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Abstract

This thesis evaluated the feasibility of using engineered cementitious composite (ECC), to
strengthen lightweight concrete (LWC) against various mechanical loads. Three
experimental studies have been conducted on both plain small-scale and reinforced large-
scale concrete specimens to accomplish the research objective. The first and second studies
investigated the use of ECC to strengthen either the tension or compression zone of large-
scale reinforced LWC beams tested in flexure and shear. The third study focused on the
use of ECC in strengthening small-scale unreinforced beams and cylindrical specimens
tested under drop-weight impact loads. The results of the first and second studies indicated
that using ECC developed with polyvinyl alcohol fibers or steel fibers (ECCP or ECCS,
respectively) is an effective technique to improve the flexural and shear behaviour of LWC
beams with no significant increase in their self-weight. In both studies, strengthening the
compression zone yielded higher ductility and energy absorption capacity. Meanwhile,
better cracking control was observed when the tension zone was strengthened, thus
assuring a better durability for structural members. In flexure, the highest improvement in
the load-carrying capacity was obtained when the LWC beams strengthened at the tension
zone, whereas strengthening the compression zone was more effective in improving the
shear capacity. The results of the third study indicated that either ECCP or ECCS could
achieve a good bonding with LWC substrate. The use of ECC along with LWC also offers
novel hybrid composites with low-density and improved impact resistance, thus providing
promising composites for strengthening lightweight structures exposed to high impact

loading.
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1. Introduction

1.1. Background and Overview

Lightweight concrete (LWC) is a special class of building materials that offers various
advantages for the construction industry. LWC is produced by composing cementitious
materials, water, coarse and/or fine lightweight aggregates. Examples of structural
lightweight aggregates include expanded slag, shale, clay, and slate. According to the ACI
318 (2019) and CSA (2004) standards, concrete can be classified as LWC when its density
reaches a value of less than 1850 kg/m?®, while normal-weight concretes have a density in
a range of 2100~2500 kg/m?. Therefore, structures made with LWC typically have lower
dead loads, which usually represent a considerable portion of design loads. The reduction
in design loads helps to reach more economical structural systems—in turn consume less
volumes of building materials (e.g., concrete and steel) (Real et al., 2016a; Sadek et al.,
2020a). The economic benefits of LWC can be more significant in certain applications such
as in precast structures (e.g., buildings, bridges, stadiums), where the reduced self-weight
of precast elements leads to lower haulage costs and faster construction rate (Kayali, 2008;
Jafari and Mahini, 2017). LWC can also be used to achieve a design requirement and/or
improve a structural response. For example, the use of LWC in high-rise buildings
decreases the mass of structures, which in turn reduces the forces imposed by earthquakes
(Vandanapu and Krishnamurthy, 2018). In addition, LWC is used in the construction of
offshore gravity and floating concrete platforms to improve their buoyancy (Hoff, 1996;
Sadek, 2020). LWC also possess other excellent physical characteristics such as

low thermal conductivity, high fire resistance, and high sound insulation (Unal et al., 2007;


https://www.sciencedirect.com/topics/materials-science/thermal-conductivity

Real et al., 2016a and 2016b; Go et al., 2012; Diaz and Rabanal, 2010). In addition to all
aforementioned advantages, developing LWC with high self-compactability properties
(i.e., high flowbility, filling ability, passing ability, and segregation resistance) expands its
construction feasibility. Such features allow mixtures to easily spread and consolidate
under its own weight without mechanical vibration, fill complex formwork and heavy
reinforcement areas, thus offering faster construction rate and less labor requirements
(Lachemi et al., 2009). Despite the several advantages of LWC, the low strength and high
brittleness of lightweight aggregates (due to their porous structure) still represent a major
problem that may significantly limit the performance of LWC to maintain high endurance
against mechanical loads (e.g., static, dynamic, and impulsive loads) (Abouhussien et al.,
2015; Hassan et al., 2015; Atmaca et al., 2017; Sadek et al., 2020b). Therefore, most of
design guidelines suggest modification factors in their design models when lightweight
concrete is used. According to the ACI-318 and CSA (2004), the reduction factors in the
tensile and shear strength of LWC can be taken up to 0.75 (i.e., 25% reduction) compared
to that of normal weight concrete produced at the same compressive strength. The proposed
reduction factors are assumed to consider the effect of low strength, limited interlock
mechanism, and high brittleness of lightweight aggregates on performance of LWC
structures. This indicates that at same concrete class (i.e., same compressive strength),
structures made from LWC typically have lower capacity compared to that made from
normal-weight concrete. This highlights a growing need to overcome the drawbacks of
traditional LWC and find new alternatives to construct high-performance lightweight
structures. One of these alternatives is developing a new hybrid lightweight composite by

combining LWC with one of high-performance cement-based materials.



Engineered cementitious composite (ECC) is one of high-performance cement-based
materials that was originally invented by Victor Li based on micromechanics theory (Li,
1993). ECC is produced using a high volume of cementitious materials (i.e., Portland
cement, fly ash, silica fume, metakaolin etc.), silica sand as a fine aggregate, and a moderate
volume of fibers. Compared to other traditional concretes, ECC uniquely exhibit an
excellent mechanical performance under either compression or tension. In particular, the
high ductility, strain hardening behavior, and cracking resistance are considered as the main
superior characteristics of ECC over other concrete composites. ECC can, for example,
exhibit tensile strain up to 2%~6%, which is 200~600 times as much as the strains exhibited
by conventional concretes (Li, 1998; Kong et al., 2003). Such high strain capacity is
attributed to the strain hardening behavior of ECC, which allows composite to undergo
large inelastic deformations associating with a formation of multiple macro cracks (Li,
1998; Sahmaran and Li, 2010; Ranade et al., 2014; Ismail et al., 2018a). The inclusion of
fibers also helps ECC to endure high uniaxial tensile stress that can reach 6 MPa (Said and
Razak, 2015; Ismail et al., 2018a and 2018b). In addition, ECC can withstand compressive
stress above 70 MPa and exhibit a compressive strain of up to 0.65% (Li, 2002; Said and
Razak, 2015; Ismail et al., 2019). The material testing also proved that ECC has high
resistance against fatigue, impact energy, freezing and thawing cycles, salt scaling,
chloride, and sulfate attack (Zhang and Li, 2002; Suthiwarapirak et al., 2004; Jun and
Mechtcherine, 2010; Meng et al., 2018; Ismail et al., 2019; Sahmaran and Li, 2007,
Sahmaran et al., 2009; Sahmaran et al., 2007). At structural level, limited studies attempted
to evaluate the use of ECC in large-scale members such as beams, columns, and beam-

column joints. The results obtained from these studies indicated that ECC can remarkably



improve the overall structural behavior in terms of cracking, load-carrying capacity, shear
strength, ductility, and energy dissipation capacity (Yuan et al., 2012; Kang et al., 2017,
Ismail et al., 2018a; Ismail and Hassan, 2021a). Despite the excellent characteristics of
ECC, the high production cost of ECC hinders its use in the construction process. However,
ECC can be strongly recommended for strengthening and rehabilitation applications where
ECC can be used in specific locations or with limited volume (Ismail and Hassan, 2021b).
And since ECC can be produced with a relative low density— makes it an ideal alternative
(i) to be used efficiently in strengthening existing LWC structures with no significant
additional loads; and (ii) to be combined with LWC in one lightweight hybrid composite

for constructing high-performance lightweight structures.

1.2. Research Objective and Significance

LWC is a unique class of concrete which can present significant economic benefits to the
construction industry. However, the LWC typically has low tensile and shear strength,
ductility, energy absorption capacity, and impact resistance, which limit its applicability
for multiple applications, especially those are exposed to harsh loads (e.g., earthquake,
impulsive load etc.). Strengthening LWC with one of the high-performance cement-based
materials, in particular ECC, can be an efficient strategy to reach superior structural
performance. In addition, the relative low density of ECC can maintain the economic
benefits of LWC, i.e., strengthening without significant additional load. Despite the
possible benefits that can be achieved by using ECC in strengthening LWC, the mechanical
and structural performance of LWC-ECC composite is not well investigated in the

available literature. Contributing to fill this gap of knowledge, this study was conducted at



both material and structural level to experimentally evaluate the structural feasibility of
using ECC in strengthening LWC. At material level, the use of LWC and ECC together to
develop cost-effective, lightweight composites with superior performance under drop-
weight impact loading, was evaluated. Meanwhile, at structural level, the ECC was used to
strengthen large-scale reinforced concrete beams tested in either flexure or shear. The
conducted studies also included ECC developed with two types of fibers in order to assess
how the fiber type can affect the efficiency of ECC in strengthening. The use of ECC in
strengthening and rehabilitation applications can be also the best option due to its relative
high production cost, which hinders the ECC to be widely used in the construction industry
as a main building material. The outcomes obtained from the conducted investigations can

greatly help to reach cost-effective, high-performance lightweight structures.

1.3. Scope of Research

This research included three successive experimental studies, detailed as follows:

1. The first study evaluated the flexure behavior of large-scale reinforced self-
consolidating LWC beams strengthened with ECC. The beams were strengthened
at either the compression or tension zone using ECC with polyvinyl alcohol fibers
(ECCP) or steel fibers (ECCS). The performance of strengthened beams was
compared to that of control beams which were fully cast with LWC or ECCP or
ECCS.

2. The second study investigated the use of ECCP and ECCS in strengthening LWC

beams in shear. Similar to the first study, the beams were strengthened at either



compression or tension zone and compared to that were fully cast with LWC,
ECCP, ECCS, and normal weight concrete (NWC).

3. The third study assessed the feasibility of combining LWC and either ECCP or
ECCS in one composite, aiming to develop a novel, cost effective lightweight
composite with high impact resistance. For this purpose, cylindrical specimens and
small-scale beams were cast with two layers: a LWC layer and either an ECCP or
an ECCS layer. The layers were varied in terms of depth and arrangement.
Additional cylindrical specimens and beams were fully cast with LWC, ECCP, and
ECCS for comparison. All specimens were tested under drop-weight impact
loading. The interface bond strength between LWC and either ECCP or ECCS was

also assessed.

1.4. Thesis Outline

This thesis consists of five chapters described as follows:

Chapter 1 includes background, objective, significance, and the scope of the research.
Chapter 2 includes an experimental investigation for the flexural behavior of large-
scale LWC beams strengthened with ECC (ECCP and ECCS).

Chapter 3 includes an experimental investigation for the shear behavior of large-scale
LWC beams strengthened with ECC (ECCP and ECCS).

Chapter 4 includes an experimental investigation for the feasibility of combining LWC
and either ECCP or ECCS to develop novel, efficient hybrid composites with superior

impact resistance.



Chapter 5 demonstrates the conclusions, summary, and recommendations out of the

conducted studies.
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2. Flexural behavior of lightweight self-consolidating concrete beams
strengthened with ECC

2.1. Abstract

This study investigated the structural behavior of lightweight self-consolidating concrete
(LWSCC) beams strengthened with engineered cementitious composite (ECC). Four LWSCC
beams were strengthened at either the compression or tension zone using two types of ECC
developed with polyvinyl alcohol (PVA) fibers or steel fibers (SFs). Three beams were also
cast in full depth with LWSCC, ECC with PVA, and ECC with SFs, for comparison. The
performance of all tested beams was evaluated based on load-deflection response, cracking
behavior, failure mode, first crack load, ultimate load, ductility, and energy absorption
capacity. The flexural ultimate capacity of the tested beams was also estimated theoretically
and compared to the experimental results. The results indicated that adding ECC layer at the
compression zone of the beam helped the LWSCC beams to sustain a higher ultimate loading,
accompanied with obvious increases in the ductility and energy absorption capacity. Higher
increases in the flexural capacity were exhibited by the beams strengthened with the ECC layer
at the tension zone. Placing the ECC layer at the tension zone also contributed to controlling
the formation of cracks, ensuring better durability for structural members. Using ECC with
SFs yielded higher flexural capacity in beams compared to using ECC with PVA fibers. The
study also indicated that the flexural capacity of single-layer and/or hybrid composite beams
was conservatively estimated by the ACI ultimate strength design method and the Henager
and Doherty model. More improvements in the Henager and Doherty model’s estimates were

observed when the tensile stress of fibrous concrete was obtained experimentally.
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2.2. Introduction

Lightweight self-consolidating concrete (LWSCC) is a special type of concrete that has
distinct advantages in both fresh and hardened states. In the fresh state, LWSCC has the
desirable self-compactability properties, in which the mixture can easily flow and consolidate
under its own weight without external vibration (Hassan et al., 2015; Omar et al., 2020). This
can offer a faster production rate with less labour and high-quality finishes. In the hardened
state, LWSCC possesses the economic benefits of lightweight concrete, which help to reach a
more economic design and achieve significant savings in construction costs (Omar et al., 2020;
Sadek et al., 2020a). Such properties render LWSCC as a promising candidate for constructing
many reinforced concrete structures. The first application of the LWSCC was in Japan in 1992,
where it was used for casting the main girder of a cable-stayed bridge (Okamura and Ouchi,
2003). Then, the use of LWSCC was expanded to the construction of various structures such
as high-rise buildings, bridges, offshore platforms, pre-stressed beams, and precast elements
(e.g., thin walls, panels, benches) (Papanicolaou and Kaffetzakis, 2011; Shi and Yang, 2005;
Yao and Gerwick, 2006; Hubertova and Hela, 2007; Sadek et al., 2020b).

Lightweight concrete structures may suffer various levels of damage due to harsh
environmental conditions and excessive mechanical loading (Kim et al., 2007). The damages
can be, for example, cover spalling, severe cracking, excessive deflections, corrosion of steel
reinforcement, and degradation of concrete durability (Muthya et al., 2018; Deng et al., 2018).
These damages can negatively affect the stability and integrity of structures, leading to a
catastrophic failure in severe cases. To avoid reaching such failures and restore the design
capacity of deteriorating structures, rehabilitation is necessary. The proper rehabilitation

technique is typically chosen based on the damage type and level. For example, when concrete
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is damaged, it must be removed and replaced with new repair material. Therefore, developing
high-performance, cost-effective repair materials, is an important factor in achieving efficient

rehabilitation.

In recent years, the rehabilitation of civil infrastructures generally demands materials with
excellent properties such as high strength, ductility, energy absorption capacity and durability.
Such properties can be offered by high-performance fiber-reinforced cement-based
composites such as engineered cementitious composite (ECC), which is characterized by a
superior performance under both compressive and tensile loading. Under tensile loading, ECC
can reach a uniaxial tensile strength of 3—-6 MPa with a strain capacity in the range of 3%-5%
(Lietal., 2002; Ismail et al., 2018b). The behavior of ECC in tension is typically accompanied
by strain-hardening behavior and a formation of multiple micro-cracks with widths that are
often below 100 um (Sahmaran and Li, 2010). Similarly, under compressive loading, the ECC
can attain a compressive strength up to 80 MPa and a strain capacity in the range of 0.4%-—
0.65% (Li, 2002; Said and Razak, 2015). The high strain capacity and strengths of ECC allow
this composite to have a superior performance under fatigue and impact loading
(Suthiwarapirak et al., 2004; Ismail et al., 2019). The small- and large-scale testing also proved
that ECC has a high resistance to shear force because it contains a moderate volume of fibers
such as polyvinyl alcohol (PVA), polypropylene, polyethylene, and steel fibers (SFs) (Kang
et al., 2017; Ismail and Hassan, 2021). Other studies have indicated that replacing normal
concrete with ECC in beam-column joints improved their cyclic behavior in terms of cracking
load, ultimate load, ductility, and energy dissipation capacity (Yuan et al., 2018; Ismail et al.,

2018a). In addition to its superior mechanical properties, ECC proved to maintain excellent
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mechanical properties and high durability even after exposure to freezing and thawing cycles,
salt scaling, chloride, and sulfate attack (Sahmaran and Li, 2007; Sahmaran et al., 2009; Liu
etal., 2017). This typically contributes to diminishing the deterioration rate and improving the
serviceability of strengthened structures.

The aforementioned properties of ECC indicate high potentials for this composite to be used
in structural strengthening applications. However, there is a lack of research focused on this
area, especially when LWSCC is strengthened. Therefore, this study was conducted to
evaluate the flexural behavior of LWSCC beams strengthened with ECC at either the
compression or tension zone. Two types of ECC were used for strengthening: ECC with PVA
(ECCP) and ECC with SFs (ECCS). In this investigation, seven reinforced beams were tested
under four-point flexural loading. The tested beams are detailed as follows: three full-depth
control beams (LWSCC, ECCP, and ECCS), two LWSCC beams strengthened with ECCP or
ECCS at compression zone, and two LWSCC beams strengthened with ECCP or ECCS at
tension zone. The performance of all tested beams was assessed by examining the load-
deflection response, cracking behavior, failure mode, first crack load, ultimate load, ductility,
and energy absorption capacity. The ultimate flexural capacity of each tested beam was

compared to the theoretically estimated values.

2.3. Research Significance

In recent years, the use of ECC has been attracting great attention from researchers attempting
to present a novel construction material with promising potential for multiple applications.
The excellent workability, mechanical properties, and durability of ECC reported by many

conducted studies show this composite to be a strong candidate for rehabilitation and
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strengthening applications. Employing the superior properties of the ECC in strengthening
structural elements made with LWSCC, can be considered as an effective rehabilitation
technique to extend the service life and maintain the economic benefits of the LWSCC.
However, the ECC concrete composite behavior is not well demonstrated in the available
literature, especially when LWSCC is retrofitted. For this reason, this study was conducted to
assess the flexural behavior of LWSCC beams strengthened with ECC at either the
compression or tension zone, aiming to evaluate their compatibility and the possible structural
benefits when used together. The present study also included ECC developed with two types
of fibers in order to evaluate how the fiber type can change the efficiency of ECC in
strengthening. The authors believe that the experimental results discussed in the present study
can help to investigate the feasibility of using ECCP and ECCS in strengthening LWSCC

beams. Further investigations are also needed to confirm outcomes of this study.

2.4. Experimental Program

2.4.1. Material Properties and Concrete Mixtures

Three mixtures, namely LWSCC, ECCP, and ECCS, were developed to cast the single layer
or hybrid composite beams tested in this study. Table 2-1 lists the proportions of each

developed mixture. The development of the mixtures used is detailed as follows:
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(a) The LWSCC mixture was developed with expanded slate lightweight coarse and fine
aggregates with a maximum aggregate size of 12.5 mm (0.49 in.) and 4.75 mm (0.19 in.),
specific gravity of 1.53 and 1.8, respectively, and water absorption of 7.1% and 10%,
respectively. The density of the developed LWSCC mixture was 1727 kg/m?® (107.8 Ib/ft3),
which is classified as a lightweight concrete according to the ACI (2019) and CSA (2004)
codes. At such low density, developing LWSCC with self-compactability properties and
good strength (suitable for structural applications) had several challenges:

e The high risk of segregation as a result of the low density of both fine and coarse
lightweight aggregates.
e The high-water absorption and low mechanical properties as a result of the high
porosity of both fine and coarse lightweight aggregates.
Based on a preliminary trial mix stage, these challenges were overcome through different
steps, as follows:
e Both fine and coarse lightweight aggregates were used in a saturated surface
dry condition in order to eliminate the negative impact of the aggregates’ high

absorption.
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e A 550 kg/m?® (34.3 Ib/ft3) ternary binder material content at a relatively low
water-to-binder (w/b) ratio of 0.4 was used. The total weight of binder content
consisted of 40% ordinary Portland cement Type | (ASTM C150), 40% class F
fly ash (ASTM C618), and 20% class N metakaolin (ASTM C618). These
proportions were found (from the trial mix stage) achieve a cementitious paste
with a high strength and sufficient viscosity, which allows for adequate particle
suspension (i.e., less risk of segregation) and compensates for the low strength

of aggregates.
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Table 2-1 Mix design of the developed mixtures

Mixture | BC | C/BC | SCM FA/BC | MK/BC | S/BC | C.A/BC | W/BC | fibers | Fiber Dry
(Type) (%) type | density
(kg/m?)
LWSCC | 1 0.40 | FA+M 0.40 0.20 0.94 0.8 0.40 - - 1727
ECCP 1 0.45 | FA+M 0.35 0.20 0.36 - 0.27 2 PVA | 2091
ECCS 1 0.45 | FA+M 0.35 0.20 0.36 - 0.27 2 SF 2222

Note: BC = binder content; C = cement; SCMs = supplementary cementing materials; FA = fly ash; MK = metakaolin; S = sand; C.A. = coarse aggregate;
W/BC = water-to-binder (i.e., cement + SCMs); PVA = polyvinyl alcohol fiber; SF = steel fiber; 1 kg/m®= 0.062428 Ib/ft®,
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(b) The ECCP and ECCS mixtures were also produced with a ternary binder material system,
consisting of 45% ordinary Portland cement Type | (ASTM C150), 35% class F fly ash
(ASTM C618), and 20% class N metakaolin (ASTM C618). Silica sand with a maximum
aggregate size of 400 pum (0.016 in.) and specific gravity of 2.65 was used as a fine
aggregate, and no coarse aggregate was incorporated as per ECC’s design specifications
(Li, 1993; Li, 1998). In terms of fibers, the ECCP and ECCS mixtures were reinforced
with 8 mm (0.32 in.) PVA fibers and 35 mm (1.38 in.) hooked-ends SFs, respectively. As
per the manufacturers’ data sheets, the PVA fibers had an 8 mm (0.32 in.) length, 210
aspect ratio, 38 um (0.0015 in.) diameter, 1600 MPa (23.2 ksi) tensile strength, 40 GPa
(5801.5 ksi) Young’s modulus, and 1300 kg/m? (81.2 Ib/ft®) density. The SFs had a 35
mm (1.38 in.) length, 65 aspect ratio, 0.55 mm (0.02 in.) diameter, 1050 MPa (152.3 ksi)
tensile strength, 210 GPa (30457.9 ksi) Young’s modulus, and 7850 kg/m® (490.1 Ib/ft3)
density. It should be noted that the metakaolin (a high pozzolanic reactive material) was
incorporated in the development of ECC mixtures to achieve ECC with a compressive
strength above 70 MPa (10152.6 psi). Metakaolin was also used to adjust the viscosity of
the cementitious paste, allowing for better distribution and suspension for fibers, which

had a varied density (i.e., low density for PVA fibers and high density for SFs).
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2.4.2. Test Specimens

In order to evaluate the flexural behavior of LWSCC strengthened with ECC, seven RC
beams were cast and tested. All beams had typical dimensions and steel reinforcements as
shown in Figure 2-1. The beams were constructed with a total length of 2160 mm (85.04
in.), having a square cross-section with a height/width of 250 mm (9.8 in.) and effective
depth of 197.5 mm (7.8 in.). Each beam was reinforced with three 25 mm (0.98 in.)
deformed steel bars placed at the tension zone (tension reinforcement ratio = 3.04%) and
two 10 mm (0.39 in.) deformed steel bars placed at the compression zone. All beams were
designed to fail in ductile flexural mode. To avoid shear failure, two leg stirrups with a 10
mm (0.39 in.) diameter deformed steel bar were placed at a spacing of 100 mm (3.9 in.)
along the whole length of the beams. The concrete cover was 30 mm (1.3 in.) thick on all
sides. The seven beams are detailed as follows:

e The first three beams were fully cast with LWSCC, ECCP, and ECCS, respectively.
These beams were used as control specimens for the strengthened beams (see
Figure 2-1).

e The fourth and fifth beams were cast with two layers: the bottom layer was LWSCC
with a depth of 165 mm (6.5 in.) and the top layer was ECCP or ECCS with a depth
of 85 mm (3.4 in.). These beams were used to evaluate the behavior of LWSCC
strengthened with ECCs at the compression zone. These beams were designated as
ECCP-C and ECCS-C, respectively, in which ECCP or ECCS referred to the
mixture name and the letter “C” referred to strengthening the compression zone

(see Figure 2-1).
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e The sixth and seventh beams were cast with two layers: the bottom layer was ECCP
or ECCS with a depth of 85 mm (3.4 in.), while the top layer was LWSCC with a
depth of 165 mm (6.5 in.). These beams were tested to assess the behavior of
LWSCC strengthened with ECCs at the tension zone. These beams were designated
as ECCP-T and ECCS-T, respectively, in which ECCP or ECCS referred to the
mixture name and the letter “T” referred to strengthening the tension zone (see
Figure 2-1).
The depth of the ECC layer (ECCP or ECCS) was chosen to ensure a sufficient depth for
concrete around the longitudinal steel bars placed at the compression or tension sides. This
was assumed to be achieved at a depth equal to the concrete cover (30 mm (1.2 in.)) below
and on top of the longitudinal steel bars (at either compression or tension sides).
Accordingly, the depth of the ECC layer was selected as 85 mm (3.4 in.), and this depth
was kept constant at both the tension and compression zones, for comparison.
The provided shear stirrups were mainly responsible for achieving sufficient bond between
the ECC layer and LWSCC. However, in order to further increase this bond and avoid a
shear interface failure, the surface of the interface between the two layers was roughened
(i.e. scratched and grooved) before pouring the new layer. It should be noted that in beams
with insufficient stirrups, other techniques such as shear connectors or planting dowels can

be used to ensure sufficient bond between the two layers.
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Figure 2-1 Geometry, reinforcement details, and test setup of the tested beams
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2.4.3. Concrete Casting

The LWSCC and ECCP were developed with self-compactability properties. According to
the EFNARC (2005), the flowability of LWSCC and ECCP was evaluated using slump
flow and V-funnel tests, while the passing ability was assessed by the L-box. Once the
fresh properties were tested, the mixtures were poured and consolidated into the formwork
under its own weight with no external vibration. On the other hand, it was not possible to
achieve a full self-compactability performance for the ECCS due to the existence of SFs
with high rigidity and heavy density. However, the ECCS was developed with high
workability (Table 2-2), evaluated using the slump test (ASTM C143).

Table 2-2 Fresh and mechanical properties of the developed mixtures

Mixture Slump flow V-funnel time | L-box | f/ | STS
Diameter Tso (sec) MPa | MPa
(mm) (sec)

LWSCC 700 291 11.51 082 | 425 | 26
ECCP 800 211 9.88 094 | 775 | 88
Mixture Slump (mm) f¢ | STS
MPa | MPa

ECCS 200 82.5 | 10.5

Note: 1 mm =0.039 in.; and 1 MPa = 0.145 ksi.

For the control beams (LWSCC, ECCP, and ECCS), the mixtures were gradually cast until
the formwork was fully filled with a depth of 250 mm (9.8 in.). In the strengthened beams
(ECCP-C, ECCS-C, ECCP-T, and ECCS-T), the casting started with the LWSCC to
simulate the typical strengthening condition as the LWSCC is the existing layer and the
ECC (strengthening layer) is the new layer. After pouring the LWSCC layer, the beam was
left until the initial setting and then the top concrete surface was scratched and grooved

(i.e. improving the surface roughness) for better bonding with the ECC layer. After 24
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hours, high air pressure was applied to the hardened concrete surface to clean any
impurities, and then the ECC layer was poured. From each mixture layer, six cylinders
were taken to test the compressive and splitting tensile strength (STS) as per procedures
given by the ASTM C39and C496, respectively. The formwork was removed for the beams
and cylinders 24 hours after completing the casting, and then all specimens were air-cured
for 28 days.

2.4.4. Test Setup

Four-point flexural test was conducted for all beams as seen in Figure 2-1. Each beam was
simply supported by two round bars at a loading span of 1860 mm (73.2 in.). The loading
was applied using a 500-kN (112.4 kips) hydraulic jack acting on a steel girder, and then
the load was distributed onto two points kept 300 mm (11.8 in.) apart. In the initial loading
stage, the load was gradually applied to easily monitor any crack activity at the beam’s
midspan, i.e. distance between the two loading points (maximum pure moment region).
Once the first crack was visually detected, the load was applied in steps with a constant
increment of 45 kN (10.1 kips). After each step, the cracks were detected and mapped out,
then their widths were measured using a microscope with 60x magnification. During the
loading, the deflection of each tested beam was measured using a linear variable differential
transformer (LVDT) vertically placed at the midspan point and touching the beam’s bottom
surface. Another two LVDTSs were horizontally attached, one at each beam’s end, in order
to measure any lateral movement/slip between ECC and LWSCC layers (as shown in
Figure 2-1). Strain gauges were attached to the longitudinal steel bars placed at the tension

zone to record their strains.
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2.5. Discussion of Test Results

2.5.1. Properties of LWSCC and ECC Mixtures

The fresh and mechanical properties of the LWSCC and ECCs used in this study are shown
in Table 2-2. According to the EFNARC (2005) classification, the fresh properties tests
showed that the flowability and passing ability of the LWSCC mixture can be classified as
SF2/VS2/PA2, as it had a slump flow diameter of 700 mm (27.6 in.), Tso of 2.91 sec, V-
funnel time of 11.51 sec, and L-box ratio of 0.82. In the hardened state, the LWSCC
exhibited a compressive strength and STS of 42.5 MPa (6.16 ksi) and 2.6 MPa (0.36 ksi),
respectively. Based on the fresh and mechanical properties measured, this mixture can be
suitable for several structural applications, e.g., walls, columns, slabs, etc.

The ECCP could be developed as SF3/VS2/PA2 class (as per EFNARC (2005)), in which
the slump flow diameter, Tso, VV-funnel time, and L-box ratio were 800 mm (31.51in.), 2.11
sec, 9.88 sec, and 0.94, respectively. On the other hand, the ECCS mixture could not be
produced with self-compactability properties. This was attributed to the high friction and
blockage caused by SFs (rigid fibers), which limited the flowability and passing ability of
ECC. In addition, in the trial mixtures stage, the significantly heavier density of the SFs
compared to the ECC mortar tended to cause a segregation when attempting to develop
ECCS with self-compactability properties. For this reason, the ECCS was developed as
vibrated concrete with a high slump of 200 mm (7.9 in.). In the hardened state, the ECCP
and ECCS had a compressive strength of 77.5 MPa (11.2 ksi) and 82.5 MPa (12 ksi),
respectively, and an STS of 8.8 MPa (1.3 ksi) and 10.5 MPa (1.5 ksi), respectively.
Although both ECCs had the same mixture composition, the mechanical properties were

affected by the fiber type. As seen from the results, the ECC reinforced with SFs exhibited
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compressive strength and STS of about 6.5% and 19.3%, respectively, higher than the ECC
reinforced with PVA fibers. The higher compressive strength of ECCS could be attributed
to the higher modulus of the SFs (compared to the PVA fibers), which helped to produce
ECC with overall higher stiffness, which increased the ability of composite to carry higher
compressive loading. Also, the hooked ends of the SFs most likely increased their pull-out
strength, which in turn improved their bridging mechanism and allowed for transferring
higher levels of stress across cracks. Despite the better mechanical performance of the SFs,
the PVA fibers can offer some advantages as follows:

e Unlike the SFs, the ECC with PVA fibers could be developed with lower density
(as seen in Table 2-1) and self-compactability properties, which are suitable for
many structural applications.

e The relatively low density and micro size of PVA fibers render them as a strong
candidate for rehabilitation applications where a thin cementitious layer with a rich
content of fibers can be placed.

e The use of PVA can be more useful in specific types of concrete such as shotcrete,
in which the flexibility of PVA fibers allows for higher fluidity throughout concrete
spraying equipment, i.e. less damage to equipment and faster placing rate (Jovi¢i¢
et al., 2009).

e The PVA fibers also have a better durability due to their non-corrosive nature,

which extends their applications to different harsh environment conditions.
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2.5.2. Cracking and Failure Mode

The cracking characteristics and failure mode of each tested beam are shown in Figure 2-
2.

2.5.2.1. Control Beams (LWSCC, ECCP, and ECCS)

With increasing the applied load, the tensile stress reached the maximum tensile strength
of the bottom layer of concrete, leading to the development of the first crack. The first
crack was typically detected at the maximum moment region at a width of 0.02 mm (0.0008
in). Beyond the formation of the first crack, more vertical cracks developed along the
bottom side of the beam. With the load progress, vertical cracks within the shear spans (i.e.
the distance between point load and support) started to diagonally propagate toward the
loading zone at the compression zone. Additional increase in the applied load led to further
increase in the number of cracks and their widths. Once the steel reinforcement yielded,
the width of more than one crack in the area of maximum moment region was obviously
increased. Then a localized widening occurred in a major crack, followed by a crushing in
the top fibers of concrete (i.e. ductile flexural mode). Because of the much higher strain
capacity of ECCs compared to the LWSCC, the compressive zone of ECCP and ECCS
beams exhibited less damage even at the higher ultimate load. Unlike the LWSCC beam,
the failure cracking pattern of both the ECCP and ECCS beams exhibited higher number
of cracks with narrower widths. This was attributed to the stitching action of fibers which
controls crack widths and prevents localized widening, thus allowing ECC to diffuse wide
cracks into multiple fine cracks. The LWSCC, ECCP and ECCS beams failed after a

formation of 24, 34 and 37 cracks, respectively.
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Figure 2-2 Cracking pattern at failure of the tested beams
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2.5.2.2. Comparison of Beams Strengthened at The Compression Zone and The
Control LWSCC Beam
For ECCP-C and ECCS-C beams (which had ECC layers on the compression side), during
the loading process, the cracks were initiated at the bottom LWSCC layer at the maximum
moment region similar to the control LWSCC beam. Then, the developed cracks
propagated toward the ECC layer. Once the cracks reached the LWSCC-ECC interface,
some of cracks started to propagate horizontally at the interface, while other cracks could
penetrate the ECC layer with tiny widths of less than 0.1 mm (0.004 in.). Finally, after the
yielding of the tensile steel reinforcement, the beams failed in a ductile flexural mode as
the ECCP and ECCS layers at the compression zone were crushed. Compared to the control
LWSCC beam, the existence of the ECC layer at the compression zone allowed the beams
to sustain higher loading and undergo larger deformation, which consequently was
accompanied by higher cracking at the bottom LWSCC layer, as seen in Figure 2-2. At the
ultimate load, there were 27 and 30 cracks located on the LWSCC layer.
2.5.2.3. Comparison of Beams Strengthened at The Tension Zone and The Control
LWSCC Beam
In the ECCP-T and ECCS-T beams, strengthening the LWSCC beam with a layer of ECC
at the tension zone helped to improve the cracking behavior compared to the LWSCC beam
(with no strengthening). The layer of ECC showed better resistance to cracking as the
initiation of cracks was delayed. The first crack occurrence was followed by a formation
of more fine vertical cracks in the ECC layer along the beams’ span. As the load increased,
additional cracks were initiated from the ECC-LWSCC interface. These cracks propagated

first upward in the LWSCC layer, and then, with higher loads, began to extend downward
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in ECC layer with narrower widths and slower rate. This could be attributed to the existence
of fibers in ECC, unlike the LWSCC, which delayed the propagation of cracks and allowed
for developing multiple cracks with controlled width. In both the ECCP-T and ECCS-T,
the tensile steel reinforcement reached to the yielding, and then a crushing in the concrete
occurred underneath the loading points, after developing 30 and 37 cracks within the ECCP
and ECCS layers, respectively. Once the concrete was crushed, significant diagonal cracks
developed within the LWSCC layer. These diagonal cracks were induced as a result of the
low shear strength of LWSCC due to the well-known weak interlock mechanism of
lightweight aggregates.

It is worth noting that despite the cracking activity that occurred around or at the LWSCC-
ECC interface in all strengthened beams, at either the compression or tension zone, no sign
of delamination between the LWSCC and ECC layers was observed during the loading
process. This was also confirmed by the two side-LVDTs attached to the strengthened
beams, as they did not record any lateral movement. This pointed out that using the shear
stirrups, in addition to the high surface roughness, can be an effective means of achieving
sufficient bonding at the ECC-LWSCC interface in either tension or compression
strengthening techniques.

2.5.2.4. Evaluation of Cracking Based on Durability Aspect

The cracking characteristics, particularly the maximum crack width is an important factor
affecting the long-term durability of concrete structures. To ensure adequate protection for
steel reinforcement, the maximum allowable crack width should not exceed 0.3 mm (0.012
in.) to 0.33 mm (0.013 in.) under service conditions for exterior-exposed structures (ACI

318 (2009), CSA (2004), BS 8110 (1997), ACI 224R (2001), and CEB-FIP (1992)). The
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service condition in this study was assumed at 50% of the designed maximum capacity. As
seen in Table 2-3, the maximum crack width at service condition in the control LWSCC
and beams strengthened at the compression zone (ECCP-C and ECCS-C) ranged from 0.35
mm (0.014 in.) to 0.40 mm (0.016 in.), which exceeded the critical value proposed by the
codes and guidelines. This was attributed to the low tensile strength of the bottom side
layer (LWSCC layer with no fibers), which allowed for cracking localization. On the other
hand, when the ECCP or ECCS layer was placed at the tension side (LWSCC layer at the
top), narrower cracks were detected due to the stitching action of fibers that acts as a crack
arrestor. The maximum crack width measured in the ECCP-T and ECCS-T beams was 0.20
mm (0.008 in.) and 0.22 mm (0.009 in.), respectively, (i.e. less than the permissible values).
This indicates that ECC can contribute to enhancing the durability of concrete structures,
especially those located in corrosive environments.

Table 2-3 Results of all tested beams tested in flexure

Beam First crack Maximum Failure Failure
load (kN) | crack width at Load Mode
service load (kN)
LWSCC 14.2 0.40 275.0 Flexural
ECCP 27.6 0.18 349.8 Flexural
ECCS 23.1 0.24 358.7 Flexural
ECCP-C 14.5 0.35 301.9 Flexural
ECCS-C 15.1 0.40 308.0 Flexural
ECCP-T 28.3 0.20 313.7 Flexural
ECCS-T 26.2 0.22 330.4 Flexural

Note: 1 kN = 0.225 Kips
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2.5.3. Load-Deflection Behavior

2.5.3.1. General

The load-deflection response measured for all tested beams are presented in Figure 2-3. In
the pre-cracking stage, all beams had a linear load-deflection response with a high slope,
which indicates a high stiffness. Beyond the first crack load (post-cracking stage), the load-
deflection curve maintained a linear manner but with continuous reduction in the slope (i.e.
decreased stiffness) due to the formation of cracks. With further increase in the applied
load, the steel reinforcement reached to the yielding, which significantly reduced the
beams’ stiffness. After that, the load-deflection curve deviated from linearity as the beams
underwent a large deformation against a slight increase in the applied load. Once each beam
reached the maximum capacity, a drop in the carried load was observed, followed by the
start of the post-peak stage.

2.5.3.2. Control Beams (LWSCC, ECCP and ECCYS)

Prior to the ultimate load, the load-deflection curves showed that the ECCP and ECCS
beams had a higher stiffness than the LWSCC beam. This could be attributed to the higher
strength of ECCs, in addition to the existence of PVA fibers or SFs in ECC, which delayed
and restricted the formation of cracks, i.e., the less cracking the higher the stiffness. The
LWSCC beam reached the ultimate load at a deflection of 12.5 mm (0.49 in.) and then
experienced a high reduction rate in the carried load. Meanwhile, the ECCP and ECCS
beams had a deflection value corresponding to the ultimate load of 15.7 mm (0.62 in.) and
14.4 mm (0.57 in.), respectively. In the post-peak stage, the ECCP and ECCS beams could

sustain around 80% of the ultimate load, even after reaching a deflection of 70~80 mm
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(2.76~3.15in.). This indicates a better post-peak ductility, damage tolerance, and structural

integrity for ECC beams over the LWSCC beam.
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Figure 2-3 Load-deflection curves for all tested beams

36



2.5.3.3. Comparison of Beams Strengthened at The Compression Zone and The
Control LWSCC Beam
The incorporation of either ECCP or ECCS at the compression zone did not obviously
affect the beam’s stiffness as the ECCP-C, ECCS-C, and LWSCC beams had a comparable
stiffness. However, strengthening the LWSCC with ECC significantly contributed to
improving the structural performance of the beam, especially at the post-peak stage. This
was attributed to the higher strain capacity and damage tolerance of the ECCs, which
allowed beams to experience large deformation with no catastrophic failure or sharp drop
in the sustained load. The maximum load-carrying capacity of ECCP-C and ECCS-C
beams was reached at a deflection of 18.8 mm (0.74 in.) and 14.9 mm (0.59 in.),
respectively, which were 1.50 and 1.20 times as much as the deflection exhibited by the
control LWSCC beam. In addition, around 75%~80% of the ultimate load was maintained
by the ECCP-C and ECCS-C beams up to a deflection of 60~70 mm (2.36~2.76 in.).
2.5.3.4. Comparison of Beams Strengthened at The Tension Zone and The Control
LWSCC Beam

Using ECCP and ECCS in strengthening the tension zone of the LWSCC beam could
improve the deformability before and after the ultimate load. However, the LWSCC beam
strengthened with ECCP or ECCS at the tension zone showed less deformation capacity
than the beam strengthened with ECCP or ECCS at the compression zone. This could be
attributed to the fact that the compression zone of the ECCP-T and ECCS-T beams was
cast from the LWSCC, which typically has a relatively low strain capacity and experiences
high damage at failure (compared to ECC). This, in turn, limited the beam’s ability to

experience large deformation and/or sustain significant load at the post-peak stage. Despite
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the fact that ECCP-T and ECCS-T (beams strengthened at the tension zone) showed less
deformation capacity than beams strengthened at the compression zone, ECCP-T and
ECCS-T beams still showed higher deformation capacity than the control LWSCC beam
by 42.4% and 34.4%, respectively (at ultimate load).

2.5.4. First Crack and Ultimate Load

Table 2-3 shows the first crack load of each tested beam. From the results, it can be seen
that the LWSCC beam had the first crack at a load of 14.2 kN (3.2 kips). Better cracking
resistance was observed in the ECCP and ECCS beams, in which the first crack load was
induced at a load of 27.6 kN (6.2 kips) and 23.1 kN (5.2 kips), respectively. These results
indicated a better cracking resistance for the ECCP over the ECCS. This may be related to
the micro size and low density of PVA, which typically leads to a high number of fibers
dispersed in the ECC’s paste compared to the SFs at same fiber percentage. This most
likely allows more fibers to be perpendicularly oriented to crack propagation, further
delaying the formation of macro-cracks.

By comparing beams strengthened at the compression zone (ECCP-C and ECCS-C) with
the LWSCC beam, it can be observed that the first crack load was not significantly changed
due to strengthening. This is because in these beams the tension zone (i.e. bottom side) was
made from the LWSCC; consequently, a comparable first crack load was obtained. On the
other hand, when ECC was used in strengthening the tension zone, the tensile strength and
cracking resistance of the beam increased, leading to an increase in the first crack load. The
ECCP-T and ECCS-T beams exhibited a first crack load of 1.99 and 1.85 times greater

than that exhibited by the control LWSCC beam.
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Table 2-3 also shows the ultimate loads, which were taken as the maximum load value
sustained by each tested beam. Although the PVA fibers showed better performance
compared to SFs at the pre-cracking stage, the two ECC beams with either PVA fibers or
SFs (ECCP and ECCS, respectively) sustained comparable ultimate loads. The difference
in the ECC beams’ ultimate load did not exceed 2.6%. This could be attributed to the fact
that the inclusion of SFs increased the compressive strength of ECC, as well as increased
the pull-out strength of SFs (due to hooked ends), which helped the fibers to transfer higher
stress across cracks. These effects balanced the high dispersion of the PVA fibers (as
mentioned before), leading to a comparable performance for both fibers at the ultimate
stage.

Strengthening the LWSCC with ECCP and ECCS led to improving the load-carrying
capacity by 9.8% and 12%, respectively. This was due to increasing the strength of the
compression concrete block as a result of replacing the relatively low-strength LWSCC
(i.e. 42.5 MPa (6.2 kips)) with a layer of high-strength ECC (i.e. 77.5~82.5 MPa (11.2~12
Kips)). Better results were obtained when ECC, with its high tensile strength and cracking
resistance, was used for strengthening the tension zone of the LWSCC beam. The ultimate
loads of the ECCP-T and ECCS-T beams were boosted by 14.2% and 20.2%, respectively,

compared to the control LWSCC beam.

2.5.5. Theoretical predictions of the beams’ capacity
The model developed by Henager and Doherty (1976) was used to estimate the theoretical
design moments (M*"€°) for the unstrengthened and strengthened beams. This model is

similar to the ACI ultimate design method but takes the contribution of fibers into account.
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Figure 2-4 shows a schematic for the internal forces, stress, and strain distributions in the
cross-section. It should be noted that as per the ACI (2019) and Henager and Doherty’s
model (1976), the nominal moment capacity of all tested beams was computed when the
strain in the extreme compression fiber in concrete reached a limit of 0.003. The equation

for the nominal moment (M») of a doubly reinforced steel fibrous concrete beam is:

’ ] h
My=Asf, (d=2)+ 4sf, G—a)+ ab(h—e) (5 +5-9) (2-1)
O = 0.00772 l/df pf Fbe (2'2)
Otz = Of — 0y (2-3)

where A, = area of tension reinforcement; Ag = area of compression reinforcement; f, =
yield strength of reinforcing bar; f; = stress of compression reinforcement; d = distance
from extreme compression fiber to centroid of tension reinforcement; b = width of beam;
a = depth of rectangular stress block; ¢ = distance from extreme compression fiber to
neutral axis found; e = distance from extreme compression fiber to top of tensile stress
block of fibrous concrete; o; = tensile stress in fibrous concrete, which is equal to either
01 Of 0p2; 041 = tensile stress in fibrous concrete proposed by the Henager and Doherty
model; | = fiber length; dr= fiber diameter; p, = percent by volume of steel fibers; F,, =
bond efficiency of the fiber which varies from 1.0 to 1.2 depending upon fiber
characteristics; a,, = tensile stress in fibrous concrete obtained experimentally in this
study; oy = tensile strength of fibered ECC; o, = tensile strength of non-fibered ECC

(ECC’s cementitious paste).
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Figure 2-4 Design assumptions for tested beams
EqQ. 2-1 (Henager and Doherty’s model (1976)) was used to estimate the M, for the ECCP,

ECCS, ECCP-T, and ECCS-T beams, where the tension zone incorporated a fibrous
concrete. It should be noted that this equation considers the fibers’ contribution through
the term o, (either o;, or o) given in EqQ. 2-2; however, since the ECCs in this
investigation were developed with two types of fibers (steel and polymeric fibers), general
use of the proposed equations may produce inaccurate estimations. For this reason, and to
check the validation of o, for different fiber types, o;, was also obtained experimentally
(in addition to o;; proposed in the Henager-Doherty equation). Three small-scale prisms
cast for each of the ECCP, ECCS and their non-fibrous mortar counterparts (i.e., their
mortar with no fibers) were tested in flexure according to ASTM C78. The value of o;, was
calculated as the difference between the experimental flexural strength of the ECCP/ECCS

and the flexural strength of their non-fibrous mortar counterparts. The a;, was calculated
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as 3.2 MPa (0.46 ksi) and 1.2 MPa (0.17 ksi) for the PVA fibers and SFs, respectively,
while o;, was experimentally found to be 2.9 MPa (0.42 ksi) and 4.6 MPa (0.67 ksi) for
PVA and SFs, respectively.

Figure 2-5a shows the experimental-to-theoretical moment (M®*?/ M*"¢%) ratios
calculated for all tested beams. Unlike SFs, PVA fibers showed no significant difference
between the o,, and o,,. Therefore, the ratios of M®*?/ Mt"¢° calculated using o, for
beams with PVA fibers were comparable to Mé*P / Mt"¢° calculated using o;,. As seen in
Figure 2-5a, the M®*P / Mt"e° ratios of the ECCP and ECCP-T beams were 1.09 and 1.13,
respectively, at a,; = 3.2 MPa (0.46 ksi) and 1.10 and 1.09, respectively, at g;, = 2.9 MPa
(0.42 ksi).

The results also indicated that the accuracy of Eq. 2-1 was generally improved when the
experimental o, was used. As seen in Figure 2-5a, the Mé*? / Mt"¢° ratios of the ECCS
and ECCS-T beams were 1.14 and 1.15, respectively, when the experimental a,, was used,
while they were 1.21 and 1.25, respectively, when the theoretical ., was used.

For the LWSCC, ECCP-C, and ECCS-C beams, where the tension zone mostly contained
non-fibrous LWSCC, the term of fibers’ contribution should be removed, and then Eq. 2-

1 will be similar to the ACI?* ultimate strength design method, Eq. 2-4.
My=Af, (d=3)+ 4cf, (5-a') (2-4)
From Figure 2-5b, it can be seen that the flexural capacity of the LWSCC, ECCP-C, and

ECCS-C beams was conservatively estimated using Eq. 2-4, in which the M®*?/

Mtheoratios were 1.07, 1.09, and 1.11, respectively.
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Figure 2-5 Experimental-to-theoretical ultimate moment capacity

2.5.6. Ductility and Energy Absorption Capacity

The ductility was used to evaluate the inelastic deformation capability of structural
members. This can be expressed in different terms such as deflection, curvature, and
rotational ductility. In this study, the ductility of the tested beams was evaluated based on
deflection ductility. This measurement was obtained by calculating the ratio between the

ultimate deflection (Au) and the deflection corresponding to yielding (Ay). The Au was
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defined as the deflection value corresponding to 85% of the maximum load located on the
descending curve (post-peak stage). The deformability and load capacity of structural
members were also assessed by another term called energy absorption capacity. This term
was obtained by measuring the area under the experimental load-deflection curve up to
failure; i.e. failure was defined when deflection reached to the Au. Figure 2-6 shows the

ductility ratios and energy absorption capacity of all tested beams.
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Figure 2-6 Results of all tested beams (a) ductility ratio, (b) energy absorption
capacity
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As seen from the Figure, the LWSCC beam exhibited a ductility ratio of 1.62 and energy
absorption capacity of 1.5 kN.m (13.3 Kkip.in). A significantly higher ductility and energy
absorption capacity were observed in the ECCP and ECCS as the incorporation of fibers
allowed the beams to endure high loading and experience large inelastic deflection. The
ductility and energy absorption capacity of the ECCP beam were 3.98 kN.m (35.2 kip.in)
and 9.7 KN.m (85.9 kip.in), respectively, while they were 4.95 kN.m (43.8 kip.in) and 12.3
kN.m (108.9 kip.in), respectively, for the ECCS beam.

Adding ECC layer at the compression zone greatly increased the ductility and energy
absorption capacity as a result of improving both the sustained load and deformation
capacity. The ECCP-C and ECCS-C beams showed a ductility ratio of 3.21 and 3.72,
respectively, which were 1.98 and 2.3 times, respectively, as much as that of the control
LWSCC beam. In addition, the improvement in the energy absorption capacity of the
ECCP-C and ECCS-C beams reached up to 4.9 and 6.6 times, respectively, higher than that
absorbed by the control LWSCC beam. These results indicate that the ECC has a promising
potential for either full constructing or strengthening structural members exposed to
loading accompanied by a substantial inelastic deformation, such as impact and seismic
loading.

Although the use of ECC in strengthening the tension zone led to an increase in the beam’s
load capacity, lower improvements in the ductility and energy absorption capacity were
obtained compared to beams strengthened in the compression zone. This was related to the
low strain capacity of the top LWSCC layer, which limited the inelastic deformability of
the hybrid composite beam. The ductility of the ECCP-T and ECCS-T beams were 2.38

and 1.84, respectively, which were 0.74 and 0.50 times, respectively, as much as that of
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the ECCP-C and ECCS-C beams, respectively. The energy absorption capacity of these
beams also reached a value of 5.7 kN.m (50.5 kip.in) and 4.3 kN.m (38.1 kip.in),
respectively. These values were 0.77 and 0.43 times, respectively, greater than that
absorbed by the ECCP-T and ECCS-T beams, respectively. But the ductility ratio and
energy absorption capacity of the ECCP-T and ECCS-T beams were still obviously higher

than those exhibited by the LWSCC beam.

2.6. Conclusions

This study investigated the flexural performance of LWSCC beams strengthened with ECC
at either the compression or tension zone. Two types of fibers were used in the mixture to
study the efficiency of ECC as a strengthening material. The study also compared the
behavior of beams fully cast with ECCs and LWSCC. The flexural behavior of the
unstrengthened and strengthened beams was evaluated by examining their load-deflection
response, cracking behavior, failure mode, first crack and ultimate load, ductility, and
energy absorption capacity. The performance of analysis method developed by Henager
and Doherty was evaluated to estimate the flexural capacity of fibrous beams compared to
the experimental results. The following conclusions can be drawn:

1. ECC developed with SFs proved to have better compressive strength, STS, and
flexural performance compared to ECC developed with PVA fibers. However,
unlike SFs, the use of PVA fibers allowed ECC to be produced with slightly lower
density and self-compactability properties.

2. LWSCC beams strengthened with ECC at either the compression or tension zone

exhibited better flexural behavior in terms of first crack load, ultimate load,
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ductility, and energy absorption capacity compared to the non-strengthened fully
cast LWSCC beam. These results indicate superior performance for using ECC as
a strengthening material.

LWSCC beams strengthened with ECC at the tension zone exhibited higher first
crack load and ultimate load compared to LWSCC beams strengthened with ECC
at the compression zone. However, strengthening the beam with ECC at the
compression zone exhibited higher ductility and energy absorption capacity.

. When ECC layer was placed at the tension zone of the beam, the use of PVA fibers
in the ECC showed more advantage over SFs in delaying the initiation of the first
crack. However, using SFs in ECC at the tension zone yielded higher contribution
to increasing the overall ultimate load-carrying capacity compared to using PVA
fibers in ECC.

. The use of ECC (with either PVA or SFs) at the tension zone delayed the
propagation of cracks and allowed for developing multiple cracks with controlled
width, which can help to provide a better protection for the tension steel
reinforcement. Unlike the LWSCC beam, at the service load condition, using ECC
at the tension zone of the beam limited the cracks’ width to below the permissible
limits given by the CSA, ACI 318, BS 8110, ACI 224R, and CEB-FIP for exterior-
exposed structures.

In all beams strengthened with ECC layer, no sign of slip at the LWSCC-ECC
interface was recorded, which indicates that the presence of the shear reinforcement
and the roughened interface surface were sufficient to achieve adequate bonding

between the ECC and LWSCC layers.

47



7. The ACI ultimate strength design method as well as the analysis developed by
Henager and Doherty showed a conservative capability for estimating the flexural
capacity of all tested beams. For beams with fibers, the accuracy of the estimations
given by the Henager and Doherty model improved when the term of the tensile
stress of fibrous concrete was obtained experimentally rather than by calculating it

based on the model’s equation.
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3. Development of lightweight composite beams with high shear
capacity

3.1. Abstract

This investigation aimed to develop hybrid composite lightweight concrete beams with
improved shear capacity and strength. A semi-lightweight high-performance engineered
cementitious composite (ECC) layer was added to either the compression or tension side
of the beam to improve the shear capacity while maintaining low average density of the
composite beam. The ECC material was developed with two types of fibers, including
polyvinyl alcohol fibers (PVA) with 8 mm (0.31 in.) length, and steel fibers (SFs) with 35
mm (1.38 in.) length. The study compared the theoretical predictions of ultimate shear
capacity calculated by design code models and proposed a model to the experimental
results. The results indicated that the strategy of using a high-performance ECC layer in
lightweight concrete beams can successfully alleviate the reduction in the shear strength of
lightweight concrete, with a slight increase of no more than 9% in the density. For example,
using an ECC layer with PVA fibers in the compression side of the lightweight control
beam increased the density from 1727 kg/m?® (107.81 Ib/ft®) to 1843 kg/m?3 (115 Ib/ft®) while
it significantly improved the normalized shear strength, reaching a value that exceeded the
normalized shear strength of the normal-weight concrete beam with a density of 2276
kg/m?® (142.1 Ib/ft3). Using an ECC layer in the compression side of the lightweight control
beam also showed a noticeably higher post diagonal cracking shear resistance and post
cracking shear ductility compared to the control lightweight beam, full-cast ECC beams,

and normal-weight concrete beam.
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3.2. Introduction

The production of lightweight concrete is typically accomplished by partially or totally
replacing the normal- weight aggregate with lightweight aggregate. Several types of
lightweight aggregate with variable strength are commercially available in the construction
market, such as expanded shales, expanded clay, expanded slag, sintered fly ash aggregate,
and expanded slate lightweight aggregate. Some types of lightweight aggregate such as
expanded slate and expanded shales are characterized by a relatively high strength that can
help to achieve more efficient strength-to-weight ratio (Sari and Pasamehmetoglu, 2005;
Kilig et al., 2003). Lightweight concrete proved to have high fire resistance and thermal
insulation (Shafigh et al., 2011; Lotfy et al., 2016). Such advantages make lightweight
concrete a good candidate for many structural applications such as precast units, post-
tensioned concrete ceilings, and long-span bridges (Chai, 2016; Szydlowki and Mieszcak,
2017; Kayali, 2008). On the other hand, despite the advantages of lightweight concrete, the
inclusion of lightweight aggregate in concrete negatively affects the compressive and
tensile strength (Hossain et al., 2013; Abouhussien et al., 2015). Also, replacing normal-
weight aggregate with lightweight aggregate appeared to reduce the ductility, energy
absorption, and impact resistance of concrete (Dymond et al., 2010; Ismail and Hassan,
2014; Abouhussien et al., 2015). The cracks in lightweight concrete are generally
propagated through the lightweight aggregate rather than the cement matrix, which makes
the lightweight concrete more brittle than normal-weight concrete (Balaguru and Dipsia,

1993; Gao et al., 1997; Kayali et al., 2003).
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Engineered cementitious composite (ECC) is characterized by high tensile strain that
reaches up to 600 times higher than normal concrete (Sahmaran and Li, 2010; Kong et al.,
2003). Moreover, ECC has high energy absorption capacity, fatigue life, impact resistance,
and shattering resistance (Suthiwarapirak et al., 2004; Meng et al., 2019; Ismail and Hassan,
2021). The multiple microcracks with tiny widths (less than 100um) developed in ECC
under uniaxial tensile stresses allow the concrete to exhibit a strain-hardening behavior,
and, in turn, exhibits higher ductility and deformability (Ranade et al., 2014). ECC also has
high durability properties, including high resistance to freezing and thawing and chloride
attack, compared to normal concrete (Sahmaran and Li, 2007; Sahmaran et al., 2009). Said
and Razak (2015) studied the effect of using different volume fractions of synthetic fibers
on the behavior of ECC slabs. Their results indicated that the ultimate load, deflection at
ultimate loads, and deflection at failure increased as the fiber volume fraction increased up
to 2%. Further increasing the volume fraction beyond 2% led to a reduction in the
deformability and ductility of ECC slabs due to the poor dispersion of fibers. Ismail et al.
(2018) also investigated the structural behavior of beam-column joints developed with
ECC reinforced with different types of fibers. Their study reported that ECC reinforced
with steel fibers (SFs) showed the highest improvement in the load carrying capacity,
ductility, and energy dissipation compared to other ECC reinforced with polymeric fibers.
On the other hand, the ECC joints reinforced with polymeric fibers showed better cracking

behavior compared to those reinforced with SFs.

Shear strength of structural concrete elements mainly depends on the compressive strength

of the uncracked compression zone (contributes to 20-40% of the concrete shear strength),
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the dowel action of longitudinal reinforcement (contributes to 15-25% of shear resistance),
and aggregate interlock mechanism (contributes to 35-50% of shear strength) (Taylor,
1974). Despite the higher contribution of the aggregate interlock in the shear transfer, ECC
developed without coarse aggregate proved to have higher shear resistance compared to
normal conventional concrete. The higher shear resistance of ECC is related to the higher
volume fraction of fibers, which contributes to reducing the diagonal crack width and
increasing the interparticle friction along the crack length (Ismail and Hassan, 2021; Kang
et al., 2017; Hassan, 2020). Kang et al. (2017) conducted an experimental investigation to
study the shear behavior of ECC specimens reinforced with polyvinyl alcohol fibers (PVA)
and compared the results with conventional concrete specimens. They reported that ECC
specimens showed higher normalized shear strength that reached up to 1.54 times higher
than conventional concrete specimens. Their results also revealed that ECC matrix
provided a higher clamping force to stirrups, which allowed for higher residual shear

stresses compared to conventional concrete matrix.

The high volume of fly ash (with relatively low specific gravity) in ECC mixtures helped
to develop ECC with a density as low as 2069 kg/m?® (129.16 Ib/ft®), which can be
considered as semi-lightweight concrete (as per CSA design code). Therefore, combining
such superior properties of ECC with the favorable properties of lightweight concrete can
result in developing a new composite with promising potential for structural applications
that require low concrete density and high shear resistance. Adding an ECC layer to
lightweight concrete beams can help to enhance the shear resistance and alleviate the brittle

behavior of lightweight concrete without a significant increase in the unit weight of
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concrete. However, the location, thickness, and type of ECC mixtures to be added to
lightweight concrete are considered significant factors that need to be investigated in order
to optimize hybrid composite lightweight beams with maximized shear capacity and
reduced weight. This study aimed to investigate the shear behavior of hybrid composite
concrete beams developed by adding a layer of ECC to lightweight concrete (LWC) beams
at different cross-sectional locations (tension and compression zones). Two different types
of fibers (PVA and SFs) were tested in ECC to evaluate the improvement in the shear
capacity versus the unit weight of the composite beam. Full-depth lightweight concrete
beam, two full-depth ECC beams, and one full-depth normal-weight concrete beam were
also tested for comparison. The tested properties were cracking behavior, failure mode,
deformability, ultimate shear resistance, first diagonal crack load, post diagonal crack shear
resistance, post cracking shear ductility, and energy absorption. The experimental results
of ultimate shear capacity were also compared to the theoretical predictions calculated by

design code models and the proposed model.

3.3. Research Significance

Lightweight concrete (LWC) is a promising material with a high potential for use in
structural applications. However, despite the advantages of using LWC in structural
applications, LWC has a negative effect on the shear resistance, ductility, and strength of
concrete. Previous studies have shown that ECC has a high shear resistance, ductility,
cracking behavior, and energy absorption. This concrete can also be optimized with
relatively low density and high strength. Therefore, adding an optimized low-density ECC

layer to lightweight concrete in a composite beam section will not only compensate for
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the reduced strength of lightweight concrete but will also maintain low average density of
the composite structure. Unfortunately, no studies have been conducted to evaluate the
structural behavior of lightweight-ECC composite beams. The authors believe that this
study is essential for designers/engineers to understand the behavior of this composite
beam, especially when different strategies concerning ECC type and location of layers are

considered.

3.4. Experimental Program
3.4.1. Material Properties
The mixture compositions of lightweight concrete, ECC, and normal-weight concrete are

shown in Table 3-1.
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Table 3-1 Compositions of all developed mixtures

Mix. | Mix. SCM PVA SFs fc | STS
i D | BC| C/BC | 1 | SCMIBC| SIBC | CA/BC | wiBC | (oo ot v | ey | (MPa)
1 |LtwCc | 1 | 04 | MK+FA | 02+04 | 094 | 08 0.4 - - 45 2.8
2 |ECCP| 1 | 045 | MK+FA | 0.2+0.35 | 0.36 - 0.27 2 - 704 | 9.4
3 |ECCS| 1 | 045 | MK+FA | 0.2+0.35 | 0.36 - 0.27 - 2 89.9 | 11.1
4 [NWC| 1 | 05 | MK+FA | 02+03 | 161 | 1.13 0.4 - - 64.8 | 4.3

Note: BC = binder content; C = cement; SCMs = supplementary cementing materials; FA = fly ash; MK = Metakaolin; S = lightweight sand / silica sand;
C.A. = lightweight coarse aggregate; w/BC = water-to-binder ratio (i.e., cement + SCMs); PVA = polyvinyl alcohol fiber; SFs = steel fibers; and 1 kg/m? =
0.06243 Ib/ft
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The lightweight concrete (LWC) mixture was developed as self-consolidating
concrete. The binder content in this mixture included 40% type GU Portland cement,
similar to ASTM C150 Type I, 20% Metakaolin (MK) similar to ASTM (C618) class
N, and 40% Fly Ash (FA) similar to ASTM(C618) Type F. The percentages of MK
and FA were selected based on trial mixtures conducted by the authors to meet the
requirements of the European Guideline for Self-consolidating Concrete (SCC) in
terms of flowability, passing ability, and segregation resistance. MK was particularly
used to enhance the mixture viscosity, particle suspension, and reduce the risk of
lightweight aggregate segregation, while FA was used to enhance the mixture
flowability and reduce the high-range water reducer admixture (HRWRA) content in
the concrete mixture. Expanded slate coarse aggregate (ESCA) and expanded slate
fine aggregate (ESFA) with a specific gravity of 1.53 and 1.8, respectively, were used
as coarse and fine lightweight aggregates, respectively. The absorption ratios of
ESCA and ESFA were 7.1% and 10%, respectively.

The binder content of ECC mixtures included type GU Portland cement similar to
ASTM C150 Type I, MK similar to ASTM C618 class N, and FA similar to ASTM
C618 Type F. The fine aggregate used in these mixtures was silica sand with 0.4 mm
maximum aggregate size and 2.65 specific gravity. Two types of fibers were used in
ECC mixtures: (a) polyvinyl alcohol (PVA) fibers with 8 mm (0.31 in.) length, 1600
MPa (232 ksi) tensile strength, and 1.3 specific gravity; (b) single hook-ends steel

fibers (SFs) with 35 mm (1.38 in.) length and 1150 MPa (166.8 ksi) tensile strength.
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e The normal-weight concrete (NWC) mixture was developed as self-consolidating
concrete. This mixture contained 50% type GU Portland cement, similar to ASTM
C150 Type I, 20% Metakaolin (MK) similar to ASTM (C618) class N, and 30% Fly
Ash (FA) similar to ASTM (C618) Type F. The percentages of MK and FA were
selected based on previous research conducted by the authors (AbdelAleem et al.,
2017) to meet the requirements of the European Guidelines for Self-consolidating
Concrete (SCC) in terms of flowability, passing ability, and segregation resistance.
Crushed granite and natural sand with a specific gravity of 2.6 and absorption ratio
of 1% were used as coarse and fine aggregates, respectively.

The gradation curve for crushed granite, natural sand, ESCA, ESFA, and silica sand are

shown in Figure 3-1. Also, the configuration and geometry of PVA and SFs are shown

in Figure 3-2. The required flowability of NWC, LWC, and ECC mixtures was achieved
by using polycarboxylate-based high-range water reducer admixture (HRWRA) similar

to ASTM C494 Type F.
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Figure 3-2 Geometry and configuration of fibers used
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3.4.2. Concrete Specimens

This investigation evaluated the shear behavior of hybrid composite beams comprised of

two layers—LWC and ECC—reinforced with different fiber types. Two different locations

were chosen for the ECC layer: the tension side and compression side of the beam. The

study included a total of eight beams designed as follows (see Figure 3-3):

One LWC beam (B1) poured with lightweight coarse and fine aggregate in full
depth. This beam was used as a reference control beam for comparison.

Two ECC beams (B2 and B3) poured in full depth with ECC and reinforced with
two types of fibers. B2 was reinforced with PVA fibers and B3 with SFs. These
beams were chosen to study the shear behavior of full-depth ECC beams compared
to LWC (B1). These beams were also used to evaluate the behavior of SFs
compared to PVA fibers in terms of the shear capacity and strength of full-depth
ECC beams.

Two hybrid composite beams, B4 and B5, had an ECC layer reinforced with two
types of fibers in the compression side. B4 was poured with an ECC layer reinforced
with PVA fibers, while B5 was poured with an ECC layer reinforced with SFs. The
depth of LWC part in B4 and B5 was 165 mm (6.5 in.), while the depth of the ECC
layer was 85 mm (3.3 in.). These beams were developed and tested to evaluate the
effect of using a compression-side ECC layer (with different fiber types) on the

shear performance and strength of the beam.

64



e Two hybrid composite beams, B6 and B7, had an ECC layer reinforced with two
types of fibers in the tension side. B6 was poured with an ECC layer reinforced with
PVA fibers, while B7 was poured with an ECC layer reinforced with SFs. B6 and
B7 were poured with a layer of ECC in the tension side with a depth of 85 mm (3.3
in.), while the remaining depth was poured with LWC. These beams were tested to
study the effect of using a tension-side ECC layer (with different fiber types) on the
shear performance and strength of the beam.

e One NWC beam (B8) was poured with normal-weight aggregate in full depth. This

beam was used as a reference NWC beam for comparison.

It should be noted that the depth of the ECC layer was selected as 85 mm (3.3 in.) in both
tension and compression sides to meet two requirements: (a) to ensure an adequate concrete
confinement around the longitudinal steel reinforcement bars in both tension and
compression sides by adding a cover thickness above and below the bar diameter; (b) to
provide sufficient depth for the compression concrete block in order to be entirely covered
by the ECC layer. All tested beams were designated by the type of concrete (NWC, LWC,
ECC), type of fibers (P for PVA and S for SFs), and location of ECC layer (tension (T) or
compression (C)). For example, the composite beam with ECC layer reinforced with PVA
fiber in the compression side would be labeled as ECCP-C.

3.4.3. Casting and Specimen Preparation

For the reference beams that were poured in full depth (LWC, ECCP, ECCS, and NWC),
the concrete was gradually poured into the formwork for a 250 mm depth (9.8 in.) (full

depth). For SCC beams (LWC and NWC), the concrete was compacted under its own
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weight, while in vibrated-concrete beams (ECCP and ECCS) electrical vibrators were used
to apply a mechanical compaction to ensure full compaction of the concrete in the
formwork, and then a trowel was used to smooth the surface. For composite beams with
ECC layer on either the top or the bottom side, as in B4, B5, B6, and B7, the LWC layer
with a depth of 165 mm (6.5 in.) was poured first. After the initial setting, steel dowels
were buried in the LWC concrete such that half the dowels protruded from the concrete
surface. Moreover, a cubic cavity was dug up in the LWC to create an ECC concrete shear
key in the LWC layer. The steel dowels and concrete shear keys were designed to carry the
shear flow between the ECC layer and LWC layer, in order to provide a sufficient bond
between the two layers. After reaching the final setting, the ECC layer was poured with a
depth of 85 mm (3.3 in.) in either tension or compression sides (the beam was poured
upside down in the case of the ECC layer in the tension side). It should be noted that the
LWC surface was cleaned prior to pouring the ECC layer to remove any loose particles,
and a good compaction was applied when pouring the ECC layer to make sure the cubic
bore in the LWC layer was properly filled with ECC mixture to form the shear key
precisely. For all beams, six cylinders with 100 mm (4 in.) diameter and 200 mm (8 in.)
height were poured from each mixture to obtain the compressive and splitting tensile
strengths according to ASTM C39 and ASTM C496, respectively. The formwork was
demolded 24 hours after each beam was poured, and then the beam was air-cured with the
cylinders for 28 days until the testing date.

3.4.4. Four-Point Loading Test Setup and Loading Procedure

The steel reinforcement details, dimensions, and test setup for all tested beams are shown

in Figure 3-3. All beams had a 250 mm x 250 mm (9.8 in. x 9.8 in.) cross-section, a total
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length of 1500 mm (59 in.), an effective load span of 1120 mm (44 in.), and an effective
depth of 197.5 mm (7.8 in.). All beams were poured without shear reinforcement; only six
10M stirrups were used to hold the compression reinforcement in place in the compression
zone. The six stirrups were distributed such that two stirrups were positioned under loading
points, two stirrups at the supports, and the last two stirrups were attached to the ends of
the longitudinal reinforcement. The tension and compression reinforcement were two 25M
and two 10M, respectively.

All tested beams were subjected to a four-point loading pattern as shown in Figure 3-3.
The shear span was kept constant at 495 mm (19.5 in.) for all tested beams, achieving a
shear span to effective depth ratio of 2.5, which ensures shear failure before flexural failure
(Kanietal., 1979; Cho and Kim et al., 2003). A single-point load was applied by an actuator
with 500 KN (112.4 kips) capacity to a rigid steel plate, which distributed the load in two
points spaced 130 mm (5.1 in.) apart acting on the concrete surface. The load was
progressively applied until the first crack was noticed and then constant steps of 45 KN (10
kips) each were applied until failure. Cracks were marked and their widths were measured
using a crack microscope (60X magnification with 0.02 mm least count) at each load step.
During the test, two linear variable differential transformer (LVDT) was used to measure
the midspan vertical deflection (Figure 3-3). Also, another two LVVDTs were attached to
the beam ends (one from each end) to ensure that there was no slippage between the two
layers in the composite beams during the test (see Figure 3-3). First diagonal crack load,
ultimate shear load, deflections, cracking patterns, and failure modes were recorded during

the test. The experimental results for all tested beams are shown in Table 3-2.
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Table 3-2 Results of all tested beams

. . Post Cracking at failure
shear capacity (KN) Deflect|o_n Ductility diagonal Energy . stage .
Beam corresponding o ; Failure - Density
Beam ID 1st . . coefficient shear absorption Maximum 3
# . Shear | Normalized to ultimate . mode . (kg/m?)
diagonal load shear load (DC) resistance | (KN.mm) Number width
crack load (PDSR) (mm)
Bl LWC 111.2 93.1 13.9 3.9 1.85 0.4 425.6 Shear 9 3 1726.9
B2 ECCP 166.8 179.25 21.4 7.4 3.55 0.53 1684.4 Shear 20 1.95 2069
B3 ECCS 177.9 210.05 22.2 8.5 3.8 0.58 2433 Flexural 23 2 2200
B4 | ECCP-C 66.7 133.45 15.9 6.6 5.11 0.75 1186.5 Shear 23 3 1843
B5 | ECCS-C 88.9 152.25 16.1 6.2 4.1 0.7 974.3 Shear 18 2.4 1887.8
B6 | ECCP-T 120.1 125.9 18.8 6.1 3.05 0.52 910.1 Shear 17 2.5 1843
B7 | ECCS-T 124.6 112.3 16.7 5.4 2.74 0.45 766.4 Shear 15 1.4 1887.8
B8 NWC 129.2 122.15 15.2 3.8 2.24 0.47 626.2 shear 8 3 2276

1 mm =0.039 in.; 1 KN = 0.224 Kips; 1 KN.m = 8.850 Kips.in.
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Figure 3-3 Beam dimensions, reinforcement details for (a) LWC/NWC/ ECC,; (b)
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(ECCS, ECCP); (e) composite beams with ECC layer in tension side; (f) composite

beams with ECC layer in compression side
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3.5. Discussion of Test Results

3.5.1. Failure Mode and Cracking Behavior

The cracking behavior at failure stage, mode of failure, and maximum vertical and diagonal
crack widths for all tested beams are shown in Figure 3-4 and Table 3-2. For the reference
LWC beam and NWC beam, at the early stage of loading, the first vertical crack was
initiated at the midspan between the loading points at tension side of the beam. By
increasing the applied load, more vertical cracks started to initiate in the shear span at both
sides of the beam (i.e., the area between the support and point load). With further increase
in the applied load, diagonal cracks started to initiate in the shear span at the mid-height of
the beam, then propagated upward toward the point loads and downward toward the
supports. Additional loading resulted in an increase in the number and widths of both
vertical and diagonal cracks, followed by a sudden failure of the beam before the tensile
reinforcement reached the yield. Such failure of LWC was characterized by the formation
of a single major diagonal crack with a width of 3 mm (0.12 in.) and an angle of 30 degrees.
The total number of cracks in the LWC beam reached up to nine. The ECCP reference
beam showed a similar mode of failure but with a higher number of cracks and smaller
crack widths compared to the LWC beam. For example, the number of cracks in the ECCP
reference beam reached up to 20 cracks compared to nine cracks in the LWC beam. Also,
the maximum diagonal crack width and angle of ECCP reached 1.95 mm (0.08 in.) and 42
degree compared to 3 mm (0.12 in.) and 30 degree in the LWC beam. The smaller crack
widths of the ECCP reference beam compared to the LWC beam may be attributed to the

effect of PVA fibers in arresting the cracks and limiting their widths. On the other hand,
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the higher number of cracks in the ECCP beam compared to the LWC beam may be related
to the higher deformation capacity of the ECCP beam (B2 compared to B1). Unlike ECCP
and LWC beams, the ECCS reference beam showed a flexure mode of failure rather than
shear mode of failure. With further load application the ECCS beam showed a propagation
of the vertical flexure cracks until the longitudinal reinforcement reached yield, then the
concrete crushed in the compression side. The hooked ends of SFs (compared to PVA
fibers) helped to further increase the stitching mechanism of the fiber, which contributed
to delaying the initiation and propagation of the diagonal crack and allowed the beam to
fail in ductile flexural failure rather than brittle shear failure (Hassan, 2020; Ismail and
Hassan, 2021).

For composite beams with ECC layer in the compression side (B4 and B5), it can be
observed that shear failure was the dominant mode of failure for such beams. By looking
at cracking pattern of the composite beam with ECCP layer in the compression side (B4),
it can be seen that a higher number of cracks and larger crack widths were observed in the
ECCP-C beam compared to the reference LWC beam (B4 compared to B1). This can be
related to the higher compression strain of ECCP layer in the composite beam, which
allowed for a higher deformation capacity and, in turn, increased the number of cracks with
wider crack widths. Moreover, despite the ECCP-C composite beam and ECCP reference
beam having the same concrete type in compression zone, ECCP-C showed a higher
number of cracks and larger crack widths compared to the ECCP reference beam. This is
due to the lower tensile strength of the LWC layer (placed in the tension side of ECCP-C
composite beam) allowing more cracks to initiate and propagate in the tension side of the

ECCP-C beam compared to the ECCP reference beam. The results also showed that the
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ECCP-C composite beam (B4) exhibited a higher number of cracks and larger crack widths
than the ECCS-C composite beam (B5). This can be related to the higher compression
strain capacity of ECC with PVA fibers compared to ECC with SFs (Ismail and Hassan,
2021), which allowed ECCP-C to reach higher deformation before failure (associated with
higher number of cracks) compared to the ECCS-C composite beam (B5).

Composite beams with ECC layer in the tension side (ECCP-T and ECCS-T) also exhibited
shear mode of failure. By examining the cracking pattern of composite beams ECCP-T and
ECCS-T (B6 and B7), it can be seen that both beams showed fewer cracks and with
narrower maximum diagonal crack width compared to their counterpart composite beams
with ECC layer in the compression side (ECCP-C and ECCS-C). This can be related to the
lower deformation capacity of ECCP-T and ECCS-T beams compared to ECCP-C and
ECCS-C beams. Moreover, the presence of an ECC layer reinforced with fibers in the
tension side of the beam (as in ECCP-T and ECCS-T) contributed to arresting the cracks

and reducing their widths.
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3.5.2. Load-Deflection Curves

Figure 3-5 shows the load-deflection curves for all tested beams. The load-deflection curve
of the LWC beam had a relatively high initial stiffness up to the initiation of first flexural
crack. With further increase in the applied load, more cracks started to initiate and
propagate vertically until, at a certain level of loading, the first diagonal crack (detected by
visual inspection) was initiated. After initiation of the first diagonal crack, the beam
stiffness started to decrease, exhibiting a higher rate of deformation and further widening
of the diagonal crack width until the ultimate load was reached. After reaching the ultimate
load, the load-deflection curve suddenly dropped, indicating a significant brittle shear
failure. The maximum deflection and ultimate shear capacity of the LWC beam reached up
t0 3.9 mm (0.15 in.) and 93.1 KN (20.9 Kkips), respectively.

For the ECC reference beam reinforced with PVA fibers (ECCP), the load-deflection curve
indicated a higher beam stiffness, maximum deflection, and ultimate shear capacity
compared to the LWC beam. This can be attributed to the fibers’ bridging mechanism,
which plays an important role in transferring stress across the cracked section and, in turn,
allows the ECCP beam to sustain higher load and experience larger deformations. The
results also showed that despite the absence of shear reinforcement in all tested beams, the
ECCS reference beam exhibited a flexure mode of failure rather than shear failure (which
was exhibited by all other tested beams). Moreover, the highest beam stiffness, maximum
deflection, and ultimate load capacity were observed in the ECCS reference beam
compared to other beams. This may be related to the same reasons discussed before in the

failure mode section. Despite the comparable deflection at ultimate load for NWC and
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LWC beams, the NWC beam showed higher initial stiffness and ultimate shear capacity

than the LWC beam.
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Figure 3-5 Experimental load-midspan deflection responses: (a) reference beams
(LWC, NWC, ECCP, and ECCS); (b) reference beam and composite beams with
ECC layer in the compression side (LWC, NWC, ECCP-C, and ECCS-C); (c)
reference beam and composite beams with ECC layer in the tension side (LWC,
NWC, ECCP-T, and ECCS-T)

By looking at the load-deflection curve of composite beams with ECC layer in the
compression side (B4 and B5), it can be observed that ECCP-C and ECCS-C showed a

higher deformation capacity (lower stiffness) compared to the LWC control beam. The
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results also revealed that developing composite beams with ECC layer in the compression
side (B4 and B5) significantly enhanced the ultimate shear capacity of lightweight
concrete, with a slight increase in the concrete unit weight. For example, adding ECCP
layer in the compression side (B4) increased the normalized shear capacity of the
composite beam by 14.4%, compared to the LWC reference, with relatively small increase
in the beam weight (1843 kg/m? (115 Ib/ft®) for ECCP-C compared to 1727 kg/m? (107.81
Ib/ft%) for LWC). Moreover, the normalized shear capacity of B4 (beam with ECCP layer
in the compression side) exceeded the normalized shear capacity of NWC by 4.6%, despite
the big difference in the two beams’ density (2276 kg/m® (142.1 Ib/ft3) for NWC compared
to 1843 kg/m? (115 Ib/ft®) for ECCP-C). Table 3-2 also shows that despite the higher
ultimate shear capacity of ECCS-C compared to ECCP-C, the deformation capacity of
ECCP-C appeared to be higher than that of ECCS-C. This may be related to the higher
compression strain capacity of the ECCP layer compared to the ECCS layer, as mentioned
earlier.

Similar to composite beams with ECC layer in the compression side, ECCP-T and ECCS-
T exhibited a higher shear capacity and maximum deflection compared to the LWC beam.
For example, ECCP-T and ECCS-T composite beams showed a higher shear capacity of
1.35 and 1.2 times, respectively, higher than that of LWC beam. On the other hand, by
comparing the composite beams with ECC layer in the tension side to their counterparts
with ECC layer in the compression side (B6 and B7 compared to B4 and B5), it can be
observed that composite beams with ECC layer in the compression side showed a better
shear performance compared to composite beams with ECC layer in the tension side. This

can be confirmed by examining the ultimate shear capacity, deformation capacity, and
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cracking behavior of composite beams (B4 and B5 compared to B6 and B7). For example,
ECCS-C composite beam with ECCS layer in the compression side exhibited a shear
capacity and deformation capacity 0f1.36 and 1.15 times, respectively, higher than its
counterpart composite beam with ECCS layer in tension side (ECCS-T). Using ECC layer
with PVA fibers in the tension side of the composite beam showed higher shear capacity
compared to using ECC layer with SFs. This may be related to the better dispersion of PVA
fibers compared to SFs in ECC mixtures, in which, for the same fiber volume fraction, the
PVA fiber with lower fiber density had a higher number of single fibers dispersed in the
mixture. This, in turn, helped to maximize the effect of PVA fibers in stitching the cracks,
leading to minimized crack widths, which increased the friction along the diagonal crack
and hence improved the shear strength.

3.5.3. Post Diagonal Cracking Resistance

The post diagonal cracking shear resistance (PDSR) presents the shear resistance of the
beam beyond the initiation of the first diagonal crack and up to failure. The calculated
values of the PDSR for all tested beams are presented in Table 3-2. The PDSR can be

calculated as per Eq. 3-1 (Hassan et al., 2015) given below.

PDSR=

(ultimate load-first diagonal crack load)
. (3-1)
ultimate load

From Table 3-2 it can be observed that the LWC reference beam had a PDSR factor of
40%, which indicates that this beam was able to sustain 40% of the ultimate load beyond
the initiation of first diagonal crack. On the other hand, by looking at ECC reference beams
(B2 and B3), it can be indicated that these beams showed higher PDSR reaching up to 1.33

(for ECCP) and 1.45 (for ECCS) times that of the LWC beam. The higher PDSR of ECC
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beams, despite the absence of coarse aggregate, may be related to the high volume of fibers
in ECC mixture. These fibers contributed to restricting the cracks from widening, leading
to narrower diagonal cracks and, hence, higher shear resistance after the PDSR. The results
also showed that the NWC beam exhibited higher PDSR compared to the LWC beam,
which was expected as NWC contains normal-weight coarse aggregate.

For composite beams with ECC layer in the compression side, the results showed that the
PDSR factors of ECCP-C and ECCS-C (B4 and B5) appeared to be higher than NWC and
ECC reference beams (B8, B2, and B3). The higher PDSR of ECCP-C and ECCS-C
compared to their counterpart reference beams ECCP and ECCS may be related to the
significantly lower first diagonal crack load of the composite beam with ECC layer in the
compression side compared to ECC reference beams (B4 and B5 compared to B2 and B3).
Since ECCP-C and ECCS-C had an LWC layer of 165 mm (6.5 in.) in the tension side,
with significantly lower tensile strength (see Table 3-1), the initiation of first diagonal
crack occurred at a lower load compared to ECC reference beams.

By examining the composite beams with ECC layer in the tension side (B6 and B7), it can
be seen that ECCP-T and ECCS-T exhibited lower PDSR factors compared to their
counterpart ECCP-C and ECCS-C composite beams. This can be attributed to the lower
ultimate load capacity and higher first diagonal crack load of composite beams with ECC
layer in the tension side (B6 and B7) compared with those with ECC layer in the
compression side (B4 and B5). The first diagonal crack load of ECCP-T and ECCS-T was
influenced by the ECC layer placed in the tension side (that has a high tensile strength),
which in turn contributed to increasing the first diagonal crack load in ECCP-T and ECCS-

T compared to ECCP-C and ECCS-C.
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3.5.4. Post Cracking Shear Ductility and Energy Absorption

The post cracking shear ductility of tested beams was expressed in terms of ductility
coefficient (DC), which can be calculated as the ratio between the deflection corresponding
to ultimate load (Du) and the deflection corresponding to first diagonal crack load (Ddc)
as shown in Eq. 3-2 below (Hassan et al., 2010).

DC = Du/Ddc (3-2)
The energy absorption capacity of tested beams was calculated by measuring the area under
load-deflection curves up to the ultimate load. Consequently, the ability of beams to absorb
energy mainly depends on the deformation capacity and ultimate load capacity of tested
beams. Table 3-2 shows the DC and energy absorption capacity of all tested beams. From
the table it can be seen that among all tested beams, the lowest post cracking ductility and
lowest energy absorption capacity were observed in the LWC beam, which reached up to
1.85 and 425.6 KN.mm (3.77 kips.in), respectively. On the other hand, a significant
enhancement in both post cracking shear ductility and energy absorption capacity was
noticed in ECC reference beams compared to the LWC beam. For example, ECCP
reference beam showed a DC and energy absorption capacity that reached up to 1.92 and
3.96 times, respectively, higher than that of the LWC beam. Meanwhile, the increases in
DC and energy absorption capacity reached up to 2.1 and 5.7 times, respectively, when
comparing ECCS reference beam to the LWC beam. This can be related to the significant
enhancement in the ultimate shear load and maximum deflection of ECC reference beams
compared to the LWC beam, which helped to increase the area under load-deflection curve

of ECC beams and, in turn, enhanced the energy absorption capacity. It can be observed
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that the NWC beam exhibited a higher DC and energy absorption capacity compared to the
LWC beam.

The results also showed that composite beams with ECC layer in the compression side (B4
and B5) exhibited further enhancement in the post cracking shear ductility compared to
LWC, NWC, and ECC reference beams (B1, B8, B2, and B3). Meanwhile, the energy
absorption capacity of B4 and B5 appeared to be less than that of ECC reference beams
(B2 and B3) but still higher than the LWC beam and NWC beam (B1 and B8), see Table
3-2. Despite ECCP-C and ECCS-C (B4 and B5), which exhibited lower maximum
deflection (Du) compared to ECCP and ECCS (B2 and B3), B4 and B5 showed
significantly lower deflection corresponding to first diagonal crack load (Ddc) (due to the
lower first diagonal crack load as mentioned earlier) compared to B2 and B3. This, in turn,
contributed to enhancing the DC of ECCP-C and ECCS-C over ECCP and ECCS. In the
meantime, the lower ultimate shear load and deflection corresponding to ultimate load of
ECCP-C and ECCS-C led to a lower enhancement in the energy absorption capacity
compared to ECCP and ECCS reference beams. It should be noted that adding ECC layer
in the compression side of the LWC beam (as in B4 and B5) helped to develop relatively
lightweight composite (1843-1888 kg/m® (115-117.9 Ib/ft®) density) with enhanced
structural performance that exceeded the NWC beam with 2276 kg/m? (142 1b/ft%) density.
By looking at composite beams with ECC layer in the tension side, it can be noticed that a
lower DC and energy absorption capacity were observed for ECCP-T and ECCS-T beams
compared to their counterpart ECCP-C and ECCS-C beams. However, using ECC layer in
the tension side of the LWC beam (as in B6 and B7) still showed an enhancement in the

DC and energy absorption capacity over the control LWC beam and NWC beam (B1 and
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B8). For instance, using ECCP as a tension layer of the LWC beam (B6) increased the DC
and energy absorption capacity by 1.64 and 2.14 times, respectively, compared to the
control LWC beam (B1), while these increases reached up to 1.36 and 1.45 times,
respectively, when compared to the NWC beam (B8).

3.5.5. Theoretical Prediction of Shear Strength According to Design Codes

The theoretical shear capacities of LWC beam (B1), NWC beam (B8), and composite
beams with ECC layer in the compression side (B4 and B5) were predicted by four design
codes, namely CSA (2004), ACI 318 (2019), AASHTO-LRFD (2014), and EC2 (2005).
These codes are most commonly used in designing structural members subjected to shear
and flexural stresses. However, the shear stresses calculations of the aforementioned code
models do not include the effect of fibers. Therefore, the shear capacities of ECC reference
beams (B2 and B3) and composite beams with ECC layer in the tension side (B6 and B7)
(which have a fiber contribution in shear stresses calculations) were not predicted using the
design code models mentioned above.

The design code equations for the four codes are as follows:

CSA (2004):
Vu = AB/fbd, (3-3)

Where A is a lightweight concrete modification factor (4 =1 for normal-weight concrete,
0.85 for semi-lightweight concrete (1850 kg/m? to 2150 kg/m?® (115.5- 134.2 Ib/ft%)), and
0.75 for lightweight concrete (clause 8.6.5 of CSA A23.3); f, is the concrete compressive
strength, \/ﬁ shall not exceed 8 MPa (clause 11.3.4 of CSA A23.3); b is the width of

concrete section; d,, is the effective shear depth which is taken as the greater of 0.9d or
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0.40 1300
and

0.72 of the member’s height; and £ is a factor calculated as § = (T3 150050 (100045.0)

358,
Sze = -
15+ag

< 0.85S,;and &, = (M /d,, + Vf)/2(EsAs)

Where ¢, is the longitudinal strain at mid-height of the member due to factored loads; E|
is the steel modulus of elasticity; S, is the crack spacing parameter = d,,; and a, is the
maximum aggregate size in the concrete. For beams with an overall thickness not greater
than 250 mm (9.8 in.), the value of S shall be taken as 0.21 (as mentioned in clause 11.3.6.2
of CSA A23.3).

ACI 318(2019)

% = [0.1582F + 17p,, 5| bd < 0.29/f7bd (3-4)
Where A is a lightweight concrete reduction factor, taken as 0.85 for sand-lightweight
concrete, 0.75 for all-lightweight concrete, and 1.0 for normal-weight concrete (section
8.6.1 of ACI 318-14); p,, is the longitudinal reinforcement ratio (A;/bd); Ay is the area of
longitudinal reinforcement; a is the shear span in mm; d is the effective depth of the beam

in mm; and b is the width of the concrete section.

AASHTO-LRFD (2014)

V, = 0.0838\/f/b,d, (3-5)

Where £ is a factor indicating the ability of diagonally cracked concrete to transmit tension
as specified in article 5.8.3.4; b,, is the effective web width; and d,, is the effective shear

depth.
For lightweight concrete, the term ,/f shall be replaced by 0.85,/f; for sand-lightweight

concrete and 0.75,/f; for all-lightweight concrete (article 5.8.2.2 of AASHTO-LRFD).
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EC2 (2005)
VRd,C = [CRd,cAK(]-OOpsfc’)IB]bwd = 'ICZKS/2 fclbwd (3'6)

Where Crq = 0.18 for normal-weight concrete and 0.15 for lightweight concrete; A =
0.4 + 0.6p./2200, where p, is the dry density for the relevant class in kg/m3; K is a factor
that takes into account the size effect (K = 1+ ,/200/d < 2.0); p, is the longitudinal

reinforcement ratio; and k, is a factor that accounts for the minimum shear stress (k, =

0.03 for lightweight concrete and 0.035 for normal-weight concrete).

Figure 3-6 shows the ratio between Vexp/Vineo for LWC beam, NWC beam, and composite
beams with ECC layer in the compression side (B1, B8, B4, and B5) based on all design

code models (CSA, ACI, AASHTO-LRFD, and EC2).

From the figure it can be observed that all design codes were conservative in predicting the
ultimate shear capacity of LWC, NWC, ECCP-C, and ECCS-C beams, showing a high
margin of safety against the experimental shear capacity. The most conservative prediction
of the ultimate shear capacity was obtained by ACI code, while EC2 showed the least
conservative prediction. Unlike the other code predictions, EC2 takes into account the
effect of the beam’s depth (size effect) on the shear capacity of the beam. However, the
depth of all tested beams in this investigation was relatively small, which unlikely to have
contribution toward the shear resistance of the beam (Hassan et al., 2008). In the EC2
equation, the calculation of the value of K in all beams was higher than 2, but because of
the equation limitation (K<2), it was taken as 2. Perhaps a lower limitation of the K value

should have been considered in the equation in order to account for small beam depths.
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Therefore, the K value of the EC2 equation might have contributed to increasing the
predicted value of the shear, moving toward a less conservative prediction. The results also
revealed that the values of Vexp/Vineo OF LWC tested in this investigation were relatively
high compared to NWC. In addition, these values also appeared to be higher than other
Vexp/Vineo Values reported in the literature for different LWC mixtures (Alengaram et al.,
2011; Hassan et al., 2015). This can be attributed to the fact that in this study ESCA was
used in LWC mixture. And this aggregate has been reported to have relatively higher
strength compared to most other types of lightweight aggregate available on the market
Hassan et al., 2015; Mo et al., 2016). This, in turn, helped to enhance the experimental

shear strength compared to the predicted one, providing higher margin of safety.
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Figure 3-6 Experimental-to-theoretical ultimate shear ratios for all tested beams: (a)
theoretical prediction of ultimate shear capacity for LWC, NWC, and composite
beams with ECC layer in the compression side; (b) theoretical prediction of ultimate
shear capacity for ECC reference beams and composite beams with ECC layer in
the tension side

In this study, the proposed model used to predict the shear capacity of ECC reference beams

and composite beams with ECC layer in the tension side (B2, B3, B6, and B7) was based
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on the EC2 code model but with the addition of fiber contribution V: to the code model.

The proposed model equation can be expressed as follows:
VU = Vgac (EC2) + V¢ (3-7)
Vi=0.41tFbho (3-8)

Where Vs is the shear resistance provided by fibers proposed by Narayanan and Darwish
(1987); t is fiber matrix interfacial bond stress, taken as 4.15 MPa (0.6 ksi) for steel fibers
(Swamy and Bahia, 1985) and 2.93 MPa (0.42 ksi) for PVA fibers (Yang and Li, 2010); F
is a fiber factor = (l¢/ds) v¢ D¢ ; If is the fiber length; ds is the fiber diameter; vt is the fiber
volume fraction; Dris a bond factor: 0.5 for smooth fiber, 0.75 for crimped and hooked-
ends fiber, 1 for indented fiber; b is the beam cross-section width; ho is the thickness of the
tension side of the beam that has fibers (equal to thickness of ECC layer in composite
beams B6 and B7), see Figure 3-7. It should be noted that in ECC reference beams the
height ho was calculated as (d-c), in which c is the compression zone height calculated using
the measured strain recorded by strain gauges attached to the top of concrete (compression

strain) and longitudinal tension reinforcement (tension strain).
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Figure 3-7 Shear force distribution mechanism for (a) composite beams with ECC
layer in the tension side; (b) ECC reference beams

Figure 3-6 shows the Vexp/Vineo Values of ECC reference beams (B2 and B3) and composite
beams with ECC layer in the tension side (B6 and B7) for the proposed model and all
design codes for comparison. From the figure, it can be observed that all design codes were
conservative in estimating the ultimate shear capacity, showing high values of Vexp/Viheo.
On the other hand, the proposed model more accurately predicted the ultimate shear
capacity for ECCP, ECCS, ECCP-T, and ECCS-T beams compared to all design code
models. For instance, the proposed model exhibited Vexp/Vineo Values of 1.13 and 1.2 for

ECCP-T and ECCS-T beams, respectively, while these values reached up to 2.17 and 1.94,
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respectively, when EC2 code model was used. This can be related to the fact that the
proposed model accounts for the effect of fibers on enhancing the ultimate shear capacity

of tested beams.

3.6. Conclusions

This study presented the shear behavior of hybrid composite reinforced concrete beams
comprised of two layers: LWC layer and ECC layer. The ECC layer was placed at different
cross-sectional positions (in the tension side and compression side) to improve the shear
capacity while maintaining low average unit weight of the composite beam. The effect of
using different types of fibers in the ECC layer (PVA fiber and SFs) was also investigated.
The study included several properties to evaluate the shear performance of the composite
beams: deformability, failure mode, cracking behavior, first diagonal cracking load,
ultimate shear capacity, post diagonal shear resistance, post diagonal cracking shear
ductility, and energy absorption. From the experimental investigation conducted in this

study, the following conclusions can be drawn:

1. Using ECC layer (either ECCP or ECCS) in the compression side of lightweight
concrete beam compensated for the reduced shear capacity of the beam and
enhanced the normalized shear strength to reach a value exceeded the normalized
shear strength of the NWC beam. In the meantime, the increase in the concrete unit
weight of such composite did not exceed 9% of the density of the LWC beam.

2. Using ECC layer in the compression side of LWC (as in ECCP-C and ECCS-C)
showed a higher number of cracks with larger crack widths compared to LWC,

NWC, and ECC reference beams. On the other hand, placing ECC layer in the
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tension side of LWC (as in ECCP-T and ECCS-T) exhibited a reduced number of
cracks and widths compared to ECC reference beams and their counterpart beams
with ECC layer in the compression side (ECCP-C and ECCS-C).

For the composite beam with ECC layer in the compression side, despite the
increase in the shear capacity when SFs were used compared to PVA fibers (14%
increase), the enhancement in the deformation capacity of the beam was higher
when PVA fibers were used compared to SFs.

Using ECC layer in the compression side of the LWC beam helped to develop
relatively lightweight composite (1843-1888 kg/m? (115-117.9 Ib/ft®) density) with
enhanced structural performance in terms of post cracking shear ductility, post
diagonal shear resistance, ultimate shear capacity, and energy absorption, which
exceeded the performance of NWC beam with 2276 kg/m?® (142 Ib/ft3) density.

. Composite beams with ECC layer in the tension side appeared to have lower post
diagonal cracking shear resistance, post cracking shear ductility, ultimate shear
capacity, and energy absorption compared to composite beams with ECC layer in
the compression side, but still higher than LWC and NWC beams.

. All code model predictions were conservative in estimating the ultimate shear
capacity for NWC beam and composite beams with ECC layer in the compression
side, and they were more conservative with the LWC beam. Meanwhile, the
proposed model (taking the fibers contribution into account in EC2 model) allowed

for a closer prediction of the ultimate shear capacity compared to all code models.
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4. Behavior of novel hybrid lightweight concrete composites under
drop-weight impact loading

4.1. Abstract

This investigation evaluated the feasibility of combining lightweight concrete (LWC) and
engineered cementitious composite (ECC) in specific configurations to develop a
lightweight hybrid composite with improved impact resistance. In this study, three
mixtures were investigated: one LWC mixture fully produced with lightweight fine and
coarse expanded slate aggregates; one ECC mixture developed with polyvinyl alcohol
fibers (ECCP); and one ECC mixture developed with steel fibers (ECCS). For testing,
cylindrical specimens and small-scale beams were constructed in a two-layer composite
system having different configurations (i.e., different arrangements and depths). Additional
specimens fully cast with LWC, ECCP, and ECCS were tested for comparison. The
interface bond strength between LWC and either ECCP or ECCS was also evaluated. The
performance of the developed composites was assessed under static flexural loading and
drop-weight impact. The results showed that both ECCP and ECCS could achieve a good
bonding with LWC substrate, i.e., above 90% of that measured for the monolithic LWC
specimens, even with no surface preparations (i.e., roughening or using shear keys).
Combining LWC with either ECCP or ECCS generated novel lightweight hybrid
composites that can offer superior performance for different structural lightweight
members exposed to high impact loading. For given arrangement and depth, the LWC-

ECCS composite exhibited higher mechanical and impact performance whereas the LWC-
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ECCP was distinguished by achieving an excellent impact resistance at a lighter self-

weight.

4.2. Introduction

Lightweight concrete (LWC) is a special class of building materials that has received great
attention from the construction industry. LWC surpassed other conventional concretes by
its capability to construct structural elements with significantly lower self-weight. This
capability reduces the great portion of deadload of structures and helps to reach more
economically designed elements (i.e., less concrete volume and less reinforcement). The
LWC could also be developed with high strengths, thus extending its suitability for multiple
applications, including high-rise buildings, precast units, bridges, offshore structures, etc.
(Shi and Yang, 2005; Yao and Gerwick et al., 2006; Hubertova and Hela, 2007;
Papanicolaou and Kaffetzakis, 2011; Sadek et al., 2020a). In offshore structures, for
example, achieving a low self-weight is a design requirement, but it is also necessary to
maintain high endurance against the dynamic and impulsive loads that are expected from
dropped objects and collisions due to waves, ships, and icebergs (Paik, 2017; Clauss, 2002;
Sadek et al., 2020b). Such impulsive loads typically have a localized pattern that can induce
significant damage to the body of structures, which in turn negatively affects the stability
and service life of structures (Lok and Pei, 1996; Ismail and Hassan, 2017). The damage
due to impulsive loads can be serious in concrete structures due to the high brittleness and
low tensile strength of concrete. As such, the damage can be more significant in LWC
structures as the porous structure and weakness of lightweight aggregates further worsen

the brittleness and strength of LWC. Therefore, there is a need for improving the impact
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resistance of LWC or finding a new alternative to construct high-performance lightweight
structures against impulsive events. For this purpose, hybrid composites can be considered
as a candidate solution, where two materials can be combined (e.g., LWC and another high-
performance concrete) with relatively low density to achieve the desirable performance.

Engineered cementitious composite (ECC), invented by Victor Li based on
micromechanics theory, is one of the high-performance cementitious materials (Li, 1993).
ECC is typically developed with a high volume of cementitious materials (Portland cement
+ other supplementary cementitious materials), silica sand, and a moderate volume of
fibers. Unlike conventional types of concrete, the ECC is known to have excellent strength
and strain capabilities under both tensile and compressive loading while maintaining a
relatively low density (Ismail et al., 2018; Ismail et al., 2019). Previous studies reported
that under uniaxial tension, ECC could endure a stress up to 6 MPa and experience strain
up to 600 times as much as conventional concretes can endure. The high tensile strain of
ECC is typically accompanied by pseudo-strain-hardening behavior (Li et al., 2002; Kong
et al., 2003) and the formation of closely spaced multiple micro-cracks with widths below
100 um (Sahmaran and Li, 2010). Incorporating rich content of cementitious materials in
ECC also helps to form a strong matrix that can carry high compressive stress of more than
70 MPa, which is associated with strain in the range of 0.4% to 0.65% (Ismail et al., 2019a;
Said and Razak, 2015). Other studies evaluated the impact resistance of small-scale
specimens that were fully cast with different ECC mixtures (i.e., ECCs developed with
various compositions and different types of fibers) (Ismail et al, 2019b; Yildirim et al.,
2019). The results obtained from these studies indicated that ECC showed high impact

energy absorption capacity, which offers a superior construction material for multiple

99



structural applications where drastic impact loads are imposed. The high cracking
resistance, ductility, and strengths of ECC also allow it to absorb high energy under fatigue
loading (Meng et al., 2018; Suthiwarapirak et al., 2004). The ECC was also employed, on
a structural level, to improve the ultimate capacity, ductility, and energy absorption
capacity of beam-column joints (Ismail et al., 2018; Yuan et al., 2013; Said and Razak,
2016). In addition, the large-scale testing of reinforced concrete beams proved that the high
shear strength of ECC could even replace the minimum shear stirrups (Ismail and Hassan,
2021).

The aforementioned properties of LWC and ECC make them strong candidates for
developing new hybrid lightweight composite with improved impact resistance. Therefore,
unlike any other studies, this study was conducted to investigate the performance of LWC-
ECC composite under drop-weight loading. For this purpose, two-layer hybrid composites
consisting of LWC and ECC, in the form of cylindrical specimens and small-scale beams,
were cast with different configurations (i.e., different arrangements and layer depths). The
interfacial bonding strength and static flexural strength of all developed composites were
also examined. The ECC in this study was developed with two different types of fibers
(PVA and SFs). The results of hybrid composites were compared to those that were fully

cast with LWC.

4.3. Research Significance
Despite the advantages of using LWC in structural applications, LWC has low impact
resistance, which limits its applicability for multiple applications. This highlights the need

to improve the impact resistance of LWC or develop new high impact-resistant lightweight
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composites that can be employed to construct high-performance lightweight structures
against impact loads. Combining LWC with another high-performance cement-based
material such as ECC can be an effective technique to merge the benefits of lightweight
concrete, in addition to the high impact resistance, ductility, and energy absorption capacity
of ECC, without much increase in the composite density. This composite, in turn, offers
promising potentials for different structural applications that require both low self-weight
and high impact resistance. Despite the superior performance expected by such composites,
no sufficient information is available in the literature at both material and structural levels.
Contributing to filling this gap of knowledge, the authors in this study carried out an
experimental program to evaluate the impact resistance of LWC-ECC composites. The
static flexural strength and interface bonding strength of all developed composites were
also presented. The authors believe that the results obtained from this investigation are
unique and can increase the understanding of the structural benefits that can be achieved
from using hybrid LWC-ECC composite in certain applications such as protective and

impact-resistant structures.

4.4. Experimental Program

4.4.1. Material Properties and Concrete Mixtures

The mixture proportions of LWC, ECCP, and ECCS are shown in Table 4-1. The LWC
mixture was developed with fine and coarse expanded slate aggregates, which had a
specific gravity of 1.53 and 1.8, respectively, and a water absorption of 7.1% and 10%,
respectively. Figure 4-1 shows the gradation curve for fine and coarse expanded slate

aggregates used in this study. The mixture was produced with high self-compactability
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properties satisfying the requirements of the European Guidelines for Self-compacting
Concrete (2005). Therefore, the development process of the LWC mixture began with
several trials until sufficient stability, segregation resistance, and strength were achieved.
Based on the conducted trials, the most successful mixture was selected for use in this
study. The optimized mixture was made from a ternary binder material system consisting
of 40% type GU Portland cement, 40% fly ash (FA), and 20% metakaolin (MK),
conforming to ASTM C150 type | (2020), ASTM C618 Type F (2019), and ASTM C618
class N (2019), respectively. The water-to-binder ratio was 0.4. It should be noted that prior
to mixing, all aggregates were in a saturated surface dry condition. With such composition,
a 28-day compressive strength of 43.8 MPa was achieved.

The ECCP and ECCS mixtures were also developed with a ternary binder material system
consisting of 40% type GU Portland cement, 35% FA, and 20% MK, similar to ASTM
C150 Type | (2020), ASTM C618 Type F (2019), and ASTM C618 class N (2019),
respectively. In developing these mixtures, a silica sand gradation, similar to that presented
in Figure 4-1, was used as a fine aggregate whereas no coarse aggregate was incorporated.
The ECCP was reinforced with 8 mm polyvinyl alcohol (PVA) fibers having a specific
gravity of 1.3, a tensile strength of 1600 MPa, and a modulus of elasticity of 40 GPa.
Meanwhile, the ECCS was reinforced with 35 mm hooked-end steel fibers (SFs) having a
specific gravity of 7.85, a tensile strength of 1150 MPa, and a modulus of elasticity of 210
GPa. Both PVA fibers and SFs used in this study are shown in Figure 4-2. It should be
noted that with flexible PVA fibers, it was possible to develop ECCP with self-
compactability properties. On the other hand, the stiff SFs caused a high amount of friction

and blockage, which in turn did not allow ECCS to successfully meet the self-
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compactability criterion, yet the ECCS was developed with a high slump of 200 mm (as
per ASTM C143 (2020)). The fresh properties of all developed mixtures are presented in
Table 4-1.

The workability of all mixtures was adjusted using a polycarboxylate-based high-range

water-reducer admixture (HRWRA) similar to ASTM C494 Type F (2019).
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Figure 4-1 Gradation curves of the silica sand and lightweight aggregates used
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Table 4-1 Mixtures used in this study

Compositions LWC ECCP | ECCS
Cement (kg/m?3) 220 576 576
FA (kg/md) 220 437.7 437.7
MK (kg/m®) 110 253.4 253.4
ESCA (kg/m®) 439.7 - -
ESFA (kg/m®) 517.3 - -
SS (kg/m®) - 456.2 456.2
Water (kg/mq) 220 342.1 342.1
Fibers (kg/m?®) - 26 157
Fresh properties

Slump flow (mm) 700 800 200
V-funnel time (sec) 11.51 9.88 -
L-box 0.82 0.94 -
Mechanical properties

f'c (Mpa) 43.8 73.3 85.5
STS (MPa) 2.41 8.2 10.1

Note: FA = Fly Ash; MK = Metakaolin; ESCA = Expanded Slate Coarse Aggregate;

ESFA = Expanded Slate Fine Aggregate; SS = Silica Sand.

Figure 4-2 PVA and SFs fibers used
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4.4.2. Mechanical Properties Tests For LWC, ECCP, and ECCS Mixtures

The compressive strength and splitting tensile strength (STS) of the developed mixtures
were tested using 100 mm diameter x 200 mm high concrete cylinders, according to ASTM
C39(2021) and ASTM C496 (2017), respectively. Small-scale beams with dimensions of
100 mm x 100 mm x 400 mm were cast either in single- or two-layer hybrid composite and
tested as per ASTM C78 (2021) to evaluate the static flexural strength. In all tests, each
composite was tested using three identical specimens that had been moist-cured for 28
days.

4.4.3. Bond Strength Test For LWC-ECCP/ECCS Interface

The splitting tensile test (according to ASTM C496 (2017)) was used to evaluate the bond
strength between the LWC and either the ECCP or the ECCS. To prepare specimens for
this test, cylindrical molds with 100 mm diameter and 200 mm height were longitudinally
cut into two halves. Then, all halves were horizontally positioned and filled with the LWC.
After 24 hours, the cast LWC halves were taken and put in other full cylindrical molds.
The second hollow-halves in the molds were cast with either the ECCP or the ECCS. It is
worth noting that the ECCP or the ECCS were cast on the virgin surface of LWC, i.e., the
cast surface was not roughened. After another 24 hours, the specimens were demolded and
moist-cured for 28 days. After 28 days the composite cylinders were tested under the
splitting tensile test with the interface surface between the two concretes aligned vertically
under the two loading points (similar to procedures given in the ASTM C496 (2017)). The
bond strength was calculated using Eq. 4-1.

ob = 2P/ Ai (4-1)
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Where P is the ultimate load, Ai is the area of interface taken as cylinder diameter (d) *
cylinder length (1) (100*200 mm).

4.4.4. Impact Resistance Tests

4.4.4.1. Impact Test Procedures

After all specimens were moist-cured for 28 days, the drop-weight impact test was
conducted using two procedures based on the specimens’ type: cylindrical slices impact
test and small-scale beams impact test.

e For the cylindrical slices impact test: three identical specimens with 150 mm
diameter and 63.5 mm height were cast for each composite. The drop-weight test
was carried out as per the procedures given by the ACI committee 544 (1999). In
the test, a 4.45 kg hammer was dropped from a height of 457 mm onto a 63.5 mm
steel ball that was located at the top surface.

e For the small-scale beams impact test: three identical beams with dimensions of
100 mm x 100 mm x 400 mm were tested for each composite under three-point
flexural impact loading. The beams were simply supported with a loading span of
350 mm. And then a 4.45 kg hammer was dropped from a height of 150 mm onto
a 63.5 mm steel ball located at the mid-span of the tested beams.

Figure 4-3 shows the motorized impact test used for both cylindrical slices and beams
specimens. The impact device shown was equipped with a motor that performed the test
by lifting and dropping the impact weight (4.45 kg) at a rate of 4 drops per minute. During
the test, the drop-weight was designed to move through a vertical plastic cylinder to ensure

a smooth repeated fall of the drop-weight perpendicular to the specimen being tested (see
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Figure 4-3). The tests were run, and the number of blows needed to induce the first crack
and failure crack (N1 and Ny, respectively) in each specimen was determined to evaluate
the ultimate impact resistance that could be sustained (according to Eq. 4-2):

IE = N1ormgh (4-2)
Since the mass of the drop hammer (m), the acceleration due to gravity (g), and the drop
height (h) were constants for each test type, the N1 and N values were used in the
discussion of results to express how the IE increased or decreased against the change of

the variables studied.

Vertical plastic
cylinder
Steel ball located at
specimen’s top surface
Specimen

Figure 4-3 Configurations of the motorized-impact tests used
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4.4.4.2. Impact Test Program

In this study, the impact resistance of different composites was tested using cylindrical

specimens and small-scale beams.

For the 150 mm x 63.5 mm cylindrical slices, 11 composites were cast as follows (see

Figure 4-4):

Composites 1-3: they were fully cast with the LWC, ECCP, and ECCS,
respectively.

Composites 4-5: in these composites, the top layer was cast with ECCP and ECCS,
respectively, with a depth of 0.25H (H = specimen height) and was designated as
0.25TPVA and 0.25TSF, respectively.

Composites 6-7: the top layer was cast with ECCP and ECCS, respectively, with a
depth of 0.5H and was designated as 0.5TPVA and 0.5TSF, respectively.
Composites 8-9: the top layer was cast with ECCP and ECCS, respectively, with a
depth of 0.75H and was designated as 0.75TPVA and 0.75TSF, respectively.
Composites 10-11: the bottom layer was cast with ECCP and ECCS, respectively,

with a depth of 0.5H and was designated as 0.5BPVA and 0.5BSF, respectively.

Composites 4-9 were cast so that the ECC was directly exposed to the impact loading in

order to evaluate the performance of ECC as a protective layer for structural LWC members

such as footings, slab on grade, and platforms. Whereas composites 10-11 were cast to

assess how the ECC can dissipate the impact loading reaction that can be imposed by

supporting base.

For the small-scale beams, nine composites were cast as follows (see Figure 4-4):
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e Composites 12-14: they were fully cast with the LWC, ECCP, and ECCS,
respectively.
e Composites 15-16: the bottom layer was cast with ECCP and ECCS, respectively,
with a depth of 0.25H and was designated as 0.25BPVA and 0.25BSF, respectively.
e Composites 17-18: the bottom layer was cast with ECCP and ECCS, respectively,
with a depth of 0.5H and was designated as 0.5BPVA and 0.5BSF, respectively.
e Composites 19-20: the top layer was cast with ECCP and ECCS, respectively, with
a depth of 0.5H and was designated as 0.5TPVA and 0.5TSF, respectively.
Composites 12-18 were cast to assess the structural benefits of employing ECC in beam
elements to carry tensile stress that result from impact loading, while composites 19-20
were cast to evaluate the role of ECC in dissipating the localized effect of impact loading
on LWC. Composites 12-20 were also tested under static flexural load as per ASTM C78
(2021).
It should be noted that composites 4-20 were cast with different depth-combinations of
ECC and LWC to evaluate the possible impact resistances that can be reached and the
corresponding self-weight, as compared to those of LWC (composite 1). These parameters
(i.e., impact resistance and self-weight) were evaluated when the depth of either ECCP or
ECCS changed by a constant increment of 0.25H.
In all composites, the bottom layer was cast and left until the initial setting. In order to
evaluate the impact resistance of the developed composites and avoid any unexpected
debonding failure due to the aggressive effect of impact loading, random holes, scratches,

and grooves were created on the surface of the bottom layer prior to casting the top layer,
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as seen in Figure 4-4. After 24 hours, the surface was cleaned, wetted, and the top layer

was poured.

(a) Composites 1
Composites 2-3
Composites 4-5

Composites 6-7

Composites 8-9

Composites 10-11

(b)

Cylindrical specimens
D =150 mm, He = 63.5 mm

2}

Small-scale beams
L =400 mm, Hy = 100 mm

D

Composites 12

Fully cast with LWC

D
=
Fully cast with ECCP or
ECCS

L

Fully cast with ECCP or
ECCS
L

Composites 15-16

ECCP or ECCS: LWC =
0.25H¢:0.75He

LWC: ECCP or ECCS =
0.75Hp:0.25Hs
L

Composites 17-18

ECCP or ECCS: LWC =
0.5Hc:0.5Hc

o
= -

LWC: ECCP or ECCS =
0.5Hp:0.5Hs
L

Composites 19-20

ECCP or ECCS: LWC =
0.75Hc:0.25Hc
D Legend:

ECCP or ECCS: LWC =
0.5Hp:0.5Hb

G

2}
LWC: ECCP or ECCS =
0.5Hc:0.5He

iwe [l Eccporeces

Figure 4-4 (a) Configurations of cast composites (b) preparation before casting the

top layer
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4.5. Discussion of Test Results

4.5.1. Mechanical Properties of LWC, ECCP And ECCS

The results in Table 4-1 show that the LWC mixture developed in this investigation could
achieve a maximum compressive strength of 43.8 MPa with a strength-to-weight (S/W)
ratio of 2.53% (see Figure 4-5). Higher compressive strengths and S/W ratios were
exhibited in the ECCP and ECCS; their compressive strengths reached up to 73.3 MPa and
85.5 MPa, respectively, with S/W ratios of 3.54% and 3.89%, respectively.

Figure 4-6 shows the STS/f,’ and SF/f, ratios for all developed mixtures. From the figure,
it can be seen that the LWC mixture had STS/f, and SF/f. ratios of 5.5% and 8.2%,
respectively. On the other hand, the presence of fibers in both ECCP and ECCS mixtures
allowed the mixtures to sustain high tensile stress beyond the mortar cracking. This in turn
yielded higher STS/f. and SF/f, ratios. The highest STS/f. and SF/f, ratios were exhibited
by the ECCS compared to ECCP, thus indicating superior performance of SF fibers over
PVA fibers. The STS/f.; and SF/f, ratios were 11.2% and 11.5%, respectively, for the

ECCP, while these values were 11.9% and 13.2%, respectively, for the ECCS.
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Figure 4-5 Strength-to-weight ratio of the developed mixtures
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Figure 4-6 Splitting and flexural strength ratio of the developed mixtures

4.5.2. Bond Strength for LWC-ECCP/ECCS Interface

The results obtained from testing the hybrid cylindrical composites in the STS reflected a
good interfacial bonding between ECCP/ECCS and LWC. As seen in Figure 4-7, the
failure at the interface between LWC and either ECCP or ECCS occurred at a stress level
of 2.26 MPa and 2.20 MPa, respectively. These values are more than 90% of what induced
failure in the monolithic LWC cylinders (i.e., the ultimate STS of the LWC = 2.41 MPa).
It is worth noting that in hybrid cylindrical composites, no surface preparations (i.e.,
surface roughening or shear keys) were implemented at the interface between the two
layers; however, the rich contents of high reactive binders (i.e., cement and MK) in ECCP

and ECCS apparently formed a high adhesion with LWC substrate.
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4.5.3. Static Flexural Strength

Figure 4-8 shows the load-midspan deflection curves of the fully cast and hybrid
composite beams tested in flexure under four-point loading. As seen from the curves in
Figure 4-8a, the LWC beam could sustain a load up to 12 kN corresponding to ultimate
deflection of 1.14 mm. The failure occurred after the formation of a single vertical crack,
which was associated with a sharp drop in the load-deflection curve. On the other hand, the
inclusion of fibers in ECCP and ECCS beams helped them to sustain further loading
beyond the formation of the first crack, and then exhibit higher loading and deformation
capacity. The ECCP and ECCS had a capacity of 2.34 and 3.13 times as much as that
exhibited by the LWC beam. The results of both ECCS and ECCP beams also proved that
with the inclusion of SFs, ECC could be more efficient in developing composite with
higher load-carrying capacity, while with the PVA fibers, the ECC could exhibit pseudo-
strain-hardening behavior, saturated multiple cracking, and higher ductility. Since both SFs

and PVA fibers had a high tensile strength, the fibers would be pulled out rather than
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ruptured. Therefore, the superior performance of SFs over PVA, in terms of load carrying
capacity, could be attributed to their longer anchorage length and hooked ends, which in
turn transferred higher levels of stress. Figure 4-9 shows the cracking pattern of ECCP and

ECCS at failure.
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Figure 4-8 Load-midspan deflection of tested beams
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Typical failure Typical failure
of ECCP of ECCS

Figure 4-9 Typical cracking pattern of ECCP and ECCS at failure

Figures 4-8b and 4-8c show the flexural performance of hybrid beams that were composed
of LWC and either ECCP or ECCS in varied depths and arrangements. The first set of
beams incorporated ECCP or ECCS as the bottom layer (i.e., tension side) with a depth of
0.25H and 0.5H (0.25BSF, 0.25BPVA, 0.5BSF, and 0.5BPVA). The results of this set
indicated that despite the fact that the 0.25BPVA and 0.5BPVA beams had a self-weight
of 5.3% and 10.5%, respectively, higher than that of the LWC beam, they could sustain
ultimate loads of 55% and 78.3%, respectively, higher than that sustained by the LWC
beams. Higher load carrying capacities were observed when SFs were used instead of PVA
fibers in ECC. When the ECCS was placed at the bottom side with a depth of 0.25H and
0.5H (0.25BSF and 0.5BSF beams), the ultimate load carrying capacity increased over that
of the LWC beams by 65.8% and 95.8%, respectively. However, the increase in the self-

weight of ECC with SFs (0.25BSF and 0.5BSF), compared to the fully cast LWC, reached
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up to 7.2% and 14.3%, respectively (compared to an increase of 5.3% and 10.5%,
respectively, in ECC with PVA, as mentioned above).

The second set of beams incorporated either ECCP or ECCS at the top layer (i.e.,
compression side, 0.5TPVA and 0.5TSF) with a depth of 0.5H. Those beams showed
higher deformability compared to the LWC beams, but because the low-tensile-strength
LWC was located in the tension side, the cracks rapidly propagated to the interface and
then to the ECCP/ECCS layer, eventually causing the failure. This in turn resulted in
limited improvements in the load carrying capacity of the 0.5TPVA and 0.5TSF beams,
which reached values of 20.8% and 14.2%, respectively, higher than that of the LWC
beams.

In general, the results of the tested beams indicated that the ECCP and ECCS have
promising potential for strengthening and repair applications, in particular for deteriorated
LWC members, in which significant structural benefits can be obtained without causing a
significant increase in the self-weight.

4.5.4. Impact Resistance of Cylindrical Slices

Table 4-2 and Figure 4-10 show the average number of drops that induced the first crack
(N1) and failure crack (N2) in three cylindrical specimens tested for each composite. As
shown in the table, the specimens fully cast from the LWC showed a brittle behavior and
very low energy absorption capacity, and the failure suddenly occurred after four drops
with no prior cracks (i.e., N1 = N2 = 4). On the other hand, specimens made from either
ECCP or ECCS exhibited a ductile failure and obviously greater energy absorption
capacity, in which the specimens sustained a high number of drops until the formation of

the first crack, and then a significant number of cracks were required to cause the failure.
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The N1 and N2 were 275 and 595, respectively, for the ECCP, and 600 and 1250,
respectively, for the ECCS.

Combining LWC with either ECCP or ECCS formed a lightweight hybrid composite with
improved impact resistance. The ECCP or ECCS layer was used as a top layer, directly
exposed to the drop-weight impacts, to simulate a protection layer to LWC, which was
rested on a steel plate (i.e., representing strengthening LWC with ECC at the bottom layer).
In these specimens (0.25TPVA, 0.5TPVA, 0.75TPVA, 0.25TSF, 0.5TSF, and 0.75TSF),
the first crack was typically formed at the LWC layer (i.e., the weakest layer). When the
ECCP was used with a depth of 0.25H, the first crack developed after four drops (on
average), similar to the LWC specimens. As the depth of the ECCP layer increased from
0.25H t0 0.75H (0.25TPVA and 0.75TPVA), the Ny increased from 4 to 10. As the number
of drops increased, the cracks propagated further, reaching to the interface after an average
of 23 drops in 0.25TPVA specimens and 70 drops in 0.75TPVA. These results indicate that
increasing the top ECCP layer’s depth led to higher energy dissipation, and an increased
number of drops were required to induce either the first crack, interface layer crack, or
failure crack. By increasing the number of drops, the cracks continued propagating into the
ECCP layer. However, the failure was finally governed by a significant crushing in the
bottom LWC layer. A typical crack pattern for top and bottom layers is shown in Figure
4-11. The 0.25TPVA, 0.5TPVA, and 0.75TPVA specimens failed at an average of 43, 65,
and 100 drops, respectively. Similar behavior was observed in ECC specimens that
incorporated SFs (0.25TSF, 0.5TSF, and 0.75TSF), but higher energy dissipation and

impact resistance were provided (see Table 4-2 and Figure 4-10).
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Table 4-2 Results of flexure and impact tests

Composite Flexure test Cylindrical specimens Small-scale beams I(Dkzr}?r'%/
ID Load | Deflection
kN) | (mm) Ny N2 Ni N2

LWC 12.0 1.14 4 4 20 20 1727
ECCP 28.1 1.92 275 595 250 385 2091
ECCS 37.5 1.75 600 1250 2000 >2000 2222
0.25TPVA - - 4 43 - - 1818
0.5TPVA 14.5 1.64 7 65 50 86 1909
0.75TPVA - - 10 100 - - 2000
0.25TSF - - 4 100 - - 1851
0.5TSF 13.7 1.49 10 140 90 216 1975
0.75TSF - - 22 200 - - 2098
0.25BPVA 18.6 1.52 - - 50 90 1818
0.5BPVA 21.4 2.12 5 40 130 167 1909
0.25BSF 19.9 1.45 - - 70 135 1851
0.5BSF 235 1.86 7 95 734 1300 1975

To investigate the effect of placing the absorbent layer (ECCP or ECCS) underneath the
LWC, 0.5BPVA and 0.5BSF specimens were tested. Compared to the 0.5TPVA and
0.5TSF specimens (which had ECC placed on the top layer), the 0.5BPVA and 0.5BSF
specimens failed at a lower number of drops due to crushing of the top LWC layer under
the localized pattern of impacts (see Figure 4-11). However, those composites still
exhibited improved impact resistance compared to the fully cast LWC specimens. The
0.5BPVA and 0.5BSF specimens experienced their first crack at top layer after 8 and 10

drops, respectively, whereas the failure crack was induced at 40 and 95 drops, respectively.
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Figure 4-10 Results of impact resistance of cylindrical specimens (a) N1 of the
single-layer specimens, (b) N2 of the single-layer specimens, (c) N1 of the two-layer
hybrid composites, and (d) N2 of the two-layer hybrid composites

4.5.5. Impact Resistance of Small-Scale Beams

For each composite, the average values of N1 and N for small-scale beams are presented
in Table 4-2 and Figure 4-12. The results show that the LWC beams, similar to the
cylindrical specimens, could not absorb high energy as only 20 drops suddenly caused the
failure. On the contrary, significant energy absorption capacity was exhibited by the beams
that were fully cast with ECCP and ECCS. The ECCP beams had N1 and N> values of 250

and 385 (on average), respectively, whereas the ECCS beams exhibited the first crack after

650 drops but no final failure occurred even after 2000 drops. As mentioned earlier, the
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superior performance of SFs could be attributed to their possible longer anchorage and
hooked ends, thus providing high bonding and bridging action, which subsequently helped
to transfer higher stress induced by drop impacts.

In hybrid composite beams (0.25BPVA, 0.5BPVA, 0.25BSF, and 0.5BSF), the presence
of either ECCP or ECCS at the bottom helped to carry the tensile stress that resulted from
impact loading, and then boosted the ability of beams to absorb high energy prior to failure.
For example, in the 0.25BPVA and 0.25BSF, the beams endured 50 and 70 drops up to the
first crack, respectively, and 90 and 135 drops, respectively, up to failure. It is worth noting
that such higher impact absorption capacity (i.e., compared to the beams fully cast with
LWC) was gained against slight increase in the self-weight, in which the self-weight of
0.25BPVA and 0.25BSF beams was only 5.3% and 7.2%, respectively, higher than that of
the LWC beams. Further increase in the absorption capacity of beams was observed when
the depth of either ECCP or ECCS increased. The 0.5BPVA and 0.5BSF beams sustained
130 and 734 drops, respectively, to produce the first crack, while the failure crack was
observed after 167 drops and 1300 drops, respectively. Compared to the LWC beams, the
0.5BPVA and 0.5BSF beams had 10.5% and 14.3%, respectively, higher self-weight. The
typical failure pattern, displayed in Figure 4-11, also showed that the failure of hybrid
composites occurred due to the formation of a major vertical or inclined crack passing
through both layers. It should be noted that no cracks were visually observed at the interface
between the two concrete layers which indicates that the surface roughening and pitted
holes that were formed on the LWC layer’s surface were enough to achieve adequate

bonding between layers, even under the effect of impact loading.
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The results also indicated that beams with the ECCP or ECCS at the bottom half-height
(0.5BPVA and 0.5BSF) also showed a good performance under the drop-weight loading
but could not reach the high energy absorption capacity that was exhibited by 0.5TPVA
and 0.5TSF. This was attributed to the fact that the failure was always governed by the
brittle LWC placed at the bottom layer, which could not sustain high levels of tensile stress
induced by drop-weight impacts.

The results of impact testing obtained from cylindrical specimens and small-scale beams
indicated that LWC-ECC hybrid composite proved to have promising capabilities that can

be employed to construct high impact resistant lightweight structural elements.
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Figure 4-11 Typical failure crack patterns in the tested two-layer hybrid composites
(cylindrical specimens and beams)
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Figure 4-12 Results of impact resistance of beams (a) N1 of the single-layer
specimens, (b) N2 of the single-layer specimens, (c) N1 of the two-layer hybrid
composites, and (d) N2 of the two-layer hybrid composites

4.6. Conclusions

This study examined novel hybrid lightweight composites with high impact resistance.

Each composite was developed with a two-layer system: LWC layer and ECC layer that

were composed with varied depths and different arrangements. The performance of the

developed composites was tested under static flexure, impact flexure, and axial impact

loading. The interfacial bonding between LWC and either ECCP or ECCS was also

evaluated. From the experimental results obtained in this study, the following conclusions

can be drawn:
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. The splitting tensile test conducted on composite cylindrical specimens indicated
evolution of an excellent interfacial bonding between LWC and either ECCP or
ECCS. The LWC-ECCP/ECCS interfacial bonding strength reached to about 90%
of that recorded by the monolithic LWC specimens, despite no surface preparation.
. Combining LWC and ECCP or ECCS efficiently helped to develop novel
composites with low density and improved impact resistance, thus presenting a
promising candidate for strengthening lightweight structures exposed to high
impact loading.

. The best performance of LWC-ECCP and LWC-ECCS cylindrical specimens was
achieved when ECCP and ECCS were used as a top layer (rather than the bottom
layer), directly exposed to the impact loading. This is attributed to the higher
resistance of fibrous layer (ECCP or ECCS) to the localized stress pattern of impact
loading.

In the cylindrical slice impact test, whether LWC was at the top or bottom layer,
the failure of the specimen was always governed by the low brittleness of LWC,
whereas the ECCP/ECCS layer helped the composite to maintain a high stability.

. The drop-weight test performed on small-scale beam specimens showed that the
composites with ECCP or the ECCS as the bottom layer (located at the tension side)
yielded higher impact energy absorption capacity than with LWC as the bottom
layer. This is because of the better performance of fibrous layer (ECCP or ECCS)
in carrying the tensile stress. Whereas in composites with LWC as the bottom layer,

the failure was governed by the fracture of LWC.
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6. Based on the results of all tested composites, as the depth of ECCP or ECCS layer
increased the flexural strength and impact resistance of the composite were greatly
improved and with only a slight increase in the self-weight. The increase in the self-
weight ranged between 5.3% to 14.3% higher than that of the fully cast LWC
specimens, when ECCP or ECCS were cast in a quarter to half the height of
composites.

7. The results obtained from specimens fully or partially cast with ECCP or ECCS
indicated that the SFs and PV A fibers proved to have high efficiency in developing
composites with high performance under static and impact loading. Composites
with SFs yielded higher impact energy absorption capacity whereas the PVA

formed lighter composites.
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5. Summary and recommendation

5.1. Summary

The research program conducted in this thesis included three experimental studies, which
investigated the use of ECC to strengthen LWC, aiming to reach high-performance
lightweight structures. The ECC was developed with two types of fibers, namely polyvinyl
alcohol fibers (ECCP) or steel fibers (ECCS). Chapter 2 investigated the flexure behavior
of LWC beams strengthened with ECCP or ECCS. Chapter 3 evaluated the shear behavior
of LWC beams strengthened with ECCP and ECCS. In chapters 2 and 3, the LWC beams
were strengthened at either compression or tension zone. In these studies, the performance
of all tested beams was evaluated by investigating their load-deflection response, cracking
behavior, failure mode, first crack load, ultimate load, ductility, and energy absorption
capacity. In addition, the flexure and shear capacity of the tested composites were
successfully estimated using new model proposed based on a modification for existing
standards’ models. Chapter 4 focused on developing novel hybrid lightweight composites
with high impact resistance. In this chapter, cylindrical specimens and small-scale beams
were constructed with a two-layer system: LWC layer and ECCP or ECCS layer. The two
layers in each composite were cast with varied depths and different arrangements. The
performance of all developed composites was tested under drop-weight impact loading.
The interfacial bonding strength between LWC and either ECCP or ECCS was also
evaluated. From the experimental results obtained in the conducted studies, the following

conclusions can be drawn:
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The results of flexure tests indicate that:

At material and structural levels, ECCS showed higher mechanical and flexural
behaviour compared to ECCP. However, the ECCP was produced with lower
density and self-compactability properties.

Strengthening LWC beams with ECC (ECCP or ECCS) at either the
compression or tension zone generally led to improving the flexural
performance in terms of first crack load, ultimate load, ductility, and energy
absorption capacity compared to the control LWC beam (non-strengthened
beam). These results prove a superior performance for using ECC as a
strengthening material.

In strengthened beams, the increase in the first crack load and ultimate load was
more pronounced when the ECC layer was placed at tension zone, while placing
the ECC layer at the compression zone yielded higher ductility and energy
absorption capacity.

Compared to the control LWC beam, the use of ECCP or ECCS at the tension
zone exhibited better cracking control, which can help to provide a higher
protection for the tension steel reinforcement, even for exterior-exposed

structures.
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When ECC layer was placed at the tension zone of the beam, the use of PVA
fibers in the ECC showed more advantage over SFs in delaying the initiation of
the first crack. However, using SFs in ECC at the tension zone yielded higher
contribution to increasing the overall ultimate load-carrying capacity compared
to using PVA fibers in ECC.

In all strengthened beams, no sign of slip was observed at the LWC-ECC
interface, which indicates that the shear reinforcement and the roughened
interface surface could effectively ensure adequate bonding between the ECC
and LWC layers.

The ACI ultimate strength design method as well as the analysis developed by
Henager and Doherty showed a conservative capability for estimating the
flexural capacity of all tested beams. For beams with fibers, the accuracy of the
estimations given by the Henager and Doherty model improved when the term
of the tensile stress of fibrous concrete was obtained experimentally rather than

by calculating it based on the model’s equation.

The results of shear tests indicate that:

The use of either ECCP or ECCS in strengthening the compression zone of LWC

beam compensated for the reduced shear capacity of the beam and enhanced the

normalized shear strength to reach a value exceeded the normalized shear strength

of the NWC beam. In the meantime, the increase in the concrete unit weight of such

composite did not exceed 9% of the density of the LWC beam.
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Using ECCP or ECCS layer at the compression zone of LWC beams (ECCP-C and
ECCS-C) exhibited a higher number of cracks with larger crack widths compared
to LWC, NWC, and ECC reference beams. On the other hand, placing ECCP or
ECCS layer at the tension zone of LWC beams (ECCP-T and ECCS-T) yielded a
reduced number of cracks and widths compared to ECC reference beams and their
counterpart beams with ECC layer in the compression zone (ECCP-C and ECCS-
C).

In ECCP-C and ECCS-C beams, despite the higher increase in the shear capacity
when SFs were used compared to PVA fibers (14% increase), the use of PVA fibers
were more pronounced in improving the deformation capacity of the beam
compared to SFs.

The use of ECC layer in the compression zone of the LWC beam helped to develop
relatively lightweight composite (1843-1888 kg/m® (115-117.9 Ib/ft) density) with
enhanced structural performance in terms of post cracking shear ductility, post
diagonal shear resistance, ultimate shear capacity, and energy absorption, which
exceeded the performance of NWC beam with 2276 kg/m?® (142 Ib/ft3) density.
The ECCP-T and ECCS-T beams (LWC beams with ECC layer at the tension zone)
appeared to have lower post diagonal cracking shear resistance, post cracking shear
ductility, ultimate shear capacity, and energy absorption compared to the ECCP-C
and ECCS-C beam (LWC beams with ECC layer at the compression zone), but still

higher than LWC and NWC beams.
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For beams that were fully cast with ECC (ECCP and ECCS) or ECC layer was
placed at the tension zone (ECCP-T and ECCS-T), among all investigated
prediction models, the most accurate shear predictions were obtained by the model
proposed in the present research which was adopted based on modifying the EC2

equation to take the fibers contribution into account.

The results of mechanical and impact tests indicate that:

The results indicated that with no prior preparation at interface, ECCP or ECCS
could achieve a good bonding with LWC. However, improving the bonding by
shear key or surface roughening can be utilized to resist the aggressiveness of some
loading conditions such as impulsive loads.

Combining LWC and ECCP or ECCS together in one composite proved to be an
effective approach to achieve high impact resistance at low density, which can
contribute to constructing high-impact resistant lightweight structures.

The results indicated that if loading conditions and supporting system are similar to
that of tested cylindrical specimens (such as footings, slab on grade, and platforms),
the use of ECCP or ECCS at the top layer (as a protective layer) is more efficient
in resisting the localized stress pattern of impact loading.

In beams exposed to impulsive loading, the use of ECCP or ECCS was more
efficient when they were placed at the bottom layer due to the higher performance

of fibrous layer (ECCP or ECCYS) in carrying the tensile stress.
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e Inall tested configurations, increasing the depth of ECCP or ECCS layer led to an
increase in the impact resistance of composite but accompanied with an increase in
the self-weight. However, the increase in the self-weight reached up to a maximum
of 14.3% higher than that of the fully cast LWC specimens, when ECCS was cast
in half the height of composites.

e In all cylindrical specimens and small-scale beams, the ECCS always exhibited
higher performance under static and impact loading compared to ECCP. On the
other hand, ECCP had the advantage of achieving an excellent impact resistance

(i.e., greatly higher than LWC) at lighter weight.

5.2. Limitations of Research

The results obtained from the conducted studies were influenced by various factors such
as the properties of the materials, reinforcement, curing condition, size effect of specimens,
application of load, and test setup. Any change in these factors may affect the outcomes.
The impact test, in particular, was carried out using the available facilities at Memorial
University, which facilitated to evaluate the impact resistance of the developed composites
by only measuring the number of drops induced the first and failure crack. Therefore, using

more advanced automated instruments can help to obtain better detailed measurements.

5.3. Recommendation For Future Research
1. Evaluating the effect of using ECC layer in varied depths on the flexure and shear

behaviour of LWC beams.
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Investigating the use of ECC in strengthening different LWC members (i.e.
columns, walls, etc.) exposed to different load conditions (static, cyclic, impact,

fatigue).

. Conducting more comprehensive studies to evaluate the interface bonding
strength between LWC and ECC with and without bonding agents or shear

connectors.

Using more advanced technology (e.g., computerized impact testing machine) to
accurately capture the response (e.g., ultimate force, energy, and strains) of the

developed hybrid composites under impact loading.

Repeating studies 1, 2, and 3 using lightweight ECC that can be developed by
partially or totally replacing silica sand with lightweight fine aggregates or

rubber.

Repeating studies 1, 2, and 3 using another type of high-performance cement-
based composites such as ultra-high strength cement-based composites and

evaluating the results compared to that obtained the current studies.
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