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Abstract

The research performed under this project aims to promote fiber efficiency in Ultra-high
performance concrete (UHPC). UHPC derives much of its tensile capacity and durability from the
efficiency with which fibers bridge cracks and transfer stresses to the matrix. However, quantifying
fiber efficiency across different fiber types, geometries, and long-term conditions remains a critical
challenge for structural applications. This report consolidates three experimental investigations
aimed at advancing the understanding of fiber efficiency in UHPC. Multiple types of steel fibers
having different geometry, tensile strength, aspect ratio and surface texture have been tested to
study their efficiency in UHPC.

First, single fiber pullout tests for commercial fibers and newly proposed bundled steel fibers were
studied through single fiber pullout tests, and a new slip hardening factor was introduced to
characterize performance of steel fibers. Second, a comprehensive testing program was conducted
with nine different fiber geometries at multiple volume fractions, enabling the development of new
fiber efficiency and utilization factors that capture the interaction between fiber geometry, dosage,
and matrix. Third, direct tensile tests were performed on UHPC specimens naturally cured for 13.5
years, revealing the role of fibers in maintaining tensile strength and ductility over time.
Together, these studies highlight the mechanisms governing fiber efficiency in UHPC at the
material, structural, and time-dependent scales. The findings provide a unified framework for
evaluating and optimizing fiber use in UHPC mixtures, contributing to the design of more durable
and resource efficient UHPC.
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Chapter 1: Introduction and Background

1.1  Project Motivation

The United States continues to face significant challenges due to its aging and increasingly
deteriorated infrastructure. The American Society of Civil Engineers (ASCE) assigned a C grade
to U.S. infrastructure in 2025. ASCE estimates that addressing infrastructure deficiencies will
require $9.1 trillion in investment, with a $3.7 trillion funding gap between current planned
investments and what is needed to bring infrastructure to a state of good repair [1] . If unaddressed,
these deficiencies could lead to a projected $10 trillion loss in GDP by 2039 [2].

UHPC is increasingly being considered for demanding structural applications due to its superior
strength, durability, and crack resistance. A defining feature of UHPC is the incorporation of steel
fibers, which provide crack bridging and tensile capacity that conventional concretes cannot
achieve [3]. Despite its growing use, the efficiency with which fibers contribute to UHPC
performance remains insufficiently understood, particularly in relation to fiber geometry, dosage,
long-term behavior, and alternative fiber arrangements. This knowledge gap has limited the
development of rational design guidelines and hindered broader implementation of non-
proprietary UHPC in infrastructure.

To address these challenges, this project focuses on building a systematic understanding of fiber
efficiency in UHPC through experimental investigations at multiple scales. The first component
examines various fibers through single fiber pullout tests, introducing a new slip-hardening factor
to quantify their anchorage behavior and potential for enhancing post-cracking toughness. The
second component explores a broad matrix of multiple fiber geometries at multiple volume
fractions, leading to the development of new fiber efficiency and utilization factors that enable
guantitative comparisons across fiber types. The third component investigates the long-term tensile
performance of UHPC after 13.5 years of natural curing, offering rare insights into the sustained
effectiveness of fibers in maintaining strength and ductility over time.

By integrating these investigations, the project seeks to provide a unified framework for evaluating
and optimizing fiber use in UHPC. Such an approach is essential for developing cost-effective,
durable, and sustainable non-proprietary UHPC mixtures for structural applications. Ultimately,
the motivation driving this work is the need to advance both the scientific understanding and the

practical application of efficient fiber utilization in UHPC.
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1.2 Research, Objectives, and Tasks

The overarching goal of this project is to improve the understanding and application of fiber
efficiency in UHPC for infrastructural applications. The research was structured around three core

technical objectives and one knowledge transfer objective, each supported by specific tasks.

Objective 1 — Characterize the bond behavior of steel fibers in UHPC.
e Task 1.1: Perform single fiber pullout tests on conventional steel fibers and bundled steel
fibers to evaluate bond performance.

e Task 1.2: Develop a slip-hardening factor to assess the performance of fibers.

Objective 2 — Develop efficiency and utilization factors for multiple fiber geometries.
e Task 2.1: Perform tensile and single fiber pullout testing with multiple fibers at multiple
volume fractions.
e Task 2.2: Establish new fiber efficiency and utilization factors that capture fiber-matrix
interactions.

e Task 2.3: Provide guidance for optimizing fiber selection in UHPC mixtures.

Objective 3 — Evaluate the long-term tensile performance of UHPC.
e Task 3.1: Conduct direct tensile tests on UHPC specimens stored under natural curing
conditions for 13.5 years.
e Task 3.2: Assess changes in tensile strength, strain capacity, and post-cracking behavior

relative to 28 days performance.

Objective 4 — Knowledge transfer and industry outreach.
e Task 4.1: Involve undergraduate students in laboratory testing and data analysis to foster
training and workforce development.
e Task 4.2: Disseminate results through journal publications, conference presentations, and
technical reports.
e Task 4.3: Share findings with industry stakeholders and DOT partners to support broader
adoption of non-proprietary UHPC.
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1.3 Report Overview
This report is organized into four chapters as follows:

e Chapter 1 provides a general introduction, outlining the background, motivation, goal, and
objectives of the study.

e Chapter 2 provides information about the materials used, experimental design and testing
procedures.

e Chapter 3 presents and analyzes the test results, with in-depth discussions interpreting the
findings and their implications.

e Chapter 4 provides the conclusions and a concise summary of the research outcomes.
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Chapter 2: Methodology

2.1 Materials, mix design and sample preparation

The materials used in this study to characterize the bond behavior and to develop efficiency and
utilization factors for multiple fiber geometries are Type Il Portland cement, undensified silica
fume (SiO2 > 90 %), Type C fly ash (CaO > 18%), basalt aggregates, water, superplasticizer (29%
solid content) and steel fibers. The oxide composition of the type Il Portland cement is given in
Table 1. The types and properties of steel fibers used as a part of this research is provided in Table
2. The images of different geometries of fibers are shown in Fig. 1.

Table 1. Oxide Composition of Type Il Portland cement.

CaO SiOz A|203 F6203 303 MgO K>0
60.6 16.4 3.4 3.3 3.2 2.1 0.7

Table 2. Properties of steel fibers used as a part of this research.

. . Tensile
Length Diameter Aspect ratio
Geometry Coating . ) strength
(lrinmm)  (dy in mm) (Le/dp)
(MPa)
Bundled fibers
Brass 13 0.2* 65 2850*
(B2, B3, B4, B5)
10 0.2 50
Striated (STR) Brass 13 0.2 65 2850
20 0.2 100
Straight (ST) Brass 13 0.2 65 2850
Hooked (H) Stainless 30 0.55 55 1345
Straight (ST-S) Stainless 13 0.2 65 1310
Wavy (W) Brass 13 0.2 65 2800
Twisted (T) Brass 20 0.3 67 2900
Twisted (T) Galvanized 25 0.5 50 1700

* Properties of single wire, not of bundle

Fig. 1. Fibers with different geometries (from left to right: B2, B3, B4, B5, Straight, Striated, Wavy, Hooked and Twisted)
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The UHPC mixture was prepared in a Hobart type mixer. First basalt aggregates and silica fume
were dry mixed for five minutes at speed one. Fly ash and cement were then added and mixed for
five more minutes. Then, water and one-third of superplasticizer were gradually added to the mix,
followed by remaining two-thirds of superplasticizer when the mixer was spinning. The speed was
then increased to speed two till the mixture turned over. The speed was reduced back to speed one
and the mixing continued for five minutes. Steel fibers were then added to the mix and mixed for
two more minutes before pouring to ensure uniform dispersion of fibers. For fiber pullout tests,
the same mixture was prepared without the fibers. The mix proportion to characterize the bond
behavior and to develop efficiency and utilization factors for multiple fiber geometries is based on
Table 3. The specimens are identified using the fiber geometry (STR, ST, ST-S, W, Hand T) and
the fiber length (10, 13, 20,25 and 30). For example, ST-S13 refers to specimen with straight
stainless fiber having 13 mm length and H30 refers to specimen with hooked fiber having 30 mm
length. In case of bundled fibers, the specimens are identified using the number of bundles, B2 for

two bundles, B3 for three bundles and so on.
Table 3. Mix proportion of UHPC (by weight)

Cement Silica fume Fly ash Basalt aggregates Water  Superplasticizer Fiber?
1 0.2 0.25 1.2 0.25 0.015 1% -3%
a: by volume

Note: Mixture without fibers was prepared for fiber pullout tests
In addition, the long term study conducted in this research is a continuation of previous research
in ref. [3] using the same materials and mixing procedure. The details of mix proportion for this
particular study are presented in Table 4. Three different fiber types (straight, hooked, and twisted)
were used to investigate the tensile behavior of UHPC. Each specimen is identified by U which
stands for UHPC, the used fiber geometry (S, H, T) and the fiber volume fraction (2%, 3%). For

example, U-S2 denotes UHPC with 2% by volume of straight steel fibers.
Table 4. Mix proportions by weight [3]

Type UHPC UHP-FRC
Cement 1.00 1.00
Silica Fume 0.25 0.25
Glass Powder 0.25 0.25
Water 0.19 0.19
Superplasticizer 0.011 0.011
Sand A 0.31 0.28
Sand B 0.72 0.64
Fiber (Vol %) 0.00 3
Fc’ (cube 28 days) MPa 230 250
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The prepared mixture was poured into 50 mm cube mold for compressive strength tests, half dog
bones shape molds for fiber pullout tests and dog bone molds for tensile strength test. After
pouring, the molds with freshly poured mixtures were vibrated for two minutes, then covered by
plastic sheet and allowed to set for 24 hours before demolding. The specimens were then cured for
28 days under normal temperature conditions before testing. While the specimens for long term
study were stored in the laboratory at around 23 °C and 60% RH for 13.5 years after initial curing

inside water tank at 20 °C for 25 days.

2.2 Test Procedure and Analysis

The images of test setups for different tests are shown in Fig. 2.

(&) Compression test setup (b) Fiber pullout test setup (c) Tensile test setup

Fig. 2. Test setups for different tests.

At least three specimens were tested for all the tests and the average value with standard deviation
is reported. The compressive strength test was done only for samples with 2% fiber volume fraction
at the rate of 30,000 Ibf/min following ASTM C109/C109M [4]. For fiber pullout tests, two
embedment lengths (6.5 mm and half the fiber length) were considered. All the fibers with tensile
strength o, was embedded both half of the fiber length (I¢/ 2) and 6.5 mm into the UHPC matrix
while twisted fibers which embedded only 6.5 mm in the matrix due to fiber failure caused by
excessive bond when embedded half the fiber length. All the tests were conducted at the age of
28-30 days of sample preparation.

Fiber pullout tests were conducted at the rate of 1 mm/min. The following parameters were derived

from the pullout load (P) versus slip (s) data acquired during testing. Fiber stress (o) which is

defined as the tensile stress induced in the fiber is obtained by dividing the pullout load (P) by the
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cross-sectional area of the fiber (4 = nd]?/4) where (dy) is the diameter of the fiber. Here, Af
represents the cross-sectional area for one fiber. The maximum fiber stress (o5 mq) is the fiber
stress at maximum pullout load (B4, ) and the slip capacity (s,,q4,) refers to the slip at B,,,,.. Shear
stress, 7(s)is determined by dividing the pullout load at slip S, P(s) by the current bond surface
area (contact perimeter with the matrix x (L, — s)), where L, is the initial embedment length.
Average bond strength (7,,,) is the shear stress at maximum pullout load. Pullout energy (W,) is
determined by calculating the area under the pullout load-slip curve. All these parameters are

calculated using the equations (1), (2), (3), (4) and (5) given below:

P
of = —in MPa (N/mm?) (1)
Ay
P
Of max = —,——in MPa (N/mm?) @
f
Pmax
= in MPa (N 2
fav Contact perimeter X L, in MPa (N/mm®) A3)
(s) = ) in MPa (N/mm?)
Contact perimeter X (L, —s) (4)
s=Le
Wy = P(s)ds in Nmm (J x 1073) (5)

s=0
Additionally, a new equation is proposed to quantify the degree of slip hardening for steel fibers.

This involves analyzing the pullout load-slip curve by fitting two lines: one for the fully bonded
zone and another for the slip hardening zone. The point of intersection (IP) of these lines is
identified, and a vertical line is drawn from IP to intersect the pullout load-slip curve at the pullout
load (Py) and slip (s4p). These values, Py, and sy, represent the pullout load and slip when the
fiber begins to slip after debonding from the matrix. These parameters are then compared with the
maximum pullout load (B,,,,) and slip capacity (s,,qx)- An illustration is shown in Fig. 3 and the

equation to calculate the degree of slip hardening is given by,

Pmax - de x Smax — Sdb

Degree of slip hardening =

(6)

P max Smax
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(a) Hlustration (b) B2 at an embedment length of 6.5 mm

Fig. 3. Procedure to determine the degree of slip hardening for steel fibers (IP: Intersection point).

The tensile tests were conducted at a loading rate of 0.6 mm/min. Once the peak tensile strength
was reached and the specimen started to enter the softening stage with fibers starting to get pulled
out, the samples were unloaded till 1 MPa and reloaded back at the same rate till the complete
separation of dog bones.

The test data were analyzed to obtain the parameters o, ecc, Ecc, Opes Eper Ener Esoftr Epe AN Epes
(see Fig. 4). The parameters o, €. and E.. were obtained from the test data during the pre-
cracking stage, whereas o, £pc) Enc) €softr Epc @Nd &5 Were obtained from the post-cracking
stage. o.. and ¢.. is the stress and strain values at the intersection point of the straight line
representing the elastic region and the best fit line of the strain hardening region (Fig. 4b). The
strain hardening modulus Ej,. is defined as the slope of the line joining o, and 99% of a,.. The
unloading modulus (E,) is determined by the line joining the reversal point and the point of
interception. The reversal point is the point of minimum stress on the unloading curve while the
point of interception is the intersecting point between the unloading and the reloading curve where
the composite returns to the stress-strain state prior to unloading. The residual strain (&,..) is taken
as the x-intercept as extension of the unloading modulus drawn from 99% of o,,.. An example of

the analytical procedure for test specimens for study 2 and 3 is presented in Fig. 4.
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18] Individual curves 0.99 X 0p¢, Esort =
161 Average curve ) a 15
F 14 =15 f =
a ] a /! -
7 < meion | g
» 104 o 10 /" interception a
§ 8- @ Ece /E g 5
= @ /. Epe &
[2CE = /
4] & 3 " o 0
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. - - c) Individual and average bi-linear
(a) Envelope curve with unloading line (b) Development of bi-linear model © g

model
Fig. 4. Example of the analytical procedure for tensile specimens. (Note: (a) corresponds to study for objective 2 while (b) and

(c) corresponds to the study for objective 3)
Additionally to this, the experimental curves are further analyzed using E.., Ep. and E,. to

calculate the elastic energy (g.), energy absorption capacity (g), total fracture energy (G¢) and the

fracture energy during softening (G ) (see Fig. 5).

N
o

N
=

.
o

20
0.99 X opc , Esoft

15 UCC ’ ECC
%
5
9 ] 5
0 0
0

0 0.05 01 05 1 15 2 1 2 3 4
Strain, € (%) Strain, € (%) Strain (%)

[
)]

.
5

-
(é)]

Stress (MPa)

@

Gl,b

=N

o
=
o

Stress (MPa)

1 2 3 4 5 6
Strain (%)

Stress, o (MPa)
[
o

Stress, o (MPa)

(4]

5 6 7

(a) Elastic energy, g, (b) Energy absorption capacity, g (c) Total fracture energy (Gy) and the

fracture energy during softening (Gy )
Fig. 5. Illustration of calculation procedure of energy values.

To determine how efficiently fibers interact with the matrix and the amount of fiber material
utilized during the tensile tests, two factors are proposed: fiber efficiency factor and fiber
utilization factor. The factor by which the softening energy is less than the product of number of
fibers in the cracking plane and the maximum pullout energy of one fiber before pullout is defined
as fiber efficiency factor. This factor accounts for all the variables which can influence the
performance of fibers in the tensile behavior of UHPC. Hence, the fiber efficiency factor can be
expressed as:
Grp X Ac X 1y
100 X N X Wy max (7)

Fiber efficiency factor (ef) =

Here, Gy, is the softening energy, Ny is the number of fibers manually counted from separated

dogbones after the tensile test in the cracked surface, A, is the cross sectional area of the specimen
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(25.4 mm x 25.4 mm), L, is the gauge length (80 mm) and W}, ;... is the maximum pullout energy

of the fiber used in the specimen before pullout.
The extent of utilization of fibers is quantified using fiber utilization factor which is defined as the
ratio of maximum tensile stress in the fiber to its tensile strength. Hence, the fiber utilization factor

is defined as:

Fiber utilization factor (us) = W (8)
f t

Here, g, is the composite tensile strength, ¢ is the factor that accounts for the fiber orientation
which is used as 0.9 based on ref. [3], [5], V¢ is the volume fraction of the fibers and o, is the

tensile strength of fiber.
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Chapter 3: Results and Discussion

3.1 Compressive strength

The compressive strength of specimens with different types of fibers at 2% fiber volume fraction
is shown in Fig. 6. The presence of steel fibers prevented explosive failure in all specimens. The
compressive strength of specimens ranged from 136 MPa to 156 MPa. Despite some deviation,
specimens with low strength fiber such as H30, T25 and ST-S13 (1310-1700 MPa) had
compressive strength on lower end of the range (136-142 MPa) whereas the specimens with high
strength of fibers such as STR10, STR13, STR20, ST13, W13, and T20 (2800-2900 MPa) had
compressive strength towards the higher end of the range (146-156 MPa).
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Fig. 6. Compressive strength of specimens with different types of fibers.
3.2Single fiber pullout tests
3.2.1 Pullout behavior of Bundled fibers
The pullout behavior of the bundled fibers is illustrated in Fig. 7 and the summary of pullout
parameters is provided in Appendix (Table A-1) [6]. The presented curve is the average curve of
at least four curves. As anticipated, both pullout load and fiber stress increase with longer
embedment lengths. Additionally, fibers with a greater number of bundles exhibit higher pullout
loads. This is attributed to the increased surface area of fibers with more bundles, which enhances
the contact area with the matrix. This larger contact area improves adhesive and frictional forces,
resulting in a higher pullout load. Moreover, the debonding process for bundled fibers becomes
more gradual as the number of fibers in a bundle increases. This gradual progression enhances
pullout resistance and subsequently increases the pullout load. Typically, fibers without slip
hardening behavior exhibit a sharp increase in pullout load followed by a decline due to reduced
embedment length and diminished bond strength [7]. In such cases, the maximum pullout load is
achieved at a small fraction of the embedment length.
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Fig. 7. Pullout load, fiber stress and shear stress versus slip curves for bundled fibers.
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In contrast, the bundled fibers demonstrated an increase in pullout load extending up to one-third
of the embedment length, and in some cases, nearly half of the embedment length - a slip capacity
that is uncommon in a UHPC matrix. This behavior can be attributed to the straightening effect of
the twisted bundled fibers during pullout (Fig. 8b). This straightening or untwisting during pullout
induces a torque moment which increases the fiber surface pressure of the embedded bundle. As a
result, the frictional bond along the embedded bundle increases and thus provides additional
anchorage with the matrix. In comparison Fig. 8a shows the pullout mechanism for straight fibers
embedded in UHPC. When fibers are pulled out of UHPC matrix, abraded particles or hydration
products from the concrete can get trapped between the fiber and the surrounding concrete. This
creates pressure on the fiber's surface, increasing friction and enhancing the bond between the fiber
and concrete. This effect can lead to slip hardening behavior of even straight fibers in highly dense
UHPC [8]. Such slip hardening behavior is advantageous for achieving tensile strain hardening
properties in the composite.

Fibers with longer embedment lengths showed higher maximum pullout loads, fiber stress, slip
capacity and pullout energies. This increase in pullout parameters was due to the enhanced surface
area. The average bond strength remained consistent across different embedment lengths, as the
increased pullout load was offset by the longer embedment length. The maximum pullout load,
average bond strength and pullout energy increased despite a decrease in slip capacity when the
number of bundles increased from B2 to B5 while the maximum fiber stress remained consistent

as the increased pullout load was balanced by the larger cross-sectional area.

Frictional

bond Mechanical

interlocking
Fiber surface
pressure

Fiber surface
pressure

Before During Before During
pullout pullout pullout pullout
(a) Straight fiber (b) Bundled fiber (n fibers)

Fig. 8. Pullout response of straight and bundled fiber.
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3.2.2 Pullout behavior of commercial fibers

Single fiber pullout behavior of all the fibers used in this study is shown in Fig. 9. The summary
of pullout parameters for commercial fibers is provided in Appendix (Table A-2). As expected,
fibers with mechanical anchorage (H30, T20, T25) exhibited the highest pullout loads (153-304
N) and pullout energies (455-1108 N-mm). The STR series without anchorage showed lower loads
(36-63 N) and energies (62-156 N-mm), though values increased consistently with embedment
length due to larger bonding surface. Other fibers (ST13, ST-S13, W13) remained below 35 N in
pullout load and 150 N-mm in pullout energy.

In terms of maximum fiber stress, fibers with mechanical anchorage mobilized 1067-2168 MPa,
and the fiber utilization was higher (75-91%), indicating that mechanical anchorage effectively
mobilizes the tensile capacity. For the STR series of fibers, a,,,, increased from 1155 to 1995
MPa as the embedment length increased from 5 to 10 mm, corresponding to an increase in fiber
utilization from 41% to 70%. Other fibers achieved stresses ranging from 815 to 1087 MPa and
fiber utilization from 35 to 62%, with the higher utilization (62%) observed for fiber of lower
tensile strength, allowing a greater fraction of their capacity to be mobilized. These findings are
consistent with the literature [8-12]. Overall, these results indicate that fiber utilization in single-
fiber pullout test is maximized by tailoring the fiber stress to strength of the fibers: (i) stress can

be enhanced through mechanical anchorage and higher embedment length, and (ii) by selecting
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Fig. 9. Single fiber pullout behavior of different commercial fibers.
3.2.3 Comparison between bundled and commercial fibers
The degree of slip hardening was computed to draw comparison between bundled fibers and

commercial fibers by using the procedure described in section 2.2 Test Procedure and Analysis.
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Here, the parameters P;;, and S, were determined from the average pullout load-slip curve for
each type of fiber. The comparison between different types of fiber in terms of degree of slip
hardening is shown in Fig. 10. The bundled fibers exhibited a larger degree of slip hardening with
values ranging from 0.72 to 0.78 and outperformed all other types of fibers. Among the others,
twisted fibers showed the next best performance with a slip hardening of 0.7, while the remaining
fibers had values below 0.55. Hooked fibers which have a mechanical bond with the matrix
through bending show the lowest degree of slip hardening of 0.08. This was followed by striated,
wavy and straight fibers with the values of 0.15, 0.45 and 0.55. The second closest fiber to the
bundled fiber is the twisted fibers with a value of 0.7. Both the twisted and bundled fibers employ
a mechanical bonding mechanism through torsion. However, the bundled fibers have been
designed to activate an additional straightening effect (see Fig. 8), resulting in a further increase

in degree of the slip hardening up to 0.78.
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Fig. 10. Comparison of degree of slip hardening between various fibers.
3.3 Direct tensile tests

3.3.1 Tensile behavior of UHPC with different types of steel fibers

The average stress-strain curve from tensile tests for all the specimens at different fiber volume
fraction is presented in Fig. 11. The summary of tensile parameters and corresponding factors are
given in Appendix (Table A-3).With increasing fiber volume, all the samples show increase in
composite tensile strength, fracture energy and softening energy as evident in Fig. 11. On average
across all fiber types when the fiber content increased from 1% to 2%, o.. and o, increased by
18% and 30%. However, when the fiber content increased from 2% to 3%, the improvement
declined, with o, increasing by 14% and o, by 17%. This indicates that beyond 2%, while higher

fiber content enhances the tensile behavior, the improvement is less pronounced as the fiber
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content increases. This is because, although the higher fiber content increases the number of fibers
per unit volume, it also leads to group effect, difficulty in dispersion, thereby reducing the overall
efficiency of stress transfer and limiting the gains in tensile strength. The samples within the same
fiber type (STR series) shows improved tensile behavior with increasing aspect ratio of fibers.
When the aspect ratio increased from 50 (STR10) to 65 (STR13), o, increased by 24%. On further
increase in aspect ratio from 65 (STR13) to 100 (STR20), g, increased by 26% indicating that
the larger aspect ratio up to 100 is beneficial for enhancing the tensile behavior of UHPC. The
fibers with higher aspect ratio have larger bonding area with the matrix which leads to better fiber-
matrix bond strength and improved crack bridging, leading to increased tensile strength [14], [15].
When comparing the fibers with same geometry and aspect ratio but different surface texture
(STR13, ST13, ST-S13), significant difference was not observed on average in the values of o,
and a,.. This shows that the fibers contribution is limited by how much stress can be transferred
at the interface rather than its intrinsic tensile strength. Hence, despite the large difference in tensile
strength of the fibers, the difference in tensile performance of the composite was not significant.
This suggests that the use of very high tensile strength fibers may not always be necessary, as
comparable composite strength can be achieved even with lower strength fibers, provided they
have similar aspect ratio. Furthermore, among the fibers having different geometries (ST13, W13,
H30, T20, T25), the series H30 and T25 show slightly lower strength values than the series ST13,
W13and T20. On average across all fiber volume fraction, series H30 showed 8%, 23% and 18%
lower o, value than ST13, W13 and T20 series. Also, the o, values for H30 were 9%, 25% and
20% lower than ST13, W13 and T20 series. Similar trend was observed for T25 series which
exhibited 10%, 25% and 20% lower o, value and 5%, 22% and 17% lower o, value than ST13,
W13 and T20 series, respectively. This is most likely due to the difference in aspect ratio of these
fibers. The fibers in series ST13, W13 and T20 have relatively higher aspect ratio (65-67), while
the series H30 and T25 have fibers with lower aspect ratio (50-55). This results in higher bond
surface area per unit cross section of the fiber which leads to higher stress transfer efficiency thus
improved tensile behavior. The results indicate that fiber aspect ratio (up to 100) is the most critical
parameter for achieving higher tensile strength in UHPC. When fibers have a sufficiently high
aspect ratio, they can enhance tensile performance more effectively than fibers with higher

intrinsic tensile strength alone provided that enough stress is induced in the fiber.
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Fig. 11. Tensile behavior of UHPC with different types of steel fibers
Similar to the other tensile strength parameters, the fibers with higher aspect ratio result in higher

fracture energy and subsequently higher softening energy of composite. On average, across all
fiber volume fraction, specimens having fibers with aspect ratio of 65-67 show at least 30% lower
fracture energy than the those with aspect ratio of 100. Similarly, samples with aspect ratio of 50-
55 show more than 40% lower fracture energy than the ones with aspect ratio of 100. In addition,
the relationship between total fracture energy and the softening energy is presented in Fig. 12. A
trendline is drawn with an equation to predict the softening energy from the total fracture energy.

High R square value of over 0.99 indicates a strong correlation in prediction of softening energy.
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3.3.2

Effect of fiber volume (Vr): The effect fiber volume on e and u; is shown in Fig. 13. To isolate
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Fig. 12. Relationship between softening energy and total fracture energy.

Influence of fiber parameters on fiber efficiency and fiber utilization

the effect of V; for each series, the change in ef and uy is shown relative to the value at 1% volume

fraction. With increasing V, both the factors show decreasing trend. In case of e, it is most likely

due to the increase in group effect of fibers leading to less efficient transfer of stress. Moreover,

despite the same casting method, with increase in V; the fibers have less freedom in aligning with

the flow direction, which leads to some random orientation thereby reducing the fiber efficiency.

Some deviations are observed, which is because of different mechanisms for different types of

fibers leading to range of values for ef. In case of g, the drop is due to the group reduction of

bond, which leads to decrease in bond strength resistance per fiber when the number of fibers

pulling out from same area increases. This leads to less significant increment in tensile strength in

comparison to the fiber volume thereby reducing .
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Effect of aspect ratio: The effect of aspect ratio of one group of fibers (STR10, STR13 and STR20)

on ey and uy is shown in Fig. 14. The aspect ratio of fibers did not exhibit a consistent trend in

influencing e, values. This suggests that the efficiency factor is not primarily governed by the
aspect ratio but rather how effectively the fiber performs. Consequently, even a fiber with lower
aspect ratios can have high efficiency factors when utilized properly by minimizing the orientation
and group effects. However, the us values showed increasing values with increasing aspect ratio.
When the aspect ratio increased from 50 to 100, the specimens exhibited nearly 50% increase in
the u, value. This is because with longer length, fewer fibers are needed to achieve the same
reinforcement, and a greater length of each fiber can bridge cracks, improving stress transfer, thus

leading to higher u; values.
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Fig. 14. Effect of aspect ratio on (a) fiber efficiency factor and (b) fiber utilization factor.

Effect of surface texture: The effect of surface texture is investigated by analyzing three fibers with

straight geometry but having different surface textures: striations in the surface (STR13), smooth
surface with brass coating (ST13) and smooth surface of stainless steel (ST-S13). The effect of
these variations on e, and uy values are shown in Fig. 15. Despite the fibers STR13 and ST13
having same tensile strength (2850 MPa), e; and u; values for STR13 were higher than that of
ST13. Higher e, values is due to the pullout energy being higher for ST13 fiber than STR13 fiber,
which is likely due to the surface damage in straight fibers while pulling out from UHPC matrix
causing higher pullout energy despite lower maximum pullout load [13]. This same behavior could
not be replicated during the tensile behavior hence the lower efficiency of the ST13 fiber than
STR13 fiber. While the higher u, values are due to the striations present in the surface of STR13
which helps to improve the bonding with the UHPC matrix [16], leading to higher degree of fiber
utilization. Furthermore, the fiber ST-S13 despite the lower tensile strength (1310 MPa) shows
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higher e, and uy values than both STR13 and ST13. This can be attributed to reduced
underutilization of fiber ST-S13 than ST13 and STR13 because of its tensile strength being lower
and aligning more closely with the actual demand in the matrix allowing it to be more effectively
utilized. This keeps the tensile performance of specimens with ST-S13 comparable to that of the

ones with STR13 and ST13. Hence the higher ef and u; values.
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Fig. 15. Effect of surface texture of fiber on (a) fiber efficiency factor and (b) fiber utilization factor.

Effect of fiber geometry: The effect of five different fiber geometries: Straight (ST13), Hooked
(H30), Wavy (W13) and Twisted (T20 and T25) on e; and u, values are shown in Fig. 16. The

fibers with additional anchorage (H30, T20 and T25) show lower e values than ST13 and W13

fibers. This is because the anchorage does not contribute to the improvement of tensile strength as
it does for the pullout behavior. For instance, the degree of fiber utilization in these fibers from
single fiber pullout tests is at least 75% (79% for H30, 75% for T20 and 91% for T25) which is
significantly higher than that of ST13 and W13 (35% for ST13 and 39% for W13). This also results
in higher pullout energy and indicates that higher intrinsic tensile strength of fiber can be utilized
when additional mechanical anchorage is present in the fiber. However, the tensile behavior of
H30, T20 and T25 series does not show improved behavior than that of ST13 and W13 series (see
Fig. 11). In fact, only the series T20 has a comparable tensile response, while the series H30 and
T25 have lower tensile response than series ST13 and W13. This explains that the improved pullout
response due to anchorage does not necessarily translate to the tensile behavior at specimen level.
Hence, the lower e, values for H30, T20 and T25 series than ST13 and W13 series. On the other

hand, series H30 and T25 show higher u; values than other series. This can be attributed to the

lower tensile strength of H30 (1345 MPa) and T25 fibers (1700 MPa) than ST13 (2850 MPa), W13
(2800 MPa) and T20 fibers (2900 MPa). Although ST13, W13, and T20 fibers possess higher

tensile strengths and demonstrate better tensile responses, the magnitude of improvement in tensile
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strength is not proportional to the increase in their tensile properties when compared to H30 and
T25. This indicates significant underutilization of fiber strength in ST13, W13, and T20, leading

to lower u; values for these series.
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Effect of fiber tensile strength: The effect of range of tensile strength of fibers on ef and uy values

are shown in Fig. 17. The tensile strength of fibers did not show a consistent influence on e values,

indicating that fiber efficiency depends more on how effectively the fibers engage with the matrix

to reach their maximum potential at the specimen level, rather than on their intrinsic tensile

strength. However, the u values showed decreasing trend with increase in tensile strength of

fibers, indicating that fibers with higher tensile strength were significantly underutilized at the

specimen level, likely due to limitation in bonding and the group effect of fibers. This suggests

that achieving higher fiber utilization requires careful consideration of multiple factors, including

the matrix strength and its ability to mobilize the fibers tensile capacity. Therefore, it may be more

effective to use fibers with moderate tensile strength that can be more engaged by the matrix, rather

than employing high-strength fibers whose strength goes largely unutilized.
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3.3.3 Long term tensile behavior of UHPC

Individual stress-strain curves of all tested specimens along with average bi-linear model following
procedure explained in section 2.2 Test Procedure and Analysisare illustrated in Fig. 18.
Furthermore, the comparison of average bi-linear models between series tested at 28 days and 13.5
years is shown in Fig. 19. The summary of tensile parameters after 28 days of curing and 13.5
years of curing is provided in Appendix (Table A-4).
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Fig. 18. Individual curves and average bi-linear model for different series tested at age of 13.5 years.
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Fig. 19. Comparison of bi-linear models for series tested at 28 days and 13.5 years.

The tensile behavior after long term curing is compared in terms of three regions: Elastic region,
Strain hardening region and Strain softening region.

Elastic region: Fig. 20 shows the comparison between o, and g, for the 28 days and 13.5 years
series, respectively. As expected, the values of a,. and g, increased as the specimens aged due to
further matrix densification. For example, U-S2, U-H2, U-T2, and U-S3 showed an increase in o,
by 24%, 49%, 33% and 51%, respectively. Similar to the findings in [3], .. showed dependency
on fiber volume. Additionally, a higher o, increase was observed with modified fiber geometry
(U-H2 and U-T2) in comparison to U-S2. The increase in o, translated to the increase of g, as
well (Fig. 20b). The series U-S2, U-S3, U-H2 and U-T2 exhibited 47%, 159%, 144% and 76%
increment in g, values after 13.5 years. Due to the marginal increase in strain (e..) values from 28

days to 13.5 years the increase in g, is even higher than that of o..
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Fig. 20. Comparison of elastic parameters for specimens tested at different ages.

Strain hardening region: Fig. 21 shows the comparison between the composite tensile strength

(0,¢) and the corresponding tensile strain (g,.) for the series tested at different ages. All series
show an increase in g, overtime, for example U-S2, U-S3, U-H2 and U-T2 show an increase of
12%, 25%, 16% and 27%, respectively. This confirms that further matrix densification has
enhanced the fiber — matrix bond over time and that the limited bond increase did not lead to
undesirable fiber ruptures. In comparison to o,, &, shows an irregular trend for the UHPC with
straight fibers, e.g. U-S2 shows almost 16% decrease whereas U-S3 shows nearly 24% increase in
&pc after 13.5 years. Similar irregular tendency was observed in previous studies with ECC [16-
18]. However, for both series with modified fiber geometry (U-H2, U-T2) a significant increase in
gpc by 68% and 55% was obtained, respectively. Such high increase over 28 days specimens

highlights the significant impact of enhanced fiber matrix bond on the composite behavior of
UHPC with H or T fibers.

30 1.2
25 1.0
=20 T I _ 038
215 . : f 06 _
€10 0.4 | - I '
5 0.2 I
0 0.0
U-S2 U-S3 U-H2 U-12 U-S2 U-S3 U-H2 U-T2
Series ID Series ID

28 days m 13.5years 28 days m 13.5 years

(2) Composite tensile strength, o, (b) Strain at composite tensile strength, &,

Fig. 21. Comparison of post cracking parameters for specimens tested at different ages.
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The assessments were also made based upon the fiber stress at 6,. (07pc,avg) [3], Which is the
measure of stress induced in the fiber, and the equivalent bond (Az,,) [20]. Both of which are
determined by equations (9) and (10):
Ofpc,avg = (p%wvf ®)
Mgq = —25— (10)
Ve x @
, Where @ is the fiber orientation factor taken as 0.9 following [3]. Fig. 22 compares o5y q,,4 aNd
At.q between the series at 28 days and 13.5 years. As the specimens age, ofpc avg and A7, increase
since these parameters are dependent on the composite tensile strength, indicating higher stress are
induced in fibers overtime. As g, is the only variable, quantitatively they have the same increment
as a,.. Comparing the different series to each other, it can be seen that increase in fiber volume
(V) and increase in fiber reinforcing index (Vy x l¢/dy) lead to decrease in oy qpg and A7, (as

seen for U-S2, U-S3 and U-H2) unless o, is relatively high (as seen for U-T2).

1600 ) 20
T 1200 15 I
] , : g ’
=800 210 | 1 LB '
& 400 I < s I
0 0
u-s2 U-S3 U-H2 U-T2 U-S2 U-S3 U-H2 U-T2
Series ID Series ID
28 days ™ 13.5years 28 days m13.5years
@) Ifpc.avg (b) At

Fig. 22. Average fiber stress and Equivalent bond for specimens tested at different ages.
Fig. 23 illustrates the comparison of softening strain (&, ) and residual strain (&,..;) for specimens
tested at different ages. In the current study, &,,¢; is taken as the strain at 99% of a,,., which is
presumed as the onset of softening. The trend for &5, is similar to &,.. U-S2 showed 25%
decrease in &5,r, While all other series showed an increase in 545, that includes +21%, +83%,

and +39% for U-S3, U-H2 and U-T2 in comparison to 28 days.
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Fig. 23. Strain for specimens tested at different ages

Energy absorption capacity (g), which is the area under the tensile stress-strain curve up to
0.99xay,, is shown in Fig. 24 for different series. The value of g for all series except U-S2
increased with increase in specimen age. U-S2 showed a drop from 67 kJ/m3to 38.7 kJ/m® due to
the drop in strain capacity. Other than this, the values for g increased from 80 kJ/m3to 119.2 kJ/m?,
73.5 kJ/m3to 131.3 kJ/m3and 112.8 kJ/m3to 175.5 kd/m?® for U-S3, U-H2 and U-T2, respectively.
All the long term series except U-S2 fulfill the performance level 4 of high energy absorbent
concrete (g > 50 kJ/m® as defined in [3]) by exceeding the recommended value by a factor of more
than two, even three in some case.

250
200

uU-s2 U-H2
Serles ID

28 days m 13.5 years

Fig. 24. Energy absorption capacity for specimens at different ages.

Fig. 25 shows crack spacing (S.,) values of all series over time. For all series, S, decreased for
specimens tested at 13.5 years in comparison to at 28 days, e.g. from 4.6 mm to 3.6 mm for U-S2,
3.2 mm to 2.8 mm for U-S3, 5.8 mm to 3.7 mm for U-H2 and 2.4 mm to 2.1 mm for U-T2. This
suggests an increase in fiber — matrix bond over time, resulting in a more efficient fiber — matrix

load transfer leading to the development of denser multiple cracking and thus a more pronounced
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strain hardening. Furthermore, residual crack opening (5,.) was calculated using parameters
Esoftr Oper Epe and S¢, following equation (11), [3]:

0.990,, (11)

6pc = (esoft - ) X Ser
pc

. . . . 0.990
, where the first term is the residual strain (g,¢s = €505t — £

) (see Fig. 23b). The value of &,

ranges from 5 to 16 um for the specimens. The value decreased for U-S2 from 10.6 um to 5.5 um
and for U-S3 from 7.5 umto 5.7 um, while 6, increased for U-H2 from 11.2 to 16.7 um and also
marginally increased for U-T2 from 8.9 um to 9.4 um.

8
_6
=
Eq
o
: | N |
0
U-S3 U-T2
Series ID

28 days m 13.5 years

Fig. 25. Crack spacing for specimens at different ages.

Strain softening region: The softening region is characterized by the softening energy (G ;) and

the results are shown in Fig. 26. The values for G j, increased marginally from 25.6 kJ/m? to 27.8

kJ/m? for U-S3 and from 21.8 to 23.3 kJ/m? for U-H2. Whereas significant increase from 25.5
kJ/m? to 33.8 kd/m?was obtained for U-T2. For U-S2 G j, decreased from 22.1 kd/m? to 15.9 kJ/m?

due to unusual drops in stress values in some specimens (see Fig. 18 (a)).

|'Il

U-s2 U-H2
Sample ID
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NoW b
o O o

Gy, (k)/m?)

=
o

o

28 days m 13.5 years
Fig. 26. Softening energy for specimens tested at different ages.
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Chapter 4: Conclusions and Recommendations

As a part of this study, the pullout behavior of existing commercial fibers in the US market
alongside a newly proposed geometry termed “bundled fibers” in the UHPC matrix were studied.
Furthermore, the tensile behavior of UHPC was studied for wide range of commercial fibers and
fiber efficiency and fiber utilization factors were defined. Finally, the long term tensile properties
of UHPC was studied. Following are the conclusions of these studies:

1. Single fiber pullout behavior: Single-fiber pullout tests indicate that fibers with mechanical

anchorage and longer embedment lengths exhibit improved pullout behavior and higher
degrees of utilization. Fibers with lower tensile strength also showed higher utilization due
to reduced underutilization. The newly proposed geometry termed bundled fibers showed
improved pullout behavior than other geometries of fibers due to straightening effect of
twisted bundles during pullout. A new parameter was also derived to calculate the degree
of slip hardening for steel fibers. Bundled fibers outperformed all other fiber geometries,
exhibiting a higher degree of slip hardening, even surpassing twisted fibers.

2. Tensile behavior of UHPC: All the specimens with different fiber types showed improved

tensile behavior with increasing fiber volume. On average across all fiber types, increasing
fiber content from 1% to 2% raised cracking stress (o..) and composite tensile strength
(0pc) by 18% and 30%, respectively, while a further increase to 3% led to increment of
14% and 17%. This was caused due to improved crack bridging due to higher number of
fibers being present in the cracking plane. The fibers with higher aspect ratio (100) showed
improved tensile behavior than the fibers with lower aspect ratio (50 to 65). The fibers with
different surface texture (STR13, ST13, ST-S13), did not show much difference on average
in the values of o, and o,,., showing that the fibers contribution is limited by how much
stress can be transferred at the interface rather than its intrinsic tensile strength. Among the
fibers having different geometries (ST13, W13, H30, T20, T25), the series H30 and T25
show slightly lower strength values than the series ST13, W13and T20 due to lower aspect
ratio of fibers H30 and T25.

3. Fiber efficiency and fiber utilization in UHPC: The value of fiber efficiency factor (ey)

showed decreasing trend with increase in volume fraction of fibers due to the increase in

group effect of fibers and fibers have less freedom in aligning with the flow direction.
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Aspect ratio of fibers was found to be not affecting ef suggesting that even a fiber with
lower aspect ratios can have high efficiency factors when utilized properly. Fibers with
different surface texture and geometry were found to have values of e, depending on
whether the fiber response during pullout could be replicated during tensile testing of
specimens or not. Also, e, values were found to be independent of the fibers tensile strength
implying that fiber efficiency depends more on how effectively the fibers engage with the
matrix to reach their maximum potential at the specimen level not the fiber tensile strength.
With increase in fiber volume fraction, fiber utilization factor (uy) value decreased due to
group reduction of bond at higher volume fraction. The fibers with higher aspect ratio had
higher u, values as fewer fibers are needed to form continuous network, which leads to
more effective distribution of stress. Among the fibers with different surface texture and
geometry, the fibers with improved bonding, having tensile strength aligning more closely
with the actual demand in the matrix showed higher values of us. The fibers with higher
tensile strength showed lower values of u, as most of the tensile strength is not utilized at

the specimen level.

4. Long term tensile properties of UHPC: After 13.5 years of curing, both the cracking stress
(o.c) and elastic energy increased with aging due to prolonged hydration of cementitious
materials which enhanced fiber-matrix bond. Similarly, the composite tensile strength

(0p¢) increased for all specimens, while tensile strain capacity (e,.) increased for most
specimens except one. The increase in o, led to increased fiber stress which could also be
attributed to maturation of UHPC matrix which strengthened the fiber-matrix bond.
Multiple cracking increased, resulting in crack spacing (S,,) of less than 4 mm for all
specimens. The softening strain (&, .) and residual strain (&) followed trends similar to
&pc, contributing to higher energy absorption capacity (g). Most specimens exhibited
increased fracture energy (G ), though the increment was less than that observed in the

energy absorption capacity (g).
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Appendix

Table A-1. Summary of pullout parameters of bundled fibers.

Fiber Embedment Maximum Maximum fiber Averége Pullout energy, Slip.
e length, L, () Pullout load,  stress, Of max bonding W, (N-mm) capacity
Prax (N) (MPa) strength (MPa) (mm)
3.3 49.1(+5.6) 781.6(+88.4) 12.6(+1.5) 86.5(+15.7) 1.4(+0.4)
B2 4.9 75.4(+38.8) 1199.7(+618.1) 13.2(+6.9) 222.5(x110.7)  2.1(x0.7)
6.5 105.5(+19.3) 1678.3(x307.1) 13.4(+2.6) 431.9(+83.0) 2.7(x1.1)
3.3 87.2(x4.3) 924.7(+46.1) 20.6(x1.2) 111.7(+5.8) 0.8(x0.1)
B3 49 118.5(+18.3) 1304.3(£194.2) 18.9(+2.8) 245.1(+61.2) 1.5(+0.3)
6.5 180.2(+8.4) 1912.3(+89.6) 20.2(x1.7) 549.5(+80.7) 2.0(x0.4)
3.3 111.5(%6.7) 887.6(x53.0) 21.3(x1.5) 142.5(+6.3) 0.9(x0.2)
B4 49 138.8(+10.3) 1104.3(£82.1) 18.7(+1.8) 255.9(x12.7) 1.0(x0.1)
6.5 197.2(+50.8) 1569.1(+404.6) 20.1(+4.3) 615.4(x203.8)  2.1(x0.3)
3.3 130.9(+11.8) 833.1(x75.1) 22.3(x0.9) 185.7(+30.8) 1.0(x0.1)
B5 4.9 196.3(+24.4) 1250.0(+155.2) 24.3(+3.5) 340.3(¥47.1)  1.1(20.3)
6.5 263.4(£37.4) 1676.9(+238.0) 24.0(x2.9) 754.4(£179.6)  2.0(x0.5)
Table A-2. Summary of pullout parameters of commercial fibers.
_ Fiber tensile p O max w 0 max/ O
Fiber type  strength, o, ( m?n) E",\‘l"s‘ (MPa) (N-nﬁm) (in %)
(MPa)
STR10 2850 5 36.3(x14.4) 1154.5 (+ 456.8) 62.1 (£ 21.9) 41
STR13 2850 6.5 441 (£5.5) 1402.3 (£ 174.2) 83.6 (+ 22.5) 49
STR20 2850 10 62.7 (x 1.4) 1994.8 (+ 43.8) 155.9 (+ 33.8) 70
ST13 2850 6.5 31.2 (x 8.6) 992.3 (£ 273.6) 117.0 (+ 29.3) 35
ST-S13 1310 6.5 25.6 (£ 2.1) 815.2 (£ 65.4) 93.1(x3.1) 62
W13 2800 6.5 34.2(x3.4) 1087.1 (x 109.5) 147.3 (+ 18.4) 39
H30 1345 15 253.4 (£ 11.9) 1066.5 (+ 50.2) 1108.2 (+ 113.1) 79
T20 2900 6.5 153.3 (x 22.1) 2168.3 (+ 312.5) 454.5 (+50.2) 75
T25 1700 6.5 303.6 (£ 11.6) 1546.1 (+ 59.2) 766.1 (£ 53.6) 91
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Table A-3. Summary of tensile parameters of UHPC and corresponding fiber efficiency and fiber utilization factors.

VL O Epc Gy G Grp N W,

\dentifier o a- sy % MPA G d) kam)  (Nemm)  (counted) (N-mm) ur
L s 7.2 77 005 115 109 56105 3 621 067 032

(+1.6) (+14)  (#0.01) (x21) (+2.0) (+1029.4) (+21.9) (+0.15) (+0.06)

9.3 111 014 166 155  7982.0 621 057 022

STRIO 250 1y (0.7)  (:0.04) (¥2.2) (+22) (+1158.3) 210 (4219) (+0.13) (x0.01)
s 50 9.4 12.0 017 203 189 97557 0y 621 053 016

(+1.4) (+1.2)  (+0.07) (£8.8) (+8.4) (+4359.8) (£219) (£0.22) (+0.02)

| o 78 9.9 019 151 138 71101 14 836 074 039

(0.7) (£0.5)  (+0.13) (+2.7) (+2.4) (+1235.6) (£225) (0.10) (+0.02)

92 12.6 027 244 223 115092 836 063 024

STRI3 265 (119 (+1.2)  (+0.08) (£5.9) (+51) (+2630.0)  °*°  (+225) (+0.10) (+0.02)
. 6 12.9 156 017 268 249 128435 o0 836 053 019

(+1.0) (+11)  (0.03) (+14) (+1.3) (+658.8) (£22.5) (+0.05) (+0.01)

. 100 98 12.0 065 275 223 115015 50 1559 062 047

(£0.9) (+12)  (+0.14) (#5.9) (45.7) (+2955.8) (+33.8) (+0.16) (+0.05)

116 16.7 056 429 384 198447 1559 050 032

STR20 2100 41 5 (+0.8)  (0.07) (+8.8) (+81) (+4193.7)  2°°  (4338) (+0.09) (0.02)
2 109 136 195 045 497 463 238848 5, 1559 042 025

(+1.5) (+1.8)  (#0.07) (+7.9) (+8.0) (+4109.6) (+33.8) (+0.03) (+0.02)

L o 74 76 004 176 174 89957 1o 1170 065 030

(0.6) (£0.5)  (+0.03) (+3.2) (+3.0) (+1571.1) (+203) (0.12) (+0.02)

100 115 029 238 197 101806 1170 046 022

STI3 2 65 i1y (£2.0)  (+0.23) (+1.2) (+31) (+1609.1) 220 (1203) (+0.08) (+0.04)
s o 12.8 151 021 333 299 154324 o7 170 043 020

(20.6) (+1.7)  (+0.23) (+9.9) (+6.6) (+3395.6) (+20.3) (£0.06) (+0.02)

| o 103 104 002 207 206 106230 s 931 091 088

(20.7) (+0.7)  (£0.00) (+1.8) (+17)  (+8611) (£31) (+0.08) (+0.06)

117 133 018 311 287 148300 931 077 056

ST-NCI3 2 65 (i) (+05)  (+0.11) (+4.2) (+36) (+1833.9) 299 (431) (+0.11) (+0.02)
. o 12.0 144 027 319 295 152452 o5 931 062 04l

(+1.1) (+0.8)  (+0.17) (#5.3) (+4.4) (+2290.8) (#31) (+0.12) (+0.02)

| e 10.9 11.2 007 260 253 130514 3 1473 071 045

(+0.8) (+05)  (+0.09) (+6.4) (+6.4) (+3299.0) (+18.4) (+0.12) (+0.02)

Wiz 2 68 121 141 020 270 247 127352 s 1473 038 028
(0.9) (+0.9)  (£0.07) (+15) (+L.1)  (+558.1) (+18.4) (+0.03) (+0.02)

s o 13.2 16.4 022 322 298 153647 w5 1473 03 022

(+1.6) (+2.0)  (£0.10) (+4.2) (£2.9) (+1483.8) (+18.4) (+0.03) (+0.03)

| o 8.6 8.6 002 113 113 58531 o 11082 026 071

(0.9) (£0.9)  (£0.00) (+1.1) (+1.1)  (+575.4) (+113.1) (0.06) (+0.08)

v 2 o 9.4 10.4 025 189 169  873L8 5, 11082 019 043
(0.5) (+0.7)  (£0.18) (#2.2) (+1.5)  (+756.8) (+113.1) (0.03) (+0.03)

s oo 98 121 030 243 216 111658 s 11082 018 033

(0.6) (+1.1)  (20.13) (46.2) (£6.7) (+3432.3) (+113.1) (0.06) (+0.03)
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ifi Vf ll Occ Epc Gf Gf,b Gf,b Nf I/Vp
dentiier oy @, vy e MPD 0 ey (k) (N-mm) (counted) (Nemm) &Y
1 60 10.3 115 0.09 15.4 14.7 7589.1 70 454.5 0.24 0.44
(x1.1) (£08)  (:0.10) (¢3.2) (+33) (+1719.4) (+50.2) (+0.04) (£0.03)
T20 2 60 11.1 12.7 0.32 23.7 20.3 10495.5 102 454.5 0.23 0.24
(1.1) (£14)  (:0.18) (+3.2) (+2.2) (+1157.3) (+50.2) (+0.01) (£0.03)
3 60 12.4 15.0 0.32 28.6 25.3 13078.2 135 454.5 0.22 0.19
(£0.7) (+0.9)  (£0.06) (+4.6) (+4.3) (+2203.7) (+50.2) (£0.04) (£0.01)
1 50 7.9 8.7 0.27 17.3 15.4 7933.5 26 766.1 0.39 0.57
(+1.3) (+0.7)  (+0.34) (+6.1) (+4.4) (+2266.8) (#53.6) (£0.06) (+0.05)
125 2 50 9.3 11.2 0.20 23.2 20.9 10792.1 45 766.1 0.31 0.36
(+1.0) (+0.8)  (+0.18) (5.9) (5.3) (+2756.8) (#53.6) (£0.05) (+0.02)
3 50 9.9 12.8 0.25 27.1 25.1 12949.0 75 766.1 0.23 0.28
(+0.4) (+12)  (+0.11) (+3.0) (+2.0) (+1007.2) (#53.6) (£0.01) (+0.03)

Table A-4. Summary of long term tensile properties of UHPC.

Age of ; Occ Ye Opc €pc Ofpc,avg ATeq g 3 g 3 Ser Grp
specimens  NORUOM (s kUMY (MPa) (%) (MPa)  (MPa) oM (KIMY oy )
exp Model
] 118 12 150 039 831 145 670 221
U2 05 @01)  @04) (012 (214) oz (134 2t 40 oy
] 125 13 178 045 658 o1 80.0 25.6
USSP a16)  (203)  @21) (2006) @781 hpq @07 20 3% (29)
28 days [3] -
U 94 07 147 048 815 93 735 0  sg 218
(:14)  (202) (:13) (003) (:70.0) (spg) (:12) : : (*2.0)
.. 109 10 142 044 790 179 688 195
VT2 208) (01) (209) (009 (519 pg 115 2t 40 o
., 130 14 186 057 1082 114 1128 255
VTP (109)  (202) (:12) (20.12) (67.8) (sp7) (193) 020 24 3y
14.6 1.8 16.7 0.33 929 12.9 38.7 15.9
U-s2 : : 534 36
(+16) (£06) (£15) (:022) (+85.7) (s12) (5202 (9.7)
) 18.9 3.2 22.3 0.55 825 11.4 119.2 27.8
USS w20) 07 @84) (2003) (1250) 17) azy 00 2% @3
135 years 141 18 170 081 943 1o . 233
U -H2 ' ' ' ' 10.8 131.3 155.4 37 '
(07) (:03) (:13) (2029 (727) (s08) (:110) (+37)
173 24 236 089 1308 147 1755 33.8
U-T2 : : 1849 21
(x2.6) (x0.7) (¥3.6) (x0.17) (%197.4) (+2.2) (+45.0) (£5.9)

@ Experimental data from ref [3].
b adjusted values following the results from ref [5].
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