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ABSTRACT

Engineered cementitious composites (ECC), designed based on the

micro-mechanical theory, is a special class of high-tensile-ductility concrete with a

tensile rupture strain larger than 3% and a fiber volume fraction of no more than 2%.

ECC exhibits a multiple cracking feature during the strain-hardening period with the

crack width less than 100 μm. However, the high tensile ductility was usually

achieved compromising the strength and stiffness of cementitious materials in case

of conventional ECCs. On the other hand, ultra-high performance concrete (UHPC)

demonstrates a compressive strength higher than 150 MPa but only with a strain

capacity (up to the peak stress) of approximately 0.5%. Hence, this research project

aims to develop a new category of ECC, which is expected to retain the high tensile

strain, strain hardening and multiple microcracking characteristics of conventional

ECCs, while achieving high tensile and compressive strengths in the meantime. This

type of ECC is termed as UHP-ECC in the present research. The UHP-ECC is

targeted to achieve a tensile strain capacity from 6 to 10%, a tensile strength from 16

to 20 MPa, and a compressive strength larger than 100 MPa. It still exhibits the

intrinsic multiple micro-cracking behavior under tensile loading and its residual

crack width should be no more than 100 μm.

The present research is consisted of two parts, i.e., the mechanical behavior of

UHP-ECC material, and mechanical behavior of UHP-ECC structural members. The

first part includes five chapters from Chapter 3 to Chapter 7 and the second part

includes two chapters from Chapter 8 to Chapter 9. The framework of this thesis is

illustrated in Fig. 1.
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Fig.1 Framework of the thesis

First of all, in chapter 3, a mix proportion was developed for UHP-ECC and the

basic mechanical properties of UHP-ECC were investigated. Then in chapter 4,

instead of a constant fiber volume of 2%, which was often used to manufacture ECC

in previous researches, different fiber volumes Vf and fiber aspect ratios Lf/df were

used to investigate how they influenced the tensile properties of UHP-ECC, i.e., the

initial cracking stress σtc, the peak tensile stress σtu, the tensile strain capacity εtu, the

strain energy gse and the crack properties (crack width Cw and number of cracks Cn).

The fiber reinforcing index VfLf/df instead of Vf alone was deployed as a parameter

to control and design the performance UHP-ECC.

In chapter 5, the strain rate sensitivity of UHP-ECC was investigated. Owing to the

superior static tensile behavior of UHP-ECC, it is also expected to maintain a high

tensile resistance even at higher strain rates. It is noted that the direct tensile

behavior of UHP-ECC was only investigated under static loading in previous studies.

Thus the effect of strain rates ranging from 0.0001 s-1, which represents a pseudo

static loading rate, to 0.05 s-1, which is generally considered to be in the range of

seismic loading rates, on the uniaxial tensile behavior of UHP-ECC was studied.
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The specimens with different fiber aspect ratios exhibited different failure modes,

from fiber fracture of UHP-ECC-900 (Lf/df = 900) to fiber pull-out of

UHP-ECC-500 (Lf/df = 500). The increase of fiber aspect ratio was found to have a

significantly positive influence on the tensile properties of UHP-ECC in terms of the

mechanical properties (σtc, σtu, εtu and gse ) and the crack properties (Cn and Cw) at all

the strain rates. Larger Lf/df helped to reserve higher portion of εtu and gse, which is

favorable for structural applications of UHP-ECCs in seismic regions. While the

Lf/df showed less impact on σtc and σtu. The elastic modulus Et of UHP-ECCs kept

almost constant at different strain rates with the value of 40-50 GPa, while the

strain-hardening modulus Esh decreased steadily with the increase of strain rates.

Hence, at higher strain rates, the tensile stress-strain model of UHP-ECC is

recommended to be adjusted or the stress increase in the strain-hardening period to

be simply ignored as the strain rate increases for a conservative design. The SEM

observations of the fracture surface were also conducted to interpret the

corresponding failure modes of UHP-ECCs with different fiber aspect ratios.

In chapters 6 and 7, the limestone powder (LP) and the recycled fine powder (RFP)

were utilized as the supplementary cementitious materials to replace the cement. In

UHP-ECC, the ratio of silica sand/binder needs to be reduced in order to obtain a

better fiber dispersion and thus a higher tensile property, which adversely increased

the amount of cement or cementitious material. LP was found to act as a filler, while

RFP was found to act as both a filler and pozzolanic material. These two materials

could largely reduce the amount of cement usage to achieve the eco-friendliness of

UHP-ECC.

In chapters 6, the effect of LP on the hydration, micro-structure and mechanical

properties (compressive and tensile properties) of UHP-ECC with different levels of

replacement ratios (12.5%, 25% and 50% by volume) were investigated. The



v

addition of LP was found to significantly reduce the hydration heat release of

UHP-ECC matrix. The UHP-ECC with the 12.5% LP replacement ratio had the best

tensile performance in terms of tensile strength and tensile strain energy, which was

also supported by the single fiber pullout test results. Moreover, it was interestingly

found that the UHP-ECC with 50% LP replacement ratios had almost the same

tensile properties although they led to apparently different compressive strengths.

In chapters 7, the use of recycled fine powder (RFP) to replace the cement was

found to lead to a similar phenomenon in chapter 6. However, in addition of the

filler effect, the RFP could also promote the secondary hydration effect, which

increased the mechanical properties of UHP-ECC at different curing ages (3d, 7d

and 28d), i.e., the compressive and tensile strengths, up to the 25% RFP replacement

ratio. Additionally, the UHP-ECCs with the RFP replacement ratios of 25% and 50%

were featured with high early-strength at 3d while exhibiting no significant variation

in their strain capacities during the curing ages from 3d to 28d. The SEM

observation showed that most of the PE fibers in RFP-added UHP-ECC were pulled

out from the matrix but with a better adhesion property that led to the higher tensile

strength of RFP-added UHP-ECCs.

In chapter 8, the structural behaviors of steel reinforced UHP-ECC beams under

bending were experimentally explored with comparison to the ordinary reinforced

concrete (RC) beams. Two series of beams, with and without stirrups, were prepared

to study the flexural and shear performance of UHP-ECC beams. The UHP-ECC

with the tensile strength of 16 MPa and the tensile strain capacity around 8% was

used in the tests. The longitudinal reinforcement ratios of the UHP-ECC and RC

beams were 0.69%, 1.86% and 2.94%, respectively. The crack propagation and the

failure mode of UHP-ECC and RC beams were monitored by the digital image

correlation (DIC) method. Additionally, the load-displacement relationships, the
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ductility index values and the strain values of steel bars and UHP-ECC in the beams

were obtained. It was found that the UHP-ECC beams showed superior mechanical

performance in terms of both the load-carrying capacity and the ductility at the

ultimate limit state; while the crack width and deflection at the serviceability limit

state of UHP-ECC beams are much smaller than those of RC beams. The

un-reinforced UHP-ECC beam achieved the similar load-carrying capacity with the

conventional RC beam with the reinforcement ratio of 1.86%, demonstrating the

potential feasibility of utilizing UHP-ECC to partially replace the steel

reinforcement in structural members.

Finally, in chapter 9, a series of reinforced UHP-ECC columns (with the section area

of 120 mm × 120 mm) were tested under large eccentric compressive loading (the

eccentricity is 80 mm). The test results showed that the peak load of a plain

UHP-ECC column could approach about 50% of that of an RC column with the

reinforcement ratio of 4.3% under the above eccentricity provided that the

compressive strength of concrete is 60 MPa. Parameters analyses showed that the

load-carrying capacity of UHP-ECC-100 (i.e., with the compressive strength of

UHP-ECC at 100 MPa) was similar to that of the column RC14 (i.e., with 4Φ14 steel

bars in the four corners of column) with reinforcement ratio of 4.3%, while the

load-carrying capacity of UHP-ECC-120 exceeded that of RC14. The column RC14

corresponds to a reinforcement ratio of 4.3%, which is close to the upper limit (5%)

specified in the codes for both seismic and non-seismic area, implying that

UHP-ECC has the potential to partially replace the steel bars in columns.

In summary, this thesis provides a comprehensive study on the mechanical properties

of UHP-ECC material as well as its structural members. The static and dynamic

properties of the UHP-ECC were well understood through the study and alternatives

were found to make the UHP-ECC more eco-friendly. The experimental tests on the
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structural performance of UHP-ECC beams and columns demonstrated the

feasibility of utilizing UHP-ECC to fully replace the steel reinforcement in structural

concrete members. The findings from the thesis has laid down a solid foundation for

a widespread engineering application of UHP-ECC in future.
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NOTATION

The main symbols used in this thesis are listed below:
As/A’s Cross section of (tensile/compressive) steel bars
as Distance of centroid of steel bar to the tensile side
b Section width
df Fiber diameter
Et Elastic modulus (tensile)
Esh Strain hardening modulus
fc Compressive strength
fy Yield stress of steel bar
gse Strain energy
h Section depth
h0 Section effective depth
Jtip Fracture toughness of matrix
J’b Complementary energy
Km Matrix fracture toughness Km

Lf Fiber length
Pu Peak load
Vf Fiber volume
σc First cracking stress
σ0 Maximum fiber bridging strength
σtc Initial cracking stress
σtu Tensile peak stress
εtc Initial cracking strain
εtu Tensile strain capacity
ε0 Compressive strain at peak stress
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

The development of fiber-reinforced concrete (FRC) has undergone several phases.

In the 1960’s, research by Romauldi and coworkers (Romauldi and Batson, 1963;

Romauldi and Mandel, 1964) demonstrated the effectiveness of short steel fibers in

reducing the brittleness of concrete. The development was later expanded to other

fibers, such as glass (Toutanji and Saafi, 2000), carbon (Chen et al. 1995, Chung

2000), synthetics (Soroushian et al. 1992), natural fibers (Castro and Naaman 1981,

Andrade et al. 2008) and hybrids that combine either different fiber types or fiber

aspect ratios (Yao et al. 2003, Sun et al. 2001). The constantly enhanced knowledge

of fiber reinforcement effectiveness has resulted in structural design

recommendations by RILEM TC 162-TDF (2003). This document focuses on FRC

with a tension-softening quasi-brittle property. Apart from the increasingly popular

use of tension-softening FRC in structural members, fibers in small dosage have

been successfully used in controlling restrained drying shrinkage cracks.

Beginning as early as the 1980’s, interest in creating a fiber reinforced concrete

material with tensile ductility has been growing. Within FRC, the toughness of the

material is increased, although the ductility is still negligible. Ductility is a measure

of tensile deformation (strain) capacity associated commonly with ductile steel, not

with concrete materials. Attempts to achieve tensile ductility in concrete materials

are exemplified by the early efforts of Aveston and Kelly (1971) and later Krenchel

and Stang (1989), who demonstrated that with continuously aligned fibers, high
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tensile ductility values that are hundreds of times higher than those of normal

concrete can be attained. The latest version of continuous fiber reinforcement is

represented by textile-reinforced concrete materials (Reinhardt et al., 2003; Curbach

and Jesse, 1999). Research on pultruded continuous fiber-reinforced concrete was

pioneered by Mobasher et al. (2006). Developed in parallel, the use of discontinuous

fibers at high dosage (4-20%), such as in cement laminates (Allen, 1971) and in

SIFCON (slurry infiltrated fiber concrete) (Lankard, 1986; Krstulovic and Malak,

1997; Naaman, 1992), has resulted in concrete composites materials with higher

tensile strength and strain than normal concrete, although they exhibit much less

ductility than their continuous fiber-and textile-reinforced counterparts. These

materials may be considered as a class of materials separating from conventional

FRC because different degrees of tensile ductility are achieved, often accompanied

by a strain hardening response distinct from the tension-softening response of

conventional FRC. Naaman and Reinhardt (2003) classified such materials as

high-performance fiber-reinforced cementitious composites (HPFRCC).

Fig. 1.1 illustrates schematically the differences between the tensile response of

normal concrete, FRC, and HPFRCC obtained from a uniaxial tension test. This

figure emphasizes the transition from brittle concrete to quasi-brittle FRC (tension

softening) and to ductile HPFRCC (strain hardening). Specifically, during

tension-softening, the deformation is localized onto a single fracture plane, most

appropriately described in terms of crack opening. During strain hardening, the

deformation is composed of the opening of multiple subparallel fine cracks and

elastic stretching of the material between these cracks. Over a length scale including

many microcracks, the deformation of specimens may be considered as the tensile

“strain” smeared over a representative volume of material.
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Fig. 1.1 Uniaxial tensile stress-deformation relationship of concrete, FRC, and
HPFRCC (ECC and UHPC)

Recently, two new classes of HPFRCC have emerged, i.e., ultra-high performance

concrete (UHPC) and engineered cementitious composites (ECC) materials. The

development approaches for these two classes of materials are quite different. For

UHPC, the approach is to employ a tightly packed dense matrix to increase both the

tensile and compressive strengths of the material (Cheyrezy et al. 1995). Fiber is

added to counteract the resulting high brittleness of the densified matrix. The dense

matrix allows a strong bond with the fiber that results in a high postcracking

strength as long as a fiber with high strength is utilized.

For ECC, the approach is to create synergistic interactions between the fibers, the

matrix and the interface, which maximizes the tensile ductility via the development

of closely spaced multiple microcracks and minimizes the fiber content to generally

2% or less by volume. UHPC is designed for use in the elastic stage; the fiber action

becomes effective when the normal service load is approached. ECC is generally

designed for use in the elastic and strain hardening (inelastic) stages, so that the

fiber action becomes effective even under ultimate state.
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UHPC has a high tensile strength of 12 MPa with a ductility of 0.2-0.6% (Cheyrezy

et al. 1995; Richard and Cheyrezy 1995; Graybeal and Davis 2008). ECC is featured

with a typical moderate tensile strength of 4-6 MPa and a higher ductility of 3-5%

with a elastic modulus of 60-70% to conventional concrete (Li, 2003; Li and Xu

2008; Wittmann and Zijl 2010).

1.2 RESEARCH OBJECTIVES AND OUTLINE OF THE

DISSERTATION

UHPC features high strength but low ductility, while conventional ECC has high

ductility but low strength. Thus, the current research presents a further development

of a new material, which aims to retain all the aspects of a high tensile strain

capacity, strain hardening and multiple microcracking behavior while

simultaneously achieving high tensile and compressive strengths. The material

combines the merits of UHPC and ECC, and is termed as UHP-ECC. The target

values of its tensile strain capacity (6~10%), tensile strength (12~20 MPa), and

compressive strength (>100 MPa) are indicated in Fig. 1.2. UHP-ECC has the

intrinsic multiple microcracking behavior under tensile loading, and its residual

crack width should be no more than 100 μm. The schematic tensile stress-strain

diagrams of concrete, ECC, UHPC and UHP-ECC are shown in Fig. 1.3. ECC

corresponds to a conventional concrete with moderate strength but low elastic

modulus; UHP-ECC corresponds to a high strength concrete or UHPC with high

strength and high elastic modulus that is suitable for the ultimate and serviceability

limit states of structure members.
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Fig. 1.2 Summary of the strength and ductility of UHPC in the existing literature

Fig. 1.3 Schematic tensile stress-strain diagrams of
concrete, ECC, UHPC and UHP-ECC

This PhD dissertation is divided into 10 chapters, including the researches at both

material scale and structural scale with the detailed description listed as follows.

Chapter 1 presents the background and objective of this research and the layout of

the thesis.

Chapter 2 presents a literature review of the uniaxial tensile properties of ECC as

well as the influences of fiber types, specimen size, specimen geometry and strain

rates on the tensile properties of ECC. The durability of ECC, including long curing

age, high temperatures and cyclic and fatigue loading, are also summarized.

Chapter 3 describes ultra-high performance engineered cementitious composites

(UHP-ECC) that combine high strength and high ductility. A matrix system is

established using a ternary binder system to obtain a high compressive strength with
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the proper proportions of Portland cement, silica fume, and ground granular blast

furnace slag. The basic mechanical properties of UHP-ECC, including the tensile,

compressive and flexural properties, are investigated.

Chapters 4 presents the influence of different fiber volume ratios and geometries

(fiber length and diameter) on the mechanical properties and crack patterns of

UHP-ECC. This chapter provides an alternative to obtain similar tensile properties

with different fiber combinations; a performance-based design method is also

established. A bilinear tensile stress-strain model is then proposed for the studied

UHP-ECC based on the test results.

Chapters 5 presents the influence of the strain rates on the tensile properties of

UHP-ECC under strain rates from 0.0001 to 0.05 s-1. Three types of polyethylene

fibers with different fiber aspect ratios are used as the reinforcing fiber, which may

have a significant influence on the tensile properties and failure modes of UHP-ECC.

The rate sensitivity of UHP-ECC under tension is evaluated in terms of the

mechanical properties and crack pattern.

Chapters 6 and Chapter 7 describe particle-modified UHP-ECC using (ultra) fine

particles and even waste materials, such as limestone powder (LP) and recycled fine

powder. The influence of these fine particles on the mechanical, hydration and

microstructural properties of UHP-ECC are systematically investigated. The amount

of cement is largely reduced without sacrificing the tensile properties; thus,

eco-friendly UHP-ECC can be obtained.

Chapter 8 presents the structural behavior of steel-reinforced UHP-ECC (RU) beams

under bending; the results are compared to those of ordinary reinforced concrete

beams. RU beams show superior performance in both load capacity and ductility as

well as in crack width and deflection at the serviceability limit state. The loading
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capacity of nonsteel reinforced UHP-ECC beams approaches those of RC beams

with a reinforcement ratio of 1.86%, which indicates the feasibility of utilizing

UHP-ECC to reduce or replace the steel bars in structural members.

Chapter 9 compares reinforced ECC (R/ECC) columns and a reinforced concrete

(RC) column subjected to an eccentric compression load. The theoretical load

capacity of UHP-ECC columns without steel bars are calculated and compared to

the load capacity of an RC column.

Chapter 10 presents a summary of the entire thesis and provides future directions for

UHP-ECC research.
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CHAPTER 2

LITERATURE REVIEW: DIRECT TENSILE PROPERTIES

OF ENGINEERED CEMENTITIOUS COMPOSITES

2.1 INTRODUCTION OF THE CURRENT DEVELOPMENT

OF ECC

Engineered cementitious composites (ECC, also referred to as strain hardening

cementitious composites and pseudo strain cementitious composites) is the name for

a special class of high-tensile-ductility concretes. Unlike the traditional

trial-and-error material development methodology, ECC is designed based on

micromechanical theory, resulting in a tensile strain capacity more than 3%, while

keeping the fiber volume fraction no greater than 2% (Li and Leung 1992, Li and

Wu 1992, Wu and Li 1992, Li et al. 1995). ECC exhibits multiple cracking during

strain-hardening with crack width less than 100μm, making it a highly durable

material under environmental impacts (Sahmaran et al. 2007, Sahmaran and Li

2007, 2009). A brief summary of major physical properties of ECC under static

loading is given in Table 2.1.

Table 2.1 Major physical properties of ECC

Compressive

strength

(MPa)

First cracking

strength

(MPa)

Ultimate tensile

strength

(MPa)

Ultimate tensile

Strain

(%)

Young’s
modulus

(GPa)

Flexural
strength

(MPa)

Density

(g/ml)

20-150 3-10 4-12 3-6 18-40 10-50 0.95-2.3

It should be noted that ECC’s properties are tailorable through the utilization of

micro-mechanical tools. Even higher mechanical properties beyond those in Table 1
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could be expected according to the demand and the improved technology in future.

Due to its excellent tensile strain capacity and special crack pattern, ECC has

attracted the worldwide attentions. According to the statistics by Google scholar,

there are approximately 10000 relevant scientific articles published in the last two

decades. These researches include the design theory of ECC (Li and Leung 1992,

Kanda and Li, 2000), the effect of mineral admixtures on the mix proportion (Wang

et al. 2003), the compressive and tensile properties together with their corresponding

models (Li 2015, Kanda 2000, Lee 2010), the shear properties (Zijl 2007, Li 1994),

the fracture properties (Li and Xu 2011, Mechtcherine and Schulze 2006a), the

effect of fiber interfacial treatment on the tensile properties (Li et al. 2002), the

durability and long-term tensile properties (Wittmann and Zijl 2010, the self-healing

phenomenon (Li et al. 1998, Qian et al. 2009, Kan et al. 2010, Wu et al. 2012, Zhu

et al. 2012), the simulation of cracking propagation (Huang et al. 2016, Huang and

Zhang 2016), the nanoscale structure (Sakulich et al. 2011) and the reinforced ECC

member and its structural application (Kanakubo et al. 2012). ECC using local

material ingredients have been successfully produced in various countries, including

Japan (Kanda et al. 2006), China (Li and Xu 2008, Ma et al. 2015, Pan et al. 2015,

Zhang et al. 2014), Europe (Mechtcherine and Schulze 2006a, 2006b, Wittmann and

Zijl 2010), and South Africa (Boshoff and van Zijl 2007), in addition to the US. It is

noticed that there are already some practical applications in US (Li 2003), Japan (Li

2003), China (Zhang et al. 2013), etc.

During the last two decades, several reviews on ECC have been conducted by Li

(2003) on its material properties and applications, by Wittmann and Zijl (2010) on

the durability of ECC under various environments, by Kanakubo et al. (2012) on its

structural design and performance, and by Wu et al. (2012) on its self-healing

properties.
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Since high tensile ductility is one of the most important characteristic of ECC

material, the uniaxial tensile properties of ECC are always highlighted in the

existing investigations. In recent years, researchers have studied the effects of fiber

properties (Ahmed et al. 2007, Ding et al. 2017; Yu et al. 2018), specimen geometry

(Mechtcherine et al 2011, Rokugo et al. 2005), strain rates (Boshoff et al. 2007,

Douglas and Billington 2005, Maalej et al. 2005, Mechtcherine et al 2011, 2012,

Yang and Li 2014, Yang and Li 2012, Ranade et al. 2015, Curosu et al. 2016) and

fatigue and cyclic loading (Han et al. 2003, Kesner et al. 2007, Jun and

Mechtcherine 2010a, b, Muller and Mechtcherine 2017). In addition, the long-term

tensile properties of ECC were paid special attention. Therefore, the present review

tries to summarize the recent progress in these above-mentioned areas, to provide

some insights and suggestions for further research and to facilitate the applications

of ECC.

2.2 FIBER TYPES USED FOR ECC

Several kinds of fibers, including polyvinyl alcohol fiber (PVA), polyethylene fiber

(PE) and steel fiber (SF) were monopoly or hybrid employed to produce ECC (Li et

al. 2001, Wang et al. 2002, Yu et al 2014, Yu et al. 2017a, 2017b, Maalej et al. 2005).

Due to its good dispersibility and proper interface properties, PVA fiber was most

commonly utilized in producing ECC (Li et al. 2002). The property of normally used

PVA fiber is listed in Table 2. To reduce the interfacial bond strength between fiber

and matrix, oil coating (0.8-1.2% content by mass) on fiber surface was

recommended to modify the hydrophilic properties of PVA fiber (Wang et al. 2001).

By this way, the maximum tensile strength of PVA-ECC ranged from 3 to 8 MPa

with the corresponding tensile strain reaching 5% (Li 2003).
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Table 2.2 Properties of PVA and PE fiber

Fiber type
Nominal
strength

Diameter
(μm)

Length
(mm)

Young’s
modulus

Elongation
(%)

References

PVA fiber 1620 39 12 42.8 6-8
Almost all the

PVA-ECC

PE fiber - 10 6.4 88 -
Kesner and

Billington 2001
PE fiber - 38 12.7 73 - Kesner et al. 2003
PE fiber 3000 28 12.7 100 3.1 Ranade et al. 2013
PE fiber 2900-3800 20-28 12-18 100-120 2-3 Yu et al 2017a, b
PE fiber 2700 12 18 88 - Choi et al. 2016

Steel fiber 3000 200-500 12-25 200 3-4 Maalej et al. 2005

Recently, PE fiber with high strength and high Young’s modulus was utilized to

produce a high tensile strength and high ductility ECC. The property of PE fiber is

listed in Table 2. Kamal et al. (2008) and Kunieda et al. (2010) reported the

mechanical properties of ultra-high performance strain hardening cementitious

composites (UHP-SHCC) with an average tensile strength of 10MPa and an average

elongation of 2.8%. Ranade et al. (2013a) developed a high strength, high ductility

concrete (HSHDC) with the direct tensile strength of around 15 MPa and the tensile

strain between 3%-4%. Choi et al. (2016) used the PE fiber to reinforce

alkali-activated slag-based composites (PE-AASC) which yielded an ultimate tensile

strength ranging from 4.0 to 15.6 MPa with the corresponding the tensile capacity

up to 7%. Yu et al. (2017a, 2017b, 2018) and Zhan et al. (2017) developed the

ultra-high ductility cementitious composites (UHDCC), with the maximum tensile

strength reaching 20MPa and the tensile capacity ranging from 8% to 13%. Unlike

the hydrophilic property of PVA fiber, PE fiber is hydrophobic which needs no

surface treatment to reduce bond strength at matrix/fiber interface. Comparatively,

the crack width of PE-ECC under and after tension is wider than that of PVA-ECC

with the identical fiber volume fraction. Generally, the PVA fiber is suitable for

moderate strength ECC with better environmental durability, while the PE fiber is
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more suitable for high strength ECC used as load-bearing material.

Maalej et al. (2005) developed an analytical model of hybrid PE and steel fiber to

obtain ECC. The typical PVA-ECC, PE-ECC and steel/PE hybrid stress-strain

curves from authors’ own test results are shown in Fig. 2.1.

Fig. 2.1 Typical tensile stress-strain curve of PVA, PE and hybrid ECC (Yu et al. 2018)

The authors studied the influence of the fiber reinforcing index VfLf/df on the tensile

property, where Vf is the fiber volume fraction, Lf is the fiber length, df is the fiber

diameter. Three different PE fibers and seven fiber volume fractions from 1.25% to

3.0% with VfLf/df from 7.5 to 18 and totally 15 cases were investigated. It was found

that the tensile properties increased significantly with VfLf/df. The microcracks

increased from unsaturated to saturated distribution along the gauge length and the

crack spacing and crack width decreased with the increasing VfLf/df. More

specifically, the ultimate tensile strength increased from 10.29 MPa to 17.86 MPa

and the tensile capacity increased from 2.20% to 7.91%. The results are shown in

Fig. 2.2. This research helped to establish an empirical relationship between the

tensile properties and the fiber reinforcing index.
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Fig. 2.2 Influence of fiber reinforced index on (a) Peak stress (b) Strain capacity

2.3 SIZE AND GEOMETRY EFFECT OF TENSILE

PROPERTIES

According to the recommendation of JSCE (2008), dogbone-shaped specimen is

widely used in axial tensile test. The geometric sizes of dogbone specimen are

shown in Fig. 2.3. It is well known that the properties of mortar and concrete

material, especially the tensile and fracture properties are size-dependent. Hence, it

is necessary to clarify whether the tensile constitutive model of ECC is

size-dependent or to what extent the geometric size influences the tensile property.

Rokugo et al. (2005) studied the size effect (dogbone specimens) on the tensile

properties of PVA-ECC, including the tensile strength, tensile strain, crack width

and crack spacing. Three specimens with the thicknesses of 13 mm, 30 mm and 50

mm were considered. It was found that the specimen thickness has negligibly effect

on the tensile properties. The stress-strain curves of PVA-ECC with three thickness

were shown in Fig. 2.4.
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Fig. 2.3 Dimension of dogbone specimen

Fig. 2.4 Stress-strain curves of PVA-ECC with different thickness
(Rokugo et al. 2005)

On the contrary, Kesner et al. (2003) found the specimen geometry (cylindrical

specimen with the diameter of 50 mm and dogbone specimen with the cross section

of 25 mm×25 mm) has significant influence on the tensile response of ECC. The

comparison of typical tensile response of both geometries are shown in Fig. 2.5. The

peak tensile strength and strain capacity of cylindrical specimens were lower than

those of dogbone specimens. Three factors were attributed to the geometry-induced

difference in tensile properties, i.e., the variations in initial imperfections (such as

entrapped air and shrinkage cracks), the variations in fiber orientation and alignment,

and the specimen end effects (Kesner et al. 2003).



18

Fig. 2.5 Tensile response of specimens with different geometries (Kesner et al. 2003)

Mechetcherine et al. (2011) also mentioned that the tensile ductility of cylindrical

specimens with a diameter of 75 mm was smaller than that of the dumbbell shaped

specimens with a cross section of 24 mm × 40 mm due to the fiber orientation and

stress singularities. The stress-strain curves are shown in Fig. 2.6. Nevertheless, the

studies on the size and geometry effects on ECC material are still limited. A more

systematic study is needed to gain a deeper understanding of size and geometry

effect on the tensile properties.

(a) dumbbell specimens (b) cylindrical specimens
Fig. 2.6 Stress-strain curves of specimens with different shape (Mechetcherine et al. 2011)
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2.4 STRAIN-RATE DEPENDENT TENSILE PROPERTIES

Most of the aforementioned tensile properties were obtained at quasi-static rate. In

practical applications, various strain rates which have significant effect on the

constitutive tensile relationship of structural materials, would impose on the

structures. For example, the strain rate for seismic situation is around 10-3 - 10-1 s-1;

for aircraft landing is 10-2 - 1 s-1, for hard impacts is 1 - 50s-1 and for hyper velocity

impacts is always beyond 102 s-1 (Eibl 1988). Fig. 2.7 presents a schematic diagram

showing the range of strain rates from creep to blast and the corresponding tests

(Kim et al. 2009).

Fig. 2.7 Range of strain rates from creep to blast and the corresponding tests (Kim et al. 2009)

2.4.1 Low strain rate up to 10-1 s

Yang and Li (2014) investigated the strain-rate effects on the tensile properties of

PVA-ECC ranging from 10-5 to 10-1 s-1. The tensile stress-strain curves in different

loading rates are shown in Fig. 2.8. Similar observation was reported by others

researchers for PVA-ECC (Mechtcherine et al 2011, 2012, Douglas and Billington

2005). It implies that the brittleness of ECC increases with loading rate, which is

unfavorable to the high energy absorption demand when steel-bar reinforced ECC

structures are subjected to impact loading. However, Boshoff et al. (2007) reported

that the tensile strain capacity of PVA-ECC showed no significant change to strain

rates from 10-5 to 10-1 s-1. Yang and Li (2012) also pointed out that high volume fly

ash benefited the stability of tensile strain under different strain rates from 10-5 to
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10-1 s-1 due to the decrease of chemical bond between fiber and matrix (Fig. 2.9).

But the long term performance was still questionable for the pozzolanic effect of fly

ash happened after 28 days (Taylor 1997).

Fig.2.8 Rate dependence of tensile stress-strain
curves of PVA-ECC (Yang and Li 2014)

Fig.2.9 Rate dependence of tensile stress-strain
curves of PVA-ECC with high volume fly ash
(Yang and Li 2012)

For PE-ECC, Ranade et al. (2015) investigated the effects of strain rate (from 10−4s-1

to 10s-1) on the composites tensile properties and the micro-scale fiber/matrix

interaction properties of high strength PE-ECC. The test results are shown in Fig.

2.10. It is found that the first cracking strength and ultimate tensile strength

increased with strain rates, while the tensile strain capacity as well as the crack

width decreased with the increasing strain rates up to 10s-1, which implied that the

number of cracks kept almost constant in these strain rates.

(a) Stress-strain curves (b) First and ultimate tensile
strength

(c) Strain capacity and crack
width

Fig. 2.10 Tensile properties of PE-ECC at different strain rates (Ranade et al. 2015)
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Maalej et al. (2005) also reported that the tensile strain capacity of a hybrid steel and

polyethylene fiber-reinforced ECC (S/PE-ECC) showed negligible strain-rate effects,

while the tensile strength increased significantly when strain-rate increased from

10-6 to 10-1 s-1, see in Fig. 2.11.

(a) Tensile strength (b) Tensile strain
Fig. 2.11 Tensile properties of hybrid fiber ECC at different strain rates (Maalej et al. 2005)

The dynamic increase factors (DIF) for tensile parameters, i.e. first cracking strength,

tensile strength and tensile capacity are summarized in Fig. 2.12. The diagram

indicates that the increase in cracking strength DIF and tensile strength DIF are

moderate and nearly linear at strain rates ranging from 1 to 10s-1, while followed by

a much steeper increase at a higher strain rates (Fig. 2.12b) for both PE-ECC and

PVA-ECC. This tendency is well coincident with other cementitious materials like

conventional concrete (Schuler et al. 2006) and ultra-high performance concrete

(Millon et al. 2010). More specifically, compared with PE-ECC, PVA-ECC were

generally more sensitive to strain rate in the cracking and tensile strength (Fig. 2.12a

and 2.12b). In contrast, tensile strain capacity DIF decreased with strain rates for

both kinds of ECCs. And similarly, the tensile strain capacity of PVA-ECC is more

sensitive to strain rates than PE-ECC due to the fiber properties with detail

information discussed in the section 2.4.3.
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(a) Crack strength (b) Tensile strength

(c) Strain capacity
Fig. 2.12 DIFs of tensile parameters

2.4.2 Impact and blast strain rates

Mechtcherine et al. (2011a) investigated the direct tensile behaviors of PVA-ECC at

strain rates of 10, 25 and 50 s-1. The experimental results were quite different from

the ones obtained at lower strain rates from 10-5 to 10-1 s-1. The typical tensile

stress-strain curves and the failure modes of test specimens are shown in Fig. 2.13.

The strain hardening phenomenon of PVA-ECC specimen since the initial cracking

was much significant at strain rates of 25 and 50 s-1 but with only one crack. The

tensile strain was attributed to the plastic deformation of PVA at those strain rates,

which was also observed at a higher strain rate (Mechtcherine et al. 2011b).
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However, it should be noticed that if there was only one crack occurred, the tensile

strain would be significantly affected by the choice of gauge length. The DIF of

tensile strength is calculated and shown in Fig. 2.12b.

(a) stress-strain response of PVA-ECC
(b) fiber pull out failure on

the fracture surface of a
sample tested at 25s-1

(c) fracture surface of a
sample tested at 0.001-1

Fig. 2.13 Effect of strain rates on the tensile at high strain rates (Mechtcherine et al. 2011a)

Mechtcherine et al. (2011b) and Curosu et al. (2016) conducted the Hopkinson bar

test to investigate the behavior of PVA-ECC and PE-ECC (normal strength and high

strength) under the impact strain rate around 150 s-1. For PVA-ECC, a significant

strain rate effect on the tensile strength (DIF = 6.7) and a more moderate effect on

specific fracture energy (the area under stress-strain curve) (DIF = 2.4) were gained.

The increases in tensile strength and fracture energy at high strain rates were

attributed to the increase of bond strength at fiber/matrix interface and the extensive

plastic deformations of fibers prior to and during fiber pullout (Mechtcherine et al.

2011a, 2011b). The predominant fiber pull-out phenomenon in the dynamic tensile

tests was unexpected and confused since the investigations of fiber pull-out tests

showed an increase of fiber failure probability with increasing strain rates (Boshoff

et al. 2009). Hence, the fiber pull-out phenomenon at high strain rates should be

investigated in more details.



24

The fracture surface of test specimens and fiber failure modes after quasi-static and

high dynamic loading are compared in Fig. 2.14 and Fig. 2.15. In quasi-static

experiments, the visible lengths of pullout fiber were between 0.2 mm and 0.5 mm

(Fig. 2.14a and b). A majority of fibers ruptured during the crack opening when the

tensile strength of PVA fiber was reached (Fig. 2.14c). In contrast, under dynamic

loading, most of the fibers were pulled out from matrix with the pull-out length

reached up to 6 mm (Fig. 2.15a and b). Only a small fraction of fibers failed due to

rupture. Most of the fibers showed clearly defined cut ends (Fig. 2.15c) as a result of

production process.

Fig. 2.14 Pullout lengths of PVA fibers under quasi-static loading (a and b),
(c) typical shape of fiber fracture (Mechtcherine et al. 2011b)

Fig. 2.15 Pullout lengths of PVA fibers under high-dynamic loading (a and b),
(c) Typical shape of fiber fracture (Mechtcherine et al. 2011b)

For normal strength PE-ECC, the DIFs of tensile strength and the specific fracture

energy were 5.4 and 3.3. While, for high strength PE-ECC, these corresponding

values were 3.12 and 4.2, respectively. The lower DIF in tensile strength and the

higher DIF in fracture energy may be attributed to the more significant multi-crack

phenomenon in PE-ECC specimen. As opposed to PVA-ECC (Mechtcherine et al.

(b)

(a) (b) (c)

(a) (c)
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2011a, 2011b), no transverse plastic deformations could be observed in PE fibers in

the specimens tested under dynamic regimes. The fracture surfaces of normal and

high strength PE-ECC specimens (Curosu et al. 2016) illustrated the apparent

pull-out and fracture behavior of PE fiber in quasi-static and dynamic loading

regimes (shown in Fig. 2.16).

Note: M1 means normal strength PE-ECC and M2 means the high strength PE-ECC
Fig. 2.16 Fracture surfaces of PE-ECC tested in static and dynamic regimes

(Curosu et al. 2016)

The SEM observation of the PE fibers from normal and high strength specimens

under quasi-static and dynamic loading regimes are shown in Figs. 2.17 and 2.18.

The fibers suffered more damage under dynamic regimes in both strengths.
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(a) quasi-static (b) dynamic regimes
Fig. 2.17 PE fibers on the fracture surfaces of normal strength matrix

(a) quasi-static (b) dynamic regimes
Fig. 2.18 PE fibers on the fracture surfaces of high strength matrix (Curosu et al. 2016)

2.4.3 Strain rates effect on the micro-mechanical parameters

In Yang and Li’s research (2012), experimental studies were carried out to reveal the

rate dependence of PVA-ECC on some micro-mechanical parameters, such as fiber,

matrix and fiber/matrix interface. A dynamic model relating the material

microstructure to PVA-ECC’s tensile strain-hardening property was developed. It

was found that fiber Young’s modulus, fiber strength, matrix toughness and

fiber/matrix interface chemical bond strength increased with the loading rates in a

PVA-ECC system (shown in Figs. 19 and 20). A 50% reduction in pseudo strain

hardening (PSH) energy index and a 10% reduction in PSH strength index were

observed when the tensile strain rate increased from 10-5 to 10-1 s-1 , which explained

for the reduction of tensile strain capacity of PVA-ECC.
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(a) Young’s modulus (b) in situ fiber strength
Fig. 2.19 Rate dependence of fiber properties (Yang and Li’s research 2012)

(a) matrix toughness (b) chemical bond (c) Interfacial stress
Fig. 2.20 Rate dependence of micro-mechanical parameters (Yang and Li’s research 2012)

Ranade et al. (2015) also proposed a dynamic micromechanical model to explain

rate effects on the high strength PE-ECC on the composites scale from 10-4 to 10 s-1.

The matrix fracture toughness, the fiber properties and the fiber/matrix interaction

properties changed with the strain rates to various degrees. For PE fiber, the absence

of chemical bond between fiber and matrix made the overall bond strength relatively

insensitive to strain rate due to its hydrophobic nature. The interfacial frictional bond

(τ0) increased by only 14% over the six orders of strain rates from 10-4 to 10 s-1

causing an insignificant increase in pullout force of PE fibers. The slip hardening

coefficient β was doubled in these strain rates. Snubbing coefficient (f) and

inclination hardening parameter (μ) increased by 27% and 43%, respectively, which

were determined to be moderately significant for the fiber-bridging properties.
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Additionally, the strength and modulus of PE fiber itself increased by 21% and 85%

of their respective quasi-static values. However, these increases in fiber strength and

modulus, along with the increase in fiber/matrix interaction properties, resulted in

the reduction of complementary energy (Jb′) of fiber-bridging which had a negative

influence on the strain capacity as shown in Fig. 2.21. The micro-mechanical

parameters including the fiber strength, fiber modulus, fiber/matrix interface bond

strength and slip hardening coefficient β are shown in Fig. 2.21.

(a) Fiber/matrix interfacial bond (b) Fiber strength and modulus
Fig. 2.21 Micro-mechanical parameters of high strength PE-ECC

under different displacement rates (Ranade et al. 2015)

Mechtcherine et al. (2017) also conducted the single fiber pull-out testes for

embedded PVA and PE fiber at quasi-static and high strain rate of 25 s-1. Due to the

slip-hardening nature of PVA fiber, even with an embedded length of 2 mm in

normal strength matrix (compressive strength of 24MPa), a majority of fibers

ruptured after a short pullout phase. Fig. 2.22 illustrates that the increase of pullout

strain rate caused a pronounced increase in the maximum force, but hardly any

change in the corresponding displacement. Moreover, the data in Fig. 2.22

contradicted the test results of PVA fiber pulled out from matrix at the strain rate of

25 s-1 with an embedded length of 6mm (Mechtcherine et al. 2011a).
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(a) 0.005 mm/s (b) 50 mm/s
Fig. 2.22 Force-displacement curves of PVA fiber in normal strength matrix

with an embedded length of 2 mm (Mechtcherine et al. 2017)

Fig. 2.23 plots the force-displacement curves of PE fibers embedded in a

high-strength matrix with 100 mm-cube compressive strength around 140 MPa. The

embedded length of 2 mm was adopted to ensure the complete fiber pullout under

both strain rates (0.0025 s-1 and 25 s-1). As shown in Fig. 2.23, at the strain rate of 25

s-1, the curves reach the high maxima followed by a kind of plateau or a slight

hardening behavior which was in contrast to the clear softening tendency in

quasi-static strain rate. The similar phenomenon was also described in previous

research with an increasing strain rates (Ranade et al. 2015). It should be noted that

the fibers were pulled out with the embedded length of 2 mm instead of 6 mm. Even

in case of 2mm embedded length, there were still a small fraction of fibers fractured

during pullout test. Hence, it implies that there should be more even dominant fibers

fractured with the embedded length up to 6 mm. It may be one of the main causes to

the different failure modes of PE fibers (fiber fracture) and ECC specimens at a

composites scale. The DIFs of PVA and PE fiber in different matrix strength and at

different strain rates are concluded in Fig. 2.26.
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(a) 0.005 mm/s (b) 50 mm/s
Fig. 2.23 Single fiber pullout property of PE fiber in normal strength matrix

with an embed length of 2 mm (Mechtcherine et al. 2017)

The stress-strain curves of single PVA and PE fibers at different strain rates are

presented in Figs. 2.24 and 2.25, respectively. The main difference in the overall

performance is that PVA fibers behave linearly elastic before rupture, while PE

fibers show the pronounced non-linear behavior.

(a) 0.0025 s-1 (b) 25 s-1

Fig. 2.24 Stress-strain curves of PVA fibers at different
displacement rates (Mechtcherine et al. 2017)

(a) 0.0025s-1 (b) 25s-1

Fig. 2.25 Stress-strain curves of PE fibers at different displacement rates
(Mechtcherine et al. 2017)
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Comparisons of DIFs of fiber tensile strength and Young’s modulus are presented in

Fig. 2.26. It is noticeable that the single fiber properties of Yang et al (2012) and

Ranade et al. (2015) were obtained from in-situ pull-out tests with the fiber

embedded in matrix, which was different from the direct single fiber tensile test

employed by Mechtcherine et al. (2017). It is found that the DIFs obtained from

direct tensile test are larger than the ones gained from pull-out tests. Moreover, the

Young modulus is more sensitive to the displacement rate than the tensile strength

which contributes to the reduction of strain capacity at high strain rates. From Fig.

26, it would be also deduced that the PVA fiber is more sensitive to the strain rate

than PE fiber.

(a) Tensile strength (b) Young’s modulus
Fig. 2.26 Comparison of DIFs of fiber tensile parameters in different displacement rates

2.5 DURABILITYOF ECC

As a new construction material, it is important to verify the durability of material

under various environment impacts. In recent years, researchers studied the

performance of ECC under mechanical loads including fatigue (Müller and

Mechtcherine 2017), cyclic loads (Petr and Mechtcherine 2010a, b) and abrasion (Li

and Lepech 2005); under chemical loads including tropical climate exposure
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(Lepech and Li 2006), deicing salt exposure (Şahmaran and Li, 2007a) and

alkali-silicate reaction (Şahmaran and Li, 2007b); and under thermal loads including

freeze-thaw cycles (Jang et al. 2014, Yun et al. 2011, Yun et al. 2013, Zhu et al. 2012)

and high temperature effect (Bhat et al. 2014, Liu and Tan 2016, Mechtcherine et al.

2012, Silva et al. 2015, Yu et al. 2015a. In the following sections, the influences of

long term aging, high temperature, fatigue and cyclic loads on the tensile properties

are reviewed since the other aspects have been well reviewed by Wittmann et al.

2010.

2.5.1 Long Term Tensile Strain Capacity

Due to the continued hydration process of cementitious materials and the changing

fiber-matrix interface properties in ECC, the strain capacity of ECC evolved with

age during maturing which was especially significant for PVA-ECC (Li and Lepech,

2006). Fig. 2.27 shows the variation of tensile strain capacity of PVA-ECC with

curing age ranging from 10 days to 180 days. The peak strain capacity was achieved

at 10 days after casting. However, as the hydration continued, the hydrophilic

property of PVA fiber increased the chemical bond strength which led to a slowly

reduced composites ductility. The tensile strain capacity of PVA-ECC remained at

3% at 180 days (Li and Lepech, 2006), but further information of tensile properties

for a longer curing age was limited. Additionally, although the durability of PVA

fiber itself could be assured in the alkaline environment (Wittmann and Zijl 2010), it

is not sure about the durability of the oil adhering to the fiber surface in the alkaline

environment. The loss of oil would increase the chemical bond strength between

fiber and matrix which may reduce the strain capacity of PVA-ECC (Li et al. 2002,

Wang et al.2003).
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The long term tensile properties of PE-ECC are more stable, as compared with

PVA-ECC (Xu 2016). Due to the hydrophobic nature of PE fiber, there is no

chemical bond between fiber and matrix. The continued hydration process has less

effect on the friction between fiber and matrix. Additionally, the higher tensile stress

of PE fiber ensures the pullout of fibers from matrix instead of fiber fracture. The

tensile stress-strain curves of PE-ECC at 28d and 1 year by authors’ own test results

(Xu 2016) are illustrated in Fig. 2.27 which shows no decrease in strain capacity.

The stable stress-strain property with curing ages could benefit the application of

ECC material in practical engineering.

2.5.2 Influence of high temperature on the tensile properties

The melting points of PVA fiber and PE fiber are 273°C and 150°C, respectively,

which lead both PVA-ECC and PE-ECC susceptible to thermal loading.

Mechtcherine et al. (2012) investigated the in-situ and residual tensile performance

of PVA-ECC exposed to three high temperatures 60°C, 100°C and 150°C. At in-situ

temperature of 60°C, PVA-ECC showed an increase in tensile strain capacity and a

decline in strength which was attributed to the reduction of bond strength between

(a) PVA-ECC up to 180d (Li and Lepech, 2006) (b) PE-ECC up to 360d (Xu 2016)
Fig. 2.27 Strain capacity of PVA-ECC and PE-ECC over a long curing age
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fiber and matrix. At 100°C and 150°C, both the tensile strength and tensile strain

capacity decreased significantly. Especially at 150°C, PVA-ECC lost its

strain-hardening and multi-cracking characteristics. Additionally, the residual tests

revealed that the strength, strain capacity and work-to-fracture decreased with the

increasing pre-treatment temperatures from 60 to 150°C. Silva et al (2015) studied

the residual tensile behavior of PVA-ECC heated from ambient temperature to

250°C. It is found that the strain capacity of PVA-ECC remained almost unchanged

at 90°C, beyond which the strain capacity declined and almost diminished at 250°C.

Bhat et al. (2014) reported that the tensile strength and strain capacity generally

decreased as temperature increased from 100°C to 600°C. Yu et al. (2015a) stated

that the residual tensile strength and strain capacity of PVA-ECC with high-volume

of fly ash increased at 50°C and 100°C, while declined at 200°C. The normalized

strength and strain of previous researches are concluded in Fig. 2.28, which really

shows no general tendency of tensile properties exposed to high temperatures. But it

is true that the tensile strain almost disappeared after 250°C. The morphology of

PVA-ECC at 250°C and 400°C from the tested specimens is show in Fig. 2.29. At

present, there is no research about the tensile properties of PE-ECC subjected to

high temperatures. Due to the even lower melting point of PE fiber compared to

PVA fiber, it could be deduced that the PE-ECC would be more susceptible to

thermal load. Therefore, more attentions are needed to the properties of PVA-ECC

and PE-ECC in high temperature environments.
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(a) Tensile strength (b) Tensile strain
Fig. 2.28 Normalized parameters of PVA-ECC after exposed to high temperatures

(a) 250°C (b) 400°C
Fig. 2.29 Morphology of PVA fiber after exposure to high temperature (Yu et al. 2015b)

2.5.3 Cyclic and Fatigue properties of ECC

In practical engineering, the majority of concrete structures are exposed to more or

less cyclic loading such as traffic loads, wind gusts, sea waves in some cases,

vibrations due to the machinery operation or earthquake. Hence, a clear

understanding of the behavior of ECC under cyclic loading or fatigue is necessary

for the safe and economical design of structural members.

Kesner et al. (2003) studied the responses of PE-ECC and PVA-ECC under cyclic

loadings. It was observed that the cyclic tension-compression loading did not reduce
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the tensile strain capacity of materials if the compressive strength of material was

not exceeded (shown in Fig. 2.30a) which was also observed by Jun and

Mechtcherine (2010). Hence, in this situation, the results from monotonic uniaxial

tensile test could be used to provide the input parameters for cyclic constitutive

model, including the tensile young’s modulus, the peak stress and the peak strain.

When the compressive strength of material was exceeded, the tensile strength and

strain capacity of ECC was reduced due to the existence of compressive crack

orthogonal to the tensile cracks (shown in Fig. 2.30b). The inability of the partly

pulled out fibers to rebond/retract into matrix leads to a low stiffness area in the

cyclic stress-strain response, as shown in Fig. 31. Furthermore, the material stiffness

decreased pronouncedly with an increasing number of loading cycles (Jun and

Mechtcherine 2010). Han et al (2003) simulated the cyclic loading properties of

steel and fiber reinforced polymer (FRP) reinforced ECC structure member based on

Kesner’s work and obtained good results.

(a) not exceeding compressive strength (b) exceeding compressive strength
Fig. 2.30 PE-ECC specimens subjected to cyclic loading with compressive stress
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Fig. 2.31 Lower stiffness in the cyclic loading due to fiber pullout

Jun and Mechtcherine (2010a) conducted the single fiber tension test and

single-fiber pullout behavior in cyclic loading to explain the composites cyclic

performance. The response of single fiber is nearly linear; however, there is

considerable irreversible strain amounting to 41% of total strain after unloading. The

response of a single fiber under monotonic and cyclic loading regimes is shown in

Fig. 2.32 and a representative force-displacement curve under cyclic loading is

shown in Fig. 2.32b. Based on the experimental work, a theoretical constitutive

model of PVA-ECC under cyclic loading was established by Jun and Mechtcherine

(2010b).

(a) Single fiber (b) single fiber pullout
Fig. 2.32 Stress-strain curve under monotonic and cyclic loading regimes

(Jun and Mechtcherine 2010b)

(a) (b)
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However, according to the description in section 2.4.1, the strain rate may generally

have a negative influence on the tensile strain capacity on ECC, especially the

PVA-ECC. The cyclic response obtained at quasi-static loading regime may

overestimate the real response of ECC material under seismic loading strain rate.

Additionally, the single-fiber tension properties and single-fiber pullout properties

were also influence by strain rates described in section 2.4.3.

Recently, Muller and Mechtcherine (2017) studied the fatigue behavior of PVA-ECC

under direct tensile test using dumbbell shaped specimens with the dimensions of

24mm×40mm×240mm. Uniaxial tests were performed both as tension-swelling tests

and alternating tension-compression cyclic tests. The upper reversal point was

controlled either by a given deformation increment (0.2%, 0.002% or 0.00002%) or

load level (40%, 60% and 80% of the cracking load), and the lower reversal point

was determined by a given load value from tension to 50% of the compressive

strength. The experiments results showed that the number of stress-strain cycles

decreases pronounced with the increasing upper stress level, smaller applied strain

increments and with transition from purely tensile loading to alternating

tension-compression regime. Furthermore, the effects of these tests parameters on

tensile strain capacity and other material properties like number of cracks and crack

width were investigated. It is noticeable that the strain rate adopted was 10-2 s-1 to

simulate the strain rate of traffic loads. The representative tensile response in

deformation-controlled (DC) test and the SEM observation of fiber failure in the

fracture surface are presented in Fig. 2.33 and Fig. 2.34.
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Fig. 2.33 Stress-strain curves under DC test with
different deformation increment from 0.2% to
0.00002% (Muller and Mechtcherine 2017)

Fig. 2.34 Defiberations of PVA fiber in the
buckle Zone (Muller and Mechtcherine 2017)

2.6 SUMMARY

This chapter reviews the recent progress in the tensile properties of ECC. The

influences of fiber types, specimen size, specimen geometry and strain rates on the

tensile properties of ECC and the durability of ECC were summarized, hoping to

give useful information for its application in practical engineering.

In previous several decades, the PVA fiber which had an advantage of easy

dispersion in cementitious matrix, was dominantly utilized in ECC. However, the

hydrophilic property of PVA fiber made it really susceptible to rupture in matrix,

thus the PVA-ECC was not so robust and sensitive to the mix proportion and raw

materials. Due to the hydrophobic and high strength properties of PE fiber, it is

capable to produce both moderate and high strength ECC, while PVA fiber was more

suitable for the moderate strength. The high strength of PE fiber and low chemical

bond stress between PE fiber and matrix provided a large margin in complementary

energy J’b to crack tip toughness Jtip which helped to achieve a stable tensile

property both in short and long terms, and to reduce the sensitivity to raw materials.

The research on size effect of ECC was insufficient, thus no conclusive results of

tensile properties could be obtained at this stage. However, it is true that the
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specimen geometry had apparent influence on the tensile properties of ECC. A more

systematic study is needed to have a deeper understanding of size and geometry

effect on the tensile properties and to develop a size-independent stress-strain model

for structural application.

For the influence of strain rates, it is concluded that the cracking strength DIF and

tensile strength DIF increased moderately and linearly at strain rates up to about 1s-1

to 10s-1 followed by a much steeper increase in DIF at a higher strain rates for both

PE-ECC and PVA-ECC. The cracking strength and ultimate tensile strength of

PVA-ECC were generally more sensitive to strain rates than PE-ECC. The general

tendency of tensile strain capacity DIF decreased with the strain rates for both kinds

of ECCs, while PVA-ECC was more sensitive than PE-ECC due to the fiber

properties.

As a new material characteristic with tensile strain, the long term performance of

ECC should be paid more attention. PVA-ECC remained the tensile strain of 3% at

180 days after casting, while PE-ECC can sustain its strain capacity for more than

one year. A further understanding of long term property of ECC is really necessary

for practical application.

There is no conclusive result for the tensile properties of PVA-ECC subjected to

high temperature, but it is sure that due to the low molten point of PVA fiber, the

high tensile strain capacity disappears after 250°C. The PE-ECC was more

vulnerable to high temperature due to its lower molten point.

The concrete structures are exposed to more or less severe cyclic loading with

different strain rates. When the compressive strength of the material was not

exceeded, the cyclic tension-compression loading did not limit the tensile strain

capacity of ECC; otherwise the tensile strength and strain capacity of the material
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were reduced. The inability of partly pulled out fibers to rebond/retract into the

matrix led to a low stiffness area in the cyclic stress-strain response. The material

stiffness decreased pronounced with an increasing number of loading cycles. Based

on the experimental work, the tensile stress-strain constitutive model was

determined at monotonic and cyclic loading for structure design and simulation

work. Furthermore, since ECC is a rate-dependent material, it is suggested to obtain

the constitutive model in a specific strain rate.
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CHAPTER 3

DEVELOPMENT OF ULTRA-HIGH PERFORMANCE

ENGINEERED CEMENTITIOUS COMPOSITES AND

ITS BASIC MECHANICAL PROPERTIES

3.1 INTRODUCTION

Strength, ductility and durability are crucial properties for development of modern

concrete technology. High-strength concrete facilitates the design of size-efficient

structural members and provides additional strength safety margins (particularly in

compression) for structures. High ductility concrete prevents catastrophic structural

collapse by absorbing massive amounts of energy during extreme load/displacement

events-such as earthquakes and blasts, while the use of highly durable concrete

extends the service life of concrete infrastructure, reduces the life-time maintenance

cost and improves the infrastructure sustainability.

Ultra-high performance concrete (UHPC) has a high compressive strength up to 200

MPa, but a low tensile ductility up to 0.6% (Richard and Cheyrezy 1995; Cheyrezy

et al 1995; Zhang 2008; Zheng 2013). In contrast, strain hardening fiber

cementitious composites (i.e., engineered cementitious composites, ECC) featuring

with excellent ductility and multiple instances of micro-cracking with self-controlled

widths, can achieve a tensile strain capacity up to 3~5% (Shao and Shah 1995, Li et

al. 2001; Jun and Mechtcherine 2010; Van et al. 2007, 2012).

Recently, researchers have spent significant efforts in developing ultra-high

performance fiber-reinforced concrete (UHPFRC) with strain hardening properties

(Acker and Behloul 2004; Graybeal 2006; Kamal et al. 2008; Kunieda et al. 2010;
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Maeder et al. 2004; Orange et al. 1999, 2000; Park 2012; Sujiravorakul 2010; Wille

and Kim 2011; Yu et al. 2017). Figs. 3.1a-b presents a summary of the compressive

strength, tensile strength and tensile strain capacity of the UHPFRCs found in

existing literature. It is seen that, in most cases, the achieved tensile strain capacity

was around 0.6% based on the tests of dumbbell specimens under direct tension,

while the tensile and compressive strengths range from 10-18 MPa and 80-220 MPa,

respectively. There is a lack of good combination of strength and ductility in existing

UHPFRCs.

(a) Compressive strength vs. Tensile strain
capacity

(b) Tensile strength vs. Tensile strain
capacity

Fig. 3.1 A summary of the strength and ductility of UHPFRC

This chapter presents a further step development of the UHPFRC, which aims to

retain high tensile strain, strain hardening and multiple microcracking characteristics,

while achieving high tensile and compressive strengths. The detailed aims of the

mechanical properties are indicated in Fig. 1.2.

3.2 THEORETICALBACKGROUND

Achieving high compressive strength in concrete, the concept of ultra-high

performance concrete (UHPC) was utilized to reach a densely packed homogenous

cementitious matrix (and Cheyrezy 1995; Cheyrezy et al. 1995). While achieving
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high tensile ductility requires satisfaction of the necessary micromechanics-based

strain hardening criteria (Li et al. 2001; Ranade et al. 2013a; 2013b). Hence, the

UHP-ECC design approach entailed integrating these two approaches in a single

material by adapting the matrix of UHP-ECC optimized for compressive strength, in

combination with a high-performance fiber with an aspect ratio and interfacial

properties that satisfy the micromechanics-based tensile strain-hardening criteria.

In order to attain the multiple cracking states, two conditions should be satisfied

(Marshall et al. 1988; Li and Leung 1992). The first condition is that the matrix

tensile cracking strength σc must not exceed the maximum fiber bridging strength σ0.

0 c (3.1)

where σc is determined by the matrix fracture toughness Km and preexisting internal

flaw size a0.

The second condition is that the crack tip toughness Jtip to be less than the

complementary energy J'b, calculated from the bridging Stress σ versus crack

opening δ curve, as illustrated in Fig. 3.2 (Marshall et al.1988; Li and Leung 1992).
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Fig. 3.2 Typical σ (δ) curve for tensile strain-hardening composites
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While the strength based criterion represented by Eq. 3.1 controls the initiation of

cracks, the energy criterion (Eq. 3.2) governs the crack propagation mode.

Satisfaction of both Eq. 3.1 and 3.2 is necessary to achieve the strain-hardening

behavior. The pseudo strain-hardening (PSH) performance index has been used to

quantitatively evaluate the margin and is defined as follows (Kanda1998)

tip

b

J
J

PSH
'

 (3.4)

Focus was placed on ensuring a high complimentary energy as dictated by the

micromechanical model for pseudo strain-hardening (Li and Wang 2001; Ranade et

al. 2013a; 2013b). Ultra-high-molecular-weight polyethylene (UHMWPE, PE for

short) fiber was selected for use with the UHPC matrix instead of the hooked steel

fibers currently used in the conventional UHPC composites. The PE fiber was

selected due to its very high strength and hydrophobic nature. The high fiber

strength is needed to transmit, without rupturing, large interfacial frictional stress

generated by the densely packed UHPC matrix, and to increase the fiber-bridging

capacity relative to the high matrix cracking strength of UHPC. The hydrophobic

nature of PE fiber eliminates fiber/matrix chemical bond, which significantly

enhances the complimentary energy of fiber bridging (Ranade et al. 2013a).

In previous research (Ranade et al. 2013a; 2013b), the PE fiber with df = 28 μm and

Lf = 12 mm was selected to high-strength, high-ductility concrete mixture. A higher

Lf/df was not tried due to the processing difficulties. However, a higher Lf/df ratio

results in a larger fiber/matrix interfacial area for the same fiber-volume fraction

(Naaman et al. 1991; Lin et al. 1999) which increases the fiber-bridging capacity,

ultimate tensile strength and strain capacity of the composites. Therefore, a finer

diameter PE fiber with df = 20 μm and longer Lf = 18 mm was tried in mixture

UHP-ECC. This resulted in an increase in the Lf/df ratio from 428 in HSHDC-PE
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(Ranade 2013a) to 900 in the mixture UHP-ECC. The increase in the Lf/df ratio

resulted in an increase in the ultimate tensile strength of mixture UHP-ECC (20.0

MPa) compared to HSHDC (16 MPa) and an increase in tensile ductility.

3.3 EXPERIMENTALPROGRAM

A comprehensive experimental program was conducted to evaluate the direct tensile

property, compressive strength and Young’s modulus, flexural strength and fracture

energy of UHP-ECC. The fresh properties and mixing process were also reported.

The tensile crack pattern was investigated using the digital image correlation (DIC)

technique, providing information on the number of cracks and crack width

distribution.

3.3.1 Materials and mix proportions

Ordinary Portland cement (OPC) 52.5R was used in this study. Grade S105 Ground

granulated blast furnace slag (GGBS) according to Chinese Code (GB/T 18046 2008)

was incorporated to replace cement and silica fume (SF) was used as the secondary

cementitious material. Silica fume is a highly reactive supplementary cementitious

material that can promote the formation of secondary hydration products, thereby

maximizing the calcium silicate hydrate (C-S-H) content. GGBS is a beneficial

mineral admixture due to its pozzolanic nature at room temperature (Pal et.al 2003;

Kumar et.al. 2004; 2008; Li et.al. 2013). Its use can reduce the porosity and change

in the mineralogy of cement hydrates, leading to a reduction in mobility of chloride

ions (Yazici 2009). The silica flour used in conventional RPC was not used in the

current mixture due to its low reactive property at room temperature (Richard and

Cheyrezy 1995; Cheyrezy et al. 1995). Use of fine particles of silica fume (0.1 to 1

μm) and GGBS (1 to 100 μm) was expected to increase the density of the matrix and

aggregate-cement interface by filling the larger voids. A polycarboxylate-based
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high-range water-reducing admixture (HRWRA) from BASF Co. Ltd was used in

UHP-ECC to maintain the flow ability of the mixture at the very low water/binder

ratio. The aggregates or fillers used in the UHP-ECC matrix were primarily fine

silica sand with a maximum grain size of 180 μm and a mean size of 135 μm. Using

such a small aggregate size reduced the size of the weak interface between the

aggregate and the cement. A smaller aggregate also reduced the fracture toughness of

the matrix for crack initiation and work of fracture during the steady-state crack

propagation, both of which are desirable for composites ductility according to

micromechanics (Ranade et al 2013a).

Table 3.1 presents the chemical compositions of GGBS, SF and OPC, which were

obtained by the X-Ray Fluorescence (XRF) test. The typical physical and

mechanical properties of OPC are provided in Table 3.1 according to the supplier’s

information. The scanning electron micrograph (SEM) photographs of GGBS and SF

are shown in Fig. 3.3. Before scanning, the fine particles of GGBS and SF were

dispersed by an ultrasonic dispersing apparatus to reduce agglomeration. Gradation

curves of cement and GGBS determined from particle size analysis (PSA) is given in

Fig. 3.4. The particle size of GGBS is much finer than that of cement to ensure its

filling effect in the matrix. GGBS had a specific surface area of 720 m2/kg according

to PSA while SF had a value of 20000 m2/kg according to the manufacturer’s data. It

was difficult to obtain the particle size distribution of SF due to the agglomeration

problem. The binder composition of the matrix was designed using the factorial

design method (Shi et al 2015). The mixture proportions are given in Table 3.2.

Table 3.3 presents the physical/mechanical properties and the geometry of

polyethylene (PE) fibers. The ultra-high molecular weight PE was selected for its

high tensile strength and high modulus of elasticity. A high aspect ratio of fiber

length to diameter (Lf/df) results in a larger fiber/matrix interfacial area for the same
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fiber-volume fraction (Naaman 1991; Lin 1999) which increases the fiber-bridging

capacity, ultimate tensile strength and strain capacity of the composites. The PE fiber

used in present research has a diameter of 20 μm and a length of 18 mm with aspect

ratio at 900, which is far larger than the aspect ratio of steel fiber used in UHPC.

Table 3.1 Chemical composition, physical and mechanical properties of OPC, SF and GGBS

OPC SF GGBS

Chemical composition Properties of cement
SiO2 20.10 92.26 39.66 Specific gravity (g/cm3) 3.13
CaO 62.92 0.49 34.20 Cement (m2/kg) Blaine 380

Al2O3 5.62 0.89 12.94 Initial setting times (min) 130
Fe2O3 2.17 1.97 1.58 Final setting times (min) 210
MgO 1.14 0.96 6.94 Volume expansion (mm) 1.00
Na2O 0.30 0.42 0.20 Compressive strength (MPa)
K2O 0.85 1.31 1.44 7 days 53.2
SO3 2.92 0.33 0.72 28 days 61.9

L.O.I. 3.84 1.2 Specific surface (m2/kg)
Silica Fume 20000

GGBS 720

Fig. 3.3 SEM photographs of GGBS and silica fume
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Fig. 3.4 Particle size distributions of raw materials

Table 3.2 Mixture properties of UHP-ECC

Cement (C) (kg/m3)
Silica fume (SF) (kg/m3)
Ground granulated blast furnace slag (GGBS)( kg/m3)
Silica sand (kg/m3)
Water(W)(kg/m3)
PE fiber (kg/m3)
HRWRA (kg/m3)
W/(C+SF+GGBS)
W*/(C+SF+GGBS)

800
150
750
500
230
20
25
0.135
0.140

Note: W* included the water from HRWRA

Table 3.3 PE fiber properties

Fiber properties Value

Diameter df, μm 20

Length Lf, mm 18

Volume fraction Vf, % 2

Nominal strength, MPa 3000

Nominal Young’s modulus, GPa 100

Elongation at break, % 2-3

Specific gravity, g/cm3 0.97

Melting temperature, ºC 150



60

3.3.2 Specimen preparation

Dogbone-shaped specimens (Fig. 3.5), were used in this study to measure the

complete stress-strain behavior of UHP-ECC under direct uniaxial tension (JSCE

2008). Four UHP-ECC dogbone specimens were cast and tested after 28 days curing.

The dogbone geometry forces most of the cracks to occur in the gauge region that

has a smaller cross-sectional area, thus allowing more reliable measurement of the

tensile strains.

Fig. 3.5 Dimension of dogbone specimen

The uniaxial compression compressive strength of UHP-ECC was measured using

cubes with two different edge lengths of 70.7 mm and 100 mm (CECS 2009, Ranada

et al. 2013), both of which have been widely used in existing research. The

compressive modulus of UHP-ECC was measured by six prisms with a length of

200 mm and a cross section of 100 × 100 mm. Four beams with length of 500 mm

(span length of 450 mm), width of 100 mm, and depth of 100 mm were cast for

four-point flexural tests (CECS 2009). The detailed dimensions are shown in Fig.

3.6.
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Fig. 3.6 Dimension of beam specimens for flexural tests (CECS 2009)
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Fig. 3.7 Dimension of single-crack specimen

Six notched prism specimens of dimension 305 × 76 × 38 mm with a notch-depth

ratio of 0.4 were prepared to measure the matrix toughness. The bridging stress (σ) -

crack opening (δ) relation (σ-δ curve) of UHP-ECC was experimental determined

from five single-crack tests with notched rectangular coupons. The detailed

dimensions are shown in Fig. 3.7.

3.3.3 Mixing procedure

The mixing procedure was purposely designed to ensure good fiber dispersion

leading to good material performance. The mixtures were prepared in a planetary

type, vertical axis, speed adjustable mixer (two speed grades). The speed of the

mixer could be adjusted up to 420 rpm. Dry powders and aggregates were mixed

with the agitating speed of 140 rpm for about 1 min. After the addition of water

(with HRWRA), the mixtures were mixed for about 10 mins with the agitating speed
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of 140 rpm and then 470 rpm for another 2 mins. PE fibers were evenly added in

four batches. After half fibers were added, the mixing speed turned to 420 rpm for 1

min for better fiber dispersion. After all the fibers were added, the agitating speed

was maintained at 420 rpm for another 2 mins. Finally, obvious particle

agglomerations on the mixing blade were removed using hand operation. Fig.8

illustrates the mixing procedures. Because of the high binder volume and very low

water/binder ratio, consistency of mixtures was low. Thus, casting and compaction

were realized by mechanical vibration. The specimens were kept in the mould for 24

hours at room temperature. After demolding, all the specimens were cured in room

temperature for 28 days. No heat curing was adopted to avoid thermal damage to PE

fibers according to the suggestion of the material supplier.

Dry powder and
silica sand

Flowable matrix

UHP-ECC

Add water and mix for
10 minutes

Add adding half fiber Add adding all the fiber

Fig. 3.8 Mix process of UHP-ECC

3.3.4 Test setup and procedures

The slump of the matrix (without fibers) and composites (with fibers) was measured

according to CECS (2009) using flow table test. The tensile tests were conducted at

a fix loading rate of 0.5 mm/min according to JSCE (2008). The test set-up is shown

in Fig. 3.9. Two linear variable differential transformers (LVDTs) were mounted on

both sides of the test specimens to measure the elongation in the gauge region with
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the length of 80 mm during the whole test.

LVDTLVDT Frame for LVDTs

Grip for specimen

Fig. 3.9 Test setup of direct tensile test

Fig. 3.10 Test setup of four-point bending

In addition, crack pattern analysis was conducted by using the DIC technique

(Kozicki and Tejchman 2007; Shah and Kishen 2010, Choi and Shah 1997). DIC is a

non-contact measurement method to analyze the surface displacement/strain within

a calculated area of an object. The most significant advantage of the DIC technique

is that it can provide full field surface displacement/strain with high resolution,

which is difficult to be accomplished by conventional strain gauge measurement

(Choi and Shah 1997)

For the DIC analysis, random speckle pattern was created on the specimen surface
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using white and black spray painting. A digital camera was mounted on a tripod in

front of the testing machine, and digital images were taken at a 20-second interval

using remote control. Then 2-D image correlation analyses were conducted to

measure the in-plane deformations using a commercial software VIC 2DTM.The

four-point bending tests were performed on UHP-ECC beams following the Chinese

standard test specification (CECS 2009). A constant loading rate of 1 mm/min was

used in these bending tests. The deflections at support, loading points and mid-span

point were traced by five LVDTs (Fig. 3.10). The DIC method was also utilized to

monitor the deformation/strain field during the whole load process.

Figure 3.11 is the test setup used for cube compression tests. A closed loop

displacement-controlled testing machine with the capacity of 3000 kN was used to

load the cubes. The compressive loading rate for the cube specimens (70.7 mm and

100 mm) was 1 MPa/s according to CECS (2009). However, for prism specimens,

the loading rate was fixed at 0.04 mm/s to ensure a stable load-displacement curve.

The compressive displacement was measured using two high-precision

potentiometers spanned 100 mm on the two sides of the prisms (Fig. 3.11).

Fig. 3.11 Set-up of compression tests

(a) Cube specimen (b) Prism specimen



65

3.4 RESULTS AND DISCUSSION

3.4.1 Flow ability and density

The UHP-ECC matrix is well flowable with a slump of approximately 220 mm,

while the composites is moderately flowable with a slump of approximately 160 mm.

As a result, a moderate level of vibration may be needed to place it properly in the

molds or formwork. The density was determined by measuring the weights and

actual dimensions of cube and prism specimens. The average density was 2405

kg/m3 with a coefficient of variation (C.o.V) of 2%. In spite of the absence of coarse

aggregates, the bulk density of UHP-ECC is similar to that of normal concrete (2300

to 2400 kg/m3), which is attributed to the dense particle packing within the

UHP-ECC matrix.

3.4.2 Tensile properties

Figure 3.12 shows the typical tensile stress-strain curves of UHP-ECC at the curing

age of 28 days. It is seen that all the specimens exhibited tensile strain-hardening

behavior. The average tensile strength of the dogbone specimens approached 17.42

MPa with a C.o.V of 6%. The corresponding average tensile strain capacity was

8.17% with the C.o.V of 5%. The average initial cracking stress was 10.2 MPa with

a C.o.V of 5%. The average tensile elastic modulus of UHP-ECC was computed

from the slope of tensile stress-strain curve and the value was 41.2 GPa with a C.o.V

of 3%. The specific fracture energy under direct tension was greater than 1200

kJ∙m3.
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Fig. 3.12 Tensile stress-strain curves of UHP-ECC

Figure 3.13 shows the DIC pictures of tensile specimens at different strain levels. It

is very clear that multiple cracks saturated over the calculated area as the strain level

increases. Most importantly, cracks were not localized even under a high imposed

strain level. When unloading, the residual crack width of tensile specimens can be

less than 100 μm, indicating that UHP-ECC can have low permeability compared to

conventional fiber reinforced concrete.

Fig. 3.13 The DIC pictures of UHP-ECC
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3.4.3 Flexural properties

The four-point bending test results of two UHP-ECC beams with the dimensions of

100 × 100 × 500 mm are shown in Fig. 3.14. In this figure, the flexural stress is

plotted against the mid-span net deflection of the beam. The flexural stress was

computed from the applied load and the dimensions (100  100  500 mm) of the

UHP-ECC beams. The average initial cracking stress (the flexural stress

corresponding to first crack) and modulus of rupture (MOR) of the four beams were

20.40 MPa and 27.68 MPa, respectively. After cracking, the flexural beam

experienced a deformation hardening process till the peak stress. In addition,

UHP-ECC beams exhibited extremely high ductility along with the high MOR. The

average mid-span deflection at the MOR reached 10.1 mm, which was about 1/50 of

the span length. The combination of high strength and high ductility ensured the

excellent energy absorption capacity of UHP-ECC, which is a very important

characteristic needed for seismic applications.

The deflections of one specific flexural beam along the span at different load stages

are shown in Fig. 3.15. The mid-span net deflection and loading point net deflection

were computed as the average measurement of the LVDT at one side and the DIC

result at the other side of the UHP-ECC beam. Before cracking, the deflection is

small due to the high elastic modulus of UHP-ECC. Afterwards, the deflection

increased continuously during the loading process till to the peak stress, and

eventually a localized crack occurred in the flexural beam. The deflection

corresponding to the peak stress reached 10.7 mm (i.e., about 1/50 of beam span).
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Fig. 3.14 Flexural stress vs. mid-span
displacement curves of UHP-ECC beams

Fig. 3.15 Flexural deflection along tested beam
at different loading stages

Figures 3.16a-d show the crack pattern and development of one of the flexural

beams monitored by DIC method during the whole loading process. At the load level

of 31 kN, a first crack occurred. Afterwards, the number of cracks increased with the

load while the crack width kept almost constant at 42 kN. At the peak load, multiple

cracks developed over the constant moment zone, but were not saturated even at the

deflection to span ratio of 1/40 as shown in Fig. 3.15d.

(a) First crack (31 kN) (b) Fifth crack (42 kN)

(c) Peak load (54 kN) (d) 1/40 deflection to span ratio (52 kN)
Fig. 3.16 Crack pattern of flexural beam at different loading stages
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3.4.4 Compressive properties

The uniaxial compression test results from six 70.7 mm cubes and six 100 mm cubes

are summarized in Table 3.4. The average compressive strength of these two types

of cubes are 121.5 MPa and 111.4 MPa for 70.7 and 100 mm cubes respectively. The

compressive strength decreased slightly with size increase. The ratio of compressive

strengths of 100 mm cube to 70.7 mm cube is 0.92, which is coincident with the

previous knowledge (Graybeal and Davis 2008; Del et al 2008). The compressive

Young’s modulus was determined from the compressive stress-strain curve of 100 ×

100 × 200 mm prisms. The average compressive Young’s modulus of UHP-ECC

was 40.9 GPa with the C.o.V of 9.2%. The stress-strain curves of 100 mm prisms

are shown in Fig. 3.17. The curves are linearly elastic up to peak and then become

nonlinear due to the occurrence of microcracks in the prisms. These cracks were

stabilized through the fiber-bridging effect, resulting in a relatively smooth

descending part as compared to the sharp decrease that was typically observed in

case of high-strength concrete (Wee et al 1996; Mansur et al 1999; Graybeal 2007).

After the peak load, the load drop stopped at about 100 MPa and then decreased

gradually to zero with the increasing compressive strain.

Table 3.4 Compressive properties of UHP-ECC

Cube Prism

70.7 mm
strength
(MPa)

100 mm
strength
(MPa)

Strength
(MPa)

Strain at the
peak stress

(με)

Young’s Modulus
(GPa)

125.00 108.46 123.70 3115 44.28

110.51 104.77 121.06 2848 43.76

122.54 113.93 117.23 2790 44.61

126.36 112.72 116.39 3065 44.39

125.78 113.63 — — —

118.84 114.72 — — —
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Average 121.50 112.69 119.60 2954 44.26

STD 6.05 3.91 9.90 160 0.31

C.o.V 0.050 0.035 0.085 0.054 0.007

Fig. 3.17 Compressive stress-strain curves of UHP-ECC prisms

3.5 SINGLE-CRACK TEST RESULTS

The bridging stress (σ)-crack opening (δ) relation (σ-δ curve) of UHP-ECC was

experimental determined from five single-crack tests with notched rectangular

coupons (Fig. 3.7) tested under direct tension. All the five measured curves are

shown in Fig. 3.18. Two distinct phases are observed in the measured curves.

Initially, when the ligament was uncracked, the tensile load raised elastically with

applied displacement as the cementitious matrix carries the majority of the load.

This was accompanied by a proportional increase in stress intensity at the notch tip.

Once the stress intensity exceeded the fracture toughness of the matrix, sudden crack

propagation occurred, resulting in loss of tensile stress previously carried by the

matrix (Fig. 3.18). After this point, applied tensile load was equal to the bridging

stress transferred by the fibers across the crack. The tensile load increased again

with increasing crack opening until the collective bridging capacity of the fibers was
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exhausted. The bridging stress gradually decreased after this point as an increasing

number of fibers were either pulled out or broken.

For the multiple cracking criteria (Li et al. 2001), only the increasing portion of the

σ-δ curve up to the bridging capacity was utilized (shown in Fig. 3.18). The average

bridging capacity (peak of σ-δ curve) thus measured at the notched sections of the

five specimens was 14.12 MPa, which was higher than the cracking strength of

matrix with 10.23 MPa. The average J'b calculated from the σ-δ curve was 2086.08

N/m with a COV of 6%. The Jtip could be calculated by Eq. 3.3 with Km for the

UHP-ECC matrix was 1.02 MPa∙m1/2 determined by the three point bending test. Em

was assumed equal to the composites tensile modulus equaling to 41.2 GPa. The

average Jtip calculated from the three point bending test of matrix was 24.75 N/m

with a COV of 10%. Therefore, the PSH value, i.e., J'b/Jtip equaled to 83, which

highly satisfies the energy criterion of Eq. 3.4 and ensured the multiple cracking

property of UHP-ECC. The high Lf/df PE fiber used in the research largely increased

the bond strength between the fiber and the matrix, which increased the

complementary energy Jtip.

Fig. 3.18 Bridging stress (σ)-crack opening (δ) relation
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3.6 MICROSTRUCTURE OF UHP-ECC

The microstructure of the tested specimen was investigated by Hitachi S3400 N

scanned electron microscope (SEM) analysis. The samples were prepared by taking

small pieces from the dogbone specimens on the fractured surface. The

microstructure and morphology of the UHP-ECC samples were observed on

fractured surfaces using the secondary electron imaging. Figs. 3.19a-b show the

images of the PE fiber and PE fiber/matrix interface. Due to the high strength of the

matrix and the large Lf/df of PE fiber, the bond strength between the PE fiber and the

matrix was strong enough to fracture the PE fiber. Several fracture surfaces of PE

fibers were observed in Fig. 3.17a. The lateral surface of PE fiber also suffered

severe damage during the pull out or the fracture process.

(a) Fiber fracture and surface damage (b) Fiber/matrix interface
Fig. 3.19 SEM images of PE fiber and fiber/matrix interface

Figure 3.20 also revealed that the UHP-ECC has very dense microstructures. In

general, the matrix phase of UHP-ECC is significantly denser and more

homogeneous than that of normal concrete, leading to very low porosity. A few

entrapped air pores were also found in the UHP-ECC matrix (Fig. 3.20a). Most of

these spherical pores with the diameter ranging between 10-150 μm were formed

possibly due to the side effect of high amount of superplasticizer. These pores were
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partially filled with tobermorite Fig. 3.20b. Energy dispersive spectroscopy (EDS)

analysis in Fig. 3.21 showed that the Ca/Si, S/Ca and Al/Ca ratios of this type of

tobermorite were 1.78, 0.027 and 0.17, respectively.

(a) Specimen cross section (b) Tobermorite in one pore
Fig. 3.20 SEM images of specimen matrix

Fig. 3.21 EDS analysis at point A of tobermorite

3.7 CONCLUSIONS

Ultra-high performance engineered cementitious composites (UHP-ECC) that

combines the high strength and high ductility has been developed in this chapter.

Ultra-high-molecular-weight polyethylene (PE for short) fibers were used and

special attention has been paid to the mix process to ensure a satisfactory material
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property. Through a comprehensive test program on the mechanical properties the

following findings have been obtained.

(1) The average tensile strength of the dogbone specimens approached 17.42 MPa

with a C.o.V of 6%. The corresponding average rupture strains was 8.17% with the

COVs of 5%. The average initial cracking stress was 10.3 MPa with a C.o.V of 5%.

The specific fracture energy of UHP-ECC under direct tension was greater than

1200 kJ∙m-3.

(2) The average modulus of rupture (MOR) of UHP-ECC beams could achieve

27.68 MPa with a C.o.V of 4%. Along with such high MOR, the beams exhibited

extremely high ductility, as the average of the mid-span net deflection corresponding

to the MOR achieved about 2.5% of the span length.

(3) The average compressive strength values were 121.5 MPa and 112.69 MPa for

70.7 mm and 100 mm cubes respectively. The compressive strength decreased

slightly with the increasing size due to the size effect. The average compressive

Young’s modulus was 44.26 GPa with a C.o.V of 0.7%. The strain corresponding to

the peak stress reached 2954 με.

(4) Due to the high strength of the UHP-ECC matrix and the large Lf/df, the bond

strength between the PE fiber and matrix was strong enough to fracture the PE fiber,

which was also validated by SEM observation. The lateral surface of PE fiber

suffered severe damage during the pull out or the fracture process.
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CHAPTER 4

INFLUENCE OF FIBER REINFORCEMENT ON THE DIRECT

TENSILE PROPERTIES OF UHP-ECC

4.1 INTRODUCTION

In UHPC, short and smooth steel fibers (Wille and Kim 2011, Chanvillard and

Rigaud 2003, Jungwirth and Muttoni 2004, Wuest et al. 2008), deformed steel fibers

in the hooked or twisted form (Wille et al. 2014), micro fibers and macro fibers were

singly or hybridly utilized (Park et al. 2012) as summarized in Table 4.1. It is seen

that use of steel fiber with an approximate fiber aspect ratio of 100 could achieve the

strain hardening behavior up to 0.5%. While, steel fiber with larger aspect ratio

(with finer diameter and longer length), which may help to produce a larger

elongation of the composites, is not commercially available. The properties of

ultra-high performance strain hardening cementitious composites (UHP-SHCC) also

listed in Table 4.1 (Kamal et al. 2008, Ranade et al. 2013). The polyethylene fiber

used in UHP-SHCC has larger fiber aspect ratio of 430-500, which leads a lager

strain capacity up to 3.5%.

For PVA fiber used in the ordinary-strength ECC, Lf/df and Vf are fixed due to its

higher interfacial stress with matrix and lower tensile strength (Li 2003). While it is

known that the fiber reinforcement (VfLf/df), the product of fiber volume (Vf) and

fiber aspect ratio (Lf/df), has a positive correlation with the tensile properties of ECC

(Li 2003). A higher Lf/df ratio results in a larger fiber/matrix interfacial area for the

same fiber volume fraction (Naaman and Najm 1991, Lin and Li 1997), which

increases the fiber bridging capacity, ultimate tensile strength and strain capacity of

the composites. It is feasible to combine the fiber parameters of the PE fibers to

achieve different tensile properties of UHP-ECC, due to its high strength and lower
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interfacial stress with matrix.

Table 4.1 Tensile properties of steel and PE fiber-based UHPC

Name Type of fiber

Fiber parameter Mechanical properties

ReferenceLf

mm

df

mm

Vf

%

Aspect

ratio
σtu

MPa
εtu

%
fc

MPa

DUCTAL Smooth Steel fiber 13–15 0.2 2.0 65-75 12.0 0.3 160–240 Chanvillard
2003

CERACEM Smooth Steel fiber 20 0.3 2.5 66 9.9
0.02

5
199

Jungwirth
2004

Maeder
2004

UHPFRC1 Smooth Steel fiber 10 0.2 6.0 50 9.65 0.07 150–200 Wuest 2008

UHPFRC2 Smooth Steel fiber 13 0.16 4.0 80 12.6 0.27 150–200 Wuest 2008

S-UHPFRC Smooth Steel fiber 13 0.2 2.5 65 14.2 0.24 200 Wille
20011a, b

T-UHPFRC Twisted Steel fiber 30 0.3 2.0 100 14.9 0.61 200 Wille
20011a, b

H-UHPFRC Hooked Steel fiber 30 0.375 2.0 80 14.0 0.45 200 Wille
20011a, b

UHP-SHCC PE fiber 6 0.012 2.0 500 12.0 3.4 96 Kamal 2008

HDHSC PE fiber 12 0.028 2.0 430 16 3.5 160 Ranade
2013a

Note: Lf means fiber length; df means fiber diameter; Vf means fiber volume ratio; σtu means the peak stress of

the composites; εtu means the strain corresponding to the peak stress; fc means the compressive strength.

This chapter focuses on the influence of VfLf/df on the tensile properties of

UHP-ECC including its tensile strength, tensile strain capacity, strain energy and

crack distribution characteristics, based on which a tensile stress-strain model can be

established.

4.2 EXPERIMENTALPROGRAM

4.2.1 Materials and mix proportions

The raw materials utilized in this chapter for UHP-ECC are the same as those

described in section 3.3.1. The chemical compositions and key physical and

mechanical properties of cementitious materials (OPC, SF and GGBS) are given in

Table 3.2. Gradation curves of cementitious materials and silica sand determined
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from particle size analysis are given in Fig. 3.4. The mix proportions along with

weight of each constituent per volume are given in Table 3.2.

The physical/mechanical properties and the geometry of the PE fibers are given in

Table 4.2. Three kinds of PE fibers with different aspect ratios were utilized, aiming

to achieve a high strength and a high complementary energy of crack bridging that is

favorable for multiple steady-state cracking (Ranade et al. 2013a). In previous

research (Ranade et al. 2013a, b), the PE fibers with df = 28 μm and Lf = 12 mm

were selected to achieve the high strength and high ductility properties of UHPC. No

higher Lf/df was tried due to the processing difficulties as mentioned by the

researchers. In the present research, PE fibers with diameters of 20 and 24 μm and

length of 12 and 18 mm, which resulted in three Lf/df values of 500, 750 and 900,

respectively, were tried for the production of UHP-ECC (see Table 4.2).

Table 4.2 Properties of PE fibers

PE Fiber Type 1 Type 2 Type 3

Diameter df, μm 24 24 20
Length Lf, mm 12 18 18

Aspect ratio Lf/df 500 750 900
Experimental strength, MPa 2400 2400 2800

Nominal Young’s modulus, GPa 100 100 120
Elongation at breakage, % 2-3 2-3 2-3

Specific gravity, g/cm3 0.97 0.97 0.97
Melting temperature, ºC 150 150 150

4.2.2 Specimen preparation

Plain dog bone-shaped specimens (see Fig. 3.5), were used in this study to measure

the full-range stress-strain behavior of UHP-ECC under direct uniaxial tension. At

least four dog bone specimens were prepared for each combination of testing

parameters (14 combinations in total as indicated in Table 4.2) and tested to learn the

tensile properties of UHP-ECC at 28 days. The dog bone geometry ensures most of

cracks to occur in the central gauge region, which had a narrow cross section, to

allow a more reliable measurement of the tensile strain. 50 mm cube specimens were
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used for the compressive tests and 10 identical specimens were used obtain the

compressive strength for each combination of testing parameters.

4.2.3 Test program

The test program consisted of both direct tensile tests and compressive tests of

UHP-ECC. The compressive strength of UHP-ECC was measured after 28 days of

curing. Different aspect ratios (Lf/df) and different fiber volume ratios (Vf) of PE

fibers were adopted to investigate the influence of fiber parameters on the tensile

properties. The detailed test plan is presented in Table 4.5. In addition the matrix

strength (i.e., without the addition of fibers) was also obtained using the dogbone

specimen. The initial cracking stress σtc, the peak stress σtu, the strain capacity εtu and

the strain energy gse were obtained from the tensile stress-strain curves. The

relationships between the above parameters and the fiber reinforcing index Vf(Lf/df)

was established. Additionally, the number of cracks Cn, crack width Cw and crack

spacing Cs during the loading and after unloading were monitored. The main

purpose of this research was to investigate the influence of fiber volume ratio on the

tensile properties. Thus, the fiber volume ratio for compressive specimen in this

research was fixed at 2%. In order to induce pseudo strain hardening behavior and

multiple cracking a critical fiber volume needs to be achieved. For randomly

distributed short fibers Eq. (4.1) provides a rough estimation of the critical fiber

volume, considering the properties of fiber, matrix and interface interaction (Lin and

Li 1997, Li et al. 1995, Kanda and Li 1998).

  0ff

ccrit
f

12
 dLg

JV  (4.1)

ff

2
f

0 dE
L  (4.2)

where Jc is the matrix crack tip toughness equaling to 24.8 J m2 by three point

bending test (Yu et al. 2018), g is the snubbing factor (increase in bridging force
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across a matrix crack when a fiber is pulled out at an inclined angle) which can be

taken as 1.62 according to (Ranade et al. 2013), τ is the single fiber interface

frictional bond strength equaling to 1.47 MPa (Yu et al. 2018) in the same research

group. This bond strength is very close to the value obtained in previous research

(Ranade et al. 2013), Ef, Lf and df are the fiber Young’s modulus, fiber length and

fiber diameter, respectively and δ0 is the corresponding crack opening of the matrix

corresponding to the maximum fiber bridging stress. The values of δ0 for Type 1,

Type 2 and Type 3 PE fibers are 0.09 mm, 0.20 mm and 0.17 mm, respectively. The

calculated critical fiber volume ratios are listed in the Table 4.3.

Table 4.3 Detailed test plan of UHP-ECC and critical fiber volume ratio

Fiber aspect

ratio Lf/df

Fiber volume ratio

1.25% 1.5% 1.75% 2.0% 2.25% 2.5% 3.0%
Critical fiber

volume ratio

500 (Lf=12,

df=24 μm)
× √ √ √ √ √ √ 0.70%

750 (Lf=18,

df=24 μm)
× √ √ √ √ × × 0.20%

900 (Lf=18,

df=20 μm)
√ √ √ √ × × × 0.20%

For Type 1 PE fiber (i.e., PE-12-24) with the length of 12 mm and the diameter of

24 μm, five different fiber volume ratios ranging from 1.5% to 3% were used in the

cement matrix. Here the form of PE-Lf-df is used to present the fiber parameters

more clearly. For PE-18-24 fiber, four different fiber volume ratios ranging from

1.5% to 2.25% were used, while for the fiber with the length of 18 mm and diameter

of 20μm, four different fiber volume ratios ranging from 1.25% to 2% were used.

The maximum fiber volume ratios used in the tests for the three types of PE fibers

were limited by the difficulty in mix because the workability of UHP-ECC is closely

related to the fiber parameters (fiber volume and fiber aspect ratio).
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4.2.4 Mixing procedure

The mix procedure was the same as the one described in section 3.3.3. The

flowability of matrix without fiber was larger than 300mm by the flow table test.

While the flowabilities of UHP-ECCs were significantly reduced by the fiber

reinforcement, e.g., the flowability of PE-18-24-2% was 190 mm. Thus, the casting

and compaction of UHP-ECC specimens were realized by mechanical vibration for

5 mins. After that, the specimens were kept in the molds for 24 h at room

temperature. After demolding, all the specimens were cured at room temperature for

28 days. No heating curing was adopted to avoid the thermal damage on PE fibers

following the suggestion from the material supplier.

4.2.5 Experimental setup and procedure

The geometry of test specimens and the test set-up are shown in Fig. 3.5 and Fig. 3.9,

respectively. The cross section of each tensile specimen was 30 mm × 13 mm and

the gauge length was 80 mm. The alignment of tensile set-up was carefully checked

before loading to avoid potential eccentricity. Two hinges were used at the end of

steel grip to allow multi-directional rotations. The tensile tests were conducted at a

fix loading rate of 0.5 mm/min according to JSCE (2008). A special test frame was

used to measure the elongation of the specimens using two linear variable

displacement transducers (LVDTs), as shown in Fig. 3.5. The average reading of two

LVDTs was used to calculate the tensile strain. The load was measured using a load

cell directly attached to the loading frame.

4.3 RESULTS AND DISCUSSION

4.3.1 Experimental stress-strain curves and tensile properties

Figure 4.1 illustrates a typical tensile stress-strain curve of UHP-ECC. The

parameters highlighted during the investigation were: (1) the initial cracking
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strength (σtc), (2) the peak stress (σtu), (3) the strain capacity corresponding to the

peak stress (εtu), (4) the energy absorption capacity (gse), (5) the number of cracks

(Cn), (6) the average crack width (Cw), and (7) the average crack spacing (Cs).

0
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0 2 4 6 8
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Fig. 4.1 Typical tensile stress-strain curve and parameters

Figures 4.2 and 4.3 present the average experimental tensile stress - strain curves of

UHP-ECCs in three test series with different fiber reinforcements as well as the

representative crack patterns of UHP-ECCs made of PE-18-24. The average values

of tensile properties were used to investigate the influence of fiber volume ratio.

Detailed information of the above mentioned seven parameters (i.e., σtc, σtu, εtu, gse,

Cn,Cw andCs ) are summarized in Table 4.6.

The initial cracking stress represents the turning point from the linear elastic portion

to the strain hardening portion of the stress-strain curves. In some specimens,

fluctuations occurred in the linear elastic part and then increased again until the

strain hardening part. Therefore, the value of initial cracking stress was determined

from the beginning point of the strain hardening branch of the stress-strain curves.

The strain energy was calculated using the area underneath the ascending branch of

stress-strain curves. The descending branch of the stress-stain curves during the

crack localization stage was not considered in this calculation.

σtu,εtu

σtc, εtc

gse



88

(a) Average stress-strain curves of PE-12-24 (b) Average stress-strain curves of PE-18-24

(c) Average stress-strain curves of PE-18-20
Fig. 4.2 Average stress-strain curves of UHP-ECCs with different fiber volumes

The number of cracks for each specimen was obtained by visually observing and

counting the cracks from both sides of specimen. It was found that most

micro-cracks went through four surfaces of the specimens. The average crack width

at the loading stage was calculated using the elongation to divide the number of

cracks within the gauge length (80 mm), and the crack spacing (e.g., elongation

divided by number of cracks) could also be obtained. It is noticed from Fig. 4.2 that

the strain hardening behavior became much more apparent and stable with

increasing the fiber volume ratio. The peak stress σtu, the corresponding strain εtu and

the strain energy gse increased significantly when the fiber volume ratio increased

from 1.25% to 3% with specific values shown in Table 4.6.
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(a) Vf = 1.5% after loading (b) Vf = 1.75% after loading (c) Vf = 2% after loading

(d) Vf = 2.25% after loading (e) Vf = 2% at loading stage
Fig. 4.3 Crack patterns of UHP-ECCs made of PE-18-24

Figures 4.3 shows the cracking patterns of UHP-ECC after unloading which indicate

that UHP-ECCs exhibit significant multiple cracking behavior. During the loading

stage, the microcracks increased from unsaturated to saturated distribution along the

gauge length and the number of cracks increased significantly with the fiber volume.

In the meantime, the crack spacing and crack width decreased with the increasing

fiber volume ratio. Figure 4.4 shows that the tensile stress and tensile rupture strain
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increased significantly with the fiber aspect ratio given the same fiber volume ratio.

(a) Vf = 1.5% (b) Vf = 2.0%
Fig. 4.4 Effect of fiber aspect ratio on the average stress-strain curves

Table 4.4 summarized the values of key tensile parameters of UHP-ECCs as

mentioned in previous sessions. For PE-12-24, when Vf increased from 1.5% to 3%.

σtu increased from 10.29 MPa to 14.42 MPa, with a rise of 40%, εtu increased three

times from 2.2% to 6.6%, while gse increased nearly four times from 197 to 823

kJ∙m-3. On the other hand, Cn increased from 8 to 47, Cw decreased more than half

from 253 μm to 115 μm, and Cs decreased from 11 mm to 1.75 mm in the 80 mm

gauge length. The similar phenomenon can be observed in other two series

(PE-18-24 and PE-20-24 in Table 4.4).

Table 4.4 Summary of key tensile parameters of UHP-ECC specimens

Fiber type VfLf/Df

Initial

cracking

stress

σtc

Peak stress

σpc

Strain

capacity

εpc

Strain

energy

gse

Number

of

cracks

Cn

Crack

width

Cw

Crack

spacing

Cs

MPa MPa % kJ∙m-3 μm mm

PE-12-24

7.50 8.15(1.26) 10.29(0.81) 2.20(0.67) 197(80) 8(2) 253(18) 10.7(2.6)

8.75 8.15(0.88) 10.68(0.31) 3.52(1.04) 329(78) 14(4) 196(8) 5.9(1.6)

10.00 9.54(0.80) 12.06(1.32) 5.11(1.30) 569(86) 23(2) 163(24) 3.6(0.3)

11.25 11.02(0.67) 13.56(0.69) 6.40(0.28) 766(100) 39(4) 156(23) 2.1(0.2)

12.50 11.16(0.69) 13.73(2.04) 6.56(1.41) 769(90) 41(9) 132(11) 2.0(0.5)

15.00 11.30(0.62) 14.42(0.39) 6.60(0.67) 823(87) 47(9) 120(20) 1.8(0.4)
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PE-18-24

11.25 11.60(0.54) 13.79(0.56) 5.57(0.02) 656(5) 23(2) 192(18) 3.4(0.3)

13.13 9.64(0.42) 14.55(0.14) 6.70(0.48) 794(40) 34(5) 161(14) 2.4(0.4)

15.00 9.19(1.98) 16.46(1.10) 8.00(1.22) 1036(203) 42(5) 151(10) 1.9(0.2)

16.88 12.09(1.19) 17.75(1.75) 7.78(0.28) 1138(42) 45(2) 133(11) 1.9(0.3)

PE-18-20

11.25 9.41(1.28) 12.23(1.22) 4.74(0.93) 419(60) 23(2) 182(14) 3.6(0.4)

13.50 11.66(1.06) 14.61(0.28) 4.90(0.94) 604(108) 24(3) 163(9) 3.4(0.4)

15.75 9.88(0.74) 14.33(0.89) 6.11(0.61) 734(72) 35(2) 142(7) 2.3(0.1)

18.00 10.04(0.66) 17.86(1.21) 7.91(0.85) 1098(138) 46(8) 132(15) 1.8(0.3)

Note：The value in parentheses is the corresponding standard deviation.

For all the three series of fiber reinforcement, the increase in σtu (40%, 34% and 46%

for PE-12-24, PE-18-24 and PE-18-20, respectively) was significantly lower than

the corresponding increase of fiber content (100%, 50% and 60% for PE-12-24,

PE-18-24 and PE-18-20, respectively) due to the fiber orientation effects. On the

other hand, the increase in εtu (200%, 40% and 67% for PE-12-24, PE-18-24 and

PE-18-20, respectively) was much larger compared to the corresponding fiber

content increase, which also contributed to a significant increase of gse.

4.3.2 Effects of Vf and Lf/df

Figure 4.5 shows the influences of fiber volume ratio and fiber aspect ratio on the

tensile properties of UHP-ECC and compares the significance of these two

parameters. Four tensile parameters, which are peak stress σpc, strain capacity εpc,

stain energy gse and number of cracks Cn, are discussed. When Vf increased by 33%

from 1.5% to 2.0%, the peak stress increased by 17%, 23% and 22% for PE-12-24,

PE-18-24 and PE-18-20, respectively. On the other hand, given the same fiber

volume ratio (e.g., 2%), the peak stresses were 12.06 MPa, 16.46 MPa and 17.86

MPa when Lf/df were 500, 750 and 900, respectively. The increases in peak stress

were 36% and 48%, respectively, corresponding to the 50% and 80% increases of

the fiber aspect ratio. Here a coefficient ζ was defined to express the ratio of the

increase in tensile properties to the increase in Vf or Lf/df:

f

t


  (4.3)
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where γt is the increase in tensile properties; γf is the increase in fiber volume ratio

(equals to 0.33 for Vf changing from1.5% to 2%) or in fiber aspect ratio (equals to

0.8 for Lf/df changing from 500 to 900). Based on Table 4.3, it can be obtained that

for peak stress, ζ1 = 0.51 (average value of three cases of fiber aspect ratios, i.e., 500,

750 and 900) when Vf increased from 1.5% to 2.0%, while ζ2 = 0.50 (average value

of three cases of fiber volume ratios: 1.5%, 1.75% and 2.0%) when Lf/df increased

from 500 and 900. Similarly, for strain capacity, ζ1 = 1.4 and ζ2 = 1.0; for strain

energy, ζ1 = 2.0 and ζ2 = 1.7; for number of cracks, ζ1 = 2.4 and ζ2 = 1.9. Therefore,

the fiber parameters Vf and Lf/df have the approximately the same significance in

influencing the tensile properties of UHP-ECCs.

(a) Peak stress (b) Strain capacity

(c) Strain energy (d) Number of cracks
Fig. 4.5 Tensile properties parameters of different fiber volume ratios and aspect ratios
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4.3.3 Influence of fiber reinforcing index (VfLf/df) on tensile properties

Figure 4.6 shows the influence of fiber reinforcing index VfLf/df on the tensile

properties of UHP-ECCs, which include σtc, σtu, εtu and gse. σtc increases with the

fiber reinforcing index and the relationship can be expressed by the following

equation (Wille et al. 2014):

f
f

f
tmtc V

d
L  (4.4)

where σtm = 6.5 MPa is the tensile strength of the cement matrix, α is the parameter

considering the influence of fiber orientation effect, τ = 1.47 MPa is the average

fiber bond strength in the matrix. The value of α can be obtained as 0.22 according

to regression of test data. For simplification, a best fitting curve which is a function

of fiber reinforcing index (VfLf/df) has been derived based on the experimental data

(Fig. 4.6a).

16.0ln7.0 f
f

f
tmtc 








 V

d
L R2=0.80 (4.5)

Within the context of the present research, σtu increased from 10 MPa at VfLf/df =7.5

to 17.5 MPa at VfLf/df =18. As suggested by Naaman et al. (2008), Eq. 4.6 can be

used to predict the value of σtu:

f
f

f
tu V

d
L  (4.6)

where λ is a parameter accounting for the effects of fiber dispersion, average

embedded length, fiber orientation and spalling effect during pull out of largely

inclined fibers (Ranade et al. 2013b). λ can be calculated by solving Eq. 4.6 using

the values of VfLf/df, τ and σtu. The computed values of λ are summarized in Fig. 4.7.

It can be seen that the value of λ decreases with the increase of fiber reinforcing

index, indicating the efficiency in improving the tensile strength of UHP-ECCs was
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reduced with the increase of fiber reinforcing index. A best fitting process of

experimental data has led to the following equations for σtu and εtu in correlation with

VfLf/df (Figs. 4.6b and 4.6c).

18.1ln33.1 f
f

f
tmtu 
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d
L R2=0.94 (4.7)

7.10ln6.6 f
f
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tu 








 V

d
L R2=0.95 (4.8)

Considering the wide range of fiber reinforcing index (VfLf/df = 7.5-18) adopted in

this research with Vf ranging from 1.25% to 3% while Lf/df ranging from 500 to 900,

the proposed equations may be used for material designs to meet the strength and

strain capacity demand. Eq. 4.8 was also applied to predict the dog-bone tensile

results from previous research, in which PE fibers with VfLf/df larger than 7.5 were

used for concrete with different strengths. The comparison of experimental values

and predicted values of εtu is shown in Table 4.5.

Table 4.5 Comparison of experimental εtu in previous research and predictions by Eq. 4.8

Reference
Concrete
strength
(MPa)

VfLf/df
Average εtu in
experiments

εtu

calculated by
Eq. 4.8

Difference between
calculated and
experimental

values
Kamal et al.

(2008)
95 7.5 2.8% 2.6% 7%

Ranade et al.
(2013)

166 9.08 3.4% 3.8% 12%

Choi et al. (2016) 55 26.25 7.5% 9.8% 30%

The strain energy gse of UHP-ECC increased significantly from 197 kJ∙m-3 to 1098

kJ∙m-3 with fiber reinforcing index increasing from 7.5 to 18. Previous research

showed that the value of strain energy of UHPC ranged from 25 to 90 kJ∙m-3 (Xu

and Wille 2015, Wille et al. 2014). Similarly, a best fitting curve can be obtained as

follows for the strain energy gse based on the experimental data (Fig. 4.6d).
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  3.301/2.165 ffftmse  dLVg  R2=0.90 (4.9)

(a) Initial stress (b) Peak stress

(c) Strain capacity (d) Strain energy
Fig. 4.6 Influence of VfLf/df on various tensile properties of UHP-ECCs

Fig. 4.7 λ vs. VfLf/df relationship



96

4.3.4 Influence of fiber reinforcing index (VfLf/df) on crack pattern

Figure 4.8 shows the influence of fiber reinforcing index on the number of cracks Cn,

crack spacing Cs and crack width Cw of tested specimens within the gauge length of

80 mm. Cn increased significantly with the fiber reinforcing index from 8 to 47

when VfLf/df increased from 7.5 to 18 (Fig. 4.8a); while the corresponding Cw at the

peak load decreased apparently from 250 μm to 130 μm (Fig. 4.8b). Cw is closely

related to permeability of concrete structures with a Chinese code limitation of 0.2

mm (Wu and Li 1992). Cs herein is defined as the average spacing between two

adjacent cracks in the 80 mm gauge length. The value of Cs decreased sharply from

around 10 mm to 2 mm with when VfLf/df increased from 7.5 to 18. Eq. 4.10 can be

used to predict Cs (Wu and Li 1992) and the ratio of calculated crack spacing to

experimental one falls between 1 and 2 for saturated strain hardening behavior

(Aveston and Kelly 1973). The calculated crack spacing Cs is presented in Table 6

and the comparison between the predictions and the experimental values are shown

in Fig. 4.8b.
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gV

dLVLLs (4.10)

ctestc 2sSs  (4.11)

where σtm is the matrix cracking strength, Stest is the experimental crack spacing.

It was observed that the average crack spacing of specimens with a VfLf/df beyond 15

was stabilized at about 2 mm while the average crack width was around at 130 μm

(the rectangular area in Figs. 4.8b and 4.8c).
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(a) Number of cracks (b) Crack width

(c) Crack spacing (d) Crack spacing
Fig. 4.8 Influences of VfLf/df on the crack pattern

4.3.5 Tensile stress-strain model of UHP-ECC

A tensile stress-strain model was necessary for a better application of UHP-ECC in

structural engineering. In present section, a bilinear stress-strain model was

proposed. In order to calibrate the bilinear tensile stress-strain model, four key

parameters including the initial cracking stress σtc, the initial cracking strain εtc, the

peak stress σtu and the corresponding strain εtu should be determined. In this model,

the parameters of σtc, σtu and εtu were calculated by Eqs. 4.4, 4.6 and 4.7, the initial

crack strain εtc is calculated by Eq. 4.12. Fig. 4.9 compares the predicted stress-strain
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curves and the experimental ones, which indicates that the proposed bilinear

stress-strain curve coincident swell the test results. However, it also should be

noticed that this model may only suitable to the compressive strength in the range of

present research.

tctctc E  (4.12)

where mmfftc EVEVE  , Vm is the matrix volume ratio and Em is the matrix

Young’s modulus equaling to 40 GPa (Yu et al. 2018).

(a) Bilinear stress-strain model (b) PE-12-24

(c) PE-18-24 (d) PE-18-20
Fig. 4.9 Tensile stress-strain model

The experimental and model values of tensile parameters σtc, σtu, εtu and gse are

summarized in Table 4.6. It can be seen that all these two values coincide reasonably
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well each other. In particular, the difference in the experimental and predicted values

of σtu falls within 10%. The difference in εtu between the model predictions and the

experimental values ranges from 0.82 to 1.23. The scatter of strain capacity is more

significant probably due to its sensitivity on the fiber distribution characteristics and

the alignment of tests.

Table 4.6 Experimental and model values of tensile parameters

Experimental Values Model Values
Ratio (Model/Experimental

value)

Fiber

type
VfLf/df

σtc

MPa

σtu

MPa

εtu

%

gse

kJ/m3

σtc

MPa

σtu

MPa

εtu

%

gse

kJ/m3
σtc σtu εtu gse

PE-12-

24

7.50 8.15 10.29 2.20 197 8.17 9.63 2.60 231 1.00 0.94 1.18 1.17

8.75 8.15 10.68 3.52 329 8.89 11.00 3.62 359 1.09 1.03 1.03 1.09

10.00 9.54 12.06 5.11 569 9.52 12.19 4.50 488 1.00 1.01 0.88 0.86

11.25 11.02 13.56 6.40 766 10.08 13.24 5.27 615 0.91 0.98 0.82 0.80

12.50 11.16 13.73 6.56 883 10.57 14.18 5.97 739 0.95 1.03 0.91 0.84

15.00 11.30 14.42 6.60 823 11.43 15.80 7.17 977 1.01 1.10 1.09 1.19

PE-18-

24

11.25 11.6 13.79 5.57 656 10.08 13.24 5.27 615 0.87 0.96 0.95 0.94

13.13 9.64 14.55 6.70 794 10.80 14.61 6.29 799 1.12 1.00 0.94 1.01

15.00 9.19 16.46 7.66 1036 11.43 15.80 7.17 977 1.24 0.96 0.90 0.94

16.88 12.09 17.75 7.78 1138 11.98 16.85 7.95 1146 0.99 0.95 1.02 1.01

PE-18-

20

11.25 9.41 12.23 4.74 486 10.08 12.24 5.27 588 1.07 1.00 1.11 1.21

13.50 11.66 14.61 5.85 620 10.93 13.86 6.48 803 0.94 0.95 1.10 1.30

15.75 9.88 14.33 6.11 734 11.66 15.24 7.50 1008 1.18 1.06 1.23 1.37

18.00 10.04 17.4 7.56 1034 12.28 17.42 8.38 1244 1.22 1.00 1.11 1.20

Figure 4.10 shows the comparison of the bilinear stress-strain model and the test

stress-strain curves from previous researches (Ranade et al. 2013; He et al. 2017)

with similar compressive strength at around 150MPa. It could be seen that the model

curve was generally coincident with the experimental curves of Ranade (2013), but

overestimated the tensile strain capacity of He et al. (2017) in which the microcracks

in gauge length was not fully distributed and a premature failure occurred. the The

experimental and model values of some key parameters (i.e., σtc, σtu, εtu) were listed

in Table 4.6.
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Table 4.7 Experimental and model values of tensile parameters

Experimental Values Model Values
Ratio

(Model/Experimental
value)

Reference VfLf/df
σtc

MPa
σtu

MPa
εtu

%
σtc

MPa
σtu

MPa
εtu

%
σtc σtu εtu

Ranade et al 2013 9.08 8.30 14.50 3.80 9.68 12.30 3.80 1.16 0.85 1.00

He et al. 2017 12.31 9.50 15.00 2.60 10.40 14.10 4.30 1.09 0.94 1.65

(a) Ranade et al. 2013 (b) He et al. 2017
Fig. 4.10 Comparison of model stress-strain curve and experimental curves from reference

4.4 CONCLUSIONS

The ultra-high performance engineered cementitious composites (UHP-ECC) is a

new category of material combining high strength and high ductility. The influences

of different fiber volume ratios (1.25%-3.0%) and fiber aspect ratios (500-900) on

the tensile properties of UHP-ECC, including the initial and peak tensile stress (σtc,

σtu), strain capacity εtu and strain energy gse, have been investigated in this research.

The influences of fiber reinforcing index on the number of cracks Cn, average crack

width Cw and crack spacing Cs have also been investigated. And the following the

conclusions could be drawn.

(1) The compressive strength of UHP-ECC arrived at 150 MPa based on the 50 mm

cube specimen test. Both fiber volume ratio (Vf) and fiber aspect ratio (Lf/df) were

found to have a significant influence on the tensile properties of UHP-ECC and had
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the similar weight factor. The tensile properties increased linearly with the fiber

reinforcing index (VfLf/df), the microcracks increased from unsaturated to saturated

distribution along the gauge length and the crack spacing and crack width decreased

with the increasing VfLf/df. More specifically, σtu increased from 10.29 MPa to 17.86

MPa with an increasement of 74%, εtu increased from 2.20% to 7.91% (increasing

260%), gse increased from 197 kJ∙m-3 to 1138 kJ∙m-3 (increasing 478%) and Nc

increased from 8 to 46 (increasing 475%) within the ranges of test parameters.

(2) The tensile properties of σtu, εtu and gse increased with VfLf/df in a logarithmic

form rather than a linear form mainly due to the fiber orientation effects. The

reduction coefficient λ was also related to VfLf/df. The experimental data of σtu, εtu

and gse were best fitted for proposing empirical equations for practical use. The wide

range of fiber reinforcing index adopted in this research with Vf from 1.25% to 3%

and Lf/df from 500 to 900 has made the proposed equations be of wider applicability.

(3) Cn increased nearly 5 times with VfLf/df increasing from 7.5 to 18, while Cw at

the peak load decreased apparently from 250 μm to 130 μm. It was observed that the

average crack spacing of specimens with a VfLf/df beyond 15 was stabilized at about

2 mm while the average crack width was around at 130 μm.
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CHAPTER 5

RATE DEPENDENT TENSILE PROPERTIES OF UHP-ECC

5.1 INTRODUCTION

The superior direct tensile properties of UHP-ECC achieved based on previous

research were based on the responses measured under static loading rate. It has been

expected that the UHP-ECC would produce an even higher tensile resistance at

higher strain rates (Ranade et al. 2015).

The peak tensile stress and energy absorption capacity of UHPC increased as the

strain rate from the static (0.00001s-1) to the seismic rate (0.1s-1), with strain

hardening tensile behavior and multiple micro-cracks (Habel and Gauvreau 2008;

Pyo et al. 2015; Tran et al. 2015; Yoo et al. 2015). Wille et al. (2012) reported that

the strength and energy absorption capacity both increased with the fiber volume

fraction for a given strain rate (0.0001-0.1 s-1). While the influence of fiber aspect

ratio on the rate-dependent tensile properties remained to be investigated (Wille et al.

2011).

It is reported that the tensile strength of PVA-ECC increased with the strain rates

from 0.00001 to 0.1 s-1 while the strain capacity decreased dramatically at the same

range of strain rates (Yang and Li 2014; Mechtcherine et al. 2011, 2012; Douglas

and Billington 2005). The results implied the brittleness of ECC increased with the

loading rate which was unfavorable to the high energy absorption demand of

reinforced ECC structures subjected to impact loading. While controversial results

are also pointed by other researches (Boshoff et al. 2007; Yang and Li 2012). Ranade

et al. (2015) investigated the effects of strain rate (0.0001-10 s-1) on the composites

tensile properties and the micro-scale fiber/matrix interaction properties of high

strength PE-ECC. The initial cracking stress and peak stress increased steadily with
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strain rates, while the crack width and strain capacity decreased with strain rates.

Based on the previous researches on the strain rate dependent tensile properties of

UHPC and ECC, the objective of this chapter is to obtain more detailed knowledge

of the tensile behavior of UHP-ECC under different loading rates. The strain rates

ranged from 0.0001 s-1, which represents pseudo static loading rate, to 0.05 s-1,

which is generally considered to be in the range of seismic loading rates (Scott

1989). Dumbbell shaped UHP-ECC specimens were used in the test program and

their performances were evaluated in terms of the initial cracking stress, peak stress,

energy absorption capacity, strain capacity, elastic modulus, strain hardening

modulus, cracks number and crack width within the gauge length. These tensile

parameters were compared with the UHPC and other ECC materials. Additionally,

the influence of fiber aspect ratio (fiber length/fiber diameter, Lf/df) on the tensile

properties and failure modes of UHP-ECCs under different strain rates was also

investigated.

5.2 EXPERIMENTALPROGRAMME

5.2.1 Materials and mix proportions

The raw materials utilized in this chapter are the same as those described in section

3.3.1. The chemical composition and some physical and mechanical properties of

cementitious materials (OPC, SF and GGBS) are given in Table 3.1. Gradation

curves of cementitious materials and silica sand determined from particle size

analysis are given in Fig. 3.4. The mixture proportions along with weights of

constituents per volume are given in Table 3.2. The physical properties of these PE

fibers are given in Table 4.2. In the present research, three kinds of PE fibers with

different aspect ratios (Lf/df) of 500, 750 and 900, were adopted. Hence the name of

specimen was designed as UHP-ECC-X, where X is the value of Lf/df and the

detailed test plan is listed in Table 5.1.
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Table 5.1 Test program of UHP-ECC under different strain rates
Mix proportions Strain rate Specimens

UHP-ECC-500

0.0001 to 0.05 s-1

5

UHP-ECC-750 5

UHP-ECC-900 5

5.2.2 Specimen preparation

Dumbbell-shaped specimens instead of plain dogbone specimens (shown in Fig. 5.1)

were used in this study to measure the complete stress-strain behavior of UHP-ECC

under direct uniaxial tension. The dumbbell-shaped specimens could effectively

avoid the premature failure in the clamping area under high strain rates, which was

frequently occurred in plain dogbone specimens, due to the stress concentration in

this area (shown in Fig. 5.1). Totally 24 specimens were cast and tested in this study

to learn the tensile properties of UHP-ECC at 28 days. The dumbbell geometry

ensures most of the cracks occurring in the gauge region due to its smaller

cross-sectional area, thus allowing more reliable measurements of the tensile strains.

Additionally, the matrix tensile strengths at different strain rates were also measured

using the same dumbbell specimens. The compressive strength was measured by

using ten 50 mm-cube specimens at 28 days.

36mm

12mm 230mm

60mm

40mm

80mm

40mm

侧面

30

35mm

35mm

正面

Fig. 5.1 Dimension of dumbbell specimen

Clamping area

Clamping area
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To quantify the influence of strain rate at the fiber level and to give a brief

explanation of the strain rate effect on the tensile properties of UHP-ECC,

single-fiber tensile and pull-out tests were performed at various velocities. The

detailed test plan of single-fiber tensile and pull-out tests is listed in Table 5.2 and

test setups are shown in Fig. 5.2.

Table 5.2 Test programme of single fiber tensile and pull-out test

Fiber
diameter

Strain rates
(s-1)

Single fiber
tensile test

Mix proportion
Pull-out
velocity

(mm/min)
Pull-out test

df = 20 μm
0.0001, 0.001,

0.01, 0.05
5 for each

case
UHP-ECC-500 0.6, 60

6 for each
case

df = 24 μm
0.0001, 0.001,

0.01, 0.05
5 for each

case
UHP-ECC-900 0.6, 60

6 for each
case

A free fiber length of 100 mm was used in single fiber tensile test and the velocities

were set at 0.6, 6, 60 and 300 mm/min corresponding to the strain rates of

UHP-ECC specimens. The single-fiber pull-out specimens were prepared according

to previous research (Li et al. 2002). The PE fiber was continuously taped to a

plastic mold for alignment control. The matrices of all mix proportions were

prepared and poured into the mold. A plastic film was covered on the plate to ensure

a moist environment and tore during demolding. The fiber embedment lengths were

6 and 9 mm, half of the fiber length used in the mix proportions.

Fig. 5.2 Test setup of Single fiber pull-out test
Fig. 5.3 Test setup of Single fiber

tensile test
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The pull-out tests were conducted on a load frame and the specimen configuration is

shown in Fig. 5.2. Two displacement rates of 0.6 mm/min and 60 mm/min. A 5N

load cell was used to measure the pull-out load. The fiber pull-out displacement of

pull-out curve shown in the following section was measured as the actuator

movement. Fiber-free length (see Fig. 5.3) was kept at a maximum of 2 mm. The

specimen was glued onto the metal plate that was connected to the test machine. The

fiber-free end was then stuck to steel rod connecting to the load cell. A magnifying

glass was used to ensure the alignment of fiber.

5.2.3 Test programme

Four strain rates from 0.0001 to 0.05 s-1 were employed in this research.

Compressive strength and direct tensile properties of UHP-ECC were investigated.

At least four dumbbell specimens for each case were prepared with totally 24

UHP-ECC composites specimens in this research. In addition, 20 mortar specimens

were also cast to clarify the influence of strain rate on the initial cracking stress. The

initial cracking stress σtc, peak stress σtu, strain capacity εtu, elastic modulus Et, strain

hardening modulus Esh and strain energy gse were calculated from the stress-strain

curves. And the relationships between these parameters and strain rates were

established. Additionally, the number of cracks Nc, crack width wc and crack spacing

sc at loading stages were monitored. Detailed definition of these parameters are

shown in section 5.4.1.

5.2.4 Mixing Procedure

The mix procedure was the same as the one described in section 3.3.3. The

specimens were kept in the molds for 24 h at room temperature. After demolding, all

the specimens were cured in water tank for 60 days. No heating curing was adopted

to avoid the thermal damage to PE fiber.
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5.2.5 Experiment setups and procedures

The geometry of test specimen and setup was shown in Fig. 5.4. The cross section of

tensile specimen was 30×12 mm and the gauge length is 80 mm. Two hinges of

different rotation directions were set at the end of steel grip and the alignment of

tensile set-up was carefully checked before loading to avoid the potential

eccentricity. The distance between two steel clamps was 135 mm, hence the loading

rates of crossbeam were controlled at 0.81, 8.1, 81 and 405 mm/min to attain the

corresponding strain rates from 0.0001 to 0.05 s-1. Two displacement gauges were

used to measure the elongation of the specimens, as shown in Fig. 5.4.

The tensile crack pattern was monitored by the Digital Image Correlation (DIC)

technique, providing information on the number of crack and crack width at loading

stage. Random speckle pattern was created on the specimen surface using white and

black spray painting. Two high-speed cameras were mounted on a tripod in front of

the testing machine, and digital images were taken at a frequency of 1 HZ to 100 HZ

according to the test strain rates from 0.0001 to 0.05 s-1.

(a) Direct tensile test without DIC (b) DIC test setup
Fig. 5.4 Test setup of direct tensile test at various strain rates
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5.3 RESULTS AND DISCUSSION

5.3.1 Experimental tensile stress-strain curves and tensile parameters

The average compressive strength of UHP-ECC was 149 MPa with a standard

deviation of 3 MPa at strain rate of 0.0001 s-1. The high compressive strength

ensured a high tensile strength for all strain rates. The matrix tensile strengths at

different strain rates were also measured, which increased with the strain rates. The

detailed values are listed in Table 5.3.

Figure 5.5 illustrates a typical tensile stress-strain curve of UHP-ECC. The

parameters highlighted during the investigation are: (1) the initial cracking stress

(σtc), (2) the elastic modulus (Et), (3) the peak stress (σtu), (4) the strain capacity

corresponding to the peak stress (εtu), (5) the strain hardening modulus (Esh), (6) the

energy absorption capacity (gse), (7) the number of cracks (Cn), (8) the average crack

width (Cw), (9) the average crack spacing (Cs). The dynamic impact factors (DIF)

which are the ratio of dynamic response to quasi-static response (i.e., at 0.0001 s-1)

for each mechanical parameter, are calculated as an indicator of the corresponding

strain rate sensitivity in the following section.

Fig. 5.5 Typical tensile stress-strain curve and parameters

The initial cracking stress σtc was determined by the turning point of linear elastic
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and hardening parts of the stress-strain curve. However, in some specimens,

fluctuations may occur in the linear elastic part and then increase again until the

strain hardening part. In this situation, σtc was still determined by the beginning

point of strain hardening branch. The elastic modulus Et was calculated by the

tangent slope of the linear part of ascending tensile curve and the strain hardening

modulus Esh was the slope of strain hardening stage until the the peak stress. The

strain energy gse was calculated by integrating the area under the ascending branch of

stress-strain curves, the descending branch of the stress-stain curves during the crack

localization stage was not considered in this calculation.

The experimental and averaged tensile stress-strain curves of all test series are

illustrated in Fig. 5.6 for UHP-ECCs under different strain rates. Detailed values of

the tensile parameters of UHP-ECCs, including σtc, σtu, εtu, Et, Esh, gse are

summarized in Table 5.3.

It is noticed from the experimental stress-strain curves in Fig. 5.6 that all the

UHP-ECCs exhibited strain-hardening properties at all strain rates (0.0001-0.05 s-1).

The little scatter in each case indicates the stable tensile properties of this material.

For UHP-ECC-900, the specimens at all strain rates (except for 0.001s-1 with fiber

pull-out failure due to eccentric loading) failed with fiber fractured at the final stage

with a sudden drop in the load-carrying capacity as circled in Figs. 5.6(a) and (b).

While for UHP-ECC-750, the fiber was pulled out from matrix at static loading (i.e.,

0.0001 s-1), above which, the fibers were fractured at the final stage of

UHP-ECC-750 specimens as circled in Figs. 5.6(c) and (d). The high strain rate

transferred the failure modes of UHP-ECC-750 from fiber pull out to fiber fracture,

which could also be observed from the fracture surface of tested specimens in Fig.

5.9. The UHP-ECC-500 specimens were all end with the fiber pull-out failure,

accompanying by a significant reduce in strain capacity. Additionally, the fiber

aspect ratio had significant influence on the tensile strength and strain capacity. The

higher Lf/df led to higher tensile strength and strain capacity at all strain rates.
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(a) Stress-strain curves of UHP-ECC-900
at 0.01 s-1

(b) Stress-strain curves of UHP-ECC-900
at different strain rates

(c) Stress-strain curves of UHP-ECC-750
at 0.01 s-1

(d) Stress-strain curves of UHP-ECC-750
at different strain rates

(e) Stress-strain curves of UHP-ECC-500
at 0.01 s-1

(f) Stress-strain curves of UHP-ECC-500 at
different strain rates

Fig. 5.6 Comparison of stress-strain relationships of UHP-ECC at different strain rates
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The whole loading process of tensile specimens (UHP-ECC-900) under different

strain rates, including three typical stages, i.e. initial crack stage, multiple crack

stage and saturated crack stage was monitored by a high speed camera. During the

loading stage, the microcracks increased from unsaturated to saturated distribution

along the gauge length. Fig. 5.7 presents these three stages of a specimen at strain

rate of 0.01 s-1, cracks were uniformly distributed even under a high imposed strain

level.

(a) Initial crack stage (b) Multiple crack stage (c) Saturated crack stage
Fig. 5.7 Typical loading stages of specimen at strain rate of 0.01 s-1

From Table 5.3, it is found that, on one hand, σtm , σtc and σtu of UHP-ECCs

increased steadily with strain rates, while εtu and gse decreased adversely. The

increase of σtm with strain rates led to the rise in matrix fracture toughness, which

imposed a negative impact on εtu. On the other hand, all the above mentioned

parameters (except σtm ) increased Lf/df. More specifically and take UHP-ECC-750

as an example, σtc increased from 10.19 MPa to 15.19 MPa (a 49% increase) from

0.0001 to 0.05 s-1, and σtu increased from 16.46 MPa to 18.10 MPa (a 10% increase)

at the same range. While εtu decreased from 8.0% to 5.92% and gse decreased by

15% from 1036.26 kJ∙m-3 to 880.98 kJ∙m-3 at the same range.
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Et was insensitive to strain rates and fiber aspect ratios, but Esh decreased with the

strain rate and fiber aspect ratios due to the reduced gap between σtc and σtu. The

reduced Esh meant the stress-hardening phenomenon from initial cracking to

ultimate strength (accompanied by the strain-hardening) would fade away, which

should be considered seriously when UHP-ECCs was utilized in high strain rate

situations. The increase of σtc is mainly due to the increase of matrix strength and

interfacial stress between the matrix and the fibers at higher strain rates.

Table 5.3 Summary of mechanical parameters of UHP-ECC specimens

Mix

tures

Strain

rate

Matrix

strength

σtm

Initial

cracking

stress

σtc

Peak stress

σtu

Strain

capacity

εtu

Strain energy

gse

Elastic

modulus

Et

Strain

hardening

modulus

Esh

s-1 MPa MPa MPa % kJ∙m-3 GPa MPa

UHP-

ECC

-900

0.0001 8.30(0.84) 10.04(0.66) 17.40(1.20) 7.56(0.85) 1098.8(171.72) 42.40(2.75) 96.8(9.0)

0.001 9.54(0.38) 12.12(0.66) 16.20(0.95) 5.74(0.71) 880.8(94.22) 42.43(3.09) 75.9(15)

0.01 10.36(0.96) 14.11(0.90) 18.88(0.75) 6.94(1.45) 1044.3(269.13) 44.16(1.87) 68.0(8.4)

0.05 11.20(0.75) 15.31(0.78) 18.81(1.31) 6.13(0.70) 1023.0(87.86) 43.70(0.56) 57.0(16)

UHP-

ECC

-750

0.0001 8.30(0.84) 10.19(0.26) 16.46(1.10) 8.00(1.22) 1036.26(98.90) 45.38(5.49) 78.59(9.02)

0.001 9.54(0.38) 12.41(0.44) 16.58(0.98) 6.89(0.81) 909.83(121.66) 39.87(3.50) 60.29(2.67)

0.01 10.36(0.96) 14.73(0.91) 17.97(1.31) 5.42(0.52) 791.22(119.40) 43.46(1.82) 55.53(15.01)

0.05 11.20(0.75) 15.19(0.69) 18.10(0.74) 5.92(1.14) 880.98(122.44) 47.36(1.50) 49.90(11.67)

UHP-

ECC

-500

0.0001 8.30(0.84) 9.45(0.58) 11.03(0.24) 5.93(1.37) 649.00(67.71) 44.65(9.84) 27.77(9.91)

0.001 9.54(0.38) 9.925(0.65) 11.32(0.56) 5.57(0.75) 533.75(35.38) 43.34(1.92) 19.32(6.01)

0.01 10.36(0.96) 11.66(0.30) 12.56(0.20) 4.40(0.94) 473.60(98.60) 42.95(1.51) 21.59(12.81)

0.05 11.20(0.75) 12.17(0.05) 12.79(0.14) 3.35(0.46) 354.31(50.22) 40.29(1.47) 17.63(1.83)

Note：The value in parentheses is the corresponding standard deviation.

5.3.2 Crack patterns of specimens under different strain rates

The crack patterns of specimens (UHP-ECC-900 and UHP-ECC-500) under

different strain rates were shown in Fig. 5.8. The multiple and nearly uniformly

distributed cracks in the gauge length (80 mm) indicated a good strain-hardening

property of UHP-ECCs under all strain rates. In the visual observation, there was no
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obvious difference in crack width Cw among specimens of different strain rates. The

Lf/df had apparent influence on the crack distribution and number of cracks. Detailed

values of Cn and Cw are listed in Table 5.4.

0.0001 s-1 0.001 s-1 0.01 s-1 0.05 s-1

(a) UHP-ECC-900

0.0001 s-1 0.001 s-1 0.01 s-1 0.05 s-1

(b) UHP-ECC-500
Fig. 5.8 Crack pattern of specimens at different strain rates

The number of cracks for each specimen (from UHP-ECC-900 to UHP-ECC-500)
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was obtained by visually observing and counting the cracks from both sides of

specimen. It was found that most micro-cracks went through four surfaces of the

specimens. The average crack width Cw at the loading stage was calculated using the

elongation to divide the number of cracks Cn, and subsequently the crack spacing Cs

could be obtained using the gauge length (80 mm) to divide the number of cracks.

Cn and Cw both declined with the strain rates in accordance with the decrease in

strain capacity at higher strain rates. The higher strain rates increased the possibility

of fiber fracture during tension, which had negative influence on the continuous

development of crack. While the reduced would be attributed to the higher

interfacial stress (see section 5.4.3) and the enhancement of slip-hardening

phenomenon at higher strain rates (Lin and Li 1997).

Besides, as expected, higher Lf/df helped to increase Cn and decrease Cw and Cs.

More specifically, Cn of UHP-ECC-500, UHP-ECC-750 and UHP-ECC-900 at strain

rate of 0.05 s-1 were 18, 32 and 45; Cw of the same cases were 140, 150 and 108 μm.

Table 5.4 Crack parameters of UHP-ECC specimens

Strain rate
s-1

Number of cracks
Cn

Crack width
Cw (μm)

Crack spacing
Cs (mm)

UHP-ECC-900

0.0001 46 (8) 132 (15) 1.7 (0.36)
0.001 42 (8) 114 (14) 1.9 (0.42)
0.01 39 (9) 136 (12) 2.2 (0.54)
0.05 45 (6) 108 (7) 1.8 (0.27)

UHP-ECC-750

0.0001 42(5) 151(10) 1.91(0.22)
0.001 36(6) 153(12) 2.24(0.37)
0.01 30(4) 151(12) 2.66(0.41)
0.05 32(6) 150(8) 2.59(0.48)

UHP-ECC-500

0.0001 26(3) 181(23) 3.10(0.36)
0.001 27(3) 165(6) 3.00(0.42)
0.01 25(2) 140(19) 3.22(0.32)
0.05 20(2) 140(11) 4.00(1.05)

Note：The value in parentheses is the corresponding standard deviation.

Figure 5.9 shows the fracture surfaces of specimens under different strain rates. At

lower strain rate of 0.0001 s-1, there was a 1-2 mm length of PE fiber exposed at the
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fracture surface of UHP-ECC-900 due to the plastic deformation of PE fiber before

failure (see Fig. 5.10(a)). While at the higher strain rates of 0.01 and 0.05 s-1, due to

the increase in fiber-matrix interfacial stress (see Fig. 5.12(b)) and the disappearance

of plastic deformation (see Fig. 5.10(b)), the PE fiber fractured with very short

length from the fracture surface (refer to Fig. 5.16(b)). Fig. 5.9(d) shows that, the

fibers of UHP-ECC-750 were pulled out from the matrix at 0.0001 s-1, while

fractured at higher strain rates (also refer to Figs. 5.16(c) and (d)). For

UHP-ECC-500, the fibers were mainly pulled out (small portion of PE fiber was

fractured) from the matrix at all the strain rates up to 0.05 s-1 and it is inferred that at

a higher strain rate like 0.1 s-1, the PE fiber would also failed in fracture.

(a) UHP-ECC-900 at 0.0001 s-1 (b) UHP-ECC-900 at
0.01 s-1

(c) UHP-ECC-900 at
0.05 s-1

(d) UHP-ECC-750 at 0.0001 and 0.05 s-1

0.0001 s-1 0.05 s-1
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(e) UHP-ECC-500 at 0.0001 and 0.05s -1

Fig. 5.9 Fracture surfaces of UHP-ECC specimens at different strain rates

5.3.3 Single fiber pullout and tensile tests

The stress-strain curves of single fiber with df = 20 μm under different strain rates

are shown in Fig. 5.10. The load-displacement curve of PE fiber exhibited a

significant plateau stage at lower velocity, similar to the yield stage of steel bars, as

reported by other researchers (Curosu et al. 2016) as well. The fibers fractured in a

more brittle manner as velocity increased.

As expected, PE fiber showed a strain-rate dependent behavior in terms of tensile

strength, elastic modulus and tensile strain capacity. These parameters imposed a

strong influence on the crack-bridging capacity of PE fiber-reinforced UHP-ECC.

The values for elastic modulus were computed as the secant modulus corresponding

to the maximum stress. These three parameters were shown in Fig. 5.11.

0.0001 s-1 0.05 s-1
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(a) 0.0001 s-1 (b) 0.001 s-1

(c) 0.01 s-1 (d) Load-Displacement curves of single fiber
with Lf/df = 900 at various strain rates

Fig. 5.10 Tensile properties of single fiber with Lf/df = 900 under different strain rates

The mechanical properties of PE fiber with both diameters were affected to some

extents by the increase in loading rates. Both PE fibers shared very similar variation

tendency with strain rates. The dynamic impact factors (DIFs) of the elastic modulus

of PE fiber with df = 20 μm were 1.15, 1.43 and1.46 at strain rates of 0.001, 0.01 and

0.05s-1 with the reference strain rate of 0.0001 s-1. The corresponding DIFs of tensile

strengths were 1.15, 1.24 and 1.30, respectively. The combination of these

parameters led to a pronounced reduction in the work-to-fracture of fiber-matrix

interface which had a negative influence on the strain capacity (Lin et al. 1997). The

reduction of the work-to-fracture with increasing loading rates of PE fibers was also

described in the previous research (Peijs et al. 1994, Govaert et al. 1995, Curosu et

al. 2016). On the other hand, the tensile strain capacity of PE fiber decreased with
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the increasing the strain rates (shown in Fig. 5.11c), which contributed to the

reduction of the tensile strain capacity of UHP-ECC at the composites scale. The

corresponding DIFs of strain capacity of PE fiber with df = 20 μm were 0.75, 0.65

and 0.60, respectively. However, it has to be pointed out that the in-situ tensile

strength, strain capacity and elastic modulus of PE fiber should be further studied in

the future studies.

The increase in tensile strength of single fiber (df = 20 μm) was 30% at strain rate of

0.05 s-1, which was obviously larger than the 12% increase in the tensile peak stress

of UHP-ECC-900 at the same strain rate. This phenomenon was attributed to the

effects of random fiber dispersion interruption of fibers themselves, fluctuation of

embedded length and fiber orientation at the composites level.

(a) Tensile strength (b) Young’s modulus

(c) Strain capacity
Fig. 5.11 Strain rate effect on fiber tensile properties under different strain rates
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Figure 5.12 displays the force-displacement curves of single fiber pull-out test of df

= 20 μm with embedded length of 9mm and df = 24 μm with embedded length of

6mm. The curves at lower velocity show a kind of plateau or a slight slip hardening

behavior for both kinds of fibers. While at higher velocity of 60mm/min, the

load-displacement curves were similar with those of single fiber tension test, which

was end with fiber fracture. The fracture process of PE fiber was accompanied by

the slippage of fiber from the matrix. At low velocity, the fiber with df = 20 μm was

dominantly pulled out from the matrix, while at composites scale, the PE fibers were

almost fractured (see Fig. 5.9a) at all strain rates, which was mainly attributed to the

fiber inclination effect in the matrix (Ranade et al. 2016).

For fibers with df = 20 μm, the average interfacial stresses between fiber and matrix

were 1.50 MPa and 1.88 MPa at velocity of 0.6 to 60 mm/min, respectively. And for

fibers with df = 24 μm, the corresponding interfacial stress were 1.53 MPa and 2.43

MPa. The increase in interfacial stress was the main reason for the increase in the

peak stress at composites scale. However, it has to be pointed out that the velocity of

60 mm/min did not correspond to the strain rates of 0.05 s-1. Actually, it may larger

than 0.05 s-1 as the all the fiber fractured during the pull-out test.

In previous research, the force-displacement curves exhibited a clear softening

tendency with embedded lengths of 2 mm (Curosu et al. 2016) and 6 mm (Ranade et

al. 2016) at static velocities in high strength matrices. While at high velocities, the

tests results also varied among different researchers with some cases showing slip

hardening behavior (Curosu et al. 2016) and others showing slip softening behavior

(Ranade et al. 2016). Further researches on the single PE fiber pull-out tests should

be conducted systemically to clarify this inconformity. And it is suggested that the

fiber embedded length is the half length of fiber used in UHP-ECC specimen.
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(a) df = 20 μm with embedded length of 9
mm at 0.6 mm/min

(b) df = 20 μm with embedded length of 9 mm
at 60 mm/min

(c) df = 24 μm with embedded length of 6 mm
at 0.6 mm/min

(d) df = 24 μm with embedded length of 6 mm
at 60 mm/min

Fig. 5.12 Force-displacement curves of single fiber pull-out test

5.3.4 Strain rates effect on the tensile parameters

Mechanical properties enhancement with strain rate is typically expressed in the

form of a DIF defined as the ratio of the dynamic test value to the quasi-static test

value. Fig. 5.13 shows the dynamic impact factors (DIF) of the tensile parameters of

UHP-ECC at different strain rates, including the initial cracking stress σtc, peak

stress σtu, strain capacity and strain energy εtu. The DIFs of σtc at strain rate of 0.05 s-1

were 1.49, 1.49 and 1.29 for UHP-ECC-900, UHP-ECC-750, UHP-ECC-500,

respectively. This was attributed to the increase of matrix tensile strength and the
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interfacial stress between the fiber and matrix. The matrix strength increased from

8.30 MPa at strain rate of 0.0001 to 11.20 MPa at 0.05 s-1, with a DIF of 1.35.

The DIFs of σtu at strain rate of 0.05 s-1 were 1.12, 1.10 and 1.16 for UHP-ECC-900,

UHP-ECC-750, UHP-ECC-500, respectively. These values were lower than the

increase in interfacial stress at the same strain rate range, accounting for the random

fiber dispersion and interruption effect, fluctuation in the embedded length, fiber

orientation and the stability of matrix quality.

The strain capacity decreased with the increasing strain rates and the DIFs of εtu at

0.05 s-1 were 0.81, 0.74, 0.56 for UHP-ECC-900, UHP-ECC-750, UHP-ECC-500,

respectively. Following three reasons contributed to the decrease of strain capacity

of UHP-ECC at higher strain rates, i.e., 1. The fiber elongation decreased with strain

rates as described in the previous section; 2. The more significant slip hardening

phenomenon at higher strain rates; 3. The increases in fiber strength and modulus,

along with the increase in fiber/matrix interaction properties, result in the reduction

of complementary energy leading a decrease in strain capacity (Yang et al. 2014,

Ranade et al. 2015). The strain capacity of UHP-ECC was more stable with higher

Lf/df. The specimens of UHP-ECC-900 failed by the fiber fracture at all strain rates,

while the failure mode of UHP-ECC-500 was dominant fiber pull-out. The decrease

in the complementary energy and increase in fracture toughness of matrix

(represented by the increase in matrix tensile strength) largely decreased the strain

capacity of specimens with pull-out failure as shown in previous research (Ranade et

al. 2015).

The strain energy gse of UHP-ECC-900 and UHP-ECC-750 only slightly decreased

at different strain rates, since the decline in the strain capacity was largely offset by

the increase of tensile strength. While gse of UHP-ECC-500 experienced a notable

decline with the strain rates due to largely decreased in strain capacity.
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(a) Initial cracking stress (b) Peak stress

(c) Strain capacity (d) Strain energy
Fig. 5.13 Strain rate effect on the tensile properties of UHP-ECC

Figure 5.14 show the elastic and strain-hardening modulus at different strain rates. It

is noticed that the elastic modulus Et of UHP-ECCs kept almost constant of at

different strain rates with the scope of 40-50 GPa and different fiber Lf/df showed

slightly influence on the value of Et (Fig. 5.14(a)). While the strain-hardening

modulus Esh decreased steadily with the strain rates, and the fiber Lf/df showed

significant influence on the value of Esh (Fig. 5.14(b)). More specifically, the Esh

increased from 27.77 MPa (UHP-ECC-500) to 96.75 MPa (UHP-ECC-900) at

0.0001 s-1, and from 17.63 MPa (UHP-ECC-500) to 62.39 MPa (UHP-ECC-900) at

0.05 s-1. The Esh decreased about 40% with the strain rates increased from 0.0001s-1

to 0.05 s-1 for all three UHP-ECCs. This indicates that the strain-hardening
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phenomenon was less prominent in higher strain rates. Considering the strain rate at

earthquake was about 0.05 s-1, the tensile stress-strain model had to be adjusted in

such situation or even did not consider the stress increase in the strain-hardening

process for safety margin.

(a) Influence of strain rates on Et of
UHP-ECCs

(b) Influence of strain rates on Esh of
UHP-ECCs

(c) Simplified stress-strain model in static and dynamic loading
Fig. 5.14 Et , Esh and Simplified stress-strain model of UHP-ECCs under different strain rates

The dynamic increase factors (DIFs) for tensile parameters of UHP-ECC, i.e. initial

cracking stress, peak stress and tensile capacity were compared with previous

researches in Fig. 5.15. The present test results fell in the range of existing
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researches. More specifically, the diagram indicates that the initial cracking stress

DIF and peak stress DIF were moderate and no more than 2.0 up to about 0.1 s-1 for

both PE-ECC and PVA-ECC (data from the previous researches). The cracking

stress and peak stress of PVA-ECC were generally more sensitive to strain rates. The

tensile strain capacity DIF decreased with the strain rates for both ECCs, however

the PVA-ECC was more sensitive to strain rates than PE-ECC, except the results

from Boshoff et al. (2007). The pseudo strain hardening index value (PSH, a value

indicating the capability to develop the saturated crack distribution ) of PVA-ECC in

Yang et al. (2012) was only slightly larger than 1 at 10-1 s-1 , while the PSH value of

PE-ECC at 10 s-1 was larger than 6 (Ranade et al. 2015). The different reacts of

PVA-ECC and PE-ECC to strain rates would be attributed to the intrinsically

hydrophilic and hydrophobic properties of these two fibers.

(a) Cracking stress (b) Peak stress
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(c) Strain capacity
Fig. 5.15 DIFs of tensile parameters

For strain-rate effects of concrete in tension, the DIF formulation for normal

concrete recommended in the European CEB Model Code (Comité

Euro-International du Béton 1993) is listed as follows:

1-

016.1

s30for 



























　　　　

S

DIF

where


 =strain rate in the range of 3×10-6 to 30 s-1;


s is the quasi-static rate,

δ=1/(10+6fc/fco); fc is the compressive strength and fco=10 MPa. This model was

explored for predicting the test results in this research as shown in Fig. 5.16. It is

found that the above CEB model is relatively conservative on the prediction of

tensile strengths at high strain rates (0.01 and 0.05 s-1). Thus it is safe to apply this

model to calculate the tensile strength of UHP-ECC under seismic situation.

PE-ECC
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Fig. 5.16 Comparison of test values and the CEB model prediction of peak stress DIF

Table 5.5 shows the comparison of peak stress, strain capacity and specific fracture

energy for different types of ECCs investigated in the current work and those for

other types of concrete, including the PVA-ECC and UHPC. Even though the tensile

strength of UHPC containing 2.5% or higher steel fibers is very high, the energy

dissipation capacity, as represented by the strain energy is not the highest value

among these concretes due to its relative lower strain capacity. For PVA-ECC, it is

noticeable that the strain capacity may decline to a low value when subjected to high

strain rates, which decreased the strain energy (Mechtcherine et al. 2011, Yang and

Li 2012). The PE-ECCs developed by Ranade et al. (2015) also have attractive

tensile properties with high peak stress, strain capacity and strain energy at 0.1 s-1.

The UHP-ECCs studied in present research have high tensile strength and excellent

strain capacity up to 0.05 s-1, leading to a high strain energy. The values of strain

energy of UHP-ECCs are significant higher than those of Ranade et al. (2015) and

Pyo et al. (2015). The high value of strain energy would benefit the utilization of

UHP-ECC in the seismic areas. However, further study may be needed to investigate

the rate dependent of tensile properties of UHP-ECC at even higher strain rates.



130

Table 5.5 Summary of tensile parameters of different kinds of concretes

Peak stress
MPa

Strain capacity
%

Strain energy
kJ∙m-3

Concrete type Strain rate
s-1

Boshoff et al.(2007) 3.5 4.0 140.0 PVA-ECC 0.1

Mechtcherine et al.
(2011)

5.5 0.8 45.2 PVA-ECC 0.01

Mechtcherine et al.
(2012)

5.5 3.9 217.9 PVA-ECC 0.01

Yang and Li (2012) 8.6 0.8 68.8 PVA-ECC 0.1

Yang and Li (2012) 5.9 3.8 224.2 PVA-ECC 0.1

Yang and Li (2012) 4.2 3.2 134.4 PE-ECC 0.1

Ranade et al.(2015) 17.5 3.0 525.0 PE-ECC 0.1

Pyo et al. (2015) 24.1 0.8 186.2 UHPC 0.1

Present research
18.8 6.1 1023.4 UHP-ECC-900 0.05
12.8 3.4 354.3 UHP-ECC-750 0.05
18.8 5.9 881.0 UHP-ECC-500 0.05

5.4 MICROSTRUCTURE OF UHP-ECC

The microstructure of the tested specimen was investigated by Hitachi S3400 N

scanned electron microscope (SEM) and Quanta TM250 environmental scanned

electron microscope (ESEM) analysis. The samples were prepared by taking small

pieces from the dumbbell specimens on the fractured surface.

Figures 5.17(a)~(e) show the images of PE fiber of UHP-ECC specimens with Lf/df

= 500 to 900 at the strain rate of 0.0001 s-1 and 0.05 s-1. Generally, the fiber with

Lf/df = 900 was fractured at both strain rates; while the fiber with Lf/df = 500 and 750

were pulled out at static rate, but fractured at 0.05 s-1.

Figure 5.17(a) shows the fracture surface of UHP-ECC-900 at strain rate of 0.0001

s-1, a 1-2 mm length of PE fiber reached out of the matrix surface. The combination

of high strength matrix and large Lf/df of PE fiber led the interfacial strength between

the PE fiber and the matrix to be strong enough to fracture the PE fiber. Fractured

PE fibers were observed in Fig. 5.17(a) with the lateral surface of was scratched
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during the pull out process. While at a higher strain rate of 0.05 s-1, fibers were

squashed and dilacerated with more severe damage. Figs. 5.17(c) and (d) show that

the pull-out fiber at 0.0001 s-1 had smooth surface, while the fractured fibers at 0.05

s-1 were rough and tortuous with matrix particles stuck on it, which helped to

increase the tensile strength. Similar phenomenon could also be found in

UHP-ECC-500 under the same strain rates (Figs. 5.17(e) and (f)), The lateral surface

of PE fiber at 0.05 s-1 was stuck to more matrix particles and the fibers was

significantly scratched during the pull-out process, which helped to increase the

tensile stress of specimens at 0.05 s-1.

(a) Fiber fracture and surface damage of
UHP-ECC-900 at 0.0001 s-1

(b) Fiber fracture and surface damage of
UHP-ECC-900 at 0.05 s-1

(c) Fiber pull-out of UHP-ECC-750 at 0.0001 s-1 (d) Fiber fractured of UHP-ECC-750 at 0.05 s-1

Fiber scratch

Fiber fracture
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(e) Fiber pull-out of UHP-ECC-500 at 0.0001 s-1 (f) Fiber pull-out and fractured of
UHP-ECC-500 at 0.05 s-1

Fig. 5.17 SEM images of UHP-ECCs at different strain rates

5.5 CONCLUSIONS

In this chapter, the tensile behavior of PE fiber-reinforced UHP-ECC was

extensively studied at four strain rates ranging from 0.0001 to 0.05 s-1, which was

commonly considered to be in the range of the seismic stain rate. Three kinds of PE

fiber with different fiber aspect ratios (Lf/df) from 500 to 900 were utilized to

investigate the influence on the tensile properties and failure modes. Single fiber

tensile and pull-out tests from the matrix were also conducted under the same strain

rates. The following conclusions have been concluded.

(1) The UHP-ECCs exhibited strain-hardening properties at all the strain rates with

multiple distributed cracks within the gauge length (80 mm). The specimens with

different fiber aspect ratios demonstrated different failure modes from fiber fracture

of UHP-ECC-900 to fiber pull-out of UHP-ECC-500. The fiber aspect ratios also

had significantly positive influence on the tensile properties in terms of mechanical

(σtm , σtc, σtu, εtu and gse ) and crack properties (Cn andCw).

(2) The mechanical parameters and crack pattern of UHP-ECCs under different

strain rates were summarized and the dynamic impact factor (DIF) of each

mechanical parameter was calculated as an indicator of the corresponding strain rate
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sensitivity. The Lf/df showed its impact on the DIFs of mechanical parameters and

larger Lf/df helped to reserve higher portion of εtu and gse, which was favorable for

the application of UHP-ECCs in seismic area. While Lf/df showed less impact on σtc

and σtu. The increases in fiber strength and modulus, along with the increase in

fiber/matrix interaction properties, result in the reduction of complementary energy

leading a decrease in strain capacity.

(3) The elastic modulus Et of UHP-ECCs kept almost constant of at different strain

rates with the scope of 40-50 GPa, while the strain-hardening modulus Esh decreased

steadily with the strain rates. Hence, at higher strain rates, the tensile stress-strain

model had to be adjusted in such situation or even did not consider the stress

increase in the strain-hardening process for safety margin. Besides, the Et changed

slightly with Lf/df, while Esh increase with the Lf/df at different strain rates.

(4) The CEB model on tensile strength DIF was relatively conservative on the

prediction of tensile strengths at high strain rates (0.01 and 0.05 s-1). Thus it is safe

to apply this model to calculate the tensile strength of UHP-ECC under seismic

situation. The UHP-ECCs in present study had the higher strain energy among the

existed ultra-high performance fiber reinforced composites, which would benefit the

utilization of UHP-ECC in the seismic areas.

(5) The SEM observations of the fracture surface proved the corresponding failure

modes of UHP-ECCs with different fiber aspect ratios. The PE fibers of at higher

strain rates were suffered more severely damage contributing to the higher tensile

strength.
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CHAPTER 6

FINE-PARTICLE MODIFIED UHP-ECC:

MICRO-STRUCTURALAND TENSILE PROPERTIES OF

UHP-ECC INCORPORATING LIMESTONE POWDER

6.1 INTRODUCTION

The cement dosage in UHP-ECC reaches 800 kg/m3 in the previous chapters. A high

amount of cement not only increases the total price of ECC but also induces a

negative effect on the heat of hydration and creates a shrinkage problem that may

decrease the mechanical properties of UHP-ECC. Replacing the cement with a large

amount of mineral admixtures, such as fly ash (FA), ground granular blast furnace

slag (GGBS) or silica fume (SF), is a feasible solution to these problems.

Previous research has shown that the physical filler effect imparted by silica fume

due to the densification effect in the paste-aggregate transition zone and the

refinement effect in the hydration products via a so-called nucleation mechanism can

be at least as important as and perhaps even more significant than the pozzolanic

effect (Detwiler and Mehta 1989). Thus, inert and semireactive microfillers may

play a similar physical role to silica fume, provided that these particles have the

same fineness and particle shape, can be dispersed efficiently, and do not increase

the water demand. Some successful examples have been achieved using carbon

black (Detwiler and Mehta 1989; Li et al. 2006), ground mill materials (Larrard

1989, Bonavetti et al. 2003) and combinations of pozzolanic and ground mill

products (Fidjestol and Frearson 1994, Oner and Akyuz, 2007).

Limestone powder (LP) is commonly used to partially replace cement in

cement-based composites (Lothenbach et al. 2008, Torres et al. 2006, Antoni et al.



139

2016). LP induces physical effects in the cement paste, which can be summarized as

the proper filler effect, hydration acceleration (nucleation effect) and the dilution

effect, and it fills the voids between the clinker particles (especially ultrafine

limestone powder), improving the grain packing of cement and dispersing the

clinker particles (Lothenbach et al. 2008). LP does not have pozzolanic properties to

produce a C-S-H gel (Menéndez et al. 2003), compounds formed by the reaction of

limestone and cement, known as carboaluminates, that have little or no contribution

to filling the capillary voids (Nehdi et al. 1996). The hydration degree of cement in a

conventional UHPC system is only 30-35% due to the ultralow water-to-binder ratio

(0.14-0.19) (Korpa et al. 2009), which means that a significant amount of the cement

clinker remains unhydrated, acting as an expensive filler in the binder system. The

design criterion is based on the density packing model, and the hydration rate of

UHPC is lower than that of ordinary concrete. Hence, the filler effect for LP or

ultrafine LP is more significant for its utilization in UHPC. Furthermore, the

replacement of cement by limestone has reduced the total price of UHPC and CO2

emissions (Huang et al. 2017).

The additional of LP in concrete could lessen the increase in the compressive

strength beyond 28 d due to the dilution effect of LP under the same water/binder

ratio. According the report of the Portland Cement Association (PCA), the concrete

strength at 360 d with 15% replacement of LP increases by no more than 10%

compared to the strength at 28 d; for concrete without LP replacement, the strength

increases by at least 25% for the same curing duration (Tennis et al. 2011). This

increase in the compressive strength beyond 28 d ensures a sufficient safety margin

for the concrete that used in the compression zone. For materials concerned mainly

with the tensile ductility, e.g., UHP-ECC, the increase in compressive strength will

decrease the tensile ductility, which requires special attention for the long-term

durability of their tensile properties.

The aim of this chapter is to investigate the influence of different replacement ratios
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of LP on the mechanical properties of ultra-high performance engineered

cementitious composites (UHP-ECC) developed in the previous chapters.

Comprehensive experimental tests, including the microstructure and mechanical

properties of UHP-ECC, were performed. The hydration heat of the fresh matrix was

monitored to check the influence of LP on matrix hydration. The tensile and

compressive properties were measured at 28 d and 360 d to check the mechanical

stability over a long curing age. The tensile crack patterns, i.e., the number of cracks

and crack width distribution, were also obtained. Single fiber pullout tests were

conducted to establish a link between the micromechanical behavior and the

macromechanical performance. The morphology of the composites was observed

using a scanning electronic microscope (SEM).

6.2 EXPERIMENTALPROGRAM

6.2.1 Materials and mix proportions

The raw materials utilized for the studied UHP-ECC included ordinary Portland

cement (OPC) 52.5R, finely ground granulated blast furnace slag (GGBS), fine

limestone powder (LP), silica fume (SF) and silica sand, which are the same as those

described in section 3.3.1.

Fine LP, which is believed to accelerate C3S hydration and to react with C3A in the

presence of water to form calcium carboaluminates (C3A.CaCO3.11H2O) (Nehdi et

al. 1996), was utilized to replace a portion of the cement. The LP chemical

compositions are listed in Table 6.1, and the chemical compositions of other

cementitious materials (OPC, SF and GGBS) are given in Table 3.1. Gradation

curves of the cementitious materials and silica sand determined by particle size

analysis are given in Fig. 6.1. The particle size of LP lies between those of SF and

GGBS, acting as a filler in the binder system.
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Fig. 6.1 Particle size distributions of the components

Table 6.1 Chemical properties of LP

SiO2 CaO Al2O3 Fe2O3 MgO Na2O K2O SO3 L.O.I
0.07 56.90 0.00 0.02 0.13 0.07 0.00 0.05 42.73

Four mix proportions along with the weight of each constituent per volume are

given in Table 6.2. Up to 50% of the cement dosage (by volume) was replaced by LP.

The water/cementitious ratio was kept constant at approximately 0.14 by adjusting

the water amount to investigate the influence of LP on the hydration, microstructure

and mechanical properties of UHP-ECC. The amount of high-range water reducer

was adjusted according to the workability; the amount of superplasticizer decreased

with increasing amounts of LP. The mixture was named using the convention

UHP-ECC-LP-X, where X indicates the LP dosage.

Table 6.2 Mix properties of UHP-ECC

Mixture types
UHP-ECC-
Reference

UHP-ECC-LP-
12.5%

UHP-ECC-LP-
25%

UHP-ECC-LP-
50%

Cement (C) (kg/m3)
Limestone powder (LP)
Silica fume (SF) (kg/m3)

GGBS(kg/m3)
Silica sand (kg/m3)
Water (W)(kg/m3)
PE fiber (kg/m3)
HRWR (kg/m3)

W*/B
W*/C

800
-

150
750
500

240.0
20
25

0.141
0.300

700
90

150
750
500
240
20
20

0.141
0.343

600
180
150
750
500
240
20
15

0.141
0.400

400
360
150
750
500
235
20
10

0.141
0.588

Note: W* includes the water from HRWR
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The physical/mechanical properties of the PE fiber are given in Table 6.3. In the

present research, PE fiber with a diameter of 24 μm and a length of 18 mm, which

results in an Lf/df value of 750, was used for the UHP-ECC samples.

Table 6.3 Properties of the PE fiber
PE Fiber Type 2

Diameter df, μm 24
Length Lf, mm 18
Aspect ratio Lf/df 750

Experimental strength, MPa 2400
Nominal Young’s modulus, GPa 100

Elongation at breakage, % 2-3
Specific gravity, g/cm3 0.97

Melting temperature, ºC 150

6.2.2 Test methods, specimen preparation and test program

The hydration heat of the paste matrices was measured by the isothermal

calorimetric method according to ASTM C1702-09a (ASTM 2009) using a TAM Air

calorimeter (TA Instruments) at 20 °C for 72 hours. A 0.05-liter sample of the paste

of each mixture (mixed at 20 °C) was inserted as quickly as possible into the

ampoule and placed in the calorimeter. Thermogravimetric analyses (TGA) were

performed with a Mettler Toledo TGA/SDTA 851 balance. Approximately 10 mg of

the dried slices (after stopping hydration with anhydrous alcohol) were crushed into

a fine powder and heated at a constant rate of 10 °C/min from 30 °C to 1000 °C in a

30 ml/min flow of nitrogen.

Plain dog bone-shaped specimens (see Fig. 3.5) were used in this study to measure

the full-range stress-strain behavior of UHP-ECC under direct uniaxial tension. At

least four dogbone specimens were prepared for each mixture (from

UHP-ECC-Reference to UHP-ECC-LP-50%) and tested to study the tensile

properties at 28 days and 360 days. The dogbone geometry ensures that most of the

cracks occur in the central gauge region, which has a narrow cross-section, allowing

for more reliable measurements of the tensile strain. The compressive strengths of
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the UHP-ECC mixtures were measured on 50 mm3 specimens at 28 d and 360 d.

The experimental programme is presented in Table 6.4.

Table 6.4 Experimental programme of mechanical tests of UHP-ECC mixtures

Mix proportions Fiber content Curing age Compression test Tensile test

UHP-ECC-Reference
to UHP-ECC-LP-50%

1.75%, 2.0%, 2.25% 28 d 5 4
2.0% 360 d 5 4

To quantify the influence of LP on the tensile properties of UHP-ECC at the

micromechanical level, single-fiber pullout tests were performed under different LP

replacement ratios. At least six identical pullout specimens for each mix proportion

were prepared to obtain the interfacial relationship at 28 days and 360 days. The

testing characteristics are presented in Table 6.5, and the test setups are shown in Fig.

5.2.

Table 6.5 Testing characteristics of the single-fiber tests
Mix proportions Curing age Test specimens for each case

UHP-ECC-Reference to
UHP-ECC-LP-50%

28 d 6
360 d 6

The specimens were prepared according to previous research (Li et al. 2002). PE

fiber with diameter of 24 μm was continuously taped to a plastic mold for alignment

control. The matrix of all mix proportions from UHP-ECC-Reference to

UHP-ECC-LP-50% was prepared and poured into the mold. A plastic film was used

to cover the plate to ensure a moist environment and to reduce the likelihood of

forming shrinkage cracks. The specimens were demolded after 72 h to secure a

hardened state and avoid matrix fracture during demolding. The fiber embedment

length was 6 mm to ensure the pullout performance of the PE fiber.

A 5 N load cell was used to measure the pullout load with a displacement rate of 0.6

mm/min. The displacement pullout curve shown in the following section was

measured as the actuator movement. The fiber-free length (see Fig. 5.2) was kept at

2-4 mm to avoid excessive displacement caused by the elongation of the fiber itself.
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The specimen was glued onto a metal plate, and the fiber-free end was glued to a

steel rod. A magnifying glass was used to ensure the alignment of the fiber.

6.2.3 Mixing procedure

The mixing procedure was the same as described in section 3.3.3. The specimens

were kept in the molds for 24 h at room temperature. After demolding, the

specimens were kept in the molds for 24 h at room temperature and then cured in a

water tank for 28 days and 360 days. No heat curing was adopted to avoid thermal

damage to the PE fiber.

6.2.4 Experimental setup and procedure

The geometry of the test specimens and the test setup are shown in Fig. 3.5 and Fig.

3.9, respectively. The cross-section of each tensile specimen was 30 mm×13 mm,

and the gauge length was 80 mm. Two hinges were used at the end of the steel grips

to allow multidirectional rotation. The tensile tests were conducted at a fix loading

rate of 0.5 mm/min according to JSCE (2008). A special test frame was used to

measure the elongation of the specimens using two linear variable displacement

transducers (LVDTs), as shown in Fig. 3.9. The average reading of two LVDTs was

used to calculate the tensile strain. The load was measured using a load cell attached

directly to the loading frame.

6.3 RESULTS AND DISCUSSION

6.3.1 Isothermal calorimetry

The hydration kinetics of UHP-ECC matrices with LP replacement ratios of up to

25% were monitored by isothermal calorimetry. Figs. 6.2a and 6.2b show the heat

release normalized per gram of cement and cementitious material. The main

hydration of all the UHP-ECC mixtures occurred in the first 2 days. The hydration

of the UHP-ECC-Reference matrix had a longer dormant period due to the higher



145

amount of superplasticizer used to maintain the workability. The cumulative heat per

gram of cement increased with the LP content due to the dilution effect (Fig. 6.2a)

and the higher water/cement ratio, which provided more available water and space

for the cement hydration. However, if the heat released is shown per gram of

cementitious material (Fig. 6.2b), the UHP-ECC-LP-25% matrix with a replacement

ratio of 25% had the lowest total cumulative heat, while the other two mixes had

comparable total cumulative heat. The extra reaction of the cement clinker

component in the UHP-ECC-LP-12.5% sample compensated for the replacement of

the clinker by LP. Furthermore, the cumulative heat of the UHP-ECC-LP-25%

matrix (Fig. 6.2b) was higher than that of the other two matrices prior to 24 h due to

the nucleation effect of the LP, as shown in Fig. 6.3b, which depicts the heat flux per

gram of cementitious material. From Figs. 6.3a and 6.3b, the matrices with LP

attained a peak heat flux earlier than the comparison matrices due to the dilution

effect and nucleation effect provided by the LP (Nehdi et al. 1996).

(a) Heat release normalized per gram of
cement

(b) Heat release normalized per gram of
cementitious material

Fig. 6.2 Heat release of UHP-ECC matrix with different LP replacement ratios
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(c) Heat flux normalized per gram of
cement

(d) Heat flux normalized per gram of
cementitious material

Fig. 6.3 Heat flux of UHP-ECC matrix with different LP replacement ratios

6.3.2 Thermal gravimetric analysis

Fig. 6.4 shows the thermal gravimetric (TG) and differential thermal gravimetric

(DTG) curves of the UHP-ECC matrices at 28 days. The following results are

obtained (Ye et al. 2007; Bazant and Kaplan 1996): (a) the first peak in the DTG

curve was associated with the dehydration of C-S-H, ettringite and AFm phases, up

to 400 °C; (b) a narrow and high trough occurred on both the DTG and TGA curves

at approximately 420 °C, representing the decomposition of portlandite, Ca(OH)2 →

CaO + H2O; (c) between 500 and 600 °C (TGA), further dehydration and/or

dehydroxylation occurred; and (d) at approximately 700 °C, a trough was found in

the DTG curve. Correspondingly, a dramatic loss of mass was also observed in the

TGA, representing the decomposition of calcite, CaCO3 → CaO + CO2, with CO2

escaping.

As seen in Fig. 6.4a, the CaCO3 peak became stronger and broader with increasing

amounts of LP. However, the Ca(OH)2 peak decreased with increasing amounts of

limestone, which resulted in a strength decrease from UHP-ECC-Reference to

UHP-ECC-LP-50%. The total mass loss of the UHP-ECC matrices up to 1000 °C

are shown in Fig. 6.4b. It is clear that the mass loss increased with the limestone
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replacements; over 20% of the mass was decomposed in the UHP-ECC-LP-50%

matrix. Before reaching 500 °C, more hydration products were decomposed in the

UHP-ECC-Reference matrix due to the larger amount of cement, which contributed

to the higher compressive strength of the UHP-ECC-Reference sample.

(a) Differential thermal gravimetric of
UHP-ECC matrices

(b) Mass losses of UHP-ECC matrices

Fig. 6.4 Thermal gravimetric analysis of UHP-ECC matrices

The bound water and portlandite contents were computed between 50 and 550 °C

and between 380 and 450 °C from the TG data using Eqs. 6.1 and 6.2, respectively

(Amankwah et al. 2017; Schöler et al. 2015). The tangent method was used to

calculate the portlandite content from the TGA curves, and the contents were

normalized to the ignited weight at 550 °C according to Eq. 6.2.

100
C550

C550C50 
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where W50°C and W550°C are the masses of dry paste corresponding to the sample

weights at 50 and 550 °C, respectively; CH is the portlandite content, CHw is the

weight loss from water in the calcium hydroxide as calculated by the tangent
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method.

Table 6.6 Amount of bound water and portlandite referred to as dry hydrates
Matrix Wn (%) CH (%)

UHP-ECC-Reference 10.40 1.27
UHP-ECC-LP-25% 10.28 1.04
UHP-ECC-LP-50% 9.45 0.30

Table 6.6 shows that the bound water decreased slightly with increasing LP content,

which was the main reason for the decreased compressive strength. Moreover, the

portlandite decreased with increasing LP content due to the reduction of the cement

and the significant pozzolanic reaction of cementitious materials (GGBS and SF) in

the UHP-ECC-LP-25% and UHP-ECC-LP-50% matrices.

The amount of CO2 escaping from CaCO3 can be calculated from the TGA tests and

compared with the theoretical calculations. From Fig. 6.4b, the mass losses for the

UHP-ECC-LP-25% and UHP-ECC-LP-50% matrices were 4.20% and 8.38%,

respectively. The total weights of the UHP-ECC-LP-25% and UHP-ECC-LP-50%

samples were 6.00 mg and 5.00 mg, respectively. Thus, the total amounts of CO2

escaping from the TG analyses were 0.25 mg and 0.42 mg, respectively.

Theoretically, according to the mass percentage of limestone in the mixture (Table

6.2), the amounts of CaCO3 present in the UHP-ECC-LP-25% and

UHP-ECC-LP-50% samples were 0.45 mg and 0.76 mg, respectively. The amounts

of CO2 escaping from the decomposition of the carboniferous material, CaCO3 →

CaO + CO2, should be 0.21 mg for the UHP-ECC-LP-25% sample and 0.34 mg for

the UHP-ECC-LP-50% sample. The weight losses measured from the TGA data

were slightly higher than the values from the theoretical calculations, which may be

due to the further decomposition of C-S-H, the preexisting CaCO3 in GGBS and the

slight carbonation of Ca(OH)2. The general coincidence of the theoretical and

measured values of the CO2 emissions indicated the filler effect of the LP (Nehdi et

al. 1996, Ye et al. 2007).
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Fig. 6.5 shows the thermal gravimetric (TG) and differential thermal gravimetric

(DTG) curves of the different UHP-ECC-LP-25% matrices at 360 d. As seen in Fig.

6.5a, the peaks at approximately 400 °C and 700 °C of the UHP-ECC-LP-25%-360d

sample are lower than those of the UHP-ECC-LP-25%-28d sample. The continuous

pozzolanic reaction of the cementitious materials (GGBS and SF) consumed more

Ca(OH)2. The lower peak at 700 °C revealed a reduction in the calcite content up to

360 d, which confirms the reaction of the calcite. However, the reacted calcite was

approximately 1 g per 100 g of binder after 360 d, indicating the limited reaction of

calcite. The total mass loss up to 600 °C increased slightly with the curing age from

28 d to 360 d (Fig. 6.5b). More hydration products contributed to the strength

increase in the longer-curing specimens.

(a) Differential thermal gravimetric analyses of
UHP-ECC matrices

(b) Mass losses of the UHP-ECC matrices

Fig. 6.5 Thermal gravimetric analyses of the UHP-ECC matrices

Fig. 6.6 shows the amount of water loss for the three UHP-ECC matrices at 28 d and

360 d. The amount of bound water in the C-S-H formed per unit weight of cement

increased with increasing LP content, while the bound water per unit weight of

binder decreased with increasing LP content. This observation agrees with the result

of the isothermal calorimetry test (Fig. 6.3). Additionally, the bound water in the

UHP-ECC-LP-25% sample at 360 d was slightly higher than that at 28 d due to the
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further hydration of the cement.

Fig. 6.6 Bound water in the C-S-H of the matrices with different LP replacement ratios

6.3.3 Compressive properties of UHP-ECCs

Fig. 6.7 shows the compressive strengths of the UHP-ECCs at 28 d and 360 d. The

compressive strength decreased steadily with increasing LP replacement at both

curing ages. For the UHP-ECC-Reference, the average compressive strengths were

143 MPa at 28 d and 154 MPa at 360 d, an increase of 7%. However, for the

UHP-ECC-LP-50%, the average compressive strengths were 131 MPa and 135 MPa

(an increase of 3%) over the same period. The increase in compressive strength with

higher LP content was less significant due to the sharp reduction in the amount of

cement in these mixtures. The increased compressive strength should induce a

negative influence on the tensile properties due to the increase fracture toughness of

the matrix. Hence, the stability of the compressive strength with large amounts of LP

should benefit the long-term tensile properties of UHP-ECC.
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(a) Compressive strengths at 28 days (b) Compressive strengths at 360 days
Fig. 6.7 Compressive strengths of UHP-ECCs with different replacement ratios

and different curing ages

6.3.4 Tensile stress-strain curves and tensile properties

6.3.4.1 Tensile stress-strain curves of different LP replacement ratios

Fig. 6.8 presents the tensile stress-strain curves of the studied UHP-ECCs with

different LP replacement ratios. The ECC specimens in all cases show an apparent

tensile strain hardening phenomenon. The average tensile strength of the

UHP-ECC-Reference matrix was approximately 16 MPa which is close to the values

of the UHP-ECCs with LP replacements of up to 25%. However, a higher

replacement of up to 50% reduced the tensile strength to 14 MPa due to the lower

interfacial stress between the fiber and the matrix, as shown in the following section.

This lower interfacial stress also caused a decrease in the tensile stress,

corresponding to a tensile strain of 6% with an increase in the LP replacement ratio

up to 50%. However, the addition of LP increased the tensile strain capacity

significantly, which can be attributed to the better dispersion of the PE fiber with the

help of the lubrication effect of the LP (Ye et al. 2007). The matrix viscosity of the

UHP-ECC-Reference sample was too high to disperse the PE fiber with an aspect

ratio of 750. The existence of LP reduced the viscosity to some extent and thus

helped the dispersion of the PE fiber. The better strain capacity of the
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UHP-ECC-LP-12.5% and UHP-ECC-LP-25% led to their higher ultimate tensile

strengths compared to that of the UHP-ECC-Reference sample. Details of the tensile

parameters described in this section are presented in Fig. 6.15.

(a) Tensile stress-strain curves of
UHP-ECC-Reference

(b) Tensile stress-strain curves of
UHP-ECC-LP-12.5%

(c) Tensile stress-strain curves of
UHP-ECC-LP-25%

(d) Tensile stress-strain curves of
UHP-ECC-LP-50%

(e) Tensile stress-strain curves of UHP-ECCs with different LP replacement ratios
Fig. 6.8 Tensile stress-strain curves of different UHP-ECCs
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The cracking patterns of UHP-ECC after unloading are shown in Fig. 6.9. The crack

width and crack spacing of the UHP-ECC-Reference and UHP-ECC-LP-25%

samples were observed using a microscope. The cracks were uniformly distributed

with an average spacing of approximately 2000 μm for the UHP-ECC-Reference

and 1500 μm for the UHP-ECC-LP-25%, and the crack widths were relatively small

(i.e., most were less than 100 μm). Most of the fibers were pulled from the matrix,

resulting in a ductile failure mode. Details of the crack spacing and residual crack

width of the different UHP-ECCs are shown in Fig. 6.15.

(a) UHP-ECC-Reference

(b) UHP-ECC-LP-25%
Fig. 6.9 Crack patterns of UHP-ECCs with different LP replacement ratios
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6.3.4.2 Tensile stress-strain curves of UHP-ECCs with different fiber volumes

Fig. 6.10 shows the experimental tensile stress–strain curves of the

UHP-ECC-LP-12.5% and UHP-ECC-LP-25% with fiber volumes ranging from

1.75% to 2.25% as well as the crack patterns of the UHP-ECC-LP-12.5% sample.

The tensile stress and strain capacity increased with increasing fiber volume. A

larger fiber reinforcement aroused more microcracks and decreased the crack

spacing. Detailed values of the tensile properties and crack patterns are presented in

Figs. 6.16 and 17.

(a) UHP-ECC-LP-12.5% (b) UHP-ECC-LP-25%

(c) UHP-ECC-LP-12.5%-1.75%

(d) UHP-ECC-LP-12.5%-2.25%
Fig. 6.10 Stress-strain curves and crack patterns of UHP-ECCs with different fiber volumes
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6.3.4.3 Tensile stress-strain curves of UHP-ECCs with different curing ages

The tensile stress-strain curves of UHP-ECCs with LP replacement ratios of up to

25% at 360 d are depicted in Fig. 6.11. All UHP-ECC specimens demonstrated a

strain hardening phenomenon (Figs. 11(a)-(c)) and had multiple cracks distributed

along the specimens (Fig. 6.13(a)). Similar to the specimens at 28 d, adding LP into

the matrix increased the tensile strain capacity of the UHP-ECC samples due to

better fiber dispersion. The peak tensile stress of the UHP-ECC-LP-12.5% sample

with a replacement ratio of 12.5% was almost the same as the UHP-ECC-Reference

(Fig. 6.11(d)), while the peak tensile stress decreased up to a replacement ratio of

25%. The detailed tensile properties of the UHP-ECC-360d sample are presented in

Fig. 6.16.

(a) UHP-ECC-Reference (b) UHP-ECC-LP-12.5%

(c) UHP-ECC-LP-25% (d) Average curves of UHP-ECCs
Fig. 6.11 Stress-strain curves of UHP-ECC at 360 d
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Fig. 6.12 compares the tensile stress-strain curves of the different UHP-ECCs at 28 d

and 360 d. The tensile strengths increased significantly with further hydration of the

cement at 360 d. However, the tensile strain capacity at both curing ages was nearly

the same with the same failure mode of fiber pullout, as shown in Fig. 6.13(b). The

enhancement of the tensile stress of UHP-ECC-Reference was larger than that of

UHP-ECC-LP-25% due to an increase in the interfacial stress, which is described in

section 6.5.

(a) UHP-ECC-Reference (b) UHP-ECC-LP-25%
Fig. 6.12 Comparison of the stress-strain curves of UHP-ECCs at 28 d and 360 d

The PE fibers were pulled from the matrix with a very high tensile strength to avoid

the sudden failure due to the rupture of the PE fibers (Fig. 6.13(b)) at 360 d.The

ductility at the material level would benefit the robustness at structural member level.

However, with the further hydration of cementitious materials and the increase of

compressive strength, the fibers are under the risk of fracture for a longer curing age.

Thus the long-term durability of the tensile property of UHP-ECCs should still be

given special attention when UHP-ECC is utilized in structures, especially

considering the utilization of large amounts of GGBS and SF in UHP-ECC.
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(a) Crack pattern (b) Fracture surface
Fig. 6.13 Crack pattern and fracture surface of the UHP-ECC-LP-25%-360d

6.4 TENSILE PARAMETERS

The tensile parameters highlighted during the investigation included the following:

(1) the initial cracking strength (σtc), (2) the peak stress (σtu), (3) the strain capacity

corresponding to the peak stress (εtu), (4) the energy absorption capacity (gse), (5) the

number of cracks (Cn), (6) the average crack width (Cw), and (7) the average crack

spacing (Cs). The definition of these parameters could be referred to Fig. 4.1.

6.4.1 Tensile parameters of different LP replacement ratios

The tensile parameters of UHP-ECCs with different LP contents are summarized in

Fig. 6.14. The fiber volume of the UHP-ECCs was 2%. The peak stress increased

slightly from 15.16 MPa of UHP-ECC-Reference to 16.46 MPa at LP content of

12.5% and then decreased to 15.83 MPa at 25% and to 14.83 MPa at 50%. The

ultimate tensile strength of the UHP-ECC-LP-25% was higher than that of the

UHP-ECC-Reference due to the higher strain capacity, as described in section 3.4.1.

The tensile strength of the UHP-ECC-LP-50% was only 2% lower than that of the

UHP-ECC-Reference. Considering the high replacement ratio of 50% cement, this is

actually a green material with a low environmental impact. The tendency of the
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initial stress was similar to that of the peak stress. However, the tensile stress of the

UHP-ECC-Reference corresponding to 6% was highest among the different mixture

proportions, which can be attributed to the high interfacial stress between the

UHP-ECC-Reference fiber and matrix (Fig. 6.14(b)).

From Fig. 6.14(c), it is noticed that adding LP powder benefited the strain capacities

of the UHP-ECCs significantly, which increased from 6.11% of the

UHP-ECC-Reference to 8.29% of the UHP-ECC-LP-25%. However, a further

increase in the strain capacity was not observed for a replacement ratio up to 50%,

which may be attributed to the excessive lubrication effect supplied by the larger

amount of LP. The strain energy, increasing from 732 kJ∙m-3 to 1042 kJ∙m-3 (a 42%

increase), shared a similar trend with the tensile strength and the strain capacity.

The number of cracks increased with increasing LP content from 38 to 49

microcracks of the UHP-ECC-Reference and UHP-ECC-LP-25%, respectively. The

crack widths also exhibited a slight increase with increasing LP content due to the

decreased interfacial stress.

(a) Peak stress and initial stress (b) Tensile stress corresponding to 6%
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(c) Strain capacity (d) Strain energy

(e) Crack width and number of cracks
Fig. 6.14 Tensile parameters of UHP-ECCs with different LP replacement ratios

6.4.2 Tensile properties of UHP-ECCs with different fiber volumes

Figure 6.15 depicts the tensile parameters of UHP-ECCs with different fiber

volumes. As expected, all of the tensile parameters increased as the fiber volume

increased from 1.75% to 2.25%. For the UHP-ECC-Reference, the peak stress

increased from 14.50 MPa at a fiber volume of 1.75% to 15.98 MPa at a fiber

volume of 2.25%, representing a 10% enhancement. For the UHP-ECC-LP-12.5%,

the peak stress increased from 14.55 MPa to 18.44 MPa, a 27% increase for the

same fiber volume change. The enhancements in the peak stress for fiber volumes

from 1.75% to 2.25% of the UHP-ECC-LP-25% and UHP-ECC-LP-50% were 14%
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and 15%, respectively. Similarly, the influence of the fiber volume on the strain

capacity was more apparent for the LP-amended mixtures. The viscosity of the

UHP-ECC-Reference matrix was too high to disperse the excessive fiber, thus

reducing the enhancement induced by the additional fiber volume.

(a) Peak stress (b) Strain capacity
Fig. 6.15 Tensile parameters of UHP-ECCs with different fiber volumes

Figure 6.16 depicts the crack parameters of UHP-ECCs with different fiber volumes.

At each mix proportion, the number of cracks increased with increasing fiber

volume, especially for the LP-amended mixtures. The trend in the number of cracks

with increasing LP content was similar to the trend in the strain capacity. The peak

values of these two parameters were attained at an LP content of 25%, decreasing

slightly for an LP content of 50%, which means that an excessive amount of LP may

have a negative effect on the fiber dispersion. The crack widths of all UHP-ECCs

were between 130 μm and 150 μm. The crack widths of the UHP-ECC-Reference

were slightly lower than the other mixtures due to the relatively higher interfacial

stress, which is discussed in the following section.



161

(a) Number of cracks (b) Crack width
Fig. 6.16 Crack parameters of the UHP-ECCs with different fiber volumes

6.4.3 Tensile properties of UHP-ECCs with different curing ages

The long-term durability of UHP-ECC is a special concern for its safe application in

civil engineering. The UHP-ECC specimens at 360 d were tested, and the results are

presented in Fig. 6.17. Both the peak stress and the initial stress increased with

increasing curing age for all the three UHP-ECC mixtures. The peak stress of the

UHP-ECC-Reference increased from 15.16 MPa at 28 d to 18.93 MPa at 360 d, with

an increase of 25%. For the UHP-ECC-LP-12.5%, UHP-ECC-LP-25% and

UHP-ECC-LP-50% mixtures, the increases in the peak stress were 19%, 16% and

8%, respectively. The improvements in the initial cracking stress from 28 d to 360 d

were 30%, 23% and 12% for the same three composites. Compared to the

compressive strengths of the studied UHP-ECCs at 28 d and 360 d described in

section 3.3, the tensile strength (peak stress and initial cracking stress) were found to

be more sensitive to the curing age, which may be attributed to a more significant

increase in the interfacial stress between the fiber and the matrix.

The strain capacity of UHP-ECCs with LP contents of up to 25% decreased by

approximately 6-10% with increasing curing age. Moreover, the strain capacity of

the UHP-ECC-LP-50% at 360 d was slightly higher than that of the

UHP-ECC-LP-50% at 28 d. The advantage of LP in retaining the long-term strain

capacity of UHP-ECC ensures its safe application in civil engineering. However, a

150μm

130μm
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longer curing age or a more reliable accelerated curing method should still be

utilized to investigate the long-term tensile properties.

The crack widths of UHP-ECCs with different LP contents at 360 d remained nearly

constant due to the balance between the matrix fracture toughness and the interfacial

bond stress. The number of cracks at 360 d increased slightly as the LP content

increased, leading to an increase in the strain capacity with increasing LP content.

However, for the different UHP-ECCs at 28 d and 360 d, the number of cracks

decreased by approximately 25% for all four mixtures, and the crack widths

increased, resulting in the potential risk of fiber pullout failure. The increased crack

widths may be attributed to the higher enhancement in the matrix fracture toughness

compared with the fiber interfacial bond at 360 d.

(a) Peak and initial stress (b) Strain capacity

(c) Crack width (d) Number of cracks
Fig. 6.17 Tensile parameters of UHP-ECCs with different curing ages
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6.5 SINGLE-FIBER PULLOUT TESTS

To quantify the influence of LP at the fiber level and to provide a brief explanation

of the LP impact on the tensile properties of UHP-ECC, the single-fiber pullout tests

were performed. The test setup is shown in Fig. 5.2. The displacement rate of the

single-fiber pullout test was 0.5 mm/min. The matrix samples had dimensions of 10

mm (width) by 300 mm (length), with thicknesses equal to the required embedded

length of 6 mm. Ten fibers were embedded in the matrix, and at least eight samples

were tested for each case.

Figure. 6.18 presents the force-displacement curves of the single-fiber pullout tests.

These curves show a plateau or a slight slip hardening behavior. The load decreased

sharply at the onset of debonding and then increased again with a slip hardening

phenomenon. The fiber was predominantly pulled out from all matrices.

(a) UHP-ECC-Reference-28d (b) UHP-ECC-LP-25%-28d

(c) UHP-ECC-Reference-360d (d) UHP-ECC-LP-25%-360d
Fig. 6.18 Force-displacement curves of the single fiber pullout tests
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Figure 6.19 shows the interfacial stress values between the fiber and matrix of all

mixtures at 28 d and 360 d. The average interfacial stress decreased with the

increasing amount of LP at both curing ages. The interfacial stress of

UHP-ECC-Reference-28d sample was 1.45 MPa, which is the highest value among

all of the tested matrices at this curing age. The interfacial stress of the

UHP-ECC-Reference-360d was 1.80 MPa, a 24% increase compared to that of the

UHP-ECC-Reference-28d. While, it is noticed that, for the UHP-ECC-LP-25%

matrix, the interfacial stress at 360 d was 1.55 MPa, only a 15% increase compared

to that at 28 d. The utilization of LP stabled the interfacial stress between fiber and

matrix, which would benefit the stability of tensile properties at the composites scale.

The increased interfacial stress was comparable to the increase in the peak stress of

the different UHP-ECCs described in section 6.4.3.

Fig. 6.19 Interfacial stress of the different UHP-ECCs at 28 d and 360 d

6.6 MORPHOLOGYOF THE PE FIBERS IN UHP-ECCs

The morphology of the tested specimens was investigated using a Hitachi S3400 N

scanning electron microscope (SEM). The samples were prepared by taking small

fiber pieces from the dogbone specimens on the fractured surface. Fig. 6.20 shows

images of the PE fibers from the UHP-ECC-LP-12.5% at 28 d and 360 d. Most of

the fibers were pulled from the matrix, as shown in Fig. 6.20(a). The lateral surface



165

of the PE fiber adhered to more matrix particles during the pullout process of the

360 d specimens (Figs. 6.20(b) and (c)), leading to a higher interfacial stress and

thus a higher tensile strength. Some fibers suffered severe damage on the fiber

surface or even fractured during the process (Fig. 6.20(d)).

(a) Fiber surface with matrix particles
(UHP-ECC-LP-12.5%-28d)

(b) Fiber pullout surface
(UHP-ECC-LP-12.5%-360d)

(c) Fiber surface damage
(UHP-ECC-LP-12.5%-360d)

(d) Fiber fracture
(UHP-ECC-LP-12.5%-360d)

Fig. 6.20 SEM images of the PE fiber of UHP-ECC-LP-12.5%

6.7 CONCLUSIONS

In this chapter, the influence of limestone powder (LP) on the microstructures and

mechanical properties of ultra-high performance engineered cementitious

composites (UHP-ECC) materials was investigated. The hydration mechanism of

LP-amended UHP-ECC mixtures was explored by isothermal calorimetry and

thermal gravimetric analysis. The tensile and compressive properties were measured
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at 28 d and 360 d to investigate the stability of the long-term mechanical properties,

especially the tensile property. Single-fiber pullout tests were conducted to establish

a link between the micromechanical behavior to the macromechanical performance.

The microstructures of the composites were observed using a scanning electronic

microscope (SEM). The following conclusions have been obtained:

(1) Due to the dilution effect providing more available water and space for cement

hydration, the cumulative heat per gram of cement increased with increasing LP

replacement ratio. Moreover, the cumulative heat per gram of cementitious material

decreased with increasing LP content. The LP-amended matrices attained their peak

heat flux earlier than the compared matrices due to the nucleation effect provided by

LP.

(2) Five stages were partitioned to interpret the TGA/DTG curves; the CaCO3 peak

became stronger and broader with increasing amounts of LP. The Ca(OH)2 peak

decreased with increasing LP content, which resulted in decreased strength moving

from the UHP-ECC-Reference matrix to the UHP-ECC-LP-50% matrix. As

expected, the added LP acted primarily as a filler in the matrix system, and the total

mass loss of the matrices increased with increasing LP content up to 1000 °C.

(3) The compressive strengths decreased steadily with increasing LP replacement at

both 28 d and 360 d. The average compressive strength of the UHP-ECC-Reference

was 143 MPa at 28 d, and it increased slightly to 154 MPa at 360 d. The average

compressive strengths of the UHP-ECC-LP-50% were 131 MPa and 135 MPa at 28

d and 360 d, respectively. The long-term compressive strength was stable at higher

LP contents, which should benefit the long-term tensile properties of the studied

UHP-ECCs.

(4) The tensile properties of the UHP-ECCs were significantly influenced by the

addition of LP. The ultimate tensile strength of the UHP-ECCs with up to 50% LP

content were higher than or almost equal to the value of the UHP-ECC-Reference.
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However, the tensile strength of the UHP-ECC-Reference corresponding to 6% was

highest among the studied mixtures, which is attributed to the higher interfacial

stress between the fiber and the matrix. Furthermore, the addition of LP benefited

the strain capacity and strain energy of the UHP-ECCs significantly.

The tensile stress of the studied UHP-ECCs increased with curing age up to 360 d,

while the strain capacity decreased slightly with the failure mode of the fiber pullout

process. Compared to the compressive strength, the tensile strength indicators (peak

stress and initial cracking stress) were more sensitive to the curing age. However,

the strain capacity of the UHP-ECC-LP-50% at 360 d was slightly higher than that

of the UHP-ECC-LP-50% at 28 d due to the stability of the compressive strength.

Increased fiber volume has a positive influence on the tensile parameters and

enhanced the tensile properties; these differences were more apparent in the

LP-amended UHP-ECCs. The crack widths of all UHP-ECCs ranged from 130 μm

to 150 μm.

(5) The single-fiber force-displacement curves of the UHP-ECC matrices showed

a type of plateau or a slight slip hardening behavior. The fiber was dominantly

pulled out from all matrices with different LP contents. The average interfacial stress

between the fiber and the matrix of the UHP-ECC decreased with the increasing

amount of LP and increased with the curing age. While the utilization of LP stabled

the long-term interfacial stress, which would benefit the stability of tensile

properties at the composites scale. The morphology of the tested specimens was

investigated by SEM analysis with samples prepared from the fractured surfaces.

Most of the fibers were pulled from the matrix with the lateral surface of the PE

fibers adhering to more of the matrix particles at 360 d, leading to a higher tensile

strength.
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CHAPTER 7

FINE-PARTICLE MODIFIED UHP-ECC:

MICRO-STRUCTURALAND MECHANICAL PROPERTIES

OF UHP-ECC INCORPORATING RECYCLED FINE

POWDER

7.1 INTRODUCTION

Due to rapid urbanization, construction and demolition (C&D) waste has

dramatically increased in China over the last two decades, of which waste concrete

and brick account for approximately 80% of the total C&D waste (Xiao et al. 2016,

Yuan and Shen 2011). Traditionally, the majority of C&D waste has ended up in

landfills (Wu et al., 2014), which is not considered to be an environment-friendly

and cost-effective method. Recently, reclamation of C&D waste to produce recycled

construction materials, e.g., recycled coarse and fine aggregate (RCA/RFA), has

been extensively adopted by the global construction industry as an effective

approach to alleviate the negative impact of C&D waste as well as to reduce the

demand for natural resources (Li et al. 2012, Liu et al. 2011, Xiao et al. 2013).

Additionally, during the recycling process, a large amount of dust is produced as a byproduct. In

China, a significant portion of C&D waste is a combination of sintered clay brick and concrete,

leading to a greater amount of dust that is retained in the collection systems due to the lower

strength of clay brick compared to that of concrete. It is estimated that particles below 150 μm,

which are called recycled fine-powder (RFP), account for approximately 20-35% of the total

waste concrete and brick (Heinz and Schubert 2007, Sun et al. 2017). These fine particles, if

improperly collected and used, can increase the risk of air and underground water pollution.

Thus, the reuse of hybrid RFP (a combination of concrete and clay brick powders)
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has remained a challenge and has attracted increasing interest in recent years (Liu et

al. 2014, Sun et al. 2017).

Recently, investigators have tried to use hybrid RFP as a supplementary

cementitious material to replace some cement due to its pozzolanic effect (Liu et al.

2014, Turanli et al. 2003). This research found that the strength activity index

increased with increasing RFP content up to 20%, of which the percentage of clay

brick can reach 80% (Liu et al. 2014). The hydration mechanism of RFP-amended

paste revealed that replacing cement with recycled powder can accelerate cement

hydration and reduce the hydration heat release and the rate of hydration at an early

age (Liu et al. 2014). This phenomenon is similar to that of other pastes amended

with micropowder (Bonavetti et al. 2003, Oner and Akyuz, 2007, Huang et al. 2017).

The heat of wetting has been shown to increase due to RFP having a more porous

structure than cement (Sun et al. 2017).

The aim of this portion of the thesis is to investigate the influence of RFP on the

mechanical properties of UHP-ECC (Ding et al. 2017, Yu et al. 2018).

Comprehensive experimental investigations including the microstructure and

mechanical properties of RFP-amended UHP-ECCs were conducted. The hydration

heat of the fresh matrices were monitored to evaluate the influence of RFP on the

matrix hydration. The tensile and compressive properties were measured at 3 d, 7 d

and 28 d to evaluate the mechanical properties for different curing ages. The tensile

crack patterns, i.e., the number of cracks and crack width distribution, were also

obtained. Single-fiber pullout tests were conducted to establish a link between the

micromechanical behavior and the macromechanical performance. The morphology

of the composites was observed by the environmental scanning electronic

microscope (ESEM).
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7.2 EXPERIMENTALPROGRAM

7.2.1 Materials and mix proportions

The raw materials utilized for the studied UHP-ECC included ordinary Portland

cement (OPC) 52.5R, finely ground granulated blast furnace slag (GGBS), fine

limestone powder (LP), silica fume (SF) and silica sand, which are the same as those

described in section 3.3.1. The chemical compositions of RFP are given in Table 7.1.

Gradation curves of RFP, the other cementitious materials and the silica sand,

determined by particle size analysis, are given in Fig. 7.1.

In this study, the selected RFP, which included 50% recycled concrete powder and

50% recycled clay-brick powder, was utilized to replace some cement due to its

ability to accelerate the C3S hydration process. The RFP was directly collected from

a dust collection system of C&D waste from demolished structures in Sichuan

Province, China. Here, 92% of the particles had sizes smaller than 45 μm, 53% of

the particles were finer than 10 μm (or PM10) and 18% of the particles were finer

than 2. 5 μm (or PM2.5), which benefited the strength activity due to their higher

filler effect compared to the particles used in previous studies (Liu et al. 2014, Sun

et al. 2017). As demonstrated by the plateau in the size distribution curve shown in

Fig. 7.1b, the particle sizes ranged from 5 to 23 μm and were relatively uniform.

(a) Particle size distributions of the components (b) Particle size distributions of the RFP
Fig. 7.1 Particle size distributions of the components
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The morphology of RFP particles was observed using an ESEM. First, the hybrid

recycled powder was cleaned with acetone for better surface exposure. Then, the

RFP was sprinkled on a conductive adhesive tape for scanning by a high-resolution

SEM. It was found that, unlike fly ash, the RFP particles were neither spherical nor

smooth. Instead, they contained sharp corners and irregular edges, which is similar

to the shape of the GGBS. This characteristic increased the water requirement and

hindered the workability of concrete when RFP was used as a supplementary

material. The raw RFP and GGBS materials are shown in Fig. 7.2b.

(a) Morphology of the RFP particles (b) RFP and GGBS raw materials
Fig. 7.2 Morphology of the RFP particles and RFP and GGBS raw materials

The chemical composition of the hybrid recycled powder was quantitatively

analyzed by Axios X-ray Fluorescence (XRF). According to Table 7.1, the chemical

composition of the RFP was similar to that of the GGBS. The dominant element in

the RFP was Si, followed by Ca and Al. These three elements and their compounds

accounted for more than 80% of the total weight. Moreover, the RFP had a higher

loss of ignition (LOI). This was probably due to the high carbonate content of the

original concrete or was caused by further carbonation of the demolished concrete

after grinding.

Table 7.1 Chemical properties of the studied RFP

SiO2 CaO Al2O3 Fe2O3 MgO Na2O K2O SO3 TiO2 L.O.I.
46.84 20.86 15.49 6.95 2.66 1.00 2.76 2.05 0.77 7.41

RFP GGBS
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In addition to the chemical element analysis, the mineral compounds of the selected

RFP were also investigated by X-ray diffraction (XRD). A diffractometer equipped

with a graphite monochromator was used to scan the RFP with Cu/K radiation under

an operation condition of 40 kV and 20 mA. The scanning speed was kept at 2 °/min

up to 55°. Fig. 7.4 shows the thermal gravimetric (TG) and differential thermal

gravimetric (DTG) curves of the RFP powder. A trough was found in the DTG curve

at approximately 700 °C, which corresponds to a dramatic loss of mass in the TGA

curve and represents the decomposition of calcite at this temperature with CO2

escaping. Figs. 7.3 and 7.4 show that the main compounds in the RFP included silica

(SiO2) and calcite (CaCO3), which may contribute to the pozzolanic and filler effect

of the RFP in the paste system.

Fig. 7.3 Mineral compounds of the RFP particles Fig. 7.4 TG analysis of the RFP particles

Four mix proportions along with the weight of each constituent per volume are

given in Table 7.2. Up to 50% of the cement dosage (12.5%, 25% and 50%) by

volume was replaced by the RFP. Because the density of the RFP was 2.60 g/cm3,

the mass of the RFP in each mixture proportion was calculated according to the

density. The water/binder ratio was kept constant at approximately 0.16 by adjusting

the water amount, and the water/cement ratio varied from 0.344 to 0.635. The name

of each mixture was defined as UHP-ECC-RFP-X, where X indicates the RFP

replacement ratio. The fiber content was 2% by volume in all mixtures.

The physical and mechanical properties of the PE fibers are given in Table 6.3. PE
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fibers with a diameter of 24 μm and a length of 18 mm, which results in an Lf/df

ratio of 750, were utilized in the UHP-ECCs.

Table 7.2 Mix properties of the UHP-ECCs

Mixture types
UHP-ECC-
Reference

UHP-ECC-
RFP-12.5%

UHP-ECC-
RFP-25%

UHP-ECC-
RFP-50%

Cement (C) (kg/m3)
Recycled fine powder (RFP)
Silica fume (SF) (kg/m3)
GGBS (kg/m3)
Silica sand (kg/m3)
Water (W) (kg/m3)
PE fiber (kg/m3)
HRWR (kg/m3)
W*/Binder
W*/C

800
-

150
750
500
260
19.4
25

0.162
0.344

700
85
150
750
500
258
19.4
25

0.162
0.393

600
170
150
750
500
256
19.4
25

0.162
0.428

400
340
150
750
500
251
19.4
25

0.162
0.635

Note: W* includes the water from the HRWR

7.2.2 Test methods, specimen preparation and test program

The hydration heat of the paste matrix was measured via isothermal calorimetry

according to ASTM C1702-09a (ASTM 2009) using a TAM Air calorimeter (TA

Instruments) at 20 °C for 72 hours. A 0.05-liter sample of the paste of each mixture

mixed at 20 °C was inserted as quickly as possible into the ampoule and placed in

the calorimeter. Thermogravimetric analyses (TGA) were carried out with a Mettler

Toledo TGA/SDTA 851 balance. A 10 mg sample from dried slices (after stopping

hydration using anhydrous alcohol) was crushed into a fine powder and heated at a

constant rate of 10 °C/min from 30 °C to 1000 °C in a 30 ml/min flow of nitrogen.

Plain dogbone-shaped specimens (refer to Fig. 3.5 in Chapter 3) were used in this

study to measure the full-range stress-strain behavior of the UHP-ECCs under direct

uniaxial tension. The cross-section of each tensile specimen was 30 mm×13 mm,

and the gauge length was 80 mm. At least four dogbone specimens were prepared

for each case (from UHP-ECC-Reference to UHP-ECC-RFP-50%) and tested to

determine their tensile properties at 3 d, 7 d and 28 d. The dogbone geometry
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ensured that most of the cracks occurred in the central gauge region, which had a

narrow cross-section to allow for a more reliable measurement of the tensile strain.

Moreover, 50 mm3 specimens were used for the compression tests, and 5 identical

specimens were used to obtain the compressive strength at 3 d, 7 d and 28 d. The

mechanical testing configurations are shown in Table 7.3.

Table 7.3 Test configurations of UHP-ECCs with different RFP replacement ratios

Mix proportions Curing age
Number of

compression tests
Number of tensile

tests

UHP-ECC-Reference to
UHP-ECC-RFP-50%

3 d, 7 d and 28 d
5 4
5 4

To quantify the influence of the RFP on the tensile properties of UHP-ECCs at

the micromechanical level, single-fiber pullout tests were performed under different

RFP replacement ratios. Six identical pullout specimens for each mix proportion

were prepared to obtain the interfacial relationship at 3 d and 28 d. The test

configurations are shown in Table 7.4, and the test setup is shown in Fig. 5.2.

Table 7.4 Test configuration of the single-fiber tests

Mix proportions Curing age
Number of test specimens for

each case
UHP-ECC-Reference,

25%, 50%
3 d 6

28 d 6

The specimens were prepared according to the previous research (Li et al. 2002). PE

fibers having a diameter of 24 μm were continuously taped to a plastic mold for

alignment control. The matrices of all mix proportions were prepared and poured

into the mold. A plastic film covered the plate to ensure a moist environment and to

avoid the formation of shrinkage cracks. The specimens were demolded after 48 h to

secure a hardened state and avoid matrix fracture during demolding. The fiber

embedment length was 9 mm; half of the fiber length was used in the mix

proportions.

The pullout loading rate was 0.6 mm/min, and a 5 N load cell was used to measure

the pullout load. The fiber pullout displacement shown in the following section was
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measured as the actuator movement. The fiber-free length (see Fig. 5.2) was kept at

a maximum of 3 mm to avoid the displacement deviation caused by the elongation

of the fiber itself. Each specimen was glued onto a metal plate that was connected to

the test machine. The fiber-free end was then attached to a steel rod connected to the

load cell. A magnifying glass was used to ensure the alignment of the fibers.

7.2.3 Mixing procedure

The mixing procedure was the same as described in section 3.3.3. The specimens

were kept in the molds for 24 h at room temperature. Due to the high binder volume

and very low water/binder ratio, the flowability values of all mixtures were

approximately at 200, 175 and 150 mm for the UHP-ECC-Reference,

UHP-ECC-RFP-25% and UHP-ECC-RFP-50%, respectively, according to the flow

table tests. The casting and compaction of the UHP-ECC specimens were realized

by mechanical vibration for 3 mins. Finally, the specimens were held in the molds

for 24 h at room temperature and then cured in a water tank for 3 d, 7 d and 28 d.

7.2.4 Experimental setup and procedure

The test setup of the uniaxial tensile test is shown in Fig. 3.9 in Chapter 3. The

alignment of the tensile setup was carefully checked prior to loading to avoid

potential eccentricity. Two hinges were used at the ends of steel grips to allow for

multidirectional rotation. The tensile tests were conducted at a fixed loading rate of

0.5 mm/min according to JSCE (2008). An aluminum frame was used to fix two

linear variable displacement transducers (LVDTs) to measure the elongation of the

specimens. The average of the two LVDT readings was used to calculate the tensile

strain, and the load was measured using a load cell attached directly to the loading

frame.
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7.3 RESULTS AND DISCUSSION

7.3.1 Isothermal calorimetry

The hydration kinetics of UHP-ECC matrices with different RFP replacement ratios

of up to 50% were monitored by isothermal calorimetry. Fig. 7.5a and 7.5b show the

heat release normalized per gram of cement and cementitious material. Because the

main compound in the RFP is CaCO3, which is believed to accelerate the C3S

hydration and the nucleation effect of the RFP (Nehdi et al. 1996), the RFP-50%

matrix had the shortest dormant period. The cumulative heat per gram of cement

increased with increasing RFP replacement ratio due to its dilution and acceleration

effects (Fig. 7.5a), which provided more available water and space for the cement

hydration process. However, if the heat released is shown per gram of cementitious

material (Fig. 7.5b), the RFP-50% matrix had the lowest total cumulative heat

release, while the cumulative heat values of the RFP-12.5% and RFP-25% matrices

were greater than for the reference matrix. The extra reaction of the cement clinker

component in the RFP-12.5% and RFP-25% matrices compensated for the

replacement of the clinker by the RFP, which is consistent with the compressive

strength development shown in the following section. From Figs. 7.6a and 7.6b, the

RFP-amended matrices attained their peak heat fluxes earlier than the Reference

matrix due to the dilution and acceleration effects provided by the RFP (Sun et al.

2017). The rapid hydration of the RFP-amended matrices should benefit the early

strength values of UHP-ECCs. Moreover, the main hydration of all UHP-ECC

mixtures occurred during the first 3 days. Similar to the heat release evolution

shown in Fig. 7.5a, the peak heat flux per gram of cement (Fig. 7.6a) increased with

increasing RFP replacement ratio. The peak heat flux by per gram of cementitious

(Fig. 7.6b) material decreased with increasing RFP content, while the peak heat flux

of the RFP-12.5% and RFP-25% matrices were comparable and even higher than

that of the RFP-Reference sample.
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Furthermore, according to Fig. 7.6c, at a very early age (0-1.0 h), the control paste

(RFP-Reference) had the lowest hydration heat, and all other RFP-amended

cementitious pastes had significantly higher hydration heat values. This finding

indicates that the RFP had a much higher heat of wetting (defined as the heat

released per unit mass of initially dry powder when immersed in water) than

Portland cement. A higher value of the heat of wetting is considered to be an

indication of a powder with a more-porous microstructure, which means a more

porous structure of the RFP compared to Portland cement. This may cause a higher

water absorbency or a lower flowability of the mixture when RFP is incorporated.

(a) Heat release normalized per gram of
cement

(b) Heat release normalized per gram of
cementitious material

Fig. 7.5 Heat release of UHP-ECC matrix with different RFP replacement ratios

(a) Heat flux normalized per gram of cement
(b) Heat flux normalized per gram of

cementitious material
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(c) Heat flux normalized per gram of cementitious material in the dissolution stage
Fig. 7.6 Heat flux of UHP-ECC matrix with different RFP replacement ratios

7.3.2 Thermal gravimetric analysis

Fig. 7.7 shows the differential thermal gravimetric (DTG) curves of four UHP-ECC

matrices at 3 d and 28 d. There are three major peaks in the curves: the first peak is

mainly associated with the dehydration of C-S-H, at approximately 200 °C; the

second peak is the dehydroxylation of calcium hydroxide (Ca(OH)2), at 400-500 °C;

and the third peak is the decarbonation of calcium carbonate (CaCO3), at 500-800 °C

(Huang et al. 2017).

As seen in Fig. 7.7a, the CaCO3 peak became stronger and broader with increasing

amounts of RFP at 3 d because there was a large amount of CaCO3 contained in the

RFP (Fig. 7.4). The existence of CaCO3 in the UHP-ECC-Reference matrix might be

attributed to the slight carbonation of Ca(OH)2. At 3 d, the Ca(OH)2 peak of the

UHP-ECC-RFP-25% sample was the strongest among these mixtures with the

balance of the nucleation effect and a relatively larger cement amount compared to

the UHP-ECC-Reference and UHP-ECC-RFP-50% matrices. The higher amount of

Ca(OH)2 in the UHP-ECC-RFP-25% sample is one explanation for its higher

strength at 3 d. Moreover, more C-S-H dehydrated in the UHP-ECC-RFP-25%

matrix up to 400 °C due to the nucleation effect of the RFP leading to the generation

of more C-S-H.



182

For the UHP-ECC matrices at 28 d, the CaCO3 peaks were almost the same as those

at at 3d, showing the stability of CaCO3 as a filler. The small difference in the peak

value compared to 3 d might be attributed to the variation in the sample preparation

and selection during the TG tests. Due to the pozzolanic effect of the RFP and the

lower amount of cement, the Ca(OH)2 peak value for the UHP-ECC-RFP-50%

matrix at approximately 400°C was lower than the values of the

UHP-ECC-Reference and UHP-ECC-RFP-25% samples at 28 d.

(a) UHP-ECC matrices at 3 d (b) UHP-ECC matrices at 28 d

(c) Partially enlarged DTG curves of
Ca(OH)2 at 3 d

(d) Partially enlarged DTG curves of
Ca(OH)2 at 28 d

Fig. 7.7 Differential thermal gravimetric analyses of the studied UHP-ECC matrices at
different curing ages



183

Fig. 7.8 shows the thermal gravimetric (TG) and differential thermal gravimetric

(DTG) curves of the UHP-ECC-RFP-25% matrix at different curing ages. As seen in

Fig. 7.8a, the two endothermal peaks (at approximately 200 and 400 °C) of then

UHP-ECC-RFP-25% sample increased with curing age from 3 d to 28 d. Further

hydration of the cement led to more C-S-H dehydration; thus, the total mass loss up

to 400 °C increased significantly with increasing curing age from 3 d to 28 d, as

shown in Fig. 7.8b. However, lightly less Ca(OH)2 was decomposed in the range of

400 to 500 °C, which indicates the consumption of Ca(OH)2 due to the pozzolanic

effect of RFP, SF and GGBS surpassed its production by further hydration. More

hydration products contributed to the strength increase of the longer-cured

specimens. The peaks at 600-800 °C were nearly the same, which validated the

stable filler effect of the CaCO3 contained in the studied RFP.

(a) Differential thermal gravimetric of the
UHP-ECC matrices

(b) Mass losses of the UHP-ECC matrices
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(c) Partial enlarged the DTG curves of Ca(OH)2

at 3 d, 7 d, and 28 d
(d) Partial enlarged the DTG curves of

CaCO3 at 3 d, 7 d, and 28 d
Fig. 7.8 Thermal gravimetric analyses of the UHP-ECC-RFP-25% matrix at different curing ages

7.3.3 Compressive properties of UHP-ECCs

Fig. 7.9 shows the compressive strengths of the studied UHP-ECCs at 3 d, 7 d and

28 d. The compressive strength of the UHP-ECC-RFP-25% matrix was 60.0 MPa at

3 d and then increased by 50% to 92.66 MPa at 7 d and by 70% to 102.54 MPa at 28

d; these were highest values among all mixtures at the different curing ages. The

early (3 d) compressive strength of the UHP-ECC-RFP-50% sample was slightly

higher than that of the UHP-ECC-Reference specimen due to the rapid hydration of

the UHP-ECC-RFP-50% matrix at this stage. Additionally, the compressive strength

of the UHP-ECC-RFP-12.5% matrix was comparable to that of the

UHP-ECC-Reference matix at all curing ages. This finding indicates a balance in the

reduction of the cement amount and the promotion of hydration by the added RFP at

this RFP replacement ratio.

At all curing ages, the compressive strength of the UHP-ECCs increased steadily

with increasing RFP content up to 25, and then decreased for RFP contents up to

50%. At 3 d, the strength of the UHP-ECC-Reference was 50.20 MPa and then

increased to 60.0 MPa (a 20% increase) for an RFP content of 25%. At 28 d, the

strength slightly increased from 97.40 MPa to 102.54 MPa for an RFP content of
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25%. The strength evolution of the RFP-amended UHP-ECCs indicated that a

moderate amount of RFP should benefit the compressive strength due to the dilution

and acceleration effects of the RFP particles at an early age and later by the

pozzolanic and filler effects.

(a) Compressive strengths at different
curing ages

(b) Compressive strengths at different
RFP contents

Fig. 7.9 Compressive strengths of UHP-ECCs with different RFP contents
at different curing ages

7.3.4 Tensile stress-strain curves and tensile properties

7.3.4.1 Tensile stress-strain curves for different RFP contents

Fig. 7.10 presents the tensile stress-strain curves of the studied UHP-ECCs with

different RFP contents at 28 d. The UHP-ECC specimens in all cases show an

apparent tensile strain hardening phenomenon. The average tensile strength of

UHP-ECC-Reference was 13.86 MPa, which was close to the value of

UHP-ECC-RFP-12.5%, but significantly lower than the value of

UHP-ECC-RFP-25% (i.e., 15.86 MPa). It is noticed that the tensile strength of

UHP-ECC-RFP-50% was close to the value of the Reference specimens as well as

their interfacial stresses between the fiber and the matrix, which will be detailed in

section 7.3.6. However, the addition of RFP decreased the tensile strain capacity

slightly (see Fig. 7.10e), which was partly attributed to the relatively poor

flowability of the RFP-amended mixtures and finer crack widths of the
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RFP-amended mixtures (see Fig. 7.16 in section 7.3.5.2). The detailed values of the

tensile parameters, including the mechanical parameters and crack pattern

parameters described in this section, are summarized in Fig. 7.15.

(a) Tensile stress-strain curves of the
UHP-ECC-Reference

(b) Tensile stress-strain curves of the
UHP-ECC-RFP-12.5%

(c) Tensile stress-strain curves of the
UHP-ECC-RFP-25%

(d) Tensile stress-strain curves of the
UHP-ECC--RFP-50%
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(e) Tensile stress-strain curves of UHP-ECCs with different RFP contents
Fig. 7.10 Tensile stress-strain curves of UHP-ECCs

The crack patterns of the UHP-ECC specimens after unloading are shown in Fig.

7.11. This figure shows that the cracks were uniformly distributed with an average

spacing of approximately 1.66 mm for the UHP-ECC-Reference and 1.54 mm for

the UHP-ECC-25% at 28 d with the relatively small crack widths (i.e., mostly less

than 150 μm, see section 7.3.5). Most of the fibers were pulled from the matrix,

resulting in a ductile failure mode (Fig. 7.11c). Detailed values of the crack spacings

and crack widths are presented in Fig. 7.15.

(a) UHP-ECC-Reference

(b) UHP-ECC-RFP-25%
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(c) Fracture surface of the UHP-ECC-RFP-25%
Fig. 7.11 Crack patterns and fracture surfaces of UHP-ECCs at 28 d

7.3.4.2 Tensile stress-strain curves of UHP-ECCs with different curing ages

The tensile stress-strain curves of the UHP-ECCs with RFP replacement ratios up to

50% at 3 d are depicted in Fig. 7.12. All of the UHP-ECC mixtures demonstrated a

strain hardening property (Fig. 7.12d). Similar to the specimens at 28 d, adding RFP

into the matrix system decreased the tensile strain capacity of the UHP-ECCs due to

their relatively lower flowability, which induced a negative influence on fiber

dispersion. Moreover, according to Fig. 7.12d, the addition of RFP increased the

early-age tensile strength of the UHP-ECCs significantly, especially when large

amounts of RFP were added into the UHP-ECC mixtures, e.g., the UHP-ECC-25%

and UHP-ECC-50% specimens. The higher strengths of the RFP-amended

UHP-ECCs at an early age were coincident with the hydration kinetics of these

UHP-ECC matrices. The crack widths also decreased with increasing amounts of

RFP due to the finer particle size and irregular morphology. The smaller crack

widths resulted from the lower stress drop of the RFP-amended UHP-ECCs at the

occurrence of a crack (Figs. 7.12e, f). The stress drop of the UHP-ECC-RFP-50%

was approximately half that of the reference mixture.
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(a) UHP-ECC-Reference (b) UHP-ECC-RFP-25%-3 d

(c) UHP-ECC-RFP-50%-3 d (d) Average curves of the UHP-ECCs at 3 d

(e) Stress drop values of the
UHP-ECC-Reference during tests

(f) Stress drops values of the
UHP-ECC-Reference and

UHP-ECC-RFP-50%
Fig. 7.12 Stress-strain curves and stress drops of the UHP-ECCs at 3 d

Fig. 7.13 compares the tensile stress-strain curves of the UHP-ECCs with different

RFP contents from 3 d to 28 d. The tensile strength increased significantly from 3 d
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to 7 d for the UHP-ECC-Reference specimen. For the UHP-ECCs with higher

amounts of RFP (i.e., UHP-ECC-RFP-25% and UHP-ECC-RFP-50%), there were

only slight changes in the tensile curves at different curing ages. The

UHP-ECC-RFP-25% and UHP-ECC-RFP-50% specimens featured high early

tensile strength values, which were coincident with the hydration kinetics.

(a) UHP-ECC-Reference (b) UHP-ECC-RFP-12.5%

(c) UHP-ECC-RFP-25% (d) UHP-ECC-RFP-50%
Fig. 7.13 Comparison of the stress-strain curves of UHP-ECCs at 3 d, 7 d and 28 d

7.3.5 Tensile parameters

The tensile parameters highlighted during the investigation included the following:

(1) the initial cracking strength (σtc), (2) the peak stress (σtu), (3) the strain capacity

corresponding to the peak stress (εtu), (4) the energy absorption capacity (gse), (5) the
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number of cracks (Cn), (6) the average crack width (Cw), and (7) the average crack

spacing (Cs). The definition of these parameters could be referred to Fig. 4.1.

7.3.5.1 Tensile parameters of the different RFP replacement ratios

The tensile parameters of the UHP-ECCs with different RFP ratios are summarized

in Fig. 7.14. The value of σtu increased slightly from 13.86 MPa to 14.19 MPa at an

RFP content of 12.5% and then increased to 15.86 MPa at an RFP content of 25%.

Moreover, the σtu value of the UHP-ECC-RFP-50% (13.26 MPa) was only 4% lower

than the value of the Reference UHP-ECC specimen. Considering the high

replacement ratio of 50% cement, the UHP-ECC-RFP-50% is truly a green material

with a low environmental impact and with good mechanical properties. The

variations in σtc under different RFP contents were similar to those of the σtu values

of the UHP-ECCs shown in Fig. 7.14a.

From Fig. 7.14b, adding RFP decreased the value of εtu of the UHP-ECCs from

8.27% for the UHP-ECC-Reference matrix to 6.99% for the UHP-ECC-RFP-50%.

Considering the values of Cn and Cw in Fig. 7.14d, the decrease in εtu was mainly

caused by the narrow crack width of the RFP-amended UHP-ECCs. The much finer

particle size of the RFP compared to that of the replaced cement and the main filler

effect of the RFP helped provide a more compact matrix system, which induced

narrow cracks. The Cw of the UHP-ECC-RFP-50% was approximately 120 μm,

which was close to the value of PVA-ECC (Li 2003). The strain energy (gse)

remained almost constant for the UHP-ECC-RFP-25% at approximately 850 kJ∙m-3

and then decreased for the UHP-ECC-RFP-50%, apparently due to the combination

of lower σtu and εtu. The gse value of UHP-ECCs is one order of magnitude larger

than the value of ultra-high performance concrete (UHPC), with a range of 50-100

kJ∙m-3 (Wille et al. 2011). All of the UHP-ECCs exhibited a saturated crack

distribution with approximately 50 cracks and average crack spacing of 1.6 mm.
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(a) Peak stress and initial stress (b) Strain capacity

(c) Strain energy (d) Crack width and number of cracks
Fig. 7.14 Tensile parameters of UHP-ECCs with different RFP replacement ratios

7.3.5.2 Tensile properties of UHP-ECCs with different curing ages

In the present research, the tensile properties of UHP-ECCs at 3 d, 7 d, and 28 d

were tested, and the results are presented in Fig. 7.15. The early-age properties of

UHP-ECCs are a special concern for its proper application in some special

engineering projects, e.g., fast repair of infrastructures. Fig. 7.15 shows that the

tensile strength of all studied UHP-ECCs increased with increasing curing age.

Additionally, the UHP-ECC-RFP-25% and UHP-ECC-RFP-50% featured high early

strengths, whereby the 3 d tensile strength was very close (more than 95%) to the 7d

value. For the other two mixtures (UHP-ECC-Reference and

UHP-ECC-RFP-12.5%), there was a 25% increase in the tensile strength from 3 d to
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7 d. The strength increase from 7 d to 28 d was negligible (less than 5%) for all of

the studied UHP-ECCs. Compared to the compressive strength of the UHP-ECCs

from 3 d to 28 d described in section 7.3.3, it the tensile strength was less sensitive

to the curing age.

The strain capacity of the UHP-ECC-Reference material decreased from 9.62% at 3

d to 8.27% at 28 d. Considering the corresponding number of cracks and crack

widths in Figs. 7.15d and 7.15e, the decrease in the strain capacity was mainly due

to the reduced crack widths caused by the increased interfacial stress between the

fibers and the matrix (see section 7.3.6). This finding also indicates that the crack

width tolerance of the UHP-ECC-Reference specimen decreased with increasing

curing age, which will be further discussed in the following section (7.3.6). For the

RFP-amended mixtures, there was no significant variation in the strain capacity for

different curing ages. A slight fluctuation in the strain capacity could be attributed to

the inevitable disparities in the mixing, casting and testing operations. At a specific

curing age, e.g., at 3 d or 28 d, the strain capacity decreased with increasing RFP

content due to the apparent decrease in the crack widths (Fig. 7.15e), which also

resulted in a decrease in the crack width tolerance with increasing RFP content.

The UHP-ECC-RFP-50% specimen had the lowest strain energy at all curing ages

due to the combination of low tensile strength and low strain capacity, while the

strain energies of the other three UHP-ECCs remained almost the same level, as

shown in Fig. 7.15c. All of the UHP-ECCs showed a saturated crack distribution

with more than 40 cracks at the different curing ages. The addition of RFP increased

the number of cracks and simultaneously decreased the crack widths to

approximately 120 μm at 28 d, which should promote the self-healing ability and

permeability property of UHP-ECCs.
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(a) Peak stress with curing ages (b) Strain capacity
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Fig. 7.15 Tensile parameters of UHP-ECCs with different curing ages
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7.3.6 Single-fiber pullout tests

To quantify the influence of the RFP at the fiber level and to give a brief explanation

of the RFP on the tensile properties of UHP-ECCs at the composites level,

single-fiber pullout tests were performed. The test setup is shown in Fig. 7.3. At

least six samples were tested for each case.

Figure 7.16 displays the force-displacement curves of the single-fiber pullout tests.

These curves show a type of plateau or a slight slip hardening behavior at the onset

of debonding between the fibers and the matrix. The fibers were predominantly

pulled from all of the matrices.

(a) UHP-ECC-Reference-3 d (b) UHP-ECC-RFP-25%-3 d

(c) UHP-ECC-Reference-28 d (d) UHP-ECC-RFP-25%-28 d
Fig. 7.16 Force-displacement curves of the single-fiber pullout tests
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The average interfacial stress between the fibers and the matrix of the

UHP-ECC-RFP-25% matrix was 1.18 MPa, which was the highest value among all

of the matrices at 3 d (Fig. 7.17a) and corresponded to the highest tensile strength

described in the previous sections. The interfacial stress of the UHP-ECC-RFP-50%

matrix was 1.00 MPa at 3 d, 9% higher than that of the UHP-ECC-Reference matrix

at 3 d. The interfacial stress of the UHP-ECC-Reference surpassed that of the

UHP-ECC-RFP-50% at 28 d, leading to a slightly higher tensile strength at the

composites scale (Fig. 7.14). It is also noticed in Fig. 7.17b that the displacement

corresponding to the peak load decreased with increasing RFP content, which was

the main reason for the decreased crack widths in the RFP-amended UHP-ECCs and

thus the decreased strain capacity.

(a) Interfacial stress between
the fiber and the matrix

(b) Displacement at peak load for the
single-fiber pullout tests

Fig. 7.17 Interfacial stress and the corresponding displacement of the studied UHP-ECCs

7.3.7 Morphology of UHP-ECCs

The morphology of the tested specimens was investigated by Quanta TM250

environmental scanned electron microscope (ESEM) analysis. The samples were

prepared by taking small pieces from the dogbone specimens on the fractured

surface. Fig. 7.18 presents images of the PE fiber in the UHP-ECC-Reference and

UHP-ECC-RFP-25% specimens at 28 d. Most of the fibers were pulled from the
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matrix with a neat end (Fig. 7.18a) or a slightly frayed end (Fig. 7.18b), and the fiber

surface was smooth with slight adhesion of matrix particles in the

UHP-ECC-Reference specimen (Figs. 7.18b). The lateral surfaces of the PE fibers in

the UHP-ECC-RFP-25% specimen had more adhesion of matrix particles during the

pullout process (Figs. 7.18c), leading to a higher tensile strength, and some fibers

had severe grooves on the surface or were even fractured during the pullout process

(Fig. 7.18d).

(a) Specimen surface (UHP-ECC-Reference) (b) Fiber fracture (UHP-ECC-Reference)

(c) Fiber surface damage
(UHP-ECC-RFP-25%)

(d) Fiber fracture
(UHP-ECC-RFP-25%)

Fig. 7.18 SEM images of the PE fiber and fiber/matrix interface of selected UHP-ECCs at 28 d

7.4 CONCLUSIONS

In this chapter, the influence of recycled fine powder (RFP) on the mircro-structure

and the mechanical properties of ultra-high performance engineered cementitious
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composites (UHP-ECC) was investigated. The hydration mechanism of the

RFP-amended UHP-ECC mixtures was explored by isothermal calorimetry and

thermal gravimetric analysis. The tensile and the compressive properties were

measured at 3d, 7d and 28d, respectively. Single fiber pullout test was conducted to

establish a link between micro-mechanical behavior to macro-mechanical

performance. The morphology of composites was observed by environmental

scanning electronic microscope (ESEM). The following conclusions could be

obtained:

(1) Due to its dilution effect providing more available water and space for the

cement hydration, the cumulative heat per gram of cement increased with the

increasing content of RFP. The UHP-ECC-RFP-50% matrix had the lowest total

cumulative heat, while the cumulative heat of UHP-ECC-RFP-12.5% and

UHP-ECC-RFP-25% matrices were greater than the value of reference matrix.

Furthermore, the addition of RFP accelerated the hydration process that benefited

the early strength of UHP-ECC composites.

(2) From TGA, it could be seen that the peak of CaCO3 became stronger and broader

with increasing amount of RFP at 3d and the peak of Ca(OH)2 of

UHP-ECC-RFP-25% was strongest among these mixtures, which enhanced its

mechanical strength at 3d. More C-S-H dehydration also occurred for

UHP-ECC-RFP-25% up to 400 °C. At 28d, more Ca(OH)2 was consumed due to the

pozzolanic effect of RFP. The filler effect of CaCO3 contained in RFP was also

confirmed from TGA.

(3) The compressive strength increased with the curing ages and the

UHP-ECC-RFP-25% had the highest strength values at all curing ages. The 3d

compressive strength of UHP-ECC-RFP-50% was slightly higher than that of

UHP-ECC-Reference. The moderate amount of RFP up to 25% could benefit the

compressive strength due to the dilution and acceleration effect of RFP particle at
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early age and later the pozzolanic and filler effect.

(4) All the UHP-ECC specimens showed an apparent tensile strain hardening

phenomenon with uniformly distributed crack along the gauge length. The tensile

strength of UHP-ECCs increased with RFP content up to 25% and then decreased.

The strain capacities of RFP-amended UHP-ECCs slightly decreased due to the

narrow crack width of RFP-added UHP-ECCs, which conversely reduced the stress

drop at the occurrence of micro cracks. Additionally, the UHP-ECC-RFP-25% and

UHP-ECC-RFP-50% featured with high early-strength at 3d and showed no

significant variation in strain capacity during the curing ages from 3d to 28d.

(5) The single fiber force-displacement curves of UHP-ECC matrices showed a kind

of plateau or a slight slip- hardening behavior. The fiber was dominantly pulled out

from all the matrices. The average interfacial stress between the fiber and matrix of

UHP-ECC-RFP-25% was the highest value among all the matrices at 3d and 28d.

The increase in interfacial stress was the main reason for the increase in peak stress

at the composites scale. The displacement corresponding to the peak load generally

decreased with RFP content, which decreased the crack width tolerance of

RFP-added UHP-ECCs and thus decreased the strain capacity. The micro-structure

of tested specimen was investigated by the ESEM analysis. Most of the PE fibers

were pulled out of the matrix with the lateral surface stuck to more matrix particles

of RFP-amended specimens, which led to a higher tensile strength of those

UHP-ECCs.
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CHAPTER 8

STRUCTURAL BEHAVIORS OF REINFORCED UHP-ECC

BEAMS SUBJECTED TO BENDING

8.1 INTRODUCTION

The absence of coarse aggregate and the large amount of cementitous material used

in ECC resulted in a relatively smaller elastic modulus compare to that of the

ordinary concrete (Li and Xu 2009, Xu and Cai 2010). The lower elastic modulus in

material scale induced the lower stiffness in structure member scale which would

lead to a larger deflection at the serviceability limit state. Moreover, the

conventional tensile strength of ECC fell in the range of 3-6 MPa with the

compressive strength less than 60 MPa (Li 2003). Hence, researchers have spent

significant efforts in developing high strength engineered cementitous composites

(HS-ECC) with the tensile strength higher than 10 MPa, the compressive strength

higher than 100 MPa, and the elastic modulus approaching to that of the normal

strength concrete simultaneously (Kamal et al. 2008, Ranade et al. 2013). The higher

mechanical properties of ECC ensured its wider application in structural

engineering.

The controlled crack width and tightly crack spacing increased the deformation

compatibility between the ECC matrix and steel reinforcement, which was expected

to lower the stresses concentration between the reinforcement and matrix.

Additionally, bond splitting tendency was restrained due to the confinement effect of

fibers (Fischer and Li 2002). Numerous researchers studied the structural behavior

of steel reinforced ECC elements (R-ECC) under bending to clarify their flexural

and shear performance. The flexural behavior of steel reinforced PVA-ECC beams

was investigated under three or four-point bending tests (Bandelt and Billington,
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2016; Meng et al. 2017; Xu and Zhang 2009; Xu et al. 2012; Yuan et al. 2014). The

test results showed that the ultimate mid-span deflection of steel reinforced

PVA-ECC beams was significantly larger than that of RC beams. Moreover, it was

found that, unlike the traditional RC beams, the deformation capacity of PVA-ECC

beams tended to increase with the increasing of longitudinal reinforcement ratio

from 0.54% to 2.0% (Yuan et al. 2014), but this was not the case in the research of

Xu et al (2012). A minimum longitudinal reinforcement ratio of 0.7% was suggested

to provide adequate deformation capacity for most PVA-ECC structural components

with drifts (defined as the ratio of mid-span deflection to shear span length of the

specimen) of 3–4%. In addition, the shear properties of reinforced ECC member

were investigated under three-point bending tests with or without stirrups (Hou et al.

2012 and Xu et al. 2014). The enhancement ratio of ultimate shear strength of

R-ECC beam to that of RC beams increased with shear-span ratio from 2.0 to 4.0.

The shear failure of R-ECC beams was more ductile due to the multiple cracks

around the main diagonal crack. The maximum crack width was controlled within

0.1 mm at the serviceability limit state.

However, it has to be point out that the lower elastic modulus of normal strength

ECC utilized in the previous researches may induce a lower stiffness of the

structural member and thus a larger deflection at the serviceability limit state.

Recently, the authors (Yu et al. 2017b, 2018) have developed an ultra-high

performance engineered cementitous composites (UHP-ECC) with the compressive

strength of 120 MPa and the elastic modulus of 44.3 GPa, which was expected to

exhibit a better performance at the serviceability limit state. Moreover, the tensile

strength of UHP-ECC was over 16 MPa and the tensile strain was around 8% which

approached to the strain value of steel bars. These tensile properties of UHP-ECC

provided a feasibility of largely reducing the amount of steel reinforcement or even

totally replacing the steel reinforcement to fabricate the non-steel reinforced

structural elements in some special cases.
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In present research, the structural behaviors of steel reinforced UHP-ECC beams

under bending were experimentally studied and compared to that of the ordinary

reinforced concrete (RC) beams. Two series of beams, reinforced or unreinforced

with stirrups, were prepared to explore the flexural and shear performance of steel

reinforced UHP-ECC (RU) beams as well as RC beams. The UHP-ECC was

featured with the high tensile strength of 16 MPa and tensile strain around 8%. The

longitudinal steel reinforcement ratios for both RU and RC beams were 0.69%,

1.86% and 2.94%, respectively. The crack propagation and the failure mode of RU

and RC beams were monitored by digital image correlation (DIC) method.

Additionally, the load-displacement relationships, the ductility index values and the

component strains (i.e., steel bar and UHP-ECC) of RU beams were obtained and

compared with those of the RC beams (i.e., strains of steel bar and concrete).

Moreover, the structural performance of UHP-ECC beams without steel bars were

investigated and compared to the RC beams to study the feasibility of largely

reducing or replacing steel bars in the structural members.

8.2 EXPERIMENTALPROGRAMS

8.2.1 Materials and mix proportions

The raw materials utilized for the studied UHP-ECC included ordinary Portland

cement (OPC) 52.5R, finely ground granulated blast furnace slag (GGBS), fine

limestone powder (LP), silica fume (SF) and silica sand, which are the same as those

described in section 3.3.1. The mix proportion of UHP-ECC are given in Table 8.1.

In order to obtain a uniform fiber dispersion and strain-hardening behavior, a high

cementitious material content was adopted in UHP-ECC. The mix proportion of

ordinary Portland cement concrete (OPCC) is given in Table 8.2 and the

water/cement ratio was settled at 0.55. The fine aggregate used was medium local

river sand with fineness of 2.7 (the average size was 0.4 mm), and the coarse

aggregate used had a maximum size of 10 mm.
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The Polyethylene (PE) fiber with an aspect ratio of 750 was selected as the

reinforcement material in UHP-ECC. The dimensions and properties of PE fiber are

listed in Table 6.3.

Table 8.1 Mix proportion of UHP-ECC

Cement (kg/m3)
Limestone powder (kg/m3)

Silica fume (kg/m3)
GGBS( kg/m3)

Silica sand (kg/m3)
Water(W)(kg/m3)
PE fiber (kg/m3)
HRWR (kg/m3)

W*/(C+SF+GGBS)

700
100
150
750
500
230
20
25

0.14
Note: W* include the water from HRWR

Table 8.2 Mix proportion of OPCC

Cement (kg/m3)
Fine aggregate (kg/m3)

Coarse aggregate (kg/m3)
Water(W)(kg/m3)

W/C

436
655
982
239
0.55

8.2.2 Mixing procedure

The mixing procedure for UHP-ECC is shown in Fig. 8.1a. It was designed to obtain

uniformly dispersed PE fibers and achieve an optimal material performance. A

planetary type, vertical axis, speed adjustable mixer with two speed grades was

utilized. Dry powders and aggregates were mixed firstly, then, water and HRWR

were slowly added. Once a consistent and flowable mixture was reached, the fiber

was gradually added until uniform fiber dispersion was observed. Then, the

composites was mixed for another 1 min to complete the mixing procedure. The

mixing procedure for OPCC was simpler (as shown in Fig. 8.1b). The dry materials

were mixed for 1 min and then the water was added and mixed until consistent

mixture was obtained.
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Water+HRW

Mixed for 5 min at 140

PE fiber

Cement+LP+
SF+GGBS+S

Mixed at 140 rpm until

Completion of
mixing

Mixed for 1 min at 140

Water

Mixed for 5 min

Cement+Sand
+Stone

Completion
of mixing

Mixed for 1 min

(a) UHP-ECC (b) OPCC
Fig. 8.1 Mixing procedures of UHP-ECC and OPCC

8.2.3 Strength properties

8.2.3.1 Tensile test of UHP-ECC

Dogbone-shaped specimens were used to measure the full-range stress-strain

behavior of UHP-ECC under direct uniaxial tension (JSCE 2008). The geometry of

test specimens and the test set-up are shown in Fig. 3.5 and Fig. 3.9. At least four

specimens were prepared and tested to study the 28-day tensile properties of

UHP-ECC. The dogbone geometry ensured that most of cracks occurred in the

central gauge region. The cross-section of gauge region was 30×13 mm.

The alignment of tensile set-up was carefully checked before loading to avoid

potential eccentricity. The steel grips at the two ends were hinged to allow

multi-directional rotations. The tensile tests were conducted at a constant loading

rate of 0.5 mm/min according to JSCE (2008). Two linear variable displacement

transducers (LVDTs) fixed at a testing frame were used to measure the elongation of

specimens, as shown in Fig. 3.9. The average reading of two LVDTs was used to

calculate the tensile strain. The load was measured from a load cell directly attached

to the loading frame.
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The experimental tensile stress-strain curves of UHP-ECCs are presented in Fig. 8.2,

and the average tensile parameters are listed in Table 8.3. After the first cracking,

UHP-ECC performed like ductile metal exhibiting strain-hardening behavior,

accompanied by multiple cracking and load-capacity increase. It is clear that the

average peak stress of UHP-ECC specimens was more than 16 MPa which was

much higher than that of the OPCC. The average tensile strain capacity

corresponding to the peak stress of specimens was 8.0%, which was far more larger

than the tensile strain of OPCC at around 0.015% (Reinhardt et al 1986). Moreover,

the tensile strain capacity of UHP-ECC was also twice larger than that of the

conventional ECC at 3-4% (Li 2003), which provided a feasibility of utilizing

UHP-ECC to fabricate a non-steel reinforced structure member with proper loading

capacity and ductility. The ultra-high ductility was achieved by optimizing the

microstructure of composites based on the micromechanics. The mechanical

interactions between the fiber, matrix and interface were accounted to attain

strain-hardening behavior and steady state crack propagation. The cracking patterns

of UHP-ECC after unloading are shown in Fig. 8.3 as well as the microscopic

observations of crack width and crack spacing, indicating that the cracks were

uniformly distributed (mostly under 1500 μm and with an average spacing of around

1000 μm) and the crack widths (mostly around 150 μm) were relatively small.
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Fig. 8.2 Typical stress-strain curves of UHP-ECCs under uniaxial tension
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Table 8.3 Average tensile parameters of UHP-ECC specimens

Initial cracking stress σtc (MPa) 9.19±1.62
Peak stress σtu (MPa) 16.46±0.90
Strain capacity εtu (%) 8.00±1.00
Strain energy gse (KJ·m-3) 1036±166
Number of cracks Nc 42±5
Crack width wc (μm) 150±10
Crack spacing sc (mm) 1.90±0.22

66 μm
110 μm

70 μm

75 μm

1500 μm

645 μm

965 μm

1570 μm

Fig. 8.3 Microscopic observation of the cracks

8.2.3.2 Tensile properties of rebar

The steel bars with nominal diameters of 6 mm, 8mm and 10 mm were used as the

longitudinal reinforcement. The yield strengths were 595, 610 and 510 MPa and the

ultimate strength were 750, 750 and 625 MPa, respectively. The stirrup had a

nominal diameter of 6 mm with the yield and ultimate strength of 595 MPa and 750

MPa, respectively.

8.2.3.3 Compression test

The uniaxial compression test was conducted to study the compressive properties of

UHP-ECC and OPCC. Cylinder specimens with diameter of 100 mm and height of

200 mm were prepared and tested according to ASTM C469 (ASTM 2002). Both

ends of the cylinder specimens were capped with sulfur compound prior to testing.

For each mix proportion listed in Table 8.1 and Table 8.2, at least three specimens
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were tested to obtain the stress-deformation curves and the elastic modulus was then

calculated according to these curves. The compression tests were conducted using a

servo-hydraulic testing machine with a 4,600 kN capacity. Two LVDTs were settled

to measure the longitudinal strain. The test setup is illustrated in Fig. 8.4.

Fig. 8.4 Test setup of uniaxial compression test

The typical stress-strain curves of UHP-ECC and OPCC cylinders under uniaxial

compression are shown in Fig. 8.5. It can be seen that after a linear increasing

branch, a short non-linear branch appeared due to the crack initiation before the peak

load for both UHP-ECC and OPCC specimens. It is also clear that compared with

OPCC, UHP-ECC exhibited high ultimate strain capacity and a long post-peak

softening branch, although the compressive strength of UHP-ECC was much higher

than OPCC.
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(a) OPCC (b) UHP-ECC

(c) Stress-strain curves of steel bars
Fig. 8.5 Stress-strain curves of UHP-ECC and OPCC cylinder specimens

under uniaxial compression

The compressive parameters of UHP-ECC and OPCC are listed in Table 8.4. The

compressive strength of OPCC was 34.8 MPa, which was commonly utilized in

practical engineering. However, in order to obtain a high tensile strength, the

compressive strength of UHP-ECC with a value of 119.6 MPa, was much higher

than that of OPCC, thus inducing a higher elastic modulus. The higher Young’s

modulus would benefit the stiffness of structure member under bending and resulted

a smaller deflection at the serviceability limit state. The compressive strain of

UHP-ECC at peak stress was also higher than that of OPCC, which would benefit

the ductility of UHP-ECC beams controlled by the failure of UHP-ECC

compression crush.

Table 8.4 Average compressive parameters of UHP-ECC and OPCC

UHP-ECC OPCC
Compressive strength (MPa) 119.6 (5.6) 34.8 (2.3)
Elastic modulus (GPa) 44.3 (3.4) 32.2 (3.2)
Strain at peak stress (με) 2954 (60) 2114 (50)

Note: Number in parentheses are the standard deviation of corresponding parameters

During the loading process, micro-cracks formed due to the extended lateral

expansion of specimen and paralleled to the loading direction. As the external
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loading further increased, with regard to the OPCC specimens, the micro-cracks

expanded and grew to visible cracks which led to the brittle splitting failure of

OPCC specimen (as shown in Fig. 8.6a). Contrarily, for the UHP-ECC specimens

with fibers served as crack arrests or barriers in the matrix, the bridging effect of

fibers was activated and provided lateral restriction to the specimen as the cracks

extended. Consequently, the crack control ability delayed the failure of UHP-ECC

specimens and tuned the brittle splitting failure to a more ductile shear failure. The

shear cracking plane formed along the specimens was approximately 80° from the

horizontal plane, as shown in Fig. 8.6b.

(a) OPCC (b) UHP-ECC

Fig. 8.6 Typical failure patterns of OPCC and UHP-ECC cylinders under compression

8.2.4 Beam specimen details

Two sets of six beams, i.e., reinforced or unreinforced with stirrups, targeting

different failure modes (flexural failure and shear failure) were tested. Separately,

three UHP-ECC beams and three OPCC beams with the same reinforcement were

designed in each series. In addition, two UHP-ECC beam specimens without steel

reinforcement were also tested for comparison and pursuing the feasibility of

non-steel reinforced beam. Thus, a total of 14 beam specimens with square cross

sections were tested. The width, height and length of beam were 100 mm, 100 mm
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and 550 mm, respectively.

The detailed test plan for beams targeting the flexural failure, named series-1, is

shown in Table 8.5. Three different reinforcement ratios, i.e., 0.69%, 1.86% and

2.94%, were prepared by adjusting the amount and diameter of rebar. The nominal

diameters of rebar used were 6 mm, 8 mm and 10 mm. The beams were designated

as follows: specimen RU2Φ6 was UHP-ECC beam with 2 rebars of 6mm diameter,

specimen RC2Φ6 was OPCC beam with 2 rebars of 6mm diameter and specimen

NU was UHP-ECC beam without reinforcement. The thickness of cover layer for

longitudinal rebar was 15 mm.

The beams targeting the shear failure, named series-2, had the same longitudinal

reinforcements with those in series-1 but without stirrup reinforcement. The

geometric characteristics, general details of reinforcement, supporting system,

loading points, and solutions for the longitudinal reinforcement are shown in Fig.

8.7. The beams in series-2 named with -NS represent no stirrup reinforcement.

Table 8.5 Test plan of beam series

Specimen NR RU2Φ6 RU3Φ8 RU3Φ10 RC2Φ6 RC3Φ8 RC3Φ10
Cross section 100×100 mm
Concrete type UHP-ECC Concrete

Stirrup Φ6@50
Rebar - 2Φ6 3Φ8 3Φ10 2Φ6 3Φ8 3Φ10

Rebar area (mm2) - 56.5 150.7 235.5 56.5 150.7 235.5

Reinforcement ratio - 0.69% 1.86% 2.94% 0.69% 1.86% 2.94%
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Fig. 8.7 Geometry and detailing of test beams of series-2

8.2.5 Test description

The test setup is shown in Fig. 8.8. The loads were applied on the top face of beams

via the four-point loading method using servo-hydraulic testing machine. Three

LVDTs were placed at mid-span and at the two loading points to measure the

corresponding beam deflections. The deflections at two supports were also measured

by LVDTs to monitor the support settlement. The load was applied at 1/3 span points

with a distance of 150mm from the support. Beam support rollers were installed at a

distance of 50 mm from both ends of the beam. The load was applied under

displacement control at the rate of 1.0 mm/min.

Fig. 8.8 Test setup and random speckle pattern

8.2.6 Crack pattern analysis

Digital image correlation (DIC) technique was utilized to monitor the whole loading
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process (Schreier et al. 2009). DIC is a non-contact measurement method to analyze

surface displacement/strain within a calculated area of an object. The prominent

advantage of DIC technique is to provide full field surface displacement/strain fields

with high resolution, which was quite difficult to be accomplished by conventional

measurement equipment such as strain and displacement gauges. With this technique,

the analysis of deformations can be conducted by comparing the deformed images

during loading with the reference image before loading. In the process of identifying

the deformations, a small part of reference image is defined as the reference subset

and the corresponding part on the deformed image as the target subset. The target

subset can be searched by gray scale distribution. Thus, the measurement of

deformations is transformed into digital correlation calculation, and the

displacements at the various points in the reference subset are obtained by

subtracting the new coordinates from the original ones. For the purpose of

deformation identification, the specimen surface was treated by creating a random,

sprayed-on speckle pattern with a white-black point (as shown in Fig.8.8). During

the loading process, a digital camera was mounted on a tripod in front of the testing

machine, and digital images were taken automatically with a 10s interval until the

specimen failed. In this study, 2-D image correlation analysis was conducted to

measure in-plane deformations by using commercial software Vic2D.

8.3 EXPERIMENTALRESULTS AND DISCUSSION

8.3.1 Crack and failure patterns

The flexural and shear performance of test beams, including the crack propagation at

each loading step and the flexural and shear failure patterns were observed and

described in the following parts.

8.3.1.1 Flexural performance

With regard to the non-steel reinforced UHP-ECC (NU) beams (as show in Fig. 8.9),
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tightly spaced cracks perpendicular to the flexural tensile stresses occurred on the

bottom face and the crack widths were more tiny (as show in Fig. 8.9d) than those of

the RC beams (as show in Fig. 8.10b). The first crack of NU beam occurred at 40

kN. Afterwards, the number of cracks increased while the crack width kept almost

constant with the load increased to 50 kN. At the peak load (65 kN), multiple cracks

developed over the pure moment zone as shown in Fig. 8.9(d). Tensile failure of NU

beams occurred when the PE fiber began to slip out of the matrix. The interfacial

stress between the PE fiber and matrix increased with the increasing load and the PE

fibers at one specific section could not stand more load and started to slip out of

from the matrix at the peak load. Consequently, the failure of NU beam was caused

by local bond failure.

Fig. 8.9 Crack propagation of non-steel reinforced UHP-ECC beams at different loading stages

Figures 8.10(a) and (b) show the crack propagation process and failure pattern of

UHP-ECC and RC beams with the same steel reinforcement ratio under bending,

which was monitored by DIC method. At the beginning of loading process, cracks

could not be observed visually when the load increased linearly for all the beams.

The first micro-cracks occurred at the bottom of beam in the pure bending zone for

First crack (40kN) Fifth crack (50kN)

58kN Peak load (61.4kN)

a b

c d
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RU3Φ8 beam at a load of 30.00 kN (as shown in Fig. 8.10a(1)). The lower values of

cracking load in RU beam compared to NU beams was attributed to the two reasons,

i.e., the interruption of steel bars to the UHP-ECC in RU beams and the stress

transferred from the steel bars at loading stage. The micro-cracks preliminarily

appeared were discretely distributed, as shown in Fig. 8.10a(2). Several new flexural

micro-cracks continuously developed between the existing cracks with further

loading as shown in Fig. 8.10a(3). Then, the inclined shear cracks were induced

outside the pure moment span with the increasing load at 60.05 kN. The RU3Φ8

beam finally failed in crushing of UHP-ECC in the compressive zone between two

loading points at 109.2 kN.

By contract, the first crack of RC3Φ8 beam occurred at 8.79 kN. The crack spaces of

RC3Φ8 beam were obviously larger than those of the RU3Φ8 beam and most of the

cracks continued to propagate toward the upper layer with an increasing crack width

during the loading process. Finally, the RC3Φ8 beam failed with the crushing and

spalling of concrete in the compressive zone between the two loading points. It is

clear that more cracks were generated in the pure bending span in RU3Φ8 beam than

those in RC3Φ8 beam (Fig. 8.10a and Fig. 8.10b), hence the stress concentration on

the reinforcing bar of UHP-ECC beam was less significant in RU beams. Therefore,

the elongation capacity of reinforcing bar in UHP-ECC beams was more fully

utilized than that of ordinary concrete beams, which will be demonstrated in the

following section. It should be point out that due to the limitation of camera

resolution used in this test, not all the micro-cracks of UHP-ECC beam were shown

in DIC analysis and the real micro-crack situation could be found in Fig.8.11(b).

1 2

P=30.00 kN P= 40.34 kN
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(a) Crack pattern of RU3Φ8 beam

(b) Crack pattern of RC3Φ8 beam
Fig. 8.10 Crack propagations of UHP-ECC and RC beams

Fig. 8.11 shows the failure modes of RC and RU beams under bending. The

compressive zone of RC beams (Fig. 8.11a) was susceptible to crush which

decreased the corresponding load capacity. The crushed concrete of RC3Φ8 beam

could be peeled by hand after test. By contrast, the compressive zone of RU beams

(shown in the red circle of Fig. 8.11b) was kept integrated during the whole loading

process which contributed to the high load capacity.

P=109.2 kN

43

P=81.85 kN

1

3 4

P=14.44 kN

P=52.15 kN P=68.30 kN (Peak)

2

P=26.06 kN

RC2Φ6

RC3Φ8

RC3Φ10
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(a) Failure model of RC beams subjected to bending

(b) Failure model of RU beams subjected to bending
Fig. 8.11 Failure modes of RC beams and RU2Φ6 beam

8.3.1.2 Shear performance

The comparison of shear properties between RU and RC beams with the same

longitudinal reinforcement ratio is shown in Fig. 8.12. It is clear that the RU3Φ8-NS

beam still developed numerous vertical cracks perpendicular to the flexural tensile

stress in pure bending section although no stirrup was utilized (as shown in Fig.

8.12(b)). On the contrary, only five flexural cracks were formed along the pure

bending branch on the bottom of RC3Φ8-NS beam as shown in Fig. 8.12(b). The

shear failure of RU3Φ8-NS beam exhibited pseudo yielding behavior rather than the

commonly-known brittle mode as RC3Φ8-NS beam which was believed to benefit

the structural safety.

(a) RC3Φ8-NS (b) RU3Φ8-NS

RU3Φ8
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Fig. 8.12 Comparison of the failure patterns of RC3Φ8-NS and RU3Φ8-NS

The shear failure modes of UHP-ECC and RC beams are shown in Fig. 8.13. Both

RU-NS and RC-NS beams experienced a flexural failure with the reinforcement ratio

of 0.69% due to the sufficient shear capacity provided by UHP-ECC and concrete

materials. While, with higher reinforcement ratio, both RU-NS and RC-NS beams

exhibited the flexural-shear failure under present bending conditions. Multiple

micro-cracks were observed in the shear and pure flexural spans of RU-NS beam,

and it is obvious that the residual deformation of RU-NS beam was larger than that

of RC-NS beams which indicated the larger deformation capacity of RU-NS beam

during loading stages.

(a) RC3Φ8-NS and RC3Φ8-NS beams

(b) RU3Φ8 beam
Fig. 8.13 Failure modes of RC-NS beam and RU-NS beam

RU2Φ6-NS

RU3Φ8-NS

RC3Φ8-NS

RC3Φ10-NS

RC2Φ6-NS
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8.3.2 Load-displacement relationships

8.3.2.1 Load-midspan displacement relationship

The flexural load-midspan displacement curves of RU and RC beams and NU

specimens are compared in Figs. 8.14-15. As shown in Fig. 8.14, the RU and RC

beams behaved similar before failure, while the RU beams achieved a much larger

load-carrying capacity as well as the deformability under bending. The midspan

displacement increased linearly and was proportional to the corresponding load until

the initiation of cracks. Then, the midspan displacement increased nonlinearly until

the maximum load due to the initiation and propagation of cracks and the yielding of

steel bars. It can be seen from Fig. 18 that the peak load of RU3Φ8 beam was 109.2

kN which was 59.9% higher than that of the RC3Φ8 beam (i.e., 68.30 kN). The

midspan displacement corresponding to the peak load of RU3Φ8 beam (i.e., 13.9

mm) was nearly three times of the RC3Φ8 beam (i.e., 4.70 mm).
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Fig. 8.14 Load-displacement curves of RU and
RC beams under bending

Fig. 8.15 Comparison of load-displacement
curves between RC and NU beams under bending

Comparisons between the non-steel reinforced UHP-ECC beam and those RC beams

with different reinforcement ratios are shown in Fig. 8.15. The bending capacity of

NU beam was 61.40 kN approaching to the peak load of RC3Φ8 beam (i.e., 68.30

kN) with reinforcement ratio of 1.86%. In addition, the midspan displacement of NU

beam at peak load was 9.22 mm which was 96% higher than that of the RC3Φ8
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beam (i.e., 4.70 mm). Consequently, the non-steel reinforced UHP-ECC beam is

possible to be an alternative to RC beam with similar load bearing capacity and

higher ductility. The exclusion of steel bars will also benefit the durability of

structure element in those highly corrosive environments, like the marine area and

the chemical factory.

It is also noticed from the Figs. 8.15-16 that the stiffness of RU and NU beams were

higher than the RC beams due to the higher Young’s modulus of UHP-ECC material.

The higher stiffness of RU and NU beams induced a smaller deflection under

bending at the serviceability limit state. The normal service condition was often

defined as the state when the load was about 50-70% of the ultimate load, thus the

load level under service condition was considered to be equal to the tested ultimate

load divided by 1.7 (Rashid and Mansur 2005, Hou et al 2012). The experimental

mid-span deflections at the serviceability limit state Δser were 0.50 and 1.75 mm for

NU and RC3Φ8 beams, which were 1/900 and 1/257 of the span length, respectively.

As shown in Fig. 8.16a, the load-displacement curves of RC-NS and RU-NS beams

with the same reinforcement ratio subjected to shearing are compared. It can be seen

from Fig. 8.16a that the RU3Φ8-NS beam achieved a much larger load capacity,

98.7% higher than that of RC3Φ8-NS, as well as a significant improvement of

225.2% in deflection (corresponding to peak load) compared to the RC3Φ8-NS.

Without stirrups, the flexural capacity of RC3Φ8-NS beam cannot be fully

developed and the shear resistance dominated the ultimate load-carrying capacity.

Hence, the load-displacement curve of RC3Φ8-NS beam decreased dramatically

after the peak load with a main diagonal shear crack formed (as shown in Fig. 8.13a),

which corresponded to a typical shear failure. Adversely, the shear failure of

RU3Φ8-NS beam was considerably ductile with a vast difference from the

commonly known brittle mode of shear failure. It exhibited comparable deflection

capacity before failure to that of the RC3Φ8 beam with flexural failure (Fig. 8.16b).

This ductile shear failure behavior was attributed to the strain-hardening properties



223

of UHP-ECC. Vertical flexural cracks appeared at the tensile side of the pure

bending span of RU3Φ8-NS beam. When the principle tensile stress exceeded the

cracking strength of UHP-ECC within the shear span, a diagonal shear crack

initiated and propagated through the beam web. Numerous tiny cracks formed in

RU3Φ8-NS beam instead of only generating several big cracks in conventional shear

failure of RC-NS beams. The bridging effect of fibers in UHP-ECC provided

significant shear resistance force and improved the deflection capacity. The pseudo

ductility was achieved by extensive shear deformation and yielding of steel bars.

Therefore, plateaus were observed in RU-NS beams, which were similar to those of

flexural failure beams shown in Figs. 8.14-15.
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Fig. 8.16 Load-displacement curves of RU3Φ8-NS and RC3Φ8-NS beams

The initial cracking load, the yielding load and the peak load of each specimen are

summarized in Table 8.6. The initial cracking load is defined as the load at the end

of initial linear branch of load-displacement curve. The yielding load is defined

when the rebar yields and the peak load is the maximum load the beam can stand.

For non-steel reinforced UHP-ECC beams (NU-1, NU-2), the Δy was determined by

the equivalent elasto-plastic system with the same energy absorption as the real

system (Park 1988).
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Table 8.6 Experimental results

Specimen
Initial cracking Yielding state Peak state Ductility

index μ
Failure
modePcr Δcr Py Δy PP ΔP

NU-1 19.44 0.44 54.85 2.57 61.15 10.97 4.27 Flexural
NU-2 19.24 0.41 50.50 3.10 61.64 10.70 3.45 Flexural
RC2Φ6 10.67 0.47 30.34 2.01 37.62 5.34 2.66 Flexural
RC3Φ8 8.79 0.39 55.90 2.58 68.30 4.70 1.82 Flexural
RC3Φ10 11.95 0.35 80.70 2.41 83.40 4.41 1.83 Flexural
RU2Φ6 19.34 0.69 63.95 4.27 74.30 21.5 5.03 Flexural
RU3Φ8 20.00 0.94 98.85 2.21 109.2 13.9 6.28 Flexural
RU3Φ10 20.52 0.57 117.1 3.69 120.3 24.6 6.67 Flexural
RC2Φ6-NS 9.32 0.43 29.88 1.99 38.16 5.80 2.91 Flexural

RC3Φ8-NS 6.16 0.32 — — 53.45 2.82 —
Flexural-

shear

RC3Φ10-NS 9.11 0.35 — — 61.65 2.72 —
Flexural-

shear
RU2Φ6-NS 17.34 0.59 63.95 4.27 74.60 21.0 4.92 Flexural

RU3Φ8-NS 14.94 0.58 79.1 2.47 106.2 9.17 3.71
Flexural-

shear

RU3Φ10-NS 17.78 0.70 110.5 2.7 119.5 5.92 2.20
Flexural-

shear

It can be seen from Fig. 8.17 that the initial cracking loads for RC beams changed

slightly between 8.79 kN to 11.95 kN and were lower than those of the reinforced

UHP-ECC beams (i.e., 19.34 kN to 20.52 kN) due to the higher tensile strength of

UHP-ECC.

Figure 8.17 shows that the flexural and shear load capacity for both RU and RC

beams increased with the reinforcement ratio. For instance, the peak load of RC

beams increased from 37.62 kN to 83.40 kN with a 127.7% increase as the

reinforcement ratio increased from 0.69% to 2.94%; and the peak load of RU beams

increased from 74.30 kN to 120.30 kN at the same range of reinforcement ratios.

The load capacity (Fig.8.17a) and the corresponding displacement (Fig.8.17b) of RU

beams are significantly larger than those of RC beams due to the excellent tensile

properties of UHP-ECC. The peak load of RU 2Φ6 beam and RU 3Φ10 beam are

100% and 44% higher than the values of corresponding RC beams; and the
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displacement at peak load of RU beams are nearly 3 times higher than the values of

RC beams. The tiny microcrack of UHP-ECC reduced the stress concentration

between the steel bar and the matrix, thus benefited their deformation continuity and

then increased the displacement of RU beams.

For RC-NS beams, the initial cracking loads beams changed slightly between 6.16

kN to 9.32 kN and were lower than those of the reinforced UHP-ECC beams (i.e.,

14.94 kN to 17.78 kN). The RC2Φ6-NS showed the flexural failure with the load

capacity of 38.16 kN. While the RC3Φ8-NS and RC3Φ10-NS beams experienced

the shear failure with the peak loads of 53.45 kN and 61.65 kN. It is deduced that the

steel bars in these beams did not yield.

For RU-NS beams, the load capacity increased from 74.60 to 119.50 kN

corresponding to the reinforcement ratio of 0.69% to 2.94%. The failure modes of

RU-NS beams are similar to those of RC-NS beams, i.e., the flexural failure of

RC2Φ6-NS, and the shear failure of RU3Φ8-NS and RU3Φ10-NS beams. While it is

noticed from that the load capacity of RU-NS beams are approaching to the ones of

RU beams, which means the yield of steel bars in RU-NS beams. Thus, it is seen

from Fig.8.17 that the displacement at peak load of RU-NS beam is larger than the

value of RC-NS beam, even the RC beams, which shows the excellent ductility of

RU-NS beams.
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Fig. 8.17 Load capacity of RU and RC beams and their corresponding displacements with different
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reinforcement ratio

It is noticed from Fig. 8.17 that the load capacity and the corresponding

displacement of RU-NS are larger than those of RC-NS beams, which shows the

feasibility of eliminating the stirrup in RU beams. Additionally, the load capacity of

NU beam was 61.40 kN, approaching to the one of RC3Φ8 with the reinforcement

ratio of 1.86%, and the displacement at peak load was significantly larger than the

value of RC3Φ8. The combination of high load and deformation capacity proved the

feasibility of non-steel reinforced UHP-ECC beams.

8.3.2.2 Load-displacement relationship along span

The load-displacement relationships of RU3Φ8 beam along the span at different

load stages are shown in Fig. 8.18. The mid-span displacement as well as the loading

point displacement was computed as the average value measured by the LVDT at

one side and the DIC result at the other side of UHP-ECC beam. Before cracking,

the deflection is small due to the high elastic modulus of UHP-ECC. Afterwards, the

deflection increased continuously during the loading process till the peak stress

reached. From the yielding point at 81.85 kN to the peak load, the deflection at mid

span increased from 2 mm to 14mm due to the excellent tensile ductility of

UHP-ECC. And it is also noticed that, the deflection along span is symmetrical

during the loading process indicating a well-distribution of micro cracks besides the

two loading points. At the peak load, the deflection at the two loading points are

apparently unsymmetrical due to a localized crack formed in the flexural beam.

The deflection corresponding to the peak stress reached 13.9 mm approaching to the

1/30 of the beam span.
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Fig. 8.18 Load-displacement relationship along span of RU3Φ8

8.3.3 Ductility

Ductility is defined as the ability to withstand the inelastic deformations prior to

collapse without significant strength loss, which is an important design requirement

in most design codes for RC structures (GB 50010-2010, 2010; ASCE 7-10, 1994).

Ductile structural members are beneficial to the performance of integral structure to

provide an early warning before failure. Moreover, ductility can also represent the

energy absorption capacity of a structure member. For RC structures, it can be

calculated as the ratio of post-yield deformation to yield deformation at the first

yielding of steel reinforcement. In this study, the ratio of deformation at the peak

load to that at the yielding load is defined as the ductility index to qualify the

ductility of beam specimens as expressed in Eq.(8.1).

y

p




 (8.1)

where μ is the ductility index, Δp is the midspan deflection at the peak load and Δy is

the midspan deflection at the yielding load. The ductility index of beams without

stirrup, i.e., for the RU beams series, was also evaluated due to the yielding of steel

bars before the final shear failure. The ductility index values were listed in Table.
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8.6.

It is seen from Fig. 8.19 that the ductility index value decreased from 2.66 to 1.83

with the increase of steel reinforcement ratio from 0.69% to 2.94%. In contrast to

RC beams, RU beams at the same longitudinal reinforcement ratio behaved much

more ductile possessing a ductility index greater than 5.0. The ductile index of beam

RU3Φ10 was 6.67 which was 3.6 times of beam RC3Φ10 (i.e., 1.83). Moreover, the

ductility index of RU beams did not show any decrease tendency with the increase

of reinforcement ratio due to the tensile capacity contributed by UHP-ECC.

For RC beams without stirrup (RC-NS series), most of them suffered the shear

failure except for the one with the least reinforcement ratio of 0.69%. The same

situation also happened for RU beams. However, before the final shear failure, RU

beams developed sufficient deflection along with the yielding of steel bars. The

ductile indexes of RU beams without stirrup were smaller than those of RU beams

reinforced with stirrup, while these values were all larger than those of the RC

beams reinforced with stirrup, demonstrating that RU beams without stirrup

reinforcement exhibited better ductility than RC beams reinforced by stirrup with

the same longitudinal reinforcement ratio. However, the ductility index of RU-NS

beams decreased as the reinforcement increased.
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It should be pointed out that the ductility index values of NU beams were 3.45 and

4.27, which were larger than those values of RC beams (Fig. 8.19). Since the load

capacity of NU beams approached to the RC beam with the reinforcement ratio of

1.86%, it is possible to produce a non-steel reinforced UHP-ECC beam with both

high load capacity and ductility.

8.3.4 Strains of reinforcement

The load-strain relationships of reinforcement and concrete (UHP-ECC) were

obtained based on the strains measured by the strain gauges attached on the surfaces

of rebar and concrete (UHP-ECC). The positive strain values represent the tensile

strains, while the negative values are for the compressive strains. The

load-reinforcement strain curves of RC beams with different reinforcement ratios

under flexural and shear failure are shown in Fig. 8.20(a). It is clear that the ultimate

steel-bar strains of RC-NS beams were significantly lower than those RC beams

with same longitudinal reinforcement, which indicated a more effective role the

rebar played under flexural failure mode. However, as shown in Fig. 8.20(b), rebar

functioned well in UHP-ECC beams with or without stirrup. The ultimate strain of

longitudinal reinforcement was around 10050 με for RU3Φ10-NS beam with shear

failure proving that UHP-ECC itself had a good shear resistance.
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The comparisons between the strain of longitudinal reinforcement of RU and RC

beams with different reinforcement ratios without stirrup are shown in Fig. 8.21. The

ultimate strain of reinforcement in beam RC3Φ10-NS was 1830 με which was only

a fraction of the ultimate strain of reinforcement in beam RU3Φ10-NS (i.e., 10050

με). The large strain value of reinforcement in RU3Φ10-NS indicated that the

expected ductility was developed even no stirrups were utilized. Similarly, from Fig.

8.21, it can be seen that the longitudinal reinforcement exhibited more effectively in

RU beams than in RC beams due to the better stress continuity between steel bars

and UHP-ECC induced by finely distributed micro-cracks along RU beams (Fischer

and Li 2002). The larger tensile strain of longitudinal reinforcement in RU beams

contributed to the better beam ductility and resulted in the larger ductility index (see

Table 8.6).
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In addition, the ultimate mid-span compressive strain of concrete on the top of

RC3Φ8 at failure was around 4300 με which was much smaller than that of beam

RU3Φ8 (i.e., 7500 με). The larger strain of UHP-ECC under compression further

confirmed the better ductility of UHP-ECC beam than that of the OPCC beam.
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8.4 FLEXURAL MODEL OF RU BEAMS

8.4.1 Assumptions

When calculating the bearing capacity of RU beams, the following assumptions are

employed:

(1) The cross-section of all the RU beams remained plane after deformation.

(2) The relative slippage between longitudinal steel bars and UHP-ECC could be

neglected, i.e., the steel bars shared the same strain with the surrounding UHP-ECC

at the same location.

8.4.2 Constitutive models of materials

(1) The tensile stress-strain curve of UHP-ECC is simplified to a bilinear model as

shown in 8.23a and the relationship could be expressed by Eq. 8.2.
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where σtc, σtu are the initial cracking stress and peak stress, and εtc, εtu are the

corresponding tensile strain. In present research, the σtc is took as the lower-bound of

cracking stress from Table 8.3, i.e., 7.57 MPa, to consider the negative influence of

steel bars on the continuity of UHP-ECC. Similarly, the σtu is defined as 15.56 MPa,

εtc is 0.02% and εtu is 7%. While in NU beam, the average cracking stress of

UHP-ECC is 9.19 MPa due to the absence of steel bars.

(2) The compressive stress-strain model of UHP-ECC is deduced from experimental

curves as shown in Fig. 8.5. And the stress-strain curve is also simplified to a

bilinear model (shown in 8. 23b) and the relationship could be expressed by Eq. 8.3.
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where σcp and σtu are the peak stress and ultimate stress of 50% of the peak stress

according to the GB50010-2010 (2010), and εtc, εtu are the corresponding tensile

strain. In the ascending and descending branches, the tiny non-linearity in

compressive stress-strain curve is neglected.

(3) The constitutive model of longitudinal rebar is simplified to a bilinear model

(elastic-plastic model) as shown in Fig. 8.23c.
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where fy the yield tensile stress and Es is the elastic modulus; for those steel bars

without apparent yield stage, the fy is the value corresponding to 0.2% residual strain

(GB50010-2010). Thus, the fy are 550 MPa, 500 MPa for Φ6 and Φ8 (without

apparent yield stage), respectively; and fy of Φ10 is 500 MPa.

(a) Tensile stress-strain model of UHP-ECC (b) Compressive stress-strain model of UHP-ECC
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(c) Stress-strain model of steel bar
Fig. 8.21 Tensile and compressive models of UHP-ECC and Stress-strain model of steel bar

8.4.3 Cross section analysis of RU beams

The whole loading process can be divided into three stages: 1. Elastic stage

(uncracked section): from being loading to cracking; 2. Cracking stage: from matrix

cracking to yielding of steel bars; 3. Failure stage: from yielding of steel bars to

failure of composites beams (i.e. any material reaches its ultimate strain: (a)

Compressive strain in UHP-ECC reaches εcu; (b) Tensile strain in ECC reaches εtu).

8.4.3.1 Elastic stage

Figure 8.24 shows the strain and stress distribution along the cross-section at elastic

stage of RU beam, where c is the distance from tensile edge to the natural axis of

cross-section; m is the distance from the tensile edge to centroid of steel bars; x is the

distance of calculated point to the tensile edge; h is beam height；b is beam width；

σ(x) and ε(x) are the stress and strain at calculated point; σc and εc are the

compressvie stress and strain at compressice edge; σt and εt are the tensile stress and

strain at tensile edge；σs and εs are the stress and strain of steel bars.
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Fig. 8.22 Strain and stress distribution along cross section in the elastic stage

In the elastic stage, the UHP-ECC remained uncracked and the the strain and stress

of the cross section are linearly distributed along the height and expressed in the

following equations Eqs. 8.5-8.6:
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From the above equations, the strain and stress of steel bar could be calculated as:

ts 
c
mc 

 ， tss  E
c
mc 

 . Thus according to the force and moment equilibrium,

the moment Mcr at this stage could be calculated in Eq. 8.7.
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In the elastic stage, the maximum tensile strain at the tensile edge is εtc, and the

tensile stress of steel bar is tcss  E
c
mc 

 , thus the Eq. 8.7 could be solved to

calculate the natural axis height c and Mcr as shown in Eq. 8.8 - 8.9.
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8.4.3.2 Cracking stage

In the cracking stage, the compressive stress and strain increased continuously and

the section curvature and deflection increased slightly faster compared to the elastic

stage. The end of cracking stage is symbolized by the yield of steel bar.

There are two possible situations for the distribution of compressive strength in

compressive zone: 1. The compressive strength is in the linear stage, as shown in Fig.

8.25a; 2. The compressive strength has already in the bilinear stage, as shown in Fig.

8.25b.

(1) When the compressive strength is in the linear stage, the strain distribution

along the section height is similar to the Eq. 8.6 and the stress distribution along the

section height could be expressed by Eq. 8.10.
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Then the equations of the force and moment equilibrium are listed in Eqs.8.11-8.13.
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The height of neutral axis c could be determined according to a specific εt. And then

according to the plain section assumption
ch

c



cc

t


 , the εcc could be calculated

and the compressive stage could be judged. In the other word, if
cpt

t






hc , the

compressive zone is in the linear stage.

(2) When the compressive stress is in the bilinear stage, the strain distribution is

shown in Fig. 8.25b and is similar to the Eq. 8.6, the ranges of compressive strain

and stress in compressive zone are cuccpcuccp and   , respectively.

The stress distribution along the section is expressed in Fig. 8.23 and e is the

distance from the tensile edge to the turning point of compressive stress-strain curve.
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The equations of force and moment equilibrium are listed in Eqs. 8.15-8.17.
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(a) Strain and stress distribution with the linear compressive zone

(b) Strain and stress distribution with the bilinear compressive zone
Fig. 8.23 Strain and stress distribution along the cross section in the cracking stage

8.4.3.3 Failure stage

The strain and stress distribution along the cross section in the failure stage are listed

in Fig. 8.26. In this stage, the deflection increases significant with only a slight

increase of the moment. The compressive zone is fully developed and when the

strain at the compressive edge reaches εcu, the cross section begin to failure. The

maximum moment in this stage is the moment capacity of RU beam.
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Fig. 8.24 Strain and stress distribution of cross section in the failure stage

The calculated and experimental load capacity of RU beams are compared in Table

8.7 and the load capacity of NU beams could also be calculated when the area of

steel bar was considered to be zero. It could be found from the table that, the

calculated and experimental values are coincident well from NU to RU3Φ8 with

the variations of all the load values (Pcr , Py, PP) within 10%. But for RU3Φ10, the
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calculated values are significant larger than the experimental values. It may be

attributed to the steel reinforcement, either the steel area or the yield strength of steel

bars. Further investigation of the phenomenon should be conducted. The height of

neutral axis c at the failure stage was also calculated and then the tensile strain at the

tensile edge could be determined. According to Fig. 8.5, the εcu is 6000 με, thus the

tensile strain at the tensile edge is 40875 με, 35666 με and 24770 με, for NU,

RU2Φ6 and RU3Φ8, respectively.

Table 8.7 Comparison of analytical and experimental load capacities

Specimen
Linear stage Cracking stage Failure stage Height of

neutral axis
(mm)

Pcr-exp

(kN)
Pcr-cal

(kN)
Py-exp

(kN)
Py-cal

(kN)
PP-exp

(kN)
PP-cal

(kN)

NU-1 19.44 19.96 54.85 - 61.15
68.3 87.2

NU-2 19.24 19.96 50.50 - 61.64
RU2Φ6 19.34 17.2 63.95 67.0 74.30 78.9 85.6
RU3Φ8 20.00 18.4 98.85 107.7 109.2 118.8 80.5

RU3Φ10 20.52 19.2 117.1 141.2 120.3 151.8 75.8

Note: Pxx-exp means the experimental value, Pxx-cal means the calculated value

8.5 SHEAR CAPACITY MODEL OF RU-NS BEAMS

The shear capacity of concrete beam was effected by numerous factors and several

theoretical models were proposed, such as truss model, limit equilibrium model and

plasticity model. The truss model and its derived models were merited with clear

physical meaning and force transfer path, which arose wide attention. The shear

capacity of fiber-reinforced concrete, especially UHPC, was investigated by

numerous experimental work considering the parameters of shear-span ratio,

reinforcement ratio and prestress. Both UHPC and UHP-ECC are strain-hardening

material, hence the shear capacity model of UHP-ECC could be referred to the one

of UHPC. In present section, the shear models based on the truss model were first

introduced, including the models in French AFGC 2013, JSCE 2006 and SIA 2016,

then introduced the truss-arch model.
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In the French recommendation (AFGC 2013), the classic truss model was utilized to

calculate the contribution of UHPC matrix; while the variable angel truss model was

utilized to consider the contribution of stirrup; besides the contribution of steel fiber

was also considered, the shear model was expressed in Eq. 8.20.
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where, γ1 is safety margin of the shear contribution of UHPC; k2 is the coefficient of

prestress; As is the area of stirrup; s spacing of stirrup; z is the distance of up and

bottom layer of steel bars; θ is the angle between the diagonal compression UHPC

and the beam axis; Ab is the cross section of UHPC beam.

In the Japanese recommendation (JSCE 2006), the shear capacity of UHPC beams is

consisted of the UHPC matrix, steel fiber and prestress, and it is expressed in Eq.

8.21
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where, γ2 is safety margin of the shear contribution of UHPC; Vp is the shear

contribution of the prestress; Pe is the effective prestress; β is the angel of prestress

steel bar to the beam axis; θ is the angle between the diagonal compression UHPC

band and the beam axis.
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While in the the Swiss recommendation (SIA 2016), the shear capacity of UHPC

beam is consisted by the UHPC and stirrup, neglecting the effect of prestress bar and

the dowel effect of longitudinal bar. The shear capacity is expressed in Eq. 8.22.
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where, f1 and f2 are the cracking stress and peak stress of UHPC; α is the angel of

tensile web member to the beam axis.

Thiemicke et al. (2016) considered the dowel effect of longitudinal bar, and reduced

the shear contribution of UHPC matrix and post-crack UHPC. The shear capacity is

expressed as Eq. 8.23.
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where, ρl is the longitudinal reinforcement ratio, γ3 is the safety margin of shear

contribution of UHPC; σp is the prestress; k3 is the coefficient considering the

contribution of stirrup.

The parameters of UHP-ECC in these models are: compressive strength of 100 mm

cube fc is112.60 MPa；shear cracking stress f1 is 6.66 MPa, f2 is 11.88 MPa according

to the DIC result at the shear strain of 2%; the average shear stress ft is 9.26 MPa；

the angle between the diagonal compression UHPC and the beam axis is took as 45°

according to the above codes and the experimental phenomenon. The safety margin

coefficients of γ1、γ2、γ3 is not considered and took as 1.0. The calculated shear

http://dict.cnki.net/dict_result.aspx?searchword=%e7%ba%b5%e7%ad%8b&tjType=sentence&style=&t=longitudinal+steel
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capacity Vcal and the experimental results Vexp are listed in Table 8.8.

Table 8.8 Comparison of Vcal and Vexp

Vcal/Vexp

Eq. 8.25

Vcal/Vexp

Eq. 8.26

Vcal/Vexp

Eq. 8.27

Vcal/Vexp

Eq. 8.28

Vcal/Vexp

Eq. 8.30

RU3Φ8-NS 1.60 1.40 1.06 1.23 1.10

RU3Φ10-NS 1.42 1.24 0.94 1.11 0.97

It is found that the calculated results from SIA recommendation and Thiemicke

coincided well with the experimental values. In Eq. 8.22, the contribution of UHPC

is considered from its cracking shear stress to the peak shear stress, and the effective

area is constrained to bz, which is more reasonable than the value in French

recommendation. In Eqs. 8.20, 8.21 and 8.23, the appropriateness to consider the

both contribution of UHPC before and after crack deserved further discussion.

Based on the classic truss model, Ma et al. (2006) proposed a model based on the

truss-arch theory, in which, the shear load was transmitted to the concrete arch after

the yielding of stirrup and the model is expressed as follows.
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where, ρs and fy are the stirrup reinforcement ratio and yielding stress; ft is the shear

strength of UHPC; b is the cross-section width; z is the distance of up and bottom

layer of steel bars; λ shear-span ratio; θ is the angle between the diagonal

compression UHPC band and the beam axis, took as 45°; ν is the softening

coefficient of UHPC and equals to 0.7 due to its higher toughness than ordinary

concrete. And then the Eq. 8.24 could be simplified as Eq. 8.25.
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The calculated shear capacity shows a good coincidence with the experimental value

with the variation within 10%.

8.6 CONCLUSIONS

This chapter conducted a systematical research on the structural behaviors of

UHP-ECC beams under bending and compared with the traditional RC beams with

the same longitudinal reinforcement ratios. Two series of beams, reinforced or

unreinforced with stirrups, were studied. Based on the experiments and analysis, the

main conclusions can be drawn as follows.

(1) More cracks were generated in the pure bending span in RU beam than those in

RC beam which alleviated the stress concentration on the reinforcing bar of

UHP-ECC beam. The shear failure of RU-NS beam exhibited significant ductility

rather than the commonly-known brittle mode as RC-NS beam which was believed

to benefit the structural safety.

(2) The bending capacity of non-steel reinforced UHP-ECC beam (NU beam) was

approaching to that of the RC3Φ8 beam with reinforcement ratio of 1.86%.

Moreover, the ductility index of NU beam was larger than those of the RC beam

which indicated that the NU beam is possible to be an alternative to RC beam with

comparable load bearing capacity and higher ductility. The stiffness of RU and NU

beams were higher than RC beams due to the higher Young’s modulus of UHP-ECC.

The higher stiffness of RU and NU beams also lead to a smaller deflection under

bending at the serviceability limit state. Additionally, the smaller crack width in RU

beams benefited the durability of structural member in corrosive environments. Thus,

the feasibility of non-steel reinforced UHP-ECC beam was preliminarily proved.
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(3) The ductile indexes of RU-NS beams were smaller than those of RU beams,

while these values were all larger than those of the RC beams, demonstrating that

RU-NS beams exhibited better ductility than RC beams with same longitudinal

reinforcement. The ductility index of RU beams did not show any decrease tendency

with the increase of reinforcement ratio due to the tensile capacity contributed by

UHP-ECC. However, the ductility index of RU-NS and RC beams decreased as the

reinforcement increased.

(4) The longitudinal reinforcement exhibited more effectively in RU beams than in

RC beams due to the better stress continuity between steel bars and UHP-ECC, and

the compressive strain of UHP-ECC was much larger than that of the RC beam

which also contributed to the better ductility of RU beam.
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CHAPTER 9

STRUCTURAL BEHAVIORS OF REINFORCED UHP-ECC

COLUMNS UNDER STATIC ECCENTRIC COMPRESSION

9.1 INTRODUCTION

Based on the results presented in Chapter 8, additional experimental and theoretical

experiments of reinforced UHP-ECC (R/UHP-ECC, RU for short) columns under

static eccentric compression were conducted. Little research has focused on R/ECC

columns. Fischer et al. (2002) and Li (2002) noted that higher energy absorption, a

more stable hysteresis loop, and much lower damage are observed in R/ECC

members, compared to reinforced concrete columns, despite the total elimination of

shear stirrups. The compressive strength of ECC materials used in these prior studies

was 40 MPa, and the elastic modulus was approximately 13 GPa, which induced a

large drift under horizontal loading. Thus, in this research, UHP-ECC material with a

higher compressive strength and elastic modulus was utilized for columns subjected

to static eccentric compression.

9.2 EXPERIMENT PROGRAM

9.2.1 Material properties

Ordinary Portland cement 52.5R, limestone powder, silica fume, and ground

granulated blast furnace slag (GGBS) were employed as the raw binding materials of

the UHP-ECC. A polycarboxylate-based high-range water reducer (HRWR) was

used to achieve acceptable flowability in the ECC binder. Fine silica sand with

maximum and mean grain sizes of 181 μm and 100 μm, respectively, was adopted as

the fine aggregate. The mix proportion of the UHP-ECC is given in Table 9.1, and
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the water/binder ratio was 0.18.

For the concrete, ordinary Portland cement 52.5R, silica fume and HRWR were

employed. The fine aggregate used was a medium local river sand with fineness of

2.7 (the average size was 0.4 mm), and the coarse aggregate had a maximum size of

10 mm. The mix proportion of the concrete is given in Table 9.2, and the

water/binder ratio was 0.32.

Table 9.1 Mix proportion of the UHP-ECC

Component Mix proportion
(kg/m3)

Cement 647
Limestone powder 91

Silica fume 136
GGBS 693

Silica sand 458
Water 284

PE fiber 20
HRWR 12

W/(C+SF+GGBS) 0.18
Note: W* include the water from the HRWR

Table 9.2 Mix proportion of the OPCC

Component Mix proportion
(kg/m3)

Cement 441
Silica fume 39

Sand 615
Aggregate 1194

Water 150
HRWR 6.7

W/(C+SF) 0.32

The material tests were conducted at the same curing age when the columns were

loaded, including uniaxial tension tests of the longitudinal ribbed steel bars, uniaxial

tension tests of UHP-ECC, and uniaxial compression tests of UHP-ECC and

concrete. Three standard tension test samples were made for each type of reinforcing

bar. The average Young’s modulus was 186 GPa, and the average yield strength was

450 MPa. The uniaxial tensile tests of the UHP-ECC were conducted using dog

bone-shaped specimens (JSCE 2008) with a loading rate of 0.5 mm/min, and the

resulting curves are shown in Fig. 9.1, where the strain hardening phenomenon is

quite obvious, and the tensile deformability of the UHP-ECC material is significant.

The average initial cracking strain was 0.017%, and the steady cracking process

extended to more than 6%.
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Fig. 9.1 Tensile stress-strain curves of the
UHP-ECC

Fig. 9.2 Compressive stress-strain curves of the
UHP-ECC

Six ECC prism specimens with dimensions of 100 mm × 100 mm × 300 mm were

loaded to investigate their compression parameters, and the result curves are shown

in Fig. 9.2, where the average compressive strength was computed as

c
cf = 54.0 MPa, the corresponding strain was c

0 = 2.7×10−3 με, and the elastic

modulus was 21 GPa. Three prism specimens with the same dimensions were also

cast and tested; the average compressive strength was 53.8 MPa, the corresponding

strain was c
0 = 2.1×10−3 με, and the elastic modulus was 32 GPa. Details of the

tensile and compressive constitutive model of the UHP-ECC will be discussed in the

following section. However, the real compressive strength of the UHP-ECC material

and concrete was lower than the designed compressive strength, which was 80 MPa,

due to the quality of the cement.

9.2.2 Specimen details

The parameters of the specimens are listed in Table 9.3, and the geometry and

reinforcement details can be found in Fig. 9.3. There were six columns involved, and

two factors were considered: the matrix material (i.e., UHP-ECC and concrete) and

the longitudinal reinforcement ratio (i.e., 0.0-4.3%) of the columns. Considering the

restrictions of the loading tests, all of the column specimens were scale-reduced to

the same dimensions: a height of 800 mm, a cross-section of 120 mm × 120 mm in
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the mid-height zone, and a matrix cover layer of 15 mm. The cross-sections at both

the top and bottom ends were gradually enlarged to apply eccentric loads and

simulate real conditions because columns usually have a larger rigidity at the

connection joints with beams and floors. Furthermore, the arrangements of the

stirrups were also identical in all of the specimens with longitudinal reinforcements.

The stirrups were plain steel bars (indicated by the letter “d”) with a diameter of

6 mm.

Fig. 9.3 Specimen geometry and arrangement of the strain gauges

Table 9.3 Specimen parameters

Specimen Matrix Longitudinal reinforcement Reinforcement ratio

RU00 UHP-ECC – 0.0 %
RU06 UHP-ECC 4D6 0.8 %
RU08 UHP-ECC 4D8 1.4 %
RU10 UHP-ECC 4D10 2.2%
RU12 UHP-ECC 4D12 3.1 %
RU14 UHP-ECC 4D14 4.3 %
RC14 Concrete 4D14 4.3 %

To investigate the influence of the reinforcement ratio on the load bearing capacity,

five specimens were designed to have the same UHP-ECC material but different
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diameters of the longitudinal bars, namely, RU00, RU06, RU08, RU12 and RU14.

Each specimen had four longitudinal bars, and the last two digits in each name

indicate the bar diameter. For instance, the longitudinal reinforcement of RU14 was

4D14, where “D” refers to the deformed rebar. To compare the mechanical behaviors

of the specimens with different matrices (i.e., UHP-ECC or concrete), RU14 had a

control specimen with the only difference being the matrix, which was named RC14.

RC14 was cast using high-strength concrete sharing the same cubic compression

strength as the UHP-ECC.

9.2.3 Test setup

The test setup of the column specimen is shown in Fig. 9.4. To ensure that all of the

specimens experienced large eccentric failure, the distance between the concentrated

external load and the centroid of the cross-section at the mid-height was set to

80 mm for all specimens. Displacement-controlled loading was imposed on the

specimens at a loading rate of 0.3 mm/min until failure using a hydraulic testing

machine with a capacity of 500 kN. Two loading plates were placed at both the top

and bottom of the specimens.

Fig. 9.4 Test setup of eccentric loading
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Eight strain gauges were attached to the surfaces of the four longitudinal bars of each

specimen (except RU00) to investigate the strains on the longitudinal bars, as shown

in Fig. 9.3. Three linear variable displacement transducers (LVDTs) were placed on

the tensile side of each specimen to investigate the lateral deflection. The top and the

bottom LVDTs were both 50 mm from the column ends, and the middle LVDT was

at the mid-height of the specimens.

A digital image correlation (DIC) technique was employed in this experiment to

investigate the development of cracks. Before loading, one side of all columns was

sprayed to have a black speckled surface over a white primer. A digital camera was

placed in front of the painted side, and it took a picture every 30 seconds when the

loading started.

9.2.4 Test results and discussion

9.2.4.1 Load–displacement curves

The relationships between the external loads and the mid-height displacement of all

specimens are shown in Fig. 9.5. The displacement increased approximately linearly

with increasing external load in the early stage of the loading (P ≤ 0.75Pu), then the

slope began to lessen gradually before the column reached its bearing capacity.

Thereafter, the displacement increased at a much faster rate while the external load

decreased. As expected, the increased reinforcement ratio had a positive effect on the

bearing capacity of the RU columns as well as the corresponding displacement at

peak load. The vertical load of the RU columns increased from 85.0 kN for the

RU00 material to 126.2 kN, 172.0 kN and 246.0 kN for the RU08, RU12, and RU14

, respectively (see Fig. 9.6). The corresponding deflections at the mid-height of the

columns were 4.02, 4.48 and 5.24 mm for the RU00, RU10 and RU14 columns,

respectively. Compared to the UHP-ECC column without reinforcement, i.e., the

RU00 specimen, the reinforced UHP-ECC columns had smoother load–displacement

curves, especially near and after the peak point. It can be inferred that the
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introduction of reinforcement eliminated the influence of the continuous cracking of

the UHP-ECC matrix.

The load–displacement curve of the RC14 had a steeper slope than those of the

specimens with RU columns, which resulted from the higher Young’s modulus of the

concrete than the UHP-ECC due to the absence of coarse aggregate and the addition

of PE fiber in the UHP-ECC matrix. Furthermore, the bearing capacity of the RU14

column (244.0 kN) was 35% higher than that of the RC14 specimen (181.90 kN) due

to the lower tensile strength of the concrete compared to that of the UHP-ECC and

the combined action of the UHP-ECC and the reinforcement after the cracking of the

UHP-ECC. The load capacity of the RU00 column (85 kN) approached 50% of the

value of the RC14 sample.

Fig. 9.5 Relationship between the load and the
lateral displacement at the mid-height

Fig. 9.6 Loads and deflections for different
reinforcement ratios

9.2.4.2 Crack development and failure mode

Fig. 9.7 shows the crack development of the RU00 column from DIC analysis. Six

uniformly distributed cracks occurred at almost the same time at 19.8 kN, and these

cracks began to extend toward the compression region without any new cracks

during the addition of 14 kN. Thereafter, new cracks began to occur around these

cracks; however, the depths of the cracks stopped increasing. From the picture at

peak load, there were several relatively concentrated “cracking regions” around the
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initial cracks. These DIC images cannot show every crack due to the limited

resolution of the camera. A more intuitive pattern of the cracking regions can be

found in Fig. 9.8, which shows a dense distribution of fine cracks.

(a) First crack (19.8 kN) (b) Sixth crack (33.8 kN)

(c) Crack developing (71.5 kN) (d) Peak load (85.0 kN)
Fig. 9.7 Crack development for the RU00 column

Fig. 9.8 Cracks in the RU00 column
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Fig. 9.9 shows the crack development of the RU14 column. Although it had a

significantly higher peak load than that of the RU00 column, the initial cracking

loads were very similar. New cracks began to occur and develop until the load

reached 54.7 kN. The average depth of the microcracks along the cross-section in the

RU00 column was much larger than that of the RU14 column due to the larger

compression stress induced by the higher vertical load. Thus, the height of the

compression region increased as the reinforcement ratio increased. This phenomenon

coincides well with theoretical results of ξn shown in Table 9.4.

Furthermore, the microcracks in the RU14 column were distributed more uniformly

due to the interfacial stress that was transferred by the steel bars. Additionally, the

interruption of the steel bars to the UHP-ECC induced more initial flaws and thus led

to more microcracks.

(a) First crack (22.2 kN) (b) Sixth crack (54.7 kN)

(c) Crack developing (131.7 kN) (d) Peak load (246.0 kN)
Fig. 9.9 Crack development of the RU14 column
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Fig. 9.10 shows the crack development of the RC14 column. The initial cracking

load of the RC14 specimen was slightly lower than for the RU00 and RU14

columns. However, the number of cracks remained constant during the loading

process rather than gradually increasing as in the UHP-ECC columns. Apparent

concrete compression failure (vertical cracks induced by the peeling of the concrete

cover) was observed with a vertical load of 174.1 kN, after which the RC14 column

reached its maximum load rapidly (see Fig. 9.10d).

(a) First crack (18.0 kN) (b) Cracks developing (93.0 kN)

(c) Compressive concrete failed (174.1 kN) (d) Peak load (181.8 kN)
Fig. 9.10 Crack development of the RC14 column

9.2.4.3 Strain of the longitudinal reinforcement

The strain development curves of the longitudinal reinforcements are shown in Fig.
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9.11. This figure shows that because all of the specimens were under a large

eccentric compression, all of the tensile reinforcements yielded at the peak point

(P = Pu), while the strains of the compressive reinforcements were generally smaller

than the yield strain at the peak point.

(a) UHP-ECC06 (b) UHP-ECC08

(c) UHP-ECC10 (d) UHP-ECC14
Fig. 9.11 Relationships between the loads and strains of the longitudinal bars at mid-height

9.3 THEORETICAL STUDY

9.3.1 Assumptions

When computing the bearing capacity of the studied UHP-ECC columns, the

following assumptions were employed:

(1) The cross-section of all UHP-ECC columns remained planar after
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deformation.

(2) The relative slippage between the longitudinal steel bars and the UHP-ECC

was neglected, i.e., the steel bars shared the same strain with the surrounding

UHP-ECC material at the same location.

(3) The constitutive relationship of the longitudinal steel bars is as shown in

Fig. 9.12. Because this research was only concerned with large eccentric

compression, the tensile reinforcement was assumed to be yielded at the ultimate

limit state (i.e., s yf  ), while the strain of the compressive reinforcement was

smaller than the yield strain (i.e., ss s y' ' 'E f   ).

Fig. 9.12 Constitutive model of steel bars Fig. 9.13 Constitutive model of the UHP-ECC

(4) The constitutive model of the UHP-ECC under uniaxial tension was

simplified as an elastic-plastic model, as shown in Fig. 9.13; the strength was equal

to the average initial cracking strength of the UHP-ECC under uniaxial tension tests.

According to the material tests shown in Fig. 9.1, the steady cracking process of the

UHP-ECC material attained approximately 6.0%. Moreover, the maximum tensile

strain was always on the tensile surface of the UHP-ECC column, which was slightly

greater than that of the longitudinal tensile bars. Based on the plane-section

assumption and the strain data of the longitudinal reinforcement, it can be inferred
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that the maximum tensile strain of a UHP-ECC should not be greater than 6% at the

ultimate state. Therefore, the ideal rigid plastic model as the lower envelope of the

material tests is relatively conservative and was employed in this study, which is the

most significant difference in the tensile constitutive relationship of a UHP-ECC

column from that of one comprised of concrete.

(5) The constitutive model of the UHP-ECC under uniaxial compression is as

shown in Fig. 9.13. The ascending portion of the stress-strain model before the peak

stress was regarded as linear, neglecting the slight slope reduction in the compressive

stress-strain curves for the convenience of the calculations. The postpeak branch was

simplified to have a two-segment shape: α1 at the inflection point of stress-strain

curve was defined as 0.75 according to the experimental curves, and the strain

corresponding to 1/2 of the peak stress (i.e., α2 = 0.5) was defined as the ultimate

compression strain (GB50010-2010).

9.3.2 Analytical model

The cross-section and strain and stress profiles of the UHP-ECC columns are shown

in Fig. 9.14, from which the following equation can be obtained:

Fig. 9.14 Cross-section, strain and stress profiles of the UHP-ECC columns
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n n sh h a
   

 
 

 (9.1)
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where h0 is the effective depth of the UHP-ECC column section, ξnh0 is the depth of

the compression zone, and ϕ is the curvature. Combined with the compression

constitutive curve of the UHP-ECC column, m, n, l, and 's can be expressed as

functions of ξn:
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where β1 and β2 are the parameters of the constitutive model of the UHP-ECC

column and can be found in Fig. 9.13. Then, the stress of the longitudinal steel bars

on the compressive side can be expressed as follows:
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According to the stress distribution of the cross-section in Fig. 9.14, the resultant

force (C) of the UHP-ECC compression region can be expressed as follows:
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The distance between the equivalent action point of the resultant force (C) and the

neutral axis of the cross-section can be expressed as follows:
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where α1 and α2 are the parameters in the constitutive model of the UHP-ECC

column and can be found in Fig. 9.13. By the same method, the resultant of the

UHP-ECC tensile part (T) and its distance away from the neutral axis can be

expressed as follows:

0( )t
c nT f b h h  (9.9)

0
1 ( )
2t ny h h  (9.10)

Then, the force and moment balances of the cross-section can be computed as

follows:

' 's s y sN C A T f A    (9.11)

 0 0 0 0 0( ) ' '( ') ( )n c s s s n tNe C h h y A h a T h h y          (9.12)

where 'sA and sA are the total cross-sectional areas of the compressive and tensile

longitudinal bars, respectively, and e is the eccentricity defined as the distance

between the concentrated force and the tensile reinforcements considering the P-δ

effect according to GB50010-2010 (2010).

Because the unknowns in Eqs. 9.11 and 9.12 have been expressed as functions of ξn

through Eqs. 9.6 to 9.10, by introducing these relationships, an equation set

consisting of two equations with two unknowns (N and ξn) can be obtained. After

eliminating N, we obtain the following equation of ξn:

3 2
3 2 1 0 0n n nA A A A      (13)

The expressions of A3, A2, A1, and A0 are as follows:
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After solving for the value of ξn, N can be expressed as follows:
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9.3.3 Validation of the analytical model and parameter analysis

The theoretical bearing capacities of the five UHP-ECC columns can be obtained by

substituting the geometry and reinforcement data of the experimental study into

Eqs. 9.13 to 9.16. A comparison between the theoretical and experimental results is

shown in Table 9.4. Overall, the theoretical model evaluated the bearing capacities of

an UHP-ECC column satisfactorily with an acceptable discrepancy (the maximum

and average errors were 8.6 and 4.0%, respectively). A detailed case study is

presented in the appendix.

Table 9.4 Comparison between the theoretical and experimental bearing capacities

Specimen ξn
Theoretical load

(kN)
Experimental load

(kN)
Error

RU00 0.300 88.6 85.0 4.2 %

RU06 0.354 104.3 102.8 0.1 %

RU08 0.408 126.0 126.2 -0.1 %

RU10 0.455 153.2 158.8 −3.5 %

RU12 0.525 184.0 199.5 −7.8%

RU14 0.584 224.9 246.0 −8.6 %
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The parameter analysis could be conducted based on the tensile and compressive

properties of a UHP-ECC column. Fig. 9.15 shows the tensile and compressive

stress-strain curves of UHP-ECCs with compressive strength values of

approximately or above 100 MPa. The corresponding parameters used in the

theoretical calculations, including the constitutive model parameters and

compressive height ratio (ξn) are listed in Table 9.5. The theoretical load capacities

of the UHP-ECC-100 (100 indicates the compressive strength) and UHP-ECC-120

columns were 168.35 kN and 196.10 kN, respectively, between the load capacity of

the RU08 and RU12 columns. The load capacity of the UHP-ECC-100 column

approached that of the RC14 column (178.90 kN) with a reinforcement ratio of 4.3%.

Moreover, the load capacity of the UHP-ECC-120 column was larger than that of the

RC14 column. Considering that the reinforcement ratio of the RC14 column (4.3%)

was close the upper limit (5%) specified in the codes of both seismic and nonseismic

areas (GB50010-2010 2010 and GB50011-2010 2010), the UHP-ECC could be

applied to replace (substantially or totally) the steel bars in a column without losing

load capacity. Additionally, the elastic modulus of UHP-ECC with compressive

strengths of 100 and 120 MPa could reach 33.0 and 35.5 GPa, respectively, which

are comparable to or slightly larger than the value of conventional concrete and thus

leading to a proper deflection in serviceability limit state.

Table 9.5 Model parameters shown in Fig. 9.12 and the theoretical calculation

Specimen fcc fct ε0 α1 α2 β1 β2 ξn
Theoretical load

(kN)

UHP-ECC-100 93 10 3238 0.75 0.5 1.73 2.10 0.299 168.35

UHP-ECC-120 115 12 2863 0.75 0.5 1.53 1.91 0.304 196.10
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(a) Compressive properties of the UHP-ECC
with a strength of 120 MPa

(b) Compressive properties the UHP-ECC
with a strength of 100 MPa

(a) Tensile properties of the UHP-ECC with
a strength of 120 MPa

(b) Tensile properties of the UHP-ECC with a
strength of 100 MPa

Fig. 9.15 Mechanical properties of UHP-ECCs

9.4 CONCLUSIONS

Five reinforced UHP-ECC (R/UHP-ECC, RU for short) columns and a reinforced

concrete (RC) column were applied the eccentric compression load until failure to

investigate the influence of reinforcement ratio and matrix on the compressive

properties of RU and RC columns. The vertical load, strain of longitudinal steel bars

and displacement at mid-height of the column were investigated and recorded.



266

Digital image correlation technique was used to investigate development of cracks.

Theoretical load capacity of RU columns was calculated and compared to the

experimental values. Additionally, the theoretical load capacity of UHP-ECC

columns ( compressive strength around and above 100 MPa) without steel bars were

also calculated and compared to the load capacity of RC14. The main conclusions

are drawn in the following.

(1) The load capacity as well as the displacement at mid-height of the column and

the height of compressive region of RU columns increased with the reinforcement

ratio. The peak load increased from 85.0 kN of ECC00 to 246.0 kN of ECC14,

which was 35% higher than the value of RC14 due to the combined action of

UHP-ECC and reinforcement. RU and UHP-ECC columns demonstrated

fully-distributed microcracks in the tensile side. The existence of steel bars helped

micro-cracks in RU columns distributed more uniformly due to the interfacial stress

transferred by the steel bars.

(2) In the theoretical analysis, the constitutive model of UHP-ECC under uniaxial

tension, was considered as the ideal rigid plastic since its initial cracking occurring at

pretty small strain compared to the tensile strain capacity. A trilinear model was used

to simulate the uniaxial compressive behavior. The analytical model was established

and verified by the comparison between the theoretical load and experimental load

with the variation below 10%.

(3) The load capacity of UHP-ECC-100 (168.35 kN) is approaching to that of RC14

(178.90 kN) with reinforcement ratio of 4.3%. While the load capacity of

UHP-ECC-120 (196.10 kN) is larger than the that of RC14. Considering the

reinforcement ratio of RC14 (4.3%) is close the upper limit (5%) specified in the

codes both for seismic and non-seismic area, the UHP-ECC could be applied to

substantially or totally replace the steel bars in column without losing the load

capacity. Additionally, the elastic modulus of ECC with compressive strength of 100
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and 120 MPa could attain 33.0 and 35.5 GPa, which are comparable to or slightly

larger than the value of conventionally concrete and thus leading to a proper

deflection in serviceability limit state.
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APPENDIX: CASE CALCULATION

The computation of one of the specimens, i.e., the ECC14 column, in the

experimental study is illustrated to demonstrate the feasibility of the proposed

theoretical model. The geometry, reinforcement and constitutive model are as

follows:

b = h = 120 mm, as = a’s = 22 mm, As = A’s = 308 mm,

h0 = 120-22 = 98 mm, e = 143 mm

Es =186 GPa, fy = 450 MPa

α1 = 0.75, α1 = 0.5, β1 = 2, β2 = 5, εc0 = 0.0026

 MPa6 MPa,54  t
c

c
c ff

The coefficients A3, A2, A1 and A0 can be computed according to Eqs. 9.14 to 9.17:

A3 = -2.46×107 N•mm, A2 = -2.23×107 N•mm

A1 = -1.94×107 N•mm, A0 = 2.38×107 N•mm

By substituting A3, A2, A1 and A0, into Eq. 9.13, the following equation for ξn can be

obtained:

038.294.123.246.2 23  nnn 

Solving this equation gives the following:

ξn = 0.584

Then, substituting ξn into Eq. 9.18 gives the bearing capacity of the ECC14 column:

N = 224.9 kN
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CHAPTER 10

CONCLUSIONS AND FUTURE RESEARCH

10.1 OVERALL SUMMARY

This thesis developed a new category of Engineered cementitious composites (ECC)

featured with high strength and high ductility. The tensile strain capacity of

UHP-ECC is targeted from 6 to 10%, the tensile strength from 16 to 20 MPa, and

the compressive strength larger than 100 MPa. It has the intrinsic multiple

microcracking behavior under tensile loading and its crack width at loading should

be no more than 200 μm. This ECC is termed as UHP-ECC in present research.

Based on the developed mix proportion of UHP-ECC, the concept of performance

based design method was utilized to consider the influence of fiber reinforcing index,

including the fiber aspect ratios Lf/df and fiber volume Vf, on the tensile mechanical

properties, i.e., the peak tensile stress, the tensile strain capacity, the strain energy

and the crack pattern. Additionally, in previous researches, a fixed fiber volume of

2% was used to manufacture ECC, always neglecting the fiber aspect ratio Lf/df.

However, the Lf/df had a significant influence on the tensile properties. Thus it is

better to use VfLf/df in stead of Vf alone as a parameter to control the fiber

reinforcement index and to produce a better performance and cost-effective ECC by

adjusting the VfLf/df.

The previously mentioned direct tensile behavior of UHP-ECC was based on the

responses at static rate. Owing to the superior static tensile behavior of UHP-ECC, it

is expected that the UHP-ECC would maintain high tensile resistance even at higher

strain rates. The strain rates ranged from 0.0001 s-1, which represented pseudo static

loading rate, to 0.05 s-1, which was generally considered to be in the range of

seismic loading rates. The specimens with different fiber aspect ratios demonstrated
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different failure modes from fiber fracture of UHP-ECC-900 (Lf/df = 900) to fiber

pull-out of UHP-ECC-500 (Lf/df = 500). The fiber aspect ratios had significantly

positive influence on the tensile properties in terms of mechanical (σtm , σtc, σtu, εtu

and gse ) and crack properties (Cn and Cw) at all strain rates. Larger Lf/df helped to

reserve higher portion of εtu and gse, which was favorable for the application of

UHP-ECCs in seismic area. While Lf/df showed less impact on σtc and σtu. The elastic

modulus Et of UHP-ECCs kept almost constant of at different strain rates with the

scope of 40-50GPa, while the strain-hardening modulus Esh decreased steadily with

the strain rates. Hence, at higher strain rates, the tensile stress-strain model had to be

adjusted in such situation or even did not consider the stress increase in the

strain-hardening process for safety margin. The SEM observations of the fracture

surface proved the corresponding failure modes of UHP-ECCs with different fiber

aspect ratios. The PE fibers of at higher strain rates were suffered more severely

damage contributing to the higher tensile strength.

In UHP-ECC, the ratio of silica sand/binder needs to be reduced in order to obtain a

better fiber dispersion and thus a better the high tensile strength, which adversely

increased the amount of cement or cementitious material. Limestone powder (LP)

and recycled fine powder (RFP) were utilized as the supplementary cementitious

materials to replace the cement. LP mainly acted as a filler, while RFP had both

filler and pozzolanic effect. These two materials could largely reduce the amount of

cement to make the UHP-ECC a eco-friendly material.

The effect of LP on the hydration, microstructure and mechanical properties

(compressive and tensile properties) of ultra-high performance engineered

cementitious composites (UHP-ECC) with different levels of replacement (12.5%,

25% and 50% by volume) were investigated. The addition of LP significantly

reduced the hydration heat of UHP-ECC matrix. The UHP-ECC with 12.5% LP

replacement ratio had the best tensile performance in terms of tensile strength and

tensile strain energy with a good verification from the single fiber pullout test.
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Moreover, it is interesting that the UHP-ECC with 50% LP replacement ratio had

almost the same tensile properties as the compared one although there was apparent

difference in compressive strength between these two mix proportions.

The similar phenomena were also monitored when recycled fine powder (RFP) was

utilized to replace the cement. However, in addition of the filler effect, the RFP

could also promote the secondary hydration effect, which increased the mechanical

properties of UHP-ECC at different curing ages (3d, 7d and 28d), i.e., the

compressive and tensile properties up to 25% replacement ratio. Additionally, the

UHP-ECC-RFP-25% and UHP-ECC-RFP-50% featured with high early-strength at

3d and showed no significant variation in strain capacity during the curing ages from

3d to 28d. The SEM observation shows that most of the PE fibers in RFP-added

UHP-ECC were pulled out of the matrix with the lateral surface stuck to more

matrix particles of RFP-added specimens, which led to a higher tensile strength of

RFP-added UHP-ECCs.

Finally, the structural behaviors of steel reinforced ultra-high performance

engineered cementitious composites (UHP-ECC) beams under bending were

experimentally explored and compared to the ordinary reinforced concrete (RC)

beams in present research. Two series of beams, reinforced or unreinforced with

stirrups, were prepared to study the flexural and shear performance of steel

reinforced UHP-ECC (RU) beams. The UHP-ECC was featured with the tensile

strength of 16 MPa and the tensile strain capacity around 8%. The steel

reinforcement ratios of longitudinal bar for both RU and RC beams were 0.69%,

1.86% and 2.94%, respectively. The crack propagation and the failure mode of RU

and RC beams were monitored by digital image correlation (DIC) method.

Additionally, the load-displacement relationships, the ductility index values and the

component strains including steel bar and UHP-ECC of RU beams were obtained

and compared with RC beams. It was found that the RU beams showed superior

performance in both load capacity and ductility at the ultimate limit state; while the
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crack width and deflection at the serviceability limit state of RU beams were much

smaller than those of RC beams. The loading capacity of non-steel reinforced

UHP-ECC (NU) beams was approaching to the one of RC beams with reinforcement

ratio of 1.86%, which indicated the feasibility of utilizing the UHP-ECC to

substantially reduce or replace the steel bar in structural members.

10.2 DEVELOPMENT OF ULTRA-HIGH PERFORMANCE
ENGINEERED CEMENTITIOUS COMPOSITES
(UHP-ECC) AND ITS BASIC MECHANICAL
PROPERTIES

ultra-high performance engineered cementitious composites (UHP-ECC) that

combines the high strength and high ductility has been developed in this research.

Ultra-high-molecular-weight polyethylene fibers were used and special attention has

been paid to the mix process to ensure a satisfactory material property. Through a

comprehensive test program on the mechanical properties the following findings

have been obtained:

(1) The average tensile strength of the Dumbbell specimens approached 17.42 MPa

with a C.o.V of 6%. The corresponding average rupture strains was 8.17% with the

COVs of 5%. The average initial cracking stress was 10.3 MPa with a C.o.V of 5%.

The specific fracture energy of UHP-ECC under direct tension was greater than

1500 kJ/m3.

(2) The average modulus of rupture (MOR) of UHP-ECC beams could achieve

27.68 MPa with a C.o.V of 4%. Along with such high MOR, the beams exhibited

extremely high ductility, as the average of the mid-span net deflection corresponding

to the MOR achieved about 2.5% of the span length.

(3) The average compressive strength values were 121.5 MPa and 112.69 MPa for

70.7 mm and 100 mm cubes respectively. The compressive strength decreased

slightly with the increasing size due to the size effect. The average compressive
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Young’s modulus was 44.26 GPa with a C.o.V of 0.7%. The strain corresponding to

the peak stress reached 2954 με.

(4) Due to the high strength of the UHP-ECC matrix and the large Lf/df, the bond

strength between the PE fiber and matrix was strong enough to fracture the PE fiber,

which was also validated by SEM observation. The lateral surface of PE fiber

suffered severe damage during the pull out or the fracture process.

10.3 INFLUENCE OF FIBER REINFORCEMENT ON THE
DIRECT TENSILE PROPERTIES OF UHP-ECC

(1) The ultra-high performance engineered cementitious composites (UHP-ECC) is a

new category of material combining high strength and high ductility. The influences

of different fiber volume ratios (1.25%-3.0%) and fiber aspect ratios (500-900) on

the tensile properties of UHP-ECC, including the initial and peak tensile stress (σtc,

σtu), strain capacity εtu and strain energy gse, have been investigated in this research.

The influences of fiber reinforcing index on the number of cracks Nc, average crack

width wc and crack spacing sc have also been investigated.

(2) The compressive strength of UHP-ECC arrived at 150 MPa based on the 50 mm

cube specimen test. Both fiber volume ratio (Vf) and fiber aspect ratio (Lf/df) were

found to have a significant influence on the tensile properties of UHP-ECC and had

the similar weight factor. The tensile properties increased linearly with the fiber

reinforcing index (VfLf/df), the microcracks increased from unsaturated to saturated

distribution along the gauge length and the crack spacing and crack width decreased

with the increasing VfLf/df. More specifically, σtu increased from 10.29 MPa to 17.86

MPa with an increasement of 74%, εtu increased from 2.20% to 7.91% (increasing

260%), gse increased from 197 kJ∙m-3 to 1138 kJ∙m-3 (increasing 478%) and Nc

increased from 8 to 46 (increasing 475%) within the ranges of test parameters.

(3) The tensile properties of σtu, εtu and gse increased with VfLf/df in a logarithmic

form rather than a linear form mainly due to the fiber orientation effects. The
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reduction coefficient λ was also related to VfLf/df. The experimental data of σtu, εtu

and gse were best fitted for proposing empirical equations for practical use. The wide

range of fiber reinforcing index adopted in this research with Vf from 1.25% to 3%

and Lf/df from 500 to 900 has made the proposed equations be of wider applicability.

(4) On the other hand, Nc increased nearly 5 times with VfLf/df increasing from 7.5 to

18, while wc at the peak load decreased apparently from 250 μm to 130 μm. It was

observed that the average crack spacing of specimens with a VfLf/df beyond 15 was

stabilized at about 2 mm while the average crack width was around at 130 μm.

10.4 RATE-DEPENDENT TENSILE PROPERTIES OF
UHP-ECC

In present research, the tensile behavior of PE fiber-reinforced UHP-ECC was

extensively studied at four strain rates ranging from 0.0001 to 0.05 s-1, which was

commonly considered to be in the range of the seismic stain rate. Three kinds of PE

fiber with different fiber aspect ratios (Lf/df) from 500 to 900 were utilized to

investigate the influence on the tensile properties and failure modes. Single fiber

tensile and pull-out tests from the matrix were also conducted under the same strain

rates. The following conclusions have been concluded.

(1) The UHP-ECCs exhibited strain-hardening properties at all the strain rates with

multiple distributed cracks within the gauge length (80 mm). The specimens with

different fiber aspect ratios demonstrated different failure modes from fiber fracture

of UHP-ECC-900 to fiber pull-out of UHP-ECC-500. The fiber aspect ratios also

had significantly positive influence on the tensile properties in terms of mechanical

(σtm , σtc, σtu, εtu and gse ) and crack properties (Cn andCw).

(2) The mechanical parameters and crack pattern of UHP-ECCs under different

strain rates were summarized and the dynamic impact factor (DIF) of each

mechanical parameter was calculated as an indicator of the corresponding strain rate

sensitivity. The Lf/df showed its impact on the DIFs of mechanical parameters and
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larger Lf/df helped to reserve higher portion of εtu and gse, which was favorable for

the application of UHP-ECCs in seismic area. While Lf/df showed less impact on σtc

and σtu. The increases in fiber strength and modulus, along with the increase in

fiber/matrix interaction properties, result in the reduction of complementary energy

leading a decrease in strain capacity.

(3) The elastic modulus Et of UHP-ECCs kept almost constant of at different strain

rates with the scope of 40-50GPa, while the strain-hardening modulus Esh decreased

steadily with the strain rates. Hence, at higher strain rates, the tensile stress-strain

model had to be adjusted in such situation or even did not consider the stress

increase in the strain-hardening process for safety margin. Besides, the Et changed

slightly with Lf/df, while Esh increase with the Lf/df at different strain rates.

(4) The CEB model on tensile strength DIF was relatively conservative on the

prediction of tensile strengths at high strain rates (0.01 and 0.05 s-1). Thus it is safe

to apply this model to calculate the tensile strength of UHP-ECC under seismic

situation. The UHP-ECCs in present study had the higher strain energy among the

existed ultra-high performance fiber reinforced composites, which would benefit the

utilization of UHP-ECC in the seismic areas.

(5) The SEM observations of the fracture surface proved the corresponding failure

modes of UHP-ECCs with different fiber aspect ratios. The PE fibers of at higher

strain rates were suffered more severely damage contributing to the higher tensile

strength.

10.5 FINE PARTICLE MODIFIED UHP-ECC:
MICRO-STRUCTURAL AND TENSILE PROPERTIES OF
UHP-ECC INCORPORATING LIME STONE POWDER

In present research, the influence of limestone powder (LP) on the microstructures

and mechanical properties of ultra-high performance engineered cementitious

composites (UHP-ECC) was investigated. The hydration mechanism LP-added
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UHP-ECC mixtures was explored by isothermal calorimetry and thermal

gravimetric analysis. The tensile and compressive properties were measured at 28d

and 360d to check the stability of long-term mechanical properties, especially the

tensile property. Single fiber pullout test was conducted to establish a link between

micromechanical behavior to macromechanical performance. The micro-structure of

composites was observed by scanning electronic microscope (SEM). The following

conclusions have been obtained:

(1) Due to its dilution effect providing more available water and space for the

cement hydration, the cumulative heat per gram of cement increased with the

increasing replacement ratio of LP. While, the cumulative heat per gram of

cementitious material decreased with LP content. The LP-added matrices attained

the peak of heat flux earlier than the comparison one due to the nucleation effect

provided by LP.

(2) Five stages were partitioned to interpret the TGA/DTG curves and it is known

that the peak of CaCO3 became stronger and broader with the increasing amount of

LP. While the peak of Ca(OH)2 decreased with LP content, which took the

responsibility for the strength decrease from UHP-ECC-Reference to

UHP-ECC-LP-50%. As expected, the LP mainly contributed as the filler in the

matrix system and the total mass loss of matrices up to 1000 °C increased with LP

contents.

(3) The compressive strength decreased steadily with the increasing LP replacement

at both 28 d and 360 d. The average compressive strengths of UHP-ECC-Reference

are 143 MPa at 28d and slightly increased to 154 MPaat 360d. While the average

compressive strengths of UHP-ECC-LP-50% are 131 MPa and 135 MPa at the same

period. The long-term compressive strength with higher LP content was more stable

which would benefit the long-term tensile properties of UHP-ECC.

(4) The tensile properties of UHP-ECCs was significantly influenced by the addition
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of LP. The ultimate tensile strength of UHP-ECCs with up to 50% LP content was

higher than or almost equal to the value of UHP-ECC-Reference. However, the

tensile strength of UHP-ECC-Reference corresponding to 6% was highest among

these mixture proportions which was attributed to the higher interfacial stress

between fiber and matrix. Furthermore, the addition of LP significantly benefited the

strain capacity and strain energy of UHP-ECC.

The tensile stress of UHP-ECCs increased with the curing age up to 360d, while the

strain capacity decreased sightly with the failure mode of fiber pulled out. Compared

to the compressive strength, the tensile strength (peak stress and initial cracking

stress) are more sensitive to the curing ages. However, it is noticed that the strain

capacity of UHP-ECC-LP-50% at 360d was slightly higher than the value of

UHP-ECC-LP-50% at 28d due to the stable of compressive strength.

The increase in fiber volumes brought positive influence on the tensile parameters

and the enhancements of tensile properties more apparent for LP-added UHP-ECCs.

The crack widths of all the UHP-ECCs are within the scope of 130μm to 150μm.

(5) The single fiber force-displacement curves of UHP-ECC matrices show a kind of

plateau or a slight slip hardening behavior with the slip hardening phenomenon. The

fiber was dominantly pulled out from all the matrices. The average interfacial stress

between fiber and matrix of UHP-ECC-Reference was the highest value among all

the matrices at 28d and the interfacial stress increased by 24% at 360d. The increase

in interfacial stress was the main reason for the increase in peak stress at composites

scale. The morphology of tested specimen was investigated by SEM analysis with

the samples prepared from the fractured surface. Most of the fibers pulled out from

the matrix with the lateral surface of PE fiber stick to more matrix particles of 360d

specimens, leading to a higher tensile strength.
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10.6 FINE PARTICLE MODIFIED UHP-ECC:
MICRO-STRUCTURAL AND MECHANICAL
PROPERTIES OF UHP-ECC INCORPORATING
RECYCLED FINE POWDER

In this chapter, the influence of recycled fine powder (RFP) on the mircro-structure

and mechanical properties of ultra-high performance engineered cementitious

composites (UHP-ECC) was investigated. The hydration mechanism of RFP-added

UHP-ECC mixtures was explored by isothermal calorimetry and thermal

gravimetric analysis. The tensile and compressive properties were measured at 3d,

7d and 28d, respectively. Single fiber pullout test was conducted to establish a link

between micro-mechanical behavior to macro-mechanical performance. The

morphology of composites was observed by environmental scanning electronic

microscope (ESEM). The following conclusions could be obtained.

(1) Due to its dilution effect providing more available water and space for the

cement hydration, the cumulative heat per gram of cement increased with the

increasing content of RFP. The UHP-ECC-RFP-50% matrix had the lowest total

cumulative heat, while the cumulative heat of UHP-ECC-RFP-12.5% and

UHP-ECC-RFP-25% matrices were greater than the value of reference matrix.

Furthermore, the addition of RFP accelerated the hydration process that benefited

the early strength of UHP-ECC composites.

(2) From TGA, it could be seen that the peak of CaCO3 became stronger and broader

with the increasing amount of RFP at 3d and the peak of Ca(OH)2 of

UHP-ECC-RFP-25% was strongest among these mixtures, which enhanced its

mechanical strength at 3d. More C-S-H dehydration also occurred for

UHP-ECC-RFP-25% up to 400°C. At 28d, more Ca(OH)2 was consumed due to the

pozzolanic effect of RFP. The filler effect of CaCO3 contained in RFP was also

confirmed from TGA.

(3) The compressive strength increased with the curing ages and the
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UHP-ECC-RFP-25% had the highest strength values at all curing ages. The 3d

compressive strength of UHP-ECC-RFP-50% was slightly higher than that of

UHP-ECC-Reference. The moderate amount of RFP up to 25% would benefit the

compressive strength due to the dilution and acceleration effect of RFP particle at

early age and later the pozzolanic and filler effect.

(4) All the UHP-ECC specimens showed an apparent tensile strain hardening

phenomenon with uniformly distributed crack along the gauge length. The tensile

strength of UHP-ECCs increased with RFP content up to 25% and then decreased.

The strain capacities of RFP-added UHP-ECCs slightly decreased due to the narrow

crack width of RFP-added UHP-ECCs, which conversely reduced the stress drop at

the occurrence of micro cracks. Additionally, the UHP-ECC-RFP-25% and

UHP-ECC-RFP-50% featured with high early-strength at 3d and showed no

significant variation in strain capacity during the curing ages from 3d to 28d.

(5) The single fiber force-displacement curves of UHP-ECC matrices showed a kind

of plateau or a slight slip- hardening behavior. The fiber was dominantly pulled out

from all the matrices. The average interfacial stress between the fiber and matrix of

UHP-ECC-RFP-25% was the highest value among all the matrices at 3d and 28d.

The increase in interfacial stress was the main reason for the increase in peak stress

at the composites scale. The displacement corresponding to the peak load generally

decreased with RFP content, which decreased the crack width tolerance of

RFP-added UHP-ECCs and thus decreased the strain capacity. The micro-structure

of tested specimen was investigated by the ESEM analysis. Most of the PE fibers

were pulled out of the matrix with the lateral surface stuck to more matrix particles

of RFP-added specimens, which led to a higher tensile strength of RFP-added

UHP-ECCs.
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10.7 STRUCTURAL BEHAVIORS OF UHP-ECC BEAMS
SUBJECTED TO BENDING

This chapter conducted a systematical research on the structural behaviors of

UHP-ECC beams under bending and compared with the traditional RC beams with

the same longitudinal reinforcement ratios. Two series of beams, reinforced or

unreinforced with stirrups, were studied. Based on the experiments and analysis, the

main conclusions can be drawn as follows.

(1) More cracks were generated in the pure bending span in RU beam than those in

RC beam which alleviated the stress concentration on the reinforcing bar of

UHP-ECC beam. The shear failure of RU-NS beam exhibited significant ductility

rather than the commonly-known brittle mode as RC-NS beam which was believed

to benefit the structural safety.

(2) The bending capacity of non-steel reinforced UHP-ECC beam (NU beam) was

approaching to that of the RC3Φ8 beam with reinforcement ratio of 1.86%.

Moreover, the ductility index of NU beam was larger than those of the RC beam

which indicated that the NU beam is possible to be an alternative to RC beam with

comparable load bearing capacity and higher ductility. The stiffness of RU and NU

beams were higher than RC beams due to the higher Young’s modulus of UHP-ECC.

The higher stiffness of RU and NU beams also lead to a smaller deflection under

bending at the serviceability limit state. Additionally, the smaller crack width in RU

beams benefited the durability of structural member in corrosive environments. Thus,

the feasibility of non-steel reinforced UHP-ECC beam was preliminarily proved.

(3) The ductile indexes of RU-NS beams were smaller than those of RU beams,

while these values were all larger than those of the RC beams, demonstrating that

RU-NS beams exhibited better ductility than RC beams with same longitudinal

reinforcement. The ductility index of RU beams did not show any decrease tendency

with the increase of reinforcement ratio due to the tensile capacity contributed by
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UHP-ECC. However, the ductility index of RU-NS and RC beams decreased as the

reinforcement increased.

(4) The longitudinal reinforcement exhibited more effectively in RU beams than in

RC beams due to the better stress continuity between steel bars and UHP-ECC, and

the compressive strain of UHP-ECC was much larger than that of the RC beam

which also contributed to the better ductility of RU beam.

10.8 STRUCTURAL BEHAVIORS OF UHP-ECC COLUMNS
UNDER STATIC ECCENTRIC COMPRESSION

In this chapter, five reinforced UHP-ECC (R/UHP-ECC, RU for short) columns and

a reinforced concrete (RC) column were applied the eccentric compression load until

failure to investigate the influence of reinforcement ratio and matrix on the

compressive properties of RU and RC columns. Theoretical load capacity of RU

columns was calculated and compared to the experimental values. Additionally, the

theoretical load capacity of UHP-ECC columns (compressive strength around and

above 100 MPa) without steel bars were also calculated and compared to the load

capacity of RC14. The main conclusions are drawn as follows.

(4) The load capacity as well as the displacement at mid-height of the column and

the height of compressive region of RU columns increased with the reinforcement

ratio. The peak load increased from 85.0 kN of ECC00 to 246.0 kN of ECC14,

which was 35% higher than the value of RC14 due to the combined action of

UHP-ECC and reinforcement. RU and UHP-ECC columns demonstrated

fully-distributed microcracks in the tensile side. The existence of steel bars helped

micro-cracks in RU columns distributed more uniformly due to the interfacial stress

transferred by the steel bars.

(5) In the theoretical analysis, the constitutive model of UHP-ECC under uniaxial

tension, was considered as the ideal rigid plastic since its initial cracking occurring at

pretty small strain compared to the tensile strain capacity. A trilinear model was used



282

to simulate the uniaxial compressive behavior. The analytical model was established

and verified by the comparison between the theoretical load and experimental load

with the variation below 10%.

(6) The load capacity of UHP-ECC-100 (168.35 kN) is approaching to that of RC14

(178.90 kN) with reinforcement ratio of 4.3%. While the load capacity of

UHP-ECC-120 (196.10 kN) is larger than the that of RC14. Considering the

reinforcement ratio of RC14 (4.3%) is close the upper limit (5%) specified in the

codes both for seismic and non-seismic area, the UHP-ECC could be applied to

substantially or totally replace the steel bars in column without losing the load

capacity. Additionally, the elastic modulus of ECC with compressive strength of 100

and 120 MPa could attain 33.0 and 35.5 GPa, which are comparable to or slightly

larger than the value of conventionally concrete and thus leading to a proper

deflection in serviceability limit state.

10.9 FUTURE RESEARCH

For the future research of UHP-ECC, it is recommend to pay more attention on the

following aspects of UHP-ECC:

(1) Reduce the shrinkage, including the autogeneous and dry shrinkage of

UHP-ECC due to the high amount of cement/cementitious materials and relatively

lower sand/binder ratio. The application of super absorbed ploymer (SAP) or

expanded agent, e.g., high performance Calcium Sulpho Aluminate was expected to

significantly reduce the shrinkage of UHP-ECC.

(2) Reduce the stress fluctuation at the occurrence of crack. The stress fluctuation at

the occurrence of crack is large in present research due to the high matrix strength

and relative weaker bond strength between PE fiber and matrix. The larger stress

fluctuation of UHP-ECC would unstabilize the loading-capacity of UHP-ECC

structural members. In the future work, attempts of modification of PE fiber surface
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or the cementitious matrix (e.g., using nano materials) to enhance the bond

properties between fiber and matrix could be conducted. Besides, the hybrid PE and

steel fiber could also be tried to gain the UHP-ECC with slight stress fluctuation.

(3) Develop the functionalized UHP-ECC material, like self-healing UHP-ECC with

tiny crack width around 60 μm, self-sensing UHP-ECC with electronic sensor,

self-insulation UHP-ECC with addition of phase change materials, self-resilient

UHP-ECC with shape memory alloy and the development of light-weight UHP-ECC

(LW-UHP-ECC) with good performances on both mechanical properties and thermal

properties integrated the structural and functional advantages, which made

LW-UHP-ECC an eco-friendly cementitious material.

(4) Utilize the UHP-ECC to repair the corroded structural member in costal areas

around Hong Kong and Shenzhen, especially for those areas using sea sand and sea

water for construction in previous decades. The high tensile strength and high tensile

ductility could, on one hand, largely reduce or totally eliminate the amount of steel

or FRP reinforcement in the repair process; on the other hand, the tightly spaced and

tiny crack width could increase the durability of repaired members.

(5) Develop a corrosion-free structural system. The combination of high strength,

high modulus and high ductility of UHP-ECC made it possible to fabricate the

structural member without steel bar, i.e., the non-steel reinforced structure member.

Thus it may be a proper material to be utilized in 3D printing. Besides, efforts can be

made to use other metal bars like aluminium alloy bars to reinforced the UHP-ECC

to develop a light-weight, high strength, high ductility and corrosion-free

combination for new structures.
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