University of Tennessee, Knoxville

TRACE: Tennessee Research and Creative
Exchange
Doctoral Dissertations

Graduate School

8-2011

Behavior of Externally Fiber-Reinforced Polymer Reinforced
Shrinkage-Compensating Concrete Beams
Qi Cao
qcao@utk.edu

Follow this and additional works at: https://trace.tennessee.edu/utk_graddiss
Part of the Civil Engineering Commons, and the Structural Engineering Commons

Recommended Citation
Cao, Qi, "Behavior of Externally Fiber-Reinforced Polymer Reinforced Shrinkage-Compensating Concrete
Beams. " PhD diss., University of Tennessee, 2011.
https://trace.tennessee.edu/utk_graddiss/1064

This Dissertation is brought to you for free and open access by the Graduate School at TRACE: Tennessee
Research and Creative Exchange. It has been accepted for inclusion in Doctoral Dissertations by an authorized
administrator of TRACE: Tennessee Research and Creative Exchange. For more information, please contact
trace@utk.edu.

To the Graduate Council:
I am submitting herewith a dissertation written by Qi Cao entitled "Behavior of Externally FiberReinforced Polymer Reinforced Shrinkage-Compensating Concrete Beams." I have examined the
final electronic copy of this dissertation for form and content and recommend that it be
accepted in partial fulfillment of the requirements for the degree of Doctor of Philosophy, with a
major in Civil Engineering.
Zhongguo John Ma, Major Professor
We have read this dissertation and recommend its acceptance:
Edwin G. Burdette, Baoshan Huang, David P. Harper
Accepted for the Council:
Carolyn R. Hodges
Vice Provost and Dean of the Graduate School
(Original signatures are on file with official student records.)

To the Graduate Council:
I am submitting herewith a dissertation written by Qi Cao entitled “Behavior of Externally FiberReinforced Polymer Reinforced Shrinkage-Compensating Concrete Beams.” I have examined
the final electronic copy of this dissertation for form and content and recommend that it be
accepted in partial fulfillment of the requirements for the degree of Doctor of Philosophy, with a
major in Civil Engineering.

Zhongguo John Ma, Major Professor

We have read this dissertation
and recommend its acceptance:

Edwin G. Burdette

Baoshan Huang

David P. Harper

Accepted for the Council:

Carolyn R. Hodges
Vice Provost and Dean of the Graduate School

(Original signatures are on file with official student records.)

Behavior of Externally Fiber-Reinforced Polymer
Reinforced Shrinkage-Compensating Concrete Beams

A Dissertation
Presented for the
Doctor of Philosophy
Degree
The University of Tennessee, Knoxville

Qi Cao
August 2011

Dedication
I dedicate this dissertation to my wife Yuzhuo Chu, my daughter Olivia Cao, my parents
Guangzu Cao and Xiumei Wang, for their unending love, and encouragement.

ii

Acknowledgments
I wish to express my sincere gratitude to all those who contributed in the successful completion
of this research. I gratefully acknowledge the financial support provided by the National Science
Foundation.
My deepest appreciation goes to my advisor, Dr. Zhongguo John Ma, for offering me the chance
to be a member of his excellent research team, encouraging me throughout my study by his
wonderful ideas and invaluable knowledge.
My wholehearted thanks go to the members of my committee, Dr. Edwin G. Burdette, Dr.
Baoshan Huang, and Dr. David P. Harper for showing me the way in the course of the study and
giving me a chance to have their valuable inputs in my dissertation.
I extend my sincere thanks to Larry Roberts, Nancy Roberts, and Ken Thomas for providing
material support and the testing setup.
Many sincere thanks go to my beloved friends and colleagues, Daiwen Chen, Sam Moss,
Wenchao Song, Xin Jiang, Peng Zhu, Lungui Li, Zhiqi He, Aaron Hanks, Nathan Foust,
Jayaprakash Vadivelu, and Akawut Siriruk, for their help and friendship.
At last but not the least, my profound and heart-to-heart thanks go to International Admixtures
Incorporated (IAI) and CTS Cement Manufacturing Corporation for donating the shrinkage
compensating cement materials and providing advice and comments on SHCC material
development and test program. Robert Gulyas of BASF Construction Chemicals, LLC provided
valuable comments on the historical development of SHCC. I gratefully acknowledge the
support of Fyfe Company and LLC for donating carbon fibers and resins for fabricating carbon
fiber reinforced polymer composites.

iii

Abstract
The major cause of cracking in bridge decks, concrete pavements, as well as slabs on grade, is
restrained shrinkage of the concrete. The resulting steel corrosion problem causes tremendous
increase of maintenance and replacement cost. Shrinkage-compensating concrete (SHCC) and
fiber-reinforced polymer (FRP) are explored to develop a hybrid slab system as one possible
method of delaying the cracking and eliminating corrosion. To achieve the objective, a hybrid
FRP reinforced SHCC structural system was developmed, and short-term and long-term behavior
of this hybrid FRP-SHCC beams were investigated in this dissertation.
In the first-stage development, a series of “coffee can” tests were carried out to measure and
compare the expansion of SHCC from two candidate materials which were ettringite-system
SHCC and lime-system SHCC. The selected SHCC candidate mix was then optimized to get the
maximum expansion as well as a reasonable concrete strength. The optimized SHCC mix was
used to make FRP-SHCC beams. The expansion of the concrete was measured through strain
gauges on the FRP composite sheets during curing. Both glass FRP (GFRP) composite sheets and
carbon FRP (CFRP) composite sheets were used for comparison. A series of third-point loading
experiments were conducted to study the behavior of the proposed hybrid FRP-SHCC beams. In
the second-stage development, long term prestress loss and static structural test of the proposed
beams are investigated. Test results were evaluated based on maximum expansion strain, cracking
load, crack width, load-deflection and ultimate load.The results indicate that the proposed system
is promising in terms of its ability to develop a residual pre-stressing effect. Tests also show that
the pre-stressing effect from the expansion of SHCC increases as the axial stiffness of the FRP
reinforcement increases. A lime-system SHCC structural system shows higher prestress strain and
less prestress loss than an ettringite-system SHCC system over the long term.
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Chapter 1: Introduction
In the current bridge deck panel system, the most widely used material is regular Portland
cement concrete (PCC) reinforced with steel. The cracking of concrete and corrosion of steel
reinforcement have raised quite a number of issues, often resulting in premature structural
deterioration and requires renovation or even replacement of these structural members. The steel
corrosion problem causes a tremendous increase in maintenance and replacement cost.

These issues demand innovative structural systems designed to resist corrosion and to delay
concrete cracking. One possible method of eliminating the cracking is to use shrinkagecompensating concrete (SHCC). While regular Portland cement concrete has been accepted as
the most widely used construction material in the world, it shrinks about 0.5-0.9% at the 28 days
age during its curing process which causes the cracking of concrete if the shrinkage is restrained.
SHCC has the property of expanding an amount equal to or greater than the anticipated drying
shrinkage, which potentially offsets the shrinkage of concrete and eliminates tensile cracking.
Furthermore, if steel could be replaced by alternative reinforcement-fiber reinforced polymer
(FRP), the corrosion problem will be solved also. FRP has gained increasing attention for the
repair and rehabilitation of existing structures in recent years. Due to the well known high
strength to weight ratio and excellent resistance to weather and corrosion, FRP is introduced to
replace the steel rebars to eliminate the corrosion problem. Thus, significant advantages would
be realized if shrinkage of concrete could be compensated in the use of concrete. The proposed
hybrid FRP/SHCC structural system takes advantage of the strength of each component and is
promising in structural applications.
1

Generally, shrinkage-compensating concrete is defined as a concrete that is made of expansive
cement and could expand an amount equal to or greater than the followed shrinkage. When
concrete is restrained by reinforcement, compressive stress will be generated in the concrete
which could offset tensile stress caused by shrinkage and thus eliminate shrinkage cracking
(ASTM C845, 2004; ACI 223, 1998).

Expansive cements were first developed in the United States, and commercial production began
in the late 1960s. Since 1960s, Type K SHCC has been used in bridge decks with impressive
results (Rubin, 2006). In 1984, the Ohio Turnpike Commission began bridge a deck replacement
program with Type K SHCC. Other states including Indiana, Michigan, and Pennsylvania have
adopted the use of Type K SHCC in bridge decks since then. Cusick and Kesler (1977) studied
the behavior of SHCC used in bridge decks and showed that SHCC bridge decks crack
significantly less than type I concrete bridge decks based on a serial research study. It was
concluded that shrinkage compensating concrete reduces cracking significantly which helps
prevent corrosion of reinforcement and extend the life of bridge decks.

The proposed concept in this dissertation recognized both the benefits of SHCC and FRP by
investigating a hybrid externally FRP reinforced SHCC structural system. This dissertation
presents the test program and results to demonstrate the feasibility of the innovative concept
design of using externally FRP reinforced SHCC hybrid structural system. The research consists
of three parts: 1) development of SHCC mixture and FRP fabrication for externally FRP
reinforced SHCC system, including the selection of two candidate shrinkage-compensating
cement material and optimization of SHCC mix specification to obtain desired maximum
2

expansion and reasonable concrete strength, 2) short term expansion and structural evaluation
of FRP/SHCC structural beams, 3) long term expansion (prestress loss) and structural evaluation
of FRP/SHCC structural beams.

3

Chapter 2: System Development and Short-term Evaluation of
Externally FRP Reinforced Shrinkage-Compensating Concrete
(SHCC) Beams
(This chapter is a revised version of a paper published in the ACI Structural Journal, by Qi Cao,
Zhongguo John Ma.)
Abstract
The major cause of cracking in bridge decks, concrete pavements, as well as slabs on grade, is
restrained shrinkage of the concrete. Shrinkage-compensating concrete (SHCC) and fiberreinforced polymer (FRP) are explored to develop a hybrid slab system as one possible method of
eliminating the cracking. To achieve the objective, behavior of hybrid FRP-SHCC beams was
studied in this paper as the first-stage development. The expansion property of SHCC is utilized to
decrease cracks in concrete. A series of “coffee can” tests were carried out to measure and
compare the expansion of SHCC from two candidate materials. The selected SHCC candidate mix
was then optimized to get the maximum expansion as well as a reasonable concrete strength. The
optimized SHCC mix was used to make FRP-SHCC beams. The expansion was measured through
strain gauges on the FRP sheets during curing. Both glass FRP (GFRP) sheets and carbon FRP
(CFRP) sheets were used for comparison. A series of third-point loading experiments were
conducted to study the behavior of the proposed hybrid FRP-SHCC beams. The results indicate
that the proposed system is promising in terms of its ability to develop a residual pre-stressing
effect. Tests also show that the pre-stressing effect from the expansion of SHCC increases as the
axial stiffness of the FRP reinforcement increases.

4

Keywords: FRP; shrinkage-compensating concrete; beams; residual pre-stressing; “coffee can”
test.

2.1 Introduction
In current bridge deck panel systems in the United States, the most widely used material is
regular Portland cement concrete (PCC) reinforced with steel. The cracking of concrete and
corrosion of steel reinforcement have raised quite a number of issues.The major cause of
cracking in bridge decks, concrete pavements, as well as slabs on grade, is due to restrained
shrinkage of the concrete and warping stress. One possible method of eliminating the cracking is
to use expansive cement concrete known as shrinkage-compensating concrete (SHCC).
Researchers investigated the SHCC using ettringite forming cement during the early 70’s. Cusick
and Kesler (1977) conducted a series of studies on the behavior of ettringite-system SHCC used
in bridge decks to determine if the use of SHCC minimizes concrete cracking and subsequent
spalling. It was documented that bridge decks with SHCC did not crack or had only a few cracks
compared with ones with Type I cement concrete. Russell (1978) undertook a study to
investigate effects of type of cement, type of aggregate, percentage and position of reinforcement,
slab thickness, and curing conditions on the expansion and subsequent shrinkage of concrete
made with SHCC. It was reported that heavily reinforced slabs had less expansion than lightly
reinforced slabs. Phillips et al.(1997) presented a study of bridge deck construction using
ettringite-system cement. It addressed the material and construction issues that resulted in using
SHCC for bridge decks successfully. In addition, it was also found that SHCC minimized
shrinkage cracking of concrete based on the evaluation of practical application of bridge decks
with SHCC.
5

After those early studies on ettringite-system cement discussed above, Russell et al.(2002)
studied lime-system cement SHCC mixes to develop an expansion between 0.03% and 0.1%
while keeping a minimum concrete strength of 27.6 MPa (4000 psi). Three trial mixtures were
made to identify the expansion of concrete using lime-system cement equal to 6, 8 and 10% of
Portland cement. In the second phase test, the average expansion was 0.080% with lime-system
cement equal to 7.0% of Portland cement. As indicated in ACI 223-98 (1998), the average
expansion was 0.03% and 0.1% with 2.0% and 0.15% of steel reinforcement ratio, respectively.
However, the design methodology in ACI 223-98 (1998) is to just sufficiently compensate the
shrinkage of concrete. While Russell et al. (2002) has used lime-system cement up to 10%, no
work has been reported using lime-system cement above 10% to study the expansion behavior of
SHCC. Tests of using lime-system cement more than 10% were conducted in the current study.
This was believed to be necessary to achieve higher expansion to overcompensate the shrinkage
and get pre-stressing effect from “external” reinforcement.

One problem for lime-system SHCC is that it has been found difficult to achieve a timely bond
from the paste onto the “internal” reinforcement for the SHCC (Russell, 2002). If the expansion
occurs too early, the bond of the paste will not be well developed to the reinforcing steel and
little strain will occur on the reinforcement as a result of slip during the early expansion. When
the concrete later shrinks, the “internal” reinforcing steel will still resist the shortening of the
concrete to induce tension in the concrete. This will result in the steel strain being not equal to
the strain in concrete. In this paper, we propose a new hybrid system using a combination of
fiber-reinforced polymer (FRP) composites with SHCC. Using FRP composites as an external
enclosure and filling it with SHCC is hypothesized to solve the cracking problems and to greatly
6

improve the structural efficiency of concrete slab members. The proposed concept can be
applied to new precast constructions best. As shown in Figure 2.1, with the pre-cut openings on
external FRP sheets, concrete can be poured into the FRP “formwork” (also as reinforcement) of
precast slab members and/or beams.

Generally, SHCC is defined as a concrete that is made of expansive cement that expands to an
amount equal to or greater than the following shrinkage. When concrete is restrained by
reinforcement, compressive stress will be generated in the concrete and this could offset tensile
stress caused by shrinkage (ACI 223, 1998; ASTM C 845, 2004). ACI 223 (1998) characterizes
typical length change properties over time for both conventional concrete and SHCC as shown in
Figure 2.2.It indicates that the final expansion of SHCC can be designed to be slightly greater
than the anticipated shrinkage, resulting in a slight residual pre-stressing of the reinforcement in
the concrete after the initial shrinkage has occurred. In order to utilize SHCC and get prestressing effect in our proposed system, shrinkage overcompensating concrete mix is the
objective of material development in this research.

There are two ways to produce SHCC. One is to use expansive type cement, also called
shrinkage-compensating cement, such as type K, M and S cement. These three types of
expansive cement differ by the amount of aluminate compound they contain. The other is to add
an expansive cement component to the cement. Type K cement is the only expansive cement
commercially available in the United States. In essence, the property of Type K cement differs
from those of regular Portland cement only with respect to percentage of sulfates and aluminates.
The other kind of shrinkage-compensating cement is lime-system cement. Accordingly, there are
7

two mechanisms of achieving SHCC with an added component. The first one is called
“ettringite crystal” development which occurs with ettringite-system cement. The second is
calcium hydroxide platelet crystals development that occurs with lime-system cement.

For ettringite crystal development, the introduction of water to the aluminate compound in the
cement creates a hydrothermal solution that forms a precipitate: an expansive, needle-like,
amorphous mineral called ettringite. It has a specific gravity of 1.7 and is comprised mainly of
water. It is the formation of ettringite that causes the expansion of SHCC made with expansive
cement. There is one concern about so called “delayed ettringite formation (DEF)”. It is believed
to be one cause of early concrete deterioration (Moffat, 2005). Moffat (2005) pointed out that
heat is required for the formation of ettringite. In fact, the more heat, the greater the initial
expansion is. The expansion of lime-system SHCC obtained through the formation of calcium
hydroxide platelets rather than ettringite is an advantage of lime-system because it removes the
possibility of DEF formation.

Steel corrosion of reinforced concrete bridge decks is a serious problem. It often results in
structural member failure and requires renovation or even replacement of the whole structural
members. In other words, the steel corrosion problem causes tremendous increase of
maintenance and replacement cost. These issues demand innovative bridge deck structural
system design to resist corrosion and delay cracking. If steel could be replaced by alternative
reinforcement-fiber reinforced polymer (FRP), the corrosion problem will be solved.

8

Fiber reinforced polymer (FRP) has been widely used in numerous applications since the
1950’s. FRP has gained increasing attention for the repair and rehabilitation of existing structures
in recent years. Due to the well known high strength to weight ratio and excellent resistance to
weather and corrosion, FRP is introduced to replace the steel rebar reinforcement to eliminate the
corrosion problem. The proposed hybrid FRP/SHCC structural system takes advantage of the
strength of each component and is promising in bridge deck application.

Previous research has demonstrated the feasibility and potential of hybrid FRP reinforced
concrete system in application of columns, bridge decks as well as beams structures. As for the
ideas of hybrid FRP reinforced concrete system, research has been extensively performed on
structurally integrated stay-in-place (SIP) FRP forms system to take advantage of both FRP and
concrete. SIP FRP formwork takes advantages of eliminating the need for internal steel
reinforcement and subsequent deterioration of reinforced concrete decks through cracking and
the faster speed of construction over the conventional reinforced concrete. One configuration
type of this system is open FRP form, such as FRP panel on bottom or rectangular FRP form
without top side. The other commonly used configuration can be represented as closed form,
which is generally called concrete filled FRP tubes (CFFT). In regard to open SIP FRP forms,
Fardis and Khalili (1981) proposed a SIP forms design with a rectangular FRP box section on the
bottom and on open side on the top to be filled with concrete for beams. Deskovic et al. (1995)
put forward an innovative design of glass-fiber reinforced plastic (GFRP) box beams that include
a layer of concrete in the compression side and a carbon-fiber reinforced plastic (CFRP) laminate
in the tension side bonded to the bottom of GFRP. Hall et al. (1998) proposed a creative beam
reinforcing system which includes two T-up-stands and a continuous base on a GFRP panel. The
9

GFRP panels function as permanent formwork and concrete is cast on top of the panel. Muller
et al. (2007) investigated the time-dependent behavior of CFRP-plate bottom reinforced concrete
(RC) specimen and observed that CFRP reinforced specimen showed a lower relaxation rate
compared with unstrengthened one.

In the meantime, closed form systems attracts more research and study in structural engineering.
CFFT system has been adopted as bridge girders, piers, piles and columns especially in the
marine environments because of the favorable corrosion resistance and durability of the steel free
system. The confinement of FRP increases load carrying capacity and improves the ductility and
deformation capacity of the structures.

Extensive research and studies have been done in the area of CFFT columns applications.
Mirmiran (1996) provides a novel composite column shape which includes concrete core and
hollow two-layer FRP tube. A passive confinement model was developed to study the proposed
column behavior. The composite action between the concrete and FRP jacket was also
investigated. It was reported by Orito et al. (1987) that unbonded concrete-filled steel tubes
would behave better than the bonded tubes because in unbonded construction the tubes is not
under direct or indirect longitudinal stress. Therefore, the unbonded system will not buckle and
will continue to confine the concrete core until the maximum circumferential strength is reached.
However, in unbonded system, the jacket does not contribute to flexural capacity of column, and
only confines the columns. Al-salloum (2006) studied the influence of edge sharpness on the
strength of square concrete confined with FRP. Carbon fiber and epoxy resin were used to make
CFRP to wrap the core concrete specimen and no bonding agent was used between them. It was
found that the axial compression stress decreases as the corner radius decreases, i.e., the more
10

sharp of the corner, the worse performance of the specimen. Another finding was that the
square columns always start to fail at one of the corners as the stress concentration occurs at the
corners. SEQAD Consulting Engineers (1996) reported a study of axial compression behavior of
rectangular concrete columns wrapped with different thickness of Tyfo-S high strength
fiberglass-epoxy jacket. It was found that wrapping the concrete resulted in a compressive
strength increase and the strength increases as the wrapping thickness increases. Compression
strength-volumetric ratio of confinement curves showed a linear relationship.

CFFT could also be used in flexural applications. Fam et al. (2002) studied the effect of different
cross sectional configurations on the flexural behavior of CFFT beams. It included tubes with
concrete fully filled in, tubes with a central hole, tube-in-tube with concrete filled between, and
different GFRP laminate structures. Kitane et al. (2004) proposed a hybrid FRP-concrete bridge
superstructure which consists of three trapezoidal GFRP box sections bonded together at tension
side and a layer of concrete placed in the compression side, and showed feasibility and
advantages from static and fatigue testing. Wu et al. (2006) proposed a novel FRP/concrete
hybrid system for flexural members. CFRP sheets are bonded on the bottom surface of concrete
core, and GFRP sheets are wrapped around the beam to confine the concrete core and CFRP
sheet. Conventional steel rebar and epoxy bonding system were also used in this system. Beamcolumns behavior of CFFT system was studied at various load combinations (Mirmiran, 1999).

Currently, the hybrid system of using FRP combined with SHCC has not been applied to
structure elements.

11

The objectives of this study were to develop the SHCC mixes and types of FRP composites
required to produce the proposed externally FRP reinforced SHCC system and to demonstrate
the structural efficiency of the proposed system. Both carbon fibers composites and glass fibers
composites were considered and compared. Since carbon fibers have nearly the same level of
modulus of elasticity as steel, it should work better with SHCC, provided that carbon fibers
behave elastically. When the concrete shrinks or when creep occurs in the concrete, the FRP
composites provide elastic restraint and pull the concrete back like a “rubber band”. The ultimate
load capacity and failure modes of the proposed system were determined from structural tests.

2.2 Research Significance
Although the use of SHCC has been studied for more than 50 years, the problem of too early
expansion on the benefits of using SHCC has not been solved. As a result, earlier researchers
have tried to limit SHCC expansion rate at the early stage of concrete curing as well as the
maximum expansion of SHCC (ACI 223, 1998). This approach cannot realize the full potential
provided by SHCC with a higher expansion rate as well as a higher total expansion. Using FRP
composites as an external enclosure and filling it with SHCC is proposed in this study. By using
the proposed concept, the FRP provides external restraint instead of the traditional approach of
using rebars as “internal” reinforcement. In the later case, there exists the need to develop the
bond between concrete and “internal” reinforcement to make SHCC effective. When SHCC
expands at a higher rate during the early stage of concrete curing, concrete cannot be strong
enough to develop bond as shown in Russell’s tests (Russell, 2002). With the proposed concept
of using FRP wrapped around the concrete, FRP restraint can be effective as soon as SHCC
expansion occurs. It is expected that this research will provide a means to minimize early
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concrete cracking, eliminate corrosion and make full use of FRP materials and SHCC to
achieve a residual pre-stressing effect.

2.3 Materials
2.3.1 SHCC Materials
As stated earlier, ettringite-system cement and lime-system cement are the most commonly
available and used cement to make SHCC in the United States. Both ettringite-system SHCC and
lime-system SHCC were chosen to do the expansion test. These two different shrinkagecompensating cements adding at the same dosage for SHCC were compared in this study to find
out which can give a higher total expansion during the first seven days after mixing. The
expansion behaviors during this time period were also compared. Their typical mix designs were
obtained. The same admixture ratio was selected as 19% of Type I cement for both mix designs.
Table 2.1 and Table 2.2 show the mix designs for ettringite-system SHCC and lime-system
SHCC, respectively.

2.3.2 “Coffee can” test
For the SHCC expansion test method, ASTM C 878/C 878M (2003) gives a standard test method
for determination of expansion of SHCC. This method applies for the specimen that is internally
restrained by a threaded rod affixed to end plates. ASTM C 157/ C157M (2006) presents a test
method to determine the length change in concrete. The concrete specimens are stored in the
lime-saturated water and their lengths measured by a comparator at any age to get the length
change at that time period. It should be pointed out that the ASTM C 157/ C157M (2006) length
change specimen in this method is under no restraint. In the proposed system, however, SHCC is
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restrained by the external FRP reinforcement. Both ASTM methods are not appropriate for the
restrained condition.

Thus, the “coffee can” test method is used to measure the expansion of SHCC. By using this
method, values of expansion rate could also be obtained roughly. It is believed that the “coffee
can” method is adequate to compare and screen two different SHCC sources. The disadvantage
of using the “coffee can” test method is that it is not able to capture the reading of shrinkage after
the expansion happens. It is noted that the “coffee can” method was used for selection only. The
actual expansion of testing specimens, as discussed later, was measured through strain gauges on
the surface of FRP sheets. In the “coffee can” test method, two dial gauges were placed at the
quadrant points at the location in the middle depth of the can and were used to measure the
diameter change over the time period of expansion. The dial gauges were fixed on metal stands
which were fixed on the table. The gauges were set in position perpendicular to the can’s circular
surface. Test instrument set up is shown in Figure 2.3. The environment condition was at a
temperature of 75℉ (24ºC) and a relative humidity of 64%.

Seven “coffee can” tests were conducted. Two of them were conducted for selection of SHCC
sources and five of them were tested for optimization of SHCC mixes. The original diameter of
the can was measured using a clamp and digital calipers. Once everything was set, the freshly
made concrete was poured into the coffee can and filled up to within 25 mm (1 in.) to the top. It
needs to be assured that the dial gauges have some initial readings. The optimum location for
measurement is at the lowest 1/4 to 1/3 of the can height. Measurements were observed hourly
during the first 10-12 hours. After eight hours, water was added on top of the can with 25 mm (1
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in.) depth. Measurements were continued daily at 24 hours after casting the specimen. Then
readings were recorded for about seven days after which the expansion has terminated. Three
cylinders from each mix were tested for compressive strength at seven days based on ASTM C
39/C 39 M (2005).

The compressive strength results from three cylinders for each mix were averaged, as shown in
Table 2.3. The total expansion of the two mixes over seven days is shown in Figure 2.4. From
Figure 2.4, we can see that ettringite-system mix achieves the maximum expansion at about six
days with the value of 0.06%, while lime-system mix reaches the maximum expansion at 11
hours after casting with the value of 0.15%. By comparison, lime-system mix gives a higher
value of expansion compared to ettringite-system mix along with a higher initial increasing rate.
Thus,the lime-system SHCC mix shows a higher total expansion and is chosen for the next step
of the test.

2.3.3 Optimization of lime-system SHCC mixes
A series of concrete mixes, compressive strength and expansion tests were conducted to seek an
optimal mix that can achieve maximum expansion while achieving concrete compressive
strength at 27.6 MPa (4000 psi) or more. In the first step, the concrete mix shown in Table 2.2
was used to make concrete and test the compressive strength and expansion. It was found that the
balance between the need for strength and need for expansion was not attained. In the second
step, a mix specification for high performance concrete (HPC) shown in Table 2.4 was modified
to seek the balance point. The cementitious materials were replaced at the same proportion with
lime-system cement. Table 2.5 shows the final SHCC mix used for the following beam test.
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Testing results are shown in Figure 2.5. It can be seen that the balance point is close to 20%
dosage, but the strength is not desirable at this point. At 15% lime-system cement dosage,
concrete strength is about 41.4 MPa (6000 psi) which exceeds 27.6 MPa (4000 psi), and the
maximum expansion is 0.25%, which could compensate for the shrinkage of concrete. Therefore
the SHCC mix with 15% lime-system cement is selected for the next step test.

2.3.4 Fabrication of FRP sheets
In this research, both glass fiber-reinforced polymer (GFRP) sheets and carbon fiber-reinforced
polymer (CFRP) sheets were fabricated by a wet hand lay-up process in the laboratory. The
fabrication process was followed by procedures provided by the carbon fiber material provider.
The materials for making GFRP are bi-axial glass fiber, unsaturated polyester (Isophthalic) and
hardeners (MEKP). Based on GFRP specimen design suggested by the material supplier, the
weight of the resin was twice the weight of the fiber and a 10% extra was used to compensate for
the loss of resin due to fabrication. The weight of hardener was 1% of the resin and it was mixed
well with resin using a glass rod before application. For the hand lay-up process, a thick glass
plate was prepared on a flat surface, and a mold release agent was treated on the surface of the
mold. The mold dimension was 533 mm (21 in.) long by 152 mm (6 in.) wide and 152 mm (6 in.)
high. Then glass fibers were laid up by fiber orientation on the four sides of the mold.
Unsaturated polyester resin was mixed with hardeners in glass container by stirring with a glass
rod. The mixed resin system was used to wet out fibers and bond the fibers together. The mold
was released after three days and the GFRP box samples were trimmed and cured at normal
room temperature. The whole process is shown in the Figure 2.6. Two specimens were made
and used for testing for each of three-layer and five-layer GFRP.
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Carbon fiber and epoxy resin as well as resin hardener were used to fabricate CFRP specimens.
The procedures to fabricate CFRP are basically similar to those for GFRP. The molds for CFRP
fabrication were internal molds instead of external molds as used in GFRP fabrication. The fiber
was cut first according to the beam dimension and then the molds were placed with plastic cover.
The resin system for CFRP fabrication was epoxy resin mixed well with hardener. The mixing
ratio of epoxy to hardener is 100:34.5 by weight according to the material provider. The mixing
was done in five minutes at full speed of the drill mixing system as shown in Figure 2.7. Then
the mixed resin was applied to the carbon fiber by squeezing the fiber with a roller for evenly
distributing the resin on the fiber. Once the fiber was saturated with resin, the mold was wrapped
with the pre-made fiber reinforced polymer. The specimens were kept at room temperature and
humidity for 24 hours until releasing the molds. After that, the specimens were cured for seven
days before pouring concrete. The resin mixing system and fabrication process are shown in
Figure 2.7. Two specimens were made and used for testing for each of one-layer and two-layer
CFRP. The final specimen of GFRP and CFRP are shown in Figure 2.8. The properties of the
constituent materials used are shown in Table 2.6 and Table 2.7.The mechanical properties of
the materials used are shown in Table 2.8.

2.4 Hybrid Beam Tests
2.4.1 Beam Expansion Test

Table 2.9 lists the experiment matrix of FRP/concrete beams. Four beams were tested for each
mix and each type of FRP. Figure 2.9 shows the geometry and instrumentation of the beam
specimen. The top and bottom layers are FRP layers. The top view and bottom view are the same.
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Each beam specimen was fitted with two strain gauges attached at the top and bottom FRP
surface before casting. The gauges were wire connected to a data acquisition system to record the
strain (length change rate) over concrete expansion and shrinkage process, as shown in Figure
2.10. Concrete was made and poured into the FRP specimens as shown in Figure 2.11. Figure
2.12 shows the data aquisition system. After casting, the specimens were cured by covering the
top surface with wet burlaps (ASTM C192, 2007). Based on the curing scheme, the burlap was
kept wet constantly during first 11 days at a room temperature of 75ºF (24 ºC) and a relative
humidity of 76%. After that, the burlap was removed and room temperature and relative
humidity were changed to 84ºF (29 ºC) and 61% respectively. The strain data were collected for
28 days. After 28 days, the room conditions were changed back to the original with a
temperature of 75ºF (24 ºC) and a relative humidity of 76%. The strain data on the FRP layer
was collected over the entire curing time.

The HPC and SHCC concrete strength at seven days and at beam testing time are listed in Table
2.10. It shows that the 7-day strength of HPC specimens was higher than SHCC specimens.
Figure 2.13 shows the comparison of shrinkage-time curves for HPC specimens at two different
reinforcement types and ratios. The effect of temperature from the heat of hydration on the
strains has been corrected in the data acquisition system. As we can see, the data shows a similar
trend with the typical curves from ACI 223 (1998). The strains on HPC specimen start to
decrease as the concrete starts to shrink from the beginning. This demonstrates that the bond
between FRP sheets and concrete exists. It also shows that specimens with 3-layer GFRP and 1layer CFRP have a higher measured shrinkage strain than ones with 5-layer GFRP and 2-layer
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CFRP. The maximum measured shrinkage strain on FRP sheets is about 250 microstrain at the
end of 30 days monitoring period.

Figure 2.14 shows the comparison of expansion-time curves for SHCC specimens at two
different reinforcement types and ratios. For lime-system SHCC specimens, expansive strains
increase to the maximum value in the first expansion period (about 8-12 hours), during which the
expansion occurs intensively. Then it starts to drop as the concrete shrinks. Table 2.11 shows the
maximum strain values on FRP for SHCC specimens, which correspond to Figure 2.14. It shows
that the maximum strain on CFRP (0.0005) is less than that on GFRP specimens (0.002). This is
because of the higher restraint effect of CFRP sheets. Due to the higher modulus of elasticity,
when expansion of concrete occurs, CFRP sheets resist elongation better than GFRP sheets.

2.4.2 Beam Bending Test
Figure 2.15 shows the four point bending test setup (ASTM C78, 2008). As shown, three linear
motion transducers (LMTs) were used to record the midspan deflection. Two strain gauges were
attached on the top and bottom FRP surface to record the strain of the FRP. The span of the
beams was 457 mm (18 in.) and the distance between the loads was 152 mm (6 in.). The simply
supported beams were loaded at a rate of 0.254mm/min (0.01 in./ min). The beams were
instrumented to record load, deflection and strain. White paint was sprayed on both sides of the
beam to facilitate observing the concrete crack’s development during the loading procedure.
Cylindrical concrete specimens were tested for compressive strength according to ASTM C 39/C
39M (2005).
2.4.3 Observed beam bending behaviors
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Four types of beam failure modes were observed during test.
(1) Beam HG11 and HG21: flexural failure. The flexural crack close to the middle of the span
appeared first. The length and width of crack extended with increased load, while the number of
cracks did not increase obviously. No shear cracks were observed. The FRP sheet at the bottom
layer ruptured at the final failure suddenly. In the mean time, the concrete specimen broke into
two parts completely.
(2) Beam SG11 and SG21: flexural and shear failure. The flexural crack close to the middle of
the span appeared first before the shear crack. The length and width of the crack extended with
increased load. Several flexural cracks were observed during the test. After that, the shear crack
started and propagated. The FRP sheet at the bottom layer ruptured at the final failure suddenly.
The concrete core specimen failed finally along both the flexural and shear cracks.
(3) Beam HC11: flexural and crushing failure. The flexural crack close to the middle of the span
appeared first. The length and width of crack extended with the increasing load. No shear cracks
were observed. Because CFRP is not as brittle as GFRP, failure was detectable by the sound of
CFRP rupture being heard continuously. The CFRP sheet at the bottom layer ruptured at the final
failure. In the mean time, the concrete specimen broke into two parts completely. The top of the
concrete core was crushed at failure stage.
(4) Beam SC11, HC21 and SC21: shear failure. The flexural crack close to the middle of the
span appeared first before the shear crack. The length and width of the crack extended with the
increased load. Several flexural cracks were observed during the test. After that, the shear crack
started and propagated. Again, as it is less brittle than the GFRP specimen, failure was detectable
by the sound of CFRP rupture being heard continuously. CFRP was finally ruptured at bottom
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layer. The concrete core specimen failed finally along shear cracks. Figure 2.16 shows the
typical failure modes for each of four modes described above.

2.4.4 Load-strain behaviors
Figures 2.17 to 2.18 show load-strain curves in the compression side of specimens. Figure 2.17
shows that bond between CFRP sheets and HPC concrete exists in the compression side when
the measured strain is lower than approximately 250 microstrain. From Figure 2.18, however,
the bond between CFRP sheets and SHCC concrete exists for a strain up to about 400
microstrain for specimen SC21 and 700 microstrain for specimen SC11. After these strain levels,
as shown in Figures 2.17 and 2.18, strains in CFRP specimens are not increasing anymore. This
indicates that the strain compatibility between CFRP sheets and concrete is lost. But the strain of
GFRP sheets in the compression side keeps increasing beyond these strain levels. This can be
explained by the fact that the surface roughness of GFRP sheets is higher than that of CFRP
sheets. Figures 2.19 to 2.20 show load-strain curves in the tension side of specimens. As we
can see generally, the load-strain behaviors for GFRP specimens are quite brittle. The stiffness
for four different reinforcement configurations follows the same order. Two-layer CFRP
reinforced concrete beam has the highest stiffness, which is higher than one-layer CFRP
reinforced concrete beam. CFRP reinforced concrete beam has a higher stiffness than GFRP
reinforced concrete beam. Five-layer GFRP reinforced concrete beam is third in the order of
stiffness, and three-layer GFRP reinforced concrete beam has the least stiffness. The curves from
CFRP specimens show “hysteresis loops” at the final loading stage due to lack of bond between
CFRP sheets and concrete. Although the proposed concept does not rely on the bond (due to the
wrapping-around nature of the concept) in the tension side, bond is needed to develop
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compressive strain. However, this lack of bond for developing compressive strain does not
affect the capacity of the specimens because concrete is strong in resisting compression.

2.4.5 Initial cracking load and ultimate load
Figure 2.21 shows the initial cracking load identification method. Basically, the load and
deflection data were collected from test and load-deflection curves were generated. The load at
the first intant drop on load-deflection curve was recorded and compared with the load that when
the first crack was observed during test. The lower of these two values was used as the initial
cracking load. The beam test results are summarized in Table 2.12. It shows the initial cracking
load and ultimate load for the eight tested beams. It also summarizes the crack pattern and failure
modes. The cracking values indicate that the differences between HPC and SHCC decrease as
the axial stiffness of FRP reinforcement increases, as shown in Figure 2.22 where Pcr denotes
cracking load. The cracking load at “EA=0” was calculated based on tensile cracking of plain
concrete beam at modulus of rupture (fr) of concrete. Table 2.12 also shows that the ultimate
loads of CFRP specimens are higher than those of GFRP specimens. For GFRP specimens, 5layer specimens show a higher ultimate load than 3-layer specimens. For CFRP specimens, 2layer specimens show a higher ultimate load than 1-layer specimens. For the same FRP type and
layer, it shows that the SHCC specimens have higher ultimate loads than HPC specimens.

Figure 2.22(a) shows the effect of the axial stiffness of FRP reinforcement on the cracking load
(Pcr) difference between HPC and SHCC specimens. We can see that, as FRP reinforcement
stiffness increases, the difference of initial cracking load decreases. The tensile strength of
concrete at cracking was assumed to be the modulus of rupture (fr) of concrete. The tested
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concrete strength of SHCC is lower than that of HPC, so the cracking load of HPC specimen is
higher than that of SHCC specimens. But, due to expansion of SHCC and confinement of FRP
reinforcement, SHCC specimens have a residual pre-stressing (“P/A”) effect which HPC
specimens do not have. P/A increases as the FRP reinforcement stiffness increases and it helps to
delay the cracking and increases Pcr. This demonstrates that the pre-stressing effect increases as
the axial stiffness of the FRP reinforcement increases. It is expected that the cracking load of
three or four layers CFRP reinforcement SHCC specimens will be higher than that of HPC
specimens if an expansive strain can occur in concrete after shrinkage.

Figure 2.22(b) shows the effect of the axial stiffness of FRP reinforcement on Pcr/(f’cbh) (Pcr =
cracking load; f’c = concrete strength; b = width of beam; and h = depth of beam) for SHCC and
HPC specimens. Each point in Figure 2.22(b) represents one specimen. We can see that, as
reinforcement stiffness increases, the cracking load from both HPC and SHCC specimens
increases. However, SHCC specimens show a much higher cracking load than HPC specimens at
all tested axial stiffness points. This confirms that SHCC specimens delay concrete cracking due
to generated prestress. Figure 2.23 shows the effect of the axial stiffness of FRP reinforcement
on Pult/(f’cbh) (Pult = ultimate load) for SHCC and HPC specimens. Each point in Figure 2.23
represents one specimen. We can see that, as reinforcement stiffness increases, the ultimate
capacity from both HPC and SHCC specimens increases. However, SHCC specimens show a
much higher ultimate capacity than HPC specimens at all tested axial stiffness points.
Furthermore, the ultimate load difference between SHCC and HPC specimen is higher when the
axial stiffness increases as shown in Figure 2.23. This can be explained by the following points:
(1) concrete strength of SHCC specimens was tested with concrete cylinders without
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confinement. It is expected that the actual strength of SHCC specimens with FRP confinement
is higher; and (2) FRP reinforcement in SHCC specimens has residual tension from SHCC
expansion before loading is applied. When compared to HPC specimens, the total tension force
in SHCC specimens at failure is higher due to FRP confinement which has the equivalent effect
of providing more tensile reinforcement. This also further verifies the benefit of using SHCC in
the proposed system.

2.5 Conclusions

Based on the experimental investigation carried out in this paper, the following conclusions are
made:
1. The proposed hybrid FRP reinforced SHCC concrete system shows good potential to delay
cracking and improve the ultimate capacity.
2. Lime-system SHCC mix shows a higher expansion than ettringite-system SHCC mix. The mix
using 15% lime-system cement replacement of Type I cement gives the desired strength and
expansion in balance.
3. The expansion-time curves from the beam test show similar trend as typical curves of SHCC
and PCC from ACI 223.
4. Cracking load results indicate that the prestressing effect (P/A) for SHCC specimens increases
as the axial stiffness of the FRP reinforcement increases.
5. Based on the ultimate load tests, at the same axial stiffness of FRP reinforcement, SHCC
specimens show a higher ultimate load capacity than that of HPC specimens although the former
has a much lower concrete strength.
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6. CFRP specimens show less brittle failure behaviors during the bending test when compared
with GFRP specimens. Two-layer CFRP/SHCC system shows the best load-strain performance.
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Appendix
Table 2.1 Mix design for ettringite-system SHCC
Mixture Proportions
Portland Cement Type I/II, kg/m3 (lb/yd3)

279(470)

Ettringite-system Cement, (19% of Type I cement), kg/m3 (lb/yd3)
3

3

53(90)

Fine Aggregate, (ASTM C-33 Sand), kg/m (lb/yd )

649(1095)

Coarse Aggregate, (ASTM C-33 #57 Stone), kg/m3 (lb/yd3)

1067(1800)

Water, L/m3 (gallon/yd3)

203(41)

3

3

Water Reducer, L/m (oz/yd )

0.929(24)

Table 2.2 Mix design for lime-system SHCC
Mixture Proportions, kg/m3 (lb/yd3)
Portland Cement Type I/II

310(523)

Lime-system Cement, (19% of Type I cement)

59(99)

Fine Aggregate, (ASTM C-33 Sand)

713(1203)

Coarse Aggregate (3/8’’), (ASTM C-33 #8 Stone)

876(1478)

Coarse Aggregate (3/4’’), (ASTM C-33 #67 Stone)

214(361)

Water

166(280)

Water Reducer, L/100kg (oz/100lb cementitious material)

1.3(20)

Table 2.3 Compressive strength for ettringite-system SHCC and lime-system SHCC at 7 days
Mix number

Compressive strength, MPa (psi)

Ettringite-system SHCC

27.4 (4000)

Lime-system SHCC

10.2 (1500)

26

Table 2.4 Mix design for high performance concrete
Mixture Proportions, kg/m3 (lb/yd3)
Portland Cement Type I/II

623(1050)

Fine Aggregate, (ASTM C-33 Sand)

937 (1580)

Coarse Aggregate, (1/4’’)

398(672)

Fly ash

178(300)

Silica fume

89(150)

Water

178(300)

High range water reducer

26(44.2)

Table 2.5 Mix design for high performance lime-system SHCC
Mixture Proportions, kg/m3 (lb/yd3)
Portland Cement Type I/II
Lime-system cement, (15% replacement)
Fine Aggregate, (ASTM C-33 Sand)
Coarse Aggregate, (1/4’’)
Fly ash
Silica fume
Water
High range water reducer
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541(913)
116(196)
937(1580)
398(672)
155(261)
77(130)
178(300)
26(44.2)

Table 2.6 Properties of glass fiber and polyester resin
Material
E (GPa)
G (GPa)
υ
ρ (g/cm3)
E-glass fiber
72.5
27.6
0.22
2.54
Polyester resin
3.38
1.38
0.38
1.24

Table 2.7 Properties of carbon fiber and epoxy
Ultimate
Elongation
1.7%
5%

ρ
1.74g/cm3
4.2kg/3.79L

Material
E (GPa)
Dry Carbon fiber 230
Epoxy
3.18

Tg (ºC)
82

Table 2.8 Summary of FRP material properties
Material Thickness,
mm (in.)
3-layer
GFRP
5-layer
GFRP
1-layer
CFRP
2-layer
CFRP

Tensile modulus,
MPa (ksi)

4.57 (0.18)

9818 (1424)

Ultimate tensile
strength, MPa
(ksi)
145 (21)

Ultimate strain
(%)

7.62 (0.30)

9818 (1424)

145 (21)

1.5

1.02 (0.04)

82048 (11900)

834 (121)

0.85

2.03 (0.08)

82048 (11900)

834 (121)

0.85

1.5

Table 2.9 Matrix of FRP/concrete beam tests
Reinforcement
type
GFRP
CFRP

Reinforcement
ratio
3-layer
5-layer
1-layer
2-layer

HPC
1(3) HG11
1(3) HG21
1(3) HC11
1(3) HC21

SHCC(15% limesystem cement)
1(3) SG11
1(3) SG21
1(3) SC11
1(3) SC21

Note: Number in parenthesis indicates cylinder number. H: HPC, S: SHCC, G: GFRP, C:
CFRP, the first number after letter indicates reinforcement ratio, second number indicate
sample number. For example: HG11 indicates HPC with three layer GFRP reinforcement,
sample number 1.
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Table 2.10 Concrete compressive strength for beam specimens
f’c, MPa (ksi) at 7 days
93.1 (13.5)
46.2 (6.7)

Specimen
HPC
SHCC

f’c, MPa (ksi) at beam test
148.9 (21.6)
64.1 (9.3)

Table 2.11 Maximum FRP strain for SHCC specimen during expansion

Three-layer GFRP

Maximum FRP
strain
0.002010

Five-layer GFRP

0.002114

One-layer CFRP

0.000532

Two-layer CFRP

0.000537

Table 2.12 Summary of the bending test results
Initial
cracking
load
Specimen (kN)
HG11
59.2

Ultimate
load
(kN)
Crack pattern
148.6
Flexural, no shear

SG11
HG21

42.3
56.5

178.8
219.7

Flexural and shear
Flexural, no shear

SG21
HC11
SC11
HC21
SC21

42.3
62.3
55.2
72.5
71.6

229.5
217.5
294.5
321.2
384.8

Flexural and shear
Flexural, no shear
Flexural and shear
Flexural and shear
Flexural and shear

Note: 1kN=0.225kip.
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Failure mode
Flexural failure, GFRP failure
Flexural failure and shear failure, GFRP
rupture
Flexural failure, GFRP rupture
Flexural failure, (shear failure), GFRP
rupture
Flexural failure, CFRP rupture
Shear failure, CFRP rupture
Shear failure, CFRP rupture
Shear failure, CFRP rupture

Figure 2.1 External FRP sheets as “formwork” for precast construction

Figure 2.2 Typical length change characteristics of shrinkage-compensating and Portland cement
concretes. (ACI223, 1998)
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Figure 2.3 “Coffee can” test setup
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Figure 2.4 Comparisons of total expansion-time curves of ettringite-system SHCC and limesystem SHCC
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Figure 2.5 Effect of lime-system cement dosage on compressive strength and maximum
expansion of SHCC. (Note: 1 MPa=0.145 ksi)
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(a) Mold for GFRP making

(c) Applying release agent on mold

(e) Brushing on all four sides

(b) Cutting glass fibers

(d) Laying up glass fibers and brushing resins

(f) Curing samples in mold

(g) Samples after mold released
Figure 2.6 GFRP specimen fabrication process
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Figure 2.7 Resin mixing system and CFRP specimen fabrication process

(a) GFRP

(b) CFRP
Figure 2.8 FRP specimens
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152mm
533mm
Plan View
152mm
533mm
Top View
Figure 2.9 Geometry and instrumentation of beam. (Note: 1mm=0.0394in.)

Figure 2.10 Structural members with strain gauges
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Figure 2.11 Pouring concrete into FRP reinforcement (formwork)

Figure 2.12 Data acquisition system
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Figure 2.13 Comparisons of shrinkage-time curves of HPC with two different reinforcement
types and ratios
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Figure 2.14 Comparisons of expansion-time curves of SHCC with two different reinforcement
types and ratios
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(a)

(b)
Figure 2.15 (a) Beam bending test setup; (b) beam bending test setup: sketch (ASTM C78,
2008)
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(1)

(2)

(3)

(4)

Figure 2.16 Failure modes of hybrid beams
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Figure 2.17 Load-strain (compression) curves of HPC specimens. (Note: 1 kN=0.225 kip)
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Figure 2.19 Load-strain (tension) curves of HPC specimens. (Note: 1 kN=0.225 kip)
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Chapter 3: Long-term Evaluation of Externally FRP Reinforced
Shrinkage-Compensating Concrete (SHCC) Beams
(This chapter is revised version of a paper under review for the ACI Structural Journal by Qi Cao,
and Zhongguo John Ma.)

Abstract
Hybrid fiber-reinforced polymer (FRP) reinforced shrinkage-compensating concrete (SHCC)
structural system shows a good potential for delaying concrete cracking and eliminating steel
corrosion. In this study, as the second-stage development, long term prestress loss and static
structural tests of the proposed beams are investigated. Test results were evaluated based on
maximum expansion strain, strain loss, cracking load, crack width, deflection, and ultimate load.
Based on these test results, the developed FRP enclosed SHCC structural beam is a promising
system to delay concrete cracking and increase ultimate load. Lime-system SHCC structural
system shows higher prestress strain and less prestress loss than ettringite-system SHCC system
in the long term.

Keywords: FRP; shrinkage-compensating concrete; long-term; prestress loss; cracking delay.

3.1 Introduction
The major cause of cracking in bridge decks and concrete pavements, as well as slabs on grade,
is due to restrained shrinkage of the concrete and warping stress. One possible method of
eliminating the cracking and increase cracking resistance is to use expansive cement concrete
known as shrinkage-compensating concrete (SHCC). Researchers investigated SHCC using
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ettringite forming cement during the early 70’s. After those early studies on ettringite-system
cement, Russell et al. (2002) studied lime-system cement SHCC mixes to develop an expansion
between 0.03% and 0.1% while keeping a minimum concrete strength of 27.6 MPa (4000 psi).
One problem for lime-system SHCC is that it has been found by Russell et al. (2002) difficult to
achieve a timely bond from the paste onto the “internal” reinforcement for the SHCC. Cao et al.
(2011) proposed a hybrid structural system using a combination of fiber-reinforced polymer
(FRP) composites with SHCC and conducted a series of third-point loading experiments to study
the short term behavior of the proposed hybrid FRP-SHCC beams. It was shown that the
proposed system developed a residual pre-stressing effect. Tests also showed that the prestressing effect from the expansion of SHCC increases as the axial stiffness of the FRP
reinforcement increases.

The expansion deformation observed was conducted until 28 days curing age in Cao’s (2011)
tests. He et al. (2011) studied long-term expansive behavior of self-stressing expansive concrete
with combined restrictions of steel fibers and steel bar and concluded that no significant self
prestress loss was observed after three-year long-term data recording for all specimens. Xu (2007)
studied the elastic deformation and creep of SHCC confined with steel tube for 47 days and
indicated that the creep and elastic deformation take a large proportion in effective free
expansion. Since a stable long-term self prestress level is crucial to explore the FRP-SHCC
structural system, a series of tests on long-term expansion of the proposed FRP-SHCC beam are
proposed in this paper. The comparisons of relationships between self prestress strain and
concrete type (Portland cement concrete, ettringite-system SHCC, lime-system SHCC),
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reinforcement types and ratios (unreinforcement, steel reinforcement and CFRP reinforcement
at different ratios) are also proposed in this paper.

The objectives of this research were to study the long-term expansion behavior of FRP
reinforced SHCC structural beams. Both steel rebar and carbon fibers composites were
considered and compared. Unreinforced SHCC concrete specimens were also tested and
compared. A series of structural tests were conducted after long-term expansion deformation
recording. The cracking load, ultimate load capacity, crack width, load-deflection and load-strain
behavior and failure modes of the FRP-SHCC system were determined from structural tests.

3.2 Research Significance
Although the expansive behavior of SHCC has been studied by Xu et al. (2007) and He et al.
(2011), their conclusions seem not consistent with each other in terms of creep and shrinkage
behavior of SHCC. The different structural systems that were used in their particular studies
might play an important role to characterize the long-term expansion performance of SHCC. In
order to fully utilize the increased cracking resistance benefits of proposed CFRP reinforced
SHCC structural beam, whether and how much the existing prestress will be lost in the long term
needs to be investigated.

3.3 Experimental Program
3.3.1 Specimen Design
Fifteen beams with the same dimensions were fabricated for expansion monitoring and static
bending test, with three different concrete materials. Table 3.1 lists the experimental matrix of
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tested beams. Test specimens consist of three types of beams in terms of reinforcement: without
reinforcement, steel reinforcement and CFRP reinforcement. Each beam specimen is 914 mm
(36 in.) long, 152 mm (6 in.) wide and 152 mm (6 in.) deep. The steel rebar is welded with a
head on each end embedded in concrete. The head diameter was 32 mm (1-1/4 in.) and the
thickness was 13mm (0.5 in.). The prefabricated CFRP sheets serve as forms for the cast in
place concrete. Five beams were tested for each concrete mix and three beams were tested for
each type of reinforcement. The steel reinforcement used was No. 5 straight deformed wire
reinforcement (DWR) rebar. The DWR specimen had a 25 mm (1 in.) cover at the bottom.
Figure 3.1 shows cross sections of three types of beam specimens.

Strain gages were used to measure the strain in the reinforcement. The strain gages allow for
direct strain readings of the rebar and CFRP. One strain gage was installed on the center of steel
rebar for steel reinforced specimen. For CFRP reinforced specimen, the top and bottom layers
are CFRP sheet. The top view and bottom view are the same. Figure 3.2 shows geometry and
instrumentation of CFRP reinforced beam specimens.

3.3.2 Specimen Fabrication
Carbon fiber-reinforced polymer (CFRP) sheets were fabricated by a hand lay-up process in the
laboratory. Carbon fiber and epoxy resin as well as resin hardener were used to fabricate CFRP
specimen. The molds for CFRP fabrication were internal molds. The mold dimension was 914
mm (36 in.) long by 152 mm (6 in.) wide and 152 mm (6 in.) high. The fiber was cut first
according to the beam dimension and then the molds were placed with plastic cover. The resin
system for CFRP fabrication was epoxy resin mixed well with hardener. The mixing ratio of
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epoxy to hardener is 100:34.5 by weight according to the material provider. The mixing was
done in five minutes at full speed of the drill mixing system. Then the mixed resin was applied to
the carbon fiber by squeezing the fiber with a roller for evenly distributing the resin on the fiber.
Once the fiber was saturated with resin, the mold was wrapped with the pre-made fiber
reinforced polymer. The specimens were kept at room temperature and humidity for 24 hours
until releasing the molds. After that, the specimens were cured for seven days. Three specimens
were made and used for testing for each of one-layer, two-layer and three-layer CFRP.

The concrete specimens were fabricated and cured in the laboratory following ASTM 192 (2007).
Both ettringite-system cement and lime-system cement were used to produce two kinds of SHCC.
Portland cement concrete (PCC) was used to provide control specimens. Tables 3.2 to 3.4 show
the mix designs for PCC, ettringite-system SHCC and lime-system SHCC, respectively. Steel
and wood molds were used for pouring control specimens and steel reinforced specimens. CFRP
specimens were used as molds for CFRP reinforced specimens. The target concrete compressive
strength at 28 days was 41.4 MPa (6000 psi). Concrete cylinders were made concurrently with
the pouring of beams. The compressive strength of concrete at 7 days, 28 days and time of beam
bending test are shown in Table 3.5. Figure 3.3 shows the picture of the CFRP specimen.

3.3.3 Test setup and procedure
(1) Long-term expansion test
A total of fifteen specimens were tested as shown in Table 3.1. Each beam specimen was fitted
with two strain gauges attached at the top and bottom CFRP surface before casting. The gauges
were wire connected to a data acquisition system to record the strain (length change rate) over
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concrete expansion and shrinkage process. Figure 3.4 shows the strain gage detail on CFRP
specimens and steel specimens. Figure 3.5 shows the headed bar detail. Concrete was made and
poured into the molds and CFRP specimens. After casting, the specimens were cured by
covering the top surface with wet burlaps and plastic. Based on the curing scheme, the burlap
was kept wet constantly during first 28 days at a room temperature of 73ºF and a relative
humidity of 74%. After 28 days, burlap was removed and plastic was remained on top of
specimens. The strain data on the FRP layer were collected over the entire curing time. The
monitoring periods for PCC, ettringite-system SHCC and lime-system SHCC specimens were
224 days, 218 days and 154 days respectively.
(2) Beam test
Figure 3.6 shows the four point bending test setup. As shown, three linear motion transducers
(LMT’s) were used to record the midspan deflections. One strain gauge was installed on the
center of steel rebar to record the strain of steel reinforcement. Two strain gauges were attached
on the top and bottom FRP surface to record the strain of the FRP. The span of the beams was
762 mm (30 in.) and the distance between the loads was 152 mm (6 in.). The simply supported
beams were loaded at a rate of 0.381 mm/min (0.015 in./min). The beams were instrumented to
record load, deflection and strain. White paint was sprayed on both sides of the beam to facilitate
observing the concrete crack’s development during the loading procedure. The crack comparator
was used to measure the crack width.

3.4 Test Results and Discussions
3.4.1 Expansion Strain vs. Age
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Figure 3.7 shows expansion (shrinkage) over time curves for specimens made with ettringitesystem SHCC and lime-system SHCC. The effect of temperature from the heat of hydration on
the strains has been corrected in the data acquisition system. In general, lime-system SHCC
shows a higher expansion strain than ettringite-system SHCC. For ettringite-system SHCC
specimens, expansive strain increase to maximum value in about 50 to 60 days, then it starts to
drop as concrete shrinks. For lime-system SHCC specimens, expansive strain increases
intensively in the first 24 hours. Since the concrete mix for specimen SL and F1L was different
with F2L and F3L, the comparison of expansion strain over time for specimen F2L and F3L was
plotted in Figure 3.7 (c). Figure 3.7 (c) also shows that as CFRP reinforcement ratio increases
from 2-layer to 3-layer reinforcement, the maximum strain decreases. It indicates that the
expansion strain on CFRP decreases as axial stiffness EA increases. Again, please note that the
concrete mix for SL and F1L specimens were the trial batch and expansion property of concrete
is lower than those of F2L and F3L. This could explain the inconsistency of SL and F1L in
Figure 3.7 (b). Figure 3.8 shows the effect of axial reinforcement stiffness on the maximum
expansion strain for both ettringite-system SHCC and lime-system SHCC. As shown, as
reinforcement stiffness EA increases, the maximum strain decreases. Also, lime-system SHCC
shows higher maximum expansion strain than ettingite-system SHCC for the same reinforcement
stiffness.

3.4.2 Prestress Loss
Figure 3.9 shows the absolute prestress (expansion strain) loss for two SHCC systems. It shows
that as CFRP reinforcement stiffness EA increases (from one-layer to two-layer to three-layer),
the expansion strain loss (prestress loss) decreases for ettringite-system SHCC. The opposite
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trend is true for lime-system SHCC. However, it shows the same phenomenon for two SHCC
systems that the prestress loss from CFRP system is much smaller than steel reinforcement
system. As can be seen, for ettringite SHCC, the average strain loss for CFRP system is 146
microstrain, which is lower than 259 microstrain of steel specimen. In the mean time, for lime
SHCC, the average strain loss for CFRP system is 194 microstrain, which is lower than 460
microstrain of steel specimen. It is expected that the effect of FRP reinforcement stiffness on the
strain loss is not significant should more specimens be tested. Among all specimens, F2L shows
highest after-loss expansion strain since it has a maximum strain at about 4400 microstrain level.
It indicated that the proposed CFRP reinforcement system offers better potential than the steel
reinforcement system in term of prestress loss.

Figure 3.10 shows the comparison of relative strain loss (percentage loss). Three different
reinforcement cases for FRP reinforcement were averaged. As shown, the prestress loss of limesystem SHCC is 17% for FRP system and 23% for steel system. They are about one third of the
losses from ettringite-system SHCC. It also demonstrates that the expansion strain losses from
FRP specimens are lower than those of steel specimens.

3.4.3 Cracking load and ultimate load
The tested results of cracking load, ultimate load as well as failure mode are summarized in
Table 3.6. Figure 3.11 and 3.12 show the comparison of the adjusted initial cracking loads and
ultimate loads for all tested fifteen beams. These two figures show similar results. For each
individual group of reinforcement scenario, lime-system SHCC shows the best cracking
resistance and ultimate load capacities. Generally, as reinforcement stiffness increases from left
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to right along the X-axis, the cracking resistance and ultimate load capacities increase. Among
all specimens, F3L performs highest cracking load of 40.5 kN (9.1 kip) and ultimate load of
223.3 kN (50.2 kip).

Table 3.7 shows the comparisons between test results and the predicted cracking loads. The
predicted results were calculated using transformed sections analysis. It considers P/A plus Pey/I
effects for steel reinforcement system and P/A effect for CFRP reinforcement system. The
prestress forces P used in the calculations were from the expansion strain after losses
respectively. Overall, the prediction with actual prestress loss generates consistent results for
CFRP system. On the other hand, steel reinforcement specimens exhibit smaller cracking loads
than expected.

3.4.4 Load-crack width relationship
During the tests, the cracks on both side of specimen were observed and crack widths were
measured. The largest crack width was measured for comparison at certain loads in the middle of
tests. The crack width development in the specimen is presented in Figure 3.13. The crack
widths increased with increased loads, as expected. It shows consistently that lime-system SHCC
developed smallest cracks at the same load level for all reinforcement cases. At 44.5 kN (10 kip)
load, the crack width for specimen SL, F1L, F2L and F3L were 0.50 mm (0.02 in.), 2.0 mm
(0.08 in.), 0.25 mm (0.01in.) and 0.10 mm (0.004 in.) respectively. Compared at 44.5 kN (10 kip)
load among the four reinforcement systems, the smallest crack width occurred in three layer
CFRP reinforcement system due to the highest reinforcement ratio. Figure 3.14 shows the effect
of axial reinforcement stiffness EA on crack width. As shown, as EA increases, the crack width
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decreases. The higher restrain effect from higher stiffness reinforcement helps control crack
development and decreases crack widths.

3.4.5 Load vs. deflection
Figures 3.15 to 3.18 show the load-deflection curves among four different reinforcement cases.
The beam theory (labeled “calculation”) was used to predict a load-deflection curve. The
calculation curve consists of three parts for steel reinforcement: before cracking, after cracking
until yielding of the steel, and the stage of plastic hinge development at midspan after yielding. It
consists of two parts for FRP reinforcement: before cracking, after cracking until brittle failure of
FRP. These four figures indicate that lime-system SHCC specimens are stiffer than ettringitesystem SHCC as well as PCC specimens for all the reinforcement scenarios. However, the
ultimate deflection of lime-system SHCC specimens was lower than ettringite-system SHCC and
PCC for 1-layer and 2-layer CFRP cases. It also shows that CFRP specimens show less ductile
behavior than steel reinforced specimens.

3.4.6 Load vs. strain
Figures 3.19 to 3.22 shows the load-microstrain curves representing the strain values in top gage
(compression) and bottom gage (tension) for each specimen. As can be seen from Figure 3.22
(b), specimen F3L shows a stiffer response than specimen F3E, which is stiffer than specimen
F3P. This is consistent with load-deflection results.

3.4.7 Failure of specimens
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As shown in Figure 3.23, other than CFRP rupture failure, three typical failure modes were
observed in the test.

Specimen F1P, F1E, F1L: flexural failure with one typical crack. The flexural crack close to the
middle of span appeared first. The length of the width of crack extended with increased load,
while the number of cracks did not increase obviously. No shear cracks were observed. The FRP
sheet at bottom layer ruptured at the final brittle failure. The top of the concrete core was crushed
at failure stage.

Specimen SP, SE, F3E, F2L and F3L: flexural and shear failure. The flexural crack close to the
middle of the span appeared first before the shear crack. The length and width of the crack
extended with increased load. Several flexural cracks were observed during the test. After that,
the shear crack started and propagated. The FRP sheet at bottom layer ruptured at the final
failure suddenly. The concrete core specimen failed along both the flexural and shear cracks.

Specimen F2P, F3P, F2E, SL: flexural failure with two typical cracks. The flexural crack close to
the middle of span appeared first. The length and width of the crack extended with the increased
load. Two major flexural cracks observed during the test. CFRP was finally ruptured at bottom
layer. The concrete core failed finally along flexural cracks.

3.5 Conclusions
Based on the expansion monitoring and static bending test program, the following conclusions
are made:
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(1) The proposed CFRP reinforced concrete system performs better than steel reinforced system
in term of cracking resistance, ultimate load capacity and crack width.
(2) Lime-system SHCC shows higher maximum expansion than ettringite-system SHCC as well
as lower prestress loss in the long term. The prestress loss of lime-system SHCC is 17% for FRP
system and 23% for steel system. They are about one third of the losses from ettringite-system
SHCC. The expansion strain losses from FRP specimens are lower than those of steel specimens.
(3) Cracking load and ultimate load results indicate that lime-system SHCC specimens perform
better than ettringite-system SHCC specimens. F3L produces highest cracking load and ultimate
load among all specimens. Tested cracking loads were well above predicted value for CFRP
system, while steel system specimens present unexpected results.
(4) The crack width increased with load, as expected. It shows that lime-system SHCC
specimens developed smallest cracks at the same load level for all reinforcement cases.
Compared at 44.5 kN (10 kip) load among the four reinforcement specimens, the smallest crack
width occurred in three-layer CFRP reinforcement specimen due to the highest reinforcement
stiffness.
(5) In general, load-deflection and load-strain results indicate that the proposed lime SHCC
specimens show a stiffer response than ettringite SHCC specimens, which is stiffer than PCC
specimens compared at the same type of reinforcement. The proposed FRP reinforced limesystem SHCC performs best.
(6) CFRP specimens show brittle failure behavior when compared with ductile failure behavior
of steel specimens.
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Appendix
Table 3.1 Matrix of Beam Specimens
Reinforcement
Ettringite-system
Reinforcement type
PCC
ratio
SHCC
No reinforcement (Control)
CP
CE
Steel (DWR)
1 #5 rebar
SP
SE
1-layer
F1P
F1E
Carbon FRP
2-layer
F2P
F2E
3-layer
F3P
F3E

Lime-system
SHCC
CL
SL
F1L
F2L
F3L

Note: P: PCC, E: Ettringtie-system SHCC, L: Lime-system SHCC, C: Control, S: Steel,
F1:1-layer CFRP, F2:2-layer CFRP, F3: 3-layer CFRP.

Table 3.2 Mix design for PCC
Mixture Proportions, kg/m3 (lb/yd3)
Portland Cement Type I/II

334(564)

Fine Aggregate

975(1645)

Coarse Aggregate, (#67)

1008(1700)

Water, L/m3 (gallon/ yd3)

163(33)

Water reducer, L/m3 (oz/yd3)

0.774(20)

Table 3.3 Mix design for ettringite-system SHCC
Mixture Proportions
Portland Cement Type I/II, kg/m3 (lb/yd3)

338(570)

Ettringite-system Cement, (19% of Type I cement), kg/m3
(lb/yd3)

65(110)

Fine Aggregate, (ASTM C-33 Sand), kg/m3 (lb/yd3)

569(960)

3

3

Coarse Aggregate, (ASTM C-33 #57 Stone), kg/m (lb/yd )

1067(1800)

3

213(43)

3

Water, L/m (gallon/yd )
3

3

Water Reducer, L/m (oz/yd )
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1.006(26)

Table 3.4 Mix design for lime-system SHCC
Mixture Proportions, kg/m3 (lb/yd3)
Portland Cement Type I/II

618(1043)

Lime-system cement, (15% replacement)

116(196)

Fine Aggregate, (ASTM C-33 Sand)

937(1580)

Coarse Aggregate, (1/4’’)

398(672)

Fly ash

155(261)

Water

222(375)

High range water reducer

8.7(14.7)

Table 3.5 Concrete compressive strength
7-Day Test MPa
28-Day Test MPa
(psi)
(psi)

Specimen

Day of Test MPa
(psi)

PCC

33.7(4886)

41.9(6075)

52.1(7560)

Ettringite-system SHCC

36.4(5282)

49.4(7161)

59.6(8640)

Lime-system SHCC

29.8(4322)

41.4(6006)

44.0(6384)

Specimen
CP
SP
F1P
F2P
F3P
CE
SE
F1E
F2E
F3E
CL
SL
F1L
F2L
F3L

Table 3.6 Summary of beam test results
Pcr,test(kN) Pult,test(kN)
Failure mode
16.5
Concrete rupture
15.1
59.2
Flexural, shear failure
19.6
97.4
Flexural failure, CFRP rupture
27.6
126.3
Flexural failure, CFRP rupture
22.2
193.0
Flexural failure, CFRP rupture
18.7
Concrete rupture
17.8
56.9
Flexural, shear failure
22.7
83.6
Flexural failure, CFRP rupture
21.8
156.6
Flexural failure, CFRP rupture
27.6
213.9
Flexural, shear failure, CFRP rupture
17.8
Concrete rupture
26.2
90.7
Flexural failure
19.1
77.8
Flexural failure, CFRP rupture
35.6
192.6
Flexural, shear failure, CFRP rupture
40.5
223.3
Flexural, shear failure, CFRP rupture

Note: 1kN=0.225kip.
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Table 3.7 Calculated versus tested cracking load
Specimen
CP
SP
F1P
F2P
F3P
CE
SE
F1E
F2E
F3E
CL
SL
F1L
F2L
F3L

Pcr,pred(kN)
17.4
18.5
18.5
19.7
20.9
18.6
19.5
19.6
19.5
18.6
16.0
43.8
15.9
51.8
35.3

Pcr,test(kN)
16.5
15.1
19.6
27.6
22.2
18.7
17.8
22.7
21.8
27.6
17.8
26.2
19.1
35.6
40.5

Note: 1kN=0.225kip.
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Pcr,test/Pcr,pred
0.95
0.82
1.06
1.40
1.06
1.01
0.91
1.16
1.12
1.48
1.11
0.60
1.20
0.69
1.15

16mm diameter
rebar (#5)

152mm

152mm

152mm

152mm

(a) Plain concrete

33mm

(b) DWR reinforced concrete

CFRP
reinforcement

152mm
152mm

(c) CFRP reinforced concrete
Figure 3.1 Cross sections of beam specimens

152mm

914mm
Plan View

Location of strain gage

152mm

914mm
Top View

Figure 3.2 Geometry and instrumentation of CFRP beam specimens
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Figure 3.3 Beam specimen

(a) CFRP

(b) Steel (DWR)
Figure 3.4 Strain gage on reinforcement
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Figure 3.5 Headed bar detail

Figure 3.6 Beam test setup
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(c) Lime-system SHCC for F2L and F3L
Figure 3.7 Expansion strain versus time curves for SHCC
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Figure 3.8 Effect of reinforcement stiffness on maximum expansion strain

64

300

Expansion strain loss
(Microstrain)

SE

250
200
F1E

F2E

150

F3E

100
50
0

Specimen Type

Expansion strain loss
(Microstrain)

(a) Ettringite-system SHCC

500
450
400
350
300
250
200
150
100
50
0

SL

F3L

F2L
F1L

Specimen Type
(b) Lime-system SHCC
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Figure 3.10 Comparison of relative strain loss
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Figure 3.11 Comparison of adjusted initial cracking loads
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Figure 3.12 Comparison of adjusted ultimate loads
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Figure 3.13 Load versus crack width curves
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Figure 3.15 Load versus deflection curves for steel reinforced specimens
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Figure 3.18 Load versus deflection curves for three-layer CFRP specimens
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Figure 3.19 Load versus strain curves for steel reinforced specimens
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Figure 3.20 Load versus strain curves for one-layer CFRP specimens
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Figure 3.21 Load versus strain curves for two-layer CFRP specimens
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Figure 3.22 Load versus strain curves for three-layer CFRP specimens
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Figure 3.23 Specimen failure modes: (a) F1P; (b) F2L; (c) F3P; (d) CFRP rupture
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Chapter 4: Conclusions and Future Work
This chapter summarizes the accomplishments of this study along with conclusions and
recommendations for future research.
4.1 Conclusions
The lime-system shrinkage-compensating concrete mixture was selected and optimized for
desired concrete strength and maximum expansion. The short term and long term expansion and
structural behavior were studied, and based on the material and structural experimental programs,
the following conclusions were made:
1. The proposed hybrid FRP reinforced SHCC concrete system shows good potential to eliminate
cracking and improve the ultimate capacity.
2. Lime-system SHCC mix shows a higher expansion than ettringite-system SHCC mix. The mix
using 15% lime-system cement replacement of Type I cement gives the desired strength and
expansion in balance.
3. The expansion-time curves from the beam test show similar trend as typical curves of SHCC
and PCC from ACI 223.
4. Based on short-term test results, cracking load results indicate that the prestressing effect (P/A)
for SHCC specimens increases as the axial stiffness of the FRP reinforcement increases.
5. Based on the ultimate load tests, at the same axial stiffness of FRP reinforcement, SHCC
specimens show a higher ultimate load capacity than that of HPC specimens although the former
has a much lower concrete strength.
6. CFRP specimens show less brittle failure behavior during the bending test when compared
with GFRP specimens. Two-layer CFRP/SHCC system shows the best load-strain performance.
7. Based on long-term test results, the proposed CFRP reinforced concrete system performs
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better than steel reinforced system in term of cracking resistance, ultimate load capacity and
crack width.
8. Lime-system SHCC shows higher maximum expansion than ettringite-system SHCC as well
as lower prestress loss in the long term. The prestress loss of lime-system SHCC is 17% for FRP
system and 23% for steel system. They are about one third of the losses from ettringite-system
SHCC. The expansion strain losses from FRP specimens are lower than those of steel specimens.
9. Cracking load and ultimate load results indicate that lime-system SHCC specimens perform
better than ettringite-system SHCC specimens. F3L generates highest cracking load and ultimate
load among all specimens. Tested cracking loads were well above predicted value for CFRP
system, while steel system specimens present unexpected results.
10. The crack widths increased with increased loads, as expected. It shows that lime-system
SHCC specimens developed smallest cracks at the same load level for all reinforcement cases.
Compared at 44.5 kN (10 kip) load among the four reinforcement specimens, the smallest crack
width occurred in three-layer CFRP reinforcement specimen due to the highest reinforcement
stiffness.
11. In general, load-deflection and load-strain results indicate that the proposed lime SHCC
specimens show a stiffer response than ettringite SHCC specimens, which is stiffer than PCC
specimens compared at the same type of reinforcement. The proposed FRP reinforced limesystem SHCC performs best.
12. CFRP specimens show brittle failure behavior when compared with ductile failure behavior
of steel specimens.

4.2 Future Work
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A model to predict and explain the higher ultimate capacity of SHCC/FRP system than that of
PCC/FRP system should be developed and studied. A detailed construction guideline should be
developed for engineers and contractors should engineering application for this system comes
mature.

78

References
ACI Committee 223, “Standard Practice for the Use of Shrinkage-Compensating Concrete (ACI
223-98),” American Concrete Institute, Farmington Hills, MI, 1998.

Al-Salloum, Y. A., “Influence of Edge Sharpness on the Strength of Square Concrete Columns
Confined with FRP Composite Laminates.” Composites Part B: Engineering, 38, 2007, pp.640650.

ASTM C 157/C157M, “Standard Test Method for Length Change of Hardened HydraulicCement Mortar and Concrete”, ASTM Annual Book of Standards, Volume 04.02, American
Society of Testing and Materials, West Conshohocken, PA, 2006.

ASTM C 192, “Standard Practice for Making and Curing Concrete Test Specimens in the
Laboratory”, ASTM Annual Book of Standards, Volume 04.02, American Society of Testing and
Materials, West Conshohocken, PA, 2007.

ASTM C 33, “Standard Specification for Concrete Aggregates”, ASTM Annual Book of
Standards, Volume 04.02, American Society of Testing and Materials, West Conshohocken, PA,
2007.

ASTM C 39/C39M, “Standard Test Method for Compressive Strength of Cylindrical Concrete
Specimens”, ASTM Annual Book of Standards, Volume 04.02, American Society of Testing and
Materials, West Conshohocken, PA, 2005.
79

ASTM C 78, “Standard Test Method for Flexural Strength of Concrete (Using Simple Beam
with Third-Point Loading”, ASTM Annual Book of Standards, Volume 04.02, American Society
of Testing and Materials, West Conshohocken, PA, 2008.

ASTM C 845, “Standard Specification for Hydraulic Expansive Cement,” ASTM Annual Book of
Standards, Volume 04.02, American Society of Testing and Materials, West Conshohocken, PA,
2004.

ASTM C 878/C 878M, “Standard Test Method for Restrained Expansion of ShrinkageCompensating Concrete”, ASTM Annual Book of Standards, Volume 04.03, American Society of
Testing and Materials, West Conshohocken, PA, 2003.

Cao, Q., Ma, Z. J., “Behavior of Externally Fiber-Reinforced Polymer Reinforced ShrinkageCompensating Concrete Beams,” ACI Structural Journal, V. 108, No. 5, 2011, SeptemberOctober.

Cusick, R.W., and Kesler, C. E., “Behavior of Shrinkage-Compensating Concretes Suitable for
Use in Bridge Decks.” T & AM Report No 372, Final Summary Report, University of Illinois,
1977, pp. 1-28.

80

Deskovic, N., Triantafillou, T. C., and Meier U., “Innovative Design of FRP Combined with
Concrete: Short-term Behavior.” Journal of Structural Engineering, ASCE, 121(7),1995,
pp.1069-1078.

Fam, A. Z., Rizkalla, S. H., “Flexural Behavior of Concrete-Filled Fiber-Reinforced Polymer
Circular Tubes.” Journal of Composites for Construction, ASCE, 6(2),2002, pp.123-132.

Fardis, M. N., Khalili, H., “Concrete Encased in Fiberglass-Reinforced Plastic,” ACI Journal
proceedings, 78(6),1981, pp. 440-446.

Hall, J. E., Mottram, J. T., “Combined FRP Reinforcement and Permanent Formwork for
Concrete Members.” Journal of Composites for Construction, ASCE, 2(2),1998, pp.78-86.

He, H., Dong, W., and Wu Z., “Study on long-term expansive deformation of self-stressing
concrete with combined restrictions of steel fibers and steel bar,” Key Engineering Materials, V.
452-453, 2011, pp. 533-536.

Kitane, Y., Aref, A. J., and Lee, G. C., “Static and Fatigue Testing of Hybrid Fiber-Reinforced
Polymer-Concrete Bridge Superstructure.” Journal of Composites for Construction, 8(2),2004,
pp.182-190.

Mirmiran, A., Shahawy, M., “A New Concrete-Filled Hollow FRP Composite Column.”
Composites Part B: Engineering, 27B(3-4), 1996, pp. 263-268.
81

Mirmiran, A., Shahawy, M., and Samaan, M., “Strength and Ductility of Hybrid FRP-Concrete
Beam-Columns.” Journal of Structural Engineering, ASCE, 125(10),1999, pp.1085-1093.

Moffat, B. S., “Shrinkage-Compensating Concrete: An investigative Study,” Metropolis &
beyond proceedings of the 2005 Structures Congress and the 2005 Forensic Engineering
Symposium, 2005, New York, NY, pp. 1033-1043.

Muller, M., Toussaint, E., Destrebecq, J. F., and Grediac, M., “Investigation into the Timedependent Behavior of Reinforced Concrete Specimens Strengthened with Externally Bonded
CFRP-plates.” Composites Part B: Engineering, 38,2007, pp. 417-428.

Orito, Y., Sato, T., Tanaka, N., and Watanabe, Y., “Study on the Unbonded Steel Tube
Structure.” Proc. Int’ L. Conf. on Composite Construction in Steel and Concrete, ASCE,1987,
pp.786-804.

Phillips, M. V., Ramey, G. E., Pittman, D. W., “Bridge Deck Construction Using Type K
Cement,” Journal of Bridge Engineering, V.2, No. 4, November 1997, pp. 176-182.

Rubin, E., “Crack-Free Bridge Decks.” Concrete Construction-World of Concrete, 51(1): 2006,
pp.91-91.

82

Russell, H. G., “Performance of Shrinkage-Compensating Concretes in Slabs,” Research and
Development Bulletin RD057.01D, Portland Cement Association, Skokie, IL, 1978, 12 pp.

Russell, H. G., Stadler, R. A., and Gelhardt, H. G., “Shrinkage-Compensating Concrete Made
with an Expansive Component,” Concrete International, V. 24, No. 8, August 2002, pp. 107-111.

SEQAD Consulting Engineers, FYFE, INC, “Axial Load Characteristics of Rectangular
Columns Wrapped with TYFO-S Jackets,” Report, 1996.

Wu, Z., Li, W., Sakuma, N., “Innovative Externally Bonded FRP/Concrete Hybrid Flexural
Members.” Composite Structures, 72, 2006,pp.289-300.

Xu, L., Huang, C., and Liu, Y., “Expansive Performance of Self-stressing and Self-compacting
Concrete Confined with Steel Tube,” Journal of Wuhan University of Technology, V. 22, No. 2,
June 2007, pp. 341-345.

83

Vita and List of Publications
Qi Cao was born in Xinxiang, Henan, China in May, 1980. He received a B.S. and M.S. in
Wood Science and Engineering from Beijing Forestry University, China in 2003 and 2005. He
received a M.S. in Civil Engineering from Washington State University, Pullman, WA in 2007.
Qi Cao is currently pursuing his doctorate in Civil Engineering at the University of
Tennessee, Knoxville.

Publications during Ph.D. program:
(1) Cao, Q., and Ma, Z. J., “Behavior of Externally Fiber-Reinforced Polymer Reinforced
Shrinkage-Compensating Concrete Beams,” ACI Structural Journal, V. 108, No. 5, 2011,
September-October.
(2) Cao, Q., and Ma, Z. J., “Long Term Evaluation of Externally FRP Reinforced ShrinkageCompensating Concrete Beams,” (In Review).
(3) Ma, Z. J., Cao, Q., Chapman, C. E., Burdette, E. G., and French C. E. W., “Longitudinal
Joint Details with Tight Bend Diameter U-Bars,” ACI Structural Journal (Accepted).
(4) Zhu, P., Ma, Z.J., Cao, Q., and French, C., “Fatigue Evaluation of Transverse U-Bar Joint
Details for Accelerated Bridge Construction,” ASCE Journal of Bridge Engineering (Accepted).
(5) Ma, Z.J., Lewis, S., Cao, Q., He, Z., Burdette, E. G., and French, C.E.W., “Transverse Joint
Details with Tight Bend Diameter U-Bars for Accelerated Bridge Construction,” ASCE Journal
of Structural Engineering (In Review).

84

