

Jointing sand is the main component of concrete block paving through which load
is transferred to the larger area of lower layers by virtue of its shear and dilatancy
property (Shackel, 1980). Frictional resistance is developed in the joints under load,
preventing the blocks from undergoing excessive relative displacements, and trans-
mitting part of the load to adjacent blocks. The small shear displacements, relative to
each other, facilitate the generation of horizontal forces between the blocks, caused
by dilatancy in the jointing sand. As a consequence, concrete block paving is capable
of achieving substantial distribution of load among neighboring paving units, due
to the increased frictional resistance. Crusher-run sand with the same gradation is
the best source, rather than river and quarry sand as joint sand for Concrete block
paving (Panda & Ghosh, 2001). Because more coarse and more angular sand have
a higher dilatancy and a higher angle of shear resistance (Panda & Ghosh, 2002).
Nevertheless, in Sri Lanka, river sand has become more popular as a filling material
because it is abundantly available.

In concrete block paving, joint width should be compatible with the particle size
distribution of filling sand, for improved pavement performance. Panda and Gosh
(2002) did laboratory scale experiments to investigate the effect of changing the
parameters of bedding sand and joint sand against joint width, on pavement perfor-
mance.

For this experiment, sand with four gradations conforming to zone I, II, III and
IV grading limit Table 4 of Indian Standard 383-1970(RIS1970) were used. Sand
samples ranging from coarser to fine in seven different gradations were prepared,
using controlled mixes of the main four gradation types, and ‘zone I’ sand was used
in the experiment as bedding sand with a 50 mm loose thickness.

Figure 2.17 shows the response of the pavement for design joint widths, with
varying qualities of sand from zone I to zone IV in the joints (Panda and Ghosh,
2002). As the joint width decreases, the deflection of the pavement also decreases
for zones III and IV (Type 6 and 7) of jointing sand. With jointing sand in zones I
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Fig. 2.17 CBP deflection for jointing sand with varying joint width (Panda & Ghosh, 2002a)

and II (Type 1 to 5), the deflection of the pavement decreases up to a certain point
and then slightly increases with the increasing joint width. The higher the thickness,
the lesser the normal stiffness of the joint will be. This will lead to more rotations
and translations of blocks. Thus, there will be more deflections under the same load,
for thicker joints.

Some of the grains, coarser than the joint width, were unable to slip inside and
that lead to the optimum joint widths in Zone I and II (Type 1 to 5) to be 3 and 4 mm,
respectively (Fig. 2.17). A large amount of sand remained outside the joint showing
sand heaps on the block surface. The coarse grains of sand choked the top surface
of joints and prevented the movement of other fine grains in to the joint. Therefore,
there might be loose pockets or honeycombing inside the joint. The joint stiffness
decreases, and in turn reflects slightly higher deflections. At the optimum joint width,
there is a high possibility that single grains of average size, close to the joint width,
will retain in the joints during joint filling. As the average grain size for zone II (Type
4 and 5) sand is less than that of zone I, the magnitude of the optimum joint width is
less for zone II (Type 4 and 5) jointing sand.

In general, for constant joint width, the deflection of the pavement increases when
the grading of sand is varied from zone I to zone IV (Type 1 to 7). That is, the coarser
the sand, the higher the performance (Panda and Ghosh, 2002). This is because of
the decrease in shear strength of sand from zone I to zone IV (Type 1 to 7) (Table 2.2)
and it is compatible with the findings of Panda and Ghosh (2001) which state that
coarser sand provide high shear resistance and higher dilatancy. These findings are
similar to those observed by Knapton and O’Grady (1983).

The comparison of deflections of the pavement using Type 2 and Type 3 sand of
zone 1 are shown in Fig. 2.17a. Lower deflection is maintained up to a joint width
of 4 mm in both Type 2 and Type 3 sand. A comparison of Type 1 and Type 2 sands
of zone 1, and type 4 and 5 of zone 2, is shown in Fig. 2.17b. It is clear that zone 1
sand is more effective as jointing sand. Type 2 and Type 3 sand are more effective
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Table 2.2 Used sand gradations for research (Panda & Ghosh, 2002)
Sieve Zone 1 Zone 11 Zone Il | Zone IV
Elze ) Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 Type 7
mm
% 100% 100% % % % %
passing passing passing passing passing passing passing
236 mm |2.36 mm 2.36 mm
10%
retain
0.075 mm
20 - - - - - -
10 100 100 100 100 100 100 100
4.75 94 100 100 100 100 100 100
2.36 70 100 100 88 100 98 99
1.18 46 65 69 72 81.81 89 94
0.60 30 42 48 45 51.13 63 88
0.30 16 22 29 21 23.86 25 38
0.15 6 8 16 6 6.81
0.075 2 2 10 2 227

jointing sand up to a joint width of 4 mm, and Type 1 sand is better to use in joints
of more than 4 mm. However, sand more than 15% retained on 0.075 mm sieve has
shown fine sand sticking to the surface and preventing the entry of remaining sand.
Gradation limits of Type 1-Type 7 and fine aggregate specification for concrete,
ASTM C-33 are shown in Fig. 2.18. Both zone 1 and 2 sand lie within the limits of
ASTM C-33 which is recommended for both jointing and bedding sand. From the
findings of the research, it is better to select the sand in the lower limit of ASTM C-33
which is closer to zone 1 sand recommended by Panda and Ghosh (2002). However,
the selection of gradation of the jointing sand should comply with the joint width.
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Chapter 3 ®)
Construction Process Creck for

3.1 Mix Design of ICBP

Interlocking concrete block pavers are used in a wide range of applications cover-
ing simple garden patios to heavy-duty container terminals. Hence, the production
of blocks in accordance to strength and durability requirements is a major con-
cern. According to standard specifications on block pavers around the world, various
strength classes and block thicknesses have been specified for various applications.

According to IS:15658:2006 (Institution, I.S., 2006) and SLS 1425 Part II (Insti-
tution, S.L.S., 2011), there are four strength classes recommended based on the
application. The recommendations given by IS:15658:2006 on “Precast Concrete
Blocks for Paving—Specification” are presented in Table 3.1.

However, ASTM C936 Standard Specification for Solid Interlocking Concrete
Paving Units (ASTM International, 2018) requires a minimum average of 8000 psi
(55 MPa) with no individual unit below 7200 psi (50 MPa). Concrete paver sizes
are defined in this standard as having a minimum thickness of 23/8 in. (60 mm), an
aspect ratio (length divided by thickness) not exceeding 4, and a maximum surface
area of 101 in.2 (0.065 m?).

Table 3.1 Strength recommendation according to IS:15658:2006

Grade designation of | Specified Traffic category Recommended
paver blocks characteristic minimum paver block
compressive strength thickness (mm)

of paver blocks at
28 days (N/mm~2)

M 25-M 30 25-30 Non-traffic 50

M 30-M 35 30-35 Light 60

M 35-M 45 35-45 Medium 60, 80

M 45-M 55 45-55 Heavy to very heavy | 80, 100, 120
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28 3 Construction Process

South African standard SANS 1058-2006 (SABS, 2006), which was originally
based on a compressive strength measurement and was later modified to SANS
1058-2012 (SABS, 2012) where two new performance measurement techniques
were included: tensile splitting and abrasion testing. Yet, SANS 1058-2012 still
refers to the SANS 1058-2006 compressive strength requirements to help the industry
better understand the new performance measurements. For example, Class 30/2.0,
officially rated at 2.0 MPa (tensile strength), indicates the minimum compressive
strength should be 30 MPa, and similarly, Class 40/2.6, officially rated at 2.6 MPa
(tensile strength), recommends a minimum compressive strength of 40 MPa. Class
30/2.0 in SANS 1058-2012 substitutes the Class 25 of SANS 1058-2006, which
was based on a compressive strength rating of 25 MPa, and Class 40/2.6 substitutes
the Class 35 of SANS 1058-2006 based on a compressive strength rating of 35 MPa.

The British standard BS 6717-1:1993 (British Standards Institution, n.d.) specifies
the minimum compressive strength of paving blocks, as 49 N/mm? and the minimum
crushing strength of any individual block as 40 N/mm?.

Hence, it is very important to adhere to a proper mix design procedure to produce
paver blocks in compliance with standard specifications. Not only the strength, but
also a number of factors during production and utilization of the blocks should be
accounted when determining the optimum mixture proportions and water content.
Therefore, it is important to understand the manufacturing process to develop or
improve the mixture design for ICBP.

At an industrial scale, the blocks are cast using hydraulic or electrical machines.
The ingredients are mixed thoroughly by a pan mixture and the mixture is then
conveyed through a conveyor belt to the hopper. Once the hopper is full, the mixture
is poured to the mold by opening the bottom window of the hopper. The mixture
in the mold is subjected to vibration and compression to cast the blocks. Typically,
a semi dry concrete mix is used to cast interlocking paving blocks. 12 mm coarse
aggregate and a suitable fine aggregate (River sand, quarry dust, manufactured sand,
sea sand, recycled aggregates etc.) is mixed together with ordinary Portland cement
(OPC) to produce the concrete mixture. Pigments are mixed to the mixture to achieve
required colors.

3.2 Factors Governing the Mix Design

3.2.1 Strength

Strength is one of the key parameters that evaluate the performance of ICBP. Hence
the mixture design should mostly focus on strength. Since the water content is kept
at a minimum level, strength can be mainly improved by optimizing the aggregates.
The production involves heavy duty vibration, thus higher strengths can be achieved
by selecting aggregates in a way in which the packing of the mixture is maximized.
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3.2.2 Water Content

Rapid manufacturing using hydraulic or electrical machineries require the mold to be
stripped off from the fresh blocks soon after it is cast. To facilitate this requirement,
zero slump concrete is used to produce the blocks. The water content should be
maintained at an optimum level to produce high quality blocks. Excessive water
can produce slumpy blocks which will collapse soon after the mold is stripped off,
whereas less water will produce very dry blocks which will crack soon after the
removal of the mold. On the other hand, maintaining a lower water content ensures
high strengths according to Abram’s law.

3.2.3 Surface Texture of the Blocks

The aesthetic appearance is one of the main features of paver blocks especially
for landscaping applications. Similarly, surface texture should be maintained at a
satisfactory level to facilitate a smooth and comfortable ride while maintaining a
good traction especially for applications involving vehicular traffic such as roads,
car parks and terminals. The fine aggregate percentage of the mixture together with
water content governs the level of surface texture of the block. Hence, selection of
fine aggregate proportions should be done carefully to satisfy both the performance
criteria as well as the aesthetic appearance of the block.

3.3 Mixture Design Methods

3.3.1 Trial and Error Method

This method is the most primitive yet widely used method among industrial block
manufacturers. They initially use the most common mix ratios such as the cement
to aggregate ratio of 1:8 and then adjust this mixture to achieve required strengths.
Typically, the water content is mainly based on intuition and experience. Hence,
inconsistency is visible in the strength of the blocks. High strength variations within
the same batch of blocks can be seen due to the improper mixture design. Segregation
of aggregates is also a major problem of this mixture design method.

3.3.2 ACI Method

American concrete institute has specified a standard method to determine suitable
mixture proportions for concrete. To facilitate a zero slump concrete mixture design,
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a special annex has been introduced. However, the use of ACI method does not
provide a sustainable mixture design, as it uses a high amount of cement paste to
gain higher strength classes. According to Shahriar, Amin, Ahmad, and Hossain
(2017) the main reason for inconsistencies in the ACI mix design method is because
of not accounting for the aggregate surface area when determining the cement paste
(Shahriar et al., 2005).

3.3.3 DOE Method

The British method of concrete mix design, commonly referred to as the “DOE
method”, is used in the United Kingdom and many other parts of the world and has a
long-established record. DOE method also specifies a method based on strength and
durability of the concrete. However, according to Kumbhar and Murnal (2012) the
DOE method also has several limitations. The higher fine aggregate content given
by the DOE method makes sandy mixtures and this fine aggregate content cannot be
changed for specific cement contents. One of the major concerns of the DOE method
is that it does not have a specific method of combining quantities of different sized
aggregates (Kumbhar & Murnal, 2012).

3.3.4 Particle Optimization Method

Particle optimization method is one of the most advanced methods that can be used to
produce high performance concrete mixtures with required properties. The method
involves a careful selection of aggregated proportions so that the packing density of
the mixture can be increased. Higher packing density leads to a lower void content.
This results in a lesser amount of cement usage. Also, having the full control of the
voids percentage and aggregate mixture proportions makes this method very useful
for specific applications like ICBP (Hettiarachchi & Mampearachchi, 2018, 2019).
However, the determination of the aggregate content and mixture proportions using
the packing density method is not widely used due to the lack of guidelines and
information. There is no proper methodology available to follow on developing an
optimized mixture for the use of ICBP manufacturing.

3.4 Problems Faced by the Industry Related to Mix Designs

Industrial block manufacturers face many problems due to the lack of knowledge
on mix design concepts and lack of guidelines on mix design for block pavers.
Variations in strength within the same batch of blocks, high usage of cement, high
usage of fine particles in the mix, cracking of blocks soon after the removal of the
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mold, deformation of block shape due to slump, poor surface texture are some of the
major issues existing in the industry. Following are the main factors that cause these
issues.

3.4.1 Improper Aggregate Gradations

A field survey was carried out to understand the industrial ICBP manufacturing proce-
dure. Figure 3.1 shows the 0.45 power curve for aggregate gradation used for various
grades of concrete used by the selected manufacturer with standard limits proposed
by South African (SA) standards (SANS1058, 2012). 0.45 power maximum density
line provides a guide to blend aggregates to get the maximum density. Similarly, the
Indian standard (IS15658, 2006) proposes a coarse aggregate to fine aggregate mix
of 60:40 for ICBP manufacturing. As shown in Fig. 3.1, the South African standard
specified limits are also closer to the maximum density line. It is evident that the
industrial aggregate mix is not within the minimum and maximum lines specified
by SA standards (SANS1058, 2012) as well as distant to the maximum density line.
The high percentage (35-45%) passing the 0.075 mm sieve is also a major concern.
These mixes may have a high amount of voids (40%) which will eventually result in
either low strength or high cement paste consumption.
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Fig. 3.1 0.45 power curve and aggregate size distribution at an industrial block manufacturer
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3.4.2 Water/Cement Ratio

Water content is another major factor that affects the quality of the blocks. From the
field survey, it was observed that many block manufacturers do not have a standard
method to apply the amount of water to the mixture. Instead, they use intuition of
an experienced person to add water to the mix. For example, water is added to the
mixture until the mixture is not too dry and not too wet. A shovel is put to the mixture
and removed. Then the surface of the shovel is observed. When the surface of the
shovel has ripple marks due to water and cement, it is identified as the optimum
water content for the block production. Due to this reason, the water cement ratio
is not consistent throughout the production. Each mix has a different water cement
ratio. This leads to inconsistent block strengths.

3.4.3 Improper Curing Methods

Another major factor that causes strength and durability problems in the blocks is
improper curing. It was observed that the selected manufacturers do not apply proper
curing methods. The blocks are stacked over each other, layer by layer and the water
is poured using a garden hose to each stack of blocks. This method does not cure the
blocks in the middle of the stack. Hence, those blocks can be subjected to strength
and durability issues. Another substandard practice of the manufacturers is exposing
the fresh blocks directly to heavy sunlight. This causes the immediate evaporation
of the water that is dedicated to the hydration process. Hence, all the cement in the
mixture may not hydrate since the mixture is using a very low amount of water to
maintain the zero-slump characteristic of the concrete.

3.5 A New Mixture Design Method for the ICBP Using
Packing Optimization

To overcome these issues, a proper mix design methodology based on the indus-
trial block manufacturing process and application should be developed. The particle
optimization method can be effectively utilized to determine the suitable mixture
proportions for ICBP. The method can greatly reduce the amount of cement usage
while maintaining the strength, surface texture and other required properties men-
tioned in Sect. 3.2. This section describes the methodology in detail. The mixture
design methodology involves several steps and tests.
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3.5.1 Step 1—Tests on Aggregates

In order to calculate the packing density of the mixture, it is important to identify
the properties of aggregates. The following tests need to be done as the first step.

(i) Shape measurement

Shape of aggregates can be measured using a Vernier caliper. The length, breadth
and width of the particles are measured as shown in Fig. 3.2, and the shape factor is
calculated by Eq. 3.1.

— 3.1

(i) Surface texture measurement

To measure the packing density of aggregate mixture, the surface texture of the
dominant aggregate particle should be known. Surface texture is measured using the
British pendulum test (Fig. 3.3). The British pendulum number of aggregate surface
is taken as the surface texture value.

(iii) Specific gravity measurement

It is important to know the specific gravity of the aggregates used in the mix design.
Since packing density measurement is a volumetric property, the mixture proportions
are obtained in volumes. Hence, to convert the volumes to weight it is important to
measure the specific gravity of the aggregates. The specific gravity of aggregates can
be measured using standard AASHTO T 85 and ASTM C 127 tests.

Longest Dimension (L)
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Fig. 3.2 Dimensions of a particle
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Fig. 3.3 British pendulum tester

3.5.2 Step 2—Selection of Vibration Frequency

Vibration frequency is one of the main factors that govern the level of compaction
of concrete mixtures. According to Hettiarachchi and Mampearachchi (2018), there
is an optimum vibration frequency that provides the maximum packing density in a
mixture. Hence, it is important to know the vibration frequency that can be exerted
by the particular block casting machine in order to determine the packing density of
the mixture. The vibration frequency may differ from machine to machine, and some
sophisticated machines can change the frequency to the required levels. Therefore,
the model requires the applicable vibration frequency to predict the packing density
of the mixture.

3.5.3 Step 3—Determination of Packing Density (Model
Application)

A packing model has been developed to predict the packing density of complex
aggregate mixtures. This model can be simply used to determine the packing density
of binary particulate mixtures. The model is given by Eqgs. 3.2-3.11.

ri v rij o
—=<@—i+®—1j>—(l—b)(l—@j)Q—Jj[l—c(Zﬁf—1)] (3.2)
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Dmix = mln(@f, ﬂj) (34)

e Size class i represents small particles

e Size class j represents large particles

e r; and r;: volumetric fractions of solids in size classes i and j; (r; +7; = 1)
e ¥; and ¥;: packing densities of size class i and j

o (7 Packing density of the mixture when size class i is dominant

° @j‘.: Packing density of the mixture when size class j is dominant

where a, b and ¢ are loosening effect, wall effect and wedging effect parameters

a=1-(1-59H"=3xsx1-s5" (3.5)

b=1—-(1-¥ =Y xsx(1—s7* (3.6)

¢ = 0.36.tan(12.5) (3.7)

where

W = —3.45.y +5.85 (3.8)

X=01xp+4 3.9

Y = —0.0016.0" + 0.3536.0 — 0.2308 (3.10)

Z =0.0008 x * — 0.177 x » + 14.1 (3.11)

The following details needs to be given to the model

S Size ratio (Diameter of smaller particle/Diameter of large particle)
y  Shape factor

B Surface texture (BPN)

w Vibration frequency (Rad/s).

3.5.4 Step 4—Water/Cement Ratio Calculation

Water/cement ratio is critical in the ICBP concrete mix. Since a dry concrete mix
is used to cast blocks, the water/cement ratio needs to be kept to an optimum level.
Nevertheless, too dry a mix will break the fresh block after casting, as well as the
required surface texture cannot be achieved. On the other hand, too wet a concrete
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(a) 0.3 W/C ©035WIC (©) 0.4 W/C

Fig. 3.4 Results of box test for different water/cement ratios

mix will slump the block, casting and stripping of mold afterwards is difficult due to a
sticky concrete mix. Therefore, to select the most suitable W/C ratio, a box test needs
to be carried out (Cook, Ley, & Ghaeezadah, 2014). Typically, 0.34-0.38 W/C ratio
provides a better concrete mix which satisfies the required criteria. Figure 3.4a—c
show the surface texture resulted in box tests with respect to the W/C ratio of 0.3,
0.35 and 0.4 respectively.

3.5.5 Step 5—Strength Class Determination (Excessive
Cement Paste)

Excessive cement paste is the amount of cement paste that will remain after filling
all the voids in the aggregate matrix. Excessive cement paste will coat the aggregate
and act as a bonding agent for the aggregates. Increase of the excessive cement paste
will increase the thickness of the bond between two aggregates, thus improving the
strength of the bond. Since the aggregate is packed as densely as possible and the
water/cement ratio is kept to an optimum level, it is the excessive cement paste that
will improve the strength of the concrete. According to Taylor, Bektas, Yurdakul,
and Ceylan (2012) excessive cement paste can be increased up to 130% to increase
the strength of the concrete (Taylor et al., 2012). As shown in Table 3.2, when the
excessive cement paste is increased the strength of the concrete increases.

g:::ieo?;itrfigiﬁt of cement Excessive cement paste (%) 28 days strength (N/mm?)
10 15-20
15 20-25
20 25-30
25 30-35
30 35-40
35 40-45
40 45-55
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3.5.6 Step 6—Calculation of Mixture Proportions

Once the packing density is determined and excessive cement paste is identified, the
mixture proportions can be calculated. The following is a sample calculation of a
mixture proportion using the developed method.

Total maximum packing density of the mix (From the model) = 0.75
Volumetric fraction of coarse aggregates at maximum packing = 0.7
Voids content = 1 — 0.75 = 0.25

Paste content 10% in excess of voids = 0.25 4+ 0.1 * 0.25 = 0.275
Volume of aggregates = 1 — 0.275 = 0.725 m?

Volume of coarse aggregates = 0.7 * 0.725 = 0.5075 m?

Weight of coarse aggregates = 0.5075 * 2.6 * 1000 = 1319.5 kg/m?
Volume of fine aggregates = 0.3 * 0.725 = 0.2175 m?

Weight of fine aggregates = 0.2175 * 2.65 * 1000 = 576.375 kg/m?
Water Cement ratio (From box test) = 0.35

Total Paste = Cement 4 water = C/3.15 + 0.35C = 0.667C = 0.275
Cement content = 0.275 x 1000/0.667 = 412.3 kg/m?

Water Content = 0.35 x 412.3 = 144.3 kg/m’

3.6 Summary of the Mix Design

See Fig. 3.5.
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Table 3.3 Concrete mix proportions and strengths

Mix design Fine Coarse | Cement® | Water 7-day 28-day | Cement

methodology (kg/m?) | (kg/m3) | (kg/m3) | (kg/m?) | strength | strength |reduction®
(kN/m?) | (kN/m?) | (%)

Proposed 850 364 735 262 32 43 279

methodology

Three parameter | 432.5 649 870 304.5 33 45 14.7

model

Toufar model 644 346.5 910 318.5 31 42 10.7

Compressible 555.5 370 950 333 33 41 6.8

packing model

ACI method 575 910 840 290 27.15 40.7 17.6

(G40)

Industrial mix 1310 340 1020 N/A 30 45 -

435% excessive cement content
PReduction of cement is calculated as a percentage compared to the industrial mix

3.7 Case Study

The developed mix design methodology was tested in the laboratory and the blocks
were cast using industrial block manufacturing machines. The comparison of mix
design with several other standard mix designs, are given in Table 3.3.

The proposed methodology, the three-parameter model, the Toufar model and
the compressible packing model are based on the particle optimization method. The
mix proportion of large particles (coarse) to smaller particles (fine) which yield the
maximum packing density was selected for the concrete mix design. The excessive
cement paste was selected as 35% for the case study. Water cement ratio was selected
as 0.35 for trial mixes using the box test and unconfined compressive strength was
performed to determine the strength. The results show that the proposed methodology
uses a minimum amount of cement to achieve the required strength. The results
are given in Table 3.3. Figure 3.6 shows the fresh blocks cast from the proposed
methodology. As visible in the Fig. 3.6 the blocks were having a very good green
strength to hold its shape and the mixture was suitable to maintain fine details of the
texture.

Table 3.4 shows the various block strengths obtained from the proposed mix
design methodology for different excessive cement contents.

3.8 Advantages and Limitations of the Proposed Method

The proposed method is developed specifically based on the ICBP manufacturing
process and application aspects. Hence, the concrete mixtures batch from this method
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TN =

Fig. 3.6 Sample ICBP using optimized concrete mixture

Table 3.4 Strength gain for different excessive cement content

Sample | Excessive cement | 3-day strength 7-day strength 28-day strength
content % (N/mm?) (N/mm?) (N/mm?)

1 20 12.4 18.9 26.3

2 25 15.2 214 30.5

3 30 18.6 27.6 36.4

4 35 22.6 30.1 43

5 40 28.3 374 52.1

will produce high quality blocks. The ability to input vibration aspects, aggregate
surface texture and shape characteristics will accurately model the aggregate packing
characteristics. Hence, mixtures with higher packing densities can be obtained. This
will produce better mixtures that have a minimum amount of voids. Lesser voids
require a lesser amount of cement paste to fill the voids. Thus, the mixtures developed
from this method will use a lesser amount of cement. Cement is the most costly
material in a concrete mixture. The lesser the cement content the lesser the production
cost. Further, this method will have greater profit margins for manufacturers and
reduced unit prices for customers. Also, this method optimizes particle packing
taking the vibration of the machine in to account, the mixture will use less energy to
compact, reducing the energy wastage.

However, there are some inherent limitations of this method. The method involves
multiple tests for aggregates as well as for the water content. Also, the model appli-
cation is slightly complicated. Therefore, a trained personal is needed to perform the
mix design. Another limitation of this method is that it is too specific for a given
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machi