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The advent of ultra-high performance concrete (UHPC), a new generation of advanced
concrete, has created enormous possibilities of new construction utilizing the excellent
material properties of UHPC. As steel-fiber reinforced UHPC has tensile strength
exceeding 30 MPa, this research was undertaken to develop hybrid concrete floor slabs
utilizing the tensile strength of steel fiber-reinforced UHPC instead of steel
reinforcement. Three concepts for one-way simply supported precast floor units were
explored: (i) units with a layer of UHPC at the bottom tension face, (ii) units reinforced
with precast UHPC deformed bars, and (iii) hybrid hollow-core units with top and bottom
faces cast with UHPC layers. Types (i) and (iii) do not require the use of any steel
reinforcement. For smaller widths, type (ii) also may not require any steel reinforcement.
Test results using small size specimens have shown adequate flexural strength, and a
structural behavior which is characterized by almost linear response up to the peak load
followed by a post-cracking softening with increased deflection under declining load.

Tests have revealed the size effect on the tensile strength caused by random dispersion
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and orientation of steel fibers, signaling a possible reduction in tensile strength for larger

size specimens.

The results of this study confirmed that each of the three alternative forms of construction
is structurally promising and can be utilized in designing simply supported precast floor
slab units for residential and commercial buildings without the use of steel reinforcement.
Further research is needed to uphold this viewpoint. In corrosive environment, this may

prove to have significant advantage worthy of consideration.
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CHAPTER 1

INTRODUCTION

1.1. General

Ultra-High Performance Concrete (UHPC) is a special concrete with excellent
characteristics compared to normal concrete, which was developed by better
understanding of the concrete material in the micro level. A technological breakthrough
took place in the 90’s with the development of the Reactive Powder Concrete (RPC)
offering compressive strength exceeding 200 MPa and flexural tensile strength of over 30
MPa. The attractive features of this new concrete are that it has both high compressive

and tensile strengths, and has excellent material properties with significant ductility.

UHPC is optimized at the micro-scales to provide superior mechanical and durability
properties compared to conventional and high performance concretes. Improvements in
UHPC are achieved through limiting the water-to-cementitious materials ratio up to less
than 0.2, optimizing particle packing, eliminating coarse aggregate, using specialized
materials, and implementing hot curing, typically at 90 0OC for several days to improve
the microstructure of the cementitious matrix. In addition, randomly dispersed short
fibers are usually used to enhance the tensile and flexural strength, ductility, and

toughness.

The absence of coarse aggregate was considered as a key-aspect for the microstructure
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and the performance of the UHPC in order to reduce heterogeneity between the cement
matrix and the aggregate. However, due to the use of very fine sand instead of ordinary
aggregate, the cement content of UHPC is as high as 900 to 1000 kg/m3. One of the
primary benefits of this class of concrete is that it can exhibit significant tensile strength
and toughness. Much of such properties enhancement is imparted to concrete by the

addition of short, discontinuous fibers during the mixing procedure.

Because of the outstanding properties of UHPC, such as compressive strength of 150 to
200 MPa, tensile strength of 8 to 15 MPa, flexural strength of 30 to 50 MPa with
significant remaining post-cracking bearing capacity, and remarkable fracture energy of
20 to 30 kJ/m2, UHPC offers new and sometimes exiting possibilities: lighter structures,
larger structures, hybrid structures, new design and new products with a potential for a
better economy and resource consumption than with traditional concrete, steel and other

building materials.

In recent years, the development of steel-fiber reinforced ultra-high performance concrete
(UHPC) with tensile strength exceeding 30 MPa has created possibilities for exploring
hybrid concrete construction to utilize the excellent tensile strength of UHPC in order to
replace the use of traditional passive steel reinforcement. Such constructions have
significant advantage for adoption in corrosive environment, where corrosion of steel is a
major concern for concrete durability. Use of corrosion-free construction in aggressive
environment is highly desired by all concerned. Furthermore, possibilities exist that such
a hybrid construction may have economic advantage. Despite its superior material
properties, fiber-reinforced UHPC has not yet made a big push in its application, which
has thus far been sporadic. Researchers have continued their efforts in seeking possible
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new applications of this material in construction. This study is an attempt in this
direction, as it explores the possibility of developing new hybrid concrete construction

for floor slabs.

Because of the profound impact on concrete construction, it is highly desirable to explore
alternative form of construction that may not require the use of steel reinforcement.
Three alternative forms of construction conceived at this stage are suitable for one-way
floor slabs, cast-in-place or as precast units. In one option, the bottom tension part of a
conventional beam is replaced with a layer of UHPC, which provides the needed tensile
strength. Thus, the beam consists of two layers, a bottom layer of UHPC and the upper
part of ordinary concrete. In the second option, the tensile strength in a beam is provided
by embedded ‘UHPC bars’, a new concept for utilization of UHPC. The UHPC bars,
used as replacement of steel bars, can provide the required tensile strength much in the
same fashion as the steel bars. In the third option, a hybrid hollow- core slab section with
top and bottom thin UHPC layers and a middle layer of ordinary concrete sandwiched in

between was explored.

The primary aim of this study was to explore the three new concepts of concrete
construction by undertaking an experimental work to examine the structural behavior and
performance. This dissertation covers the details of all the work that was carried out. The
study indicated that all the options of construction are possible, as members can be

proportioned or designed as one-way floor slab element.



1.2. Significance of this Study

The proposed three forms of hybrid construction of floor slabs using ordinary concrete
and steel fiber-reinforced UHPC, the latter providing the tensile strength, are all new
conceptual ideas which if found structurally feasible and sound, will have significant
impact on new construction, particularly in precast construction industry. Each of the
three options that are explored does not require the use of steel reinforcement. This study
explores, for the first time, the concept of UHPC bars as tension reinforcement and a
hollow-core sandwich type construction for floor slabs. The most notable and appealing
product under consideration is the proposed hybrid hollow core slab for floors. In Saudi
Arabia, a large number of buildings use hollow core slabs, mostly pre-stressed. The
proposed form may offer a competitive solution as the section is highly efficient. The
elimination of reinforcing steel also makes this type of construction highly attractive for
application in aggressive environment. All products under consideration can be made

locally, using local resources (except steel fibers).

The proposed alternative forms of construction address the needs of construction industry
and may provide a valued contribution to the field. As local precast companies are
playing key roles in construction industry, some of the products, notably the hollow-core

slab construction, may draw the attention of the companies for commercialization.

1.3. Research Objectives and Scope

The main objective of the proposed work was to develop three new forms of floor slab



construction avoiding reinforcing steel bars and utilizing instead the excellent properties
of steel fiber reinforced UHPC and to study, both experimentally and theoretically, their

behavior and performance. The specific objectives are the following:

1. Perform a thorough literature review on the application and use of UHPC and
report the findings;

2. Develop hybrid floor slab elements using locally developed UHPC and undertake
experimental investigation to determine their behavior and strength;

3. Conduct analytical studies to determine the strength of hybrid members and
develop simple mechanistic approach for design; and

4. Propose design approach for the suggested form of construction.

1.4. Approach

The approach to achieve the objectives of this dissertation consists of three major steps:
(@) review of literature concerning utilization and application of UHPC that can be
documented as supplementary information and that may assist to better plan the
experimental work; (b) undertaking an exploratory experimental work to evaluate the
feasibility of the proposed forms of hybrid concrete construction, and (c) interpretation of
the test results and evaluation.

The dissertation work has three distinct phases: Phase 1 is essentially the preparatory

work phase, Phase 2 is the execution phase in which all experimental work will be



completed, and Phase 3 is the ending phase in which the findings will be presented and
discussed.
The approach to achieve the major objectives of this work mentioned earlier is presented

in Table 1.

Table 1.1: Approach Utilized for Achieving Objectives of the Study

Objective Approach of achieving the objective

1 This objective will be achieved through a broad search of available
literature and information using library and internet sources. The useful

information will be gathered, reviewed and then documented in the report.

2 A well-planned experimental work with a good execution plan will lead to
the achievement of this objective. The experimental work is covered by
describing the tasks. This is the heart of the project and its proper planning

and execution are a required prerequisite to the attainment of the objective.

3 This objective is expected to be achieved through an evaluation of the test
results and findings. The test results and findings will be compared with
theoretical predictions and will be discussed to form the basis of

conclusions and recommendations.




1.5.

Organization of the Dissertation

This dissertation was subdivided into ten different chapters and five appendixes. Each of

these chapters addressed a particular topic of the work.

Chapter 1 contains the research objectives, scope, uniqueness and organization of
the dissertation.

Chapter 2 presents the literature review.

Chapter 3 describes the experimental program.

Chapter 4 discusses the test results for the material properties used.

Chapter 5 presents the test results and discussion for hybrid layered specimens.
Chapter 6 presents the test results and discussion for UHPC reinforced beams.
Chapter 7 presents the test results and discussion for hybrid hollow core slab
specimens.

Chapter 8 presents the finite element modeling of two forms of construction.
Chapter 9 covers the design consideration and approach for the design of the
proposed hybrid elements.

Chapter 10 includes conclusions and recommendations.



CHAPTER 2

LITERATURE REVIEW

A brief summary of previous research conducted on UHPC material properties is
presented in this chapter. For UHPC, a significant amount of research has been done in
recent years on material behavior for structural application and, therefore, many research
publications are available for reference. However, for hybrid construction related to the
study under consideration, limited research has been conducted with different concepts.
The literature review is presented under the following subheadings:

e Background on UHPC

e General properties

e Hybrid construction with UHPC

2.1. Background on UHPC

Ultra-High Performance Concrete (UHPC), also referred to as Ultra-High Performance
Fiber Reinforced Concrete (UHPFRC), is a new generation of cement-based materials
that was developed in France in the 1990s [1]. UHPC is relatively a new generation of
concrete optimized at the nano-and micro-scale to provide superior mechanical and
durability properties compared to conventional and high performance concretes.
Improvements in UHPC are achieved through: limiting the water-to-cementitious

materials ratio (i.e., w/cm < 0.20), optimizing particle packing, eliminating coarse



aggregate, using specialized materials, and implementing high temperature and high
pressure curing regimes. In addition, randomly dispersed and short fibers are typically

added to enhance the material’s tensile and flexural strength, ductility, and toughness [2].

The range of performances and characteristics that are today covered by concrete have
been expanded in various directions from ordinary concrete up to ultra-high performance
concrete to self-compacting concrete. The type of high-strength concrete developed thus
far is basically a brittle material requiring the use of passive reinforcement. A
technological breakthrough took place in the 1990’s with the development of the said
Reactive Powder Concrete (RPC) [3], offering compressive strength exceeding 200 MPa
and flexural tensile strength of over 25 MPa, showing significant ductility. Based on the
RPC initial research, the Ductal technology was then developed by the combined efforts
of three companies in France, LAFARGE, the construction materials manufacturer,
BOUYGUES, contractor in civil and structural engineering, and RHODIA, chemical
materials manufacturer. With this joint effort through intensive research and
development, the material was patented, industrialized and commercialized. The
attractive features of this new concrete are that it has both high compressive and tensile
strengths requiring no passive reinforcement and has excellent material properties with

some ductility.

Thanks to its exceptional durability, very high strength, and enhanced formability, UHPC
presents exciting opportunities to re-think the construction, reconstruction, and

maintenance of roads and bridges.



UHPC opens opportunities to new solutions which were not possible. Significant efforts
have been focused on developing these types of new solutions which can lead to
dramatically better performance of engineered structures over the long term.

As new concrete construction materials, UHPC can be used in the fabrication of precast
elements for civil engineering, structural and architectural applications.

Several researchers have defined some of the principles used in UHPC, which can be

summarized as follows:

e Enhancement of homogeneity by elimination of coarse aggregate,

e Enhancement of compacted density by optimization of the granular mixture, i.e.
the reason for the high silica fume content and use of fine quartz sand as the only
aggregate,

e Optional enhancement of the microstructure by heat-treatment., and

e Enhancement of ductility by incorporating small-sized steel fibers.

The application of the first three principles produces a matrix with very high compressive
strength, without any improvement in ductility. The addition of the steel fibers noted in
the last principle helps to improve both tensile strength and ductility [4].

UHPC can be used for any applications, either structural or architectural, for which
normal concrete would normally be specified. UHPC may be best suited for use in
prestressed bridge superstructures in the transportation field. Because of its very high

mechanical properties, UHPC technology gives access to very thin slender and elegant
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structures like footbridges. Such properties provide architects with very high potential of
innovative design in all elements that build up new architecture.
UHPC concrete has been used in a number of applications worldwide. Mention can be
made of 1997 Sherbrooke footbridge in Canada (Figure 2.1), the 2003 Seonyu footbridge
in Korea (Figure 2.2), and 2003 LRT Train Station, Shawnessy, Canada (Figure 2.3).
Generally, the applications of UHPC can be summarized into the following
classifications:
e Infra-structural application: such as ultra-light and slender sections for pedestrian
and highway bridges.
e Impact-resistant structures: such as security panels against impact, seismic and
blast loads, crash safety barriers.
e Prestressed elements: such as piles, culverts, retaining walls, pipes, safety vaults
etc.
e Building applications: such as ultra-slender beam, slab and column systems, long
span floors and roofs.
e Other applications: such as architectural features, acoustic barrier, structural
walls, marine/sea walls and decks, anchorage plates, leave in-place forms/moulds,

containers, and storage tanks [5].
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Figure 2.2: Seonyu footbridge, Korea, 2003, arch span 120m deck thickness 3cm [6].
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“Ductal provided the ability to acltieve the
Jfree-flowing form design of the canopies.”
Shawnessy LRT Statfen Archilect
Enge Ficenging

Figure 2.3: LRT Train Station, Shawnessy, Canada, 2003 (Images from Lafarge)
Canopies 5x6 m, 2 cm thick, supported on single columns.

The first known use of UHPC in building construction dates to 2001, in Joppa, Illinois,
USA, whereby a clinker silo was built with the roof from Ductal® (UHPC) concrete with
compressive strength up to 220 MPa and flexural strength 50 MPa. The ultra-light, thin
precast panels of UHPC were designed without any conventional reinforcement, as

shown in Figure 2.4.
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Figure 2.4: Overall shot showing all 3 clinker silos and connecting feeder conveyors.
The Ductal silo is on the far right [7].

Murthy [8] summarized some of the common benefits and drawbacks of using UHPC

compared to the normal concrete.

The benefits of using UHPC are as follows:
1. High compressive strength of up to 180 MPa can be achieved.
2. High shear and tensile strength whereby a tensile strength up to 7 MPa can be
achieved, thereby eliminating shear and tensile reinforcement.
3. Low creep and shrinkage, low in creep compared to normal concrete and

negligible shrinkage can be achieved by heat treatment.

14



4. High impermeability, with improved microstructure and reduction of pores makes
the concrete highly impermeable.

5. High durability, require less maintenance cost.

6. Self-placing capability, the fluidity nature of the concrete mix makes it suitable
for self-placing and no vibration is necessary.

7. Elimination of mild steel reinforcement, due to its high compressive and shear
strength compared to normal concrete; mild steel and the labor cost for placing

the reinforcement is eliminated.

UHPC with all the above mentioned benefits and the requirements for heat treatment is
very well suited for precast construction. The UHPC also provides the following
constructability benefits:

A. Because of the high compressive strength and dependable tensile strength, UHPC
usage will result in reduction in sizes of many required members and thus
producing a lighter section. The light weight members can be transported and
erected easily compared to normal concrete members with large sections.

B. Rapid strength development and high early strength capability allow post-
tensioning to be applied at an early stage and thus decreasing the time of
construction. The high compressive strength of UHPC also allows the structural

member to be prestressed to a higher value than a traditional concrete section.

The drawbacks of using UHPC:

1. UHPC is more expensive than conventional concrete.
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2. Mixing time, time required to batch a mix is longer.

3. The high energy mixing required could damage the mixer.

4. Cleaning, time required for cleaning is longer due to use of large amount of sand
and fibers.

5. Heat treatment, adds as additional cost.

Lee et al., [9], summarized the typical compositions of concrete materials at different
levels of performance, as shown in Figure 2.5. UHPC is made up of cement, fine
aggregates, admixtures, steel fibers, and nano-fillers, while ordinary and high
performance concrete consist of cement, fine and coarse aggregates, and admixtures. The
coarse aggregate was replaced in UPHC with steel fibers and nano-fillers that enhance

the mechanical strength of UHPC.

Ordinary Performance Ultra-High Performance

High Performance Concrete

Concrete Concrete
Gravel Admixture Nano
Sand Gravel Comant Sand Sand Material

Admixture
Cement @ ® [ 4 -
Y P4

Sand -
Steel Fiber
Strength : 2040 MPa Strength : 50-100 MPa Strength : 150300 MPa
Porosity : 10-20% Porosity : 5-8% Porosity : 2% below

Figure 2.5: Compositions of concrete materials at different levels of performance [9]

A relative comparison between properties of UHPC and high strength concrete (HPC) is

shown in Table 2.1.
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Table 2.1: Properties of UHPC compared with high strength concrete [10]

Material Characteristic UHPC Compared with HPC
Compressive Strength 2-3 times greater
Flexural Strength 2—6 times greater
Elastic Modulus 1.5 times greater
Total Porosity 4-6 times lower
Micro-porosity 10-50 times lower
Permeability 50 times lower
Water Absorption 7 times lower
Chlorine lon Diffusion 25 times lower
Abrasive Wear 2.5 times lower
Corrosion Velocity 8 times lower

2.2.  General Properties of UHPC

2.2.1 Durability Characteristics

Several research studies were also conducted on various issues related to durability of

UHPC [11-27]. Studies have shown that UHPC has excellent durability against chloride

17



penetration, chemical attack and ingress of moisture due to its low permeability. The
durability characteristics of Ductal UHPC using cyclic exposures to repeated heat-cool
and wet-dry cycles in addition to other tests have also examined [11-15], and reaffirmed

the excellent durability and low permeability of UHPC.

2.2.2 Mechanical Properties
A number of past researches dealt with mechanical and durability characteristics of
UHPC different treatment regimes. These studies have firmly established the superior

material properties of UHPC.

2.2.2.1 Compressive Behavior

One of the most significant properties of UHPC is its high compressive strength. The
increase in compressive strength, over normal concrete or high performance concrete, can
be attributed to the particle packing and selection of specific constituents, and thermal
curing of UHPC. Compressive strength of UHPC is significantly affected by the type,

shape, and content ratio of fiber reinforcement.

Lubbers [10] stated that UHPC could have a compressive strength 2 to 3 times greater
than high performance concrete (HPC) and a flexural strength 2 to 6 times greater, and
such mechanical properties of UHPC make it ideal for prestressing applications. It was
also stated that before UHPC could be used in a prestressing application, bond
performance between the UHPC and the prestressing strands had to be seriously

investigated.
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Graybeal and Hartmann [28] conducted a series of tests and found that the curing method
yielded significant variations in compressive strength, up to 65% difference between
steam curing and ambient air curing. Although various curing methods can be used, the

quality control on curing methods makes UHPC more suitable for precast operations.

Perry and Zakariasen [29], found the compressive strength of thermally treated UHPC
ranges between 158 and 228 MPa. The results reported for both heat treated and
untreated UHPC in several references [30-32] have shown that the compressive strength
of UHPC generally appears to increase with increasing heat treatment temperature. The
compressive strength of UHPC, when heat treated at 90°C, increases by about 33 percent

of the strengths obtained for untreated specimens [28].

Hakeem [12] studied the compressive behavior of UHPC specimens for different ages
(i.e. 6 months) and curing methods with different percentage of steel fibers and also for
different exposure conditions. The results indicated that: (i) water-curing is better than
exposure in air in improving the strength but not by a big margin, particularly at a higher
fiber content; (ii) increase in the fiber content can improve the strength and modulus of
elasticity up to a certain extent and beyond that the increase in the fiber content is not
proportionally beneficial; and (iii) the effect of six month exposure to wet-dry and heat-
cool cycles on strength and modulus of elasticity is negligible, instead the heat-cool
cycled specimens have strength and modulus of elasticity higher than the specimens not

subjected to the cyclic exposures.

Magureanu et al. [33] reported that the UHPC specimens attained a compressive strength

of approximately 150 N/mm? and a modulus of elasticity greater than 50,000 N/mm?. In
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addition, they concluded that the compressive strength and the splitting tensile strength

were size dependent.

Hassan et al. [34] investigated the effects of steel fibers on the tensile and compressive
strength, modulus of elasticity and post-cracking behavior of UHPC at different ages.
Their results indicated that for the compressive behavior, the addition of steel fiber
appears to have a relatively small effect on the pre-cracking compressive strength and
elastic modulus. However, its influence on the post cracking behavior and failure
mechanism is significant. Moreover, they found that UHPC specimens behaved
elastically up to approximately 90-95% of their compressive strength, followed by strain
hardening behavior (compression hardening) up to peak strength, although in some tests
this behavior did not occur. Following the peak strength, a progressive strain softening
occurred in which the presence of fibers governed the softening stage, similar to its

tensile behavior.

2.2.2.2 Flexural Behavior

Several researchers have attempted to characterize the flexural strength of UHPC with
single or two-point bending tests on small prisms. Ductal North America claimed that
the flexural strength of UHPC after heat treatment ranges from 27-50 MPa. Research by
Cheyrezy et al. [4] showed that UHPC was capable of reaching a flexural strength of up

to 48 MPa and a toughness of 250 times that of normal strength concrete.

Dugat et al. [35] also reported an ultimate flexural strength of 32 MPa. UHPC with steel

fibers exhibited ductility because, as the specimen began to microcrack, the small-scale

20



fibers reinforced the matrix, causing smaller and less damaging cracks to form [28].
Normal concrete and high-performance concrete exhibited virtually no post-cracking
flexural strength but, because of fiber, UHPC exhibited significant post-cracking strength

and ductility.

The increase in the flexural behavior of UHPC was attributed to the particle packing and
the addition of fibers which held the cement matrix together after cracking has occurred.
UHPC with steel fibers exhibits ductility because as the specimen begins to micro crack,
the small scale fibers reinforce the matrix causing smaller, less damaging cracks to form

[28].

Perry and Zakariasen [29] showed that UHPC exhibited flexural strengths ranging from
34 to 48 MPa, which confirmed Cheyrezy’s findings. The typical flexural strength test
curves for Ductal UHPC and another three types of concrete shown in Figure 2.6
indicates that the equivalent stress of Ductal is more than 47 MPa, compared to about 13

MPa for FRC 80 [23].
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Figure 2.6: Typical flexural strength test curves of four types of concrete [23].

Reineck and Greiner [36] reported the average values of flexural strength for a wider
range of prism sizes, showing the size effect. The recorded higher strengths for smaller
beams are largely due to local alignment of fibers in small prisms. The local alignment
leads to relatively more fibers oriented parallel to the long direction of the prism, making

a greater proportion of the fibers effective to bridge flexural cracks [37].

Graybeal [31] conducted flexural testing of 71 specimens utilizing the procedure outlined
in ASTM C 1018, which controls the rate of deflection of the prism. The flexural testing
results appear to show that the flexural tensile strength of Ductal depends heavily on the

size of the prisms used in the test. The results of flexural strength of steam curing
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specimens were 35.4 MPa and that of untreated specimens of the same size was 29.9

MPa.

Hakeem [12] has recently reported the flexural tensile strength of UHPC determined from
four-point bend tests shows a value of about 31 MPa after 28 days water curing. In his
study, he also investigated the effect of different exposure conditions for 6 months on the
flexural performance of UHPC. The test results indicated that the wet-dry and heat-cool
conditions have virtually no negative impact on the flexural properties of UHPC.
Contrarily, heat-cool cycles have shown to improve all the properties. He reported the
significance of fiber content in the enhancement of flexural tensile strength at the peak-
load increases from 15.2 MPa with no fiber to 24.4 MPa with 3.1% fiber and 31.4 MPa

with 6.2% fiber.

Dong et al. [38] investigated the influence of the type of macro fiber on the flexural
performance of hybrid ultra-high performance fiber reinforced Concrete (H-UHPFRC).
In their study, they estimated the influence of material ductility (strain capacity) of H-
UHPFRC on both structural ductility (deflection capacity) and the ratio between flexural
strength and tensile strength. For that, they investigated four macro high strength fibers:
long smooth steel fiber, two types of hooked steel fibers, and twisted steel fibers with
different volume content of micro fibers. They found that H-UHPFRCs show
significantly better flexural performance in both deflection capacity and energy
absorption capacity compared with UHPFRC with micro fibers only. In addition, H-
UHPFRCs produce different equivalent bending stress—deflection curves according to the

types of macro fiber and the volume contents of micro fiber.
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Azad el al. [14] have reported the results of experimental work conducted to study the
effect of wet—dry and heating—cooling cycles and fiber content on tensile properties of a
commercially available UHPC (Ductal®). The results of this study showed that there was
no degradation in tensile properties under wet—dry cycles and modestly gain strength
under thermal cycling, indicating the possibility of the applications of UHPC in

aggressive exposure conditions.

Hakeem et al. [13] have investigated the fracture properties of UHPC mixtures reinforced
with steel fiber and subjected to thermal cycles to examine the effect of heat—cool cycles
of standard prism of 100x100x400 mm with a central notch in a three-point bend test. In
their study, two exposure conditions were used: a 6-month thermal cycling and a 6-month
laboratory exposure for further self-curing. The thermal cycling comprised heating in an
oven at 60 "C for 2 days and then cooling them at room temperature for the next 2 days
over a period of 6 months. Their test results indicated that UHPC reinforced with 6.2%
steel fiber exhibited excellent fracture properties with significant ductility. They also
observed that both thermal cycling and prolonged self-curing of water-cured UHPC
specimens enhanced fracture properties because of more complete hydration of cement in
UHPC. This improvement in properties signals an additional advantage of water-cured

UHPC for its application in hot climatic conditions.

Nguyen et al. [39] investigated the size effect by testing three different sizes of UHPC
specimens using four-point bending in a three-dimensional scale: 50 x 50 x 150 mm
(small), 100 x 100 x 300 mm (medium), and 150 x 150 x 450 mm (large). They found
that as the size of the specimen increased, the equivalent bending strength decreased, as
shown in Figure 2.7. Finally, they concluded that UHP-HFRC specimens in flexure
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showed clear size effects not only on flexural strength but also on normalized deflection

capacity, normalized energy absorption capacity, and average crack spacing. In addition,

as the size of the specimen decreased, the flexural strength, normalized deflection, and

normalized energy absorption capacity of UHP-HFRC increased significantly, while the

average crack spacing on the bottom surface of the specimen was noticeably decreased.
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Figure 2.7: Average load versus deflection curve (left) and average equivalent
bending stress versus normalized deflection curve (right) of UHP-HFRCs for
various specimen sizes [39]

Cornelia et al. [33] reported that the value of the flexural strength obtained on 40 x 40 x

160 mm prisms was approximately 1.47 times higher than 100 x 100 x 300 mm prisms.

Also, they observed that the flexural characteristics depended on the fiber addition and

the specimen’s dimensions. Overall, the flexural tensile strength displayed values

between 14 and 34 N/mmZ.
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Studies [40-41] reported the effect of the fiber dispersion and orientation on the flexural
performance of UHPC; their results showed that the method of placing UHPC was

significantly influenced by the fiber dispersion and orientation.

Yang et al. [42] provided a detailed presentation of experimental test results for the
flexural behavior of ultra-high performance concrete beams. They concluded that the
cracking and failure patterns revealed that many tightly spaced cracks formed
perpendicular to flexural tensile forces in the beam. These results indicate the ability of
UHPC to redistribute stresses and undergo multiple cracks before fiber pullout.
Additionally, the flexural capacity was also affected by the placing method of the UHPC
as placing the UHPC at the end of the beam provides better structural performance than
placing the UHPC at mid span. This result shows that the arrangement and orientation of

the steel fibers are influenced by the UHPC placing method.

Barnett et al. [43] investigated the fiber distribution and orientation in a series of round
panel specimens of ultra-high performance fiber reinforced concrete (UHPFRC) by using
electrical resistivity measurements and confirmed by X-ray CT imaging. In their study,
they tested round panels in flexure and the results are discussed in relation to the
observed orientation of fibers in the panels. They found out that the fiber orientation has a
very significant effect on the flexural strength of the panels as the fibers tended to align
perpendicular to the direction of flow. As a result, panels poured from the center were
significantly stronger than panels poured by other methods because the alignment of

fibers led to more fibers bridging the radial cracks formed during mechanical testing.
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Kang et al. [44] evaluated the fiber distribution characteristics to investigate their effect
on the flexural strength of steel fiber-reinforced ultra-high strength concrete in
conjunction with the direction of placement. The authors carried out flexural tests to
quantify the effect of fiber distribution characteristics on flexural strength. They found
that the fiber distribution characteristics were dependent on the direction of placing. They
concluded that fiber distribution characteristics revealed strong effect on the ultimate

flexural strength, while hardly affecting the first cracking strength.

2.2.2.3 Tensile Behavior

UHPC tensile properties are distinct from those of conventional concrete due to the
increased tensile cracking capacity of the cementitious composite matrix and the crack-
bridging behavior of the fiber reinforcement. In contrast to fiber-reinforced conventional
concretes, UHPC can exhibit significant, sustained post-cracking tensile capacity prior to

crack localization, fiber pullout, and loss of tensile capacity [45].

Doo et al. [34] stated that the characteristics of fibers such as fiber content, shape, aspect
ratio, orientation, and distribution are considerably affect the tensile performance of
fiber-reinforced ultra-high performance concrete [47-52]. Increasing the amount of fiber
is the most convincing method to improve the tensile performance including tensile
strength and fracture energy capacity. This means that the demanded tensile strength can

be achieved by using adequate amount of fiber.

Habel et al. [53] show a schematic of the three distinct tensile behaviors that UHPC can

exhibit: 1) linear-elastic behavior before cracking; Il) post cracking strain hardening
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behavior and dispersed discrete cracking; and Ill) softening behavior during strain

localization across specific cracks (Figure 2.8).
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Figure 2.8: Tensile behavior of UHPC [53].

With the growing use of UHPFRC in modern construction, determining its tensile and
compressive properties is essential in the study of its structural behavior, numerical

modeling and fracture mechanics [34].

It was found that the average tensile strength of commercially available UHPC varies

between 10 to 15 MPa. The tensile flexural strength ranges between 24 MPa to 29 MPa.

The addition of steel fibers to UHPC matrices successfully increased the fracture
toughness, tensile strength, ductility and energy absorption capacity of UHPCs, although

their performance were various according to the types of fiber [54].

Nguyen et al. [54] investigated the direct tensile stress versus strain response of Ultra-
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High-Performance Fiber Reinforced Concrete (UHPFRC) with various sizes and
geometries. The UHPFRC used in their research contained 1% macro twisted and 1%
micro smooth steel fibers by volume. The effects of gauge length, section area, volume
and thickness of the specimens on the measured tensile response of the UHPFRC were
experimentally discovered. They found out that the different sizes and geometries of
specimens did not generate significant influence on the post cracking strength of
UHPFRC whereas they produced clear effects on the strain capacity, energy absorption
capacity and multiple cracking behavior of UHPFRC. The strain capacity, energy
absorption capacity and the number of multiple micro cracks within unit length obviously
decreased as the gauge length, section area and volume of UHPFRC specimens increased.

In contrast, as the thickness of the specimen increased, different tendency was observed.

Hassan et al. [34] concluded that the steel fiber content in UHPFRC had a significant
effect on improving the tensile strength by almost double compared to those of UHPC
without fibers. This is a significant benefit for concrete structures where punching shear
failure is an important consideration such as with bridge deck designs. Moreover,
ductility in both tension and compression were improved substantially. In contrast, their
influence on the compressive strength and modulus of elasticity was relatively small.
They reported that the Maximum tensile strain attained at peak strength was in range of

1.5-3% compared to the values of 0.15-0.25% for the UHPC (without fibers).

Kay et al. [55] conducted a research work on the optimization of strength and ductility of
ultra-high performance fiber reinforced concretes (UHP-FRC) under direct tensile
loading. In their research they focused on the development of strain-hardening UHP-FRC

characterized by: (1) a relatively high tensile strength (exceeding 13 MPa, (2) a high
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ductility, expressed by the strain at peak stress g, in tension exceeding 0.3%, and (3) a
relatively low fiber content (not exceeding 2.5% by volume). Their results show that,
with appropriate high strength steel fibers, and 1% fiber volume fraction it is sufficient to
trigger strain hardening behavior accompanied by multiple cracking, this characteristic
essential to achieve high ductility. Also, by improving both the matrix and fiber
parameters, an UHP-FRC with only 1.5% deformed steel fibers by volume resulted in an

average tensile strength of 13 MPa and a maximum post-cracking strain of 0.6%.

The researchers also illustrated a simplified response of strain-hardening FRC comprising
Part | (Elastic behavior up to 90-95% of cracking strength, followed by development of
micro cracks and activation of fibers; Part 1l (Strain hardening behavior with multiple

cracking, small crack width, and inelastic strain); and Part Ill (Softening behavior)

(Figure 2.9).
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Figure 2.9: Idealized simplified response of strain-hardening FRC composites in
tension [55].
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They concluded that by improving the fiber bond behavior through: (1) increasing matrix
density and strength (up to 200 MPa), (2) increasing fiber strength (up to 3100 MPa), and
(3) improving the mechanical bond of the fiber through fiber deformation (end hook or
twisted), an UHP-FRC can be designed to achieve a relatively high tensile strength (up to

15 MPa) and ductility (gpc = 0.6%) with a low fiber volume fraction (about 2%).

2.2.3 Hybrid Construction with UHPC

As UHPC can offer solutions for specific concrete construction which heretofore were

not possible, attempts are being made to utilize UHPC for innovative applications.

Azad and Hakeem [56] have completed an exploratory study of hybrid floor slab
construction utilizing UHPC at the tension face to provide tensile strength and
eliminating the use of steel reinforcement. The findings support the concept of hybrid
slab construction. In another study, Azad and Hakeem [57-58] investigated the possibility
of utilizing high flexural tensile strength of steel fiber-reinforced UHPC by using a layer
of UHPC as the tension face of a hybrid flexure member that would eliminate the need of

passive reinforcement to provide the tensile strength.

Azad and Hakeem [59] have studied beam construction using UHPC introducing for the
first time the concept of UHPC bars as tension reinforcement. Based on the findings, a

patent of the product has been filed [60].

Elmahdy et al. [61] investigated the behavior of hybrid composite hollow-box beams
experimentally and analytically to determine the feasibility and effectiveness of the

structural section as the main flexural member in bridge construction. This research is
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concerned with developing an understanding of the behavior of an innovative beam
design. The beam is composed of an Ultra-High Performance Concrete (UHPC) in the
compression zone and Steel or Carbon Reinforced Polymer sheets (SRP or CFRP) to
resist the tension. The capacity of GFRP box sections was increased significantly by

adding UHPC on the compression side and SRP or CFRP sheets on the tension side.

Donna et al. [62] investigated the behavior of composite beams fabricated from fiber
reinforced polymers (FRPs) and Ultra-High Performance Concrete (UHPC) under static
flexural loading. In this work, the use of high performance materials, such as FRPs and
UHPC, in the design of the proposed hybrid cross-section is intended to allow for higher
strength to be achieved while reducing section weight and overall size. The cross-section
of the hybrid structural member consists of a thin layer of UHPC supported on the top
flange of a GFRP hollow box section. Along the base of the GFRP box section, sheets of
tensile reinforcement, made from either CFRP or SFRP, are applied. Testing of the
hybrid beams have revealed that in addition to the UHPC layer acting to increase the
resistance of the GFRP hollow box section beam, it also provides lateral support and

prevents compressive flange buckling at higher loads.

Ferrier et al. [63] developed a new hybrid glulam beam that will increase the performance
of timber structures and optimize the use of wood in such structures. The hybrid beam is
made by combining glulam with ultrahigh-performance short fiber-reinforced concrete
(UHPC-SFR) planks with or without internal reinforcement consisting of steel- or fiber-
reinforced polymer reinforcement bars. The results show that by combining wood and
UHPC-SFR, it is possible to obtain a hybrid beam with greater bending stiffness and

increased ultimate load capacity. This experimental investigation confirms the validity of
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the concept of a new type of hybrid beam, made of glued-laminated wood and UHPC

planks internally reinforced with steel or FRP reinforcement bars.

Hajek et al. [64] studied the timber-concrete composite floor structures benefit from
lower weight of UHPC deck while improving acoustic parameters and fire safety of the
structure. They reported that one of the key problems is the connection system between
timber beam and UHPC deck. The experimental results have showed that this can be
solved by gluing. The results show that the high quality of mechanical and environmental
performance creates the potential for wider application of UHPC in building construction

in the future.

Schaéfers et al. [65] investigated the bonded composite constructions from timber and
ultra-high performance concrete (UHPC) as a highly innovative structural element. They
carried out extensive theoretical and experimental investigations on the bond between
timber and UHPC. In most cases they found that the failure of the bond occurs in timber
close to the bond-line. From their research, they concluded that the theoretical models
were able to describe the behavior of the bond between timber and UHPC and the
experimental investigations on the bond behavior depicted that a failure of the bond in
timber were close to the bond-line in almost all cases, and that nonlinear effects in the

load-relative displacement curve occur with increasing bond length.

Bassam et al. [66] examined experimentally the mechanical properties and permeability
characteristics of the interface between normal concrete (NC) substrate which represents

old concrete structures and an overlay of ultra-high performance fiber concrete (UHPFC)
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as a repair material. Their results show that the newly overlay UHPFC achieves high

bond strength and bonds efficiently with the NC substrates.

Youssef et al. [67] investigated the bonded composite constructions using timber and
ultra-high performance fiber reinforced concrete (UHPFRC) as highly innovative
structural elements technically and economically efficient, and having better
environmental performances. Their research described the timber-concrete assembly by
adhesive bonding and specially the behavior of bonded joint between Laminated Wood

(LW) and UHPFRC.
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CHAPTER 3

EXPERIMENTAL PROGRAM

The experimental work involved testing prepared test specimens to observe flexure
strength and behavior of hybrid specimens of three types: (i) hybrid layered beam
specimens; (ii) UHPC reinforced beam specimens, and (iii) hybrid hollow-core beam
specimens with top and bottom UHPC layers and a layer of normal Portland cement
concrete (NC) sandwiched in between the UHPC layers. The work proposed was
completed in phases. In the first phase, the ingredients for both UHPC and ordinary
concrete were procured. In the second phase, the mix design for both concretes was
finalized and the test specimens were cast. In the third phase, the specimens were tested
to ascertain the flexural performance and behavior of the proposed hybrid floor slab

constructions.

3.1. Materials Used in Hybrid Construction

3.1.1 Ultra-High Performance Concrete (UHPC)
A suitable UHPC mixture was developed using locally available materials such as
cement, fine sand, micro silica and super plasticizer (Glenium 51®). Only steel fibers

were imported.
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Q) Cement
Type | ordinary Portland cement conforming to ASTM C 150 with a specific gravity of
3.15 was used in both UHPC and ordinary mixtures. Sufficient amount of cement was

procured and stockpiled safely to prevent hardening of cement.

(i) Micro Silica

Elkem Microsilica was obtained from a local supplier in the Kingdom. 1t is a byproduct
generated from the carbothermic reduction of quartz and quartzite in electric arc furnaces
in the production of silicon and ferrosilicon alloys. It is a siliceous material, containing
85-95% SiO, with very fine vitreous particles, which improves the strength and

durability properties of concrete.

The chemical composition of cement and microsilica (MS) was determined at the

Research Institute of the University. The results are shown in Table 3.1.
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Table 3.1: Chemical Composition of Type | Cement and Microsilica

Composition Weight % Cement Microsilica

CaO 64.35 0.48

SiO; 22 925

Al;,O3 5.64 0.72

Fe,03 3.8 0.96

K20 0.36 0.84

MgO 211 1.78

Na,O 0.19 05
Equivalent alkalis (Na,O + 0.658K,0) 0.33 -
SO3 2.1 -

Loss on ignition 0.7 1.55
CsS 55 -
C.S 19 -
CsA 10 -
C,AF 7 -
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(iii)  Fine Sand
Dune sand, a vastly available material in the Kingdom, was used as fine aggregate in this

study. The specific gravity of fine aggregate was 2.56, and the absorption was 0.4%. The

grading of the dune sand used in the study is shown in Table 3.2.

Table 3.2: Grading of the Fine Aggregate used in the Study

ASTM Sieve No. Size (mm) Percentage Passing (%)
4 4.75 100
8 2.36 100
16 1.18 100
30 0.6 75
50 0.3 10
100 0.15 S)

(iv)  Superplasticizer

Glenium 51® as superplasticizer was used in all the mixes of UHPC. It’s a new
generation polycarboxylic-based ether hyperplasticiser. It was sourced from a local
supplier in the Kingdom (BASF). Its technical data is shown in Table 3.3, as obtained

from the manufacturer.
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Table 3.3: Technical Data of Glenium 51®

Property Brown Liquid
Specific gravity @20° C 1.08+0.02 g/cm®
pH-value @20°C 7.0+1.0
Alkali content <5.0
Chloride content <0.1 %

(v) Steel Fibers

Steel fibers are dimensionally the largest constituent in a typical UHPC mixture. The
randomly distributed short fibers are generally introduced into the UHPC matrix in order
to enhance its mechanical properties such as toughness, impact resistance, ductility (post

cracking), tensile and compressive strength.

The imported steel fibers were smooth plain copper coated, having a nominal diameter of
0.2 mm and 13 mm length with aspect ratio (ratio of length to nominal diameter) of 65

(Figure 3.1). The manufacturer’s specified minimum tensile strength is 2500 MPa.
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Figure 3.1: Steel fibers used in UHPC mix

3.1.2 Normal Portland Cement Concrete (NC)
In normal concrete mixture, the same cement type and fine sand used in developing

UHPC were used.

The coarse aggregates used in this study were crushed limestone sourced from a local
quarry in Abu Hadriah, Eastern Province of Saudi Arabia. It has a maximum aggregate
size of 12.5 mm, specific gravity of 2.60 and absorption of 1.4%. Three aggregate sizes,
12.5 mm (*2 inch), 4.75 mm (3/16 inch), and 2.36 mm (3/32 inch) were used in all NC

mixtures.
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3.2.  Mix Design

3.2.1 UHPC Mix Design and Preparation

Locally developed and optimized mix for UHPC was used for all test specimens. The mix
design was invariant in this work. Mixing of UHPC requires special equipment and
procedures to develop consistency in batching, casting, and curing in a timely fashion. A
high shear capacity mixer along with vibratory table is required. Casting of UHPC was
carried out in Civil and Environmental Engineering Department’s laboratory, using
horizontal pan mixer. The UHPC mixer and UHPC mix used for casting of UHPC is

shown in Figure 3.2.

The developed UHPC mix utilized in the hybrid construction had the composition per
cubic meter as follows: ASTM Type | Portland cement 900 kg; micro-silica 220 kg, fine
sand 980 kg, steel fiber 157 kg (about 6.3% by weight of UHPC), superplasticizer 40.3
kg (Glenium 51®) and water 168 kg (representing water-binder ratio of 0.15). The steel
fibers were of 0.15 mm in diameter and 12.7 mm in length with minimum tensile strength
of 2500 MPa. The UHPC mix design yielded cube compressive strength over 160 MPa

and flexural tensile strength exceeding 25 MPa.

The measured quantities of cement, fine sand, microsilica are mixed at low speed for
about 3 minutes. Water and superplasticizer are mixed separately. Then, the mixed liquid
of water and superplasticizer added slowly to the dry mix (key point) in a course of 4-6
minutes. The observed turning point can be seen in the first 5-7 minutes by which time
the mixture will change completely into thick plastic paste. The addition of water and

superplasticizer mixture is continued slowly to complete the addition. At this stage, the
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mix will transform into a flowable paste. Finally, steel fibers are added to the mix in very
slow rate to ensure uniform dispersion of the steel fibers in the mix. The total mixing

time of UHPC mix is about 15-20 minutes.

Based on the trial mixes, the optimum dosage of Glenium 51® plasticizer was found to
be 4% by weight of the binder (cement and microsilica), equivalent to about 1.8 % by
weight of the mixture. This is the maximum limit allowed to prevent delaying the setting
time of the mixture which in turn affects the demolding time. For the mix design used,

the minimum demolding time was 24 hours following the specified procedure of mixing.

Figure 3.2: UHPC mixer (left), UHPC mix in the mixer (right).

3.2.2 Normal Portland cement concrete (NC) Mix Design
The mix proportion of normal Portland cement concrete used consisted of cement 350

kg/m®, coarse aggregates 1092 kg/m°, fine aggregate 729 kg/m® and water 184.4 kg/m?
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(corresponding to water-cement ratio of 0.5) to produce an average cylinder compressive

strength of about 40 MPa.

3.3.  Test Specimens, Casting and Curing

3.3.1 Evaluation of Material Properties

The material properties of the developed UHPC and normal Portland cement concrete
used in the hybrid floor slab constructions were determined through a number of tests, the
results of which are presented in Chapter 4. Uniaxial compression, splitting tensile
strength, uniaxial direct tensile and flexural tensile strength, under four-point-bending,
were conducted on the developed UHPC. For ordinary Portland cement concrete, uniaxial

compression tests on 100 mm cubes and 75x150 mm cylinders were carried out.

3.3.1.1 Material Properties of UHPC
All test specimens for material properties of UHPC mentioned below were cured using

heat treatment by placing specimens for 48 hours at 90 °C.

I. Compression strength and modulus of elasticity

The compressive strength of UHPC was determined using 30 50 x 50 x 50 mm cubic
specimens. Six cylinders of 75 x 150 mm (Figure 3.3) were used to determine the stress-
strain behavior of UHPC. They were fitted with strain gages diametrically at two opposite

sides of the cylinders at mid height.
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il Splitting tensile strength
Split cylinder is another means of measuring indirectly the tensile strength of concrete
using ASTM C 496. Six UHPC cylinders of 75 mm diameter and 150 mm length (Figure

3.4) were used.

Figure 3.3: Test specimens used for compressive strength of UHPC.
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Figure 3.4: UHPC cylinder under splitting tensile test.

iil. Direct tensile test

In this test, Six UHPC prisms of dimensions 25x25x285 mm (Figure 3.5) were used.
Two strain gages were mounted on the opposite sides of the specimen at the center of the

prism to measure longitudinal strain. The experiment focused also on bridging effect

produced by the fibers during the tensile tests.
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Figure 3.5: Prisms used in uniaxial direct tension test of UHPC.

iv. Flexural Tensile Strength and Behavior

The flexural strength was determined by testing 34 UHPC prism specimens of size 40 x
40 x 160 mm (Figure 3.6) in four- point loading under a displacement controlled testing
machine of 600 kN capacity with load rate of 0.5 mm / min. For the purpose of finding
the cracking strength of the matrix, three prisms of UHPC were prepared using the same

UHPC mix without addition of steel fibers.
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Figure 3.6: Prisms used for flexural strength of UHPC.

3.3.1.2 Normal Portland Cement Concrete (NC) Properties

i Compressive Strength and Modulus of Elasticity

Cube compressive strength was determined by testing six 100 mm cubes in accordance
with ASTM C 39 using a digital compression testing machine (MATEST) after 28 of
water curing. Additionally, cylinder compressive strength was determined by testing six
75x150 mm cylinders in accordance with ASTM C 39. Cylinders were tested in

compression using two strain gages fixed at diametrically opposite sides and two LVDTSs
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to record the strain and displacement. The results were analyzed to determine the strength

and modulus of elasticity (Figure 3.7).

Figure 3.7: Test specimens used for compressive strength of NC.

Table 3.4 summarizes all the specimens tested for evaluation of the material properties of

UHPC and normal concrete.
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Table 3.4: Specimens Details for Properties of Materials used in Hybrid
Construction

No. of
Material Test Type Specimen Size
Specimens
Compressive strength 50x50x50 mm cube 30
Compressive strength and
75x150 mm cylinder 6
modulus of elasticity
UHPC
Splitting tensile strength 75150 mm cylinder 6
Direct tension 25x25x285 mm prism 6
Flexural strength 40x40x160 mm prism 34
Compressive strength 100x100x100 mm cube 6
NC .
Compressive strength and .
75x150 mm cylinder 6

modulus of elasticity
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3.3.1.3 Hybrid Specimens
Three alternative forms of construction of slab-type members (flexure-controlled design)

were explored in this work for their structural adequacy.

(@) Hybrid Layered Specimens
(b) UHPC Reinforced Specimens

(c) Hollow- Core Specimens

The details of each type of the three hybrid construction are presented.

(a) Hybrid Layered Specimens

(i) Specimens Detail

The test program involved testing of simply supported small-size beam-type specimens
that would fail in flexure but not in shear, as the beams were not be provided with shear
reinforcement, analogous to one-way simply supported slabs that do not normally have
shear reinforcement. The size of the test specimens was kept within acceptable
dimensions, neither too large to create handling problems nor too small to have any size

effects.

Four beam sizes were chosen (Table 3.5): Group A- 150x150x760 mm, Group B-
150x150x1000 mm, Group C- 150x200x900 mm (200 mm depth) and Group D-

150x200x1200 mm (200 mm depth).

All test specimens were cast with a bottom layer of UHPC and then topped with ordinary
Portland cement concrete (NC) (Figure 3.8). For Group A, (150x150x760 mm size) and

Group C (150x200x900 mm), two different curing options for UHPC layer, C1 and C2 as

50



explained later, were adopted. Two different thicknesses of bottom layer of UHPC were
used for each beam size. A total of 12 specimens, six with 20 mm thickness of UHPC
(three for each curing option) and six with 40 mm UHPC layer (three for each curing
option) were cast in 150x150x760 size. Also, 12 specimens were cast, six with 25mm
(three for each curing option) and six for 50 mm thickness of UHPC (three for each
curing option) in 150 x 200 x 900 size. For the longer span specimens as in Group B
(150x150x1000 mm), six specimens were prepared, three with 20 mm (three for one
curing option) and three for 40 mm thickness of UHPC and for Group D beam
(150x200x1200 mm), also six specimens were cast, three with 25 mm (three for one
curing option) and three for 50 mm thickness of UHPC. Thus, in total 36 specimens were
cast. Table 3.5 lists the details of all test specimens, including the test variables and

numbers of specimens used.
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Table 3.5: Test Specimen’s and Details of Hybrid Layered Specimens

. Test
Groups | Beam Size (mm) UHPC Thickness Beam ID Span No. qf Test
(mm) specimens
(mm)
LS-A-C1*
20 - 6
150x150 x 760 LS-A-C2
Group A 630
(bxhxL) LS-B-C1*
40 6
LS-B-C2
150x150x1000 20 Ls-c-c2* 3
Group B 900
(bxhxL) 40 LS-D-C2} 3
LS-E-C1*
25 : 6
150x 200x 900 LS-E-C2
Group C 750
(bxhxL) LS-F-C1*
50 6
LS-F-C2f
150x 200x 1200 25 LS-G-C2° 3
Group D 1100
(bxhxL) 50 LS-H-C2¢ 3
Total number of specimens 36

*Curing option C1: Concrete cast immediately over uncured UHPC layer

*Curing option C2: Concrete cast after 2 days of curing of UHPC layer
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Figure 3.8: Hybrid layered beam specimens.

Test specimens were designed taking into consideration the effect of thickness of UHPC,

which was treated as a main variable, on the strength and behavior.

I. Casting and Curing

All specimens were prepared using same UHPC mix and casting procedure. In other

words, mix design and casting procedure were invariant.

Two curing conditions were used for groups A and C: in curing option C1, the top normal
Portland cement concrete layer was placed immediately over the bottom UHPC layer

without allowing any time for curing of UHPC; in curing option C2, the bottom UHPC
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layer was first cast in a mold and then left for 2 days for self-curing (Figure 3.9). The top
surface was left unfinished. Normal concrete was then placed over the UHPC layer and
vibrated. The top surface of all specimens was trowel-finished. Figure 3.10 shows the
view of beam specimens with UHPC bottom layer. All specimens were moist-cured for

28 days prior to testing.

Figure 3.9: UHPC layers before casting the ordinary concrete on top.

54



Figure 3.10: Hybrid beams with bottom UHPC layer after casting.

3.3.1.4 UHPC Reinforced Specimens

i Specimens Details

UHPC bars, rectangular or square in section, were precast using same UHPC mix and
mixing procedure as explained in section 3.3.1. They were used as tension reinforcement

in beam specimens as shown in Figure 3.11.
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Figure 3.11: Typical UHPC reinforced beam specimens

Six groups of beam sizes were chosen: (i) 150 x 150 x760 mm, (ii) 150 x 200 x 900 mm
(200 mm depth), (iii) 150 x 220 x 760 mm (220 mm depth), (iv) 200 x 270 x 1000 mm
(270 mm depth)., (v) 200 x 220 x 1000 mm (220 mm depth) and (vi) 200 x 310 x 1000
mm (310 mm depth). The UHPC bars used were square or rectangular cross-section in
three sizes: (i) 25 x 25 mm, (ii) 25 x 50 mm, and (iii) 50 x 50 mm and had varying
lengths and numbers as shown in Table 3.6. The details of all test specimens, including

the number of samples used are given in Table 3.6.
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ii. Casting and Curing

The hybrid specimens with UHPC bars were cast in two steps. First the prepared mix was
placed in the molds for casting of UHPC bars according to their sizes. The top surface of
the bars was left unfinished to provide good bond with Normal Concrete (NC). To
improve further the bond between UHPC bars and NC, the two vertical edges of the bars
were cast with grooves as shown in Figure 3.12. After casting, the bars were heat-cured
at a temperature of 90 °C for 48 hours to accelerate curing and strength development. In
the next step, the precast UHPC bars were transferred to another mold (Figure 3.13) and
then NC was poured and vibrated for compaction. It should be noted that as the bars were
placed directly in the mold, there was no bottom cover to UHPC bars (Figure 3.14). The
top surface of the hybrid beams was trowel finished. All specimens were moist-cured for

28 days prior to testing.
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Table 3.6: Test Specimen’s and Details of UHPC Reinforced Beam Specimens

Specimens Beam Size Test Span UHPC Bar | Beam | No. of Test
Group (mm) (mm) Cross Section | |p | Specimens
(No.-w x d)
630 2-25%x25 UB-1 6
Group (i)
(bxhxL) 630 2-25x50 | UB-3 5
630 2-50 x 50 UB-4 4
Group (i) | 190%200x 900 750 2-25x25 | UB-5 3
(bxhxLl)
Group (iii) | 120X 220x760|  4gq 2-50x50 | UB-6 2
(bxhxL)
. 200 x 270 x
Group (iv) 900 2- 50 x 50 UB-7 2
1000
200 x 220 x
Group (v) 900 2-50x50 | UB-8 2
1000
200 x 310 x
Group (vi) 900 4-25x 25 UB-9 2
1000
Total number of specimens 29

58




Figure 3.13: UHPC bars in their moulds.
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Figure 3.14: Hybrid specimens reinforced with 2 - 50x50 mm UHPC bars.

3.3.1.5 Hybrid Hollow-Core Specimens

I. Specimens Details

The dimensions of the test specimens are chosen to avoid the problem of handling,
casting and testing. Five groups of hollow core specimens, as shown in Figure 3.15,
were chosen: (i) 260x140 mm (140 mm depth) with two circular holes (ii) 330x175 mm
(175 mm depth) with two circular holes, (iii) 390x200 mm (200 mm depth) with two
circular holes, (iv) 380x140 mm (140 mm depth) with three circular holes, (v) 260x140
mm (140 mm depth) without circular holes (solid section) . For Groups (i) to (iii), two
lengths, 1000 mm and 1200 mm, were considered. For Group (iv), the length was 1200

mm and for Group (v) (solid section), the length of the specimens was 1000 mm. All
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sections had same thicknesses of UHPC layers: 20 mm thick for the top layer and 30 mm

thick for the bottom layer. Table 3.7 shows the details and number of test specimens.

HPC

O

260
HPC
HPC

Group (i) Group (ii)

HPC

UHPC

380

UHPC

Group (iii) Group (iv)

Group (v)

Figure 3.15: Cross-sections of hybrid hollow core specimens.
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Table 3.7: Test Specimens and Details

Cross Section Test No. of
Beam No. of Length
Group i Span Test
Designation | Holes Width | Depth | (mm)
(mm) | Specimens
(mm) (mm)
HC-A-S1 1000 | 900 3
i HC-A-S2
Group (i) HC-A-S3 2 260 140
HC-A-L1 1200 | 1100 3
HC-A-L2
HC-A-L3
HC-B-S1 1000 | 900 3
. HC-B-S2
Group (ii) HC-B-S3 2 330 175
HC-B-L1 1200 | 1100 3
HC-B-L2
HC-B-L3
HC-C-S1 1000 900 3
HC-C-S2
Group (iii) HC-C-S3 2 390 200
HC-C-L1 1200 | 1100 3
HC-C-L2
HC-C-L3
Group (iv) HC-D-L1 3 380 140 1200 | 1100 3
HC-D-L2
HC-D-L3
Group (v) | HC-E-S1 | No holes 260 140 1000 | 900 3
HC-E-S2
HC-E-S3
Total No. of specimens 24

In beam designations shown in Table 3.7, the letter ‘S’ indicates shorter length of 1000

mm (e.g. HC-A-S1) and ‘L’ indicates longer length of 1200 mm (e.g. HC-A-L1).
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ii. Casting and Curing

All specimens were prepared using same UHPC mix and casting procedure. Each hybrid
hollow core specimen was cast in two stages. In the first stage, the top and bottom UHPC

faces were cast in separate moulds (Figure 3.16a).

Figure 3.16: Steps of fabricating of UHPC layers: (a) Casting of UHPC layers, (b)
Surface roughness of UHPC layers, (c) Curing of UHPC layers in oven, (d) Final
precast UHPC layers.

The exposed top surface of UHPC layer was roughened provide better bond with in-fill

concrete (Figure 3.16b). It was demolded after 24 hours and then cured under heat-
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treatment at 90 °C for two days (Figure 3.16c). The precast UHPC layers are shown in

Figure 3.16d.

For casting of the complete section in the second stage, the two UHPC faces were placed
in a mould with rough surface facing inside the section. Two or three tubes made of
papers or styro-foam were positioned in the mould to construct the holes (Figure 3.17)
and then the filling was completed by pouring normal concrete mix. After one day, the

void forms were removed from the section. Each specimen was water-cured for 28 days.

Figure 3.18: Final hybrid hollow core test specimens.
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Figure 3.18 shows the view of the hybrid hollow core specimens after demolding.

3.4. Testing of Specimens

3.4.1 Evaluation of Material Properties
A suitable UHPC mixture was developed using locally available materials such as
cement, fine sand, micro silica and super plasticizer (Glenium 51®). Only steel fibers

were imported.

3.4.1.1 Material Properties of UHPC

I. Compression Test

The compression tests were completed on cubes and cylinders according to the standard
test methods of ASTM C109 for cubes (Figure 28) and ASTM C 39 for cylinders

(Figure 29).

The 50 mm cubes were tested under a 3000 kN capacity digital compression testing
machine after 48 hours of heat curing at 90 °C according to the standard test method of

ASTM C109 for cubes as shown in Figure 3.19.

The compression tests of cylinders were conducted by means of hydraulic press machine
with a capacity of 1000 kN and connected to a data acquiring device to record the load-
strain diagram as shown in Figure 3.20. For all cylinders tested, the standard size had a

diameter of 75 mm and a prepared length of about 148 mm by cutting the rough end.
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Figure 3.20: Uniaxial compressive testing of UHPC cylinders.




ii. Splitting Tensile Strength
Splitting cylinder tension tests were also conducted to determine the tensile properties of
UHPC indirectly using ASTM C496. The tests were performed under a compression

testing machine (MATEST) of 3000 kN capacity.

iii. Direct Tensile Test

Experimental tests were carried out by means of an Instron testing machine for tensile
test, with a tensile capacity of 250 kN, connected to data logger to acquire data and
record the failure tensile load and load—displacement and load-strain diagrams. For small
UHPC prisms of 25x25x285 mm size, the tests were displacement controlled, with a rate
of 0.5 mm/min (Figure 3.21). Some specimen was instrumented with two strain gages
prior to testing The aim of the test was the detection of uniaxial tensile strength of the

developed UHPC in order to utilize it in the finite element modeling.
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Prism (25x25x285)
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Figure 3.21: Setup for uniaxial direct tension of prisms.

iv. Flexural Tensile Strength and Behavior

The standard four-point flexural test to determine modulus of rupture (MOR) according
to ASTM C 78 is one of the most common method for obtaining flexural tensile strength
of normal as well as high-performance concretes. To determine the tensile properties of
UHPC, the four-point flexural tests were carried out using concrete prisms having
dimensions 40x40x160 mm. The load and the cross head deflection of the prisms were
recorded. The cast prisms were oriented in the load frame such that the top and bottom of

the prism as cast became the back and front of the prism as tested.



31 prisms were tested, after 48 hours of heat curing. Testing of prisms was conducted on
a 300 KN LLOYD Instrument Machine with a rate of 0.5 mm/min and the deflection was

measured using the cross head deflection of the machine as shown in Figure 3.22.

Figure 3.22: Flexural strength setup for UHPC prisms.
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3.4.1.2 Normal Portland Cement Concrete (NC) Properties

i Compressive Strength and Modulus of Elasticity

Compressive strength was determined on 100 mm cube specimens according to ASTM C
39 using a digital compression testing machine (MATEST) after 28 days of water curing.
Cylinders were tested in compression using two strain gages on each opposite sides to
record the strain and two LVDTs to record the displacement and the results were

analyzed to determine the strength, modulus of elasticity (Figure 3.23).

Figure 3.23: Setup uniaxial compression test of normal Portland cement concrete.
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3.4.2 Hybrid Specimens

3.4.2.1 Material Properties of UHPC

All specimens were tested in a four-point bend test (Figure 3.24) under an Instron
machine using monotonically increasing load till failure. The maximum load in kN
sustained by a beam is denoted by P. The following values of span L and the shear span,
a, were used: for Group A, L=630 mm, a= 240 mm, for Group B, L=900 mm, a= 375
mm, for Group C, L=750 mm, a= 300 mm, and for Group D, L=1100 mm, a= 475 mm.
In all cases, the span to depth ratio a/h was greater than 1.5. Figure 3.25 shows a

complete test setup.

P/2 P2
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Figure 3.24: Four-point bend test of the hybrid beams.
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Figure 3.26: Instrumentation for test specimens.
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The mid-span deflection was measured by a LVDT attached to the bottom of the beam at
mid spa (Figure 3.26). The declining post-cracking load path was recorded following the
peak load to observe softening. Loading on each specimen was increased at load rate of
0.5 mm / minute till the end recording the strains and deflection at each step of loading.

The failure load and the mode of failure were recorded.

Some beams were strain-gauged at top and bottom surfaces and at two locations on the
vertical faces (Figure 3.26) to record normal strains for comparison with the theoretical
values. In addition to measurement of deflection and strains, crack growth was also noted
along with the mode of failure for each test specimen. Figure 3.26 shows the

instrumentation for test specimens.

3.4.2.2 UHPC Reinforced Specimens

All beam specimens were tested in a four-point bend test under an Instron machine using
monotonically increasing load till failure (Figure 3.27). the following values of span L
and shear span a were used: For Group (i) of size 150 x150 x 760 mm in size, the span L
was 630 mm with a = 240 mm. For Group (ii) of size 150 x 200 x 900 mm beams, L =
750 mm and a = 300 mm. For Group (iii) of size 150 x 220 x 760 mm beams, L = 680
mm and a = 265 mm. For Group (iv) of size 200 x 270 x 1000 mm beams, L = 900 mm
and a = 375 mm. For Group (v) of size 200 x 220 x 1000 mm beams, L =900 mm and a
= 375 mm. For Group (vi) of size 200 x 310 x 1000 mm beams, L = 900 mm and a = 375
mm. Figure 3.28 shows the complete test set up for testing of hybrid slabs with tension

UHPC bars.
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The shear span to depth ratio a/h varied from 1.2 to 1.7. The maximum load in kN
sustained by a beam is denoted by P. The mid-span deflection was measured by a LVDT.
The declining post-cracking load path was recorded following the attainment of peak load
to observe ductility. In some beams, the UHPC bars were strain-gaged at the bottom with
embedded gages before casting of normal concrete in the molds as shown in Figure 3.29
.Most of the hybrid beams were strain-gauged at top and bottom surfaces and at two
locations on the vertical faces to record normal strains for comparison with the theoretical
values. In addition, crack growth was also noted along with the mode of failure for each

test specimen. Figure 3.30 shows the instrumentation for test specimens.
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Figure 3.27: Four point bending test of UHPC reinforced bars beam.
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Figure 3.29: Embedded Strain gages at the bottom of UHPC bars before casting of
NC.

75



Figure 3.30: Location of strain gages in test specimens.

3.4.2.3 Hybrid Hollow-Core Specimens

All hollow core specimens were tested in a four-point bend test under an Instron machine
using monotonically increasing load till failure (Figure 3.31). Prior to testing, each
specimen was fitted with strain gages at top and bottom face at the midspan to record
strains. In each specimen, six strain gages were fixed as follows: three strain gages at the
bottom side distributed as: one at the center (SG.2) and one left (SG.1) and one right
(SG.3), two strain gages along the depth spaced as one third of the slab depth (SG.4,
SG.5) and one at the top (SG.6) along the center line at mid span of the beam as shown in

Figure 3.32.
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In addition, a LVDT was used at midspan to record deflection. Loading on each specimen
was increased at a load rate of 0.5 mm / minute under INSTRON testing machine with
maximum capacity of 250 kN, recording the strains and deflection at different load

levels. The failure load and the mode of failure were recorded.

P/2 P/2
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Figure 3.31: Four-point bend test of the hybrid hollow core slab.
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Figure 3.32: Strain gage locations in the hybrid hollow core test specimens.

The shorter span specimens were tested with a shear span to depth ratio of 325, while the
longer span specimens were tested with a shear span to depth ratio of 425. Figure 3.33

shows a complete test setup for four-point bend test.
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Figure 3.33: Complete test setup for hybrid hollow core specimens.

The mid-span deflection was measured by a LVDT (Figure 3.34). The declining post-
cracking load path was recorded following peak load to observe ductility. All hybrid
hollow core slabs were strain-gauged at top and bottom surfaces and at two locations on
the vertical faces to record normal strains (Figure 3.34) for comparison with the
theoretical values. In addition to measurement of deflection and strains, crack growth was

also noted along with the mode of failure for each test specimen.
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Figure 3.34: Instrumentation for test specimens.
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CHAPTER 4

TEST RESULTS AND DISCUSSION FOR MATERIAL

PROPERTIES

4.1. Ultra High Performance Concrete (UHPC)

The developed UHPC mixture used in the casting of hybrid construction has the

following properties:

4.1.1 Uniaxial Compressive Strength

An average value of cylinder compressive strength of six specimens was 160 MPa
corresponds to average axial strain of 0.0038 has been attained with a maximum and
minimum value of 170 MPa and 150 MPa respectively and standard deviation of 10. The
average value of compressive strength of 31 cubes was about 168 MPa with a maximum
and minimum value of 180 MPa and 155 MPa respectively and standard deviation of 8.
Unlike normal concrete, the compressive failure occurs due to development of multiple
vertical cracks due to the presence of fibers as shown in Figure 4.1. A typical stress-
strain diagram obtained from testing of 75x150 mm cylinders which were strain gaged is
shown in Figure 4.1. From the measurement of stress and strain, modulus of elasticity of
UHPC was found to be varied from 48 GPa to 59 Gpa, with an average value taken as 55
GPa which is consistent with the reported value in the literature. The average value of

Poisson’s ratio were determined as 0.22.
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Figure 4.1: Failure mode under compressive testing of the developed UHPC.
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Figure 4.2: Typical compressive stress-strain plot for UHPC cylinder.




4.1.2 Split Tensile Strength
The average value of split tensile strength of six specimens was 26 MPa with a maximum

value of 27 MPa and minimum value of 23 MPa respectively and standard deviation of

1.33.

The average split tensile strength of UHPC is about five times more than that for the
normal concrete. This value is close to the results of Graybeal et al [28] who have

reported a value of 25 MPa for steam cured specimens.

At failure, the cylinders split into two halves as normally seen in NC cylinders. But
because of binding effect of steel fibers with the dense microstructure of UHPC
cylinders, the cylinders show longitudinal cracks at failure without being split into two

halves (Figure 4.2) as in the case of NC cylinders.
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Figure 4.3: Mode of failure of UHPC cylinders after splitting tensile test.

4.1.3 Uniaxial Direct Tensile Strength
The average value of direct tensile strength of six UHPC prisms was found to be about 10
MPa as shown in Figure 4.3 with a maximum value of 11.6 MPa and minimum value of

8.8 MPa respectively and standard deviation of 1.0.

The tensile behaviour of UHPC is characterized by almost linear stress rise until the
initial cracking strength followed, in some cases, by very limited strain hardening until

the ultimate tensile strength, and then a gradual strain softening as shown in Figure 4.3.
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Figures 4.4 and 4.5 show the crack formation during and after testing of UHPC prisms

under uniaxial tensile test respectively.
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Figure 4.4: Typical uniaxial direct tension response of UHPC.
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Figure 4.6: Close-up view of UHPC prisms showing the cracks after testing.
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The uniaxial tensile stress-strain response of UHPC as shown in Figure 4.3 has also been
confirmed by Graybeal and Baby [68], who presented a typical UHPC uniaxial tensile
response as illustrated in Figure 4.6. The idealized representation includes four distinct
phases: I: Elastic; 11: Multi-Cracking; I11: Crack Straining; and IV: Localized. Phase I, the
elastic phase, refers to the global elastic straining of the composite section. This behavior
continues through first cracking of the section, which occurs at the tensile strength of the
cementitious composite. Phase 11, the multiple cracking phase, refers to the portion of the
behavior wherein the cementitious matrix repeatedly cracks within the gauge length. The
specimen in this phase tends to accumulate elastic strain in both the uncracked sections of
the cementitious matrix between cracks and the fiber reinforcement bridging the cracks
but does not experience widening of individual cracks. This phase is characterized by a
nearly constant stress level, which is attributed to the homogeneity of the cementitious
matrix. Phase Ill, the crack-straining phase, is the portion of the behavior characterized
by increasing crack opening as the fiber reinforcement undergoes a combination of elastic
straining and interface debonding. The strain-based phases end when the tensile strength
of the strain-hardening composite is reached, referred to as the “fiber bridging strength.”
The final phase, localization, is characterized by the continued widening of an individual
crack as the fibers bridging that crack debond and pull out of the matrix. The remainder
of the specimen elastically unloads in this phase, meaning that the behaviors in this phase

are based on crack opening, not strain.

87



Elastic

E 3

Localized

Multi-Cracking " Crack Strainin a

1’........F I.EF..‘.:-;.r ..é.i‘:.i d..é.i.hé.
Strength

" Cracking Strength

()

W)

Uniaxial Tensile Stress

“rack Saturation
Localization

First Cracking

¥

Uniaxial Tensile Strain

Figure 4.7: Idealized uniaxial tensile mechanical response of UHPFRC [68].

Nezhentseva et al. [69] also divided the uniaxial response into three main groups as
shown in Figure 4.8: (1) Linear-elastic response: this stage takes place until the point
when the stress level in the UHPFRC matrix corresponds to the matrix tensile strength
and a first micro crack appears. (2) Pseudo strain hardening: during this stage no real
plastic micro structural changes happen, therefore, it is also called “pseudo plastic”. On
the contrary, deformations continue to increase intensely as a result of formation of the
numerous tiny cracks in the matrix, whereas the uni-axial tensile stress does not change a
lot, or increases considerably slower compared to the linear-elastic stage. The process of
multiple micro cracking with uniformly distributed openings tied together by fibers in
UHPFRC is similar to strain hardening or plastic behavior, thereby, giving the name to

this stage. (3) Strain softening: this stage starts when one of the sections of the matrix
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(the weakest) fails to transfer the average stress of the same intensity, meaning that the

strain hardening capacity of UHPFRC matrix is reached.

Nezhentseva’s definition of the third phase as ‘strain softening’ is at odd with that of
Graybeal et al who have referred to this “fiber bridging strength’ (localization) (Figure

4.7). As increased deformation is due to crack opening rather than straining, it would be

appropriate to call this terminal phase as simply a ‘softening phase’.
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Figure 4.8: Response of UHPFRC in uniaxial tensile stress state [69].
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Figure 4.9: Uniaxial tensile response of UHPFRC element and notations for
characteristic values [70].

Ana Spasojevi¢, 2008 [70] stated that the addition of fibers to UHPC matrix leads to a
tensile behavior that can be schematically presented as in Figure 4.9. He divided the
behavior into three stages : Linear-elastic behavior up to the stress level corresponding to
matrix tensile strength; pseudo strain hardening behavior resulting from multi-micro

cracking; and strain softening behavior with localization of deformation.
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4.1.4 Flexural Tensile Strength

The average value of flexural tensile strength of 34 UHPC prisms was found to be about
27 MPa with a maximum value of 31 MPa and minimum value of 23 MPa respectively

and standard deviation of 2.

Figure 4.10 shows load deflection typical plot for UHPC prisms tested in four points
bending after 48 hours heat treatment at 90 °C. The load-deflection plot shows softening

mode of failure with prolonged deformation.
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Figure 4.10: Typical load deflection plots for UHPC prisms.
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The behavior of the UHPC specimens in flexure was similar to that under uniaxial tensile
test in which at first characterized by the appearance of several fine surface cracks
followed by very limited hardening phase (its magnitude varied from specimen to
specimen) until the ultimate strength was reached and finally gradual softening mode as
the last phase (Figure 4.10). The softening phase is characterized with the advancement

of single crack through the thickness.

As shown recently, the distribution and orientation of the steel fibres in UHPC can have a
considerable effect on its mechanical properties. Therefore, these effects must be
considered for structural applications where variation of fiber distribution in large
sections may result in considerable variability in mechanical properties within the
section. The direction of flow of fresh UHPFRC is expected to influence fiber orientation
and settlement of fibers may also occur if workability is too high or the concrete is over

vibrated [43].

It was found that the fiber orientation have a very significant effect on the flexural
strength of the prisms, as the calculated flexural strength varied from 23 to 30 MPa for
the type of steel fibers used in this study which was straight fibers with 0.2 mm diameter
and 13 mm in length with aspect ratio of about 65. This aspect ratio also plays an
important role in the flexural performance as reported by many researchers. Figure 4.11
shows the typical mode of failure of several specimens tested in flexure under four point

bending test.
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Figure 4.11: Typical mode of failure of UHPC prisms.

It should be noted the size effect is not reflected in the flexural tensile strength, as all
prisms were of the same size and length. It will be shown later that the flexural tensile

strength of UHPC varied indeed highly with much lower strength for larger size.

For the purpose of finding the cracking strength of the matrix, three prisms of UHPC
were prepares without addition of steel fibers to the mix. Flexure testing under four point
bending test was also performed. It was found that the flexural behavior was highly

brittle (Figure 4.12) as expected with average flexural strength of 13 MPa, which is
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much lower than the average strength of 25 MPa for fiber-reinforced specimens. Figure
4.13 shows the load-deflection response of three UHPC prisms without fibers
demonstrating that the failure is abrupt without the inherent softening as witnessed in
fiber-reinforced UHPC. The addition of steel fibers significantly enhances the tensile

strength of UHPC, and importantly imparts ductility through a softening phase.

Figure 4.12: Typical mode of failure UHPC prisms without fibers under four point
bending.
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Figure 4.13: Load-deflection response of three UHPC prisms without fibers.

Table 4.1 summarizes the mechanical properties of the developed mix of UHPC which

bear testimony to the superior materials of UHPC.
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Table 4.1: Mechanical Properties of the Developed UHPC

Average Values

Property Specimen’s Size

(MPa)
Compressive strength 50 mm cube 170
75x150 mm cylinder 160

Modulus of elasticity 75x150 mm cylinder 55000
Direct tensile 25%25x285 mm prism 10
Flexural strength 40x40x160 mm prism 27
Flexural strength (No fibers) 40x40x160 mm prism 13
Splitting tensile 75x150 mm cylinder 15

4.2. Normal Portland Cement Concrete (NC)

4.2.1 Uniaxial Compressive Strength

An average value of cylinder compressive strength of six NC specimens was about 40
MPa has been attained with maximum and minimum value of 43 MPa and 37 MPa
respectively and standard deviation of 2. The average value of modulus of elasticity was
about 30 GPa. An average value of 100 mm cube compressive strength of six NC
specimens was about 50 MPa with maximum and minimum value of 52 MPa and 49 MPa
respectively and standard deviation of 1.0. It is well known that for the same concrete, the

measured compressive strength of cube specimens (height/width ratio =1) is about 1.25

times that of the standard cylinder strength.

The typical cylinder compressive stress—strain curve for the normal concrete at 28 days

water curing is illustrated in Figure 4.14.
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Figure 4.14: Typical uniaxial compressive stress-strain diagram of NC.
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CHAPTER S

RESULTS AND DISCUSSION FOR HYBRID NC-UHPC

LAYERED SPECIMENTS

5.1. General

In this chapter, the test results and discussion of hybrid NC-UHPC layered specimens
consisting of two layers, a bottom layer of UHPC and the upper part of normal concrete

(NC), are presented.

5.2. Transformed Section Properties

As measurement of strains and deflection showed almost linear behavior up to the peak
load, the transformed section properties were used to calculate the stress in a section at
failure load Py using the values of modulus of elasticity of concrete Ec = 30 GPa and that
of UHPC, Ey = 55 GPa,. For the transformed section (Figure 5.1), the cross sectional
area of UHPC layer, Asy, is replaced by an equivalent area nAsy, where n, the modular
ratio = Ey/Ec = 1.833. The transformed section properties were calculated for cracked
and uncracked concrete section on the basis of Figure 5.1 and are listed in Tables 5.1
and 5.2. The properties for cracked concrete section apply at load level greater than the
load that would produce cracking of the bottom face of normal concrete due to tensile

stress being equal or greater than modulus of rupture of concrete.
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Figure 5.1: Transformed concrete section.

For the designations shown in Tables 5.1, 5.2 and 5.3, the symbol *‘C1’ indicates curing
option 1 in which concrete cast immediately over uncured UHPC layer (e.g. LS-A-C1)
and ‘C2’ indicates curing option 2 in which concrete cast after 2 days of curing of UHPC

layer (e.g. LS-A-C2).
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Table 5.1: Transformed Section Properties of Uncracked Concrete Section

Depth of
N.A. Section Modulus
I
UHPC ue from Top
Groups Thickness b Beam (mm*) S S
(mm) esignation . (mm) tuc buc
x 10* x 10*
LS-A-C1
20 51.7 815 63.4 75.5
Group (A) LS-A-C2
150%x150 x 760
40 54.6 85.0 64.2 84.0
LS-B-C2
Group (B) 20 LS-C-C2 51.7 81.5 63.4 75.5
150x150x1000
40 LS-D-C2 54.6 85.0 64.2 84.0
(bxhxl)
LS-E-C1
25 121.7 108.2 112.4 132.6
Group (C) LS-E-C2
150x 200x 900
50 129.1 1129 114.3 148.2
LS-F-C2
Group (D) 25 LS-G-C2 121.7 108.2 112.4 132.6
150x 200x
1200 50 LS-H-C2 129.1 112.9 114.3 148.2

Curing option C1: Concrete cast immediately over uncured UHPC layer
Curing option C2: Concrete cast after 2 days of curing of UHPC layer
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Table 5.2: Transformed Section Properties of Cracked Concrete Section

Section
| Depth of Modulus
UHPC er N.A.
g Beam 4
Groups Th('rﬂm; 33 Designation (mm’) from Top S S bor
x 10° (mm® | (mm?®)
(mm)
x 10* | x10*
LS-A-C1
20 441 71.1 62.1 55.9
Group (A) LS-A-C2
150x150 x 760
40 52.9 83.0 63.7 79.0
LS-B-C2
Group (B) 20 LS-C-C2 441 71.1 62.1 55.9
150x150x1000
bxhxL) 40 LS-D-C2 52.9 83.0 63.7 79.0
LS-E-C1
25 101.6 93.1 109.2 95.0
Group (C) LS-E-C2
150x 200x 900
50 124.6 109.5 113.8 | 137.8
LS-F-C2
Group (D) 25 LS-G-C2 101.6 93.1 109.2 | 95.0
150x 200x 1200
bxhxL) 50 LS-H-C2 124.6 109.5 113.8 | 137.8
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5.3. Load Capacity and Tensile Stress at Failure

The average values of the failure load, Py and the corresponding mid-span deflection for
three identical specimens are shown in Table 5.3. The variation in the three values of Py
is between 10 to 25% for concrete cast immediately over uncured UHPC layer (curing
option C1) and less than 10% for concrete cast after 2 days of curing of UHPC layer
(curing option C2). The maximum flexural tensile stresses at the bottom face of UHPC
layer and compressive stress at top of normal concrete was calculated at Py using values

of section modulus shown in Table 5.2 Compressive stresses are shown as negative.
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Table 5.3: Failure Loads, Deflection and Tensile Stress for Test Beams with UHPC

Layer
Average Average co?n\;erreas%?ve
) Average : tensile
Beam Size | UHPC Beam Curing Failure | deflection | g ecsar | SUESSaLtop of
Groups Thick., A - at failure NC (MPa)
mm) Designation | option load, Py bottom of
( (mm) (kN) load, A UHPC
(mm) (MPa)
LS-A-C1 C1 41.0 0.68 16.1 -7.9
20
Group 150x150 x 760 LS-A-C2 C2 52.0 0.80 20.5 -13.4
A
(bxhxL) LS-B-C1 c1 58.0 0.70 16.2 -10.9
40
LS-B-C2 C2 70.0 0.93 20.0 -13.2
20 LS-C-C2 C2 20.2 1.15 14.0 -6.1
G(r;‘)’p 150x150x1000
(bxhxL) 40 | Ls-D-c2 c2 34.3 1.28 15.0 -10.1
LS-E-C1 C1 58.0 0.77 16.8 -8.0
25
Group 150x 200x 900 LS-E-C2 C2 70.0 0.98 20.3 -9.6
©
(bxhxL) LS-F-C1 c1 71.0 0.76 14.2 9.4
50
LS-F-C2 C2 90.0 1.21 18.0 -11.9
150x 200x 25 LS-G-C2 C2 28.8 1.32 14.0 -6.3
Group 1200
D
©) (bxhxL) 50 LS-H-C2 C2 46.0 1.64 15.0 -9.6
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*Curing option C1: Concrete cast immediately over uncured UHPC layer
*Curing option C2: Concrete cast after 2 days of curing of UHPC layer

The maximum tensile stress varied from 14 MPa to 20.5 MPa showing a wide range for a
UHPC having the same mix design. As flexure failure is initiated by the tensile stress
reaching the maximum flexural tensile strength, which for the UHPC mix used was

determined from prism tests as 25 MPa (section 4.1), it was expected that the computed




tensile stress at failure load should be somewhat closer to the flexural tensile strength.
The significant shortfall can be attributed to two effects: one is the size effect in terms of
the length and width of the specimens. As the tensile strength is dependent upon the
dispersion and orientation of steel fibers, the uniformity of fiber dispersion is far less
secured for larger size specimens. The other one is the unavoidable variation that exists in
mixing a large amount of raw materials with fibers and casting UHPC. The size effect on

tensile strength variation is one of the challenges of fiber-reinforced UHPC construction.

As reported by Magureanu et al. [33] that the value of the flexural strength obtained on
40 x 40 x 160 mm prisms was approximately 1.47 times higher than 100 x 100 x 300 mm
prisms. Nguyen et al. [39] conformed that by investigating the size effect by testing three
different sizes of UHPC specimens using four-point bending in a three-dimensional scale:
50 x 50 x 150 mm (small), 100 x 100 x 300 mm (medium), and 150 x 150 x 450 mm
(large). They found that as the size of the specimen increase, the equivalent bending

strength decreased as shown in Figure 2.7 and discussed in Chapter 2, section 2.2.2.2.

To further validate this observation of size effect on the flexural tensile strength, four test
panels of UHPC, two of 150x30x600 mm (150 mm width) and two of 350x30x600 mm
(350 mm width) were cast and then tested in four point bend test over span 500 mm
simple span having shear span 175 mm to observe the effect of width on tensile strength.
Figure 5.2 shows the load-deflection plots of two specimens with different widths. The
computed flexural tensile strength was 16.3 MPa and 12.1 MPa for panels with 150 mm
and 350 mm, respectively as shown in Figure 5.2. The findings show the variation in

strength due to increase in the width.
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Figure 5.2: Load-deflection plot of UHPC panels.

5.3.1 Effect of Curing of UHPC

It was observed from data in Table 5.3 that the curing option C1 produces values of
failure loads and flexural tensile stress at the bottom consistently lower than those
achieved with curing option C2. For Group (A), of 20 mm UHPC thickness, the
maximum tensile stress at failure was about 20 MPa for curing option 2, compared to t 16
MPa for curing option 1. Similarly for Group (C), for 25 mm thick of UHPC, the
maximum tensile stress at failure about 20 MPa for curing option 2, compared to about
17 MPa for curing option 1. This observation is not unexpected in the sense that UHPC
has very low water-binder ratio compared to that of normal concrete and the immediate
availability of excess water may impair the strength of uncured UHPC. It seems that

initial curing of UHPC, at least for a shorter duration, is essential for higher strength of
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the composite beams. It can be stated that at least two-day self-curing of UHPC layer is
needed for casting of hybrid beams to take advantage of the enhanced tensile strength of
UHPC, and that the effect of longer curing of UHPC layer for further improved

properties needs closer examination.

The values of the maximum tensile stress at the bottom fiber for both curing options of
UHPC show lack of consistency with some variation. This can be attributed to the
possible variation in flexural tensile strength of UHPC caused by the randomness in the
dispersion of steel fibers within the UHPC mix that is invariantly present as explained
above, as stated earlier. This is an inherent and challenging construction problem with
fiber-reinforced UHPC, as uniform dispersion of fibers is difficult to achieve. The
problem can only be managed with carefully controlled fiber addition and mixing to

ensure reasonably uniform fiber dispersion.

5.3.2 Effect of UHPC Thickness

Of the two thicknesses of the UHPC layers used in four groups (Table 5.3), it is clear that
higher thickness of UHPC layer results in higher load capacity of the beams for same
spans, as expected. But the increase in the failure load is not proportional to the area of
the UHPC layer. For Group (A), curing option C2, the failure load for LS-A-C2 which
had 20 mm thick UHPC layer was 52 kN compared to 70 kN for LS-B-C2, which had 40
mm thick UHPC layer, an increase in Py about 34 % only. But the area of UHPC for 40
mm was twice that for 20 mm. For Group (B), for the curing option C2, the failure load

for LS-C-C2 which had 20 mm thick UHPC layer was 20.2 kN compared to 34.3 kN for
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LS-D-C2, which had 40 mm thick UHPC layer, an increase in Py about 69 %. But the
area of UHPC for 40 mm was twice that for 20 mm. For Group (C), the failure load for
LS-E-C2 (25 mm thick UHPC layer) was 70 kN compared to 90 kN for LS-F-C2, which
had 50 mm thick UHPC layer, an increase in P about 28 % only with twice UHPC area.
For Group (D), the failure load for LS-G-C2 (25 mm thick UHPC layer) was 28.8 kN
compared to 46 kN for LS-H-C2, (50 mm thick UHPC layer), an increase in P about 59
% with twice the UHPC area. As the peak load is attained at the formation of well-
formed flexural cracks with the incipient of maximum tensile stress at the bottom UHPC
face, the full thickness of UHPC is not being subjected to same level of stress. It appears
therefore that the gain in the load capacity with increased thickness comes from the
increased transformed section properties which yield higher elastic section modulus for

the bottom face.

5.4. Strain Distributions along the Depth

The load-strain relationship was evaluated using the strains measured by the strain
gauges fixed to the beams with the aim of locating measured neutral axis of a section.
Four strain gauges located at mid span (Figure 5.3) were used to create a strain profile

over the depth of most of beams tested and to identify the location of the neutral axis.

Only the data for two specimens, LS-A-C2 and LS-C-C2 from two groups will be
discussed as representative cases here and the data for other specimens are presented in

Appendix B.
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Figure 5.3: Location of strain gages in test specimens.

The measured strains for the two selected specimens are shown in Table 5.4. Figure 5.4
shows the load-strain plot of beam LS-A-C2 below the failure load of P = 48.4 kN (90 %
Pu). Positive and negative strains represent tensile and compressive strains, respectively.
The plot shows linearity for compressive strains up to close the failure load. However, the
tensile strain at the bottom shows some nonlinearity after about 0.6 Py as the crack
moved close to the bottom strain gage as shown in Figure 5.3. Overall, it can be said that
the beam responded almost linearly, with strain being approximately proportional to the
applied load. This linearity of the strain profile confirms that there is no slip at the
interfaces between UHPC and normal concrete for a section affirming that adequate bond

between NC and UHPC has been achieved in the construction of the hybrid specimens.
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The measured values of compressive strain at the load of 48.4 kN (0.9 Py) were 283 x10°
while the measured tensile strain at the same load level was 350 x10°. Figure 5.3 shows

the crack propagation under flexure mode of failure.
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Figure 5.4: Typical load-strain curve for beam LS-A-C2.

Figure 5.5 shows also the load-strain plot of beam LS-C-C2 at 98 % of the failure of P =

19.6 kN. The plot also shows linearity for both tensile and compressive strains almost up

to the failure load.
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The measured strain for all test specimens clearly show an approximately linear
relationship between load and strains, confirming linear response of UHPC hybrid

elements. The measured values of compressive strain at load of 19.6 kN were 225 x10°®

while the measured tensile strain at the same load level was 255 x10°®.
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Figure 5.5: Typical load-strain curve for beam LS-C-C2.

The strain profile across the depth of the beam LS-A-C2 is shown in Figure 5.6 for five
load levels, three closer to the early stage and the other two near the failure stage of
loading. Also, the strain profile across the depth of the beam LS-C-C2 is shown in Figure
5.7 for four load levels up to 98 % of the failure load. It is observed from the plots in
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Figures 5.5 and 5.7 show that the strain distribution across the depth is almost linear at
lower load levels, becoming somewhat skewed at higher load levels. However, from a
best linear fit across the four strain readings, as shown by a dotted line for the maximum
load, the deviation of strain readings from the best fit profile is small. It is known that the

strain measurements in concrete are more often qualitative than quantitative.

The transition of the section from being fully uncracked to cracked concrete may occur if
the load P exceeds the load that would cause the tensile stress in NC being greater than
the tensile strength of NC. The value of the concrete cracking load Pconc Can be estimated
from the ordinary flexure theory using transform section properties for uncracked section
(Figure 5.1b). If the flexural tensile strength of NC (modulus of rupture) is f;, the

moment to cause cracking of NC is given as:

Mch — Iunyccrft (5.1)

when ly= moment of inertia of uncracked transformed section and Y, = distance of the
bottom concrete layer from NA. The load corresponding to M, for the test specimens is

given as

2M
Peone = —— (5.2)

a

when a = shear span for the four-point loading used.

The computed values of Ponc for the test specimens with f; = 4 MPa for normal concrete
used are shown in Tables 5.4 and 5.5. When P is less or equal to Pconc, transformed

section properties of uncracked section are applicable for calculation of bending stress. If
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P is greater than P, the transformed section properties for cracked section (Figure

5.1c) are applicable for stress calculation.

For LS-A-C2, Pconc =36 kN and Py=52 kN, indicating there is a transition from uncracked
to cracked concrete section. As seen in Figure 5.6, there is a clear small upward shift of
neutral axis (NA) to reflect this transition. At load P less than 36 kN, the entire section
remains uncracked. From the transformed section for an uncracked concrete section
(Table 5.1), the neutral axis is located at a depth of about 81 mm from the top (Figure
5.6), matching to 81 mm observed from the plot of strains at P = 12.3 kN. From the
cracked transformed section (Table 5.2), the computed depth of neutral axis is found to
be about 71 mm from top at load level closer to the failure load while the measured depth
from the best-fit strain profile is 68 mm. This shows good agreement between the

measured and calculated depth of the compression zone.

For LS-C-C2, P¢onc =23 kN and Py=20.2 kN, indicating the section remained uncracked
up to Py. The calculated depth of NA from top is 68 mm compared with the measured
depth of 65 mm (Figure 5.6), the shift in the observed NA is not as obvious as that seen

in Figure 5.7.
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Figure 5.6:

Strain profile along the depth of beam LS-A-C2.
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Figure 5.7: Strain profile along the depth for beam LS-C-C2.

The strain profile for other specimens of all other groups is presented in Appendix B.
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Table 5.4: Load Levels and Strain Values for Beams LS-A-C2 and LS-C-C2

Measured Strain

UHPC | Beam | Load | o x10°® g?;ci(rierfg
Thickness . Level
(mm) (mm) 1 (kN) | "Y' 195 | from | from | Bottom (kN)
Top Top
12.3 | 23| -58 -24 8 54
3 24.2 | 45| -119 -47 20 111
LS-A-C2 N
Span 630 20 ® | 366 |70|-119| -70 | 36 | 262 36
X
mm S
- 425 | 80| -231 -80 56 300
484 |90 | -283 | -83 112 350
49 | 25| -44 -19 11 39
3
Ls-C-C2 S | 103 |50| 99 | -38 | 30 91
Span 900 20 @ 23
mm X | 152 |75|-155 | 55 | 65 166
Lo
—
196 | 98 | -225 -712 110 255
5.5. Measured and Calculated Stress

Generally, the section is considered as cracked concrete section when the tensile strength

at the bottom of the normal concrete exceeds the tensile strength of concrete from the

transformed section as discussed in Section 5.4.

For a comparison of the measured stresses from strains with theoretical values computed

from flexure formula using transformed properties, Table 5.5 is prepared. The

compressive strains at top was converted to stress using Ec= 30 GPa for normal concrete

and the tensile stress at the bottom of beams was calculated using Ey= 55GPa. At low
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load level, P < P the stresses in the beam were calculated using transformed properties
of fully uncracked section and at P > P, the transformed properties of cracked section
(Table 5.2) were used. The computed stress at all load levels show that the use of
transformed section properties yields results that are reasonably close to the measured
stresses using the measured strains, except some discrepancies near Py. This is because of

small nonlinearity behavior that exists near Py (section 5.6).

All the calculated and measured results of all specimens tested are compiled and

presented in Appendix B.
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Table 5.5: Measured and Computed Stresses for Selected Load Levels of Beams LS-
A-C2 and LS-C-C2

Measured Calculated Stress, Mpa
Stress (MPa
( ) Concrgte Bottom Top
UHPC Beam | Load | o4 Cracking
Beam | hickness size | L€Vl | of Load
ID )
mm (mm) KN | Pu cone Un Un
Bottom | Top (kN) Cracked Cracked Cracked Cracked
123 | 23 3.0 1.8 - 3.6 - 2.3
242 | 45 6.1 3.6 - 7.1 - 4.6
3
= 36.6 | 70 14.4 5.7 14.4 - 7.1 -
LS-A- S
C2 20 0 36
S | 425 |80 | 195 | 7.0 16.7 - 8.2 -
—
484 | 90 25.4 8.5 19.1 - 9.4 -
52.0 | 100 - 13.8 214 - 10.5 -
4.9 25 2.2 13 - 2.3 - 15
S 10.3 | 50 5.0 3.0 - 4.8 - 31
.
"SC'C' 20 3 152 | 75 | 9.1 4.7 23 - 7.1 - 4.5
2 =
2
= 196 | 98 14 6.8 - 9.1 - 5.8
20.2 | 100 | 144 7.5 - 9.3 - 6.0

5.6. Load Deflection Plots

Typical load-deflection plots of the specimens prepared with curing option C2 are shown
in Figures 5.8 through 5.15, capturing the ascending and descending load paths. The
softening mode of failure in flexure mode implies non-brittle failure with significant post-
cracking strength, lesser than the peak load. In those cases, the beams failed with the
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formation of multiple fine cracks at NC bottom when Pcne < Py (Figure 5.16) and
advancement of only one single vertical crack within or near the maximum moment zone
and in other cases, the beam failed with advancement of only one single vertical crack

within the maximum moment zone (Figure 5.17) when Pcone > Pu.

It should be noted that the lesser values of post-peak strength are attributed to progressive
crack growth within the UHPC layer. The uncracked ligament of UHPC and the bridging
of steel fibers across the crack that are not pulled out contribute to the residual flexural

strength.

The calculated deflections at midspan of the beams using Equation 5.3 for uncracked and

cracked transformed section are shown in Table 5.6 for Pconc.

wa
24EI

A=22 (3 2_g2) (5.3)

Where A= deflection at midspan, w= P/2=half of the applied load, a = shear span, [ = test
span, E= modulus of elasticity of concrete and I= moment of inertia of transformed

concrete section.
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Table 5.6: Comparison of Theoretical and Calculated Deflection

Concrete Calculated A (mm)
Beam Average Measured CrackF:ng Load
Designation Deflection at Pgonc (Mmm) conc Based on I
(kN)
LS-A-C2 0.19 36 0.11
LS-B-C2 0.17 70 0.21
LS-C-C2 0.41 20 0.19
LS-D-C2 0.45 34 0.30
LS-E-C2 0.30 49 0.11
LS-F-C2 0.34 90 0.19
LS-G-C2 0.42 29 0.21
LS-H-C2 0.52 36 0.32

From the load-deflection plots, the following observations can be made:

(1) The deflection can be taken as approximately linear up to the failure load Py.

(2) The deflection can be calculated using the moment of inertia of the uncracked
transformed section, Iy, as there is marginal difference in moment of inertia in

both uncracked and cracked transformed section (Tables 5.1 and 5.2).

(3) Depending upon fiber orientation and amount of fiber across the crack, some
specimens may show small post-crack stiffening resulting in increased deflection

at Py and while others will not. Thus some specimens showed limited stiffening
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(e.g. LS-B-C2, LS-D-C2) others showed softening with increased deflection at

reduced load almost immediately after Py (e.g. LS-A-C2, LS-C-C2).

80 -

60 -

40 -

Load , kN

20 A

Deflection , mm

Figure 5.8: Load-deflection curve for beam LS-A-C2 (20 mm thick UHPC).
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Figure 5.9: Load-deflection curve for beam LS-B-C2 (40 mm thick UHPC).
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Figure 5.10: Load-deflection curve for beam LS-C-C2 (20 mm thick UHPC).
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Figure 5.11: Load-deflection curve for beam LS-D-C2 (40 mm thick UHPC)
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Figure 5.12: Load-deflection curve for beam LS-E-C2 (25 mm thick UHPC)
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Figure 5.13: Load-deflection curve for beam LS-F-C2 (50 mm thick UHPC)
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Figure 5.14: Load-deflection curve for beam LS-G-C2 (25 mm thick UHPC)
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Figure 5.15: Load-deflection curve for beam LS-H-C2 (50 mm thick UHPC)

ﬂ >4
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Figure 5.16: Multiple cracking of hybrid beam LS-H-C2 (50 mm thick UHPC)
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Figure 5.17: Crack advancement of beam LS-G-C2 (25 mm thick UHPC)

5.7. Mode of Failure

All test specimens showed linear elastic response almost up to peak load Py. As the load
approaches Py, multiple fine surface cracks appear in some cases at the bottom UHPC
layer within the central part of the specimens between the two loading points. This is
followed by very limited hardening and advancement of a single crack through the
thickness of UHPC. The peak load Py occurs at the development of a well-formed single

crack in the UHPC layer under the maximum moment.

Following the peak load Py, the specimens exhibit a gradual softening mode of failure
with the advancement of crack almost vertically across the thickness of bottom UHPC
layer. In this mode, the cracks always propagate through the UHPC vertically along the
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depth and horizontally across the width of the beams as shown in Figure 5.16. The
bridging of the fibers across the crack and the uncracked ligament of UHPC provides the
post cracking residual strength. As the crack advanced, the crack-mouth became wider

(Figure 5.17).

The softening mode of failure, a characteristic feature of all fiber-reinforced UHPC
specimens, is explained by the fact that the fibers bridging the crack have the ability to
resist tensile stresses. As the fibers are pulled out due to crack opening, the remaining
fibers across the crack tip are able to provide tensile strength to sustain residual load.
Once all the fibers are pulled out at the crack, the specimen physically loses its bending

strength and fails.

5.8. Prediction of Failure Load

The failure load corresponds to the ultimate moment capacity of the specimens. As the
section behaves elastically almost up to the failure load, the stresses in a section can be
computed using transformed section properties. The tensile stress at the bottom face of
normal concrete (above the bottom UHPC layer) will exceed modulus of rupture for
concrete at a moment M (or load Pconc) (section 7.4), making the section a cracked one.
The transformed section properties of cracked section should therefore be used to

determine ultimate moment capacity of a section.

If Fy, is the maximum flexural tensile strength for UHPC layer used, the moment capacity

My for a section is given by elementary formula as:
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MU — SbCI‘ Fru (54)

n
Where n = Ey/Ec, Sper = bottom section modulus for transformed cracked concrete

section (Table 5.2).

In order to determine My and hence Py, it is necessary to have a fair estimate of Fy. This

can only be established through a number of tests of similar size of UHPC specimens.
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CHAPTER 6

RESULTS AND DISCUSSION FOR UHPC REINFORCED

SPECIMENS

6.1. General

In this chapter, the test results and discussion of hybrid concrete specimens reinforced

with precast UHPC deformed bars are presented.

6.2. Transformed Section Properties

As measurement of strains and deflection showed almost linear behavior up to the peak
load, the transformed section properties were used to calculate the stress in a section at
failure load Py using the values of modulus of elasticity of concrete Ec = 30 GPa and that
of UHPC, Ey = 55 GPa,. For the transformed section (Figure 6.1), the cross sectional
area of UHPC bars, Asy, is replaced by the equivalent area nAsy, where n, the modular
ratio = Ey/Ec = 1.833. The transformed section properties were calculated for cracked
section on the basis of Figure 6.1 and are listed in Table 6.1. The properties for cracked
concrete section apply when the stress in the bars exceeds the tensile strength of concrete.
Unlike specimens with UHPC bottom layer, the bottom face for reinforced specimens is

made of UHPC bars and normal concrete. The section becomes cracked when the tensile
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stress in concrete exceeds its tensile stress which happens at a lower load level than the

failure load Py. Thus only cracked section is considered.

X

. R T a
a N PR
a5 5
o un N B
B Y a0
< P
B a
4 s -

nlsy

a) Cross section b) Cracked concrete transformed section

Figure 6.1: Transformed concrete section
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Table 6.1: Transformed Cracked Concrete Section Properties

Section Modulus

; UHPC |l | DSPROT 5 5
i cam Bar Size 4 T b
Beam Size (mm) Designation (MM | from Top tC; C3r
(mm) x 108 (mm) (mm?) (mm?)
x 10 x 10
UB-1 2-25x 25 23.8 51.3 46.3 24.1
UB-2 3-25x25 31.5 59.7 52.7 34.8
150 x 150 x 760 X
bxhxL
( ) UB-3 2- 25 x 50 30.1 62.0 48.5 34.2
UB-4 2-50x50 | 44.0 76.8 57.2 60.0
150 x 200 x 900
UB-5 2-25x25| 48.0 62.0 77.5 34.8
(bxhxL)
150 x 220 x 760
UB-6 2-50x50 | 1321 104.9 125.9 114.8
(bxhxL)
200 x 270 x 1000
UB-7 2-50 x50 | 255.8 110.9 230.7 160.7
(bxhxL)
200 x 220 x 1000
UB-8 2-50 x50 | 148.8 95.5 155.8 1195
(bxhxL)
200 x 310 x 1000
UB-9 4-25x25| 245.1 96.1 255.1 114.6
(bxhxL)
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6.3. Load Capacity and Tensile Stress at Failure

The average values of the failure load, Py and the corresponding mid-span deflection for
three identical specimens are shown in Table 6.2. The variation in the three values of Py
is less than 10 % in most cases. The maximum flexural tensile stresses at the bottom face
of UHPC bars and compressive stress at top of normal concrete was calculated at Py
using values of section modulus of cracked concrete transformed section properties

shown in Table 6.1. Compressive stresses are shown as negative.

A comparison of load capacity for UB-1 and UB-2 shows that the increase in the area of
UHPC bars, using the same size, increases load capacity almost proportionality, as
expected. In order to examine the relative impact of the width and depth of UHPC bars
on load capacity, 25x50 mm (width x depth) and 50x50 mm UHPC bars were used in
UB-3 and UB-4 respectively with beam size of 150x150x760 mm. The comparison of the
load capacities for UB-1 and UB-3 shows that the capacity for UB-3 which had 2-25x50
mm UHPC bars was 38 KN compared to 33 kN for UB-1 with 2-25x25 mm UHPC bars.
The area of UHPC bars for UB-3 was twice than that of UB-1. This finding is similar to
that observed in layered beams in which increased thickness of UHPC did not produce
proportionality higher load capacity. As a beam reaches its maximum load capacity with
the attainment of maximum tensile strength at the bottom face, the full utilization of
increased area through the increased depth of bars is not realized. The improvement, it
seems, is achieved through enhancement of transformed section properties only, an

observation that was also made for hybrid layered specimens.

With regard to the increase in width of UHPC bars, the comparison of UB-4 and UB-3

shows that UB-4 with 2-50x 50 mm bars had load capacity of 72 kN compared to 38 kN
131



for UB-3 with 2-25x50 mm bars. The increase in twice the area of UHPC bars for UB-4
achieved by increasing the width of bars, has resulted in significant increase in load

capacity, which was about 90% higher than the capacity of UB-3.

The maximum tensile stress varied from 15.2 MPa to 31.6 MPa showing a wide range
similar to layered specimens. However, as the bars showed attainment of higher flexural
tensile strength. The variation is mostly attributable to the orientation and dispersion of

fibers within the mix.

The test results presented in Table 6.2 highlight the following:

Q) Load capacity for hybrid beam increases almost proportionality with the
increase in number of identical UHPC bars.

(i) It is structurally superior to use wider bars than thicker bars for same cross
sectional areas. The increase in the bar thickness to have identical area does
not yield improved load capacity similar to which can be achieved by using

wider bars instead.
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Table 6.2: Failure Loads and Deflection for Test Beams with UHPC Bars

Average

Deflection at Tensile Average

Beam UHPC Bar Size Average Failure : compressive
. . Failure Load Stress at

Designation (mm) Load Py (kN) Stress at Top

A (mm) Bottom (MPa)
(MPa)

UB-1 2-25x 25 33 0.49 30.0 -8.5
UB-2 3-25x 25 44 0.57 28.0 -10.0
UB-3 2- 25 x 50 38 0.64 24.4 94
UB-4 2- 50 x 50 72 1.3 26.4 -15.1
UB-5 2-25x 25 40 0.71 31.6 -1.7
UB-6 2- 50 x 50 72 1.01 15.2 -7.6
UB-7 2- 50 x 50 78 1.90 16.7 -6.3
UB-8 2- 50 x 50 64 1.88 18.5 -1.7
UB-9 4-25x 25 82 1.71 24.6 -6.0

6.4. Strain Distributions along the Depth

The load-strain relationship was evaluated using the strains measured by the strain

gauges fixed to the beams with the aim of locating measured neutral axis of a section.

Four strain gauges located at mid span (Figure 5.2) were used to create a strain profile

over the depth of most of beams tested and to identify the location of the neutral axis.

The results of two specimens are presented for discussion. The results for the other

specimens are presented in Appendix B.
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Figure 6.2: Location of strain gages in test specimens

Figure 6.3 shows the load-strain plot of beam UB-2 at 0.95 Py (Py = 44 kN). Positive
strains represent tensile strains while negative strains represent compressive strains. The
plot shows linearity for compressive strains up to the failure load. However, the tensile
strain at the bottom shows some nonlinearity after about 0.6 Py. Overall, it can be said
that the beam responded linearly with strain being approximately proportional to the
applied load. The measured values of tensile and compressive strain at 95% of Py were

359x 10 and 234 x107, respectively.
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Figure 6.3: Typical load-strain curve for beam UB-2

Figure 6.4 also shows the load-strain plot of beam UB-9 up to the failure of Py = 82 kN.

The plot also shows linearity for both tensile and compressive strains almost up to the

failure load.

The measured strain for all test specimens clearly show an approximately linear

relationship between load and strains, confirming linear response of UHPC reinforced

beams.

This linearity of the strain profile confirms that there is no slip between UHPC bars and

normal concrete for a section affirming that adequate bond between NC and UHPC bars

has been achieved in the construction of the hybrid specimens. The measured values of
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compressive strain at load of failure load were 171 x10°® while the measured tensile strain

at the same load level was 314 x10°®.

Strain @ Top
= = Strain @ 1/3 from Top
------ Strain @ 2/3 from Top

= .+ =Strain @ Bottom

®

-400 -300 -200 -100 0 100 200 300 400

Strain x 10

Figure 6.4: Typical load-strain curve for beam UB-9

Using the measured strain data listed in Table 6.3, the strain profile across the depth of
the beam is plotted in Figure 6.5 for five load levels of specimen UB-2. Two
observations can be made: (i) the distribution across the depth is reasonably linear at all
load levels, and (ii) the neutral axis moves upward at higher load. The shift of the neutral

axis is caused by the transition of the section from being wholly un-cracked to cracked
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section at failure. At load less than failure load, the entire hybrid section remains un-
cracked and the neutral axis corresponds to this section unchanged. From the transformed
section for an un-cracked section, the neutral axis is calculated at a depth of 79 mm from
top. This compares favorably with 80 mm observed neutral axis at P = 12.9 kN. Between
the state of fully un-cracked section to the case of cracked section (cracking of UHPC
bars), there exist transitional stages due to cracking of normal concrete which cause
gradual upward shift of the neutral axis, as noted in strain measurement (Figure 6.5).
From the cracked transformed section (Table 6.2), the computed depth of neutral axis is
found to be 60 mm from top at the failure load while the measured depth observed at load
close to the failure load PU from strain profile is 63 mm. This shows good agreement

between the measured and calculated depth of the compression zone.
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Figure 6.5: Strain profile along the depth for beam UB-2

The strain profile across the depth of the beam UB-9 is also shown in Figure 6.6 up to
the failure load. As seen, the strain distribution across the depth can be assumed to be

linear by considering a best-fit linear profile.
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Figure 6.6: Strain profile along the depth for beam UB-9

The measured strains for the two specimens are shown in Table 6.3.
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Table 6.3: Load Levels and Strain Values for Beams UB-2 and UB-9

Measured Strain (x 10°)
UHPC
. . . Load P % of
Beam Designation B?r:%l)ze (kN) P, 13 2/3
Top from from | Bottom
top top

12 25 -54 -24 12 52

22 50 -113 -48 28 107

UB-2 34 75 | -173 | -89 53 221

(150x150x760) | 3- 25 x 25

(bxhxL) 39 85 -205 -79 79 287
42 95 -234 =77 143 359

44 100 -259 -61 259 498

20 25 -34 -11 2 34

41 50 -70 -18 13 79

UB-9 62 75 | -100 | -26 23 132

(200x310x1000) | 4-25x 25

(bxhxL) 71 85 -128 -30 31 163
78 95 -151 -32 52 215

82 100 -171 -36 94 314

6.5. Measured and Calculated Stresses

For a comparison of the measured stresses from strains with theoretical values computed
from flexural formula using transformed properties for hybrid section, Table 6.4 is
prepared using three load levels. The compressive strains at top was converted to stress

using Ec = 30 GPa for normal concrete and the tensile stress at the bottom of UHPC bars
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was calculated using Ey = 55 GPa. For example, specimen UB-2, for the three load levels
at 0.85 Py, 0.95 Py and Py, the transformed properties of cracked section (Table 6.1)
were used. The computed stress at the three selected load levels show that the use of
transformed section properties of cracked section (Table 6.4) yields results that are closer
to the measured stresses using the measured strains. However, in some cases the
calculated stress based on transformed section as mentioned did not show closer
agreement with the measured values. This suggests that accurate measurements of strains
should be taken for a number of specimens to see the correlation between measured and
calculated values. However, for calculation of maximum tensile stress in UHPC bars at

failure, the use of transformed cracked section properties appears to be satisfactory.

All the calculated and measured results of all specimens tested are compiled and

presented in Appendix C.
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Table 6.4: Measured and Computed Stresses for Selected Load Levels for Beam UB-

2 and UB-9
Measured Stress | Calculated Stress
UHPC | Load | o (MPa) (MPa)
I?_,eam_ Bar Size P of
Designation
(mm) (kN) | Pu
Bottom | Top | Bottom Top
38 85 15.8 6.2 24.1 8.7
UB-2
(150x150x760) | 3-25x25 | 42 95 19.7 7.0 26.5 9.6
(bxhxL)
44 |100| 274 7.8 27.8 10.0
70 85 9.0 3.8 21.0 5.2
UB-9
(200x310x1000) | 3-25x 25 78 95 11.8 45 23.4 5.7
(bxhxL)
82 |100| 17.3 5.1 24.6 6.0

6.6. Load Deflection Plots

Typical load-deflection plots of hybrid beams reinforced with UHPC bars are shown in
Figures 6.7 through 6.15 (only one typical specimen presented out of three replicate),
capturing the ascending and descending load paths. The softening mode of failure in
flexure mode implies non-brittle failure with significant post-cracking strength, lesser
than the peak load. In all cases, the hybrid beams failed with the formation and
advancement of only a single vertical crack within the maximum moment zone (zero

shear) (Figure 6.16).

It should be noted that the lesser values of post-peak strength are attributed to progressive

crack growth within the bottom UHPC bars. The uncracked ligament of UHPC bars and
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the bridging of steel fibers across the crack that are not pulled out contribute to the

residual flexural strength.

The load-deflection plots show that wider bars have flatter post-peak load deflection
(Figure 6.10) than those for small bar sizes (Figure 6.7). The deformed shape of the
bars, along with the rough top face enables the bars to develop full strength without any
bond-slip. Load-deflection plots in Figures 6.7 and 6.8 point to the fact that as the area of
UHPC bars increases, immediate post-peak deflection curve becomes flatter. UB-1 had 2
UHPC bars of 25x25 mm size, whereas UB-2 had 3 UHPC bars of the same cross-

section.

Likewise, UB-4 which had 2 UHPC bars of 50x50mm cross-section (Figure 84) showed
flatter post-peak deflection compared to UB-3 which had 2 UHPC bars of 25x50 mm
cross-section (Figure 6.9). This reconfirm that wider bars have more favorable effect on

the beam behavior, both in terms of efficient utilization and post-cracking deformation.

The calculation of deflection at the center of the beams using Equation 5.3 (Chapter 5)

for cracked transformed section (Table 6.1) is shown in Table 6.7. The measured
experimental deflection up to the failure load Table 6.5. Note that the selected computed

and measured deflection values given in Table 6.5.
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Table 6.5: Comparison of Theoretical and Calculated Deflection

Calculated
Py Deflection, A
Beam Designation | Measured Deflection (mm) (KN) (mm)
Based on I,
UB-1 0.33 33 0.22
UB-2 0.35 44 0.25
UB-3 0.44 38 0.21
UB-5 0.35 40 0.22
UB-8 0.20 64 0.21

From the load-deflection plots, the following observations can be made:

(1) The deflection can be taken as approximately linear up to the failure load Py,.

(2) The deflection can be calculated using the moment of inertia of the cracked

transformed section, I, (Table 6.1).

(3) Depending upon fiber orientation and amount of fiber across the crack, some
specimens may show small post-crack stiffening resulting in increased deflection
at Py and while others will not. Thus some specimens showed very limited
stiffening or constant laod with increased deflection (e.g. UB-4, UB-8) others

showed softening with increased deflection at reduced load almost immediately

after Py (e.g. UB-2, UB-3, and UB-5).
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Figure 6.7: Load-deflection curve of beam UB-1 (2 -25x25 mm bars)
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Figure 6.8: Load-deflection curve of beam UB-2 (3-25x25mm bars)
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Figure 6.9: Load-deflection curve of beam UB-3 (2 -25x50 mm bars)
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Figure 6.10: Load-deflection curve of beam UB-4 (2 — 50x50 mm bars)
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Figure 6.11: Load-deflection curve of beam UB-5 (2 — 25x25 mm bars)
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Figure 6.12: Load-deflection curve of beam UB-6 (2 — 50 x 50 mm bars)
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Figure 6.13: Load-deflection curve of beam UB-7 (2 — 50 x 50 mm bars)
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Figure 6.14: Load-deflection curve of beam UB-8 (2 — 50 x 50 mm bars)
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Figure 6.15: Load-deflection curve of beam UB-9 (4 — 25x25 mm bars)

6.7. Mode of Failure

The mode of failure was flexural for all beams, with the occurrence and advancement of a
single crack through the UHPC bars. Unlike steel reinforced beam, the development of a
single crack in UHPC bars represents the weakest section for the beam and the failure
occurs with the advancement of this crack. The beam shows reduced post-peak load
capacity with increased deflection. The first micro-cracking occurred at the bottom face
of the beam between the loading points where the beam was subjected to pure bending.
Tensile failure occurs when the steel fiber begins to pull out of the UHPC matrix.
Mechanically, pullout occurs when the load carried by an individual fiber overcomes the

ability of the UHPC bars to grip the fiber. Fibers that are pulled out increase the load that
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other fibers nearby must carry. At the peak load, the fibers at one specific cross section
began to pull out. The crack width becomes significantly wider as shown in Figure 6.16.
After the peak state, the residual load capacity decreases progressively with the widening
of the specific crack. The prolonged post-peak load deflection indicates ductile failure

with appreciable amount of softening.

The softening mode of failure, a characteristic feature of all fiber-reinforced UHPC
specimens, is explained by the fact that the fibers bridging the crack have the ability to
resist tensile stresses. As the fibers are pulled out due to crack opening, the remaining
fibers across the crack tip are able to provide tensile strength to sustain residual load.
Once all the fibers are pulled out at the crack, the specimen physically loses its bending

strength and fails.

1

Figure 6.16: Typical crack advancement in hybrid beam reinforced with UHPC
bars

150



6.8. Prediction of Failure Load

The failure load corresponds to the ultimate moment capacity of the specimens. As the
section behaves elastically almost up to the failure load, the stresses in a section can be
computed using transformed section properties. The transformed section properties of

cracked section can be used to determine ultimate moment capacity of a section.

If Fy is the maximum flexural tensile strength for UHPC bar used, the moment capacity

My for a section is given by elementary formula as

My = Sber P (6.1)

n

Where n = Ey/Ec, Sper = bottom section modulus for transformed cracked concrete
section
In order to determine My and hence Py, it is necessary to have a fair estimate of Fy,. This

can only be established through a number of tests of similar size of UHPC specimens.
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CHAPTER 7

RESULTS AND DISCUSSION FOR HYBRID

HOLLOW CORE SLAB

7.1. General

In this chapter, the test results and discussion of hybrid hollow core slab using top and

bottom layers of UHPC are presented.

7.2.  Transformed Section Properties

As measurement of strains and deflection showed almost linear behavior up to the peak
load, the transformed section properties were used to calculate the stress in a section at
failure load Py using the values of modulus of elasticity of concrete Ec = 30 GPa and that
of UHPC, Ey = 55 GPa,. For the transformed section (Figure 7.1), the cross sectional
area of UHPC layer, Asy, is replaced by an equivalent area nAsy, where n, the modular
ratio = Ey/Ec = 1.833. The transformed section properties were calculated for cracked
and uncracked concrete section on the basis of Figure 7.1 and are listed in Tables 7.1
and 7.2. The properties for cracked concrete section apply at load level greater than the
load that would produce cracking of the bottom face of normal concrete due to tensile

stress being equal or greater than modulus of rupture of concrete.
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a) Cross section

néAgy
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b) Uncracked concrete transformed section
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c) Cracked concrete transformed section

Figure 7.1: Transformed concrete section

Table 7.1: Uncracked Concrete Transformed Section Properties of Hybrid Hollow

Core Slab
Section Modulus
Cross section Moment of Depth of
Group No. (mm) width x inertia lyncr N.A. from 3 S b
depth (mm¥ x 10° | top (mm) | Swuc (me ) (mm°) x

x 10 é

10
Group (i) 260 x 140 89.8 74.3 1.21 1.37
Group (ii) 330 x 175 202.0 93.2 2.17 2.47
Group (iii) 390 x 200 339.1 106.5 3.18 3.63
Group (iv) 380 x 140 129.9 74.3 1.75 1.98
Group (V) 260 x 140 95.9 72.1 1.33 1.41
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Table 7.2: Cracked Concrete Transformed Section Properties of Hybrid Hollow

Core Slab
Section Modulus
Cross section, (')\;I?rr]zftr;; Depth of
Group No. | (mm) width x | (mm4) N.A. from S 3 S 3
Cr.
depth « 10° top (mm) t;r (1r8‘§n ) ber grgem ) X
Group (i) 260 x 140 86.6 70.8 1.22 1.25
Group (ii) 330 x 175 190.3 86.9 2.19 2.16
Group (iii) 390 x 200 313.6 97.6 3.20 3.10
Group (iv) 380 x 140 125.3 71.0 1.77 1.82
Group (V) 260 x 140 90.1 67.0 1.35 1.23

7.3. Load Capacity and Tensile Stress at Failure

The average values of the failure load, Py and the corresponding mid-span deflection for
three identical specimens are shown in Table 7.3. The variation in the three values of Py
is less than 12 % in most cases. The maximum flexural stress at the top and bottom faces
of UHPC layers was calculated at Py using values of section modulus of cracked concrete
transformed section properties shown in Table 7.2. Compressive stresses are shown as
negative. The maximum tensile stress for specimens failing in flexure varied from 9.5
MPa to 17.6 MPa showing a wide range for a UHPC having the same mix design. As
flexure failure is initiated by the tensile stress reaching the maximum flexural tensile
strength, which for the UHPC mix used was determined from prism tests as 25 MPa
(section 4.1), it was expected that the computed tensile stress at failure load should be

somewhat closer to the flexural tensile strength. The significant shortfall can be attributed
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to two effects: one is the size effect in terms of the width and span of the specimens. As
the tensile strength is dependent upon the dispersion and orientation of steel fibers, the
uniformity of fiber dispersion is far less secured for wider and longer sections than for
smaller, narrower sections. The other one is the unavoidable variation that exists in
mixing a larger amount of row materials with fibers and in casting UHPC lends also to a
high degree of variation in tensile strength. The size effect on tensile strength variation is

one of the challenges of fiber-reinforced UHPC construction.

For the longer span specimens, the dominant failure mode is the flexure failure and the
average computed bottom tensile stress is 16 MPa for Group (i), 11 MPa for Group (ii) ,
12 MPa for Groups (iii) and (iv). The maximum variation of computed tensile stress from

the average strength for each group is about 10%.

The specimens that failed in web-shear (failure mode discussed in section 7.7) showed a
tensile stress at the bottom face ranging from 10.0 to 16.3 MPa. These stresses are not the
maximum flexural tensile strength, as the specimens failed prematurely in shear,
indicating the load in flexure failure would have been higher. The flexural tensile strength

of UHPC for theses specimens were higher than the calculated stresses.

It is clear that higher depth of hollow core slabs results in higher load capacity of the
slabs for the same span length, as expected. This is evident from results in Table 7.3 for
all groups of beams. The average failure load for HC-A-L1, HC-A-L2, and HC-A-L3 for
Group (i) which had depth of 140 mm and 260 mm wide was 50 kN compared to 62 kN
for HC-B-L1, HC-B-L1, HC-B-L1 of Group (ii), which had a depth of 175 mm and 330

mm wide, an increase in Py about 24%. The comparison of Py for Group (i) with two

155



holes and Group (v) without holes for span 900 mm can be used to show the effect of
holes. As the presence of holes make the section weaker in shear, two of the specimens in
Group (i), HC-A-S1 and HC-A-S2 failed in shear. However, that was not the case in case
of Group (v) specimens, all of which failed in flexure as the shear strength of these

specimens is considerably higher.
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Table 7.3: Test Data and Calculated Stresses at Failure Load

. Deflection at Calculated Stress
Beam Test Mode of Failure Failure (MPa)
Group No. A Span - Load, Py
Designation Failure Load, A
(mm) (kN) (mm)
Bottom Top
HC-A-S1 Web-shear 62.9 2.07 15.0 -15.3
HC-A-S2 900 Web-shear 68.4 2.38 16.3 -16.7
Group (i)
HC-A-S3 Flexure 49.0 1.80 11.7 -12.0
(260 x 140)
(Two holes) HC-A-L1 Flexure 475 2.23 14.8 -15.1
HC-A-L2 1100 Flexure 47.9 2.20 14.9 -15.3
HC-A-L3 Flexure 56.4 2.12 17.6 -18.0
HC-B-S1 Flexure 82.6 2.37 11.4 -11.2
HC-B-S2 900 Web-shear 88.7 2.88 12.2 -12.1
Group (ii)
HC-B-S3 Web-shear 95.7 2.71 13.2 -13.0
(330 x 175)
(Two holes) HC-B-L1 Flexure 64.1 2.20 11.6 -11.4
HC-B-L2 1100 Flexure 58.2 2.21 10.5 -10.3
HC-B-L3 Flexure 65.1 1.95 11.8 -11.6
HC-C-S1 Flexure 97.6 2.17 9.5 9.1
HC-C-S2 900 Web-shear 111.8 2.53 11.0 -10.4
Group (iii)
HC-C-S3 Web-shear 100.6 2.20 10.0 9.3
(390 x 200)
(Two holes) HC-C-L1 Flexure 93.7 1.02 12.0 -11.4
HC-C-L2 1100 Flexure 103.1 2.34 13.1 -12.5
HC-C-L3 Flexure 88.5 2.20 11.3 -10.7
Group (iv) HC-D-L1 Flexure 51.5 1.93 11.1 -11.4
(380 x 140) HC-D-L2 1100 Flexure 58.4 2.34 12.5 -12.9
(Three holes) HC-D-L3 Flexure 57.2 2.40 12.3 -12.6
Group (v) HC-E-S1 Flexure 60.5 1.80 14.6 -13.4
(260 x 140) HC-E-S2 900 Flexure 65.4 2.10 15.8 -14.5
(Solid section) HC-E-S3 Flexure 58.0 2.06 14.0 -13.0
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7.4. Strain Distributions along the Depth

The load-strain relationship was evaluated using the strains measured by the strain
gauges fixed to the slabs with the aim of locating measured neutral axis of a section. Six
strain gauges located at mid-span (Figure 7.2) were used to create a strain profile over

the depth of all specimens and to identify the location of the neutral axis.

(a) Strain gages before testing
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(b) Strain gages during testing

Figure 7.2: Instrumentation for test specimens
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Figure 7.3: Typical load-strain curve for slab HC-A-L1

As a representative plot of strain distribution for longer span specimens that failed in
flexure mode, Figure 7.3 is used to show the load-strain plot of slab HC-A-L1 at 95% of
the failure load. Positive and negative strains represent tensile and compressive strains,
respectively. The plot shows linearity for tension and compressive strains almost up to
the failure load. In other words the beam responded almost linearly, with strain being
approximately proportional to the applied load. This linearity of the strain profile

confirms that there is no slip at the interfaces between UHPC and normal concrete for a
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section affirming that adequate bond between NC and UHPC has been achieved in the
construction of the hybrid specimens.

The measured values of compressive strain at the load of 45.3 kN (0.95 Py) were 272 x
10° while the measured tensile strain at the same load level was 283 x 10°°. Figure 7.4
shows the crack propagation under flexure mode of failure of specimen HC-A-L2 at

failure.

Figure 7.4: Crack advancement of hybrid slab at failure load

Figure 7.5 shows the load-strain plot of slab HC-A-S1 at 99% of the failure load,

selected to represent the case of the web-shear mode of failure. The plot shows also
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linearity for tensile and compressive strains almost up to the failure load. The measured
strain for all test specimens, regardless of the mode of failure, clearly show an

approximately linear relationship between load and strains, confirming linear response of

UHPC hybrid elements.
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Figure 7.5: Typical load-strain curve for slab HC-A-S1

The strain profile across the depth of the specimen HC-A-L1 is shown in Figure 7.6 for
six load levels at 25%, 50%, 75%, 85%, 95% and 100% of the failure load. Two
observations can be made from plots in Figure 7.6: (i) the strain distribution across the

depth is reasonably linear at all load levels, and (ii) the neutral axis moves upward as the
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load approaches Py. The shift of the neutral axis is caused by the transition of the section

from being wholly uncracked to cracked concrete section at failure.

At load less than cracking load for NC, the entire hybrid section remains uncracked and
the neutral axis for the section remains unchanged until the occurrence of the crack in NC
at the bottom. As NC cracks at load lesser than Py, the loss of the concrete’s strength in

tension leads to the upward shift of the neutral axis.

The value of the concrete cracking load Pgonc can be estimated from the ordinary flexure
theory using transform section properties for uncracked section (Figure 7.1b). If the
flexural tensile strength of NC (modulus of rupture) is f;, the moment to cause cracking of

NC is given as:

Mcrc — Iunyccrft (71)

where I = moment of inertia of uncracked transformed section and Y. = distance of the

bottom concrete layer from NA (Table 7.1).

The load corresponding to M, for the test specimens is given as

_ 2M¢yc
PCODC -

(7.2)

a

where a = shear span for the four-point loading used.

The computed values of Py, for test specimens are shown in Tables 7.4 and 7.5. When
P is less or equal to Ponc, transformed section properties of uncracked section are
applicable for calculation of bending stress. If P is greater than Pgonc, the transformed

section properties for cracked section (Figure 7.1c) are applicable for stress calculation.
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Peonc Values for all test specimens are calculated from Equation 7.2 using lyner Values

shown in Table 7.1 with f, = 4 MPa for normal concrete used.

—® - P=12 KN (25%) <o)+ P=23.5 kN (50%) A — P=35.8 kN (75%)
e=fll= P=40.2 KN (85%) —m- P=45.3 kN (95%) == P=47.5 kN (100%)
Y L] ‘ . T T
| \%— P=12kN HC-A-L1
\ P=23.5kN
P=35.8 kN
-40 4
&
&
e
)
o
[B)
a
-90 -
-140 -
-400 -300 -200 -100 0 100 200 300 400
Strain x10-6

Figure 7.6: Typical Strain profile along the depth for slab HC-A-L1

From the transformed section for an uncracked section (Table 7.1), the neutral axis is
located at a depth of 74 mm from the top for HC-A-L1 (Figure 7.6). This compares to 77
mm observed from the plot of strains at P = 12 kN. Form the cracked transformed
section (Table 7.2), the computed depth of neutral axis is found to be 71 mm from top at

load level close to the failure load while the measured depth observed at the same load
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level from strain profile is 73 mm. This shows good agreement between the measured
and calculated depth of the compression zone. The measured strains, measured and
calculated depth of neutral axis (N.A) for the three identical specimens of Group (i) with
longer span are shown in Table 7.4. The values of Py, are shown in Table 7.4 to

indicate what type of section, cracked or uncracked to be used at a load level.

The strain profile across the depth of the slab HC-A-S1 is also shown in Figure 7.7 up to
99 % of the failure load. As seen, the strain distribution across the depth is almost linear

at all load levels up to failure load.

The measured strains, measured and calculated depth of neutral axis (N.A) for three
selected specimens from Groups (i), (ii) and (iii) of shorter span specimens with diagonal

web-shear failure are shown in Table 7.5.

The strain profile for other specimens of all other groups is presented in Appendix C.
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Figure 7.7: Typical Strain profile along the depth for slab HC-A-S1
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Table 7.4: Measured Strain and Depth of N.A. Values for Group (i) of Longer Span

Measured Strain,

Depth of N.A from top,

Concrete
Load | o (x 10°) (mm) .
Beam Failure P o/; Cracking
Designation Mode ) | Py 1/3 2/3 Load Peonc
Top | from | from | Bottom | Measured Calculated (kKN)
top top
120 | 25 | -70 -27 5 66 77 74(Uncrack)
238 | 50 | -141 | -54 12 141 75 74(Uncrack)
HC-A-L1
(260x140) Flexure | 35.8 | 75 | -215 -84 25 219 74 74(Uncrack) 47.5
Span 1100 mm
402 | 85 | -241 | -94 32 249 74 74(Uncrack)
453 | 95 | -272 | -105 44 283 73 74(Uncrack)
119 | 25 | -64 -20 22 67 69 74(Uncrack)
23.9 | 50 | -133 | -40 45 143 68 74(Uncrack)
HC-A-L2
(260x140) Flexure | 35.7 | 75 | -201 | -62 68 222 68 74(Uncrack) 475
Span 1100 mm
408 | 85 | -233 | -69 81 258 68 74(Uncrack)
46.2 | 96 | -266 | -68 115 298 65 74(Uncrack)
138 | 25 | -80 -21 21 71 72 74(Uncrack)
278 | 50 | -162 -42 48 149 71 74(Uncrack)
HC-A-L3
(260x140) Flexure | 425 | 75 | -253 -66 54 231 72 74(Uncrack) 47.5
Span 1100 mm
465 | 82 | -284 | -60 71 258 71 74(Uncrack)
475 | 95 | -302 | -56 66 353 67 71-Crack.
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Table 7.5: Measured Strain and Depth of N.A. Values for Shorter Span Specimens

Measured Strain, Depth of N.A from top,
(x 10°) (mm) Concrete
Beam Failure Load P | o of cracking
Designation mode (kN) Pu 13 23 l0ad Peon
Top | from | from | Bottom | Measured | Calculated (kN)
top top
155 25 -63 -22 6 60 75 74
31.2 50 -125 -42 19 127 73 74
HC-A-S1
Web-
(260x140) 47.1 75 -189 -59 34 199 71 74 62.2
shear
Span 900 mm
56.6 90 -228 -69 41 241 71 74
62.5 99 -253 -83 45 271 71 71
23.6 25 -52 -26 15 61 88 93
47.8 50 -109 -57 33 126 88 93
HC-B-S3
@30ars) | W 716 | 75 | 163 | 88 | 52 193 88 93 96.0
Span 900 mm
81.2 85 -182 | -100 56 223 87 93
90.8 95 -202 | -115 79 253 86 87
27.82 25 -49 -21 10 49 106 106
56.2 50 -99 -45 13 110 107 106
HC-C-S2 83.87 75 -145 -71 14 156 107 106
(390x200) Web- 1317
shear '
Span 900 mm 95.16 85 -163 -82 18 180 107 106
106.6 95 -181 -96 36 208 104 106
110.5 99 -188 | -106 33 219 105 106
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7.5. Measured and Calculated Stresses

Generally, the section is considered as cracked concrete section when the tensile strength
at the bottom of the normal concrete exceeds the tensile strength of concrete from the

transformed section as discussed in details later in section 7.8.

For a comparison of the measured stresses from strains with theoretical values computed
from flexure formula using transformed properties, Table 7.6 is prepared. The
compressive strains at top and bottom were converted to stresses using Ey= 55 GPa. For
example, hollow core slab HC-A-L1, at load level 25% and 50% of the peak load Py
which was 12 kN and 23.8 kN respectively, the stresses in the beam were calculated
using transformed properties of fully uncracked section given in Table 7.1. For P = 45.3
kN (95% of Py) and 47.5 kN (100 % of Py), the transformed properties of cracked section
(Table 7.2) were used. The computed stress at all selected load levels show that the use of
transformed section properties of uncracked and cracked section (Table 7.6) yields
results that are closer to the measured stresses using the measured strains. Similarly,
Table 7.7 shows the measured and computed stress values for selected load levels for

shorter span specimens which failed in diagonal web-shear.

All the calculated and measured results of all specimens tested are compiled and

presented in Appendix D.
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Table 7.6: Measured and Computed Stresses for Selected Load Levels for Longer
Span Specimens in Group (i)

Concrete Calculated Stress, (MPa)
. Load | o4 Measured Cracking
Beam Failure | p Stress, (MPa) | | 4
. . of Bottom Top
Designation | Mode )
(kN) Py conc
Bottom | Top (kN) Cracked | Uncracked | Cracked | Uncracked
12 25 3.6 3.9 - 3.4 - 3.9
23.8 50 7.8 7.8 - 6.8 - 7.7
HC-A-L1 35.8 75 12.1 11.8 - 10.2 - 11.5
Flexure 47.5
(260x140) 402 | 85 | 137 | 133 125 - 12.8 ;
45.3 95 15.6 15.0 14.1 - 14.4 -
475 | 100 | 16.1 16.0 14.8 - 15.1 -
11.9 25 3.7 35 - 3.4 - 3.9
23.9 50 7.9 7.3 - 6.8 - 7.7
HC-A-L2 35.7 75 12.2 11.1 - 10.2 - 11.5
Flexure 47.5
(260x140) 408 | 85 | 142 | 128 12.7 - 13.0 ;
46.2 96 16.4 14.6 14.4 - 14.7 -
479 | 100 | 255 21.6 14.9 - 15.3 -
13.8 25 3.9 4.4 - 3.9 - 45
27.8 50 8.2 8.9 - 7.9 - 9.0
HC-A-L3 425 75 12.7 13.9 13.2 - 13.5 -
Flexure 47.5
(260x140) 465 | 82 | 142 | 156 145 - 14.8 ;
475 85 19.4 16.6 14.8 - 15.1 -
56.4 | 100 - - 17.6 - 18.0 -
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Table 7.7: Measured and Computed Stresses for Selected Load Levels for Shorter
Span Specimens

% Measured Stress, | Concrete Calculated Stress, (MPa)
Beam Failure | LoadP of (MPa) Cracking
Designation Mode (kN) p Load Bottom Top
U
Bottom Top Peonc Cracked | Uncracked | Cracked | Uncracked
155 25 33 35 - 3.4 - 3.8
31.2 50 7.0 6.9 - 6.8 - 7.7
HC-A-S1 Web- 47.1 75 11.0 104 62 - 10.3 - 11.6
(260x140) | Shear | geq | oo | 133 | 126 135 - 13.8 -
62.5 99 15.0 14.0 14.9 - 15.2 -
62.9 | 100 - - 15.0 - 15.3 -
23.6 25 3.4 2.9 - 2.9 - 3.2
47.8 50 6.9 6.0 - 5.8 - 6.6
HC-B-S3 Web- 71.6 75 10.6 9.0 060 - 8.6 - 9.8
(330x175) | shear | 15 | g5 | 123 | 100 : 9.8 : 11.2
90.8 95 13.9 111 125 - 12.3 -
957 |100| 14.9 11.8 13.2 - 13.0 -
27.8 25 2.7 2.7 - 2.3 - 2.6
56.2 50 5.6 5.45 - 4.62 - 5.3
83.9 75 8.6 8.0 - 6.9 - 7.9
HC-C-S2 Web-
(390x200) shear 95.2 85 9.9 9.0 131.7 - 7.81 - 8.9
106.6 | 95 11.44 10.0 - 8.8 - 10
1105 | 99 12.0 10.34 - 9.1 - 104
1118 | 100 | 133 11.0 - 9.2 - 10.5
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7.6. Load Deflection Plots

Typical load-deflection plots of the hybrid hollow core slabs are shown in Figures 7.8
through 7.16 (only one typical specimen presented out of three replicate), capturing the
ascending and descending load paths. The softening mode of failure in flexure mode
implies non-brittle failure with significant post-cracking strength, lesser than the peak
load. In some cases, the hollow core slabs failed with the formation of multiple fine
surface cracks at the bottom of UHPC and advancement of only one single vertical crack

within the maximum moment zone (zero shear) (Figure 7.17).

It should be noted that the lesser values of post-peak strength are attributed to progressive
crack growth within the UHPC layer. The unracked ligament of UHPC and the bridging
of steel fibers across the crack that are not pulled out contribute to the residual flexural

strength.

The calculation of deflection at the centre of the slabs using Equation 5.3 for cracked and
uncracked section is shown in Table 7.8. The measured experimental deflection up to the

concrete cracking load Pcgnc is also shown in Table 7.8.

Note that the computed and measured deflection values given in Table 7.8 for all beams

failed in flexure mode of as discussed in in section 7.7.
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Table 7.8: Comparison of Theoretical and Calculated Deflection

Calculated
. Deflection, A
Beam Average Measured Deflection | concrete Cracking Load Peon
Designation (mm) (KN) (mm)
Based on lyner

HC-A-L1
HC-A-L2 0.42 32.5 0.31
HC-A-L3
HC-B-L1
HC-B-L2 0.23 58.4 0.25
HC-B-L3
HC-C-L1
HC-C-L2 0.48 86.1 0.22
HC-C-L3
HC-D-L1
HC-D-L2 0.49 46.6 0.31
HC-D-L3
HC-E-S1
HC-E-S2 0.25 38.2 0.20
HC-E-S3

From the load-deflection plots, the following observations can be made:

(1) The deflection can be taken as approximately linear up to the failure load Py,.
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(2) The deflection can be calculated using the moment of inertia of the uncracked
transformed section, Iy, as there is marginal difference in moment of inertia in

both uncracked and cracked transformed section (Tables 7.1 and 7.2).

(3) Depending upon fiber orientation and amount of fiber across the crack, some
specimens may show small post-crack stiffening resulting in increased deflection
at Py and while others will not. Thus some specimens showed limited stiffening
(e.g. HC-A-L2, HC-C-L2) others showed softening with increased deflection at

reduced load almost immediately after Py (e.g. HC-B-S2, HC-C-S1).
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Figure 7.8: Load-deflection curve for hybrid slab HC-A-S1
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Figure 7.9: Load-deflection curve for hybrid slab HC-A-L1
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Figure 7.10: Load-deflection curve for hybrid slab HC-A-L2
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Figure 7.11: Load-deflection curve for hybrid slab HC-B-S3
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Figure 7.12: Load-deflection curve for hybrid slab HC-B-L.2
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Figure 7.13: Load-deflection curve for hybrid slab HC-C-S1
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Figure 7.14: Load-deflection curve for hybrid slab HC-C-L2
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Figure 7.15: Load-deflection curve for hybrid slab HC-D-L2
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Figure 7.16: Load-deflection curve for hybrid slab HC-E-S2
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7.7. Mode of Failure

Two basic modes of failure were witnessed: (i) flexure failure and (ii) diagonal web-shear
failure. It is observed from data in Table 7.3 that for the same cross section, the
specimens with longer span (1100 mm) exhibited flexure mode of failure for Groups (i)
to (iv) in addition to Group (v) specimens with shorter span (900 mm) (Figure 7.17).
However, most of the shorter span specimens in Groups (i) to (iii) exhibited diagonal

web-shear mode of failure in as shown in Figure 7.18.

The flexure failure is encountered with the vertical growth of a flexure crack within the
two loading points as shown in Figure 7.17. The web-shear failure occurs with the
development of a diagonal crack that advances with the combined action of flexure and

shear as depicted in Figure 7.18.

For shorter span (lower a/h, shorter span to depth ratio), shear force can cause web-shear
cracking, as the specimen’s shear capacity is impaired by the presence of holes. For
longer span (1100 mm), higher a/h ratio produces larger moment resulting in flexure

failure.

7.7.1 Flexure Mode of Failure

All test specimens showed linear elastic response almost up to peak load Py. As the load
approaches Py, multiple fine surface cracks appear at the bottom UHPC layer within the
central part of the specimens between the two loading points. This is followed by very
limited hardening and advancement of a single crack through the thickness of UHPC. At
the peak load Py, this tension cracking becomes well formed.
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Following the peak load Py, the specimens exhibit a gradual softening mode of failure
with the advancement of crack almost vertically across the thickness of bottom UHPC
layer. In this mode, the cracks always propagate through the UHPC vertically along the
depth and horizontally across the width of the slab as shown in Figure 7.17. The bridging
of the fibers across the crack and the uncracked ligament of UHPC provides the post
cracking residual strength. As the crack advanced, the crack-mouth became wider

(Figure 7.17).

As an example, in specimen HC-A-L2, the initial first crack which was formed at load of
46.2 kKN and deflection of 1.4 mm and maintained this level approximately up to a
deflection of 1.8 mm and again the load increased slightly to 47.9 kN at a deflection of
2.5 mm which was the peak failure load. Thereafter, the specimen showed softening

ductile mode (Figure 7.10).
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Figure 7.17: Typical flexure mode of failure for specimens HC-A-L1 and HC-A-L2

The softening mode of failure, a characteristic feature of all fiber-reinforced UHPC
specimens, is explained by the fact that the fibers bridging the crack have the ability to
resist tensile stresses. As the fibers are pulled out due to crack opening, the remaining
fibers across the crack tip are able to provide tensile strength to sustain residual load.
Once all the fibers are pulled out at the crack, the specimen physically loses its bending

strength and fails.
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7.7.2 Diagonal Web-Shear Failure

In this mode, all specimens also showed linear-elastic response up to the initiation of first
small diagonal web shear crack in the normal concrete in the vicinity of the neutral axis
between the top and bottom UHPC near the support (Figure 7.18). As load increased, the
diagonal web cracking advanced towards the top and bottom of the specimens. Following
the attainment of Py, the crack propagated towards the support end causing failure
(Figure 7.18). After the peak load, the crack advancement towards the support occurs at
a declining load. Some beams failed with crack advancing towards the support along the
interface between the bottom UHPC layer and NC. For web-shear failure, the bottom
UHPC layer remained uncracked, implying reserved flexural strength that would have

yielded higher Py.
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Figure 7.18: Typical web-shear mode of failure of specimens HC-A-S, HC-B-S and
HC-C-S
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7.8. Prediction of Failure Load and Mode of Failure

7.8.1 Prediction of Failure Load

The failure load corresponds to the lower of the two values of loads; one for the ultimate

moment capacity and the other one for the shear capacity of the specimens.

7.8.2 Prediction Load for Flexure Failure

As the section behaves elastically almost up to the failure load, the stresses in a section
can be computed using transformed section properties. For hollow core sections, the
tensile stress at the bottom face of normal concrete (above the bottom UHPC layer) will
exceed modulus of rupture for concrete at a moment M. (or load Pconc) (Section 7.4),
making the section a cracked one. The transformed section properties of cracked section

should therefore be used to determine ultimate moment capacity of a section.

If Fy, is the maximum flexural tensile strength for UHPC layer used, the moment capacity

My for a section is given by elementary formula as

MU — Sher Fru (7'4)

n
Where n = Ey/Ec, Sper = bottom section modulus for transformed cracked concrete
section (Table 7.2). The maximum load Py to produce flexure failure for the test

specimens is

2 My
a

Puf = (75)

Where a= shear span for the four-point loading system used.
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In order to determine My and hence Py, it is necessary to have a fair estimate of Fy,. This,
however, can only be established through a number of tests of similar size of UHPC

specimens.

7.8.3 Prediction of Load for Diagonal Web-Shear Failure

The shear capacity based on gross concrete web was computed for diagonal web-shear

cracking.

As shown in Table 7.3, the diagonal web shear failure occurred in the short span (900
mm) in all the three groups (i), (ii) and (iii).

For Group (i), for the shorter span specimens, the average failure load Py of specimens
HC-A-S1 and HC-A-S1 is 65 kN, similarly for Group (ii), the average failure load Py of
specimens HC-B-S2 and HC-A-S3 is 92 kN and finally, for Group (iii), the average

failure load Py of specimens HC-C-S2 and HC-C-S3 is 106 kN. From these three groups,
the average shear stress T can be calculated using:

T=— (7.6)

where V = shear force = Py/2, b,,= net width of a section = gross width b — sum of hole

diameters and h= depth of the section.

The computed values of T for Group (i) to (iii) are shown in Table 7.9 which also
contains the values of Py, by, and h used in equation (7.6). It is worth noting that T values
are range-bound. The average value of T is 2.72 MPa, which is approximately equal to
5 \//Tc . Thus, for web-shear failure, the limiting average shear stress for hybrid slabs can
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be taken as 5 +/f'c. For normal concrete beams, the maximum shear stress for web-shear

cracking is typically taken as 3.5 \/ﬁ and more conservatively as 1.9 \/ﬁ (Nilson, A.
H.)._The higher value of shear stress for diagonal web-shear cracking is justified by the
presence of two UHPC faces contributing to the overall shear resistance.

The critical shear for web-shear cracking, V, is

Ve = 5+/fcbyh (7.7)

The predicted load Py to cause failure in web-shear cracking for the test specimens is

Py= 2Ve.=10+/fc byh (7.8)

Table 7.9: Computed Average Shear Stress T

. Average . Net width chear Stiss
Specimen failure load Width b Depth h by, v
Group (Eﬁ) (mm) (mm) (mm) T= bw_h
(MPa)
Group (i) 65 260 140 90 2.58
Group (ii) 92 330 175 88 2.99
Group (iii) 106 390 200 102 2.6

The failure load for a given hollow core beam element can be determined by evaluating
the maximum load Py corresponding to My from Equation 7.5 and Py value
corresponding to V. from Equation 7.8. The lower of the two values, Py and Py,

represents the failure load or the load capacity of the element and accordingly also the

mode of failure.
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The common feather of the two modes of failure for hollow-core hybrid specimens is
that, after reaching peak load Py, the specimens exhibit softening mode of failure

characterized by increased deflection and crack growth with declining load.
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CHAPTER 8

FINITE ELEMENT MODELING OF HYBRID

BEAMS

8.1. Introduction

This chapter presents the Finite Element Method (FEM) analysis of both hybrids layered
and hollow-core slab elements for the purpose of comparison with the experimental
observations and calculated stresses based on the transformed section properties. As the
layered and hollow-core construction have the best prospects for practical application and
adoption, FE analysis has been made to examine the accuracy of the mechanist approach

using transformed section.

A three-dimensional finite element analysis was performed using commercial finite
element program (ABAQUS 6.13). The finite element models were built to represent the

actual hybrid beams geometry and materials, including the steel plates.

8.2. Mechanical Properties of Materials

Compared with ordinary concrete, UHPC has different stress-strain characteristics. The
applicability of available FEM software to UHPC, including the assumptions and

mechanical properties of materials, has not yet been proven. In addition, the role of steel
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fibers and their contribution to mechanical properties of UHPC after cracking is typically

not considered in FEM modeling.

The UHPC parameters is significantly different from conventional concrete and must be

carefully calibrated based on available experimental tension and compression data.

On the basis of test data presented and discussed in Chapter 4, the idealized stress-strain
relationship for axial tension and compression adopted for FE analysis are shown in
Figures 8.1 and 8.2. For tension, the stress-strain (6-¢) is linear upto the ultimate tensile
stress 6,=11.0 MPa corresponding to g =0.00018. The limited strain-hardening zone is
defined by g; =0.00025 and &, =0.0006. The strain-softening is represented by a linear

relationship as shown in Figure 8.1.

The stress-strain relationship for compression is taken as linear upto the maximum stress
of 165 MPa corresponding to strain of 0.00365. The compression failure by crushing is

assumed to take place at g, =0.0038.

For elastic analysis, unit weight of the UHPC was taken as 2500 kg/m® and elastic
properties were defined by a Poisson’s ratio of 0.22 and a modulus of elasticity of of 55
GPa for both tension and compression. For normal concrete (NC) the unit weight was
taken as 2400 kg/m® and elastic properties were defined by a Poisson’s ratio of 0.2 and a
modulus of elasticity of 30 GPa. Steel plates have density of 7850 kg/m* and modulus of

elasticity was taken as 200 GPa and Poisson’s ratio of 0.3.
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Figure 8.1: Idealized uniaxial tensile response of UHPC
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Figure 8.2: Compressive stress-strain behavior of UHPC
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8.3. FE Analysis and Results

Up to the peak stress, the linear analysis and thereafter nonlinear analysis was carried out
till the attainment of £,=0.00025. No attempt was made to carry out analysis after this
limit as the section becomes cracked followed by strain softening with declining load,

and post-cracking behavior has no practical interest.

8.3.1 Layered Beam

All the material used in FEM were considered homogeneous, and modeled as an elastic
isotropic material. The elements had a uniform mesh size of about 10 mm. Full bond was
assumed along the entire interacting surfaces of the different materials. The boundary
conditions for all hybrid beams were identical, and consisted of a pin support at the left
support and a roller support at the right support. The load was applied, as in the tests, into
the specimen through a steel plate. This steel plate was also modeled as 3D-elements as

shown in Figure 8.3.

As a typical example, Figure 8.3 shows the FEM model for beam LS-A-C2. The
following results are based on the linear FEA model using the material parameters in

Table 8.1. The mesh model of hybrid beams LS-A-C2 is illustrated in Figure 8.3.
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Figure 8.3: Meshing of layered hybrid beam LS-A-C2

A Strain Distribution

The strain distribution along the depth at center of hybrid beam is shown in Figure 8.4.
The longitudinal strains are corresponding to maximum tensile strain on the bottom
surface and maximum compressive strain on the top surface of the hybrid beam. Figure
8.5 demonstrates the comparison between the FEM and experimentally observed
longitudinal strains on the top and bottom surfaces of layered beam. Tensile and

compressive strains are well predicted by the FEM model in elastic regions.
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Figure 8.4: view of strain distribution along the depth at center of hybrid beam
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Figure 8.5: FEM vs. experimentally observed longitudinal strain on top and bottom
faces of hybrid beam of specimen LS-A-C2



The experimental result demonstrated that the hybrid beam exhibits a tensile strain at the
bottom close to the failure load of 258 x 10° compared to 276 x 10 predicted by FEM.
Similarly, the experimental compressive strain at the top is 284 x 10°® compared to 320 x
10® predicted by FEM. The agreement is reasonably good in both tension and

compression strains of the hybrid beam.

Figure 8.6 illustrates the strain profile along beam depth of specimens LS-A-C2 at
midspan with two different load levels: 50% Py and 90% Py for experimentally observed

FEM strains.

The experimentally measured linear strain distribution along the depth of the hybrid beam

was confirmed from the FEM (Figure 8.6).
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Figure 8.6: FEM vs. experimentally observed longitudinal strain along the depth at
mid span

It can be observed that the strain profile between FEM and experiment agrees well with
each other until 0.9 Py. This strain distribution along the depth is almost identical at low
load levels. However, little variations at higher load levels may be due to the unavoidable
variation of experimental data during the loading and strain increment near the failure
load. In the compression area, in most cases, it is noted that the FEM strain is almost

similar to the experimental result on the top surface of the hybrid beams.
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B. Stress Distribution

Figure 8.7 shows the longitudinal stress distribution in the hybrid beam. The maximum
tensile stress developed in the tension zone of the hybrid beam was 15 MPa compared to
19 MPa achieved by measured strain and calculated stress based on the transformed
section properties as shown in Table 8.1. The figure further indicates the distribution of

low to high tensile and compressive stresses within in the beam.

A summary of the finite element and experimentally observed and calculated results for
hybrid beams is presented in Table 8.1. FEM results of all other specimens are presented

in Appendix E.
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Figure 8.7: FEM longitudinal stress distribution
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Table 8.1: Comparison of Finite Element Results with Experimental and Calculated
Values for Layered specimens

Strain x 10°® Stress (MPa)
Beam LtJhTCPkC_: L?aad Bottom Top Bottom Top
Designation
(mm) | (KN)
Meas.* | FEM | Meas.* | FEM | Meas.” | Calc.¥ | FEM | Meas.” | Calc.” | FEM
LS-A-C2
150x150 x 760 20 48 350 261 -283 -327 19 19 15 -9 -9 -12
(bxhxL)
LS-C-C2
150x150 x 1000 20 20 173 146 -256 -187 10 13 9 -8 -6 -6
(bxhxL)
LS-D-C2
150x150 x 1000 40 32 223 222 -455 -302 12 14 12 -14 -10 -10
(bxhxL)
LS-H-C2
150%x200 x 1200 50 40 318 253 -349 -331 17 12 13 -11 -11 -11
(bxhxL)

Meas.*: Measured strain experimentally, Meas.” Measured stress from strain experimentally
Calc.: Calculated stress on the basis of transformed section

C.

Deflection Comparison

The results presented in Table 8.2 show the deflection of hybrid beams by three ways:

experimentally observed deflection, Equation 5.3 given in section 5.6 (Chapter 5), and

FEM for three selected load levels: 0.8 Py and Py.
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Table 8.2: Comparison of Experimental, Theoretical, and FEM Deflection of
Layered Hybrid Beams

Failure Experimental Elastic formula FEM
Beam Designation | 10ad Py
(kN) 0.8 Py Pu 0.8 Py Pu 0.8 Py Pu
LS-A-C2
150x150 x 760 52 0.43 0.51 0.16 0.20 0.15 0.19
(bxhxL)
LS-C-C2
150x150 x 1000 21 0.37 0.41 0.18 0.22 0.15 0.19
(bxhxL)
LS-D-C2
150x150 x 1000 34 0.31 0.45 0.25 0.31 0.24 0.30
(bxhxL)
LS-H-C2
150x200 x 1200 51 0.46 0.59 0.29 0.38 0.31 0.40
(bxhxL)

Table 8.2 demonstrates that the FEM model accurately predicts the deflection calculated
based on the theoretical elastic formula for the mid span vertical displacement of layered

beam specimens in elastic range for the three load levels selected.

The deflections of the finite element models and deflections calculated using elastic

deflection formula for layered beams were smaller than those measured experimentally.

It appears there may be two reasons for that: the first one may be because the UHPC

bottom layer is more flexible in reality than in the model. Secondly, there might be some
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rigid body rotation and therefore increasing discrepancy is observed. It appears that
deflection of the supporting system on both seats of the specimen would have rigid body
movement in a form of uniform vertical displacement, rotation, or combination of both. A
uniform vertical displacement is assumed to be the primary rigid body movement
although slight rotation due to different reaction force on the supporting system and/or

different rigidity of the supporting system of each end is possible.

A nonlinear FE analysis for one specimen of hybrid NC-UHPC layered specimens was
performed up to g; =0.00025 as shown in Figure 8.1, although linear FE analysis and the
experimental results showed that the proposed forms of constructions were almost linear

up to failure.

Concrete damage plasticity (CDP) model in ABAQUS 6.13 was used for nonlinear
behavior of the hybrid specimen using material properties extracted from uniaxial tensile
and compressive tests as shown in Figures 8.1 and 8.2 for UHPC and Figure 5.14 for

NC.

In the concrete damage plasticity model in ABAQUS, the fibers were assumed uniformly

distributed in the matrix and the UHPC is thus modeled as a homogeneous material.

In the CDP model, five parameters required to be defined: (a) the dilation angle in
degrees, (b) the flow potential eccentricity, (c) the ratio of initial equi-biaxial
compressive yield stress to initial uniaxial compressive yield stress, (d) the viscosity
parameter and (e) the ratio of the second stress invariant on the tensile meridian to that on
the compressive meridian. Their default values of 34, 0.1, 1.16, 0.66 and 0.0, were used

respectively for the above mentioned parameters.
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Figure 8.9: Nonlinear FEM showing longitudinal stress distribution

Figures 8.8 and 8.9 show the plastic strain distribution and longitudinal stress
distribution of the hybrid beam tested respectively. The maximum tensile strength at the
bottom of UHPC layer was found to be about 11 MPa compared to 13 achieved using

linear FE analyses, which shows that the linear FE analysis was good enough to predict
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the maximum tensile strength. However, nonlinear finite element can accurately predict

the crack location and propagation.

8.3.2 Hollow Core Specimens

Similar to layered beam specimens, all the material used in FEM were considered
homogeneous, and modelled as an elastic isotropic material. The elements had a uniform
mesh size of about 10 mm. Full bond was assumed along the entire interacting surfaces of
the different materials. The mesh geometry of the FEM model is shown in Figure 8.10

for specimen HC-7-B as an example of beams used in hollow core specimens.

As in layered beams, the boundary conditions for all hollow core specimens were
identical, and consisted of a pin support at the left support and a roller support at the right
support. The load was applied, as in the tests, into the specimen through a steel plate.

This steel plate was also modeled as 3D-elements as shown in Figure 8.10.

Figure 8.10: Meshing of hollow core specimen HC-7-B
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8.3.2.1 Strain Distribution

Figure 8.11 shows the longitudinal section along the length showing the strain
distribution of specimen HC-7-B at center of hybrid beam. Figure 8.12 demonstrates the
comparison between the FEM and experimentally observed longitudinal strains on the
top and bottom surfaces of hollow core beam. Tensile and compressive strains are well
predicted by the FEM model in elastic regions. The experimental result demonstrated that
the hollow core beam exhibits a tensile strain at the bottom close to the failure load of
239 x 10° compared to 193 x 10° predicted by FEM. Similarly, the experimental
compressive strain at the top is 186 x 10 compared to 214 x 10°® predicted by FEM. The
agreement is reasonably good in both tension and compression strains of the hybrid

beam.

Figure 8.11: Longitudinal section along the length showing the strain distribution of
HC-7-B
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The strain profile along beam depth of specimens HC-7-B at midspan with two different
load levels: 50% Py and 90% Py, for experimentally observed FEM strains is illustrated in
Figure 8.13.

The experimentally measured linear strain distribution along the depth of the hybrid beam
was also confirmed from the FEM as shown in Figure 8.13. This strain distribution along

the depth is almost identical at all load levels of hollow core specimens.
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Figure 8.12: FEM vs. experimentally observed longitudinal strain on top and
bottom faces of hybrid beam of specimen HC-7-B
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Figure 8.13: FEM vs. experimentally observed longitudinal strain along the depth at
mid span of specimen HC-7-B

8.3.2.2 Stress Distribution

The FEM longitudinal stress distribution in the hybrid beam is shown in Figure 8.14.
Figure 8.14 indicates that the maximum tensile stress developed in the tension zone of
hollow core beam was 11 MPa compared to 13 MPa achieved by measured strain
experimentally and 12 MPa calculated stress based on the transformed section properties.

The figure further indicates the distribution of low to high tensile and compressive

stresses everywhere in the beam.
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Figure 8.14: FEM longitudinal stress distribution of HC-7-B

A summary of the finite element and experimentally observed and calculated results for
hybrid hollow core beams is presented in Table 8.3. FEM results of all other specimens

are presented in Appendix E.
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Table 8.3: Comparison of Finite Element Results with Experimental and Calculated
Values for Hollow Core Specimens

Strain x 10°® Stress (MPa)
Load
Beam p Bottom Top Bottom Top
Designation (kN)
Meas.* | FEM | Meas.* | FEM | Meas.” | Calc.* | FEM | Meas.” | Calc.* | FEM

HC-A-L3
(260 x 140) | 48 258 276 -284 -320 14 15 15 16 15 16
Span 1100

HC-B-L3
(330 x 175) | 59 220 180 -160 -204 12 12 10 9 12 12
Span 1100

HC-C-S2
(390 x 200) | 107 180 169 -181 -195 10 11 10 10 10 12
Span 900

HC-C-L2
(390 x 200) | 54 247 200 -204 -201 14 13 11 11 13 12
Span 1100

HC-D-L2
(380 x 140) | 103 239 193 -186 -214 13 12 11 10 12 12
Span 1100

Meas.*: Measured strain experimentally, Meas.” Measured stress from strain experimentally
Calc.: Calculated stress on the basis of transformed section

The assumption that plane sections remain plane after bending was confirmed by the
linearity of the measured and FEM longitudinal strains at mid span of both hybrid layered
and hollow core specimens. The linear strain distribution measured experimentally and

modeled by FEM across the depth of the hybrid section justified the assumption that
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perfect bonds exist at the surface interfaces between UHPC and NC at the mid span

section of the beam.

The good agreement between the FEM and experimental results presents the possibility
of predicting the flexural stresses and capacity of hybrid beam by linear analysis of the
hybrid sections. This aspect can help in optimizing the design of the hybrid beam
dimensions to make full benefit of UHPC and NC. The FEM results of stresses at top and
bottom of the hybrid beams are close to the experimental results using the measured

stresses and calculated stresses on the basis of transformed section.

8.3.2.3 Deflection Comparison
The results presented in Table 8.4 show the deflection of hybrid hollow core specimens
by three ways: experimentally observed deflection, Equation 5.3 given in section 5.6

(Chapter 5), and FEM for two selected load levels: 0.8 Py and Py,.
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Table 8.4: Comparison of Experimental, Theoretical, and FEM Deflection Hollow
Core Specimens

Failure Experimental Elastic formula FEM
Beam load Py P
Designation
(kN) 08Py | Py 0.8 Py Pu 0.8 Py Pu
HC-A-L3
(260 x 140) 56 0.55 0.63 0.45 0.56 0.45 0.56
Span 1100
HC-B-L3
(330 x 175) 65 0.19 0.23 0.24 0.30 0.28 0.35
Span 1100
HC-C-L2
(390 x 200) 103 0.51 0.57 0.23 0.28 0.28 0.35
Span 1100
HC-D-L2
(380 x 140) 58 0.41 0.49 0.33 0.40 0.36 0.45
Span 1100

Similar observation as in case layered specimens that the FEM model accurately predicts
the deflection calculated based on the theoretical elastic formula for the mid span
deflection of hollow core beam specimens in elastic range for the three load levels

selected.

The deflections of the finite element models and deflections calculated using elastic
deflection formula for layered beams were also smaller than those measured

experimentally as explained in section 8.3.1-C above.
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CHAPTER9

POSSIBLE UTILIZATION OF THE PROPOSED

HYBRID CONSTRUCTION

This exploratory study has confirmed that each of the three alternative forms of
construction is structurally promising and can be utilized in designing simply supported
precast floor slab units for residential and commercial buildings. As the design of one-
way simply supported precast units is controlled by flexure, not shear, in common

applications, each concept can be utilized as discussed herein.

9.1. Simply Supported One-Way Floor Slabs

Precast slab units of certain width are designed as a simply supported beam type element
for which demand for flexure strength and deflection is the controlling design factor. For
solid one-way slab the code specified minimum depth (unless deflection is calculated) is
often controls the thickness, as the intensity of loading, both dead and live, is not high
enough to demand higher depth. For common residential buildings, live would normally
be less than 3.5 kN/m? and even with live load as high as 5.0 kN/m?, the code specified
minimum thickness would be sufficient for design. The following example lends support

to this assertion.
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For a simple span of 4.0 m, the ACI-specified minimum thickness, unless deflection is
checked, is 1/20 = 0.2 m=200 mm. Assuming superimposed dead load of 0.75 kN/m? and
live load of 4.0 kN/m?, the factored moment M, = 1.2D + 1.6L = (1.2 x 5.55 + 1.6 X 4) x
4?8 = 26.12 kNm/m. The elastic section modulus of unit width of slab = 1/6 x 1000 x
200% = 6.67 x 10° mm®. The maximum flexural tensile stress at the bottom = 26.12 x 10

6.67 x 10°=3.91 MPa.

For a concrete of f;' = 4900 psi (33.8 MPa), the modulus of rupture is about 525 psi (3.62
MPa). The tensile stress barely exceeds the tensile strength of plain concrete. The tension
steel (fy = 420 MPa), As, for My = 26.12 kN.m is about 480 mm?/m, slightly less than the
ACI code specified minimum reinforcement for flexure which is 520 mm?m. The
reinforcement area to be used is therefore not less than 520 mm?m, being greater than the

shrinkage and thermal (S+T) requirement.

This is the normal scenario for design of one-way reinforced concrete (RC) slab for short
to moderate span for which the depth of the slab is essentially controlled by the deflection

criterion and the requirement of tension reinforcement is not high.

9.2. Hybrid Construction with UHPC

From the above presentation, it is clear that the tensile strength demand for simply
supported one-way RC slab elements in flexure is small to at best modest. This
recognition paves the way for hybrid construction in which the tensile strength demand
can amply be met by UHPC. In the previous example of RC slab, the tensile force T=

Asfy - 520 x 420 N = 218.4 kN. This can easily be accommodated by a layer of UHPC of
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20 mm, considered as the minimum thickness from practical viewpoint. The average
tensile stress of 218.4x 10/ (20 x 1000) = 10.9 MPa is less than the flexural tensile
strength of UHPC layer. Using transformed section properties, the bottom tensile stress

will be less than 3.91 MPa calculated by using properties of RC section.

Likewise, the hybrid hollow-core section can be found structurally sufficient with ample
reserve for the flexural capacity. For the RC slab considered above, the use of UHPC bars
can also strengthen the slab by using 25 x 50 mm (50 mm depth) rectangular bars, the
number of which has to be calculated. Because of the number of the bars and the clear
spacing, the width of the section may not be enough to house all bars. Thus, a slight
increase in depth than the layer or hollow-core section will be necessary in most cases.

This has been illustrated with an example in section 9.4.

9.3. Design Approach for the Hybrid Units

The design of precast hybrid floor slab units is based on the following considerations:

e The nominal moment capacity is determined by using transformed section
properties and linear stress and strain distribution for the transformed section.
Thus, M, =Sy . fi/ n, when Sp= bottom section modulus for transformed section, f;
= flexural tensile strength of UHPC and n= modular ratio (Eu/Ec).

e Because of the expected high variability in the value of f;, a lower reduction factor

of ¢ = 0.7 can be used for the average value of f; determined from tests on similar

size specimens. For UHPC bars, where the variation is expected to be smaller
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because of smaller cross section of the bars, ¢ can be increased to 0.8. Design
moment capacity ¢M, must satisfy dpM,> M,

Shear strength need not be considered for layered and UHPC bar reinforced units,

as the slab thickness required to satisfy deflection would be sufficient. For
hollow-core slab, the shear strength can be calculated from V, = 5./f'c by h,
using reduction factor of ¢ = 0.75. Shear strength requirement is ¢ V> V..

ACI- specified minimum thickness for simple span one-way slab unit will also
apply for hybrid units, unless deflection is checked.

As precast units are topped with a thin cast-in-place concrete layer, this thickness
can be deducted from the required depth to determine the depth of precast units,
as the cast-in-place concrete will acts compositely with the hybrid precast units.
The minimum tensile strength provided by UHPC layers or bars will correspond
to the minimum (S + T) requirement for concrete slabs. For reinforcement steel
yield stress fy, = 420 MPa, the tensile strength provided by the minimum (S+T)
reinforcement equals 0.0018 bhfy,, where b = width and h is the height of the
section in mm. The tensile strength of UHPC must therefore be greater than

0.0018 bhf,,
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9.4. Design Examples

The data given in section 9.1 will be used to find the three alternative designs for simply
supported slab of span of 4.0 m, in addition to superimposed dead load = 0.75 kN/m? and

live load = 4.0 KN/m?.

9.4.1 RC One-Way Slab
From section 9.1, the minimum thickness is 200 mm and the required My = 26.12 kN.m.
The tension steel area As = 520 mm? / m (minimum requirement). This can be provided

by 5 — 12 mm dia bars as shown in Figure 123(a).

9.4.2 Layered Hybrid UHPC Unit

Consider 1.0 m width of the precast unit with a depth of 190 mm including 20 mm UHPC
thickness of the bottom layer (Figure 123(b)). The slight reduction in depth from 200
mm is justified in view of the enhanced moment of inertia for the hybrid section. The

factored moment M, = (1.2 x 5.31 + 1.6 x 4) x 4%/8 = 25.54 kN.m

For the uncracked transformed section with an assumed value of n= 1.8, the location of
NA from the bottom = 88.4 mm, | = 666.3 x 10° mm* and the bottom section modulus S,
= 7.54 * 10° mm°. The bottom tensile stress, f;, at My = n. My / S, = 6.1 MPa. This is
much lower than the expected flexural tensile strength of greater than 12 MPa for the
UHPC layer. Thus the section possesses ample reserved strength. Based on an assumed
value of f; = 12 MPa, the design strength is 0.7 x 12 x S,/ n = 35.2 KN.m versus the

required M, = 25.54 kN.m.
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The tensile strength of UHPC layer = 0.7 x 12 x 1000 x 20 = 168 kN. This is greater than

the minimum (S + T) requirement of 0.0018 * (190 - 20) * 1000 * 420 N = 128.5 kN.

9.4.3 Hollow-Core Section

Using the same depth of 190 mm as for the layered section, 20 mm thick top and bottom
UHPC layers and 3 holes of diameter 150 mm as shown in Figure 9.1(c), the
transformed section | = 726.9 x 10° mm* and Sy = 7.65 x 10° mm®. The required M, =
22.5 kN.m. The design moment capacity, §M, = 0.7 * 12 *S,/ n = 35.7 kN.m, far greater
than what is required. The solid web width of (1000 — 3x150) = 550 mm is ample to
provide the required shear strength. The tensile strength of the two UHPC layers = 0.7 x
12 x 1000 x 20 x 2 = 336 kN, greater than the minimum for (S + T) requirement of

0.0018 x (190 - 40) x 1000 x420 = 113 kN.

9.4.4 Section Reinforced with UHPC Bars

Using 220 mm depth and 11 rectangular UHPC bars of 25x50 mm cross section (50 mm
depth) at the bottom (Figure 9.1(d)), the transformed section | = 496.8 x 10° mm* and S
= 3.46 x 10° mm®. The required M, = 27.2 kN.m. Based on assumed f; = 18 MPa, and
@=0.8, the design moment capacity, M, = 0.8 * 18 *S,/ n = 27.72 kN.m, matching what
is required. The tensile strength of the 11 UHPC bars = 0.8 x 18 x 25 x 50 x 11 = 198 kN,
greater than the minimum for (S + T) requirement of 0.0018 x (1000x220 — 11x25x50) x

420 = 156 kN.
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9.5. Possibilities and Prospects

Of the three alternative forms of floor slab construction, both layered and hollow-core
section have the best prospects for utilization and have structural appeal. Both form of
design will have ample flexural strength. In order to keep the material cost lower, the
minimum thickness of UHPC has been kept at 20 mm (considered minimum from
practical view point) to reduce the usage of UHPC. The increased cost due to UHPC
usage is countered by a construction that is void of conventional steel reinforcement and

offers an alternative.

While in this study, an economic assessment of the hybrid UHPC construction has not
been the primary goal, it is the evident that the proposed alternatives forms are somewhat
more expensive than the conventional RC construction. However, as the amount of
UHPC needed is not that high, the increase in cost is not prohibitive. This study has made
a strong case for adoption of hybrid sections using UHPC that eliminates the use of steel
reinforcement. In corrosive environment, this may prove to have significant advantage

worthy of consideration.

The concept of using precast UHPC bars as tension reinforcement is a new one. It draws
attention to the future possibilities that concrete bars of superior tensile strength can be
developed and used in some applications. With further advancement in fiber-reinforced
UHPC and its casting with better dispersion of steel fibers to ensure better predictability
of tensile strength, the possibility of replacing steel bars with UHPC bars as the tension
reinforcement in some application is not an imaginary one. This exploratory study points

to such possibility.
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CHAPTER 10

CONCLUSIONS AND RECOMMENDATIONS

10.1. General

With the aim of seeking new applications of UHPC in concrete construction, an
exploratory study has been undertaken to develop hybrid concrete floor slab construction
utilizing the tensile strength of steel fiber-reinforced UHPC instead of steel
reinforcement. Three concepts for one-way simply supported precast floor units were
explored: (i) units with a layer of UHPC at the bottom tension face, (ii) units reinforced
with precast UHPC deformed bars and (iii) hybrid hollow-core units with top and bottom
faces cast with UHPC layers. Types (i) and (iii) do not require the use of any steel
reinforcement. Test results using small size specimens have shown encouraging structural
behavior and flexural strength that support their adequacy and invite further exploration.
Further studies would add creditability to this study that reveals that the practical

adoption of the proposed new forms of construction is a distinct possibility.
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Based on this study, the following conclusions are drawn:

10.2. Conclusions

10.2.1 General

1. All three forms of hybrid construction are suitable for simple span one-way floor
slab construction for which shear is not a critical design factor and they can be
designed with adequate flexural strength.

2. The hybrid test specimens show linear behavior almost upto the peak load,
permitting the use of transformed section properties to compute stress, deflection
and flexural capacity.

3. All three forms of construction exhibit post-cracking softening with increased
deformation under declining load as flexural crack advances through UHPC
layers or bars. The post-cracking strength is provided by the uncracked ligament
and the unpulled steel fibers across the crack.

4. The proposed forms of construction may offer some advances in the applications
in corrosive environment as steel reinforcement bars are not necessary.

5. As flexural tensile strength of UHPC is dictated by the orientation and uniformity
in dispersion of steel fibers, the estimate of flexural strength should be based on

statistical significant number of tests on similar size of UHPC samples.

10.2.2 Hybrid Layered Construction
1. The UHPC layer should be partially cured, at least for two days, before the

placement of normal concrete on top of it. In design, the thickness of UHPC
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layers should preferable be kept low, as higher thickness is not proportionately
fully effective as load carrying component.

When normal concrete is placed directly on the top surface of unfinished UHPC
layer, the bond strength is adequate to develop full composite action with no bond

slip at the interface.

10.2.3 UHPC Reinforced Beams

1.

For efficient utilization of UHPC bars, the bars preferably should have larger
width, rather than higher thickness, for identical areas.

Cracked concrete transformed section properties are applicable as concrete will
crack due to tensile stress.

UHPC bars should be fully cured before placement in concrete for the

development of full tensile strength.

10.2.4 Hybrid Hollow-Core Units

1.

3.

The surfaces of the UHPC layers in contact with normal concrete should left
unfinished to provide good bond with normal concrete. The UHPC layers should
be cured for at least two days.

For efficient utilization of UHPC layers, the thickness of the layers should
preferably be small.

The required shear strength of the hollow-core units can be met by a judicious use

of the holes to have the required net solid width of the section.
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4. Limited test data on web-shear failure suggests that nominal shear strength to

prevent web-shear failure can be estimated by V,, =5./f"c by d.

10.2.5 Finite Element Modeling

The results of finite element modeling (FEM) of layered and hollow-core specimens
show acceptable agreement with the experimental results for strain and stress at top and
bottom of the specimens throughout the entire range of loading. The FEM predict the

peak loads close to the experimental values.

10.3. Recommendations

The following recommendations for future work in this direction are made:

1. Undertake large-size testing of specimens using the suggested three forms of
construction using UHPC to provide further experimental evidence to the
observed behavior and performance in order to evaluate the possibility of
construction of one-way floor slabs.

2. Undertake a large number of testing of UHPC bars and thin elements to observe
the variation in strengths caused by inherent variation in construction caused by
randomness of steel fiber dispersion within the mortar and develop a statistical
model for strength distribution.

3. Construction methods needs to be developed to ensure more uniform dispersion
of fibers within the mix, as this is highly critical for the predictability of the

results.
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APPENDIX A: MATERIAL PROPERTIES

Al. Compressive stress-strain diagrams of Normal concrete [75x150 mm cylinders],
each plot shows one specimens.
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A2. Compressive stress-strain diagrams of UHPC [75x150 mm cylinders], each plot
shows two specimens.
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A3. Flexural strength of UHPC prisms [40x40x160 mm prisms]. (Load-deflections
curves), each plot shows three specimens from same mix.
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APPENDIX B: HYBRID NC-UHPC LAYERED SPECIMENS

B.1.1: Load-deflections curve for three specimens of Group A with 20 mm thick
UHPC layer of beam size 150x150x760 mm.

Load , kN

60

40

20

2 3 4 5
Deflection , mm

B.1.2: Load-deflections curve for three specimens of Group A with 40 mm thick
UHPC layer of beam size 150x150x760 mm.
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B.1.3: Load-deflections curve for three specimens of Group B with 20 mm thick
UHPC layer of beam size 150x150x1000 mm.
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B.1.4: Load-deflections curve for three specimens of Group B with 40 mm thick
UHPC layer of beam size 150x150x1000 mm.
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B.1.5: Load-deflections curve for three specimens of Group C with 25 mm thick
UHPC layer of beam size 150x200x900 mm.
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B.1.6: Load-deflections curve for three specimens of Group C with 50 mm thick
UHPC layer of beam size 150x200x900 mm.
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B.1.7: Load-deflections curve for three specimens of Group D with 25 mm thick
UHPC layer of beam size 150x200x1200 mm.
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B.1.8: Load-deflections curve for three specimens of Group D with 50 mm thick
UHPC layer of beam size 150x200x1200 mm.
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B.2.1: Load-strain curve for three specimens of Group B with 20 mm thick UHPC

layer of beam size 150x150x1000 mm. Each plot shows one specimens with 4 strain
location.
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B.2.3: Load-strain curve for three specimens of Group D with 25 mm thick UHPC

layer of beam size 150x200x1200 mm. Each plot shows one specimens with 4 strain
location.
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B.2.4: Load-strain curve for three specimens of Group D with 50 mm thick UHPC

layer of beam size 150x200x1200 mm. Each plot shows one specimens with 4 strain
location.
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B.3.1: Strain profile along the depth for three specimens of Group B with 20 mm
thick UHPC layer of beam size 150x150x1000 mm. Each plot shows one specimens.
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B.3.2: Strain profile along the depth for three specimens of Group B with 40 mm
thick UHPC layer of beam size 150x150x1000 mm. Each plot shows one specimens
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B.3.3: Strain profile along the depth for three specimens of Group D with 25 mm
thick UHPC layer of beam size 150x200x1200 mm. Each plot shows one specimens
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B.3.4: Strain profile along the depth for three specimens of Group D with 50 mm
thick UHPC layer of beam size 150x200x1200 mm. Each plot shows one specimens.
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B.4.1: Load levels and strain values for three specimens of Group A with 20 mm

thick UHPC layer of beam size 150x150x760 mm.

Measured strain, microstrain

X, from Top, mm

Beam UHPC Size load %
D thicknes level, | of 1/3 2/3 Measure
s mm mm KN Py | Top | from | from | Bottom q Calculated
top top
12.15 | 25 | -21 -8 14 22 69 81
2415 | 50 | -47 -15 27 35 68 81
o
O
N~
LS-A- " § 36.49 | 75 | -69 -23 43 52 67 81
C2-S1 g 4113 | 85 | -81 -29 60 102 65 81
n
- 47.15 | 98 | -89 -56 310 327 58 71
483 | 100 | -80 59 399 393 57 71
123 | 25 | -58 24 8 54 81 81
o 2417 | 50 | -119 | -47 20 111 81 81
O
N~
LS-A- 2 § 3656 | 75 | -119 | -70 36 262 72 81
C2-52 X | 4246 | 85 | 231 | 80 | 56 | 355 69 81
n
- 4839 | 90 | -283 | -83 112 461 65 71
54.3 | 100 - - - - - 71
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B.4.2: Measured and computed stresses for selected load levels of beams for three
specimens of Group A with 20 mm thick UHPC layer of beam size 150x150x760

mm.
Calculated stress, MPa
Beam | UHPC | Size | load | % Meas”{jdastress’
ID thick., , level, of P Bottom Top
mm mm KN load
Bottom Top Cracked | Uncracked | Cracked | Uncracked
12.15 25 1.2 0.63 - 3.6 - 2.3
24.15 50 1.9 141 - 7.1 - 4.6
o
[Le]
= - -
LS-A- X 36.49 75 2.9 2.1 10.6 7
20 o
C2-81 X | 4113 | 85 5.6 2.43 - 12 - 7.8
[Te]
- 47.15 98 18 2.7 - 13.8 - 9
48.3 100 21.6 2.4 19 - 9.3 -
12.3 25 2.97 1.74 - 3.6 - 2.3
24.17 50 6.11 3.6 - 7.1 - 4.6
o
[Le]
N~
LS-A- % 3656 | 75 14.4 5.73 - 10.7 - 7
C2-S2 20 9
B 3 42.46 85 19.53 7 - 124 - 8
[Te]
—
48.39 90 25.4 8.5 - 14.1 - 9.2
54.3 100 F 13.83 214 - 10.5 -
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B.4.3: Load levels and strain values for three specimens of Group B with 20 mm
thick UHPC layer of beam size 150x150x1000 mm.

Measured strain, microstrain

X, from Top, mm

UHPC | Size load %
Blegm thickness , level of 1/3 2/3
mm mm | KN |load | Top | from | from | Bottom | Measured | Calculated
top top
4.9 25 | -44 -19 11 39 81 81
S| 103 | 50| 99 | -38 | 30 91 78.1 81
—
LS-C- 20 S| 152 | 75 |-155| 55 | 65 | 166 72.6 68
C2-S1 g : '
3 196 | 98 | -225 72 133 255 68.1 69
20.1 | 100 | -251 71 208 261 65 69
4.9 25 | -47 -20 9 32 84 81
o 103 | 50 | -108 -40 25 71 81 81
o
o
LS-C- o 158 | 75 | -177 -66 47 122 78 81
C2-S2 20 @
- X 201 | 96 | -256 -98 76 173 77 68
n
- 206 | 98 | -377 -43 8 228 67 68
21 100 | - - - - - 68
4.9 25 | -42 -16 12 39 78.3 81
o
S 9.9 50 | -89 -32 29 86 76.3 81
—
LS-C- 20 3 14.7 75 | -140 -49 58 133 74.7 81
C2-S3 g : '
3 19.2 | 98 | -209 -49 234 229 61 69
19.6 | 100 | -224 -45 303 | 288 56 69

250




B.4.4: Measured and computed stresses for selected load levels of beams for three
specimens of Group A with 20 mm thick UHPC layer of beam size 150x150x1000

mm.
UHPC . oa % '
Blegm thickness Size level of MPa Bottom Top
mm | ™M kN | P
Bottom Top | Cracked | Uncracked | Cracked | Uncracked
49 25 2.15 1.32 - 2.3 - 15
S | 103 |50 | 501 3 - 48 - 31
—
LS-C- 20 S | 152 | 75 9.13 4.7 - 7.1 - 4.52
C2-S1 Q
§ 19.6 98 14 6.8 9.1 - 5.8
—
20.1 | 100 14.4 7.53 13.9 - 6.3 -
4.9 25 1.8 141 - 2.3 - 15
= 10.3 50 4,91 3.24 - 4.8 - 3.1
o
LS-C- X | 158 | 75| 671 5.31 - 7.33 - 47
C2-S2 20 3
) g 20.1 | 96 9.52 7.7 - 9.33 - 6
& 20.6 98 12.54 11.31 - 9.6 - 6.12
21 100 35 16.4 14 - 6.5 -
49 25 2.15 1.26 - 2.3 - 15
o
§ 9.9 50 473 2.7 - 4.6 - 2.94
LSCl 20 | | 147 [ 5] 732 42 : 6.82 : 4.4
CZ-S3 g . . . . .
3 19.2 98 12.6 6.3 - 8.91 - 571
—
19.6 | 100 15.8 6.72 135 - 6 -
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B.4.5: Load levels and strain values for three specimens of Group B with 40 mm

thick UHPC layer of beam size 150x150x1000 mm.

Measured strain, microstrain

X, from Top, mm

. load
UHPC Size level
Beam ID thickness , 1/3 from 213 from
mm mm Top Bottom | Measured | Calculated
top top
KN (%)
8.8
(259%) 71 28 588 66 83 85
182
2| (s00) -159 63 593 147 83 85
8 26.6
S| (75) -288 -89 518 319 81 82
LS-D-C2-S1 40 3 204
2 | (%) -397 -88 296 367 76 82
- 33.9 -760 5 -804 1118 63 82
(95%)
35.7
(100%) - - - ) - 82
8.3
(25%) 76 -16 15 66 78 85
16.7
(50%6) -166 53 37 159 78 85
S | 25(75%) | -300 122 94 308 76 85
S
Lsp.c2s2 | a0 | S | 28 334 1128 100 373 74 82
Il =) (80%)
& | 219 376 133 104 499 73 82
— (85%)
314 748 351 640 1613 53 82
(95%)
333
(100%) - J - J J 82
8.4
(25%) 67 29 3 29 95 85
16.8
o | 6w -139 -66 8 51 95 85
S (525;) -260 104 | 51 150 89 85
LS-D-C2-S2 40 3 29"
. ° -323 -119 96 215 84 82
S | (85%)
- 32.4 -455 94 228 223 80 82
(95%)
33.9
(100%) -505 -85 249 267 78 82
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B.4.6: Measured and computed stresses for selected load levels of beams for three
specimens of Group A with 40 mm thick UHPC layer of beam size 150x150x1000

mm.
Size load Measured stress , Calculated stress, Mpa
Beam | Failure , level Mpa Bottom Top
ID mode
MM KN | g ked ked ked ked
(%) ottom Top Cracked | Uncracked | Cracked | Uncracke
8.8
(25%) 3.63 2.13 3.9 3.62 2.6 257
18.2
o | 6o 8.09 48 8 75 5.3 3
= 26.6
LS-D- | g (75%) 17.5 8.6 11.7 11 7.8 78
C2-31 rlexre g 304 20.2 11.91 13.4 12.5 8.9
3 (85%) ' ) ' ) ' 8.9
- | 389 - ; 15 14 10
(95%) 9.9
35.7
(100%) - - 15.8 14.7 10.5 104
8.3
s | 36 2.3 3.7 3.4 2.4 242
16.7
oy | 875 5 7.4 6.84 4.9 4
o 25
8 | o) | 189 9 11 10.3 7.3 -
LS-D- X [ 265
Cocy | Flexure 2 | eo) 2052 | 1002 | 117 10.9 7.8 -
o 27.9
1] (85%) 27.45 11.3 12.3 11.4 8.2 8.2
31.4
(5%) - - 13.9 12.9 9.2 -
33.3
(100%) - - 14.7 13.6 9.8 0.7
8.4
(25%) 16 2 3.7 3.44 25 045
16.8
o | (5w%) 2.8 42 7.4 6.9 4.9 4
= 25.7
so- || 2| asw) 8.3 78 11.4 105 75 7
C2-s3 2| 2 11.83 9.8 12.8 11.9 8.5
§ (85%) ' ' ' ) ' 8.5
T 24 1 454 13.7 14.3 13.3 9.5
(95%) ' ' ' ) ' 9.5
33.9
doow) | 147 15.2 15 13.9 10 10
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B.4.7: Load levels and strain values for three specimens of Group D with 25 mm

thick UHPC layer of beam size 150x200x1200 mm.

. load Measured strain, microstrain X, from Top, mm
Beam | Failure Size level 13 2/3
ID mode mm KN Top from | from | Bottom | Measured Calculated
(%) top top
5.02
o | @5%) -36 -10 4 25 114 108
& | 10.09
S : -71 21 14 53 107 108
LS-G- x | (50%)
c-s1 Flexure | 8 1508
) b iy -109 -33 22 85 107 108
S | (75%)
= 20.1
(100%) -159 -49 33 123 107 91
5.04
S (25%) -33 -14 5 26 114 108
| 11.084
LS-G- g (50%) -74 -33 18 53 114 108
C-52 Flexure | S 15.05
X ) -106 | -44 | 27 72 109 108
S | (715%)
- 21.05
(100%) -166 -71 59 92 103 91
7.2
(25%) -38 -18 13 42 105 108
o 14.5
g (50%) -106 -38 31 92 105 108
LS-G- 3 21.5
c-53 Flexure g (75%) -158 -57 63 110 98 108
S 28.3
0 (98%) -249 -57 236 233 86 91
28.8
(100%) -311 -19 569 433 - 91
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B.4.8: Measured and computed stresses for selected load levels of beams for three
specimens of Group D with 25 mm thick UHPC layer of beam size 150x200x1200

mm.
si load Measured stress , Calculated stress, Mpa
. ize
Beam | Failure level Mpa Bottom To
ID mode m,m P
(K%N) Bottom Top Cracked | Uncracked | Cracked | Uncracked
5.02
5 (25%) 1.4 1.1 2.4 1.7 1.1 11
o
I 10.09
LSG- g (50%) 3 2.13 4.9 34 2.2 514
é (75%) 4.7 3.3 7.3 5.03 4.7 391
— 20.1
(100%) 6.8 4.8 10 6.7 4.4 43
5.04
s (25%) 1.43 1.0 25 1.7 11 11
N | 11.084
LS-G- g (50%) 3 2.22 5.4 3.7 2.4 24
c.s2 | Flewre | S 1 —i50s
é (75%) 4 3.2 7.3 5.03 3.3 39
— 21.05
(100%) 5.1 5.0 10.3 7.03 4.7 45
7.2
(25%) 2.31 1.14 35 2.4 1.6 153
o 14.5
§ (50%) 5.1 3.2 7.1 4.83 3.2 31
LS-G- 3 215
c-S3 Flexure § (75%) 6.1 4.8 10.5 7.2 4.7 46
S 28.3
0 (98%) 13 75 14 9.43 6.2 6.0
28.8
(100%) - - 14 9.6 6.3 6.11
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B.4.9: Load levels and strain values for three specimens of Group D with 50 mm
thick UHPC layer of beam size 150x200x1200 mm.

Measured strain 10°®

load X, from Top, mm
UHPC Size level % of
Beam ID | thickness mm' ; 1/3 2/3
(mm) v Top from from Bottom | Measured | Calculated
KN (%) top top
10.4
(25%) 25 -66 -31 13 56 112 113
20.7
S (50%) 50 -140 -64 29 126 111 113
S 31 (75%) 75 -236 -109 61 250 107 113
LS-H-C2- 50 ES
s1 S 355 85 | 202 | -133 | 84 300 106 113
3 (85%)
Ln
— 39.8
(95%) 95 - - - - - 109
41.8
(100%) 100 - - - - - 109
11.3
(25%) 25 -75 -30 19 64 108 113
22.6
5 (50%) 50 -120 -63 40 132 107 113
& 33.9
LS-H-C2- g (75%) 75 -217 -100 71 173 109 113
S2 50 Q 39.3
P : 85 -282 -120 55 205 111 113
3 (87%)
— 42.7
(95%) 95 -283 6 418 1209 70 109
45.1
(100%) 100 - - - - - 109
12.4
(25%) 25 -83 -30 12 70 110 113
25.2
(50%) 50 -187 -64 33 159 109 113
o 38.2
§ (75%) 75 -349 -89 66 318 104 113
LS-H-C2- S 42.6
s3 50 S (84%) 85 -531 -37 0 563 100 113
3 46.1
0 (90%) 90 - - - - - 109
485
(95%) 95 - - - - - 109
51
(100%) 100 - - - - - 113
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B.4.10: Measured and computed stresses for selected load levels of beams for three
specimens of Group D with 50 mm thick UHPC layer of beam size 150x200x1200

mm.
UHPC . 0
Beam thickness Size level Y% of (MPa)
ID (mm) (mm) Py Bottom Top
(K%N) Bottom Top Cracked | Uncracked | Cracked | Uncracked
10.4 25 31 2 3.3 31 2.2 29
3 20.7 50 6.93 4.2 6.6 6.1 4.3 43
N
31 75 20.9 7.1 9.9 9.15 6.5
LS-H- 50 X 6.4
C2-s1 § 355 85 295 8.8 11.4 10.5 7.4 74
o
=t 39.8 95 - 18.6 12.7 11.74 8.3 8.3
41.8 100 - - 13.4 12.33 8.7 8.7
11.3 25 3.52 2.3 3.6 333 2.4 2.35
o 22.6 50 7.3 3.6 7.2 6.7 4.7 47
8 .
LS-H- = 33.9 75 9.52 6.5 10.9 10 7.1 7
Cc2-52 50 g
) L 39.3 85 11.3 8.5 12.6 11.6 8.2 8.2
3 .
= 42.7 95 - 8.5 13.7 12.6 8.9 8.9
45.1 100 - - 14.4 133 9.4 9.4
12.4 25 3.85 2.49 4 3.7 2.6 26
25.2 50 8.75 5.61 8.1 7.4 5.2 5.2
o
& 38.2 75 17.49 10.47 12.2 11.3 8 7.93
LS-H- X '
o
C2-53 50 g 42.6 85 30.97 15.93 13.6 12.6 8.9 8.85
3 46.1 90 - 27.3 14.8 13.6 9.6 9.6
0 .
48.5 95 - 34.6 15.5 14.31 10.1 10.1
51 100 - 42 16.3 15.1 10.6 106
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APPENDIX C: UHPC REINFORCED SPECIMENS

C.1.1: Load-deflections curve for three specimens of Beam UB-1 with 2-25x25 mm
UHPC bars of beam size 150x150x760 mm.

40 -+

30 -

20 -

Axis Title

10 +

Axis Title

C.1.2: Load-deflections curve for three specimens of Beam UB-2 with 3-25x25 mm
UHPC bars of beam size 150x150x760 mm.

60 -

40 -

30 -

Load, kN

20 A

10 -

Deflection, mm
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C.1.3: Load-deflections curve for three specimens of Beam UB-3 with 3-25x50 mm
UHPC bars of beam size 150x150x760 mm.

50 ~

40 -

30 -

Load KN)

20 A

10 -

0 T T T T 1
0 1 2 3 4
Deflection (mm)

C.1.4: Load-deflections curve for three specimens of Beam UB-4 with 2-50x50 mm
UHPC bars of beam size 150x150x760 mm.

Load , kN
N w iy [0} [e))
o o o o o
1 1 1 1 1

[y
o
1

o

0 1 2 3 4 5
Deflection , mm
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C.1.5: Load-deflections curve for three specimens of Beam UB-5 with 2-25x25 mm
UHPC bars of beam size 150x200x900 mm (200 mm depth).

50 -

Load (kN)

0 1 2 3 4
Deflection (mm)

C.1.6: Load-deflections curve for three specimens of Beam UB-6 with 2-50x50 mm
UHPC bars of beam size 150x220x760 mm (220 mm depth).

80 -~

70

60

50

40

Axis Title

30

20

10

Axis Title
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C.1.7: Load-deflections curve for three specimens of Beam UB-7 with 2-50x50 mm
UHPC bars of beam size 200x270x1000 mm (270 mm depth).

100 -+

80 -

Load, kN

40 -

20 -

0 T T T T 1
0 2 4 6 8

Deflection, mm

C.1.8: Load-deflections curve for three specimens of Beam UB-8 with 2-50x50 mm
UHPC bars of beam size 200x220x1000 mm (220 mm depth).

80 -~
60 -
2
= 40 -
]
©
]
20 -
0 T T T 1
0 2 4 6 8
Deflection, mm
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C.1.9: Load-deflections curve for three specimens of Beam UB-9 with 4-25x25 mm
UHPC bars of beam size 200x310x1000 mm (310 mm depth).

100 +
e JB-9-A1

80 - e | JB-9-S2

60 -

Load, kN

40 -

20 -

0 T T
0 1 2 3 4

Deflection, mm

C.2.1: Load-strain curve for two specimen of Beam UB-2 with 3-25x25 mm UHPC

bars of beam size 150x150x7600 mm. Each plot shows one specimens with 4 strain
location.

50 +
2
=
I .~
S . ‘
° /
/ /7
— Strain @ Top . P /
* /
[ ] 1 l ,
------ Strain @ 1/3 from . /
To . ’ /
p . . /
= . Strain @ 2/3 from 1 I /!
Top -1 !
A )
= = =Strain @ Bottom . ’ /
q0s
] W
' Y Y e Y Y "
-500 -300 -100 100 300 500
Strain x 106
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C.2.2: Load-strain curve for two specimen of Beam UB-6 with 2-50x50 mm UHPC

bars of beam size 150x220x7600 mm. Each plot shows one specimens with 4 strain
location.

80 -+

2
x
~
-]
©
o
-

e Strain @ Top
e Strain @ 1/3 from Top
== Strain @ 2/3 from Top

e Strain @ Bottom

(e}

-500 -300 -100 100 300 500
Strain x 106

e Strain @ Top
== Strain @ 1/3 from Top
== Strain @ 2/3 from Top

e Strain @ Bottom

(e}

-500 -300 -100 100 300 500
Strain x 10-6
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C.2.3: Load-strain curve for two specimen of Beam UB-7 with 2-50x50 mm UHPC
bars of beam size 200x270x1000 mm. Each plot shows one specimens with 4 strain
location.

100 -
R
=~
= /
: 3 7
. i
6 - !
: !
: /J
Strain @ Top 40:: i ,'
------- Strain @ 1/3 from Top )'
Strain @ 2/3 from Top /'
= . =Strain @ Bottom ,'
r T T C T T 1
-500 -300 -100 100 300 500
Strain x10-6

C.2.4: Load-strain curve for two specimen of Beam UB-8 with 2-50x50 mm UHPC
bars of beam size 200x220x1000 mm. Each plot shows one specimens with 4 strain
location.

70 -

Load, kN

40 -

e Strain @ Top
== Strain @ 1/3 from Top

Strain @ 2/3 from Top
e Strain @ Bottom

O
\v}

-500 -300 -100 100 300 500
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70 -

Load, kN

e Strain @ Top
= Strain @ 1/3 from Top
Strain @ 2/3 from Top

= Strain @ Bottom

O
100 200 300 400

-400 -300 -200 -100 0

Strain x10-6

C.2.5: Load-strain curve for two specimen of Beam UB-9 with 4-25x25 mm UHPC
bars of beam size 200x310x1000 mm. Each plot shows one specimens with 4 strain

location.
90 %=
3
(N - -
3 ..
| R /
\ e ,'
N .
66 { : /
(1 ’
. /
V]: .
N s
Strain @ Top : : /
= = Strain @ 1/3 from Top § :' !
seeseeStrain @ 2/3 from Top !
= . = Strain @ Bottom /
{
-400 -300 -200 -100 0 100 200 300 400
Strain x 10-6
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9 £
£
©
S .
V4
/
)
/
e Strain @ Top "
== = Strain @ 1/3 from Top .
Strain @ 2/3 from Top '
— . =Strain @ Bottom i
[
!
-500 -300 -100 100 300 500
Strain x10-6

C.3.1: Strain profile along the depth for two specimen of Beam UB-2 with 3-25x25
mm UHPC bars of beam size 150x150x7600 mm. Each plot shows one specimen.

UB-2

—o - P=12 KN(25%)
—¢ = P=22 kN (50%)
A — P=34 kN (75%)
— =P=39 KN (85%)
B P=42 kN (95%)

-500 -300 -100 100 300 500
Strain x10¢
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C.3.5: Strain profile along the depth for two specimens of Beam UB-9 with 4-25x25
mm UHPC bars of beam size 200x310x1000 mm (310 mm depth). Each plot shows
one specimen.

UB-9

—o - P=20.9 KN(25%)
—¢ = P=41.7 kN (50%)
A — P=62.7 kN (75%) -190 {
— = P=71.4 KN (85%)
<-4+ P=78 kN (95%)
== P=Pu=82 KN (100%)

-250 1 .

-300 -100 100 300
Strain x10¢

267



C.4.1: Load levels and strain values for two specimens of beam UB-2 with 3-25x25
mm UHPC bars of beam size 150x150x760 mm.

Measured strain,

Depth of N.A from

6
UHPC | j0ad | % (x10°) top, (mm)
Beam bar size P of
Designation 1/3 213
(kN) | P
mm u fro Measure | Calculate
Top from Bottom
to m d d
P top
11 25 -54 -24 12 52 80 79
22 50 -113 -48 28 107 79 79
UB-2-S1 33 75 | -173 -69 53 221 78 79
(150x150x760) | 3-25x 25
(bxhxL) 37 | 8 | 205 | -79 | 79 287 75 79
42 95 -234 =77 143 359 63 60
44 100 -259 -61 259 498 59 60
10.3 25 -45 -28 9 - 87 79
19.2 50 -90 -45 18 - 85 79
UB-2-S2 293 | 75 | -146 66 | 27 - 85 79
(150x150x760) | 3-25x 25

(bxhxL) 33.3 85 -170 -75 33 - 84 79
37.3 95 -200 -93 32 - 87 79
39.1 | 100 -223 -106 33 - 88 60
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C.4.2: Measured and computed stresses for selected load levels of two specimens
beam UB-2 with 3-25x25 mm UHPC bars of beam size 150x150x760 mm.

%

Measured stress

Calculated stress, (MPa)

UHPC bar
I?eam_ . load P of (MPa) Bottom Top
Designation size (mm) (kN) P
v Bottom | Top | Cracked | Uncracked | Cracked | Uncracked

11 25 2.9 1.6 - 4.2 - 2.6

22 50 5.9 34 - 8.1 - 4.9

UB-2-S1 33 75 12.2 5.2 - 11.8 - 7.2
(150x150x760) | 3-25x25

(bxhxL) 37 85 15.8 6.2 - 13.7 - 8.3

42 95 19.7 7.0 - 15.2 - 9.2

44 100 | 274 7.8 311 - 11.2 -

10.3 25 - 1.4 - 3.4 - 2.0

19.2 50 - 2.7 - 6.3 - 3.8

UB-2-S2 29.3 75 - 4.4 - 9.5 - 5.8
(150x150x760) | 3-25x25

(bxhxL) 33.3 85 - 5.1 - 10.9 - 6.6

37.3 96 - 6.0 - 12.2 - 7.4

39.1 100 - 6.7 24.7 - 9.0 7.7
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C.4.3: Load levels and strain values for two specimens of beam UB-6 with 2-50x50
mm UHPC bars of beam size 200x220x760 mm.

Measured strain,

Depth of N.A from top,

6
UHPC | |0ad (x 10°) (mm)
Beam . %
. . bar size P 1/3
Designation (kN) of P fro 2/3 Botto
mm Top m from m Measured | Calculated
top top

17.0 25 -45 -13 15 40 112 119

34.2 50 -96 -27 37 109 104 119

UB-6-S1 515 | 75 | -149 | -40 65 177 101 119

(150x220x760) | 2- 50 x 50

bxhxL) 58.1 | 85 | -169 | -46 | 72 214 102 119
64.9 95 -194 -54 78 265 104 119

68.5 100 | -214 | -45 83 290 100 105

18.6 25 -43 -16 18 69 107 119

375 50 -94 -33 33 154 110 119

UB-6-S2 566 | 75 | -146 | -55 28 219 104 119

(150x220x760) | 2- 50 x 50

(bxhxL) 63.7 | 85 | -165 | -63 | 30 248 104 119
71.2 95 -186 | -69 29 277 103 119

74.8 100 | -212 | -66 28 308 100 105
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C.4.4: Measured and computed stresses for selected load levels of beam UB-6 with
2-50x50 mm UHPC bars of beam size 200x220x760 mm.

Measured stress

Calculated stress, (MPa)

UHPC bar % MPa
Beam size load P | (MPa) Bottom Top
Designation (kN)
mm P
Bottom | Top | Cracked | Uncracked | Cracked | Uncracked
17.0 25 2.5 1.4 3.6 2.6 1.8 1.7
34.2 50 6.0 2.9 7.2 5.2 3.6 3.4
UB-6-S1 51.5 75 9.7 4.5 10.9 7.9 5.4 51
(150x220x760) | 2-50 x50
(bxhxL) 58.1 85 11.8 51 12.3 8.9 6.1 5.8
64.9 95 14.6 5.8 13.7 9.9 6.8 6.4
68.5 100 | 16.0 6.4 14.5 10.5 7.2 6.8
18.6 25 3.8 13 3.9 2.8 2.0 1.8
375 50 8.5 2.8 7.9 5.7 3.9 3.7
UB-6-S2 56.6 75 12.1 4.4 12.0 8.7 6.0 5.6
(150x220x760) | 2-50 x50
(bxhxL) 63.7 85 13.6 5.0 13.5 9.7 6.7 6.3
71.2 96 15.2 5.6 15.1 - 7.5 -
74.8 100 | 16.9 6.4 15.8 - 7.9 -
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C.4.5: Load levels and strain values for two specimens of beam UB-7 with 2-50x50
mm UHPC bars of beam size 200x270x1000 mm.

Measured strain,

Depth of N.A from top,

6
Beam blit'sl:,)ige Iogd % (x 10°) (mm)
Designation mm (kN ) of P 1/3 2/3
Top | from | from | Bottom | Measured | Calculated
top top
20.4 25 -45 -14 19 54 128 143
40.7 50 -91 -28 87 115 126 143
UB-7-S1 60.6 75 | -142 | -44 115 165 127 143
(200x270x1000) 2-50x50 | 68.4 85 | -162 | -45 198 181 127 143
(bxhxL) 77 | 95 | -187 | 50 | 255 | 216 125 143
80.2 99 | -202 | -39 355 287 112 111
83.8 | 100 | -216 | -14 528 404 95 111
18.6 25 -42 -13 20 35 135 143
37.5 50 -95 -27 43 64 141 143
55.8 75 | -148 | -39 56 156 132 143
UB-7-S2
(200x270x1000) | 2-50x50 | 63.21 | 85 | -168 | -46 68 190 127 143
(bxhxL)
70.6 95 | -191 | -49 110 236 119 143
73.1 98 | -215 | -48 257 322 100 111
79.84 | 100 - - - - - 111
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C.4.6: Measured and computed stresses for two specimens of beam UB-7 with 2-
50x50 mm UHPC bars of beam size 200x270x1000 mm.

Beam

UHPC bar

load P

%

Measured stress
(MPa)

Calculated stress, (MPa)

Designation size (mm) (kN) ?Df Bottom Top
Bottom | Top | Cracked | Uncracked | Cracked | Uncracked
20.4 25 3.0 14 4.4 2.4 1.7 15
40.7 50 6.3 2.7 8.7 4.7 3.3 2.9
60.6 75 9.1 4.3 13.0 7.1 4.9 4.3
UB-7-S1
(200x270x1000) | 2-50 x50 68.4 85 10 4.9 14.6 8.0 5.6 4.9
(bxhxL)
77 95 11.9 5.6 16.5 9.0 6.3 55
80.2 99 15.8 6.1 17.2 9.3 6.5 5.7
83.8 100 | 222 6.5 17.2 9.4 6.6 5.8
18.6 25 1.9 1.3 4.0 2.2 15 1.3
375 50 35 2.9 8.0 44 3.1 2.7
UB-7-S2 558 | 75 8.6 4.4 11.9 6.5 45 4.0
(200x270x1000) | 5 50450 | 6321 | 85 | 105 5.0 135 7.4 5.1 45
(bxhxL) 706 | 95| 130 | 57 15.1 8.2 5.7 5.0
73.1 98 17.7 6.5 15.6 8.5 6.0 5.2
79.84 | 100 27.2 7.7 15.8 8.7 6.1 5.3
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C.4.7: Load levels and strain values for two specimens of beam UB-8 with 2-50x50
mm UHPC bars of beam size 200x220x1000 mm.

UHPC bar

Measured strain,

Depth of N.A from

0, 6
Beam _ load Yo (x 10°) top, (mm)
Designation slze P of
(kN) P 1/3 2/3
mm Top | from | from | Bottom | Measured Calc;late
top top
16.3 25 -53 -14 24 67 101 117
32.8 50 | -114 -27 54 149 97 117
UB-8-S1
49.1 75 | -177 -37 62 239 98 117
(200x202)0x100 950 x 50

bxhxL) 55.5 85 | -202 -40 55 277 99 117
619 | 95 | -233 | -45 48 341 99 96

65.3 | 100 | -522 - - - - -
155 25 -57 -16 14 59 113 117
UB-8-52 313 | 50 | -126 | -35 | 30 137 112 117
(200x220x100 4729 | 75 | -199 | -58 36 224 110 117

0) 2-50 x50

53.7 | 85 | -229 | -65 40 261 109 117
(bxhxL) 61.0 | 97 | -264 | 72 | 40 335 106 96
63.1 | 100 | -279 | -73 46 406 102 96
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C.4.8: Measured and computed stresses for two specimens of beam UB-8 with 2-
50x50 mm UHPC bars of beam size 200x220x1000 mm.

Measured stress

Calculated stress, (MPa)

UHPC bar %
I?eam_ size load P of (MPa) Bottom Top
Designation (kN) p
mm v Bottom | Top | Cracked | Uncracked | Cracked | Uncracked
16.3 25 3.7 1.6 4.7 2.8 2.0 1.7
32.8 50 8.2 3.4 9.4 5.7 4.0 35
UB-8-A 49.1 75 | 131 5.3 14.1 8.5 5.9 5.3
(200x220x1000) | 2- 50 x 50
(bxhxL) 55.5 85 | 15.2 6.1 16.0 9.6 6.7 6.0
61.9 95 | 18.8 7.0 17.8 10.7 7.4 6.7
65.3 | 100 - - 18.8 11.2 7.9 7.0
15.5 25 3.2 1.7 45 2.7 1.9 1.7
31.3 50 75 3.8 9.0 5.4 3.8 3.4
200”;3'?000 4729 | 75 | 123 | 6.0 13.6 8.1 57 5.1
(200x220x1000) | g4, 5
(bxhxL) 53.7 85 | 14.4 6.9 15.4 9.2 6.5 5.8
61.0 9% | 184 7.9 17.6 10.5 7.4 6.6
63.1 | 100 | 22.3 8.4 18.1 10.9 7.6 6.8
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C.4.9: Load levels and strain values for two specimens of beam UB-9 with 4-25x25
mm UHPC bars of beam size 200x310x1000 mm.

UHPC bar

Measured strain,

Depth of N.A from top,

Beam - IoPad Z/; (x 10° (mm)
Designation N b 1/3 213
mm (kN) U | Top | from | from | Bottom | Measured | Calculated
top top
2091 | 25 | 34 | -11 2 34 165 160
4173 | 50 | -70 | -18 13 79 162 160.
UB-9-S1 62.7 | 75 | -109 | -26 23 132 157 160
(200x310x1000) | 4-25x 25
(bxhxL) 714 | 85 | -128 | -30 31 163 154 160
799 | 95 | -151 | -32 52 215 137 96
83.8 | 100 | -171 | -36 94 314 123 96
20 | 25 | 29 | 8 16 38 138 160
399 | 50 | -57 | -22 31 64 146 160.
UB-9-B 60 75 | 91 | -33 53 131 143 160
(200x310x1000) | 4-25x 25
(bxhxL) 67.74 | 85 | -106 | -39 60 161 144 160
7591 | 95 | -125 | -45 73 203 131 96
79.84 | 100 | -147 | -57 88 242 131 96
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C.4.10: Measured and computed stresses two specimens of beam UB-9 with 4-25x25
mm UHPC bars of beam size 200x310x1000 mm.

Measured stress

Calculated stress, (MPa)

UHPC bar %
Beam size loadP | (MPa) Botiom Top
Designation (kN) P
mm v Bottom | Top | Cracked | Uncracked | Cracked | Uncracked
2091 | 25 1.9 1.0 6.3 2.0 15 1.2
41.73 | 50 4.3 2.1 12.5 4.1 3.1 2.3
-9- 62.7 75 7.3 3.3 18.8 6.0 4.6 3.5
UB-9-A 4-25x25
(200x310x1000)
(bxhxL) 71.4 85 9.0 3.8 21.4 6.9 5.2 4.0
79.9 95 11.8 45 24.0 7.7 5.9 45
83.8 100 | 17.3 5.1 25.1 8.1 6.2 4.7
20 25 2.1 0.90 6.0 1.9 15 11
39.9 50 35 1.7 12.0 3.8 3.0 2.2
UB-9-B 60 75 7.2 2.7 18.0 5.8 4.4 3.3
(200x310x1000) | 4-25x 25
(bxhxL) 67.74 | 85 8.9 3.2 20.3 6.5 5.0 3.8
7591 | 96 11.2 3.8 22.8 7.3 5.6 4.2
79.84 | 100 | 13.3 44 24.0 7.7 5.9 45

277




APPENDIX D: HYBRID HOLLOW CORE SPECIMENS

D.1.1: Load-deflections curve for three specimens of Group (i) of beam size
260x140x1000 mm (140 mm depth) of span 900 mm.
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D.1.2: Load-deflections curve for three specimens Group (i) of beam size
260x140x1200 mm (140 mm depth) of span 1100 mm.
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D.1.3: Load-deflections curve for three specimens Group (ii) of beam size
330x175x1000 mm (175 mm depth) of span 900 mm.
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D.1.4: Load-deflections curve for three specimens Group (ii) of beam size

330x175x1200 mm (175 mm depth) of span 1100 mm.
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D.1.5: Load-deflections curve for three specimens of Group (iii) of beam size
390x200x1000 mm (200 mm depth) of span 900 mm.
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D.1.6: Load-deflections curve for three specimens of Group (iii) of beam size
390x200x1200 mm (200 mm depth) of span 1100 mm.
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D.1.7: Load-deflections curve for three specimens of Group (iv) of beam size
380x140x1200 mm (140 mm depth) of span 1100 mm.

Load, kN

60

50

40

30

20

10

2 4 6 8 10 12

Deflection, mm

Specimen HC-D-L1

286




70

60 -
50 -
()]
= 40 -
'—
(%]
-
< 30 -
20 -
10 -
O T T T T 1
0 4 6 8 10 12
Axis Title
Specimen HC-D-L.2
70
60
50
2
= 40
©
©
K]
30
20
10
O T T T T 1
4 6 8 10 12
Deflection, mm

Specimen HC-D-L3

287




D.1.8: Load-deflections curve for three specimens of Group (v) of beam size

260x140x1000 mm (140 mm depth) of span 900 mm.

Load, kN

70

60

50

40

30

20

10

Deflection, mm

10

Specimen HC-E-S1

Load, kN

70

60

50

40

30

20

10

4 6 8 10

Deflection, mm

12

Specimen HC-E-S2

288




70 -

50 -

40 -

Load, kN

30 -

10 +

O T T T T 1
0 2 4 6 8 10

Deflection, mm

Specimen HC-E-S3

D.2.1: Load-strain curve for three hollow core specimens of Group (i) of size
260x140x1000 mm (140 mm depth) of span 900 mm.
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D.2.2: Load-strain curve for three hollow core specimens of Group (i) of size

260x140x1200 mm (140 mm depth) of span 1100 mm.
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D.2.3: Load-strain curve for three hollow core specimens of Group (ii) of size
330x175x1000 mm (175 mm depth) of span 900 mm.
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D.2.4: Load-strain curve for three hollow core specimens of Group (ii) of size
330x175x1200 mm (175 mm depth) of span 1100 mm.
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D.2.5: Load-strain curve for three hollow core specimens of Group (iii) of size
390x200x1000 mm (200 mm depth) of span 900 mm.
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D.2.6: Load-strain curve for three hollow core specimens of Group (iii) of size
390x200x1200 mm (200 mm depth) of span 1100 mm.
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D.2.7: Load-strain curve for three hollow core specimens of Group (iv) of size
380x140x1200 mm (140 mm depth) of span 1100 mm.
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D.2.8: Load-strain curve for three hollow core specimens of Group (v) of size
260x140x1000 mm (140 mm depth) of span 900 mm.
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D.3.1: Strain profile along the depth for three hollow core specimens of Group (i) of
size 260x140x1000 mm (140 mm depth) of span 900 mm. Each plot shows one
specimen.
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D.3.2: Strain profile along the depth for three hollow core specimens of Group (i) of
size 260x140x1200 mm (140 mm depth) of span 1100 mm. Each plot shows one

specimen.
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D.4.1: Load levels and strain values for three hollow core specimens of shorter span
specimens Group (i) of size 260x140x1000 mm (140 mm depth) of span 900 mm.

Measured Strain, Depth of N.A from top, | Concre
(x 10°) (mm) te
. Load | % Cracki
Beam Failure P of N
Designation Mode 173 213 g
(kN) | Py | Top | from | from | Bottom | Measured | Calculated | Load
top top Pconc
(kN)
155 | 25 | -63 | -22 6 60 75 74
312 | 50 | -125 | -42 19 127 73 74
HC-A-S1 Web-
(260x140) shear | 471 | 75 | 189 | 59 34 199 71 74 62.2
Span 1100 mm
56.6 | 90 | -228 | -69 41 241 71 71
625 | 99 | -253 | -83 45 271 71 71
168 | 25 | -80 | -22 12 79 72 74
HC-A-S2 Web- | 338 | 50 | -160 | -47 37 165 71 74
(260x140) h 62.2
span 1100 mm | % | 506 | 75 | -242 | -66 60 251 70 74
624 | 91 | -328 | -66 78 310 70 71
1201 | 25 | -60 | -13 15 62 69 74
2402 | 50 | -120 | -26 30 133 68 74
HC-A-S3
(260x140) Flexure | 36.1 75 | -185 -38 50 238 65 74 62.2
Span 1100 mm
421 | 85 | -220 | -41 63 308 63 74
441 | 90 | -232 | -41 69 348 61 74
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D.4.2: Measured and computed stresses for three hollow core specimens of shorter
span specimens Group (i) of size 260x140x1000 mm (140 mm depth) of span 900

mm.
) Measured Concr_ete Calculated stress, (MPa)
Failure | load | % cracking
Beam stress , (MPa)
Designation mode P of load Bottom Top
(kN) IDU Pconc
Bottom | Top (KN) Cracked | Uncracked | Cracked | Uncracked
15.5 25 3.3 35 3.7 34 3.8 3.8
31.2 50 7.0 6.9 7.4 6.8 7.6 7.7
HC-A-S1
260x140 471 | 75 | 110 | 104 11.2 10.3 115 116
é 110()) Web- 62.2
pan shear | 566 | 90 | 133 | 126 135 12.3 13.8 14.0
mm
62.5 99 15.0 14.0 14.9 13.6 15.2 154
62.9 100 - - 15.0 13.7 15.3 155
16.8 25 4.3 4.4 4.0 3.7 4.1 4.1
HC-A-S2 338 50 9.1 8.8 8.1 7.4 8.2 8.3
260x140
( ) Web- 50.6 75 13.8 13.3 62.2 12.0 11.0 12.3 12.5
Span 1100
shear
mm 62.4 91 171 18 15.0 13.6 15.2 154
68.4 100 - - 16.3 15.0 16.7 16.9
12.01 25 34 3.3 2.9 2.62 3.0 3.0
24.02 50 7.3 6.6 5.7 5.2 5.9 5.92
HC-A-S3
260140 31 | 75 | 131 | 102 8.6 7.9 8.8 8.9
é 110()) Flexure 62.2
pan 421 | 85 | 169 | 121 100 9.2 103 10.4
mm
441 90 19.1 12.8 10.5 9.6 10.8 10.9
46.1 95 25.2 14 11.0 10.1 11.2 114
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D.4.3: Load levels and strain values for three hollow core specimens of longer span

specimens Group (i) of size 260x140x1200 mm (140 mm depth) of span 1100 mm.

Measured Strain, Depth of N.A fromtop, | Concrete
. Load | % x 10° mm Crackin
Beam Failure P o: ( ) (mm) Load
Designation Mode 13 213 g
(kN) | Pu | Top | from | from | Bottom | Measured | Calculated Peonc
top | top (kN)
12 25 -70 -27 5 66 7 74-Uncrac.
23.8 50 -141 -54 12 141 75 74- Uncrac.
HC-A-L1
(260x140) Flexure 35.8 75 -215 -84 25 219 74 74 Uncrac. 475
Span 1100 mm
40.2 85 -241 -94 32 249 74 74 Uncrac.
45.3 95 -272 -105 44 283 73 71-Crac.
11.9 25 -64 -20 22 67 69 74-Uncrac.
23.9 50 -133 -40 45 143 68 74- Uncrac.
HC-A-L2
(260x140) Flexure 35.7 75 -201 -62 68 222 68 74 Uncrac. 475
Span 1100 mm
40.8 85 -233 -69 81 258 68 74 Uncrac.
46.2 96 -266 -68 115 298 65 71-Crac.
13.8 25 -80 -21 21 71 72 74-Uncrac.
27.8 50 -162 -42 48 149 71 74- Uncrac.
HC-A-L3
(260x140) Flexure 425 75 -253 -66 54 231 72 74 Uncrac. 475
Span 1100 mm
46.5 82 -284 -60 71 258 71 74 Uncrac.
475 95 -302 -56 66 353 67 71-Crac.
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D.4.4: Measured and computed stresses for three hollow core specimens of longer
span specimens Group (i) of size 260x140x1200 mm (140 mm depth) of span 1100

mm.
) Measured Concr_ete Calculated stress, (MPa)
Failure | load | % cracking
Beam stress , (MPa)
Designation mode P of load Bottom Top
(kN) I:’U Pconc
Bottom | To Cracked | Uncracked | Cracked | Uncracked
P (kN)
12 25 3.6 3.9 3.7 3.4 3.8 3.9
23.8 50 7.8 7.8 7.4 6.8 7.6 7.7
HC-A-L1
(260x140) 358 | 75 | 121 | 118 111 10.2 11.4 115
Flexure 475
Span 1100 402 | 85 | 137 | 133 125 11.4 12.8 13.0
mm
453 95 15.6 15.0 14.1 12.9 14.4 14.6
475 100 16.1 16.0 14.8 13.6 15.1 15.3
11.9 25 3.7 3.5 3.7 3.4 3.8 3.9
23.9 50 7.9 7.3 7.4 6.8 7.6 7.7
HC-A-L2
(260x140) 37 | 75 | 122 | 111 111 10.2 11.4 115
Flexure 475
Span 1100 408 | 85 | 142 | 128 12.7 116 13.0 13.2
mm
46.2 96 16.4 14.6 14.4 13.2 14.7 149
47.9 100 255 21.6 149 13.7 15.3 15.4
13.8 25 3.9 4.4 4.3 3.9 4.4 4.5
27.8 50 8.2 8.9 8.7 7.9 8.9 9.0
HC-A-L3
(260x140) 425 | 75 | 127 | 139 13.2 12.1 135 13.7
Flexure 475
Span 1100 465 | 82 | 142 | 156 145 13.3 14.8 15.0
mm
475 95 19.4 16.6 14.8 13.6 15.1 15.3
56.4 100 - - 17.6 16.1 18 18.2
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D.4.5: Load levels and strain values for three hollow core specimens of shorter span
specimens Group (ii) of size 330x175x1000 mm (175 mm depth) of span 900 mm.

Measured Strain, Depth of N.A from top, | Concret
. Load | % (x10°) (mm) .
Beam Failure P of Crackin
Designation Mode 13 213 Measur g Load
(kN) | Py Top | from | from | Bottom Calculated
ed Pconc
top top (kN)
20.6 25 -53 -17 20 55 85 93-Uncrac.
41.1 50 -112 -37 42 114 85 93-Uncrac.
HC-B-S1 62 | 75 | -174 | -56 71 178 85 93-Uncrac.
(330x175) Flexure 96.0
Span 900 mm 701 | 85 | -197 | -63 86 204 84 93-Uncrac.
74.5 90 -209 -66 98 222 80 93-Uncrac.
78.1 95 -221 -68 109 267 80 93-Uncrac.
22.1 25 -52 -19 32 56 81 93-Uncrac.
44.3 50 -104 -39 66 115 80 93-Uncrac.
HC-B-52 Web- | 663 | 75 | -154 | 59 | 104 179 79 93-Uncrac.
(330x175) X 96.0
Span900mm | % | 752 | 85 | 174 | -66 | 115 205 79 93-Uncrac.
84.4 95 -190 -75 138 236 7 93-Uncrac.
87.4 98 -196 -78 142 247 7 87-Crac.
23.6 25 -52 -26 15 61 88 93-Uncrac.
47.8 50 -109 -57 33 126 88 93-Uncrac.
HC-B-S3 Web
(330x175) 71.6 75 -163 -88 52 193 88 93-Uncrac. 96.0
shear
Span 900 mm
81.2 85 -182 -100 56 223 87 93-Uncrac.
90.8 95 -202 -115 79 253 86 87-Crac.
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D.4.6: Measured and computed stresses for three hollow core specimens of shorter
span specimens Group (ii) of size 330x175x1000 mm (175 mm depth) of span 900

mm.
) Measured Concr_ete Calculated stress, (MPa)
Failure | load | % cracking
Beam stress , (MPa)
Designation mode P of load Bottom Top
(kN) IDU Pconc
Bottom | Top (KN) Cracked | Uncracked | Cracked | Uncracked
20.6 25 3.0 2.92 2.84 2.5 2.8 2.8
41.1 50 6.3 6.2 5.7 5.0 5.6 5.7
HC-B-S1 62 75 9.8 9.6 8.6 7.5 8.4 8.5
330x175
( ) Flexure | 701 | 85 11.2 10.8 96 9.7 8.5 9.5 9.6
Span 900
mm 74.5 90 12.2 115 10.3 9.0 10.2 10.7
78.1 95 14.7 12.2 10.8 9.4 10.6 10.7
82.6 100 - 16.6 114 10.0 11.2 114
22.1 25 3.1 29 3.0 2.7 3.0 3.0
44.3 50 6.3 5.7 6.1 53 6.0 6.1
HC-B-S2 66.3 75 9.9 8.5 9.2 8.0 9.0 9.1
(330x179) 1 Web- 1 ) g5 | 113 | o 96 10.4 9.1 102 103
Span 900 shear ' ' ' ' ' ' '
mm 84.4 95 13.0 10.5 11.6 10.2 115 11.6
87.4 98 13.6 10.8 121 105 11.9 12.0
88.7 100 13.9 10.7 12.2 10.7 12.1 12.2
23.6 25 3.4 29 3.3 2.9 3.2 3.2
47.8 50 6.9 6.0 6.6 5.8 6.5 6.6
HC-B-S3
(330x175) | Web- | 716 | 75 | 106 | 9.0 9.9 8.6 9.7 9.8
Span 900 h %
pan shear | g12 | 85 | 123 | 100 11.2 9.8 11.0 11.2
mm
90.8 95 13.9 111 12.5 11.0 12.3 125
95.7 100 14.9 11.8 13.2 11.54 13.0 13.2
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D.4.7: Load levels and strain values for three hollow core specimens of longer span
specimens Group (ii) of size 330x175x1200 mm (175 mm depth) of span 1100 mm.

Measured Strain, Depth of N.A from top, | Concret
. Load | % (x10%) (mm) e
Beam Failure P of Crackin
Designation Mode 13 213 g Load
(kN) | Pu | Top | from | from | Bottom | Measured | Calculated Peonc
top top (kN)
16.1 25 -66 13 63 92 93-Uncrac.
321 50 -125 16 135 91 93-Uncrac.
HC-B-L1 481 | 75 | -184 22 215 89 93-Uncrac.
(330x175) Flexure 73.4
Span 1200 mm 541 | 85 | -207 27 245 89 93-Uncrac.
61.1 95 -234 35 280 88 93-Uncrac.
14.0 25 -57 -21 17 54 90 93-Uncrac.
29 50 -118 -42 45 114 88 93-Uncrac.
HC-B-L2 431 | 75 | -177 | -61 68 180 86 93-Uncrac.
(330x175) Flexure 73.4
Span 1200 mm 491 | 85 | -201 | -68 83 208 85 93-Uncrac.
55.1 95 -225 -74 101 239 84 87-Crac.
16.1 25 -43 -14 30 51 77 93-Uncrac.
32.2 50 -85 -28 68 106 75 93-Uncrac.
HC-B-L3
(330x175) Flexure 49.1 75 -127 -42 115 168 74 93-Uncrac. 73.4
Span 1200 mm
55.1 85 -141 -46 129 192 74 93-Uncrac.
62.2 95 -160 -52 143 220-F 74 87-Crac.
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D.4.8: Measured and computed stresses for three hollow core specimens of longer
span specimens Group (ii) of size 330x175x1200 mm (175 mm depth) of span 1100

mm.
) Measured Concr_ete Calculated stress, (MPa)
Failure | load | % cracking
Des?ge:;:ion mode P of stress , (MPa) load Bottom Top
(kN) IDU Pconc
Bottom | Top (KN) Cracked | Uncracked | Cracked | Uncracked
16.1 25 35 3.6 2.9 2.5 2.9 2.9
321 50 7.4 6.9 5.8 51 5.7 5.8
HC-B-L1
330x175 481 | 75 | 118 | 101 8.7 7.6 8.6 8.65
é 120()) Flexure 73.4
pan 541 | 85 | 135 | 114 9.8 8.5 9.6 9.7
mm
61.1 95 154 12.9 11.0 9.6 10.9 11.0
64.1 100 16.3 13.5 11.6 10.1 114 115
14.0 25 3.0 3.1 25 2.2 25 2.51
29 50 6.3 6.5 5.2 4.6 5.2 5.2
HC-B-L2
330x175 431 | 75 10 9.6 7.8 6.8 7.7 7.75
é 120()) Flexure 73.4
pan 491 | 85 | 114 | 111 8.9 7.7 8.7 8.8
mm
55.1 95 13.2 12.4 10.0 8.7 9.8 9.9
58.2 100 14.0 13.1 10.5 9.2 10.3 10.5
16.1 25 2.81 24 2.9 2.5 2.9 2.9
32.2 50 5.8 4.7 5.8 51 5.7 5.8
HC-B-L3
330x175 491 | 75 | 92 7.0 8.9 7.7 8.7 8.8
é 120()) Flexure 73.4
pan 551 | 85 | 106 | 7.8 10.0 8.7 9.8 9.9
mm
62.2 95 121 8.8 11.2 9.8 111 11.2
65.1 100 11.3 9.5 11.8 10.3 11.6 11.7
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D.4.9: Load levels and strain values for three hollow core specimens of shorter span
specimens Group (iii) of size 390x200x1000 mm (200 mm depth) of span 900 mm.

Measured Strain, Depth of N.A from top,
6 Concrete
. Load | % (x 10°) (mm) .
Beam Failure P of Cracking
Designation Mode 1/3 2/3 Load Pgone
(kN) | Py | Top | from | from | Bottom | Measured | Calculated (kN)
top | top
243 | 25 | -40 | -16 9 43 102 106-Uncrac.
486 | 50 | -81 | -33 14 90 103 106-Uncrac.
HC-C-S1 734 | 75 | -120 | -53 8 144 104 106-Uncrac.
(390x200) Flexure 131.7
Span 900 mm 829 | 85 | -136 | -60 10 165 103 106-Uncrac.
931 | 95 | -152 | -66 17 194 101 106-Uncrac.
957 | 98 | -157 | -69 17 223 98 98-Crac.
2782 | 25 | -49 | -21 10 49 106.0 106-Uncrac.
562 | 50 | -99 | -45 13 110 107 106-Uncrac.
HC-C-S2 Web- | 8387 | 75 | -145 | 71 14 156 107 106-Uncrac.
(390x200) : 131.7
Span900mm | % | 9516 | 85 | -163 | -82 18 180 107 106-Uncrac.
1066 | 95 | -181 | -96 36 208 104 106-Uncrac.
11049 | 99 | -188 | -106 33 219 105 98-Crac.
253 | 25 | -44 | -16 3 42 109 106-Uncrac.
5005 | 50 | -79 | -29 12 92 101 106-Uncrac.
HC-C-S3 Web
(390x200) 7546 | 75 | -116 | -40 25 149 97 106-Uncrac. 131.7
shear
Span 900 mm
8544 | 85 | -132 | -46 22 183 9% 106-Uncrac.
9561 | 95 | -147 | -54 16 221 95 98-Crac.
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D.4.10: Measured and computed stresses for three hollow core specimens of shorter
span specimens Group (iii) of size 390x200x1000 mm (200 mm depth) of span 900

mm.
) Measured Concr_ete Calculated stress, (MPa)
Failure | load | % cracking
Beam stress , (MPa)
Designation mode P of load Bottom Top
(kN) I:’U Pconc
Bottom | Top (kN) Cracked | Uncracked | Cracked | Uncracked
24.3 25 24 2.2 24 2.0 2.25 2.3
48.6 50 5.0 4.5 4.73 4.0 451 4.55
HC-C-S1 73.4 75 7.92 6.6 7.14 6.0 6.8 6.9
390x200
( ) Flexure 82.9 85 9.1 7.5 131.7 8.1 6.81 1.7 7.8
Span 900
mm 93.1 95 10.7 8.4 9.1 7.65 8.63 8.71
95.7 98 12.3 8.64 9.31 7.9 8.9 8.95
97.6 100 20.6 9.1 9.5 8.02 9.1 9.13
2782 | 25 2.7 2.7 2.71 2.3 2.6 2.6
56.2 50 5.6 5.45 55 4.62 5.2 5.3
HC-C-S2 83.87 | 75 8.6 8.0 8.2 6.9 7.8 7.85
390x200 Web-
( ) 95.16 | 85 9.9 9.0 131.7 9.3 7.81 8.82 8.9
Span 900 shear
mm 106.6 95 11.44 10.0 104 8.75 9.9 10
11049 | 99 12.0 10.34 10.75 9.1 10.24 104
111.84 | 100 13.3 11.0 11.0 9.2 104 10.5
25.3 25 2.3 24 2.5 2.1 2.3 24
50.05 50 5.0 4.3 4.9 4.1 4.6 4.7
HC-C-S3
390x200 Web- 75.46 75 8.2 6.4 7.3 6.2 7.0 7.1
(S 900) h 131.7
pan hear | gsa44 | 85 | 101 | 7.3 8.3 7.0 7.92 8.0
mm
9561 | 95 12.2 8.1 9.3 7.9 8.9 9.0
100.6 | 100 11.2 8.7 10 8.3 9.3 9.4
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D.4.11: Load levels and strain values for three hollow core specimens of longer span
specimens Group (iii) of size 390x200x1200 mm (200 mm depth) of span 1100 mm.

Measured Strain, Depth of N.A from top, | Concret
. Load | % (x10°) (mm) .
Beam Failure P of Crackin
Designation Mode 13 213 g Load
(kN) | Pu | Top | from | from | Bottom | Measured | Calculated Peonc
top top (kN)
235 25 -46 -21 8 49 105 106-Uncrac.
46.7 50 -95 -43 19 101 105 106-Uncrac.
HC-C-L1
(390%x200) Flexure 70 75 -143 -66 25 163 103 106-Uncrac. 100.0
Span 1200 mm
79.9 85 -163 -71 45 191 100 106-Uncrac.
89.3 95 -184 -82 61 222 98 98-Crac.
25.9 25 -52 -28 7 52 100 106-Uncrac.
51.6 50 -102 -48 34 109 100 106-Uncrac.
HC-C-L2
(390%x200) Flexure 775 75 -152 -68 47 179 99 106-Uncrac. 100.0
Span 1200 mm
87.8 85 -170 -75 49 208 98 106-Uncrac.
97.8 95 -188 -85 55 239 98 98-Crac.
21.92 25 -48 -19 12 48 104 98-Crac.
44.2 50 -97 -41 33 99 102 98-Crac.
HC-C-L3
(390%x200) Flexure | 66.63 75 -144 -59 59 158 98 106-Uncrac. 100.0
Span 1200 mm
75.15 85 -163 -66 71 171 98 106-Uncrac.
83.87 95 -182 -71 84 204 96 98-Crac.
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D.4.12: Measured and computed stresses for three hollow core specimens of longer
span specimens Group (iii) of size 390x200x1200 mm (200 mm depth) of span 1100

mm.
) Measured Concr_ete Calculated stress, (MPa)
Failure | load | % cracking
Beam stress , (MPa)
Designation mode P of load Bottom Top
(kN) I:’U Pconc
Bottom | Top (kN) Cracked | Uncracked | Cracked | Uncracked
235 25 2.7 2.5 3.0 2.52 2.9 2.9
46.7 50 5.6 5.2 6.0 5.0 5.7 5.7
HC-C-L1
390x200 70 75 9.0 79 9.0 7.52 8.5 8.6
é 120()) Flexure 100.0
pan 799 | 85 | 105 9.0 10.2 8.6 9.7 9.8
mm
89.3 95 12.2 10.1 11.4 9.6 10.83 10.92
93.7 100 12.8 10.7 12.0 10.1 11.4 115
25.9 25 2.9 2.9 3.3 2.8 3.1 3.2
51.6 50 6.0 5.6 6.6 5.54 6.3 6.3
HC-C-L2
390x200 77.5 75 9.85 8.4 9.9 8.32 9.4 9.5
é 120()) Flexure 100.0
pan 878 | 85 | 144 9.4 11.2 9.43 10.6 10.74
mm
97.8 95 13.2 10.3 12.4 105 11.9 12.0
103.1 | 100 13.6 11.2 13.1 11.10 12.5 12.61
21.92 25 2.6 2.64 2.8 2.4 2.7 2.7
44.2 50 55 54 5.62 4,75 54 5.41
HC-C-L3
390x200 66.63 75 8.7 7.92 8.5 7.2 8.1 8.15
é 120()) Flexure 100.0
pan 7515 | 85 9.4 9.0 9.6 8.1 9.1 9.2
mm
83.87 95 11.2 10.0 10.7 9.0 10.2 10.3
88.5 100 12.1 10.7 11.3 9.5 10.73 10.83
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D.4.13: Load levels and strain values for three hollow core specimens of longer span
specimens Group (iv) of size 380x140x1200 mm (140 mm depth) of span 1100 mm.

Measured Strain, Depth of N.A from top, | Concret
. Load | % (x10%) (mm) e
Beam Failure P of Crackin
Designation Mode 13 213 g Load
(kN) | Pu | Top | from | from | Bottom | Measured | Calculated Peonc
top top (kN)
130 | 25 | -54 -26 12 68 70 74-Uncrac.
254 | 50 | -110 | -50 32 145 68 74-Uncrac.
HC-D-L1
(380x140) Flexure | 389 | 75 | -172 | -76 61 218 67 74-Uncrac. 68.0
Span 1200 mm
437 | 85 | -195 | -86 70 237 68 74-Uncrac.
494 | 95 | -226 | -76 98 283 65 71-Crac.
144 | 25 | -49 -22 12 78 65(76) 74-Uncrac.
293 | 50 | -100 | -44 24 135 68(76) 74-Uncrac.
HC-D-L2 437 | 75 | -148 | -65 37 197 68(76) 74-Uncrac.
(380x140) Flexure 68.0
Span 1200 mm 492 | 85 | -168 | -71 45 222 68(75) 74-Uncrac.
54 95 | -186 | -67 61 239 66(71) 74-Uncrac.
570 | 98 | -223 | -43 310 370 - 71-Crac.
141 | 25 | -62 -22 22 57 71 74-Uncrac.
285 | 50 | -122 | -42 56 125 68 74-Uncrac.
HC-D-L3 Flexure | 428 | 75 | -186 | -66 89 192 67 74-Uncrac.
(380x140) 68.0
Span 1200 mm 482 | 85 | -209 | -75 103 219 67 74-Uncrac.
543 | 95 | -236 | -69 147 250 64 71-Crac.
565 | 98 | -278 | -24 201 257 57 71-Crac.
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D.4.14: Measured and computed stresses three hollow core specimens of longer span
specimens Group (iv) of size 380x140x1200 mm (140 mm depth) of span 1100 mm.

) Measured Concr_ete Calculated stress, (MPa)
Failure | load | % cracking
Beam stress , (MPa)
. . mode P of load Bottom Top
Designation
(kN) I:’U Pconc
Bottom | Top (kN) Cracked | Uncracked | Cracked | Uncracked
13.0 25 3.7 3.0 2.8 2.6 2.9 2.9
25.4 50 8.0 6.1 55 5.0 5.6 5.7
HC-D-L1
380x140 38.9 75 12 9.5 8.3 1.7 8.6 8.7
é 120()) Flexure 68.0
pan 437 | 85 | 124 | 107 9.4 8.6 9.6 9.75
mm
494 95 15 12.4 10.6 9.72 10.9 11.0
515 100 - 155 11.1 10.13 114 115
14.4 25 4.3 2.7 3.1 2.83 32 3.21
29.3 50 7.4 55 6.3 5.8 6.5 6.54
HC-D-L2 43.7 75 10.8 8.1 9.4 8.6 9.6 9.75
380x140
( ) Flexure 49.2 85 12.2 9.2 68.0 10.6 9.7 10.9 11.0
Span 1200
mm 54 95 13.2 10.2 11.6 10.7 11.92 12.0
57.0 98 20.4 12.3 12.2 11.22 12.6 12.8
58.4 100 13.6 27.8 12.53 115 12.9 13.0
14.1 25 3.2 3.4 3.0 2.8 3.1 3.15
28.5 50 6.9 6.7 6.1 5.61 6.3 6.4
HC-D-L3
380x140 42.8 75 10.6 10.2 9.2 8.43 9.5 9.6
é 120()) Flexure 68.0
pan 482 | 85 | 120 | 115 10.34 95 10.64 10.8
mm
54.3 95 13.8 13.0 11.65 10.7 12.0 12.1
56.5 98 14.1 15.3 12.2 11.12 125 12.6
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D.4.15: Load levels and strain values for three hollow core specimens of shorter
span specimens Group (v) (solid section) of size 260x140x1000 mm (140 mm depth)

of span 900 mm.

Measured Strain, Depth of N.A fromtop, | Concret
. Load | % (x10°) (mm) ¢ .
Beam Failure P of Crackin
Designation Mode 13 213 g Load
(kN) | Pu | Top | from | from | Bottom | Measured | Calculated Peonc
top top (kN)
14.91 25 -64 -17 15 62 71 72-Uncrac.
30.34 50 -129 -35 42 131 69 72-Uncrac.
HC-E-S1
(260x140) Flexure | 45.16 75 -191 -49 80 203 66 72-Uncrac. 62.0
Span 900 mm
51.76 85 -220 -55 96 237 66 72-Uncrac.
57.76 95 -246 -60 110 268 65 67Crac.
16.38 25 -70 -33 7 68 7 72-Uncrac.
32.86 50 -143 -65 17 141 76 72-Uncrac.
49.09 75 -216 -99 27 202 77 72-Uncrac.
HC-E-S2
(260x140) Flexure | 55.59 85 -260 -111 49 216 77 72-Uncrac. 62.0
Span 900 mm
58.61 90 -287 -105 24 237 79 72-Uncrac.
59.48 91 -347 -110 0 290 79 72-Uncrac.
62.45 95 -420 -130 -18 872 -F 62 67Crac.
14.36 25 -64 -22 15 52 75 72-Uncrac.
29.33 50 -129 -42 37 112 73 72-Uncrac.
HC-E-S3 4369 | 75 | -194 | -57 63 175 71 72-Uncrac.
(260x140) Flexure 62.0
Span 900 mm 49.09 | 85 | -218 | -61 77 202 70 72-Uncrac.
55.04 95 -248 -63 93 225 69 72-Uncrac.
57.71 99 -283 -42 82 229 70 67Crac.
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D.4.16: Measured and computed stresses three hollow core specimens of shorter
span specimens Group (v) (solid section) of size 260x140x1000 mm (140 mm depth)
of span 900 mm.

) Measured Concr_ete Calculated stress, (MPa)
Failure | load | % cracking
Beam stress , (MPa)
Designation mode P of load Bottom Top
(kN) I:’U Pconc
Bottom | Top (kN) Cracked | Uncracked | Cracked | Uncracked
14.91 25 341 3.52 3.6 3.15 3.3 34
30.34 | 50 7.21 7.1 7.32 6.4 6.71 6.8
HC-E-S1
260x140 4516 | 75 | 112 | 1051 11.0 9.5 10.0 10.1
(S 900) Flexure 62.0
pan 5176 | 85 | 131 | 121 125 11.0 115 116
mm
57.76 95 14.74 13.53 14 12.2 12.8 13.0
60.49 | 100 15.6 141 14.6 12.8 134 13.6
16.38 25 3.74 3.9 3.95 35 3.63 3.67
32.86 | 50 7.8 7.9 7.93 7.0 7.3 7.36
49.09 75 11.11 11.9 11.85 104 10.9 11.0
HC-E-S2
260x140 5559 | 85 | 119 | 143 13.4 11.73 12.3 12.45
(S 900) Flexure 62.0
pan 5861 | 90 | 130 | 1538 14.1 124 13.0 13.12
mm
59.48 91 16.0 19.1 14.4 12.6 13.2 13.3
62.45 95 - 231 15.1 13.2 13.82 14.0
65.38 | 100 - 295 15.8 13.8 145 14.64
14.36 25 2.9 35 35 3.0 3.2 3.2
29.33 | 50 6.2 7.1 7.1 6.2 6.5 6.6
HC-E-S3 43.69 75 9.6 10.7 10.5 9.2 9.7 9.8
260x140
( ) Flexure | 49.09 85 111 12.0 62.0 11.9 104 10.9 11
Span 900
mm 55.04 95 12.4 13.64 13.3 11.62 12.2 12.3
57.71 99 12.6 15.6 14.0 12.2 12.8 13.0
58.0 100 11.7 16.7 14.0 12.3 13.0 13.0
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APPENDIX E: FINITE ELEMENT MODELING

E.1 HYBRID NC-UHPC LAYERED SPECIMENS

(i) Hybrid specimen LS-A-C2 of 20 mm thick UHPC layer of beam size
150x150x760 mm (span=630)

Meshing of layered hybrid specimen LS-A-C2
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FEM vs. experimentally observed longitudinal strain on top and bottom faces of hybrid

beam of specimen LS-A-C2.
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FEM longitudinal stress distribution of specimen LS-A-C2
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(i) Hybrid specimen LS-C-C2 of 20 mm thick UHPC layer of beam size
150x150x1000 mm (span=900)

Meshing of layered hybrid specimen LS-C-C2
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FEM vs. experimentally observed longitudinal strain on top and bottom faces of hybrid
beam of specimen LS-C-C2



FEM longitudinal stress distribution of specimen LS-C-C2

(iii) Hybrid specimen LS-D-C2 of 40 mm thick UHPC layer of beam size
150x150x1000 mm (span=900)

Meshing of layered hybrid specimen LS-D-C2
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(iv) Hybrid specimen LS-H-C2 of 50 mm thick UHPC layer of beam size
150x200x1000 mm (200 mm depth, span=900)

Meshing of layered hybrid specimen LS-H-C2
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FEM vs. experimentally observed longitudinal strain on top and bottom faces of hybrid
beam of specimen LS-H-C2
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E.2 HYBRID HOLLOW CORE SPECIMENS

(i) Hybrid specimen HC-A-L3 of Group (i) of beam size 260x140x1200 mm
(span=1100)

Meshing of hybrid specimen HC-A-L3
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FEM vs. experimentally observed longitudinal strain on top and bottom faces of hybrid
beam of specimen HC-A-L3
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FEM longitudinal stress distribution of specimen HC-A-L3

(i) Hybrid specimen HC-B-L3 of Group (ii) of beam size 330x175x1200 mm
(span=1100)

Meshing of hybrid specimen HC-B-L3
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(iii) Hybrid specimen HC-C-S2 of Group (iii) of beam size 390x200x1000 mm
(span=900)
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FEM vs. experimentally observed longitudinal strain on top and bottom faces of hybrid
beam of specimen HC-C-S2



FEM longitudinal stress distribution of specimen HC-C-S2

(iv) Hybrid specimen HC-C-L2 of Group (iii) of beam size 390x200x1200 mm
(span=1100)
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Meshing of hybrid specimen HC-C-L2
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(v) Hybrid specimen HC-D-L2 of Group (iv) of beam size 380x140x1200 mm
(span=1100)

Meshing of hybrid specimen HC-D-L2
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FEM vs. experimentally observed longitudinal strain on top and bottom faces of hybrid
beam of specimen HC-D-L2
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