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Abstract

Rapid industrial development causes serious problems all over the world
such as the depletion of natural aggregates and creates an enormous
amount of waste material from construction and demolition activities.
One of the ways to reduce this problem is to utilize recycled concrete
aggregate (RCA) in the production of concrete. The present study
involves an experimental work and numerical application for the behavior
of reinforced concrete piers using recycled aggregate concrete as green
concrete. The experimental work included a test of thirteen reinforced
concrete piers with different types of mix and reinforcement. Each pier
has the same dimensions of (200 mm width, 400 mm height, and 600 mm
total length) with column dimensions of 200300 mm and 200 mm for
depth. The experimental parameters were: concrete mix types, using
recycled aggregate as green concrete (GC) at 50% replacement ratio
instead of normal concrete (NC), recycled steel fiber with 2% volumetric
ratio to be added to the GC mix in different areas of the pier and using
of green high strength in different areas of the pier. The study involves
using carbon fiber reinforced polymer (CFRP) bars and glass fiber
reinforced polymer (GFRP) bars for reinforcing pier cap and the top two
layers of pier cap. The load was applied to each pier by two points of
loading, and the deflection was measured under the load and the average

value was taken.

The results showed that using green concrete with 50% replacement ratio
decreases the ultimate load by 2.41% and increases deflection by 18.5 %.
The ultimate carrying capacity of GC pier has been increased when

adding recycled steel fiber to the green concrete mix as it led to an



increase in the ultimate load at rate reach to 8.95% than the ultimate load
of GC. It was also found that using green high strength concrete mix has
improved the ultimate load at rate reach to 36.76% than GC pier
specimen. Furthermore, changing the reinforcement type with CFRP has
a positive influence on pier characteristics as it led to an increase in the
ultimate load at rate reach to 6.86 as compared with GC pier. Using of
GFRP bar led to a decrease in the ultimate load to 6.96% as compared
with GC pier specimen. Moreover, the use of GFRP as stirrups for pier

cap has led to an increase in the ultimate load by 0.95.

Three-dimensional finite element analysis by ANSYS program (version
17.2) was used to investigate the behaviour of reinforced concrete piers.
Fully bonding was assumed between concrete and steel reinforcement.
Concrete was represented by SOLID65, and the reinforcement by
LINK180, while the steel plates of loading and supports were represented
by SOLID185. The results of the numerical application showed an

acceptable degree of variation with the experimental results.
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Chapter One Introduction

Chapter One

Introduction
1.1 General
Pier of the bridge is usually used as a general term for any type of
substructure located between horizontal spans and foundations. Pier
gives vertical supports for spans at intermediate points and performs two
main functions. These functions are transferring superstructure vertical
loads to the foundations and resisting horizontal forces acting on the
bridge. There are many pier types that are used in bridge construction.
The simplest may be pile bent piers where a reinforced concrete cap is
placed on piling. The other pier type is a cap and column pier in which
the column supports on individual footings that support a common cap.
There are some factors could be affected on the spacing of columns such
as the type of superstructure, the superstructure beam spacing, and the
size of the columns (AASHTO, 2007).

1.2 Types of Piers
The most usually used highway bridge piers are those made from

reinforced concrete. There are several ways of defining pier types. One is
by its structural connectivity to the superstructure (monolithic or
cantilevered). Another is by its sectional shape: solid or hollow; round,
octagonal, hexagonal, or rectangular. Pier can be also distinguished by
its framing configuration: single or multiple column bents; hammerhead
or pier wall (Chen et al.,, 2000).

1.2.1 Single-Column Piers

ingle-column piers are often found in urban areas where space limitation
is a concern. It can increase the clearance under the bridge, .single piers

can be rectangular, circular, oval-shaped, form for round end, cutting-
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edge-shaped, according to the cross-sectional shapes.( LI Juan et
al.,2013). It is also called as solid shaft piers. It have a single solid
concrete cross section that support the cap. In this pier, it is seen that the
major axis of the pier and the direction of steam flow is approximately
same. It is recommended to use circular or small rectangular cross
section when the flow is not in the same direction as the major axis.
Spread footings are generally used for this type of piers. plate(1.1)show

this type of piers.

Plate 1. 1Single-Column Piers (Fu, 2013)

1.2.2 Multi-Column Piers

Multi-column piers or bents are often selected when space is
available. A minimum of three columns should be provided to
ensure redundancy when a vehicular collision occurs. Multi-
column piers are also used for stream crossings. They are suitable
where a long pier is required to provide support for a wide bridge
or for a bridge with a severe skew angle. Two- or three-column

systems may be the most popular piers as shown in Plate (1.2).



Chapter One Introduction

The columns also may have different cross-sections. Multi-column
piers are apparently more stable in comparison with single-column
piers. When there are three or more columns, there is a significant
amount of redundancy built into the system. For example, if one

of the columns is damaged, the system may still be stable and

failure would not occur, which will allow for replacement or
repair (Fu, 2013).

Plate 1. 2 Multi-Column Piers (Fu, 2013)
1.2.3 Wall Piers
A wall pier is used for most stream crossings to avoid collecting of
debris and floating ices between columns. A wall type pier consisting of
a single row of piles, especially H-piles, encased with concrete to form a
wall provides more resistance to ice and debris and allows debris to pass

through as shown in plate (1.3) (Francisco, 2015).
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Plate 1. 3 Wall Piers (Francisco, 2015)

1.3 Design of Piers
Piers should be designed to fulfill the strength and serviceability

requirements in a similar way of designing other structural components.
They should be able to withstand overturning and sliding forces applied
from superstructure as well as the forces applied to substructures.
Indeed, the piers need to be able to prevent the collapse of the structure
during extreme events, which may be accompanied by some damage. A
pier, as a structural component, is subjected to combined forces of axial,
bending, and shear. For a pier, the bending strength is dependent upon
the axial force. In the plastic hinge zone of a pier, the shear strength is
also influenced by bending superstructure if the constraint is provided by
the pier to the superstructure (Chen et al., 2000).

Design of piers should be carried out with at least the loads below

according to the AASHTO design specifications as shown in Figure 1.1:

1. Self-weight load of the pier
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2. Loads applied from bridge superstructure and transmitted to the pier
3. Earth load on the pier

4. Earthquake loads as a result of ground motion.

5. Wind load.

6. Impact load

In general, the design needs to be investigated for the load combination

producing the most severe condition to the structure.

Figure 1. 1 Various Loads on a Pier (Fu, 2013)

There are three design methods for the pier cap:
1. AASHTO (1992) Corbel Provisions

2. ACI 318-89 Deep Beam Provisions

3. Strut-and-Tie Method

The corbel and deep beam provisions are very conservative in predicting
the capacity of the pier cap because they only consider concrete capacity

in shear. However, these two methods underestimate the pier strength by
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a factor of 3 to 4. The strut-and-tie method is much more accurate than

conventional design methods (Denio et al., 1995).

1.4 Green Concrete
Green concrete is defined as a concrete which uses waste material as at

least one of its components, or its production process does not lead to
environmental destruction (Obla. K.H,2009). It should also have high
performance and life cycle sustainability. In other words, green concrete
is an environment friendly concrete. Green concrete improves the three
pillars of sustainability: environmental, economic, and social impacts.
The key factors that are used to identify whether the concrete is green are
: amount of portland cement replacement materials, manufacturing
process and methods, performance and life cycle sustainability impacts.
Green concrete should follow reduce, reuse and recycle technique or any
two process in the concrete technology. The three major objective behind
green concept in concrete is to reduce green house gas emission (carbon
dioxide emission from cement industry); to reduce the use of natural
resources such as limestone, shale, clay, natural river sand, natural rocks
that are being consume for the development of human mankind that are
not given back to the earth; and the use of waste materials in concrete
that results in the air, land and water pollution. This objective behind
green concrete will result in the sustainable development without

destruction natural resources (Bambang,2014)

1.5 Recycled Aggregate Concrete
Concrete has been proved to be a leading construction material for more

than a century. Previously, almost all materials used in the construction
industry were entirely natural and all waste from demolished buildings
was disposed to landfills and partially in unauthorized places. Rapid

industrial development caused serious problems all over the world such

6
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as the scarcity of natural aggregates resources and the depletion of
the existing landfills. One of the ways to reduce this problem is to
encourage the use of construction and demolition waste as a source
of aggregates in the production of new recycled aggregate (RA) (Yong
and Teo, 2009). The utilization of recycled aggregate created from
processing construction and demolition waste in new construction has
become more important over the last two decades. Several factors
contributing to this utilization such as the availability of new material,
the damage caused by natural aggregate (NA) quarrying and the
increased disposal costs of waste materials. The advances in the
manufacturing of crushing machinery and recycling processes made it
easier to scale or crush down large masses of construction and
demolition waste into smaller particles to produce recycled aggregate at
an acceptable cost (Abukersh, 2009). The effects of using recycled
aggregate as a partial or total replacement of normal aggregate
in concrete were well understood and extensively documented (Mirza
and Brant, 2009).

1.6 steel fiber
Steel fiber is a metal reinforcement. Steel fiber for reinforcing concrete

is defined as short, discrete lengths of steel fibers with an aspect ratio
(ratio of length to diameter) from about 20 to 100, with different cross-
sections, and that are sufficiently small to be randomly dispersed in an
unhardened concrete mixture using the usual mixing procedures. A
certain amount of steel fiber in concrete can cause qualitative changes in
concrete’s physical property, greatly increasing resistance to cracking,
impact, fatigue, and bending, tenacity, durability, and other properties.
Basically, steel fiber can be categorized into five groups, depending on

the manufacturing process and its shape and/or section: cold drawn wire,
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cut sheet, melt-extracted, mill cut, and modified cold-drawn wire(Wen
SH,2003)

1.7 Fiber Reinforcement Polymer (FRP)
Fiber reinforcement polymer (FRP) composites were composed of fibers

and polymer resin. The fibers are the main load-carrying element that
has high strength and the polymer resin is used to tie up those fibers.
FRP composites were often manufactured in several forms such as
plates, laminates, or bars. Typically, it is used to strengthen structural
members or rehabilitate their deteriorations. There are different types of
fibers that are used in FRP composites such as; carbon, aramid, and
glass. The mechanical properties and chemical compositions of these
fibers types were different. A comparison among several types of FRP
composites with steel reinforcement bars and steel tendons in term of
stress-strain relationships are schematically presented in Figure 1.2
(Carolin, 2003).

High strength
carbon

High

modulus Aramid

carbon Class

/Sree.f tendon

// Steel bar

2 3
Strain [%6]

Figure 1. 2 Stress-Strain Relationships for Several FRP Composites and
Steel Reinforcement Bars and Tendons (Carolin, 2003)
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1.8 Aim of the Study
The main aim of this study is to investigate the structural behavior of

piers produced from green concrete mixes reinforced with different types
of reinforcement. The objectives could be summarized in the following

points:

1. Studying the behavior of the piers under a point load on their
cantilever parts using recycled aggregate, at a specific replacement
level, with various types of reinforcement.

2. Determining the use of recycled aggregate as a construction
material in structural members.

3. Studying the effect of recycled steel fiber at different parts of pier.

4. Comparing the predicted responses of the piers using the non-
linear finite element program "ANSYS" with the measured

responses from the experimental tests.

1.9 Layout of the Thesis
The current thesis was presented through six chapters, as follows:

Chapter one presents the fundamental information and general
introduction regarding bridge pier, green concrete, recycled aggregate,
steel fiber, and fiber reinforced polymer. Chapter two reviewed a
background on the applications and the documents that are related to
piers. Indeed, the literature review for the research and
experimental studies about green concrete were also given. While the
materials used in the present study and the test results of these materials,
details of concrete mixing and casting procedures used for concrete piers
were displayed in Chapter three. Chapter four devoted to the
experimental results of the study such as the effect of various parameters

that have been investigated on the ultimate load and deflection of the

9
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studied piers as well as the discussion concerning the effect of these
parameters. Chapter five revealed the numerical result using three-
dimensional finite element analysis (ANSYS computer program version
17.2) as well as a comparison with the experimental results. Finally,
Chapter six summarizes the overall findings and the main conclusions
of the research program. Recommendations for future studies are also

presented.

10



Chapter
Two



Chapter Two Literature Review

Chapter Two

Literature Review

2.1 Introduction

Bridges are essential part of a road network which not only provide free
flow conditions for travelling of vehicles but also connect areas separated
by water, human and /or geological obstructions. These characteristics
make bridges the most sensitive element of a transportation network
(Elnashai et al., 2004). It generally consists of two parts. The first part,
which is known as superstructure includes bearings, girders or beams,
reinforced concrete deck, joints, pavement layers, security barriers, and
drainage system. The second part, which is called substructure includes

foundations, abutments, piers, and piers caps (Naser and Zonglin, 2011).

Piers are the vertical loadbearing member such as an intermediate support
for adjacent ends of two bridge spans. In foundations for large buildings,
piers are usually cylindrical concrete shafts, cast in prepared holes, while
in bridges they take the form of caissons, which are sunk into position.
Piers serve the same purpose as piles but are not installed by hammers
and, if based on a stable substrate, will support a greater load than a pile
(J. Moon et al.,2016).In the United States, nearly two-thirds of all the
existed bridges are over 20 feet (6 m) long and are constructed from
concrete. Many of these are ageing and deteriorating, and 18% are
currently structurally deficient or functionally obsolete. These bridges
may have fatigue, deterioration or corrosion problems due to capacity
problems resulting from the increase in loading, clearance or geometry
problems owing to a change in standards or use (Milde et al., 2005).
Replacement is usually not an option due to economic reasons, and recent

available advances in strengthening techniques that have made repairing
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very attractive. Fiber reinforced polymers (FRP) have emerged in recent
years as a popular method for strengthening or retrofitting reinforced
concrete structures(Milde et al., 2005). FRP materials are thus
increasingly being used to enhance or restore the load-carrying capacity,
ductility, and seismic resistance of a wide range of structures (M. N. S.
Hadi 2007).The use of fiber-reinforced polymer (FRP) to retrofit and
strengthen existing deteriorating concrete or masonry structures is
attractive as these light weight materials improve tensile strength,
durability, and flexibility, are easy to handle, and incur low installation

and maintenance costs (Balsamo et al., 2012).

2.2 Experimental Studies on Pier Cap
A survey of the literature review was carried out to identify previous

studies with experimental results pertinent to the current investigation.
Despite the lack of highly relevant data, several studies have specifically
performed to determine the strength of pier caps. A brief description of
the specimens testing, results, and conclusions of each of these studies
were provided below. These results were used to create the experimental
database used in this investigation. In addition, the recommendations of
these studies were also included. The first noted experimental study on
pier was performed by Ferguson (1964) at the University of Texas. The
study included testing experimentally thirty-six in. deep pier cap
overhang specimens. Variables associated with the specimens included
shear span, bar anchorage length, the grade of steel reinforcement,
amount of flexural reinforcement, amount of shear reinforcement, the
presence of horizontal skin steel, and cap width. All specimens were
tested to failure in which the failure load and type of failure was reported
for all specimens. Only qualitative data was provided on the appearance

of cracks. One key finding of the study was that vertical stirrups placed at
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standard spacing had little to no effect on the shear capacity of the
overhangs. This is because the cracks in the overhang were at very steep
angles and did not cross many stirrups. Ferguson also suggested that
placing horizontal skin steel in the pier caps could alleviate this problem.
The horizontal bars would cross the cracks in more places providing
greater shear strength along with reducing crack widths. Furthermore, the
study has determined that the bond failure would not occur if at least nine
inches of reinforcing bar extended past the location of the applied load in
the overhang. Indeed, it has been concluded that the crack widths were
larger in caps designed using grade sixty reinforcing bars than in caps
using intermediate grade reinforcement. Ferguson recommended that a
service stress limit of 165-180 MPa in the tensile flexural reinforcement
be used to control crack widths (Ferguson, 1964). (Sami 1990) carried
out an experimental investigation, which involves testing six reinforced
concrete pier caps. Parameters that were varied in these specimens
included: the geometry of the pier caps, the amount and distribution of
uniformly distributed reinforcement, and the anchorage details of this
reinforcement. The following conclusions and recommendations were
made: After yielding the main tension reinforcement, yielding was spread
to the distributed reinforcement. The uniformly distributed reinforcement
contributed significantly to the strength and played a key role in
controlling cracks. The uniformly distributed horizontal reinforcement
may be provided in the form of U shaped stirrups and properly lap spliced
over the central region of the pier cap. The uniformly distributed vertical
reinforcement may be provided in the form of closed stirrups or lap-
spliced U-shaped stirrups. The column reinforcement, which was
extended into the pier cap, provided additional horizontal (column ties)

and vertical reinforcement in the central region of the pier cap. This

13



Chapter Two Literature Review

additional reinforcement controlled cracks and provided some
confinement for the lap splices of the uniformly distributed horizontal

reinforcement (Sami, 1990).

Young et al., (2004) carried out an experimental study involved sixteen
pier cap specimens. All specimens were thirty-six in. deep, thirty-three in.
wide and had a shear span of fifty-four in. The study investigated
reinforcing details to reduce the widths of flexure and flexure-shear
cracks in the specimens at loads similar to bridge service loads. Design
alterations considered varying the amount and spacing of tensile steel, the
amount and spacing of horizontal skin steel, and the amount of transverse
steel. The specimens were instrumented with strain gages on the
longitudinal and transverse reinforcement. Each specimen was loaded in
180 kN increments with crack widths and propagation measured at every
increment until the specimen failed. All specimens failed in shear. The
reported results provided a very detailed description of the crack
propagation in the pier cap overhang specimens. The study also found
that the first flexural cracks appeared in the caps with stresses of 28-48
MPa in the flexural tensile reinforcing steel. The horizontal distribution
of this steel, within reasonable limits, was found to have a little effect on
crack widths. Contrary to the findings of Ferguson, the study has
determined that increasing the amount of transverse steel was effective in
reducing the widths of flexure-shear cracks. The study recommended that
pier cap overhangs should be designed using the center of the column as
the critical section instead of the column face. This will cause the pier cap
to be overdesigned at the face of the column and accordingly reduce the
stress levels in the steel at service loads. To limit the widths of flexure-
shear cracks, the study suggested designing pier cap overhangs to have

sufficient shear strength to develop flexural over strength at the column
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face as well as meet the shear demand (Gonzalez and Moo-Young,
2004).

2.3 Recycled Concrete Aggregate (Green Concrete)
Recycled aggregate is derived from crushing construction and demolition

waste. It may be classified as a recycled concrete aggregate (RCA) when
consisting primarily of crushed concrete or more general recycled
aggregate (RA) or it contains substantial quantities of materials other than
crushed concrete (Standard, 2006). From construction and demolition
waste management in Malaysia, old concrete and aggregate materials
constitute more than 65% of the site construction waste. Approximately,
around 73% of these materials were recycled as shown in Fig. (2.3)

(Nitivattananon and Borongan, 2007).

() :(’0 0

@ concrete and aggregate
| soil and sand

O wood materials

[ brick and blocks

B metal products

@ roofing materials

M plastic and packaging

materials

Figure 2. 1 Composition of Generated Construction Waste Materials
(Nitivattananon & Borongan, 2007)

Recycled aggregates obtained from the construction and demolition waste
has currently received increasing attention, due to its potential to be used
in environmentally friendly concrete structures. Furthermore, the
deficiency of natural aggregates, shortage of dumping sites, increase in

transport cost and environmental pollution lead to the use of recycled
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aggregate as a substitute material in the production of concrete in many
countries (Rao et al., 2010).

2.4 Historical Background of Recycled Concrete Aggregate
The idea of using waste concrete as recycled concrete aggregate in the

construction industry is not new. Attempts to utilize concrete demolition
wastes as a recycled aggregate for producing new concrete were made
when an urgent rebuilding need was faced in Europe after world war 11,
There was a massive job of recycling waste material, especially building
rubble, into new concrete construction with generally good success. As
soon as the need for this action was satisfied, such recycling was

generally abandoned (Buck, 1977).

The construction industry worldwide is using natural resources and
disposing of construction and demolition waste to landfill in very large
guantities. Both practices are damaging to the environment and are no
longer considered sustainable at their current levels. Therefore, many
governments throughout the world are actively promoting policies aimed
at reducing the use of primary resources and increasing reuse and
recycling. One of the most environmentally responsible and economically
viable ways of meeting the challenges of sustainability within the
construction industry is the use of recycled concrete and demolition waste

as aggregate in new construction(Dhir et al., 1998).

The rapid development in research on the use of RCA for the production
of new concrete has also led to the production of concrete of high
performance. It should be noted that the use of coarse RCA (up to 30%)
iIs normally recommended but the addition of superplasticizer is
inevitable (Limbachiya et al., 2000). In Australia, over three million tons

of waste rubble-largely concrete-are produced annually. Approximately
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50% of the material is recycled as an RCA and the remainder is sent to
landfills (Shayan and Xu, 2003).

Every year, roughly 2-10% of the estimated 3480 million cubic meters of
ready-mixed concrete produced in the USA (estimation in 2006) is
returned to the concrete plant. This material is different from crushed
concrete aggregates as construction debris tends to have a high level of
contaminations (rebar, oils, deicing salts etc.). Crushed concrete
aggregates, on the other hand, is prepared from concrete that has never
been in service and thus likely to contain much lower levels of

contamination or none (Kim, 2009).

2.5 Recycled Concrete Aggregate Properties(RCA)
It is critical to be able to accurately define the properties of RCA. This is

because the properties of any concrete made with RCA are very
dependent upon the quality of the RCA used (Limbachiya et al., 2012).
It is generally thought that if there is less mortar surrounding the RCA,
the quality and effectiveness of the RCA will increase. The basis of this
thought is the assumption that the RCA will exhibit properties similar to
the original virgin aggregate used in the RCA source material (Garber et
al., 2011). Further, the better the source material used, the better the final
concrete produced. Even if the RCA source concrete is not of the highest
quality, it is still possible that the RAC could be used effectively in new

concrete.
2.5.1 Fresh Concrete Properties

Three of the most important properties of fresh concrete are workability,
air content, and density. Previous research has shown that RCA has an

influence on each of these properties (Mjelde, 2013).
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2.5.1.1 Density

The density of concrete mixtures incorporating RCA is typically lower
than that of concrete made with only natural aggregates. The mortar
portion of the RCA has an entrained air structure that is less dense than
the rock it is adhered to. Therefore, as more RCA is incorporated into a
concrete mixture, the resulting concrete density will be lower (Anderson
and Uhlmeyer, 2009).

2.6.1.2 Workability

Concrete mixes made with RCA are typically less workable than those
with only natural aggregates. This decrease in workability comes from
two sources. First, the adhered mortar portion of the aggregate has higher
water absorption, which can reduce the effective water of mix, thus
making the mix harsher and less workable (Garber et al., 2011). Second,
RAC has a more angular shape than natural aggregates, which increases
the friction between aggregates (Amorim et al., 2012). This is due to the
crushing processes used in producing RAC. The decreased workability of
RCA mixtures can be mitigated by adding more water to the mix design

or by adding a water-reducing admixture.
2.6.1.3 Air Content

Concrete mixes incorporating RCA tend to have slightly higher air
contents than concrete mixtures with only natural aggregates. This is due
to the entrained air of the adhered mortar portion of the RCA (Anderson
and Uhlmeyer, 2009). In an attempt to counter this issue, it is
recommended to remove as much mortar from the RCA before

incorporating it into a concrete mixture.
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2.6.2 Hardened Concrete Properties

Incorporating RCA can have several effects on hardened concrete
properties. Five of these properties are compressive strength, modulus of
rupture, the coefficient of thermal expansion, drying shrinkage, and
durability. One study found that up to a 30% substitution of RCA has no
significant negative effects on hardened concrete properties (Limbachiya
etal., 2012).

2.6.2.1 Compressive Strength

Conclusions on the effects of RCA on compressive strength fall into two
camps. Some researchers concluded that there is no difference in
compressive strengths between normal and RCA concretes (Amorim et
al., 2012). It is speculated that the stronger interfacial transition zone
between the more angular aggregates and the new cement paste
accounted for the lack of a reduction in compressive strength. However,
other research indicated that the compressive strength of concretes made
incorporating RCA is typically lower than those with only natural
aggregate (Anderson and Uhlmeyer, 2009). Several factors have been
suggested as contributing to causing the reduction in strength. RCA
concretes typically require a higher water-cement ratio to achieve needed
workability. An increase in the water-cement ratio has the effect of
lowering the compressive strength of concrete. Further, RCA concretes
usually have higher air content, which can cause lower compressive
strengths (Mjelde, 2013).

2.6.2.2 Modulus of Rupture

Modulus of rupture is defined as the flexural tensile strength of concrete
when subjected to a flexural loading. Similar to the compressive strength,

the modulus of rupture of concrete incorporating RCA has been reported
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to be lower than that of concrete with just natural aggregate. One study
found that the flexural strength of RCA concrete can be up to eight per
cent lower than concrete with only natural coarse aggregate (Anderson
and Uhlmeyer, 2009). This reduction in strength may be a result of the
relatively weaker bond strength between the new cement paste and the
mortar adhered to the RCA (Limbachiya et al., 2012). Further, as with
the compressive strength, the higher water-cement ratio and air content of

RCA concretes may contribute to the reduced flexural strength
2.6.2.3 Drying Shrinkage

The drying shrinkage of hardened concrete depends upon the ability of
the aggregates to restrain the paste from shrinking. Since RCA has mortar
adhered to the aggregate, there is less aggregate to restrain the drying
shrinkage. Therefore, RCA concretes have typically higher drying
shrinkage (Anderson and Uhlmeyer, 2009).

2.6.2.4 Coefficient of Thermal Expansion

The coefficient of thermal expansion is a material property that is used to
define the expected length change of a material when subjected to a
temperature loading. Ordinary concrete has typically a coefficient of
thermal expansion ranging from 3.2 to 7.0 millionths per degree
Fahrenheit. The coefficient of thermal expansion of concrete is influenced
by many factors such as the aggregate type, which has the most effect.
One report indicated that incorporating RCA decreases the coefficient of

thermal expansion of hardened concrete (Smith and Hendy, 2009).

2.7. Concluding Remarks
From the previous review of studies related to reinforced concrete piers

and recycled aggregate concrete described in this chapter, several points

had been concluded:
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1.

In pier cap design, the use of sixty-grade reinforcing bars led to
make the crack width larger than intermediate grade reinforcement.
The column pier reinforcement controls the cracks and provides
some confinement for the lap splices of the uniformly distributed
horizontal reinforcement.

The horizontal distribution of steel, within reasonable limits, have a
little effect on crack widths.

The best way for design pier cap is by using strut and tie model.
The density of concrete mixes incorporating recycled aggregate
was lower than that of concrete made with only natural aggregates.
Recycled Aggregate concrete has usually higher air content, which

Is the reason behind the decrease in the compressive strength.
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Chapter Three
Experimental Work

3.1 Introduction
This chapter contains the properties of the material used in the

experimental program, details of specimens, design mix, casting, and
curing of specimens. The specimens were cast using a rotary mixer in
which its fresh properties has been investigated using the slump test that
has been implemented for all mixes to measure its consistency. After the
curing period, hardened concrete tests were performed to determine the
concrete properties such as the compressive strength, the splitting tensile
strength, and the density. In addition, the details of specimens,
instrumentation and testing setup are illustrated in this chapter. All tests
were carried out in the structural laboratory in the civil engineering

department/college of engineering/ University of Kerbala.

3.2 Materials
Various materials were used in this research to prepare concrete mixes

such as sulfate-resisting Portland cement, fine aggregate, recycled
aggregate (RA), natural coarse aggregate (NA), steel reinforcement, glass
fiber reinforced polymer (GFRP), carbon fiber reinforced polymer
(CFRP), and recycled steel fiber (RSF). Details of all materials are given

below:
3.2.1 Cement

The type of used cement was the sulfate resistant Portland cement Type

V, which is known commercially as Al-JESR. This type was found to be
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confirmed to the limits of Iragi Specification No. 5/1984. Test results of

the chemical and physical properties are given in Tables (3.1) and (3.2).

Table 3. 1 Chemical Properties of Cement

Test Results | Limits of the IQS NO. 5/1984
Cao 613 |
SiO, 201 | e
Al,O3 62 |
Fe, O3 32 | -
SO; 2.3 <238
MgO 4.4 <5.0
L.O.1 (Loss on ignition) 1.75 <4.0
I.R.( Insoluble residue) 0.6 <15
L.S.F.( Lime saturation factor) 0.88 0.66-1.02
Table 3. 2 Physical Properties of Cement
Test Results Limits of the 1QS
NO. 5/1984
Initial Settling Time (Minutes) 130 >45
Final Settling Time (Hours) 4.2 <10
Fineness (cm“/gm) by Blaine Method 3400 >2500
Compressive 3 days(MPa) 25 > 15
Strength
7 days (MPa) 32 >23

3.2.2 Fine Aggregate

The fine aggregate used in this research work was a local well-graded
natural fine aggregate from Al-Ukhaydir region. The chemical and

physical tests that were carried out showed that it meets the requirements
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of the Iraqi specification (IQS No. 45/1984) as tabulated in Tables (3.3)
and (3.4). Figure (3.1) shows the comparison of the sieve analysis of the

fine aggregate with the limits of the Iraqi specifications.

Table 3. 3 Grading of Natural Sand

Sieve Size Cumulative Limits of 1QS

(mm) Passing% No. 45/1984/Zone 2
10 100 100

4.75 98 90-100

2.36 77 75-100

1.18 59 55-90
0.6 46 35-59
0.3 17 8-30

0.15 5 0-10

Table 3. 4 Chemical Properties of Sand

Limits of Iragi Specification
Property Result ot =P
No. 45/1984
Absorption 07% |
Sulfate Content 0.107 <0.5%
Material Passing
) 2.80 <5
75 pm Sieve
Specific Gravity 26 | e
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Figure 3. 1 Grading of Fine Aggregate in Comparison with the 1QS Limits

3.2.3 Coarse Aggregate

The coarse aggregate that has been used in this work in all mixes was

white crushed stones with 19 mm maximum size. Table (3.5) and Figure

(3.2) shows that the test results of this aggregate, which have found to

meet the Iraqi specification (1QS No. 45/ 1984).

Table 3. 5 Test Results of Coarse Aggregate

Sieve Size | Passing Limits 1QS
(mm) % No. 45/1984
Grading 19.5 98 95-100
9.5 35 60 — 30
4.75 1 0-10
Specific Gravity 265 | e
Sulfate Content, SO3; % 0.046 0.1 (Max.)
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Figure 3. 2 Grading of Coarse Aggregates
3.2.4 Recycled Coarse Aggregate

Old cubes and cylinders concrete samples, which are available in the
laboratory of concrete- engineering college- university of Kerbala, were
collected to be used as a recycled coarse aggregate (RCA). These samples
were broken down into small size particles by hand hummer to be taken
then to the sieving process to be within the Iraqgi Specifications No. 45
/1984. Test results of the recycled aggregate are given in Table (3.6) and
it has been prepared to be acceptable to the IQS No. 45/1984.

Table 3. 6 Test Results of Recycled Coarse Aggregate

Sieve Size | Passing Limits of 1QS
(mm) % No. 45/1984
19.5 98 95-100
Grading
9.5 34 60 — 30
4.75 4 0-10
Specific Gravity 265 |
Sulfate Content, SO3; % 0.074 0.1 (Max.)
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Figure 3. 3 Gradient of the Recycled Coarse Aggregates and the
Comparison with the Limits of 1QS N0.45/1984

3.2.5 Water

Ordinary tap water was used for mixing and curing of all concrete

samples and piers.
3.2.6 Superplasticizer

High-range water reducing admixture was used in this research work for
producing high strength concrete (HSC) mix only. It was supplied by
Sika company, which is known commercially by SikaViscoCretee-5930.
This admixture has the ability to reduce the water content by up to 30 %.
Indeed, it has several advantages besides reducing water content in the
mixture such as; improve shrinkage, enhance creep behaviour, increase
high early strength, and density (plate 3.1). The characteristics of this
type of superplasticizer are shown in Table (3.7), and it was found to be
confirmed to ASTM-C494-99 types G and F.
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Table 3. 7 Technical Data of Sika ViscoCrete®-5930*

Property Description or Value
Basis An agueous solution of modified polycarboxylate
Appearance Turbid liquid
Density (kg /It) 1.095
Boiling 100 °C
PH 7-9
Recommended 0.2-0.8 % litter by weight of cement for NC

*From supplier

Plate 3. 1 Superplasticizer used in the Present Work

3.2.7 Steel Reinforcement

Two sizes of the common deformed steel bars were used in the present
study. A bar size of (@ 10 mm) used to be as a longitudinal
reinforcement, in addition to a bar size of (@ 6 mm) was used as stirrups.
Tensile tests on three samples for each bar size have been carried out
according to ASTM A- 615-05. The yield and ultimate stresses for these
bars are listed in Table (3.8). This test was carried out in the laboratory of
the mechanical engineering department/ Kerbala University using the

tensile testing machine as shown in Plate (3.2).
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Table 3. 8 Properties of Steel Reinforcement Bars

Property @10 D6
Diameter (mm) Nominal 10 6

Actual 9.852 5.963

Yield Stress, fy Result 541.8 583.3
(MPa)

Tensile Strength, fu Result 669.7 597.1
(MPa)

Area (mm?) 77.0 28.3

Mass (kg/m) 0.598 0.219

Elongation (%) 19.6 9.6

LI

Plate 3. 2 Tensile Testing Machine of Steel Reinforcement

3.2.8 FRP Reinforcement

Two types of FRP bars were used to achieve the desired aims of the
research. Aslan 200 CFRP and GFRP bars with nominal diameters of (6
mm) and (10 mm). CFRP bars have greater tensile strength and modulus
of elasticity as compared with steel and GFRP bars as well as the weight

of these bars was about 20 % of steel reinforcing bars(Brothers, 2010).
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Table (3.9) shows the properties of these types as supplied from the
manufacturer. The results were acceptable according to the standard
specification ASTM D 7205.

Table 3. 9 Properties of Aslan 200 CFRP and GFRP Bars

Type GFRP GFRP CFRP CFRP
Properties (6mm) (10mm) (6mm) (20mm)
Nominal Diameter (mm) 6 10 6 10
Nominal Area (mm) 31.67 71.26 31.67 71.26
Ultimate Tensile Load (KN) 28 59 71 154
Guaranteed Tensile 896 827 2241 2172
strength (MPa)
Modulus of Elasticity (GPa) 46 46 124 124
Weight (g/m) 77.4 159 | - | -
Transverse Shear Strength 150 150 | e | e
(MPa)

3.2.9 Recycled Steel Fiber

The steel fiber used in this investigation was a recycled one produced and
extracted from old cars tires. The tires were burned and the steel fiber was
extracted to be then cut into small pieces of 2 cm length (see Plate 3.3).
Some physical properties have been measured in the laboratory such as
the diameter and the density, which were found to be equal to 1 mm, and

6740 (kg/m®) respectively.

30



Chapter Three Experimental Work

Plate 3. 3 Recycled Steel Fiber

3.3 Concrete Mixes
All specimens have been cast by using a rotary mixer. Mixes were

designed according to ACI method to get (28 MPa) compressive strength
at 28-days age and a slump range of (100-80) mm using (19 mm)
maximum size of aggregate. The mix proportions were [1:1.4:2.2
(cement: sand: gravel)] and [1:0.97:1.23 (cement: sand: gravel)] with w/c
ratios equal to 0.43 and 0.38 for normal (NC) and green high strength
concrete (HSC) respectively. Different concrete mixes were produced
based on the replacements of natural aggregate with recycled aggregate,
which were (25%,50%,75% and 100%)of normal coarse aggregate. Many
trail mixes had been carried out for each of them to find the best mix of
concrete according to the results that were obtained from the laboratory
tests including slump test and compressive strength at age 7,14, and 28
days. The selected mixes for each concrete case were stated after that

many trail mixes are presented in Table (3.10).
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Table 3. 10 Properties of Trail Mixes

Materials

. Recycled Slump
(kg/m’) Cement Fine Coarse Coarse wic S;* Test
(0}
Mixes Aggregate | Adgregate | Aggregate (mm)
NC 465 651 1023 0 0.43 0 125
25% of
Coarse Agg. 465 651 767.25 225.75 0.43 0 100
Weight
3
s 50% of
S Coarse Agg. 465 651 511.5 511.5 0.43 0 80
O Weight
(5]
S
i‘,’ 75% of
o | Coarse Agg. 465 651 225.75 767.25 0.43 0 65
< Weight
ie]
2
[S]
>
] 100% of
@ | Coarse Agg. 465 651 0 1023 0.43 0 55
Weight
HSC 500 485 615 615 0.38 1 75

*superplasticizer

Although the concrete mix with a replacement ratio of 25% gave better

results than the mix of a 50% substitution ratio

in terms of the

compressive strength, the mix of 50% substitution ratio was adopted for

economic considerations. The compressive strengths were determined

from the results of testing three standard cylinders of 100 mm in diameter

by 200 mm in length as shown in Plate (3.4).
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Plate 3. 4 The specimens of cylinders

According to (ASTM/C31/C31M, 2003), Mixing of the specimens has

been carried out. The coarse aggregate, fine aggregate, and recycled

coarse aggregate were placed into the mixer to be mixed in the dry
condition for two minutes. A portion of the total mix water was added at
this stage in order to facilitate absorbing water by aggregates and also to
reduce dust from the mixing process. The mixer was then run until the
aggregates were well blended. Keeping the mixer running, the
cementations materials were added into the mixer. All of the remaining
water was then added into the mixer. The mixer continues to run until
there was a well-blended and homogeneous concrete mix. The mixer was
then stopped, and the slump was measured. After this, the concrete was

ready to be cast into the moulds for the hardened concrete tests.

3.4 Design Method
The design of pier reinforcement was conduct using strut and tie method

as follows :
Fy =400 MPa

Fc=28 MPa
P=281.5 kN
Cover=20mm
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L1=600 mm

h=200 mm

L2=300

L1=600mm

B1=200mm

Plan view of pier cap

Figure 3.4 Pier cap geometry
Size the base plate
Pu = 450.kn
@= 0.7 for bearing
P n = nominal bearing strength
Pn required = Pu/@ = 643.4 kn
Pn = 0.85 fc' A1(A2/A1)°°
Al = base plate area
A2 = surrounding area of concrete
, taken as the area of a square
=0.85*28*40000*(57600/40000)"°
=856.8 kn >pn required ok

Base plate size =150*150mm
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w/b=150/240=0.625

Size C5 and find the location of its resultant

—STRUT
—TIE

TOTAL COMPRESSION
LOAD IN STRUTIS C1

p=90-0

c2 Z\
c2
@i
" w
T2 f
&

Ci1=2*"C3

Figure 3.5 Strut and tie model

Pu = 450kN
?=0.9
Pn = Pu/@ = 500.4kn = required pier cap strength
Knowing Pn, the centroid ofC5 can be found because C5 = Pn.
Fcq= concrete design strength = ufc' for all struts in the model
where u=0.8
Fcd=ufc' = 22.4
AC5 = area of strut C5 = C5/fc” = 22341.3mm’
WC= AC5/B2=111.7mm the width of strut C5.
The centroid of AC5 is then found,
Xcg = WC/2=55.9mm
Find the inclination angle of the bottle strut
d=h-cover-db/2
Assuming a 10 bar in the top layer, db = 10mm
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so d = 240-20-5 = 195mm

© =0.5asin [2Xg/d] =72.5

Knowing ©, check Tl and assumed d

T1 = Pn/tan © = 158.0kn

AT1 = area of steel for T1 = Tl/fy = 395.0mm

use 4 10 and 66 bars, with As = 483.7mm?

=> this implies that 2 layers of steel will be needed

2 9 10 and 3 @6 for each layer .

node 1

Recalculate © using two layers of steel for T1

For 2 layers of steel, use a clear spacing of 2d, = 20mm for g 10 bar
d = h - cover - d;, - clear spacing/2 = 155mm

so new © = 0.5 asin [2Xqg/d] = 66.9

Check T1 using the new ©

T1 =Pn/tan © = 2130/tan 71.8 = 213.5 kN

AT1 = Tl/fy = 533.7 mm® < 785.0 mm* provided, OK
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For the components of T2, horizontal and vertical stirrups are used. Since
there are two ties T2 in the bottle strut, steel must be provided to resist
2*T2. Since steel will be distributed on each face of the pier, the steel

required for T2 is provided on each face of the pier cap.
T2=0.5*C1*tan (©) =75.2, where (C1= pn/sin(©)) =544.1
T2 horiz = T2*(sin © )= 69.2 kN

A T2horiz. = T2hori/fy = 173 mm?on one face of the cap
for T2horiz. use 3 810 bars, As =235.6mm?

The horizontal stirrups for T2 are evenly spaced across the depth of the

pier cap

T2vert =T2 *cos(0)= 29.5 kN

A T2vert = T2vert/fy = 73.8mm 2on one face of the cap
for T2vert use 3 86 bars, As =84.8 mm?

The wvertical stirrups for T2 are spaced across the width of the

compression strut.

3.5 Description of Test Specimens
Thirteen reinforced concrete piers have been tested to represent the

experimental variables of the research plan. All specimens have identical
geometry and reinforcement pattern as shown in Figure (3.6). The
specimens have a total pier cap length of 600 mm with a cantilever part of
150 mm from the face of the supporting column, which has dimensions of
300 x 200 x 200 mm (width, length, height). The details of all specimens
are shown in Table (3.11) .
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Table 3. 11Description of Tested Pier Specimens

Type of Type of
Type of Concrete | Type of Concrete in Pier
Name Reinforcement in Reinforcement in | Stirrups
in Pier Cap Column
the Pier Cap the Pier Column
NC Normal Normal Steel Steel Steel
GC Green Green Steel Steel Steel
Green +2% vol.
TRSF Green concrete Steel Steel Steel
ratio of RSF
(*2 Green +2% vol. ratio
Green +2% vol.
HRSF . of RSE)* Steel Steel Steel
ratio of RSF Green concrete
Green +2% vol. Green +2% vol. ratio of
ARSF Steel Steel Steel
ratio of RSF RSF
Green high
THSC Green concrete Steel Steel Steel
strength
Green high 1/2 green high strength
HHSC Steel Steel Steel
strength +1/2 green concrete
Green high
AHSC Green High strength Steel reinforcement Steel Steel
strength
TCFRP Green concrete Green concrete CFRP Steel Steel
CFRP for two upper
T1CFRP Green concrete Green concrete Steel Steel
layers+ steel
TGFRP Green concrete Green concrete GFRP Steel Steel
GFRP for two upper
T1GFRP Green concrete Green concrete Steel Steel
layers+ steel
SGFRP Green concrete Green concrete Steel Steel GFRP
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Figure 3. 6 Details of the reinforced concrete piers specimens

Specimen No. 1 (NC)

This case represents a reference pier that was cast using normal concrete
(NC) and reinforced with ordinary steel reinforcement as shown in Figure
(3.6).

Specimen No. 2 (GC)

This case investigates the effect of using a concrete known as a green
concrete (GC), which is produced by replacing 50% of the natural
aggregate (NA) by recycled coarse aggregate (RCA). This pier used also
the same ordinary steel reinforcement as in the reference pier model.

Specimen No. 3 (TRSF)

This case aims at investigating the effect of a recycled steel fiber (RSF),
which is added to the GC mix at 2% volumetric ratio in the pier cap only,
while the column part cast with GC only. This specimen was reinforced

with steel reinforcement as shown in Figure (3.7).
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Figure 3. 7 Details of TRSF Pier Specimen
Specimen No. 4 (HRSF)

This case investigates the effect of using GC in casting this pier as well as

a recycled steel fiber (RSF) at the pier cap and half of the column pier,

while the other part of column cast with GC only. Ordinary steel

reinforcement was used in this specimen as shown in Figure (3.8).
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Figure 3. 8Details of HRSF pier specimen
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Specimen No. 5 (ARSF)

This case investigates the effect of using a recycled steel fiber (RSF) for
the whole pier specimen as well as using an ordinary steel reinforcement

as a reinforcement as shown in Figure (3.9).
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Figure 3. 9 Details of ARSF pier specimen
Specimen No. 6 (THSC)
This case includes using high strength concrete (HSC) in casting the pier
cap to investigate its effect on pier behavior. The column pier was cast

with GC. Ordinary steel reinforcement was used to reinforce this

specimen as shown in Figure (3.10).
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Figure 3. 10 Details of THSC pier specimen
Specimen No. 7 (HHSC)
In this case, pier behaviour was studied due to the effect of using high

strength concrete (HSC) in casting pier cap and half part of the column,

while the other part cast using GC mix as shown in Figure (3.11).
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High strehgth concrete | - r | ‘
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Figure 3. 11 Details of HHSC pier specimen
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Specimen No. 8 (AHSC)

In this case, high strength concrete (HSC) was used for casting all pier
specimen in addition to ordinary steel reinforcement as a reinforcement as

shown in Figure (3.12).
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Figure 3. 4 Details of AHSC pier specimen
Specimen No. 9 (TCFRP)

Green concrete mix was used to cast this pier specimen with carbon fiber
reinforced polymer (CFRP) bars with diameter of (810 and @6) mm to be
used for reinforcing all longitudinal reinforcement layers of the pier cap

only as shown in Figure (3.13).
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Figure 3. 5 Details of TCFRP pier specimen
Specimen No. 10 (T1CFRP)

This case studies the effect of CFRP bars used for reinforcing the two
upper layers. Other layers were reinforced with ordinary steel

reinforcement and cast with GC. The details of this specimen are shown
in Figure (3.14).
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Figure 3. 14 Details of TLCFRP pier specimen
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Specimen No. 11 (TGFRP)

This case was similar to study No. 9(TCFRP) with only one change,
which is the use of GFRP bars instead of CFRP bars, as shown in Figure
(3.15).
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Figure 3. 6 Details of TGFRP pier specimen
Specimen No. 12 (T1GFRP)

Study No. 12 was similar to study No. 10 (T1CFRP) except using GFRP
bars instead of CFRP bars as shown in Figure (3.16).
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Figure 3. 7 Details of TLGFRP pier specimen
Specimen No. 13 (SGFRP)

This case studies the effect of GFRP stirrups when they are used for
vertical reinforcement at pier cap and ordinary steel reinforcement for

longitudinal reinforcement. This case cast with GC as shown in Figure
(3.17).
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Figure 3. 8 Details of SGFRP pier specimen
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3.6 Fabrication of Plywood Molds and Steel Reinforcement
Cages

Eight plywood moulds were fabricated for casting all the models. The
thickness of plywood moulds was 18 mm for each side. The moulds
consist of bottom and side pieces connected together by small bolts in
order to be easy for using again. Plates (3.5) to (3.8) shows the moulds
that were used to cast specimens as well as the reinforcement cage of the

piers.

Plate 3. 5 The plywood molds
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Plate 3. 7 Glass fiber reinforcement cage of pier specimens
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Plate 3. 8 Carbon fiber reinforcement cage of pier specimens

3.7 Concrete Casting and Curing

Normal (NC) and high strength concrete (HSC) were used to cast the pier
specimens. The mix proportion was carried out by weight (1 cement: 1.4
sand: 2.2 gravel) with a w/c ratio of (0.43) for NC and (1 cement: 0.97
sand: 1.23 gravel) with a w/c ratio of (0.38) for high HSC. The mixes
have been cast into the cylinders, and piers mould with three sequential
layers until fully filled. The internal surfaces of the wooden moulds were
previously oiled to prevent adhesion of the concrete after hardening.
After filling the cylinder and piers specimens, their surfaces were
smoothed with a trowel. All samples were allowed to cure for 24 hours.
For casting HSC and specimens with ordinary steel fiber, a plate of
plywood was used to separate HSC or steel fiber from the GC for
specimens that partially use GC (see plate (3.9)). After a curing period of
24-hours, all samples were de-moulded. The samples were then stored in

curing tanks filled with water until the time of testing.
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Plate 3. 10 Casting of pier specimens

3.8 Testing of Fresh and Hardened Concrete
3.8.1 Slump Test

The workability of the fresh concrete mixes was measured by the slump
test before casting these mixes in the moulds. This test was conducted
according to ASTM C143/C143M-05a standard test method for a slump
of hydraulic cement concrete, see Plate (3.11).
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Plate 3. 11 Slump flow test

3.8.2 Compressive Strength Test

For the hardened concrete, the compressive strength test was carried out
according to ASTM C39/C39M-05 standard test method for compressive
strength of cylindrical concrete specimens using a digital testing machine
of 2000 kN maximum capacity available in the laboratory of the civil
engineering department, (see Plate 3.12). Three cylinders of 100 mm in
diameter and 200 mm in length were tested for each mix at each age (7,
14 and 28) days to determinate the compressive strength. Thin plywood
was placed on the upper and lower faces of the specimen during the test
specimens. The load was applied approximately at a constant rate and
failure load was recorded to the nearest 1 kN. Table (3.12) shows the
results of the compressive strength and slump test for the selected trail

mixes.
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Table 3. 12 Compressive Strength and Slump Values for Trail Mixes

Average Compressive
Type of Mixes Strength(MPa)
7days | 14days | 28 days

NC 19 26.5 30
25%RCA 23 25.7 29.4
50%RCA 20.8 25.3 28.5
75%RCA 17.3 22.9 25.7

100%RCA 17.7 19.6 21
HSC 30.4 38.7 46.2

Plate 3. 12 Compressive strength test machine
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3.8.3 Splitting Tensile Strength Test

The splitting tensile strength was carried out according to ASTM C496
M-2004 specification. Eight cylinders of 100 mm in diameter and 200
mm in height were used. The specimens were tested at the age of 28 days
after water curing. Thin plywood was placed on the upper and lower
faces of the specimen. The test was performed using a hydraulic
compression machine ELE of (2000 kN) capacity, at a rate of 2.4 kN/sec
until the failure occurs. The following equation was used for calculating

of splitting tensile strength.

fso: Splitting tensile strength, (MPa)

P: Maximum applied load indicated by the testing machine, (N)
d: Cylinder diameter, (mm)

I: Cylinder length, (mm)

3.8.4 Hardened Density Test

This test covers the findings of density in hardened concrete according to
(ASTM C642-97). The specimens were tested at the age of 28 days. A
total number of (12) cylinders of (100x200) mm were tested by
determining the mass of the specimen and drying in an oven at a
temperature of 100 to 110°C for not less than 24 hr. Then, after final
drying, cooling, and determination of mass, the specimens were
immersed in water at approximately 21°C for not less than 48 hrs, or until
two successive values of mass of the surface-dried sample at intervals of
24 hr, show an increase in mass of less than 0.5 % of the larger value.

The surface-dry of the specimen can be done by removing surface
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moisture by a piece of absorbing clothes and then determining the mass.
By using the values for mass determined by the procedures described, the
density can be determined by the equation below. The average of three

specimens was taken.

Bulk density, dry = == X p=g1 -..oooviiiiie e (3.2)
Bulk density after immersion =C_iD X D e (3.3)
Apparent density = ﬁ XP = €0 e, (3.4)
where:

A = mass of oven-dried sample in air, g

B = mass of surface-dry sample in the air after immersion, g

C = mass of surface-dry sample in the air after immersion and boiling, g
D = apparent mass of sample in the water after immersion and boiling, g
g.= bulk density, g/cm® and; g,= apparent density, g/cm®

p = density of water = 1 g/cm’

3.8.5 Modulus of Elasticity

The static modulus of elasticity test was carried out on cylinders of
100x200 mm dimensions according to the ASTM C469-02. The
significance of this test is to provide the stress-strain relationship. For
each mix, the average value of three-cylinder specimens has been taken
from recording the values from the test. The load was applied by using a
testing machine of 2000 kN capacity and a strain gauge was attached to
the specimen as shown in Plate (3.13). The testing machine and the strain
gauge (LVDT) were connected to a computer. The modulus of elasticity

test for each cylinder specimens can be calculated using equation (3.6).
EC= (S2-S1)/(€2-0.00005). ... eenineiii e (3.6)

where :
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Ec: modulus of elasticity in (MPa)
Sa2= stress corresponding to 40% of the ultimate load, in (MPa).

Si1= stress corresponding to a longitudinal strain, €;, of (0.000050), in

(MPa), and €2= longitudinal strain at stress Sa.

Plate 3. 13 Modulus of elasticity test

3.9 Test Setup and Instrumentation
All piers were tested up to failure using a hydraulic testing machine with

1000 kN ultimate capacity. Ten of pier specimens was tested at the
laboratory of the department of civil engineering in kerbalaa university
because it agree with the load condition ,the another three of them test at
university of kuffa at laboratory of civil engineering department, as
shown in Plate (3.14).
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Plate 3. 14 Hydraulic esting machine of concrete piers

3.9.1 Deflection Measurements

The deflection corresponding to the applied load was measured at every
load step by a dial gauge of accuracy 0.01 mm installed at the right and

left mid-span of the cantilever part of pier cap as shown in Figure (3.18).

P2 450 mum Bre
- "

2

Deflection Gage

Figure 3. 9 The Layout of points loads and the deflection gages for pier
specimens
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3.9.2 Crack Width

Concrete can only resist small tensile strain before it cracks. As these
cracks do not form at equal spacing, crack widths may vary in size and
particular care was taken to measure the crack widths at all load stages. In
order to have a consistent means of measuring crack widths, a microscope
with an accuracy of 0.05 mm was used to determine the width of cracks
as shown in Plate (3.15).

AEMaDX
MICROSCOPE

Plate 3. 15 Microscope used in the present study.

3.10 Testing Procedure
After the curing of samples had completed (after 28 days), the pier

specimens were removed from water basins. Then, it was cleaned and
painted by white color in order to clarify cracks and distinguishing the
failure modes. The load was applied at two points of steel plates
(200x60x6 mm) under the rigid rode with 75 mm from each side of the
center in the longitudinal direction of the pier cap as shown in Figure
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(3.18) and plate (3.15). The load was applied progressively up to the
failure of the pier or when the deflection increases at constant load. The
increment of the load was about 30 KN. At each load addition, notes of
crack development on the concrete piers were traced. Also, the first
visible cracking load, reading of dial gauges, and crack width were

documented.
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Chapter Four

Experimental Results and Discussion

4.1 Introduction

This chapter displays the experimental test results of the behavior of
reinforced concrete piers specimens. The mechanical properties of
various concrete mixes are also presented in this chapter. Such properties
included the effect of recycled concrete aggregate (RCA) that was used in
producing the green concrete (GC), the effect of recycled steel fibers
(RSF) on the mechanical properties of green concrete (GC) samples, the
effect of high strength concrete (HSC) mix on piers specimens behavior,
and the effect of two types of fiber reinforced polymer (FRP) bars on the
behaviors of pier specimens. The effects of these variables were studied
and discussed in terms of the first crack, crack width, load-deflection

behaviour, and the ultimate load capacity.

4.2 Mechanical Properties of Concrete
The mechanical properties of concrete samples tested in this study

included compressive strength, splitting tensile strength, and modulus of
elasticity. The average values of the three samples were recorded to

represent each mechanical property at each age.
4.2.1 Compressive Strength Results

The compressive strength, as one of the most important properties of
hardened concrete, is in general, the characteristic material value for the
classification of concrete in many codes. Standard cylinders of size 200
mm in height and 100 mm in diameter were utilized at ages of 7, 14, 28
days. Three cylinders are tested at each age for the sake of compressive
strength determination for different types of concrete (normal concrete

(NC), green concrete (GC), green high strength concrete (HSC) and green
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concrete with 2% volumetric ratio of recycled steel fibers (RSF)). The

compressive test results are given in Table (4.1) and drawn in Figure.
(4.1).

Table 4. 1 Compressive Strength Results

Mix Compressive Strength (MPa)
symbol 7 days 14 days 28 days
NC 194 23.7 29.5
GC 17.9 26.3 29.1
RSF 18.7 23.6 35.0
HSC 32.1 38.7 47.2

It can be seen from the compressive strength values of different mixes
that the GC mix has normally the lowest values, which could be due to
the higher air content. However, its value was structurally acceptable and
was nearly close to NC mix value. The compressive strength increased to

a higher value due to the use of recycled steel fiber (RSF) (see Table

(4.1). The failure modes of the tested compressive cylinders are shown in

Plate (4.1).

(NC) (RSF) (HSC)

Plate 4. 1Compression failure modes of different concrete specimens

(GC)
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Figure 4. 1 Compressive strength development at dfferent ages
It is worth to mention that GC exhibited 28 days compressive strength
value that was very close to NC by (6.7%). However, these values
increase to (+14.7%) for RSF mix. While for HSC, the increase above the
compressive strength of NC was about (30%) at the age of 28 days.

4.2.2 Splitting Tensile Strength

The splitting tensile strength governs the cracking behaviour and affects
other properties, such as durability of concrete. In this research, the
splitting tensile strength of concrete was measured following the
procedure described in chapter three. The results of tests at ages (7, 14,
and 28) days are given in Table (4 .2). The rate of development of tensile
strength between 7 and 14 days was 11 %, 16.8 % 20 % and 13.7 % for
NC, GC, RSF, and HSC mix respectively. Plate (4.2) shows the failure

modes of these concrete specimens.
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Table 4. 2 Splitting Tensile Strength Results

Mix symbol Splitting Tensile Strength(MPa)
7 days 14 days 28 days
NC 2.76 3.06 3.47
GC 2.49 291 3.25
RSF 2.97 3.58 3.98
HSC 3.72 4.23 4.52

Plate 4. 2Failure splitting modes of different concrete specimens

4.2.3 Modulus of Elasticity Test Results

The modulus of elasticity was tested for each mix using the average value
of three samples of cylinders with the dimensions of 100 mm in diameter
and 200 mm in height. The vertical displacement has been measured
when the load applied by the compressive state. Table (4.3) shows the
value of modulus of elasticity for each mix. The results showed that the
modulus of elasticity for NC was higher than GC by about 4.8%. For
RSF, the modulus of elasticity was greater than those of GC by 13.6%. It
was also observed that there is an increase in the modulus of elasticity by

32.6% when using HSC in comparison with GC.
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Table 4. 3 Modulus of Elasticity Results

. _ . Modulus of Elasticity (GPa)
Mix Designation
(28 )days
NC 26.5
GC 25.3
RSF 28.7
HSC 335

4.3. Hardened Density

The air-dry density was tested for each mix (NC, GC, RSF, HSC) using

the average of three samples as described in chapter three. The results are

presented in Table (4.4).

Table 4. 4 Results of the Density of Different Concrete Mixes

Mix Date of Test Density
Notation (days) glem®
7 2.307
NC 14 2.438
28 2.485
7 2.315
GC 14 2.371
28 2.343
7 2.325
RSF 14 2.359
28 2.343
7 2.449
HSC 14 2.450
28 2.412

63



Chapter Four Experimental Results and Discussion

4.4 Experimental Results of Pier Models
In this research, there were five parameters to be studied by pier models

as follows:

Case study 1 investigates the effect of replacement 50% natural coarse
aggregate (NA) by recycled coarse aggregate (RCA) to produce green
concrete (GC) using the same reinforcement as reference (control) pier

model.

Case study 2 considers the effect of recycled steel fibers (RSF) that were
added to GC mix at 2% volumetric ratio in the pier cap only (TRSF), pier
cap and half of the column pier (HRSF), and whole pier specimen
(ARSF). All piers have identical reinforcement pattern and were similar

to the reference pier specimen NC.

Case study 3 examines the effect of green high strength concrete (HSC)
on structural pier behavior in which such concrete would be used at pier
cap only and green concrete at column pier (THSC), in pier cap and half
of the column pier (HHSC), and in the whole pier (AHSC). Pattern and

distribution of steel reinforcement were similar to the reference model.

Case study 4 inspects the influence of CFRP bars on the overall
structural behaviour of the reinforced concrete pier specimen. Two piers
specimens reinforced with CFRP bars with (410 and @ 6 mm) in
diameter in which one of them uses CFRP bars for all layers of pier cap
(longitudinal reinforcement) in specimen TCFRP while the other has
used CFRP bars at only the top two layers in the specimen (T1CFRP).
Case study 5 studies the influence of GFRP bars (410 and @6 mm) in
diameter on the overall behaviour of the reinforced concrete pier
specimen. Three pier specimens use this type of reinforcement in which

two of them use the bars as the main reinforcement and the third one uses
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GFRP for stirrups reinforcement only. The specimen TGFRP pier uses
GFRP bars for all layers of pier cap, while the specimen T1GFRP pier
uses GFRP bars at the top two layers only. Indeed, the last specimen

(SGFRP) uses @6mm GFRP bars for stirrups pier cap only.
4.4.1 Cracks and Failure Loads

The cracks have been monitored during testing all pier models to get a

good comparison in cracking behavior as illustrated in Table (4.5).

Table 4. 5 Failure Load, First Crack Load, First Crack Width, and Maximum
Crack Width for Tested Pier Specimens

I v =il B = v
symbol Ui . % (Service Load) Gtk il
Load | Width (mm) (mm)
(KN) (KN) (mm)
NC 538 200 0.1 37.17 1.22 2.3
GC 525 180 0.1 34.29 1.7 3.5
TRSF 550 238 0.08 43.27 1.4 2.3
HRSF 557 276 0.09 49.55 1.35 2.35
ARSF 572 292 0.08 51.05 1.32 2.2
THSC 680.7 320 0.1 47.01 1.51 3.65
HHSC 700 351 0.1 50.14 1.23 3.6
AHSC 718 354.6 0.09 49.39 1.2 35
TCFRP 561 265 0.09 47.24 1.3 25
TGFRP 489.9 181 0.11 36.95 24 4
T1CFRP 548 243 0.09 44.34 1.5 2.7
T1GFRP 502 175 0.1 34.86 1.9 3.2
SGFRP 530 168 0.13 31.70 2.8 5.5

“wi= first cracking load

The ultimate load was recorded when the deflection started with

increasing at the constant load. For NC pier specimen the results showed
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that the failure was occurred by splitting the concrete cover. For GC pier
specimen, the failure was also occurred by splitting the concrete cover,
however, the maximum load was less than that for NC. The cracks were
also lower due to the effect of the existing recycled steel fiber (RSF) in
the mix. This effect was noticed in the piers TRSF, HRSF, and ARSF.
The effect of HSC mix was noticed in all piers that were cast with such
concrete type, which were THSC, HHSC, and AHSC. It was also
observed that using HSC mix caused an increase in the maximum
capacity and a decrease in the deflection. The use of CFRP bars at pier
cap increased the capacity of specimens reinforced with this type of
reinforcement, as well as a decrease in the deflection under various loads.
Indeed, it has been noticed that the use of GFRP bars at the pier cap had a
marginal effect on the capacity of the specimen. However, the use of
GFRP bars as stirrups with steel reinforcement in the pier cap found to

have a limited influence on the ultimate load and the deflection.
4.4.2 General Behavior and Crack Patterns

The general behaviours of the tested pier models were different according
to its case parameter and the early stages of loading. The behavior was
generally within the inelastic ranges, which shows linear deformations.
Thereafter, the behavior has been changed with the increase in load until
the first crack appears at the piers face at about 31.7% to 51% of the
ultimate load as can be seen in Table (4.5). The numbers and widths of
cracks generally increased and distributed downward with the load
increase. The parametric study of the behaviour of reinforced concrete
piers in term of first crack load, crack width, ultimate load, load-
deflection curves, cracks pattern, and failure modes will be presented and
discussed in the next sections. The crack patterns for all pier models

tested are shown in Plate (4.3).
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T1CFRP

Plate 4. 3Crack Patterns at the Failure Stage For Various Tested Pier Models
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Plate 4. 3: Continued

4.4.3 Crack Width

The propagation of cracks has been noticed and the crack width was
recorded for each 30 kN of specimens loading. This monitoring was
continued until reaching the ultimate loads. Table (4.5) shows the
maximum crack width at failure as well as at 70% of the ultimate load.
For reference pier (NC), the first crack was recorded at a load of 200 kN
with 0.1 mm wide flexural crack, which was closed to the middle of pier
cap propagated from the top surface. At service load (70% of the ultimate
load), this pier recorded a crack width of 1.22 mm at a load of 417 kN
and the first crack widened to 1.33 mm. Further loading to nearly 530 kN

resulted in further cracks with a maximum crack width of 2.3 mm.

Pier GC recorded the first crack at 180 kN with a crack width of 0.1 mm,
a maximum crack width of 3.5 mm at 520 kN, and crack width of 1.7 mm

at the service load.

For pier TRSF, the first crack width was 0.08 mm to be developed to
reach 1.4 mm at the service load with a maximum crack width of 2.3 mm.
The first crack width was 0.09 mm and 0.8 mm for HRSF and ARSF with
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a maximum crack width of 2.35 mm and 2.2 mm respectively. From these
results, it can be noticed that the use of recycled steel fiber minimized the
maximum crack width, resulting in increasing the durability of reinforced

concrete piers.

Piers that cast using high strength concrete (HSC) have a first crack width
of (0.1 mm, 0.1 mm, and 0.09 mm) for THSC, HHSC, and AHSC
respectively. Moreover, at 70% of ultimate load, the crack width
developed to reach a value of (1.51 mm, 1.23 mm, and 1.2 mm) as well as
a maximum crack width of (3.65 mm, 3.60 mm, 3.50 mm) respectively.
On the other hand, the first crack width was 0.09 mm for TCFRP and
T1CFRP. Then,

cracks were propagated to reach a value of (1.3 mm and 1.5 mm) at the

service load respectively.

Piers reinforced with GFRP showed a little effect on the first crack width
and maximum crack width as well. Results showed that the first crack
width was (1.11 mm, 1.10 mm, and 1.30 mm) for TGFRP, T1GFRP, and
SGFRP piers respectively.

4.5.Ultimate Load and Failure Mode
For all pier specimens, the ultimate load was recorded when the

deflection started with increasing at the constant load. The deflection was
recorded by using several dial gauges placed under each pier specimen at
the center of the two cantilever parts of the pier cap. Another dial gauge
was placed at the center of the pier face to measure the column deflection
but neglected it is reading due to its small value that approaching zero.
Table (4.6) gives the value of the recorded ultimate load, deflection and

failure modes for each pier specimen.
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Table 4. 6 Ultimate Load, Deflection and Failure Mode for Tested Pier

Specimens
_ Ultimate Deflection (mm)
S;rlr?l;ol load Dial Dial Failure mode
) gauge 1 | gauge 2 AT

NC £38 6.5 6.68 6.59 Splitting of
: : concrete covers

GC 525 6.76 8.86 7.81 Splitting of
concrete covers

TRSF 550 5.12 5.88 55 Direct shear

HRSF 557 5.29 5.55 5.42 Direct shear

ARSF 572 481 5.73 5.27 Direct shear

THSC 681 5.41 3.51 4.46 Splitting of
concrete covers

HHSC 700 4.14 4.62 4.38 Direct shear
Direct shear and

AHSC 718 3.82 3.98 3.9 Splitting of
concrete covers

TCFEFRP 561 4,78 5.7 5.24 Direct shear

TGFRP 490 7.3 7.82 7.56 Direct shear

TIGFRP | 502 7.65 7.91 7.78 Splitting of
concrete covers

SGFRP 530 4.87 5.95 5.41 Splitting of
concrete covers

It is clear from Table (4.6) that the failure mode of NC pier was a
splitting of the concrete covers. For GC specimen, the failure was also by

splitting of concrete covers, however, the maximum load was less than
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that of NC specimen due to use a recycled aggregate that has mortar
adhered to the aggregate. For piers cast with GC in addition to recycled
steel fiber, the ultimate load increased while the deflection was decreased.
The cracks width was less because of the effect of steel fiber in the RSF
mix, which can be noticed in piers TRSF, HRSF, and ARSF. This could
be due to the fibers existence that improves the flexural strength of the
mix. The mode of failure for these piers was by direct shear when the
deflection increased with a constant load. It is also noticed that failure
types varied from one pier to another in HSC piers. For THSC pier, the
failure was by splitting of concrete covers. While HHSC pier failed by
direct shear at a load of (700 kN). Pier AHSC failed suddenly by direct

shear and splitting of concrete cover at load (718kN).

The effect of CFRP bars was noticed in piers TCFRP and T1CFRP. It
was observed that failure mode was by direct shear, while piers with
GFRP bars in TGFRP, TI1GFRP, and SGFRP failed by direct shear and
splitting of concrete cover for TGFRP, T1GFRP and SGFRP piers
respectively. The shear failure is initiated by a major diagonal crack,
which extended horizontally at the level of the GFRP bars indicating a

bond failure.

4.6 Load-Deflection Curves for Various Pier Models
The load-deflection curves for all tested piers specimens including the

reference pier (NC) and other piers, which will be illustrated succinctly in

this section.
4.6.1 Load-Deflection Behavior of NC Pier

The ultimate load of the NC pier was recorded at 538 kN when the
deflection started with increasing at the constant load. This failure

occurred by splitting of concrete cover.
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4.6.2 Load-Deflection Behavior of GC Pier

The experimental results of GC pier with 50% replacement ratio of
recycled coarse aggregate showed that the ultimate load of the GC pier
was less than those of normal concrete NC pier by about 2.4%. It was
also found that the deflection of GC pier at the ultimate load was greater
by 18.5% than NC. Figure (4.2) shows the load-deflection curves of NC
and GC piers.
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Figure 4. 2 Load-Deflection Relation of NC and GC Specimens
4.5.3 Load-Deflection Behavior of RSF Piers

Recycle steel fiber was added to the green concrete mix with 2% vol.
ratio to improve the mechanical properties of concrete such as
compressive and tensile strengths. The experimental results showed that
adding RSF to the mix has improved the overall behaviour of piers. For
(TRSF) pier ultimate load was increased by 4.76% in comparison with
GC, and a decrease of deflection by 29.58% in comparison with GC.
Increasing RSF from pier cap to part of column pier for HRSF pier led to
improving the ultimate load by about 1.27% and decrease deflection by
about 1.48%. Adding RSF for all pier for the specimen (ARSF) led to
increasing the ultimate load by 8.95% from (GC). and by 4% and 2.69%
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from (TRSF) and (HRSF) respectively. For deflection adding RSF for all
pier for the specimen (ARSF) led to decrease deflection by about 32.52%
from (GC) and (4.18%, 2.77%) from (TRSF) and (HRSF) respectively.
This increase in the ultimate load of models is due to the addition of
recycled steel fibers which significantly improves many of the
engineering properties of mortar and concrete, notably impact strength
and toughness. Flexural strength, tensile strength and the ability to resist

cracking are also enhanced.

Figure (4.3) show the effect of RSF on the load-deflection curves.
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Figure 4. 3 Load- Deflection Behavior of RSF Specimen
4.6.4 Load-Deflection Behavior of HSC Piers

The use of high strength concrete (HSC) mix improved the mechanical
properties of piers. For THSC pier with high strength concrete at pier cap
only, the ultimate strength was greater than GC pier by 29.7%. Also, the
deflection decreased by about 42.89% in comparison with GC.
Furthermore, the using of HSC to the half-column pier (HHSC pier)
increased the ultimate strength by about 33% when compared with GC

pier. It has been also noticed that using high strength concrete for all
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specimen (AHSC) increased the ultimate strength by 36.7% when
compared with (GC). In addition, the use of high strength concrete for all
pier specimen improved the ultimate strength by 5.48% and 2.57%
greater than (THSC) and (HHSC) respectively. It is also noticed that the
deflection decreased by about 12.56% from (THSC) and 10.96% from
(HHSC). These results may be due to the effect of high strength mix with
a lower amount of water to cement that led to higher rigidity and
hardened concrete. Figure (4.4) show the load-deflection curve for (HSC)

piers.
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Figure 4. 4 Load-Deflection Relation of HSC Pier Specimens
4.6.5 Load-Deflection Behavior of CFRP Piers

The use of carbon fiber reinforced polymer to reinforce all layers of pier
cap with steel reinforcement stirrups for TCFRP pier can increase the
ultimate capacity by the rate of 6.86% in comparison with GC pier that
reinforced with steel reinforcement. This increase in capacity due to the
improvement in the performance of the structural member such as its load
carrying capacity, and stiffness. It was also observed that at the ultimate
load and the deflection decreased at a rate of 32.91% greater than (GC).
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Furthermore, the use of CFRP bars at T1 (first two layers of
reinforcement) for TICFRP pier, found to have a positive effect on the
ultimate strength by a per cent of 4.19% larger than (GC). It has been also
noticed that the deflection decreased by 29.32% than (GC). From these
results, it can be concluded that the use of CFRP bars for all pier cap
layers reinforcement was more effective than T1 reinforcement only
regarding the ultimate strength and deflection by about 2.56% for
strength and 5.07% for deflection. Figure (4.5) show the effect of CFRP
bars on the load-deflection curves. This reduction in deflection may be

attributed to the increase of pier stiffness and rigidity.
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Figure 4. 5Load-Deflection Relation of CFRP Specimens pier

4.6.6 Load-Deflection Behavior of GFRP Piers

The results of reinforcing piers by glass fiber reinforced polymer (GFRP)
showed that the ultimate load of the (TGFRP) and (T1GFRP) piers was
lower than those for GC, which reinforced with steel reinforcement by
about 6.69% and 4.38% respectively. This may be due to the reason that

GFRP is anisotropic and nonhomogeneous nature, and the compressive
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modulus is lower than the tensile one. The compressive strength and
compressive modulus are around 50 per cent and 80 per cent of its tensile
values respectively. GFRP bars are generally weak in transverse shear,
and typical transverse shear strength ranges between (30 to 50 MPa).
Bond stresses at the GFRP bar/concrete interface are transferred by the
chemical bond (adhesion resistance of the interface), friction, and
mechanical interlock due to the irregularity of the interface (Rinaldi,
2015). Also, it has been noticed that the deflection was larger than GC by
a rate of 3.2% and 0.38% for (TGFRP) and (T1GFRP) respectively.

The last specimens that cast with green concrete and reinforced with steel
reinforcement for all pier specimen except stirrups of pier cap in which
GFRP bars were used. The ultimate strength of this pier was higher than
(GC) specimen by 0.95% and the deflection was lower than (GC) by
30.73%, which means that GFRP bars work at shear better than flexural.

From these results, GFRP bars in compression neither increase the
strength nor reduce the effects of concrete creep of GFRP reinforced
concrete flexural members due to the limited compressive strength and
modulus of GFRP bars. The behaviour of GFRP RC members was
affected by the presence of reinforcement that does not yield and is
considered to be liner-elastic up to failure as opposed to traditional RC
structures, where failure is always controlled by crushing of the concrete.

The Figure below shows the load-deflection curves of GFRP piers.
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Chapter Five

Numerical Application

5.1 Introduction

The finite element analysis method is largely used to obtain a solution for
a large number of engineering problems. The origin of the modern finite
element analysis method may be traced back to the early 1900 s. ANSYS
program (version 17.2) was employed to satisfy this purpose. This
chapter presented the modelling of pier models by ANSYS. The results
included the behaviour of the load with respect to deflection and the
distribution of cracks on the piers. This chapter also includes a
comparison with the experimental results in term of load-deflection

relationships.

5.2 Finite Element Material Modelling
Four pier models of different types of concrete (NC, GC, RSF, and HSC)

have been represented using solid element (SOLID65) in ANSYS
program. The SOLIDG65 element is defined by eight nodes having three
translational degrees of freedom at each node. This element is capable of
cracking in tension and crushing in compression. The geometry, location
of nodes, and the system of the coordinate for this type of element are

shown in Figure (5.1).

Three-dimensional bar element (LINK180) with three degrees of freedom
was used for modelling steel reinforcement, CFRP and GFRP bars.
Figure (5.2) shows the geometry and the location of nodes for this type of

element.
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Figure 5. 2 Geometry of Element LINK 180

In order to represent steel plates used at loading and supporting points, three-
dimensional brick elements (SOLID185) was also used to distribute the load

in order to prevent the stress concentration problems. A schematic of the

element is shown in Figure (5.3).
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Figure 5. 3 Geometry of Element SOLID185

The main types of elements used for modelling the reinforced concrete piers

are summarized in Table (5.1).

Table 5. 1 Types of the Elements used in ANSYS

Type of Material Element in ANSYS
Concrete SOLID 65
Steel plates SOLID 185

Steel reinforcement, CFRP bars,

and GFRP bars LINK 180

5.3 Modeling of Reinforced Concrete Piers
In order to evaluate the results of the ANSYS program used to represent

the behaviour of reinforced concrete piers, the same details of the tested
piers mentioned in the experimental program in chapter three were used
in the finite element modelling. The mesh modelling of concrete, steel

plates, and reinforcement for piers are presented in Figure (5.4).
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steel plate of loading

concrete

Figure 5. 4 Mesh Modeling of Concrete and Steel Plates for Pier Models
Figures (5.5) to (5.8) shows the modelling of other pier specimens that have
been different properties of concrete to study the influence of each concrete
material on the behaviour of each pier. They are (TRSF, HRSF, THSC,
HHCS) specimens.

RSF concrete mix

green concrete

Figure 5. 5 Mesh Modeling for TRSF Pier specimen
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high stength
concrete

green concrete

Figure 5. 6 Mesh Modeling for THSC Pier Specimen

R S F concrete mix

green concrete

Figure 5. 7 Mesh Modeling for HRSF Pier Specimen
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Figure 5. 8 Mesh Modeling for HHSC Pier Specimen

5.4 Loading and Boundary Conditions

As in the experimental work, the load was applied on each tested piers of two
lines, these loads are represented by two steel plates of dimensions
(200x60x6mm) located at the top face, which transforms the load to the piers.
The total load has been distributed on nodes as shown in Figure (5.9).
Displacement boundary conditions are required to constrain each model for
getting a solution. The supports have been represented also by steel plates.
The nodes were constrained in the X-direction, Y-direction, and Z-direction
(Ux=0, Uy=0, Uz=0).
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Figure 5. 9 Distribution of Applied Load on Nodes by Steel Plates

5.5 Verification Examples between Experimental and
Numerical Results

The comparison between experimental and numerical results was made in
term of load-deflection behaviour, crack patterns and ultimate strength and

deflection.

5.5.1 Load-Deflection Behavior

A comparison between the numerical ultimate load obtained from
ANSYS program, and the ultimate load obtained experimentally are
presented in Table (5.2). The maximum differences in the ultimate load
and the deflection reached up to (-6.72%) and (- 16.59%) respectively.
The numerical ultimate load was recorded at the final step of loading after
the solution has been finished when the convergence could not occur
between the two successive values because the stress in steel reaches to

the yield stress.
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Table 5. 2 Numerical and Experimental Results of Ultimate Load and Deflection
for Pier Specimens

Pier Ultimate load(Pu) kN Deflection (mm)
models
notation | Num. | Exp. | A%=(Num.-Exp.)/Exp.| Num. | Exp. | A%=(Num.-Exp.)/EXp.
NC 530.5| 538 -1.39 6.7 | 6.59 1.67
GC 500 525 -4.76 8.23 | 7.81 5.38
TRSF 528 550 -4.00 487 | 55 -11.45
HRSF 540 557 -3.05 481 | 5.42 -11.25
ARSF 569.5 | 572 -0.44 4.76 | 5.27 -9.68
THSC 665 | 680.7 -2.31 3.72 | 4.46 -16.59
HHSC 680 700 -2.86 3.66 | 4.38 -16.44
AHSC 698.5 | 718 -2.72 3.5 3.9 -10.26
TCFRP 582 561 3.74 6.02 | 5.24 14.89
TGFRP 457 | 489.9 -6.72 8.46 | 7.56 11.90
T1CFRP 557 547 5.09 6.28 | 5.52 13.77
T1GFRP 470 502 -6.37 8.24 | 7.78 5.91
SGFRP | 572 | 530 7.92 5.62|541 3.88
Average -1.37 -1.4
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The deflection of each tested pier models has been measured at the point
under the load and take the average value as the experimental test. The
relation of the load-deflection curve has been figured for each increment

of load and presented as follows.
Specimen No. 1 (NC)

For reference pier model NC the ultimate load of numerical analysis was
lower than experimental results by (1.39%), while the deflection was
greater than those of experimental result by about ( 1.67%). Figure (5.10)
show the comparison between numerical and experimental results in term

of load-deflection.
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Figure 5. 10 Experimental and Numerical Load-Deflection Curves of NC
Pier Model

Specimen No. 2 (GC)

Represent the green concrete pier model GC by ANSYS program to simulate
its behaviour and compare with the experimental result. The result showed

that the numerical ultimate load was lower than the experimental result by
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4.74% while the deflection was greater than experimental by 5.38% as shown
in Figure (5.11).
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Figure 5. 11 Experimental and Numerical Load-Deflection Curves of GC
Pier Model

Specimen No.3 (TRSF)

TRSF pier model represented in the ANSYS program. The results showed
that the numerical ultimate load and deflection were lower than experimental
results by4.0 %and 11.45 % respectively. Figure (5.12) shows a comparison

between experimental and numerical load-deflection curves.

600

500

400

300

200

APPLIED LOAD (KN)

TRSF_exp = =#e=TRSF_num
100

0
0 1 2 3 4 5 6 7 8

DEFLECTION (MM)

Figure (5. 12) Experimental and Numerical Load-Deflection Curves of
TRSF Pier Model

88



Chapter Five Numerical Application

Specimen No. 4 (HRSF)
HRSF pier model showed that the numerical ultimate load and deflection

lower than experimental by (3.05 % and 11.25%) respectively. Figure (5.13)
shows a comparison between experimental and numerical load-deflection

Curves.
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Figure 5. 13 Experimental and Numerical Load-Deflection Curves of
HRSF Pier Model

Specimen No.5 (ARSF)

ARSF pier model reached 569.5 kN at ultimate load at the numerical analysis
that was lower than experimental result by (0.44%), also the deflection was

less than experimental by 9.68% as shown in Figure (5.14).
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Figure 5. 14 Experimental and Numerical Load-Deflection Curves of
ARSF Pier Model

Specimen No.6 (THSC)

THSC pier model exhibit ultimate load 665 kKN and deflection of 3.72
mm that lower than experimental results by 2.31% and 16.59% for
ultimate load and deflection respectively. Figure (5.15) presented a
comparison between numerical and experimental results in term of load-

deflection relationship.
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Figure 5. 15 Experimental and Numerical Load-Deflection Curves of
THSC Pier Model
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Specimen No.7 (HHSC)

The ultimate load for HHSC pier model as well as the deflection
decreased by (2.86% and 16.44%) lower than the experimental result for
ultimate load and deflection respectively. Figure (5.16) show the
comparison between numerical and experimental result in term of load

deflection-relationship.
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Figure 5. 16 Experimental and Numerical Load-Deflection Curves of
HHSC Pier Model

Specimen No.8 (AHSC)
AHSC pier model was represented in the ANSYS program to simulate its
behaviour. The result showed that the ultimate load and deflection were

lower than experimental by (2.72 % and 10.26%) respectively as shown
in Figure (5.17).
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Figure 5. 17 Experimental and Numerical Load-Deflection Curves of
AHSC Pier

Specimen No.9 (TCFRP)

TCFRP pier model exhibits ultimate load and deflection bigger than
experimental result by (3.74% and 14.89%) respectively.
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Figure 5. 18 Experimental and Numerical Load-Deflection Curves of
TCFRP Pier Model
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Specimen No.10 (T1CFRP)

T1CFRP pier model was represented in the ANSYS program to simulate
its behaviour. The result shows that the ultimate load and deflection were
bigger than experimental by (5.09 % and 13.77%) respectively. Figure
(5.19) show the comparison between numerical and experimental result in

term of load-deflection relationship.
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Figure 5. 19 Experimental and Numerical Load-Deflection Curves of
T1CFRP Pier Model

Specimen No.11 (TGFRP)
TGFRP pier model reached 457 kN at ultimate load at the numerical
analysis that lower than experimental result by (6.72%) with deflection of

8.46 mm that was bigger than experimental result by (11.9%) as shown in
Figure (5.20).
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Figure 5. 20 Experimental and Numerical Load-Deflection Curves of
TGFRP Pier Model

Specimen No.12(T1GFRP)
The ultimate load for TLIGFRP pier model decreased by (6.37%), while
the deflection was higher than experimental by (5.91%). Figure (5.21)

show the comparison between numerical and experimental result in term

of load-deflection relationship.
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Figure 5. 21 Experimental and Numerical Load-Deflection Curves of
T1GFRP Pier Model

Specimen No.13 (SGFRP)

The ultimate load for SGFRP pier model as well as the deflection
increased by (7.92% and 3.88%) bigger than experimental result
respectively. Figure (5.22) show the comparison between numerical and

experimental result in term of load-deflection relationship.
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Figure 5. 22 Experimental and Numerical Load-Deflection Curves of
SGFRP Pier Model
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5.5.2 Cracks Propagation

One of the best characteristics of the ANSYS program gives the deflected
shape at every step of the load increments, and the ability to provide the
deflection at each node. Also, the ANSYS program has the ability to
predict the crack pattern at any increment of loading. The red circles
represent the first crack while the circles in green and blue represent the
second and third cracks respectively. Figures (5.23) to (5.34) show the

types of cracks formed in the pier models at the failure stage for all piers.
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Figure 5. 23 Crack Patterns at the Ultimate Load of NC Pier Model

CRACKS RND CRUSHING
STEP=1

Figure 5. 24 Crack Patterns at the Ultimate Load of GC Pier Model

96



Chapter Five

Numerical Application
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Figure 5. 25 Crack Patterns at the Ultimate Load of TRSF Pier Model

Figure 5. 26 Crack Patterns at the Ultimate Load of HRSF Pier Model
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Figure 5. 27 Crack Patterns at the Ultimate Load of ARSF Pier Model
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Figure 5. 28 Crack Patterns at the Ultimate Load of THSC Pier Model
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Figure 5. 29 Crack Patterns at the Ultimate Load of HHSC Pier Model
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Figure 5. 30 Crack Patterns at the Ultimate Load of AHSC Pier Model
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Figure 5. 31 Crack Patterns at the Ultimate Load of TCFRP Pier Model
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Figure 5. 32 Crack Patterns at the Ultimate Load of TLCFRP Pier Model
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Figure 5. 33 Crack Patterns at the Ultimate Load of TGFRP Pier Model

CRACKS RND CRUSHING
STEP=1

SUB =12

TIME=470000

Figure 5. 34 Crack Patterns at the Ultimate Load of TLGFRP Pier Model
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Figure 5. 35 Crack Patterns at the Ultimate Load of SGFRP Pier Model
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Chapter Six

Conclusions and Recommendations
6.1 Conclusions
Based on the experimental and numerical results of the reinforced

concrete piers, several points have been concluded as follows:

1. The ultimate strength of the pier that is cast by using GC was less than
that for normal pier NC (reference) by 2.4%. This small difference means

that green concrete is effective for structural purpose use.

2. The deflection under the ultimate load of GC pier was 18.5% higher
than those of NC pier.

3. It was observed that using recycled steel fiber with GC mix at the pier
cap region led to an increase in the ultimate load by 4.76% against a
decrease in the deflection by 29.58%.

4. Adding recycled steel fiber to pier cap and half of the pier column led
to increasing the ultimate load by 4.76% and 6.1% and decreasing the
deflection by 29.58 % and 30.6% when compared with GC pier. There
was an increase of 1.27% in the ultimate load and a decrease of 1.45% in
the deflection compared with the case of adding recycled steel fiber at
pier cap only. Indeed, using recycled steel fiber in all pier increased the
ultimate load by 8.95% and decreased the deflection by 32.52% when

compared with GC results.

5. The use of high strength concrete (HSC) led to increasing the ultimate
load by 29.7% when used at pier cap only (THSC), and 33% when used
at pier cap and half of column (HHSC). For use HSC mix for all pier
(AHSC), the ultimate load increased by 36.7% and the deflection
decreased by 42.89%, 43.92, and 50.06% for (THSC, HHSC, and AHSC)
respectively.
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6. Use CFRP bars in the two top layers’ reinforcement of pier led to
improving the ultimate load by 4.19% and decreasing the deflection by
29.32%. However, using of CFRP at all layers of pier cap reinforcement
increased the ultimate load by 6.86% and decreased the deflection by

32.9% as compared with the GC pier.

7. 1t was noticed that by replacement the steel reinforcement by GFRP
bars at the top two layers and all layers of the pier cap decreased the
ultimate load and increased the deflection by about 4.38%, 6.69% and
0.38%, 3.2% respectively as compared with GC pier.

8. The obtained results indicated that using GFRP stirrups reinforcement
at the pier cap led to improving the specimen characteristics in term of

ultimate load and deflection.

9. The ratio of numerical to the experimental ultimate strengths of pier
specimens was 1.62 as an average value, where this ratio indicates an
acceptable convergence between the experimental and numerical results

for this study.

10. It was observed that the ratio of deflection of the numerical to the
experimental results of specimens was 1.4 as an average value, where this
value present that there is a slight difference between the experimental

and numerical results.

11. Generally, the increase in the ultimate current capacity of all pier
model is conjugated by an increase in the first crack load and a decrease

in the crack width corresponding to the applied load.

6.2 Recommendations for Future Researches
For the purpose of more familiarity with the subject of the concrete pier

and to take additional cases that have not been taken in the experimental
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work and numerical application, the following recommendations are

suggested:

1. Experimental investigation of the behavior of green concrete piers

using broken brick instead of coarse aggregate in the mixture.

2. Experimental study on the green concrete in the casting of the rest of
the structural members such as slabs and columns and testing the validity

of such use.

3. The use of the remnants of the demolition of buildings complete,
including bricks and concrete together to produce green concrete instead
of pure concrete, so as to provide the remnants of construction more and
the difficulty of obtaining the concrete of the demolition works

independently and study its properties.

4. Extraction of scraps tires wire in a manner of drawing or any other
method other than burning because the burn causes weakness in its

properties.

5. Study the cost of production of green concrete to compare with natural

concrete and high strength concrete.
6. Study the behavior of pier models under repeated load or impact load.

7. Investigate further parameters like the dimensions of pier cap and
column and with different types of applied load like (dynamic, impact, or

uniform load).
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