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EXECUTIVE SUMMARY

A slab concept was tested for the Modular Hybrid Pier (MHP) project consisting of lightweight
concrete with post-tensioning as main reinforcement and carbon fiber reinforced polymer (CFRP)
grid reinforcement with less than standard concrete cover for crack control.  The concept was tested
with two constructability tests and 11 structural tests.  The constructability tests investigated the
feasibility of a self-compacting lightweight concrete in combination with the composite grid
reinforcement.  The structural testing focused on the cracking behavior of the testing panels, while
varying composite mesh size, reinforcement ratio, prestress level, concrete cover, and on the effect of
grid splicing.  In addition, two alternative reinforcement concepts using steel wire mesh and CFRP
rods as crack control reinforcement were tested.

The test indicated that the panels can be satisfactorily manufactured, but that handling and layout
of composite grids required special attention to address the flexibility and low density of the material
and the workability and compaction of the self-compacting lightweight concrete mix is very sensitive
to changes of water and admixtures quantities.  It seems that a lightweight concrete that is less self-
compacting with the help of some vibration is likely a preferred constructability solution with the
tested minimum grid sizes.

The structural testing proved the design concept to be working in a manner as predicted with the
analysis.  A finer mesh in combination with a small concrete cover seems to be advantageous for the
cracking behavior, but the dominating factor of the structural behavior of the slabs is the prestress
level.  The composite mesh reinforcement can be replaced by a high-strength stainless or corrosion-
resistant steel mesh to achieve similar results.

In terms of constructability and cost efficiency, the use of stainless steel reinforcement is
advantageous over the composite reinforcement.  At this time, it is recommended to proceed with the
MHP with stainless steel or other corrosion-free steel reinforcement as a near future (five-year)
program.  The lightweight concrete should be made as three different mixes meeting the specific
requirements for (1) precast, (2) cast-in-place, and (3) pumpable concrete with maximum durability.
For the far future, it is recommended to further consider composite reinforcement as the costs of
these materials drop and their durability in concrete exposed to marine environment is more
explored.
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1. BACKGROUND

The Phase 1 effort described in NFESC Contract Report No. CROO-001-SHR, titled “Phase 1 –
Concept Development Modular Hybrid Pier,” February 2000, included work to determine how best to
take advantage of the properties of FRP composites in the primary structure of a floating Modular
Hybrid Pier (MHP).  It was concluded that the use of lightweight concrete, strengthened with high-
strength steel prestressing strand encapsulated in a dielectric medium to prevent the possibility of
corrosion, combined with CFRP grid reinforcement, held considerable promise for both the desired
long “zero maintenance” life and acceptable first-cost economics.

The challenge addressed in this test program is to use the CFRP materials in ways that can take
advantage of the materials high-ultimate strength, while accommodating the strain effects of the
material’s lower modulus of elasticity.

In this structural concept, further described in the Phase 1 report, the prestressing is used to provide
the overall global and ultimate strength of the floating Modular Hybrid Pier and the CFRP grid
material is used to reinforce the sections for local loads and to provide serviceability.  For a
watertight floating concrete structure, the CFRP grid is thus used to limit crack widths to acceptable
levels and to provide the strength to resist local loading.  The primary local loading of concern is
hydrostatic pressure on the hull and the combinations of hydrostatic pressure that result from the
requirements of damaged stability considerations.

Crack widths in loaded concrete sections depend on the amount and distribution (spacing) of
reinforcement and on the depth of cover.  CFRP grids offer the potential of both close spacing of
reinforcement and minimal depth of cover.  The close spacing of the reinforcement results from the
small diameter of the grid elements needed to provide the necessary tension capacity.  The minimal
cover is possible because the CFRP is noncorrosive and does not require the 1.5- to 2.0-inch (38- to
50-mm) cover typical for marine structures.  The expected result of using materials in the proposed
configuration is the control of concrete cracks under service loads to very fine crack widths that will
lead to enhanced overall durability of the concrete elements.  Importantly, use of the materials in the
proposed way allows the plate thickness to reduce from the practical minimum of 10.5 inches
(270 mm), to accommodate two layers of reinforcement and two directions of prestressing steel, to a
thickness of 8 inches (200 mm) or less.  This 25 percent reduction in concrete section has the
prospect of important dividends in concrete material quantity savings, savings in quantities of
prestress materials required, and reduction in the light-ship draft of a floating Modular Hybrid Pier
facility.

2. TEST OBJECTIVES

The testing had two classes of objectives.  The first class was to confirm the expected structural
performance of the structural configurations proposed in Phase 1 and to detect other potential
difficulties caused by the unique design concepts and material choices.  The structural testing of the
11 slab specimens therefore considered varying levels of reinforcement grade or mesh size, prestress
level, and concrete cover, as well as the effect of spliced grids and alternative reinforcement concepts
(see Figure 1).

2.1 Structural Objectives

The structural performance objectives that were evaluated were:

a. Panel capacity in bending
b. Distribution of flexural capacity to control crack width
c. Performance of CFRP grid lap splices
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TEST SPECIMEN

Alternative Reinforcement #4 - Wire Mesh #5 - Reichold
(ρ = 0.37%) CFRP-Rods

Comparison to Unreinforced #1
Specimen Control Specimen

Mesh Size Sensitivity #3 - Coarse Grid #2 - Fine Grid
and Reinforcement Grade (ρ = 0.40%) (ρ = 0.32%)

Prestress Level Sensitivity #6 - Coarse Grid #9 - Fine Grid
Less Prestress Less Prestress

Splice Effect #10 - Coarse Grid #7 - Fine Grid
Splice Splice

Concrete Cover Sensitivity #11 - Coarse Grid #8 - fine Grid
More Cover More Cover

Figure 1 — Test Focus of the 11 Structural Testing Specimens
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d. Performance of CFRP vs. conventional steel WWF
e. Structural effects of reduced cover
f. Structural effects of reduced prestress level

2.2 Constructability Objectives

The second class of objectives was to evaluate basic constructability issues related to the use of the
CFRP grid material and the self-compacting lightweight concrete mix.  Preceding the fabrication of
the 11 structural testing specimens, two constructability specimens were built, which included full-
size post-tensioning ducts and spliced top and bottom grid reinforcement layers.  The two specimens
differed only by CFRP bar and grid size.  The following constructability issues were under
consideration.

a. Determine minimum grid spacing to allow complete and unrestricted flow of concrete to
completely embed the grid material without voids or concrete segregation.

b. Identify consequences of grid splice area configurations on concrete flow.

c. Define methods of handling, placing, and securing the CFRP grid material to reliably achieve the
minimal 1/2-inch cover dimensions proposed.

d. Investigate the feasibility and workability of a self-compacting lightweight concrete.

e. Develop the proper mixing and curing procedures for the concrete mix.

3. CHARACTERISTIC OF NEFMAC GRID REINFORCEMENT

The grid material selected for use in the test specimens was NEFMAC.  NEFMAC is a continuous
fiber reinforcing material consisting of high-performance continuous fibers such as glass, carbon, and
aramid embedded in resin.  This program used grids made of carbon fibers.  It is made in various
grid and bar sizes and is typically delivered in flat sheets, but can also be fabricated in custom
shapes.  The bond between reinforcement grid and concrete is achieved by interlock of the concrete
within the grid.

The NEFMAC grids used for these tests were manufactured at AUTOCON Composites, Inc., in
Toronto, using a composite weaving machine.  Tows of 12,000 or 24,000 carbon filaments were
impregnated in vinyl ester and woven by a machine on a template mounted on a rotating table
(Figure 2).  The grid was then pressed to a uniform thickness, cured, and cut to the desired sizes.
The mechanical properties of the fiber and grid material can be found in Table 1 and Table 2,
respectively.  The two grid sizes considered in the testing program were C6-50/50 and C13-100/100.
The denotation is a symbol for bar size and grid spacing in millimeters.

4. LITERATURE AND EXPERT OPINIONS ON NEFMAC

At the start of Phase 1A, the decision to use the NEFMAC grids to provide the CFRP reinforcement
was validated by a review of available literature and through conversations with selected
researchers who had experience with the product.

NEFMAC was developed by Shimizu Corporation, Japan, in their own research facilities.  The
Shimizu Corporation is a major participant in the ACC Club and CFRRA, which are Japanese
organizations for the promotion of FRP materials in the construction industry.  The company is
actively involved in research and applications of FRP in construction.  NEFMAC was used with
shotcrete, starting in the mid-80s in Japan, particularly for tunneling.  Applications today include a
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Figure 2 — Filament Weaving Machine for NEFMAC Grids

Table 1 — Properties of Carbon Fiber

Fiber Type: Toray T700S

Number of Filaments: 12,000 or 24,000

Tensile Strength: 711 ksi (4,900 MPa)

Tensile Modulus: 33,400 ksi (230 GPa)

Failure Elongation: 2.1%

Density: 1.04 oz/in³ (1.80
g/cm³)

Table 2 — Properties of C6-50/50 and C13-100/100 NEFMAC Grids

C6-50/50 C13-100/100

Bar Spacing 1.97 in (50 mm) 3.94 in (100 mm)

Grid/Bar Thickness 0.16 in (4.0 mm) 0.44 in (11 mm)

Bar Area 0.027 in² (17.4 mm²) 0.10 in² (64.5 mm²)

Fiber Content 42% (± 1%) 42% (± 1%)

Tensile Strength*) 173 ksi  (1190 MPa) 173 ksi (1,190 MPa)

Tensile Modulus 14,500 ksi (100 GPa) 14,500 ksi (100 GPa)

Failure Elongation 1.2% 1.2%

*) Average strength minus three times standard deviation
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variety of structures, such as foundations, floors, slabs, columns, retaining walls, silos, tunnel
linings, tanks, floating piers and berths, and nonmagnetic structures.  By the year 1998, there were
more than 60 NEFMAC applications in Japan [1].  Most of these applications were of glass-fiber type
NEFMAC and only a few most recent ones used carbon-fiber type NEFMAC.  Researchers in North
America had not evaluated NEFMAC as concrete reinforced until 1993.  Since 1993, research on
NEFMAC in North America has been undertaken by the Institute for Research in Construction in
Canada (IRC), the University of New Hampshire (UNH), the University of Sherbrooke, the Lawrence
Technological University (LTU), and the University of California, San Diego.  The first application of
NEFMAC in North America was for the construction of the Joffre Bridge in Sherbrooke, Canada, in
1998, where part of the deck-steel reinforcement was replaced by NEFMAC grids [2].  Additionally,
the University of Manitoba has conducted research on bridge decks reinforced with composite rods
rather than composite grids.  Some of their findings are directly applicable to NEFMAC grid
reinforcement.  The important research on composites in construction in Canada is administered by
the Canadian Network of Centres of Excellence on Intelligent Sensing for Innovative Structures
(ISIS Canada). Their research is executed at diverse universities in Canada, including the
University of Manitoba and Sherbrooke.

In the following paragraphs, the work and experience with NEFMAC of the above-mentioned
institutes is briefly discussed.  Their research was screened by a literature review and by interviews
with leading researchers prior to finalizing the decision to use NEFMAC as the composite
reinforcement in the Phase 1A test specimens.  Due to time constraint, this study may be incomplete;
however, it represents the major developments of NEFMAC applications in North America.

4.1 Institute for Research in Construction (IRC), National Research Council Canada

In 1994, the IRC performed extensive testing of the material properties of NEFMAC [3].  Since then,
the institute has expanded its research on component tests such as concrete slabs reinforced with
NEFMAC [4].  In recent years, the research has been focused on the long-term behavior of NEFMAC,
such as durability [5] and fatigue [6].  The leading researcher for NEFMAC at the institute is Dr.
Habib Rahman.  He has published several papers on NEFMAC and was interviewed by
BERGER/ABAM regarding the Hybrid Pier program.  The institute’s experience with NEFMAC is
summarized in the following text.  The interview can be found in Appendix I [Interview 1].

The institute’s experience with NEFMAC was quite positive concerning the short-term behavior of
the material [4, Interview 1].  Though the anchorage tests during the characterization tests showed
low capacity of each bar intersection [3], the slab tests revealed that not more than three crossings
were needed to develop the entire rod force of the NEFMAC C10 grid [4].  The low-shear capacity of
the crossbars during the characterization test might have been originated from the hard embedment
of the crossbars during the pull-out test.

It was stated [Interview 1] that the long-term behavior of NEFMAC needs more research and, at this
time, it is not proven that composites, in general, are sufficiently durable to assure a 75-year life.
Laboratory tests indicated matrix cracking of CFRP fabricated with vinyl ester submerged in saline
and alkaline solution [5].  Part of the observed degradation may have been due to the testing
conditions.  However, it is possible that FRP bars made with vinyl ester embedded in concrete may
deteriorate with time.  Composites do not experience corrosion as observed in metals, but they do
exhibit other degradation mechanisms, such as creep rupture, UV-degradation, and matrix cracking
under fatigue and alkali exposure.  Also, the effect of the different thermal expansion coefficient of
concrete and composite can deteriorate the bond between concrete and composite [Interview 1].
Internal stresses may degrade bond properties and induce delamination of the concrete cover,
including the composite grid.  Testing specimens or trial applications exposed to the environment
should be considered in future testing programs since they could give valuable information about the
actual long-term behavior of NEFMAC [Interview 1].
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The use of NEFMAC for crack control can only be effective, if its low stiffness and low-bond
characteristic is considered in design.  Deformed bars could improve the bond characteristic.  A
NEFMAC grid would need at least the same equivalent stiffness as a corresponding steel mesh to
achieve equal crack behavior [Interview 1].  Hence, a 0.2 percent minimum steel reinforcement for
shrinkage crack control would probably be equally efficient as a 0.5 percent NEFMAC grid
reinforcement. Furthermore, it is recommended to utilize only 60 percent of the ultimate strength of
CFRP reinforcement in the design [Interview 1].

4.2 University of New Hampshire (UNH)

The University of New Hampshire has conducted research on concrete slabs and beams reinforced
with NEFMAC grids under Charles H. Goodspreed and Edwin R. Schmeckpeper since 1992 [7,8].
Recently, Robert Steffen was investigating slabs with spliced-grid reinforcement and investigating
the pullout behavior of NEFMAC grids [Interview 2].  This research has yet to be published.  The
University of New Hampshire is currently developing design recommendations for Shimizu
Corporation for the use of NEFMAC grids in slabs.  The interview was conducted with Robert Steffen
and can be found in Appendix I [Interview 2].

Schmeckpeper and Goodspeed [9] concluded from their research that the low bond of FRP to
concrete, in general, and the force transfer at discrete locations of the FRP grid reinforcement leads
to larger crack widths and deflections in comparison to a system with multiple deformed steel bars.
This observation was made in spite of using a FRP-grid reinforcement that had an equivalent
stiffness to the conventional steel reinforced reference test.  Typically, cracks developed at every
crossbar of the FRP reinforcement grid.  Failure occurred at about 50 percent of the FRP bar
capacity due to either splice, anchorage, or shear failure.  It was also mentioned that the question of
durability of FRP reinforcement still remains to be addressed.

Steffen observed during his slab testing of spliced grids that splice failure typically occurred by
shearing the concrete between the two grid planes [Interview 2].  He did not experience any rod
failure due to anchorage.  He recommended splicing two grids with means of a third grid,
overlapping three cells on each grid.  The main grids are placed end to end and the splicing grid,
with seven cells total length, is placed on top.  In his tests, the main reinforcement grid was of type
C19-100/100 mm (4 inches/4 inches); whereas, the splicing grid was of smaller size C13-100/100 mm
(4 inches/ 4 inches).

4.3 University of Sherbrooke, Canada

The University of Sherbrooke in Quebec, Canada, has been researching composites as internal and
external reinforcement for concrete structures for the past eight years.  Brahim Benmokrane is a
leading researcher at the university and has been investigating the long- and short-term
characteristics of FRP, as well as the behavior of structures reinforced with composites [2,10,11].  He
is a project leader for the Joffre Bridge, which has a section of its deck reinforced with NEFMAC
grids [2,11].  On tests in association with the bridge project, slabs reinforced with two different
NEFMAC grid sizes were tested in the laboratories of the university.  The tests included cyclic
loading around service load and loading to failure of three different slabs reinforced with either
C16-100/200 mm (4-inch/8-inch) or C19-100/200 mm (4-inch/8-inch) reinforcement grids and one
reference slab with conventional steel reinforcement.  The tests showed that NEFMAC-reinforced
specimens with equivalent reinforcement stiffness as the reference steel reinforced specimen
achieved similar cracking behavior.  In result, a C19-100/200 mm (4-inch/8-inch) NEFMAC grid
reinforcement was chosen for the deck segment of the Joffre Bridge [2].  This reinforcement
corresponds to a stiffness of a conventional steel reinforcement of 0.3 percent.
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4.4 Lawrence Technological University

The Lawrence Technological University is currently conducting an investigation under the direction
of Nabil F. Grace on a continuous girder bridge system using only composite post-tensioning and
composite reinforcement.  The bridge system consists of precast, double-T girders and a cast-in-place
continuous concrete deck.  The girders are prestressed with draped and straight CFRP strands and
reinforced with two- and three-dimensional CFRP grids.  Each girder includes a section of the
crossbeams.  Once assembled, the crossbeams are continuous between the stems and are post-
tensioned with CFRP tendons across the entire bridge width.  The double-T girders are externally
post-tensioned with CFRP-tendons deviated at the crossbeams.  The cast-in-place deck is reinforced
with NEFMAC grids [12].  NEFMAC sizes of C9-50/50 mm (2 inches/2 inches) and 100/100 mm
(4 inches/4 inches) with a concrete cover of 1 inch (25 mm) were used.  The test started in 1998 with
manufacturing of the precast girders and the monitoring of the tendon and concrete strain.
Currently, the bridge has been loaded in fatigue to more than 14 million cycles and was planned to
be tested to failure in November/December 1999.  The bridge system is designed not to crack during
service load, and no flexural cracks have been observed throughout the fatigue testing.  The principal
investigator, Nabil Grace, has been interviewed regarding the application of NEFMAC as
reinforcement grid [Interview 3, Appendix I].  He recommended not allowing any concrete cracking
of NEFMAC reinforced concrete slabs at service load levels.  Besides the low-bond properties of
composite, he mentioned the vulnerability to strain rupture of composite rods at the cracks.  Such
rupture was observed on tests with CFRP prestressing.  At first cracking, the dynamic change of the
load distribution can induce rod rupture.

4.5 University of California, San Diego

The University of California, San Diego is testing a variety of hybrid structures using concrete in
combination with fiber reinforced plastics.  Their expertise ranges from characterization and
manufacturing of composites to testing large-scale composite structures for the aerospace and
infrastructure industry.  Their research is also addressing durability of composites exposed to
different environments including concrete.  Vistasp M. Karbhari was an expert for a study on the use
of composite materials in civil infrastructure in Japan [1,13].  The study “Use of Composite Materials
in Civil Infrastructure in Japan” [1] included a description of the material properties and
manufacturing process and a broad collection of existing applications of NEFMAC.  It emphasizes
the very good interlock of the grid in concrete and its high resistance to corrosion and excellent
resistance to alkalis, acids, and chemicals so it would not require substantial cover.  Karbhari was
asked to give a statement on the use of NEFMAC, in particular, for crack control [Interview 4,
Appendix I].  He stated that NEFMAC is applicable for crack control; however, only a fraction of its
strength can be utilized to contribute to the strength of the structure.  He expressed the concern that
the weak crossbar links could prevent proper anchorage of the grid.  The fiber volume fraction of
NEFMAC is very low.  He was concerned that the vinyl ester used in NEFMAC is inferior to other
resins and will soften with time as water and other molecules invade.

4.6 University of Manitoba

The University of Manitoba was not directly involved in research on composite grid reinforcement;
however, it is a leading institute in the research of composite rods for bridge deck reinforcement.
Under the guidance of Sami H. Rizkalla, the University conducted experimental and numerical
research of a girder-slab bridge system [14,15,16].  Tested were one-way concrete slabs [14] and one
span of a four-girder bridge [16].  The slabs had a reinforcement ratio that was equivalent in
stiffness to a steel reinforcement ratio of only 0.1 to 0.2 percent.  Due to the low stiffness of the
composite and due to possible bond degradation between cracks, large crack widths and large crack
spacing were observed during the slab testing.  Crack widths of the composite slabs were at least six
times and crack spacing two times larger than the ones of the reference steel reinforcement slab [14].
The bridge test had a slab reinforced with longitudinal and transverse straight CFRP rods [15].  The
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reinforcement ratio in main direction had an equivalent stiffness to a 0.4 percent steel reinforcement
ratio.  The test revealed a distributed crack pattern with low strains at service level [16].

4.7 Institute of Technology, Shimizu Corporation

The Institute of Technology of Shimizu Corporation is the company’s most active research division in
composites for civil infrastructure and includes an educational doctoral level component.  The
institute has over 370 researchers and has constant contact with the company’s marketing,
technology, and design division.  The institute has extensive state-of-the-art facilities in 16
laboratories [1].

The most recent publication of the Institute of Technology was presented by Kenzo Sekijima et al. at
the ACI Convention in Baltimore, 1999 [17].  Sekijima addressed the ongoing research on
prestressed glass-fiber type NEFMAC grid and the durability of NEFMAC embedded in concrete.
Prestressed glass-fiber grid reinforced concrete blocks were stored outdoors for as long as eight
years.  The specimens were then tested in tension and the composites were investigated under a
scanning electron microscope.  The findings were that the residual strength decreased only slightly
and the tensile stiffness did not change during the eight years.  Under the microscope, only little
degradation of the vinyl ester could be observed [17].

5. ALTERNATIVES TO NEFMAC REINFORCEMENT GRIDS

The following section discusses alternatives to NEFMAC reinforcement grids considered for the
Modular Hybrid Pier program.  Alternatives were reviewed in order to validate the decision to use
NEFMAC.  An alternative to NEFMAC is either reinforcement made of straight FRP rods tied to
form a grid or stainless steel wire mesh reinforcement.  The straight FRP rods do not have a discrete
force introduction at the crossbars as NEFMAC does, but require a deformed bar surface for the
continuous bond between concrete and bar.  The following alternative reinforcement grids yield a
similar stiffness to a C13-100/100 NEFMAC grid.

5.1 Tokyo Rope Strand

Tokyo Rope Strand is composed of fine seven-wire CFRP strands which can be formed in any possible
shape before it is cured.  The strands have a modulus of elasticity of 20 Msi (137 GPa) and a
diameter of 0.3 inch (7.5 mm) would be sufficient with a grid spacing of 2.5/2.5 inches (65/65 mm).
The costs of Tokyo rope is estimated to $0.18 kip/foot ($0.13 kN/meter), which results in an
equivalent grid cost of $21.20 per square foot ($228 per square meter).

5.2 Leadline Rod

Leadline is composed of pultruded CFRP-rods which can be tied into meshes.  The rods have a high-
fiber ratio resulting in a relative high modulus of elasticity of 21 Msi (147 GPa).  Similar stiffness is
achieved with either a 0.2-inch (5 mm) rod with a 2/2-inch (50/50 mm) grid size or a 0.3-inch (8 mm)
rod with a 4/4-inch (100/100 mm) grid.  The cost of a rod is about $4.40/foot ($14.40/meter), resulting
in a grid cost of about $26.40 per square foot ($284 per square meter).

5.3 Glassforms CFRP-Rod

Glassforms pultrudes CFRP rods with 65 percent fiber volume in an epoxy matrix.  The rods have a
coarse woven 0/90 fabric on their surface for better bond behavior.  The product is available with two
different fiber qualities.  The high-strength rod reaches a strength of 370 ksi (2,550 MPa); whereas,
the standard strength rod reaches 200 to 220 ksi (1,380 to 1,517 MPa).  Both types have a stiffness of
21 to 22 Msi (144 to 151 GPa).  For the Hybrid Pier application, a rod of diameter 0.3 inch (8 mm)
would be appropriate, which is estimated to cost $2.15 per foot ($7.05 per meter) if more than 25,000
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feet (7,600 meters) are ordered.  The equivalent grid costs would be $11.90 per square foot ($128 per
square meter).

5.4 Carbon C-Bar, Reichold

Carbon C-bar is a pultruded CFRP rod with ceramic reinforced deformations as ribs.  The supplier,
Reichold, provided No. 3 Carbon C-bars, which were used as alternative reinforcement in this testing
program.  The No. 3 rod has a nominal diameter of 3/8 inches (9.5 mm), a strength of 275 ksi (1,900
MPa) and a modulus of elasticity of 17 Msi (119 GPa).  A grid reinforcement with a 6- inch (150 mm)
bar spacing provides a strength of 62 kip/foot (903 kN/meter) and a stiffness of 3,880 kip/foot
(56.5 MN/meter) which corresponds to 87 percent of the stiffness of NEFMAC C13-100/100.  The
preliminary cost for the C-Bar was $12 per square foot ($129 per square meter).

5.5 Stainless Steel Reinforcement

Stainless steel reinforcement has high-corrosion resistance with mechanical properties equal and
exceeding the properties of black steel reinforcement.  Stainless steel reinforcement is traded at
about $1.60/lb ($3.50/kg).  The material costs for a W4 grid of 0.225-inch (5.7 mm) bars with 4/4-inch
(100/100 mm) spacing would be $1.30 per square foot ($14 per square meter).

Another possibility would be to use high-strength cold-drawn nitronic stainless steel wire as
reinforcement.  This is the same material that is used in stainless steel strand for Navy deperming
piers.  For use as reinforcement, the material would not have to be stranded.  For 0.225-inch (5.7-
mm) diameter wires on 4-inch (100-mm) spacing each way, the weight would be the same as for the
lower strength welded steel grids.  With a yield strength of 220 ksi (1,517 MPa), the strength would
be three times that of the welded steel grids.  Bond characteristics of the smooth wire would have to
be investigated.  Cost is estimated to be about $3 per pound ($6 per Kg).  This is equivalent to $2.50
per square foot ($26.50 per square meter).

See Appendix VII for information on nitronic steel and MMFX corrosion resistant reinforcing steel.
Additionally, work on development and testing of corrosion reinforcement sponsored by the Federal
Highway Administration and other highway agencies worldwide should be reviewed for applicability
to the MHP project.  Selected references (references 23 to 37) are given in Section 13, References.

5.6 Comparison

The material costs of the alternatives are summarized in Table 3.  The comparison is based on
similar stiffness, which is more significant for crack-width control than strength of the
reinforcement.  A comparison based on strength would make the higher-quality, carbon-based
composites more competitive.  The costs for tying the reinforcement grids are not yet included, which
would make the NEFMAC grid the most economic solution among the studied composite
alternatives.  It is also expected that NEFMAC will present the best-crack distribution among the
composite reinforcement alternatives, since cracks form typically at every cross bar.  The stainless
steel alternative is the most economical one.

In addition to the cost advantage of using stainless steel for the reinforcement near the surface,
another advantage of stainless steel is that it can be bent.  CFRP elements can only be bent during
fabrication of the CFRP elements, requiring custom fabrication of all bent elements.  The ability of
stainless steel reinforcement to be bent into many different shapes will be an important advantage
in the detailing of joints.  For these reasons, it was decided to consider stainless steel in the testing
plan.  Since stainless steel grid reinforcement was not available in small quantities at this time,
ordinary black steel reinforcement grids were used for the structural testing instead.
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Table 3 — Alternate Reinforcement Grids with Similar Stiffness

Size Stiffness per
Grid Width

Strength per
Grid Width

Grid Cost

Stainless
Steel
(316L/N)

W4 – 4/4 in

(Ø5.7 – 50/50 mm)

3,480 kip/ft

(50.7 MN/m)

9 kip/ft

(131 kN/m)

$1.30/sft

($14/m²)

Glassforms Ø0.3 – 4.3/4.3 in

(Ø8 – 110/110 mm)

4,540 kip/ft

(66.2 MN/m)

43 kip/ft

(630 kN/m)

$11.90/sft

($128/m²)

NEFMAC

C13

C13 – 4/4 in

(C13 – 100/100 mm)

4,460 kip/ft

(65.0 MN/m)

54 kip/ft

(780 kN/m)

$11.20/sft

($121/m²)

NEFMAC

C6

C6 – 2/2 in

(C6 – 50/50 mm)

2,390 kip/ft

(34.8 MN/m)

29 kip/ft

(424 kN/m)

$6.80/sft

($73/m²)

Tokyo Rope Ø0.3 – 2.6/2.6 in

(Ø7.5 – 65/65 mm)

4,400 kip/ft

(64.1 MN/m)

60 kip/ft

(877 kN/m)

$21.20/sft

($228/m²)

Leadline Ø0.3 – 4.3/4.3 in

(Ø8 – 110/110 mm)

4,610 kip/ft

(67.2 MN/m)

69 kip/ft

(1,009 kN/m)

$26.40/sft

($284/m²)

C-Rod
Reichold

#3 – 6/6 in

(Ø9.5 – 150/150 mm)

3,880 kip/ft

(56.5 MN/m)

62 kip/ft

(903kN/m)

$12.00/sft

($129/m²)

Nitronic
Stainless
Steel Rod

Ø0.225  – 4/4 in

(Ø5.7 – 100/100 mm)

3,480 kip/ft

(50.7 MN/m)

26 kip/ft

(380 kN/M)

$2.50/sft

($26.50/m²)

6. LIGHTWEIGHT CONCRETE TECHNOLOGY FOR THE MODULAR HYBRID PIER

The state of the art of lightweight concrete technology was extensively outlined in Phase 1 of the
program. Phase 1 suggested a lightweight mix that has been extensively tested in a Joint Industry
Study to use as the base-case concrete mix for further trial batch testing.  This lightweight mix was
featured for the following properties.

■  Lightweight

■  High workability, slump of 4 inches (100 mm)

■  High resistance to segregation

■  Reliable water retention during mixing and pumping, consistent water cement ratio

■  Low permeability

■  Uniform strength of concrete from different batches of 9,900 psi (68 MPa)

■  Air entrainment of 4 percent
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■  Zero maintenance 75-year service life in marine environment

6.1 Development of Self-Compacting Lightweight Concrete

In Phase 1, it was concluded that the workability of this concrete mix is probably not good enough for
proper consolidation of the concrete around the grid reinforcement with the anticipated small mesh
size and bar diameter.  Further trial batching was proposed to develop a flowable self-compacting
lightweight concrete mix for which internal compaction with vibration is not required.  As the test
program developed, larger-diameter, wider-spaced CFRP grids appeared more viable and available.
The initial thinking regarding use of small-diameter CFRP grids with 20-mm x 20-mm (0.79-inch x
0.79-inch) grid spacing evolved as available grid materials suited for this application were evaluated.
As larger NEFMAC grids (50-mm and 100-mm spacing) were selected, the importance of concrete
flowability without internal vibration diminished somewhat.  Future efforts should investigate the
feasibility of combining a somewhat less flowable concrete mix with some amount of vibration to
consolidate the concrete.  The change in thinking regarding the use of lightweight concrete for the
MHP is further discussed in Section 12.3.

Ben C. Gerwick, Inc. was contracted to develop the self-compacting lightweight concrete mix.  In
addition to the above-mentioned concrete properties, the trial batching aimed for the following
features of the concrete mix.

■  Lightweight — the concrete shall be lighter than 130 pounds per cubic foot (2,083 kg/m³).

■  Self-compacting — the concrete shall flow around the grid and post-tensioning reinforcement
without vibrating, leaving no voids, cold joints nor rock pockets.  The concrete surface shall level
off by gravitational forces so that only limited finishing work is needed.

■  The concrete mix shall be cohesive enough so that no segregation, such as aggregate flotation or
bleeding, occurs.

■  The concrete mix shall maintain acceptable workability within the first 30 minutes after mixing.

■  The initial set time shall be between 4 and 10 hours.

■  Average compressive strength at 56 days shall be greater than 7,500 psi (50 MPa).

■  Creep and shrinkage shall be within acceptable limits.

■  Fly ash shall be used to the optimum and practical extent.

Ben C. Gerwick, Inc. performed laboratory testing on the workability of several mix candidates and
proposed one mix design for the fabrication of the testing specimens.  Ben C. Gerwick’s final report
can be found in Appendix II.  Due to the difference of concrete production in a laboratory (masonry
mixer) compared to the precast plant (production turbo mixer), the admixtures were adjusted several
times during specimen production.  The original and last concrete mix is summarized in Table 4.
The changes in admixtures can be found in Appendix IV, Summary of Concrete Batches and
Properties.

7. PANEL FABRICATION

The panel fabrication consisted of two phases:  a constructability trial and the fabrication of the
structural specimens.  The specimens were concreted in eight small concrete batches, which were
continuously adjusted to optimize the workability of the mix.  First the constructability specimens
were manufactured and evaluated before the production of the structural testing specimens was
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Table 4 — Concrete Mix Design for Specimen Fabrication – Initially Proposed and Last
Poured

Material Initially Proposed
(Batch 1)

Quantities per yd³
(m³)

Last Pour (Batch
8) Quantities per

yd³ (m³)

Portland cement type II 658 lb (298 kg) 658 lb (298 kg)

Fly ash Class F 250 lb (113 kg) 250 lb (113 kg)

Silica fume 84 lb (38 kg) 84 lb (38 kg)

Coarse aggregates (3/8” maximum Realite,
SSD)

965 lb (438 kg) 965 lb (438 kg)

Fine aggregates (Radum Top Sand, SSD) 1,159 lb (526 kg) 1,181 lb (536 kg)

ViscoCrete 290 oz (8.58 λ) 290 oz (8.58 λ)

Sikament 86 147 oz (4.36 λ) 58 oz (1.72 λ)

Sikament 100SC 59 oz (1.74 λ) 25 oz (0.74 λ)

Water 268 lb (122 kg) 268 lb (122 kg)

Note:  The product sheets for the admixtures used are included in Appendix II.

resumed.  The testing panels were fabricated at the precast plant site of Pomeroy Corporation in
Petaluma, California.

7.1 Constructability Specimen Fabrication

The constructability test consisted of the fabrication of two test panels of size 10 feet by 3 feet
4 inches (3 meters by 1 meter).  For the first specimen, a fine NEFMAC grid of C6-50/50 (2 inches by
2 inches) was used; whereas, the second specimen was cast with a coarser C13-100/100 (4-inch by 4-
inch) grid.  Each panel was furnished with two layers of NEFMAC grids near the panel top and
bottom surfaces and post-tensioning ducts in between.  All reinforcement layers were spliced to
cause maximum possible reinforcement congestion within the panel.  The concrete cover was a
minimum of 1/2 inch (13 mm).  The drawings of the constructability specimens can be found in
Appendix IX.

The constructability panels were prepared on a prestress table in the construction yard, though they
were not prestressed.  The post-tensioning ducts were fixed to the form and supported the grid
material, which was tied to the ducts over spacers at every duct intersection with steel wire ties.
The spacers were made of plastic and concrete.  The grid splices were tied together with plastic wire
ties.  Lifting loops made of steel strands were inserted before the specimens were concreted to
facilitate later moving of the specimens.  Once the grids were in position, it was very difficult to
make any changes, since the small-bar spacing did not allow adjustment access within the form
(Figure 3).

The concrete was deposited at one end of the form and flowed slowly across the form.  During
placement, no segregation was observed.  If the placement was stopped, some water accumulated at
the flow tip (Figure 4).  Otherwise, no bleeding of the concrete was observed.  As the form filled up
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Figure 3 — Reinforcement Cage of Constructability Specimen 1 with Fine NEFMAC Grid

Figure 4 — Concrete Flow of Constructability Specimen 2 (coarse NEFMAC grid):  Flow
Front with Some Accumulated Water
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with concrete, it pushed the top layer of the NEFMAC grid up (Figure 5) because the CFRP grid
material is less dense than the fresh concrete.  The grid had to be pushed down to achieve the
required concrete cover of 1/2 inch (13 mm).  If a finer, small diameter grid were used, it would have
to be stiffened or tied more frequently to stay in proper position.  The observation of aggregate
floating was made in the first two days of specimen fabrication (Batch Nos. 1 through 4).  After
further adjustment of admixtures in the concrete mix, aggregate flotation was not observed anymore.
However, these later mixes may have been too cohesive to achieve the desired compaction.  The
screeding of the panel surface scraped the afloat coarse aggregate off the surface, leaving an
accumulated concentration of concrete paste over the reinforcement bars, which left the mark of the
grid geometry on the concrete surface (Figure 6).  As with good conventional concrete placement
practice, it seemed that it was important to move the chute back and forth during concreting to
minimize the concrete flow within the form.  Also, it appeared that screeding and finishing by
tapping the surface of the panel promotes segregation, since it moves the coarse aggregate to the top
surface and screeds them off and allows more aggregate to move to the top surface.  This trend was
more significant for the first specimen and indicated that the concrete mix of the first batch probably
lacked sufficient cohesion to prevent aggregate flotation.

The constructability concrete panels were steam cured according to the recommendations of Ben C.
Gerwick, Inc.  The constructability specimens were stripped the following day and inspected for
cracks, voids, rock-pockets, and segregation.  The top surface of both of the initially cast specimens
showed a white powdery material on the surface, indicating that excess admixtures were pushed to
the surface (Figure 7).  The cutting of the specimens showed good compaction around the composite
reinforcement, but some voids in the form of internal cracks were noted (Figure 8 and Figure 9).
Severe segregation of the aggregate was found in Specimen 1 (Figure 10).  Shrinkage cracks were not
observed in the constructability specimens.

7.2 Structural Testing Specimen Fabrication

The 11 structural testing specimens were fabricated according to the drawings in Appendix IX.  They
were manufactured on a stressing table with the prestressing tendons typically being continuous
through a pair of specimens.  Three to four specimens were fabricated each day over three workdays.
A typical production day was (1) cutting the tendons to transfer the prestress and stripping the
forms of those specimens, which were concreted the previous day; (2) tensioning a new set of strands
and placing the reinforcement for the next set of specimens; (3) concreting the next set of specimens
with one or two small concrete batches; and (4) steam-curing the new specimens.  The concrete mix
was continuously adjusted to optimize workability of the mix.  The correlation between specimen
type and concrete mix batch numbers can be found in Table 5 on the following pages.  Additional
information regarding the concrete placement can be found in Appendix III, Summary of
Observations During Specimen Production.

In all specimens, the bottom reinforcement layer was held in proper position by supporting it on
concrete spacers and wedging it against the prestress steel by concrete blocks.  The top
reinforcement layer was supported by steel chairs (Figure 11 and Figure 12).  For the stiffer
reinforcement, such as the coarse grid and the Reichold C-bar reinforcement, supports every 3 feet
were sufficient to maintain proper concrete cover.  The finer grid tended to warp and, even with more
supports, it was difficult to control the position of the grid (Figure 13).

Note:  In a production installation using CFRP grids, only noncorroding chairs and ties compatible
with the CFRP would be used.
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Table 5 – Specimen Concrete Condition Summary

Specimen and Batch Type of Observation Segregation Noted
Aggregate Flotation

Noted
Specimen Constructability No. 1
Date of pour:  12 April 2000
Batch No. 1
8,970 psi at 28 days
Other comments:  Concrete lumps noted in the
mix.  Cores not taken.

Visual during placement
Cylinder
Specimen core
Specimen saw cut

■  Yes
■  Yes
❏  Yes
■  Yes

❏  No
❏  No
❏  No
❏  No

■  Yes ❏  No

Specimen Constructability No. 2
Date of pour:  12 April 2000
Batch No. 2
8.970 psi at 28 days
Other comments:  Concrete lumps noted in
the mix.  Cores not taken.
1-1/2 x 1/8-inch void noted caused by
unmixed lumps in concrete.

Visual during placement
Cylinder
Specimen core
Specimen saw cut

❏  Yes
❏  Yes
❏  Yes
❏  Yes

■  No
■  No
❏  No
■  No

■  Yes ❏  No

Specimen No. 1 (control, no reinforcing,
full prestress)
Date of pour:  19 April 2000
Batch No. 8
9,930 psi at 28 days
Tensile surface:  Smooth, small pores of
max 1/4 inch
Compression surface:  Fairly rough, little
aggregate flotation
Side surface:  Smooth

Visual during placement
Visual prior to test
Cylinder
Specimen core
Specimen saw cut

❏  Yes
❏  Yes
❏  Yes
❏  Yes
❏  Yes

■  No
■  No
■  No
■  No
❏  No

❏  Yes ■  No

Specimen No. 2 (fine NEFMAC grid
reinforcing, full prestress)
Date of pour:  13 April 2000
Batch No. 4
8,130 psi at 28 days
Tensile surface:  Smooth, no pores
Compression surface:  Rough, flotation of
aggregate
Side surface:  Smooth

Visual during placement
Visual prior to test
Cylinder
Specimen core
Specimen saw cut

❏  Yes
■  Yes
■  Yes
■  Yes
■  Yes

❏  No
❏  No
❏  No
❏  No
❏  No

■  Yes ❏  No
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Specimen and Batch Type of Observation Segregation Noted
Aggregate Flotation

Noted
Specimen No. 3 (coarse NEFMAC grid
reinforcing, full prestress)
Date of pour:  13 April 2000
Batch No. 4
8,130 psi at 28 days
Other comments:  longitudinal shrinkage
cracks on top and side
Tensile surface:  Smooth pores of less than
1/8 inch
Compression surface:  Rough, flotation of
aggregate
Side surface:  Smooth

Visual during placement
Visual prior to test
Cylinder
Specimen core
Specimen saw cut

❏  Yes
❏  Yes
■  Yes
■  Yes
❏  Yes

❏  No
■  No
❏  No
❏  No
❏  No

■  Yes ❏  No

Specimen No. 4 (wire mesh grid
reinforcing, full prestress)
Date of pour:  18 April 2000
Batch No. 5
9,950 psi at 28 days
Other comments:  Plastic shrinkage cracks
in compression surface due to improper
curing.  Poorly compacted (visual prior to
test)
Tensile surface:  Few rock pockets, pores to
1/4 inch, patched with grout
Compression surface:  Fairly rough,
flotation of aggregate
Side surface:  Large rock pockets, cold joint

Visual during placement
Visual prior to test
Cylinder
Specimen core
Specimen saw cut

❏  Yes
❏  Yes
❏  Yes
❏  Yes
❏  Yes

■  No
■  No
❏  No
■  No
❏  No

❏  Yes
No

observation
noted

❏  Yes
No

observation
noted

Specimen No. 5 (CFRP rods, full
prestress)
Date of pour:  13 April 2000
Batch No. 3
No cylinders
Other comments:  Concrete lumps were
noted in mix during production
Tensile surface:  Smooth, no pores
Compression surface:  Rough, flotation of
aggregate
Side surface:  Smooth, pores with some rock
pockets

Visual during placement
Visual prior to test
Cylinder
Specimen core
Specimen saw cut

❏  Yes
❏  Yes
❏  Yes
❏  Yes
❏  Yes

■  No
■  No
❏  No
■  No
■  No

■  Yes ❏  No
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Specimen and Batch Type of Observation Segregation Noted
Aggregate Flotation

Noted
Specimen No. 6 (coarse NEFMAC grid
reinforcing, less prestress)
Date of pour:  19 April 2000
Batch No. 8
9,930 psi at 28 days
Other comments:  Poorly compacted (visual
prior to test)
Tensile surface:  Pores larger than 1/4 inch,
rock pockets, patching with grout
Compression surface:  Fairly rough
Side surface:  Rock pockets, partial paste
washout

Visual during placement
Visual prior to test
Cylinder
Specimen core
Specimen saw cut

❏  Yes
❏  Yes
❏  Yes
❏  Yes
❏  Yes

■  No
■  No
■  No
■  No
❏  No

❏  Yes ■  No

Specimen No. 7 (fine NEFMAC grid
reinforcing spliced, full prestress)
Date of pour:  18 April 2000
Batch No. 7
11,230 psi at 28 days
Other comments:  Large plastic shrinkage
cracks in compression surface due to
improper curing
Tensile surface:  1/4-inch to larger pores,
rock pockets, patching with grout
Compression surface:  Rough, flotation of
aggregate, large plastic shrinkage cracks
Side surface:  Pores larger than 1/4 inch,
few rock pockets, CFRP visible in some
pockets

Visual during placement
Visual prior to test
Cylinder
Specimen core
Specimen saw cut

❏  Yes
❏  Yes
❏  Yes
❏  Yes
❏  Yes

■  No
■  No
■  No
■  No
❏  No

❏  Yes
No

observation
noted

❏  Yes
No

observation
noted

Specimen No. 8 (fine NEFMAC grid
reinforcing, more cover, full prestress)
Date of pour:  13 April 2000
Batch No. 4
8,130 psi at 28 days
Other comments:  Concrete cover 1-1/4
inch
Tensile surface:  Smooth, pores less
than 1/8 inch
Compression surface:  Rough, flotation
of aggregate
Side surface: Smooth

Visual during placement
Visual prior to test
Cylinder
Specimen core
Specimen saw cut

■  Yes
■  Yes
■  Yes
■  Yes
❏  Yes

❏  No
❏  No
❏  No
❏  No
❏  No

■  Yes ❏  No
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Specimen and Batch Type of Observation Segregation Noted
Aggregate Flotation

Noted
Specimen No. 9 (fine NEFMAC grid
reinforcing, less prestress)
Date of pour:  19 April 2000
Batch No. 8
9,930 psi at 28 days
Other comments:  Specimen core
exhibited slight segregation
Tensile surface:  Pores larger than 1/4
inch, few rock pockets
Compression surface:  Fairly rough
Side surface:  Pores larger than 1/4
inch, few rock pockets, CFRP visible in
some pockets, partial paste washout

Visual during placement
Visual prior to test
Cylinder
Specimen core
Specimen saw cut

❏  Yes
❏  Yes
❏  Yes
■  Yes
❏  Yes

■  No
■  No
■  No
❏  No
❏  No

❏  Yes ■  No

Specimen No. 10 (coarse NEFMAC grid
reinforcing, full prestress)
Date of pour:  18 April 2000
Batch No. 6
10,890 psi at 28 days
Other comments:  Specimen has plastic
shrinkage cracks in compression
surface from improper curing.  Cores
were pitted
Tensile surface:  Pores larger than 1/4
inch, large rock pockets, CFRP visible
in some pockets, some holes more than
1/2-inch deep
Compression surface:  Fairly rough
Side surface:  Rock pockets, CFRP
visible in some pockets, large cold joint

Visual during placement
Visual prior to test
Cylinder
Specimen core
Specimen saw cut

❏  Yes
❏  Yes
❏  Yes
❏  Yes
❏  Yes

■  No
■  No
■  No
■  No
❏  No

❏  Yes
No

observation
noted

❏  Yes
No

observation
noted
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Specimen and Batch Type of Observation Segregation Noted
Aggregate Flotation

Noted
Specimen No. 11 (coarse NEFMAC grid
reinforcing, more cover)
Date of pour:  18 April 2000
Batch No. 7
11,230 psi at 28 days
Other comments:  Specimen had plastic
shrinkage cracks from improper curing
Tensile surface:  Smooth, pores of
about 1/4 inch
Compression surface:  Fairly rough
Side surface:  Pores greater than 1/4
inch, few rockets, partial paste
washout, small spalling damage

Visual during placement
Visual prior to test
Cylinder
Specimen core
Specimen saw cut

❏  Yes
❏  Yes
❏  Yes
❏  Yes
❏  Yes

■  No
■  No
■  No
■  No
❏  No

❏  Yes
No

observation
noted

❏  Yes
No

observation
noted
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Figure 5 — Concrete Pour of Constructability Specimen 1 (fine NEFMAC grid):  Top
Reinforcement Layer is Pushed Up

Figure 6 — Screeding of Constructability Specimen 1 (fine NEFMAC grid):  The Afloat
Coarse Aggregate is Screeded Off the Surface and the Concrete Paste is Accumulating

Over the Reinforcement Bars, Imprinting the Geometry of the Grid on the Concrete
Surface
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Figure 7 — Surface of Cured Specimen 1 (fine NEFMAC grid):  Segregation of Admixtures
and Imprint of Mesh Geometry Indicating Segregation of Aggregate

Figure 8 — Constructability Specimen 1 (fine NEFMAC grid) After Cutting:  Voids in
Concrete



22

Figure 9 — Constructability Specimen 2 (coarse NEFMAC grid) After Cutting:  Voids in
Concrete

Figure 10 — Constructability Specimens After Cutting:  Severe Segregation of Aggregate
in Specimen 1 (left)
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Figure 11 — Reinforcement of Specimen 5 (C-Bar Reichold)

Figure 12 — Reinforcement of Specimen 3 (coarse NEFMAC grid)
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Figure 13 — Reinforcement of Specimen  (fine NEFMAC grid):  Warping of the Grid

The structural specimens were poured by moving the placement chute back and forth (Figure 14).
As observed during the fabrication of the constructability specimens, the concrete was flowing
around the reinforcement (Figure 15) and was leveling itself (Figure 16).  More detailed information
about the concrete pour of the specimens can be found in Ben C. Gerwick’s final report in Appendix
II.

7.3 Inspection of the Structural Testing Specimens

Before testing, all structural specimens were inspected regarding their concrete quality.  It showed
that only a few specimens achieved a concrete uniformity that would be acceptable in a production
operation (Specimen Nos. 1 and 5); whereas, others suffered from either segregation of aggregate
(Specimen Nos. 2, 3, and 8), poor compaction (rock-pockets, cold-joints, large pores), or curing
problems (Specimen Nos. 4, 6, 7, 9, 10, and 11).

After finding segregation in the first tested concrete cylinders at the manufacturing site, Specimen
Nos. 2 and 5 were saw cut at their ends to allow an evaluation of aggregate distribution.  Specimen
No. 2 showed severe segregation (Figure 17).  Specimens with poor compaction showed voids, rock-
pockets, and cold joints, in particular, on the bottom side of the specimen (formed side), indicating
that the concrete was not flowing completely between the CFRP grid and the form surface, even
though the maximum aggregate size of 3/8 inch (10 mm) was less than the cover space between the
grid and the form.  Throughout the production of the test specimens, the concrete mix was adjusted
in an attempt to achieve the optimum flowability in combination with uniformity.  In some voids, the
grid reinforcement was visible as in Specimen No. 10 (Figure 18).  A curing problem during
manufacturing of Specimen Nos. 4, 7, 10, and 11 caused plastic shrinkage cracks at the surface
(Figure 19).  This problem is described in more detail in Ben C. Gerwick’s report in Appendix II.

Voids were found in some test specimens made with the later batches (Batch Nos. 5 through 8).  A
summary of the specimen concrete condition is given in Table 5 and is further discussed in Appendix
IV, Summary of Specimen Inspection.  It appears that there is a direct correlation between concrete
segregation, compaction, and workability of the fresh concrete.  To achieve the desired performance,
a balance between mix cohesion and flowability must be attained.
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Figure 14 — Concreting of Structural Specimens:  Moving Chute Back and Forth While
Pouring

Figure 15 — Concreting of Specimen 5 (C-Bar Reichold):  Concrete Flows Around
Reinforcement
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Figure 16 — Concreting of Specimen 5 (C-Bar Reichold):  Self-Leveling of Concrete

Figure 17 — Cut through ends of Specimens 5 (left) and 2 (right):  Severe Aggregate
Segregation in Specimen 2
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Figure 18 — Large Pores Around Grid Reinforcement in Specimen 10 (coarse NEFMAC
grid with splice)

Figure 19 — Plastic Shrinkage Crack in Specimen 7 (fine NEFMAC grid with splice)
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One of the lessons learned from this development effort is that the rheological behavior of the mix
used was highly sensitive to mixing equipment characteristics, production quality control, and batch
size, type, and dosage of admixtures in the concrete.  The mix developed in this study has only been
produced in very small quantities and thus remains to be optimized for large-scale production.
Specific recommendations for future development of self-compacting, flowable, lightweight concrete
can be found in Ben C. Gerwick’s report in Appendix II.

7.4 Cores Taken from Structural Test Specimens

Subsequent to testing at the University of Wyoming, concrete cores were taken from all test
specimens.  Concrete density, compressive strength, tensile strength, and the extent of aggregate
segregation noted were all determined.  The report from the University of Wyoming is provided in
Appendix VIII.

7.5 Moustafa Strand Pullout Tests

To verify proper bond properties of the new lightweight concrete mix, pull-out tests of steel strands
embedded in the lightweight mix were performed and compared to pull-out tests with normal weight
concrete.  The pull-out tests were performed according to the Moustafa method [20].  One concrete
block, each with six embedded steel strands, was poured for each of the two concrete mixes
(lightweight and normal weight).  The strands had an embedment length of 18 inches (457 mm) and
were pulled out with a single strand jack.  The characteristics of the two concrete mixes can be found
in Table 6.  Initial slip occurred at a load of about 9 kips (40 kN) and 12 kips (53 kN) for the strands
embedded in normal and lightweight concrete, respectively.  The maximum Moustafa pullout load
was approximately 29 kip (129 kN) for normal weight and 33 kip (147 kN) for the lightweight mix.
The bond properties in the lightweight mix seemed to be slightly superior to the one in normal
weight concrete and for analysis purpose, the bond behavior of the lightweight concrete was assumed
to be the same as for normal weight concrete. The pull-out results can be found in Appendix III.

Table 6 — Characteristics of Concrete for Moustafa Pull-out Tests

Material Lightweight Mix
(Batch #4)

Normal Weight
Concrete Mix

Portland cement type II 658 lb (298 kg) 660 lb (299 kg)

Fly ash Class F 250 lb (113 kg) ---

Pozzolith 300R --- 26.4 oz (0.78 λ)

Silica fume 84 lb (38 kg) ---

Coarse aggregates (3/8-inch maximum
Realite, SSD)

965 lb (438 kg) 1,900 lb (862 kg)

Fine aggregates (Radum Top Sand, SSD) 1,180 lb (535 kg) 1,176 lb (533 kg)

ViscoCrete 290 oz (8.58 λ) ---

Sikament 86 74 oz (2.19 λ) ---

Sikament 100SC 41 oz (1.22 λ) ---

Water 268 lb (122 kg) 292 lb (132 kg)

Strength at testing 5,600 psi (38.6 MPa) 6,250 psi (43.1 MPa)
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8. TESTING SETUP AND INSTRUMENTATION

The panels were tested in four-point bending with the tension side up (formed surface).  The force
was introduced with a hydraulic jack through a spreader beam and applied at two locations, each 1
foot off the center of the specimen.  The specimen was seated on two carts at about 5 feet (1.5 meters)
from the ends of the specimen before it was lifted by the jack and pressed against the reaction
tiedowns at the specimen ends during testing (see Figure 20).  Each support point was made of a
roller to allow rotation.  The reaction tiedowns were braced with chains.

Figure 20 — Testing Setup

All instrumentation was biased when the full weight of the slab was supported by the jack.
Electronic readings were taken in random but small intervals during the test.  The force was
measured by load cells at each of the four reaction tiedowns.  Two string potentiometers recorded the
midspan deflection relative to the floor of the laboratory.  Four spring potentiometers measured the
displacement of the test panels relative to the laboratory floor at each reaction tiedown.  The actual
test panel deflection was then calculated from the average midspan displacement corrected by the
average reaction displacement.

The surface strain in the constant moment area was recorded by a pair of potentiometers on the top
and bottom face of each specimen.  These potentiometers were either string or spring potentiometers
measuring the elongation of the surface along a gage length of approximately 12 inches (0.3 meter).
The potentiometers and targets were mounted to brackets glued or bolted to the specimen face.  The
actual gage length and distance of the string to the surface was recorded for each potentiometer.
The strain was taken as the average strain of each potentiometer pair calculated from the
displacement divided by the gage length. The curvature and neutral axis depth was calculated from
the average top and bottom strain.

The face in tension and the sides within the mid-third of the specimens were painted white for better
crack monitoring.  The cracks were marked and the crack pattern was photographed.  The crack
widths of up to five cracks were measured by means of potentiometers.  For each selected crack, a
potentiometer and a target were glued on each side of the crack at the location of expected maximum
crack width.  The potentiometers were installed once the first cracks formed.  The crack-width
readings were verified at two-load steps by manual measurement with a crack microscope.
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9. TESTING PROCEDURE

All measurement instrumentation was biased once the jack supported the entire weight of the slab.
The slab was first slowly loaded to about 8 kips (36 kN).  The cracking force was recorded by visual
observation of first cracking.  The cracks were marked and measured with means of a crack
microscope and the largest cracks were chosen to be monitored with potentiometers.  After initial
cracking of the test panels, the test load was released and the crack width potentiometers were
installed.  Then the specimen was loaded to about 12 kips (53 kN) when the second set of manual
crack width reading was taken.  The specimen was then slowly loaded to failure.  For larger
displacements, the electronic measurement equipment was removed.  The test was terminated when
a load drop of more than 20 percent occurred, or when large bending/shear cracks clearly indicated a
potential sudden failure.

The testing procedure was designed to provide the following information.

1. The extent of crack distribution and crack width at various levels of test load.

2. The load deflection behavior of the test panels as compared against the behavior
predicted in advance by the design methodology.

3. The load capacity and failure mode of the test panels as compared against the
capacity predicted in advance by the design methodology.

10. ANALYTICAL MODELING

10.1 General

A computer model was developed to trace the predicted behavior of the test specimens from zero load
through cracking load, to service load, and on up to failure load.  The assumptions used in this
computer model are described as follows.

10.2 Concrete Stress-Strain Relationship

Prestressed concrete members are normally analyzed at two load levels:  service load and nominal
strength.  At service load, the stress-strain relationship is assumed to be linear elastic.  At nominal
strength, a rectangular concrete stress block is commonly assumed for analysis.  Neither of these
stress-strain relationships are satisfactory for analysis at various load levels between service load
and nominal strength.  For this analysis, a trapezoidal or parabolic stress-strain relationship is used.
It has been found that for high-strength lightweight concrete, the trapezoidal relationship best fits
experimental data.

The trapezoid is defined by a linear relationship between stress and strain based on modulus of
elasticity up to a maximum stress of 85 percent of the cylinder strength, and a constant stress of 85
percent of the cylinder strength at higher strains.  Tensile strength of the concrete is neglected when
the maximum tensile stress exceeds the modulus of rupture, which was estimated for our analyses
0.85x7.5x√fc’ (psi).

The laboratory tests of the self-compacting lightweight concrete mix indicated a slow but steady
development of the strength, expecting a cylinder strength of about 12 ksi (83 MPa) at 50 days
versus the target f’c of 7,000 psi (48.4 MPa) at 56 days developed in Phase 1 for production
construction. The stiffness of the concrete was estimated to 5,235 ksi (36,100 MPa) using the formula
given in ACI 318-99 [21].  These values were used for the analytical prediction. The structural tests
showed later that these values were overestimated.  This is further discussed in Section 11.3.
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10.3 Prestressing Steel Stress-Strain Relationship

For the Type 270K low-relaxation strand used, the stress-strain relationship and the prestress losses
are assumed to be that given in the PCI Design Handbook [22].

εps  <  0.0086  :  fps  =  28,500 εps  (ksi)

εps  >  0.0086  :  fps  =  007.0
04.0270 −−

psε   (ksi)

Where εps = steel strain

fps = steel stress

The effective prestress in the tendons was estimated as follows:

Jacking stress  202.5 ksi (1,397 MPa)

Elastic shortening    -6.8 ksi (47 MPa)

Creep and shrinkage losses    -8.5 ksi (59 MPa)

Relaxation of tendons    -2.2    ksi (15 MPa)

Effective prestress  185.0 ksi (1,270 MPa)

The specimens with only two strands were calculated with an effective prestress of 190 ksi
(1,310 MPa) to account for a smaller amount of elastic shortening.

10.4 Nonprestressed Reinforcement

The following material properties were used in design of the test specimens for the nonprestressed
reinforcement.  Carbon fiber composites are assumed to be linear elastic up to rupture.

NEFMAC: Modulus of elasticity 14,500 ksi (100 GPa)

Strength 250 ksi (1,724 GPa)

Reichhold C-bar: Modulus of elasticity 17,000 ksi (117 GPa)

Strength 270 ksi (1,862 GPa)

The above values are based on gross area of the composite.

Although the Canadian IRC limits CFRP design stress to 60 percent of the ultimate strength, ACI
Committee 440 is proposing that 55 percent of the ultimate should be used as a creep rupture stress
limit.  In addition, ACI Committee 440 is also proposing that an environmental reduction factor of
0.9 be used in design.  NFESC current practice in the Navy pier upgrade program used 50 percent of
the CFRP ultimate strength as the limiting design stress without using the 0.9 reduction factor.
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The proportioning of the test specimens was such that rupture of the composite was not anticipated.

Steel Wire Mesh: Modulus of elasticity 29,000 ksi (200 GPa)

Yield strength 65 ksi (448 GPa)

(Constant 65 ksi (448 MPa) stress is assumed for strains above yield strain).

10.5 Computer Modeling

The computer model used for the test specimen analysis functions by setting increments (usually
0.0001) of concrete strain on the compressive face and computing other parameters consistent with
the assumed compressive strain.  Iteration is used to find the tensile strains and stresses in the
prestressed and nonprestressed reinforcements that produce tensile forces that satisfy equilibrium of
axial forces with the prestress force.  The computer program checks to see if the modulus of rupture
is exceeded on the tension side.  If not, stresses and strains are recomputed using gross section
properties.  The depth of the neutral axis, the curvature, and the bending moment are computed.
Once the modules of rupture is exceeded on the tension side, the program stresses and strains are
recomputed using the appropriate cracked section properties.  Deflection is computed by numerical
integration of the curvature over the 18-foot span of the two-point loaded test setup.

10.6 Printout of Results

A one-page printout is provided for each of the test specimens and can be found in Appendix V.
Much of the data presented is self-explanatory.  The “WIDTH” and “DEPTH” entries are for the
width and depth of the top and bottom of the test specimen.  Gross (uncracked) section properties
follow.  The STRAIN MULTIPLIER of 1 indicates that long-term creep is not considered.  AXIAL
LOAD refers to external axial load, which was zero.

The column TENSILE STRAIN refers to the strain in the layer of reinforcement (steel or composite)
closest to the tension face.  Disregard the M/MNOM column.  PT STRESS is the stress in the
prestressing steel, in ksi.  COMP STRESS refers to the stress in the unstressed composite or steel
reinforcement.

Although the ultimate strain of concrete is normally taken as 0.003, the printout goes to 0.004, for
comparison in the event that the compressive strain in the test specimens might exceed 0.003.

An estimate of the useful service load is presented.  This is based on a tensile strain not exceeding
0.0024, as postulated in the Phase 1 report.  Also, the service load is limited to 60 percent of the
nominal strength of the test panel.

The strength reduction factor φ is presented, based on ACI 318 [21], Appendix B.  (Note:  ACI has
recently approved moving Appendix B to the body of the code, for the next edition in 2002.)  A φ of 0.9
indicates that the member is tension controlled; that is, it possesses ductility.

The predicted structural behavior of all specimens is plotted in Figure 21, sorted according to the
testing focus.
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Figure 21 — Predicted Deflection and Cracking Behavior of All Structural Specimens
Sorted According to Test Focus
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10.7 Subsequent Modifications

After the tests were completed, certain modifications to the computer model were made in order to be
more useful in interpreting the test results.  The computer printout for the modified analysis is
provided in Appendix VI.

A column showing the test load for a given moment was added, based on the relation shown below.

Test Load = (Moment – 6.9 kip-ft self-weight moment)/4 (in kip)

A column was added to the output data to show predicted crack widths.  The predictions are based
on a typical 4-inch (100 mm) crack spacing as observed in the tests.  The predicted crack width is
four times the surface tensile strain.  In the Phase 1 report, it was assumed that tensile strain would
be limited to 0.0024 and crack width limited to 0.01 inch (0.25 mm).  This is consistent with a 4-inch
(100 mm) crack spacing, because 4 x 0.0024 = 0.01 inch (0.25 mm) for all practical purposes.

The prestressing steel stress-strain relationship was modified to account for the steel being about 5
percent stronger than the specified minimum.

εps  <  0.00903  :  fps  =  28,500 εps  (ksi)

εps  >  0.00903  :  fps  =  0075.0
04.05.283 −−

psε   (ksi)

This is discussed further in Section 11.3.

11. RESULTS OF STRUCTURAL TESTING

The test results are summarized in Figure 22 to Figure 24 in graphical form and in Table 7.  The
testing logbook can also be found in Appendix IV.  In the following, the test observations are
summarized, the testing results compared to the predictions and the results are analyzed using the
same analytical model as for the prediction.

11.1 Test Observations

The structural behavior of the specimens generally followed the predictions.  However, stiffness and
cracking moment was lower than expected, which suggests that the concrete properties were
overestimated for the analysis [f’c 12 ksi (83 MPa) and stiffness of 5,235 ksi (36,100 MPa) were
used.]

The coarse grid reinforced specimens cracked at every crossbar, following the prediction of the
cracking behavior very well.  However, with more concrete cover, the crack pattern was not that
clear, but the crack widths were still as predicted.

The fine grid reinforcement was unable to develop a crack at each crossbar location (Figure 25),
resulting in larger cracks than predicted.  This was especially observed in Specimen No. 8 (fine
NEFMAC grid with increased cover, full prestress) with more concrete cover (measured at 1-1/4
inches (32 mm).  Specimen No. 2 (fine NEFMAC grid, full prestress) with the 1/2-inch (13 mm) cover
developed more cracks at a load level beyond service load.  The cracking behavior was very well
comparable to one of the specimens with coarse grid reinforcement, in spite of the fine grid having
only 54 percent of the carbon area of the coarse grid.

Typically, each CFRP reinforced specimen had a well-distributed crack pattern with cracks of similar
widths. The unreinforced and wire-mesh reinforced specimen showed cracks of variable widths after
yielding of prestress and reinforcement steel as expected.
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Table 7 – Summary of Test Results

Specimen

First
Crack
Load
(kip)

Crack
Widths at 8
kips (in)

Crack
Widths at
12 kips
(in)

Crack
Spacing
(in)

Failure
Load
(kip)

Failure
Displacement

(in) Failure Mode

#1
(control)

6.8 0.0035 0.0270 4.5 – 5.0 15.4 ~10.0 Onset of concrete crushing

#2
(fine NEFMAC grid)

6.8 0.0035 0.0090 3.0 – 4.0
later 2.0

18.4 5.1 Strand debonding, splitting of the
shear span

#3
(coarse NEFMAC

grid)

6.0 0.0035 0.0090 4.0 24.1* 6.9 Indication of concrete crushing

#4
(wire mesh)

6.0 0.0030 0.0090 3.0 – 6.0 17.0 6.2 Wire rupture before concrete
crushing

#5
(CFRP rods)

<8.0 0.0040 0.0105 5.0 25.8 8.1 Concrete crushing

#6
(coarse NEFMAC

grid, less PT)

4.0 0.0115 0.024 4.0 – 6.0
later 4.0

14.5 4.5 Strand debonding, combined
moment-shear failure in shear span

#7
(fine NEFMAC grid,

splice)

7.0 0.0040 0.0100 2.0 – 4.0 22.5 7.8 Bond failure of splice reinforcement
(failure at cross bars), delamination of
spliced grids

#8
(fine NEFMAC grid,

more cover)

5.0 0.0055 0.0140 4.0 – 8.0 22.3 9.4 Combined moment-shear failure in
shear span

#9
(fine NEFMAC grid,

less PT)

4.0 0.0110 0.0330 2.0 – 4.0 15.1* 7.0 Indication of Combined moment-
shear failure in shear span

#10
(coarse NEFMAC

grid, splice)

4.3 0.0040 0.0120 4.0 22.6 ~6.0 Splice failure, delamination of spliced
grid

#11
(coarse NEFMAC
grid, more cover)

6.0 0.0030 0.0105 2.0 – 6.0 27.8 >9.0 Combined moment-shear failure in
shear span

*Test termination before actual failure
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Figure 22 — Test Results Sorted According to Their Testing Objective – Displacement
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Figure 23 — Test Results sorted According to Their Testing Objective – Crack Widths
(measured with potentiometers compared to maximum measured by crack microscope)
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compared to maximum measured by crack microscope)

Figure 25 — Cracking Pattern of Specimen 2 at 12 kips

(fine NEFMAC grid reinforcement, full prestress)
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Specimen Nos. 2 and 3, with NEFMAC grid reinforcement, reacted with a slightly lower initial
stiffness than Specimen No. 5 with CFRP rods and Specimen No. 4 with steel mesh reinforcement.
Since the initial stiffness is primarily dependent on the prestressing level and the concrete quality,
this observation can be explained by the lower quality of the Batch No. 4 concrete mix from which
Specimen Nos. 2 and 3 were made.  The interpretation of the test results have to be done with
caution due to the variation of the concrete mix qualities.

The failure load and failure mode of the specimens was variable.  Some specimens failed in a
combined moment/shear mode within the shear span and did not reach their predicted failure mode
of either concrete crushing or CFRP rupture.  In retrospect, it could have been anticipated that
Specimen Nos. 6 and 9 with reduced levels of prestress would be subject to failure in the shear span.
However, Specimen Nos. 8 and 11, which were fully prestressed, also failed in the shear span region.
In specimens which failed within the constant moment region, failure of the composite was not
observed in spite of high-composite strains (>1 percent) and the specimens failed in concrete
crushing (Figure 26).  The shear failure occurred at a much lower strength than the theoretical
concrete shear strength according to ACI and was typically located right behind the reinforcement
termination.

Figure 26 — Brittle Failure of Specimen 5 (Reichold C-Bar, full prestress) Induced by
Crushing of Concrete

Specimen No. 2 failed due to bond failure of the strands and splitting of the slab along the strands.
This could have been due to the concrete being severely segregated or due to the strands being oily
from die or form oil.

The plastic shrinkage cracks in Specimen Nos. 4, 7, 10, and 11 seemed not to impact the testing
result much.  This was probably because most of these cracks were healed during the after-curing
and because they were on the compression side of the affected specimens.

Both spliced Specimen Nos. 7 and 10 failed due to failure of the splice.  The spliced coarse grid
showed clearly a concrete shear failure between splice and reinforcement grid, causing a
delamination of the spliced grid at about 80 percent of the predicted strength.  The fine grid also
indicated damage of the cross-links in the delaminated splice reinforcement but reached almost the
predicted failure load.
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Specimens reinforced with the NEFMAC grid reinforcement, with the small cover, and the full
prestressing, exhibited crack widths that stayed below 0.01 inch before theoretical yielding of the
prestressing strands.  Thus, indicating the theoretical viability of using NEFMAC grid reinforcing
and small cover values to control cracking.

No buckling of the compression reinforcement was observed.

11.2 Comparison of Experimental Results to Prediction

The predicted structural behavior of each specimen was compared to the experimental behavior right
at the testing site.  The comparison between predicted versus the experimental behavior can be
found on Figure 27 through Figure 37 for the 11 specimens.  The deflection behavior of both the
panels with conventional and composite reinforcement was slightly softer than predicted.  Also, the
first cracking was generally overestimated by 25 percent.  The control specimen (No. 1) (full
prestress, no reinforcement) showed good correlation of deflection and cracking behavior, though the
actual initial stiffness is about half of the predicted one (Figure 27).  Similar correlation could be
observed in other specimens.  The neutral axis depth and the curvature were typically
overestimated, suggesting that the concrete properties were assumed too high in the pretest
analysis.  Similar correlation could be observed in other specimens.  Specimen Nos. 2, 3, and 8, which
were fabricated with concrete Batch No. 4, exhibited aggregate segregation and demonstrated an
even poorer correlation of the initial stiffness.  Also, the load displacement curves of the NEFMAC
reinforced specimens indicated a growing deviation between experiment and prediction at larger load
levels, suggesting that not only the concrete properties were assumed too high, but also the
composite properties.

11.3 Post-Test Analysis

A post-test analysis was performed using the same analytical model as for the prediction, but with
adjusted material properties derived from the structural testing results.

The compression tests of the concrete cylinders indicated a concrete strength in the range of 10 ksi
(69 MPa) rather than 12 ksi (83 MPa), which had to be adjusted in the post-test analysis.  Also, the
concrete modulus of elasticity appeared to be considerably lower than predicted.  The slope of the
load-displacement curves prior to cracking (Figure 27) indicates a modulus of elasticity of about
3,000 ksi (20,700 MPa) based on the gross section moment of inertia.  Therefore, a modulus of 3,000
ksi (20,700 MPa) was used in the post-test analysis.  The lower actual cracking load was taken into
consideration by a reduction factor lambda for lightweight concrete of 0.5 instead of the usual 0.85.
The modulus of rupture was therefore assumed to 0.5x7.5x√f’c (in ksi).  The concrete properties for
Specimen Nos. 2, 3, and 8 would have to be further decreased since they were all manufactured with
the segregated concrete Batch No. 4.

Furthermore, the test results for the control Specimen No. 1 (no reinforcing, full prestress) indicated
that the prestressing strand was about 5 percent stronger than the minimum specified strength of
270 ksi (1,862 MPa).  The strand stress in the nonlinear portion of the stress-strain curve was
modified, to reflect this.

When results were rerun with these changes in parameters, the actual test stiffness was still less
than predicted by the analysis for the specimens with NEFMAC.  The input stiffness of the
NEFMAC was changed from 14,500 ksi (100 GPa) to 12,500 ksi (86.2 GPa).
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Figure 27 — Prediction and Experimental Result of Displacement and Cracking Behavior
of SPECIMEN NO. 1(control, no reinforcement, full prestress)
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(d) Crack Width vs Displacement
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Figure 28 — Prediction and Experimental Results of
SPECIMEN NO. 2 (fine NEFMAC grid)
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(a) Total Test Load vs Displacement
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(b) Concrete Strain vs Displacement
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(c) FRP Strain vs Displacement
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(d) Crack Width vs Displacement
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(f) Curvature vs Displacement
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Figure 29 — Prediction and Experimental Results of
SPECIMEN 3 (coarse NEFMAC grid)
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(a) Total Test Load vs Displacement
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(b) Concrete Strain vs Displacement
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(c) Wire Strain vs Displacement
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(d) Crack Width vs Displacement
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(f) Curvature vs Displacement
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(e) Neutral Axis Depth vs Displacement
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Figure 30 — Prediction and Experimental Results of
SPECIMEN NO. 4 (steel wire mesh)
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(a) Total Test Load vs Displacement

C
ra

ck
in

g 
M

om
en

t

ec
=0

.0
03

ef
rp

=0
.0

12

fs
=f

y

25.79 kips, 
crushing

 of concrete

0

5

10

15

20

25

30

35

0 2 4 6 8 10

Displacement [in]

To
ta

l L
oa

d 
[k

ip
]

analytical

experimental

sliding of 
bearing

(b) Concrete Strain vs Displacement
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(c) FRP Strain vs Displacement
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(d) Crack Width vs Displacement
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(e) Neutral Axis Depth vs Displacement
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(f) Curvature vs Displacement
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Figure 31 — Prediction and Experimental Results of
SPECIMEN NO. 5 (CFRP rods)
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(a) Total Test Load vs Displacement
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(b) Concrete Strain vs Displacement
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(c) FRP Strain vs Displacement
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(f) Curvature vs Displacement

C
ra

ck
in

g 
M

om
en

t

ec
=0

.0
03

ef
rp

=0
.0

12

fs
=f

y

0

0.0005

0.001

0.0015

0.002

0.0025

0 2 4 6 8 10

Displacement [in]

C
ur

va
tu

re
 [1

/in
]

analytical

experimental

Figure 32 — Prediction and Experimental Results of
SPECIMEN NO. 6 (coarse NEFMAC grid, less PT)
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(a) Total Test Load vs Displacement
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(b) Concrete Strain vs Displacement
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(c) FRP Strain vs Displacement
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Figure 33 — Prediction and Experimental Results of
SPECIMEN NO. 7 (fine NEFMAC grid with splice)
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(a) Total Test Load vs Displacement
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(b) Concrete Strain vs Displacement
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(c) FRP Strain vs Displacement
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(d) Crack Width vs Displacement
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Figure 34 —Prediction and Experimental Results of
SPECIMEN NO. 8 (fine NEFMAC grid, more cover)
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(a) Total Test Load vs Displacement
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(b) Concrete Strain vs Displacement
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(c) FRP Strain vs Displacement
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(d) Crack Width vs Displacement
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(e) Neutral Axis Depth vs Displacement
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(f) Curvature vs Displacement
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Figure 35 — Prediction and Experimental Results of
SPECIMEN NO. 9 (coarse NEFMAC grid, less PT)
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(a) Total Test Load vs Displacement
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(b) Concrete Strain vs Displacement
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(c) FRP Strain vs Displacement
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(d) Crack Width vs Displacement
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(e) Neutral Axis Depth vs Displacement
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(f) Curvature vs Displacement
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Figure 36 — Prediction and Experimental Results of
SPECIMEN NO. 10 (coarse NEFMAC grid with splice)
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(a) Total Test Load vs Displacement
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(b) Concrete Strain vs Displacement
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(c) FRP Strain vs Displacement
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(d) Crack Width vs Displacement
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(e) Neutral Axis Depth vs Displacement
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(f) Curvature vs Displacement
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Figure 37 — Prediction and Experimental Results of
SPECIMEN NO. 11 (coarse NEFMAC grid, more cover)
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Figure 38 — Post-test Analysis and Experimental Results of
Specimen 1 (control specimen)
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(b) Crack Width vs Displacement
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Figure 39 — Post-test Analysis and Experimental Results of
Specimen 2 (fine NEFMAC grid)
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(a) Total Test Load vs Displacement
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(b) Concrete Strain vs Displacement

C
ra

ck
in

g

ec
=0

.0
03

ef
rp

=0
.0

12

fs
=f

y

-0.004

-0.0035

-0.003

-0.0025

-0.002

-0.0015

-0.001

-0.0005

0
0 2 4 6 8

Displacement [in]

C
on

cr
et

e 
St

ra
in

 [-
]

analytical

experimental

(c) FRP Strain vs Displacement
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(d) Crack Width vs Displacement
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(e) Neutral Axis Depth vs Displacement
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(f) Curvature vs Displacement
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Figure 40 — Post-test Analysis and Experimental Results of
Specimen 3 (coarse NEFMAC grid)
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(a) Total Test Load vs Displacement
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(b) Concrete Strain vs Displacement
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(c) Wire Strain vs Displacement
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(d) Crack Width vs Displacement
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(e) Neutral Axis Depth vs Displacement
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(f) Curvature vs Displacement
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Figure 41 — Post-test Analysis and Experimental Results of
Specimen 4 (steel wire mesh)
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(a) Total Test Load vs Displacement
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(b) Concrete Strain vs Displacement

C
ra

ck
in

g 
M

om
en

t ec
=0

.0
03

ef
rp

=0
.0

12

fs
=f

y

-0.006

-0.005

-0.004

-0.003

-0.002

-0.001

0
0 2 4 6 8 10

Displacement [in]

C
on

cr
et

e 
St

ra
in

 [-
]

analytical

experimental

(c) FRP Strain vs Displacement
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(d) Crack Width vs Displacement
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Figure 42 — Post-test Analysis and Experimental Results of
Specimen 5 (CFRP-rods)
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(a) Total Test Load vs Displacement
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(b) Concrete Strain vs Displacement
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(c) FRP Strain vs Displacement
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(d) Crack Width vs Displacement
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(f) Curvature vs Displacement
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Figure 43 — Post-test Analysis and Experimental Results of
Specimen 6 (coarse grid, less PT)
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(a) Total Test Load vs Displacement
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(b) Concrete Strain vs Displacement
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(c) FRP Strain vs Displacement
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(d) Crack Width vs Displacement
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(f) Curvature vs Displacement
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Figure 44 — Post-test Analysis and Experimental Results of
Specimen 7 (fine NEFMAC grid with splice)
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(a) Total Test Load vs Displacement
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(b) Concrete Strain vs Displacement
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(c) FRP Strain vs Displacement
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(d) Crack Width vs Displacement
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(f) Curvature vs Displacement
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Figure 45 — Post-test Analysis and Experimental Results of
Specimen 8 (fine NEFMAC grid, more cover)
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(a) Total Test Load vs Displacement
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(b) Concrete Strain vs Displacement
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(c) FRP Strain vs Displacement
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(d) Crack Width vs Displacement
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(f) Curvature vs Displacement
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Figure 46 — Post-test Analysis and Experimental Results of
Specimen 9 (fine NEFMAC grid, less PT)
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(a) Total Test Load vs Displacement
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(b) Concrete Strain vs Displacement
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(c) FRP Strain vs Displacement
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(d) Crack Width vs Displacement
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(e) Neutral Axis Depth vs Displacement

C
ra

ck
in

g

ec
=0

.0
03

ef
rp

=0
.0

12

fs
=f

y

0

1

2

3

4

5

6

7

8

0 2 4 6 8

Displacement [in]

N
eu

tra
l A

xi
s 

D
eb

th
 [i

n]

analytical

experimental

(f) Curvature vs Displacement
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Figure 47 — Post-test Analysis and Experimental Results of
Specimen 10 (coarse NEFMAC grid with splice)
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(a) Total Test Load vs Displacement
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(b) Concrete Strain vs Displacement
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(c) FRP Strain vs Displacement
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(d) Crack Width vs Displacement
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(e) Neutral Axis Depth vs Displacement
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(f) Curvature vs Displacement
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Figure 48 — Post-test Analysis and Experimental Results of
Specimen 11 (coarse NEFMAC, more cover)
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The data for the post-test analysis can be found in Appendix VI.  The post-test analysis showed very
good correlation for Specimen Nos. 1 through 5 (see Figure 38 to Figure 42).  Specimen Nos. 2
(Figure 39) and 5 (Figure 42) behaved similar to Specimen Nos. 3 (Figure 40) and 4 (Figure 41).  It is
difficult to interpret the behavior of the spliced Specimen Nos. 7 (Figure 44) and 10 (Figure 47), and
reduced prestressing Specimen Nos. 6 (Figure 43) and 9 (Figure 46).

12. CONCLUSION

12.1 General

The objectives of the Phase 1A testing program were

■  To evaluate the constructability issues relative to the use of CFRP reinforcement materials in conjunction with
prestressed, lightweight concrete

■  To evaluate the structural performance of the specimens against that predicted by the design methodology
developed in Phase 1

The testing showed that by prestressing the test panels, the composite reinforcement can be
efficiently used to high-strain levels as was suggested in Phase 1 of the study.  The composite
reinforcement increases the ultimate strength of the panel by at least 30 percent compared with
panels reinforced with conventional mild steel mesh.  Service load could still be up to 60 percent of
the panel’s ultimate load, while the composite reaches strains of 0.0020 to 0.0024 and the crack
widths are still kept below 0.01 inch (0.25 mm).

The NEFMAC grid seems structurally adequate, but could also be replaced by pultruded CFRP rods
or by a high-strength stainless steel mesh with similar results.  Further efforts should evaluate
which of the reinforcement materials ease most production and detailing issues and, ultimately,
under consideration of life-cycle costs, is the most economical.  At this time, to achieve the objectives
of the MHP program, stainless steel reinforcement appears to have a clear advantage in terms of
both cost and constructability.

The panel production seems feasible for all the tested reinforcement arrangements.  Hence, for 2-
and 4-inch (50- and 100-mm) spaced grid reinforcement with 1/2- or 1-inch (13- or 25-mm) concrete
cover, the self-compacting lightweight concrete mix can achieve the required workability and
compaction, but is very sensitive to changes of water and admixtures contents.

12.2 Panel Fabrication

During fabrication of the test specimens, the placing of the composite grids to achieve a consistent
amount of concrete cover, especially for the fine grid, turned out to be difficult.  It seems that the
placing the fine grid reinforcement evenly is feasible but needs some practice and some development
of accessories, tools, and special procedures for efficient, and accurate layout and achievement of
consistent cover. Examples for accessories would be spacers and couplers, which could clip directly to
the grid.  The accurate positioning of the reinforcement grid within the depth of the panel section is a
major concern, since the composite grid tends to move and to float up during concreting.  The
reinforcement supports and spacers have to be spaced closer together depending on the stiffness of
the grid.  The grids could also be stiffened in bending by incorporating a larger grid element into a
smaller one.

The tested concrete mix was sensitive to changes of the mix proportions and handling, which made it
prone to either aggregate segregation (too flowable) or insufficient self-compaction (too cohesive).  Its
workability was adequate.  The concrete flowed easily throughout the form, filling and leveling the



62

concrete evenly.  The finishing of the surface, however, was very difficult, since the top aggregates
tended to penetrate to the surface, leaving the surface rough.

12.3 New Philosophy for Lightweight Concrete Use for the Modular Hybrid Pier

Even though the test specimen production only resulted in the production of 13 cubic yards (10 cubic
meters) of concrete in eight batches of approximately 2 cubic yards (1.5 cubic meters) each (about 25
percent of a single day’s production for an actual MHP construction effort), the experience with the
selected mix design suggested several revisions in our philosophy of lightweight aggregate concrete
use.

First, it is clear that the concrete mix used needs to be optimized at the production level.  That is
workability should be evaluated against the actual production methods that will be used for MHP
construction.  Production batch sizes and production mixers should be used in the mix workability
evaluation.

Second, it appears that three mixes with different workability characteristics should be used.

A. The first mix (Mix A) should be used for flat precast panel construction using form or
internal vibration for concrete consolidation.  This mix would have minimal
workability requirements other than finishability.

In order to have the best assurance of long-term durability, this mix should either be
one with a history of successful performance in a marine environment (e.g., the mix
proposed in Phase 1 report) or one that has been the subject of accelerated durability
testing.

Cement chemistry should be specified to avoid delayed ettringite formation (DEF)
susceptibility and the selected lightweight aggregate should be a proven aggregate
that has seen many years of successful performance in marine concrete.

This mix should be optimized for durability and economy and should use amounts (or
none) of new generation concrete admixtures, such as superplasticizers, cohesive
agents, and flowability agents to avoid the potential for unexpected long-term
durability problems.

The curing of these panels will be controlled to assure that maximum curing
temperatures remain below established DEF thresholds for the cement used.

B. The second mix (Mix B) will be a derivative of Mix A and will be used for cast-in-
place placement of the MHP keel slab and deck slab toppings.  Mix B will be as little
changed from Mix A as possible, except that the mix will be designed to be pumpable.
Only admixtures to assure pumpability will be added to the mix.  Only admixtures
that have a long history of successful performance in a marine environment will be
used or the mix will be subjected to an accelerated durability testing program.  This
mix will use the same chemistry controlled cement as Mix A.

C. The third mix (Mix C) will be a more fluid mixture that will be used for the panel-to-
panel joint construction.  It is likely that this mix will be pumped from the bottom of
the joint to assure the highest quality of placement.  Since this mix only represents a
small percentage of the concrete in an MHP, the economy of the mix will not be as
significant a factor as for Mixes A and B.  This mix will use the same chemistry
controlled cement as Mixes A and B, but may contain altered aggregate gradations
and aggregate type to assure optimum placement characteristics.
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This approach represents a conservative approach to the use of proven lightweight concrete mixes
that takes advantage of the ease of fabrication of the flat-cast precast panels to reduce to an absolute
minimum unforeseen long-term durability risks that may result from the use of unproven
admixtures or admixtures in unproven combination with other admixtures.

Our Phase 1A experience, where significant reliance was placed on the concrete mix to be workable,
flowable, self-compacting, and prevent segregation of the buoyant lightweight aggregate, pointed to
the need for a more conservative, less sensitive approach to lightweight concrete use for the MHP.

12.4 Structural Behavior of Panels

The conclusions regarding the tests for each test focus can be seen in Table 8.  The hybrid concept
proved to work in distributing flexural cracks and can be designed to provide predictable behavior.

Initial stiffness and cracking behavior of the slab is dominantly influenced by the precompressed
concrete section, resulting from the prestress.  At larger loads, the cracking behavior is more
controlled by the grid reinforcement. The concrete properties also had a great influence on the first-
crack load and failure mode.  The specimens typically failed due to concrete crushing or a
combination of bending/shear failure within the shear span right behind the reinforcement
termination.  The composite reinforcement was not ruptured in any of the test specimens.

All reinforcement concepts with small concrete cover (Specimen Nos. 2, 3, 4, and 5) were equally
efficient in controlling cracks up to service load level, allowing an increase in the service load level by
about 30 percent compared to the control specimen with only post-tensioning reinforcement.

The added benefit from using composite instead of conventional steel reinforcement begins at the
point when both conventional and prestress steel reinforcement starts to yield.  Then, the composite
reinforcement prevents local plastification and allows a better crack distribution with equally
distributed crack widths.  The linear-elastic component from the composite reinforcement also allows
the cracks to close after unloading, even if the maximum load was close to failure load and the steel
prestressing strands were stressed beyond initial yielding.  It should be possible to achieve this
desired behavior, as well as the long-term durability objectives of the MHP project by using high-
strength stainless steel wire reinforcement in place of the more costly CFRP reinforcing. To evaluate
the cost efficiency, layout and detailing costs, as well as life-cycle costs, should be considered.  At this
time, stainless steel seems to have the highest cost efficiency.

The fine NEFMAC mesh reinforcement provided the smallest crack spacing and a crack width
development, which was in the 0.01-inch range, the same as for the steel wire, the CFRP rod or the
coarse NEFMAC grid reinforced specimen, in spite of having only 54 percent of the carbon area of
the coarse grid.  This suggests that either the crack widths are not significantly dependent on the
reinforcement stiffness or that a better bond characteristic of the fine grid NEFMAC reinforcement
is improving the cracking behavior, which is more likely.  Even if the finer grid reinforcement does
not cause cracks at every crossbar, the finer distribution of the crossbars allows a smoother bond
transfer between the cracks and, thus, is more efficient.  This indicates that it is worthwhile to
investigate if an even smaller grid size or an improvement of the bond characteristic of the
reinforcement by either additional ribs or a high-friction coating could further increase the efficiency
of the reinforcement.

The grid reinforcement concepts with larger concrete cover seemed less efficient for crack control.



64

Table 8 — Test Conclusions for Each Test Focus

Reinforcement for
crack control

The post-tensioning is dominating the initial stiffness and crack widths
up to about twice the cracking moment of the specimens.  Then, all
reinforced specimens significantly improved with regard to the cracking
behavior, stiffness, and failure load compared to the unreinforced control
specimen.  Therefore, some sort of reinforcement for crack control is
important.

Mesh size sensitivity
and reinforcement
grade

The finer grid could not develop a crack at every cross-bar as seen with
the coarse grid.  However, the maximum crack widths on both specimens
were comparable even though the fine grid had only 54 percent of the
carbon area of the coarse grid.  It seems that the finer grid is more
efficient than the coarse grid.

Alternative
reinforcement

•  Stainless steel
mesh

•  CFRP rods

All alternative reinforcements had a similar effect on the cracking
behavior for up to 0.01-inch-wide cracks as the NEFMAC reinforcement.
The NEFMAC grid reinforced specimens had slightly smaller crack
spacing.  The initial stiffness of the NEFMAC reinforced specimens was
slightly lower, reflecting the lower concrete quality of these specimens.
Since cracks typically occurred at every crossbar of the NEFMAC grid,
crack spacing and crack widths of these specimens was more consistent
and thus more predictable than for the alternative reinforced specimens.
The grid configuration seems to be advantageous for crack distribution.

All CFRP-reinforced specimens could distribute the cracks evenly up to
failure load at large deflection; whereas, the steel mesh reinforced
specimen indicated localized deformation and crack opening with onset of
yielding and failed due to wire rupture at a lower deflection than the
typical composite specimens.  Therefore, the composite behaved
advantageously over the steel wire reinforcement.  A similar response
could be achieved with high-strength stainless steel grid.

Prestress level
sensitivity

The lower prestress level had, as predicted, a significant influence on
cracking behavior, stiffness, and failure load.  The same observation as
above was made that the fine grid did not develop cracks at every cross
bar, but crack widths were comparable to the coarse grid specimen.  The
lower prestress allowed an early failure in bending/shear within the shear
span of the specimens.  This failure might have been induced by the
abrupt reinforcement termination in this region.  The prestress level is
the most important parameter for both the cracking behavior and the
strength of the panels.

Splice effect Both splice tests showed an increased stiffness due to the added splice
grid and exhibited the formation of the largest initial cracks outside the
splice region.  The specimens failed due to delamination of the concrete in
the vicinity of the spliced grids.  Even though splice failure occurred at
high-load levels, the result indicates that splicing can cause delamination
of the reinforcement layer.  More testing is essential to develop new splice
concepts and to understand the splice performance, especially under
fatigue and impact load.

Concrete cover
sensitivity

It is difficult to draw conclusions regarding the variations in concrete
cover other than to note that the use of reduced cover did not show any
negative effects in structural performance.
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An interpretation of the testing results has to be made with caution since the concrete quality varied
for the different specimens.  In particular, the performance of the fine and coarse NEFMAC grid
reinforced (Specimen Nos. 2 and 3) and the specimen with fine grid reinforced and 1-inch cover
(Specimen No. 8), which were all manufactured with the same concrete batch (Batch No. 4), showing
the most segregation, may be underestimated.

The test predictions generally overestimated the structural behavior of the panels.  This was
probably because for the analysis, the concrete properties were assumed too high, the prestress yield
stress was underestimated and the weakness of the bond characteristic of NEFMAC between the
crossbars was not appropriately accounted for.  The bond characteristic of NEFMAC would have to
be assessed by specific bond evaluation testing.  The post-test analysis with adjusted parameters
showed very good agreement with the experimental results.

12.5 Further investigations

The general concept of the post-tensioned lightweight concrete slab with high-strength mesh
reinforcement and less than normal concrete cover seems to be feasible for the Hybrid Floating Pier
project and is appropriate to be taken to the next level of development with larger scale testing.  It
seems that the general focus on using lightweight concrete in conjunction with post-tensioning and
some sort of grid reinforcement for crack control yields similar structural behavior for the concrete
panels.

12.5.1 Local Crack Control Reinforcing

It appears that for near-term projects (within the next five years), the use of CFRP reinforcing will
be prohibitively costly for new construction when compared to the use of high-strength stainless or
nitronic steel to perform a similar function.

The cost of the CFRP products combined with the expressed concerns regarding the long-term
durability of the resins used in the matrix indicate that the MHP project should shift to using high-
strength stainless or other highly corrosion-resistant steel combined with the same panel design
methodology developed in Phase 1 and confirmed by this test program.

While CFRP reinforcing may be a viable candidate for future Navy civil infrastructure, the maturity
and cost competitiveness of the technology is not applicable for near-term construction of a MHP.

Future work should focus on confirming the behavior and long-term durability of prestressed
concrete panels reinforced with high-strength (200+ ksi) (1,300+ MPa), corrosion-resistant steel.
Rapid exposure tests on cracked concrete panels using different steel types (different grades of
stainless, nitronic, MFXX) should be undertaken to confirm the durability of this concept.

For NEFMAC grids or similar composite reinforcement systems, the concerns addressed in Section 4
would need more attention.  Testing would have to investigate the following issues:

■  The bond transfer between the NEFMAC grid and concrete is only provided at the cross-bars.
The cross-bars are vulnerable to shear failure.  The grid’s shear capacity is only provided by the
vinyl ester, since the carbon fiber does not have any shear strength.  If the vinyl ester is cracked
due to high tensile strain or due to fatigue or aging, the shear capacity of the cross-links is
expected to drop significantly.  More testing should investigate the anchorage of grids in
different stress environments such as biaxial stress and fatigue loading.

■  The grid forms a weak shear layer within the concrete section.  Especially with high-strength
lightweight concrete mix, low concrete cover, and the larger diameter grids, the concrete section
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becomes prone to delamination in particular in grid-splice locations.  This could also become a
potential impact problem.  More bending and impact tests on slabs with spliced reinforcement
should be considered.

■  Because the economics of CFRP are continuing to improve, additional testing of the durability of
the vinyl ester used for the NEFMAC grids should be undertaken.  This subject has not been
fully explored yet and needs more accelerated and long-term testing.  Durable resins for use in
concrete should be identified and tested prior to the time, the CFRP-reinforcing systems are cost
competitive to allow time for long-term durability testing.

12.5.2 Qualifications of Lightweight Concrete Mixes

Future efforts should also focus on the qualification of production lightweight concrete mixes as
outlined in Section 12.3.  In addition to laboratory mix design efforts, existing mixes used
successfully in marine environments should be evaluated to determine if they have sufficient
background testing and performance information to allow specific mixes and associated lightweight
aggregates to be directly qualified for Navy MHP use.

Concrete exposure resistance requirements should be determined from the existing body of work on
this subject.  The following references should be used to define durability requirements.

■  ACI 318 Chapter 4

■  British Standards Institute Document 97/104685

■  Norwegian Standard NE 3473E

■  Hobbs “Minimum Requirements for Durable Concrete” (British Cement Association)

■  Burke “Durable Marine Concrete for the U.S. Navy” (NFESC)

12.5.3 Qualifications of High-Durability Details

Design detailing and the follow-on construction of concrete member joints, element intersections, and
similar features is critical to assured long-term durability of a MHP.  Because of this, selected details
should be developed, constructed, and tested for durability.

12.5.4 Procurement/Quality Assurance of MHP Construction

It is clear that the successful construction implementation of a MHP pier design by a contractor is of
critical importance to the long-term durability and life-cycle performance of an MHP in the marine
environment subject to the operational demands of berthing and supporting Navy vessels.

There is a tremendous difference between the attention to essential quality on a Trident submarine
and a typical Navy pier.  Both systems are procured through the Navy procurement systems and
involve quite different cost-to-value relationships.  There is also an important difference in the
assured performance of the two different systems.  The MHP program would benefit from future
efforts to evaluate procurement strategies and quality assurance approaches for the construction of
MHP modules and installed facilities that have the potential to provide a breakthrough in
construction quality and, thereby, long-term durability and life-cycle economics.
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Interview 1 – Habib Rahman
Institute for Research in Construction
National Research Council Canada
(613)993-6290
Habib.Rahman@nrc.ca
(Telephone call with Markus Wernli, BERGER/ABAM Engineers Inc., 11-10-1999)

- Rahman was the Principal Investigator of Phase 1 and 2 of “NEFMAC as a Reinforcement for
Concrete Bridge Decks and Barrier Walls” for Autocon Composites Inc., the manufacturer of
NEFMAC for the United States and Canada.

- Rahman is among the leading researchers for NEFMAC applications. He collaborates with
Goodspeed and Steffen from University of New Hampshire and was involved in the NEFMAC
application for the Joffre Bridge with Benmokrane of the University of Sherbrooks in Quebec.

- His recommendations for NEFMAC application are positive in terms of short-term behavior. For
long-term behavior he shares the opinion of other researchers that with the current knowledge it
cannot be stated with certainty that composites are durable. Though composites do not experience
corrosion as observed in other materials, FRPs exhibit other degradation mechanisms, such as
creep to failure, matrix cracking under fatigue and alkali exposure, etc.

- Rahman says, NEFMAC may be questionable for crack control, since stiffness and bond
properties along the rods are important for limiting crack opening. Even though cracks typically
occur at least every cross-bar spacing, the low modulus of NEFMAC and slippage of the rods
between the cross-rods allows cracks to open substantially more than with comparable steel
reinforcement. An example is the minimum reinforcement for concrete shrinkage control. There
have not been comprehensive tests done on concrete shrinkage of FRP reinforced concrete yet.
Rahman expects, that a minimum FRP reinforcement has to be designed with equivalent stiffness
to the minimum steel reinforcement. Hence, a 0.2% steel reinforcement has the equivalent
stiffness of a 0.5% NEFMAC grid reinforcement. A grid of deformed FRP-bars would be
favorable, because deformations would improve the bond properties and decrease the slip of the
bar between the cross-bars, which in turn would decrease the crack widths.

- The tests showed that not more than three cell-lengths are enough to develop the entire rod force
of the C10 and H12 NEFMAC grid. For larger diameter rods, a longer anchorage length might be
expected.

- The research community is currently focusing on the durability assessment of composite
reinforcement. Accelerated aging tests indicate that FRP is vulnerable to temperature, alkalinity,
UV-light and moisture (polyester matrix). There have not been enough tests performed to date to
allow a valid conclusion. The effect of the different thermal expansion coefficients of concrete and
composite was mentioned as an example. Internal stresses can degrade bond properties and induce
cracking of the concrete. When the grid spacing is too small, the internal stresses may lead to
delamination of the concrete cover, including the composite grid. His study presented at ICCI-98
on exposure of NEFMAC to higher temperatures and alkalinity showed clear signs of degradation
of the vinyl ester.

- Researchers are now trying to get funding for durability testing from owners such as FHWA, state
DOTs and U.S. NAVY.

- Pilot-applications of FRP-reinforcement are very useful, as long as they are monitored carefully.
Unfortunately, many current projects are poorly monitored or the monitoring is not reliable over a
long period. Electrical strain gages and even fiber optics degenerate over time, which makes their
interpretation difficult. Samples as part of the structure, which are periodically evaluated in a
testing laboratory, are more meaningful and reliable.

- Rahman feels it is reasonable to utilize CFRP reinforcement up to 60% of their ultimate strength.
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Interview 2 - Robert Steffen
University of New Hampshire
(603)862-3850
Robert.Steffen@unh.edu
(Telephone with Markus Wernli, BERGER/ABAM Engineers Inc., 9 November, 1999)

- Robert Steffen performed bridge deck tests last summer using NEFMAC grids. He helped on the
development of design recommendations for NEFMAC. He focused in particular on splicing.

- His testing series included slab tests with spliced NEFMAC grid reinforcement (C19-100/100).
His observations were that splice failure typically occurred by shearing the concrete between the
grids. Hence, he could estimate the anchorage strength per cross-bar from the concrete shear
strength:
(grid spacing)2 x 0.3 SQRT(fc) [Mpa]

- He did not experience any rod failure due to anchorage.
- He recommends splicing two grids with means of a third grid, overlapping 3 cells on each grid.

The two main grids are then butt to butt, the splicing grid is laid on top (7 cells total length). In his
tests, he used a grid with smaller bar size for splicing (C13).

- Steffen conducted tensile tests with one cell-row of C19-100/100 spliced with 1-3 cells of C13-
100/100

- He will send more information about his research

Interview 3 - Nabil Grace
Lawrence Technological University
(248)204-2556
NGrace723@aol.com
(Telephone with Markus Wernli, BERGER/ABAM Engineers Inc., 12 November, 1999)

- Grace is currently testing a two-span continuously prestressed bridge system using straight and
draped CFRP-prestressing, straight CFRP-post-tensioning, draped external CFRP-tensioning and
CFRP-grid (NEFMAC) for shear and slab reinforcement. NEFMAC sizes of C9-50mm/50mm and
100mm/100mm with a cover of 25mm is built in. The bridge is exposed to fatigue loading of more
than 14 million cycles at levels of up to 50% of the theoretical ultimate capacity of the bridge. The
bridge system is designed to remain uncracked at service load.

- Grace recommends not allowing any concrete cracking with NEFMAC. Strain rupture of the rods
may occur at the crack. Similar failures were observed with CFRP-pre-stressing. At first cracking,
the dynamic change of the load distribution can induce rod rupture.

- Grace expressed his interest in the Hybrid Pier Project and invites us to come for his testing to
failure and for further discussion about his experience with NEFMAC.

Interview 4 - Vistasp Karbhari
University of California, San Diego
(858)534-6470
karbhari@ucsd.edu
(Meeting with Bob Mast, BERGER/ABAM Engineers Inc., Baltimore, 4 November, 1999)

- Karbhari said that NEFMAC is good for crack control, but only a fraction of its ultimate strength
can be developed. He cited the problem of the weak intersections preventing good anchorage
bond. He said the volume fraction of carbon fiber in NEFMAC is very low – about 30 percent. He
warned that some report fiber fraction by weight because it is easier to measure. The fraction by
weight is higher, but the volume fraction is more meaningful

- He expressed concern about the resin (vinyl ester) used in NEFMAC. He said it is inferior to other
resins, and will soften with time as water and other molecules invade. He did not think that it
could be counted on for 75- to 100-year life.
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Development of Self-Compacting Lightweight Concrete

Working under contract with Naval Facilities Engineering Service Center as a subconsultant
to BERGER/ABAM Engineers, Ben C. Gerwick, Inc. conducted a test program on self-
compacting lightweight concrete. The concrete is intended for use in construction of
floating concrete piers reinforced with carbon fiber reinforced plastic (CFRP) meshes and
post-tensioning tendons. In precasting the structures, internal vibration will be difficult in
some cases. Hand-held vibrators could easily damage a CFRP mesh composed of a small
diameter of tightly spaced elements. Form vibration is impractical for construction of base
plating and some closure pour joints between precast panels. A vibratory screed could be
used, but may not be able to ensure full consolidation. Self-compacting lightweight concrete
was felt to be most appropriate for these applications.

The general objectives of the test program are as follows:

1. To meet the design requirements for the proposed Navy floating pier concept.

2. To meet the constructability requirements for constructing CFRP mesh-reinforced,
post-tensioned concrete pontoons.

3. To establish a basis for developing flowable lightweight concrete mixes.

This report summarizes the research and test results conducted during February-July, 2000.

As a companion effort, NFESC materials specialists also undertook the development and
testing of lightweight concrete mixes suited for marine application.  NFESC’s effort did not
focus on developing flowable/soft-compacting lightweight concrete as the Gerwick effort
was requested to do.  The NFESC work is presented in a report by Mr. Douglas Burke dated
March 2000.

1. Performance Requirements of Self-Compacting Lightweight Concrete
Development of self-compacting lightweight concrete is technically challenging in that the
concrete workability has to attain an optimum balance between good flowability and
adequate cohesion. The criteria for proportioning the lightweight concrete mixes are high
workability, high resistance to segregation, adequate compaction under its own weight,
reliable concrete strength throughout production. The specific performance requirements for
the concrete mixture are as follows:

1. The concrete should be able to flow around CFRP meshes and post-tensioning duct
by the gravitational force and achieve full compaction.

2. The concrete mix must be cohesive enough to prevent appreciable segregation and
bleeding.

3. The concrete should retain adequate workability and self-compacting characteristics
for 30 minutes.

4. The concrete should develop 7,000 psi (50 MPa) specified design compressive
strength in 56 days.
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5. Unit weight of the concrete should be less than 130 pounds per cubic foot (2,083
kilograms per cubic meter).

6. Shrinkage and creep of the concrete should be acceptable.

7. Assured long term durability in a sea water environment is achieved.

2. The Basis of Concrete Mix Design
Our literature search shows that few investigative research efforts or successful applications
of self-compacting lightweight concrete has been reported in publication.  The lack of
relevant research requires an independent study on the concrete mix proportioning.

The overriding concern of this investigation was the concrete workability requirements. The
workability of self-compacting lightweight concrete shares similarity with underwater
tremie concrete. Both types of concrete mixes have to flow and compact under their own
weight, and not develop any appreciable segregation. Thus, the initial concrete mix
proportioning was primarily based upon the mix design principles for underwater tremie
concrete as follows:

The trial batching concrete mix proportions were established on the basis of previous
experience with lightweight concrete and underwater concrete.

1. The water-to-fines ratio ranges from 0.85 to 1.0 by volume. The fines content is
defined as the total amount of cementitious materials, and aggregates finer than 150
µm. The water content in concrete may be classified into bound water and free
water. The bound water stems from physical and chemical binding of water by the
solids in a concrete mix. The fines content in concrete basically determines the
amount of the bound water. The bound water does not contribute to the concrete
workability. For given water content, more fines in a concrete mix increase
cohesion and reduce segregation of the concrete. Flowable concrete generally
requires rich fine content to achieve adequate cohesion. Free water is the interstitial
water existing between fines and aggregates. It disperses and lubricates the solid
particles in a mixture to create fluidity and plasticity of the concrete. For other
parameters being equal, it is the quantity of free water that determines much of the
flowability of fresh concrete. The amount of free water available depends primarily
on the relative proportion of the total water and fines content.

2. Proper use of water-reducing admixture and cohesion agent in concrete. Water-
reducing admixtures disperse cement flocculation and release bound water in
concrete.  On the other hand, a cohesion agent such as an anti-washout admixture
“thickens” the interstitial free water in concrete, making the mix more cohesive and
thixotropic. When the cohesion agent is properly used together with water reducing
admixtures, the desirable self-compacting property can be achieved.

3. Particle packing characteristics have significant effects on the concrete workability.
The shape and size of coarse aggregates also have a influence on concrete
workability. As concrete flows, the aggregates will contact each other and develop
friction force in resistance. Thus, concrete containing large and angular aggregates
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tends to be less workable. Coarse aggregates in self-compacting concrete are
typically limited to 50-55 percent of total aggregates. .

4. Composition of cementitious materials is also an important parameter. Replacing a
portion of the Portland cement with fly ash may remarkably improve the concrete
workability.  Cement containing high C3A content usually causes rapid hydration of
cement and consumption of free water in the paste, resulting in loss of slump with
time. Type II Portland cement is typically used.

On the basis of the research and experience with underwater concrete, some preliminary
mix proportions were established for self-compacting lightweight concrete. In essence, the
concrete mixes had water-to-cement ratios in the range of 0.3 to 0.34.  The total
cementitious materials in the concrete were in the range of 900 to 1000 pounds per cubic
yard (pcy) (534 to 593 kilograms per cubic meter), which includes approximately 8 percent
silica fume and 20 percent fly ash. The high cement content was intended to develop
adequate cohesive consistency in concrete. The same cohesion in concrete can also be
achieved with use of higher dosages of chemical admixtures with a resulting higher cost for
the concrete mix.

The shape and density of lightweight aggregates have significant effects on the workability
and strength of the concrete. Concrete made of rounded aggregates generally requires less
water to achieve workability objectives than crushed, angular aggregates. In order to allow
the Navy to select the most appropriate aggregate sources for a specific project site and
requirements, both extruded and crushed aggregates were tested in the trial batching.
Baypore represents aggregates typically produced on the West Coast. They are extruded in
manufacture with smooth, round particle shape. Realite represents aggregates typically
produced in the East Coast and Midwest. They are crushed in manufacture with angular
particle shape. Realite is denser and stronger than Baypore.

The maximum aggregate size of the lightweight aggregates is limited to 3/8 inch (9mm) on
the basis of the design requirement for ½ inch (13 mm) concrete cover. Larger aggregates
are not recommended because they tend to jam around reinforcement and block free flow of
concrete, leading to segregation and inadequate compaction.

The material cost of the self-compacting lightweight concrete mixtures was approximately
20-30 percent higher than the conventional lightweight concrete. In comparison with
conventional lightweight concrete mixes, the high cost of self-compacting concrete is
mainly due to the use of more cementitious materials and chemical admixtures, which is
necessary to keep concrete flowable and cohesive. However, some labor expense will be
saved during concrete placement.

3. Trial Batch Tests
Thirteen trial batches and two small-scale constructability tests were made in two
independent testing laboratories. In the first stage of the tests, only workability tests were
conducted. Various cementitious material contents and dosages of chemical admixtures
were tested to achieve the desired workability. It was found that concrete containing
cementitious materials in the range of 900 and 1,000 pounds per cubic yard (534 to 593
kilograms per cubic meter) stabilized the rheological behavior and minimized use of
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chemical admixtures. Five concrete mixes were selected from the thirteen trial batches for
further tests. The mix proportions are shown in Table 1. On-site batch records are included
in the Appendix II-A.

For highly flowable concrete, the slump test is not a very accurate measurement of concrete
workability. But the slump flow test provides a meaningful indication of concrete
flowability. The slump flow test is to take measurements of the diameter of the concrete
spread in two perpendicular directions after the standard slump test.  The average of the two
measured diameters of the concrete spread should be reported as the slump flow to an
accuracy of 0.2 inch (5 mm).

The trial batch tests showed that lightweight concrete with a slump flow below 18 inches
(45.7 cm) is not likely to have full compaction under its own weight. Lightweight concrete
with a slump flow over 26 inches (66 cm) led to severe segregation and bleeding. A slump
flow in the range of 18 inches (45.7 cm) to 22 inches (55.9 cm) indicated an acceptable
level of flowability and adequate cohesion. Figure 1 and Figure 2 show the correlation
between slump flow and tendency of segregation of the fresh concrete.

Chemical admixtures used in the test include ViscoCrete, Sikament 86, and Sikament 100
SC, all of which are produced by Sika. ViscoCrete is a self-placing admixture designed for
self-compacting normal weight concrete. In the initial trial batching, it was found that use of
ViscoCrete alone did not consistently produce the required workability for self-compacting
lightweight concrete containing crushed aggregates (Realite). The problem is that
lightweight aggregates tend to float up during placement because they are lighter than
cement paste. Additional adjustment of concrete workability with a cohesion agent
(Sikament 100SC) and Superplasticizer (Sikemand 86) provided good results.

In the second stage of the mix development, strength and shrinkage of the trial batch mixes
were measured in accordance with the ASTM test standards.  Mix No. 1 to No. 4 (see
Table 1) were tested at TXI concrete laboratory, in Porta Costa, CA. Mix No. 5 and No. 6
were tested at Testing Engineers, Inc., in Oakland, CA.  Trial batch test records are shown
in Appendix II-A.  A summary of test results is shown in Table 2.

The trial batch tests concluded that the concrete mixes were able to achieve the performance
requirements in terms of the slump flow, unit weight, resistance to segregation and
bleeding, and acceptable shrinkage. The tests also showed that the types of lightweight
aggregates used have significant effects on the concrete strength. Concrete with Realite
aggregates reached approximately 10,000 pounds per square inch (psi) (69 MPa)
compressive strength at 56 days. But the compressive strength of the concrete mixes
containing Baypore was about 7800 psi (54 MPa) at 56 days. On the basis of the design
strength requirement, Realite lightweight aggregates were selected for production at the
Pomeroy precast plant to fabricate the load test specimens.

The concrete had no bleeding and little segregation as observed in trial batch tests. Drying
shrinkage tests were conducted in accordance with ASTM C 157. The measured shrinkage
at the end of 28-day drying period was in the range of 0.021 to 0.023 percent. The low
water-to-cementitious materials ratio in the concrete was probably the cause of the low
shrinkage observed in the tests.
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Figure 1.  A 26 inch (66cm) slump flow indicates severe segregation

Figure 2.  A 20 inch (50.8 cm) slump flow shows good flowability and cohesion of the
concrete
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Table 1.  Concrete Mix Proportions for Trial Batch Tests (1 cubic yard)

Mix proportions Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6

Type II Cement (pcy) 752 752 658 658 658 705

Fly Ash Class F (pcy) 250 250 250 250 250 250

Silica Fume (pcy) 84 84 84 84 84 84

Lightweight Coarse
Aggregates,
Baypore (pcy)

924 845 875

Lightweight Coarse
Aggregates,
Realite (pcy)

975 887 910

Fine Aggregate,
top Radum sand (pcy) 990 948 1142 1174 1151 1165

Water (Total Mix)
(pcy)

369 326 337 327 337 319

ViscoCrete (oz) 252 270 290 308 290 333

Sikament 100 SC (oz) 18 27 36

Sikament 86 (oz) 54 75 60 147

1 pound per cubic yard (pcy)= 0.5933 kilogram per cubic meter

1 fluid oz. = 0.02957 liter
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Table 2.  A Summary of Trial Batch Test Results

Trial Batch Mix No.
Aggregates Type

Mix 1
Realite

Mix 2
Baypore

Mix 3
Realite

Mix 4
Baypore

Mix 5
Realite

Mix 6
Baypore

Tests
Temperature oF
                    (oC)

62
(16.7)

62
(16.7)

62
(16.7)

62
(16.7)

72
(22.2)

72
(22.2)

Slump – in 10.25
26 cm

10.25
26 cm

10.50
26.7 cm

10.75
27.3 cm

10.25
26 cm

10.00
25.4 cm

Slump Flow – in 20.00
50.8 cm

19.25
48.9 cm

18.00
47.7 cm

23.00
58.4 cm

21.00
53.3 cm

19.00
48.3 cm

Unit Weight – pcf
( kg / cubic meter)

122.6
(1964)

122.4
(1961)

127.0
(2034)

124.2
(1990)

128.7
(2062)

128.0
(2051)

Air (%) 3.0 3.0 2.0 2.6 2.0 1.0
Bleeding (%) 0.0 0.0 0.0 0.0 0.0 0.0
Average Compressive
Strength at 3 days – psi
      (MPa)

5031
(34.7)

4553
(31.4)

Average Compressive
Strength at 7 days – psi
      (MPa)

5899
(40.6)

6072
(41.9)

6938
(47.8)

5245
(36.2)

7863
(54.2)

5710
(39.4)

Average Compressive
Strength at 28 days – psi
      (MPa)

8594
(59.3)

7288
(50.2)

9490
(65.4)

6746
(46.5)

9390
(64.7)

6687
(46.1)

Average Compressive
Strength at 56 days – psi
       (MPa)

9087
(62.6)

7945
(54.8)

10198
(70.3)

7852
(54.1)

10327
(71.2)

7887
(54.4)

Splitting Tensile
Strength at 3 days – psi
       (MPa)

389
(2.68)

372
(2.56)

Splitting Tensile
Strength at 3 days – psi
       (MPa)

557
(3.84)

480
(3.31)

Splitting Tensile
Strength at 3 days – psi
        (MPa)

720
(4.96)

543
(3.74)

Splitting Tensile
Strength at 3 days – psi
        (MPa)

800
(5.51)

620
(4.27)

Shrinkage (10-6) 230
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4. Small-scale Constructability Test
A small-scale constructability test was conducted. The test entailed placement of flowable
concrete into two separate 2-ft by 3-ft (61 cm by 91 cm)forms without compaction. Carbon
fiber meshes with a 2 inch by 2 inch (50 mm by 50 mm) grid were supported 1.5 inches (38
mm) above the base and were supported at the corners (Figure 3).

Concrete Mix No. 3 and Mix No. 4 were poured into two separate forms. Mix No. 3 was
able to flow about 2.5 ft (76 cm), but some shoveling and troweling was needed to fill the
entire form and level the concrete (Figure 4).

Mix No. 4 was not only self-compacting, but also leveled itself out under its own weight
(Figure 5 and Figure 6).

Figure 3.  A 2-ft by 3-ft ( 61 cm by 91 cm) form for the small-scale constructability test
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Figure 4.  Mix No. 3 flows only 2-1/2 ft (76 cm), and had to be pushed to fill the entire form

Figure 5.  Placement of Concrete Mix No. 4 in the form
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Figure 6.   Concrete Mix No. 4 levels itself out without any vibration or trowel

After the concrete hardened, the specimens were cut to observe its quality (Figure 7).  As
shown in Figure 8, the constituents of the concrete are uniformly distributed through its
thickness. Neither concrete segregation nor voids were observed in the cut-open concrete
specimens made with Mix No. 4.  It also shows that the lightweight concrete mixes were
able to flow around and fully encase the carbon fiber mesh.

The small-scale constructability test demonstrated that the mixes had excellent workability
and could achieve full compaction without segregation.

5. Large-scale Constructability Test and Fabrication of Load Test Specimens
A large-scale on-site constructability test was conducted at J. P. Pomeroy Corporation on
April 12th, 2000. The construction entailed precasting two 10-ft by 3.33-ft by 8-in  (3 m by 1
m by 20.3 cm) constructability specimens. Fabrication of eleven load test specimens was
carried out on April 13th, 18th and 19th, 2000.  The load test specimens are 20-ft by 2-ft by 8-
in ( 6 m by 61 cm by 20.3 cm) in size.

Mr. Doug Burke of NFESC, Mr. Lee Marsh and Mr. Markus Wernli of BERGER/ABAM,
Mr. Sam Yao of Gerwick, and representatives from the chemical admixture manufacturer
Sika were present at the site on April 12th and 13th. Mr. Sam Yao directed the batching and
mixing operations on April 18th and 19th, when other personnel from outside agencies were
not present.
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Figure 7.  After one day curing, the CFRP mesh reinforced concrete plates were cut

Figure 8.  Neither segregation nor voids were present in the concrete in the sections saw-cut
open from the specimens (small-scale constructability tests at laboratories)
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The first constructability specimen was constructed without an on-site trial batching. Batch
records for the Precast specimen production at Pomeroy are included in Appendix II-C. The
Pomeroy batch plant used the mix proportions as determined in previous trial batch tests in
the laboratories. Once the concrete placement commenced, segregation of the concrete was
apparent as the lightweight aggregates floated up to surface and had to be pushed to the side
during finishing (Figure 9).

A review of the precasting operations concluded that the concrete segregation was caused
by overdosing the concrete with superplasticizer. There were substantial differences in
mixing efficiencies between the central production mixer at Pomeroy and small masonry
mixers in the laboratories where the trial batch tests were conducted. The central mixer at
Pomeroy is capable of dispersing cementitious material particles in a highly efficient
manner. Therefore, concrete mixed in this type of mixer does not need as much
superplasticizer as concrete prepared in the masonry mixer in order to make flowable
concrete.

To eliminate the segregation, the superplasticizer was reduced by 50% and the cohesion
admixture was increased by 14% in the second batch. In addition, the concrete placement
procedure was modified as follows: the concrete was allowed to gradually flow into the
form while the chute was moved back and forth along the casting bed so that the concrete
did not have to flow out from the deposit point 10 feet (3 m) to fill the form. The second
batch of concrete gave a substantial improvement in workability. No segregation was
observed and the concrete appeared to be flowable enough to achieve good compaction.

In the first two batches, unmixed lumps were found in the concrete. These lumps were
approximately 2-3 inches (5 to 7.6 cm) in size and contained dry cementious materials and
sand inside. It was postulated that the unmixed lumps are caused by improper mixing
sequence. Densified silica fume pellets as used at the plant should be broken down by
adequate mixing prior to introduction of cement and water into the mixer. If the mixing
time is not adequate and silica fume pellets are not fully broken, they tend to absorb water
too quickly and form unmixed lumps. This problem was solved in later production by
means of adequate mixing.

After one day curing, the two constructability specimens were cut open to examine the
concrete compaction and quality. The examination shows that the Batch No. 1 concrete
segregated, while the Batch No. 2 mix did not (see Figure 10).

One void of approximately 1-1/2 inch by 1/8 inch ( 38 mm by 3 mm) in size was found in
the second pour. There were exposed aggregates around the void with unhydrated cement
particles. It appears that the void was caused by unmixed lumps in the concrete. In the
following construction, the concrete mixing procedure was changed to allow enough mixing
time to break down the silica fume pellets before introduction of cement and water into the
mixer. No unmixed lumps were found in the concrete made on April 18th and 19th.
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Figure 9.  Placement of the First Constructability Specimen

Figure 10.  Two constructability specimens were cut open for examination:
The first concrete pour (left) segregated, but the second concrete pour (right) had
homogeneous distribution
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It was decided to use essentially the same mix proportions as the Batch No. 2 for fabrication
of load test specimens. Batch No. 3 was used to cast test specimen No. 5.  Batch No. 4 was
used to cast test specimens No. 3, No. 2, and No. 8, and the Moustafa pullout test specimen

One day after casting the initial test specimens, it was found that the Batch No. 4 concrete
had severe segregation (see Figure 11). On April 17th, Ben Gerwick and Sam Yao, of BC
Gerwick, went to the Pomeroy yard to examine the concrete conditions. Afterwards, they
exchanged their opinions with Mike LaNier and Lee Marsh of BERGER/ABAM. A
decision was made to proceed with the casting operation with careful quality control and
modification of admixture dosages to eliminate segregation.  Sam Yao agreed to oversee
and direct, as necessary, the batching and mixing operations.

On April 18th, fabrication of test specimens resumed with careful quality control at the
batch plant. Test specimens No. 4, No. 7, No. 10 and No. 11 were cast with three batches
(Nos. 5, 6, and 7).  For Batch No. 5 and No. 6, the batch volume was only 1 cubic yard
(0.76 cubic meter) and chemical admixtures were gradually introduced into the mixer and
slump tests were frequently taken until the concrete attained the desired workability. It was
found that superplasticizer should be reduced in order to achieve desired workability (see
Figure 12). The concrete compressive strength reached approximately 5,000 psi (34.5 MPa)
after overnight steam curing. No segregation was found in the concrete (see Figure 13).

Batch No. 7 (April 18th) and No. 8 (April 19) were produced as production runs. Batch No.
7 and No. 8 mixed 2.4 cubic yards (1.8 cubic meters) and 4.36 cubic yards (3.3 cubic
meters) of concrete, respectively. No slump test was conducted during mixing. The concrete
from these production batches shows no segregation. Without lightweight aggregates
floating up, the test specimens attain the smoothest finishing so far (see Figure 14).
However, it was reported that small voids were present on the bottom surface of some
specimens, indicating lack of full compaction beneath the CFRP meshes.

Concrete was typically sampled from every batch and tested for 1-day, 3-day, 7-day, 14-day,
28-day, and 67- or 75-day compressive strength. Except for Batch No. 4, concrete from all
other batches gained strength as expected. The 28-day average compressive strength of the
concrete ranged from 9,340 psi to 11,920 psi (64.4 MPa to 82.2 MPa). Since concrete from
Batch No. 4 experienced severe segregation, its strength was lower, ranging from 7,750 psi
to 8,560 psi. (53.4 MPa to 59.0 MPa) The concrete compressive strength test results are
plotted in Appendix II-D.

After the load test specimens were loaded to failure at the University of Wyoming, concrete
cores were taken from the specimens for compressive strength tests. The compressive
strength of these cores ranged from 9,100 psi to 11,160 psi (62.7 MPa to 76.0 MPa). The
test results are shown in Appendix II-D.
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Figure 11. Concrete segments saw-cut from load test specimen: The upper specimen
showing segregation (Batch No. 4), the lower specimen showing uniform distribution
of aggregates (Batch No. 3)

Figure 12. Placement and finishing of self-compacting lightweight concrete (Batch No. 7)
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Figure 13. Concrete compressive strength reached over 4,800 psi (33.0 MPa) after
overnight steam curing. No segregation was observed in the broken cylinders (Batch
No. 5, 6, and 7)

Figure 14. Without aggregates floating up, the load test specimens had the best
finishing in the last day of construction
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6. Important Issues to be Addressed
During the test program, we have received valuable comments from NFESC.
Berger/ABAM engineers and Gerwick engineers have had frequent communications
regarding the test procedures and test results. In the following, we address some important
issues that are raised during the communications:

1.  The effects of chemical admixtures on lightweight concrete
The self-compacting lightweight concrete depends primarily on two types of chemical
admixtures for its workability - water reducing admixtures (superplasticizer) and
cohesion agents.  These two types of admixtures mainly influence rheological behavior
of concrete with relatively small effects on long-term properties of concrete.
(References 2 – 8)

Water-reducing admixtures are dispersion agents that reduce cement flocculation and
release bound water in concrete to produce flowable concrete. The cohesion agent
“thickens” the interstitial free water in concrete, making it more cohesive and
thixotropic. It consists of long chain polysaccharide polymers. When dissolved in
water, the long chain molecules form entanglement that partially restrains mobility of
the water.  Viscosity of the cement paste consequently increases.  Upon agitation, the
polymer chains tend to disentangle and align with the shear flow. Viscosity decreases
with intensity of the agitation. With proper use of superplasticizer and cohesion agents,
concrete can achieve high flowability and yet retain adequate cohesion to essentially
eliminate segregation and bleeding.

The effects of these chemical admixtures on long-term properties of hardened concrete
have been fully investigated and documented in numerous publications (reference 2-8).
Some relevant conclusions of these investigations are summarized below.

•  Water reduction of up to 35% can typically be achieved when superplasticizers are
added in concrete. The reduction of water-to-cement ratio in concrete further
enhances the concrete strength.

•  Incorporation of superplasticizers in concrete improves the bond strength between
steel and concrete for both normal concrete and lightweight concrete.

•  Shrinkage of superplasticized concrete is generally less than that of the reference
concrete. In any case, the shrinkage of superplasticized concrete test specimens is
well below the maximum requirement of ASTM C494.

•  Superplasticized concrete has approximately the same creep as the reference
concrete.

•  Incorporation of superplasticizers in concrete tends to increase air bubble spacing.
Nevertheless, the freeze and thaw durability of superplasticized concrete tested in
accordance with ASTM C666 is generally not impaired.

•  The resistance of superplasticized concrete to sulfate attack is comparable to that of
reference concrete.
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•  Incorporation of superplasticizers in concrete is important for high strength
lightweight concrete, especially when silica fume is used.

•  Use of cohesive agents in concrete does not effect the concrete strength.

•  Use of cohesive agents improves the bond strength between concrete and steel
reinforcement primarily because of reduction of bleeding from the concrete mixture
(Reference 9).

•  Use of cohesive agents stabilizes the rheological behavior of fresh concrete with
regard to such variations as the concrete temperature and the water content of
aggregates.  In practice, variations in quality and quantity of materials are inevitable
on the job site.  These variations often change the flowability, slump retention, and
the time of set of concrete.  The experiments appear to show that, with use of
cohesion agents, more consistent performance of fresh concrete can be expected

•  For over 20 years, cohesive agents have been used as an anti-bleeding admixture in
post-tensioning grout and as an anti-washout admixture in underwater concrete. The
admixtures are used in many major civil work projects such as Olmsted dam and
Braddock Dam in the U.S., Norththumberland Crossing in Canada, the Great belt
Link in Denmark, and the Akashi Kaikyo Bridge in Japan.

2.  Cost of self-compacting lightweight concrete

Materials cost of self-compacting concrete is generally more than that of conventional
concrete due to the premium paid for high dosages of chemical admixtures and cement
content. But substantial cost saving can be realized during production due to less labor
requirement for self-compacting concrete. Cost benefit analysis should be evaluated
from the perspective of the entire production cycle.

In the test program, the premium for the self-compacting lightweight concrete materials
is estimated in the range of 20-30 percent. Table 3 provides cost estimate of the
concrete mix used in the field test, The concrete has 22 percent material cost premium
in comparison with the regular lightweight concrete mix as provided in the NFESC
report by Mr. Douglas Burke, dated March 2000 (Reference 1).

Materials cost of the self-compacting lightweight concrete can be reduced in a future
study. It is perceived that a substantial cost reduction can be achieved by replacing 8-15
percent of the cement with finely ground limestone power. Limestone powder not only
provides desirable cohesion to flowable concrete, but also has beneficial effects on
cement hydration and concrete durability. In fresh concrete, limestone powder tends to
attach to cement particles and improve the dispersion of cement. The concrete
containing limestone powder usually has higher plasticity and higher compressive
strength. This approach is widely used in Europe and Japan for making flowable
concrete. Ben C. Gerwick Inc. also completed a number of underwater concrete
projects with limestone powder in the past.

Material cost can be further reduced by choosing appropriate chemical admixtures. In
the test program, only Sika’s products were tested.  This resulted in what is believed to
be a premium cost for admixtures. In retrospect, chemical admixtures from other
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manufacturers (Master Builder Technologies, Inc., Kelco, etc.) may provide a more cost
effective solution. It is recommended that other chemical admixtures be evaluated in a
future study.

Table 3.  Concrete Materials Costs

Material Quantities Unit Costs Mix Costs

Cement Type II 658 lb $0.035/lb $23.04

Fly Ash Class F 250 lb $0.025/lb $6.25

Silica Fume 84 lb $0.35/lb $29.40

Coarse Aggregate
(Realite)

965 lb $0.034/lb $32.09

Fine Aggregate (Natural) 1181 lb $0.005/lb $6.20

ViscoCrete 290 oz. $7.50/gal $16.97

Sikament 100 SC 25 oz. $28.50/gal $5.56

HRWR (Sikament 86) 56 oz. $5.50/gal $2.40

Total Raw Material Cost/yd3 $121.91

3.  Cementitious materials content in the concrete

The total cementitious materials in the concrete amount to about 990 pounds per cubic
yard (587 kilograms per cubic meter). The high cement content is used to provide a
cohesive, non-segregating mix. Replacing cementitious materials with sand cannot
achieve the desirable consistency for self-compacting lightweight concrete. If we
reduce the cement content, additional cohesive admixture (such as Sikament 100 SC)
will be needed to prevent segregation, resulting in higher material costs. However, we
believe that it would be beneficial to replace a portion of cementious materials with
finely ground limestone powder. Use of limestone powder not only provides the
desirable cohesion to the concrete, but also reduces the cost.

4.  The optimum water-to-cementitious materials (cm) ratio in the concrete

The water-to-cm ratio used in the field test is 0.27. We believe that keeping the w/cm
ratio in the range of 0.27 to 0.32 is desirable for self-compacting, non-segregating
lightweight concrete mix. Adding additional water will increase the propensity for
concrete segregation and require more cohesive admixtures. In this case, water is the
most expensive thing one can add to the concrete.

5.  Gradations of aggregates in the concrete

It has been suggested to us that it is essential that the gradation of the aggregates be
selected to theoretically fit for better flowable concrete? We do not concur with this
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suggestion. Past experience with underwater concrete projects indicates that any
aggregates complying with ASTM C 33 and ASTM C 330 should be able to make
flowable, self-compacting and non-segregating concrete. Engineering requirements on
aggregates should be in accordance with the ASTM standards. Enforcing any special
requirements beyond the ASTM requirements is neither necessary nor economical.

6.  Air-entrainment in the concrete

Air entrainment is necessary when the concrete is exposed to freeze-thaw environments.
Proper air entrainment also enhances workability of concrete. However, it is difficult to
control the actual amount of air entrainment in flowable concrete (see reference 5-8).
Using air entraining admixture in self-compacting lightweight concrete adds one more
variable in the concrete mix proportioning. Therefore, air entrainment was not used in
the test program.   As we gradually gain experience with the performance of self-
compacting lightweight concrete, air entraining admixtures should be added to the
concrete.

7. Experience and Lessons Learned
Development of self-compacting lightweight concrete is a technical subject that has rarely
been dealt with in the past. Research efforts in this area are technically challenging in that
the lightweight concrete must meet stringent requirements for its rheological behavior.

For a variety of reasons, technical challenges were encountered in this program, all of which
were overcome as the test program proceeded. In the early stage of the precast production,
the concrete mix experienced severe segregation. In some load test specimens, small voids
were also observed on the underside surfaces. We believe that these problems are a part of
the trial-and-error approach necessary for this type of development.  If we learn the lessons
and make efforts to correct the mistakes made during this test program, these problems can
be generally avoided in the future. The important lessons we learned from this test program
are as follows.

1. The concrete mix design should optimize the rheological behavior of the concrete:
The key to successful mix design is the optimum balance between cohesion and
flowability of the concrete. If the concrete does not contain adequate cohesion, the
lightweight aggregates tend to flow up to the top surface, causing segregation. The
problem of segregation is especially pronounced in flowable lightweight concrete. On
the other hand, if the concrete does not have adequate flowability, the concrete cannot
achieve full compaction. An increase in flowability may compromise cohesiveness of
the concrete, unless the mix proportions and chemical admixtures are balanced to an
optimum level.

2. Acceptance of the rheological behavior of the concrete can be measured by the
slump flow test: The constructability tests demonstrated the acceptable slump flow of
self-compacting lightweight concrete ranges for the application, i.e., a slump flow in the
range of 18 inches to 22 inches (45.7 to 55.9 cm) indicates an acceptable level of
flowability and adequate cohesion of the concrete.  A slump flow over 26 inches (66.0
cm) leads to severe segregation of the concrete. The concrete mixes with a slump flow
less than 18 inches (45.7 cm) did not exhibit good self-compacting characteristics.
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3. Rigorous quality control at the batch plant is critical: The rheological behavior of
self-compacting lightweight concrete is very sensitive to mixing operations and mix
components. Temperature and moisture in the aggregates can have significant effects on
the concrete. The batch size and mixing procedure also have noticeable influence on the
workability and cohesion of the concrete. Mixing time and chemical admixtures should
be adjusted to accommodate potential condition changes at the site. During trial
batching, chemical admixtures should be gradually introduced into the mixer until the
concrete mix reaches an acceptable rheological state.  Slump flow test should be taken
for every batch.

4. The type of the mixer can significantly effect performance of the concrete and
change the mix proportions: Many modern central mixing plants are highly efficient
in dispersion of cement particles, which results in substantial reduction of mixing time
and dosage of chemical admixtures (water reducers and superplasticizers). Trial batch
tests are usually carried out on much less efficient masonry mixers in test laboratory. In
field production concrete mixes as determined from the laboratory tests must be
adjusted to accommodate the production mixer and batch sizes. It is essential to perform
trial batching using the production mixer at the batch plant prior to production. In this
test program, it was found that the high-efficiency central mixer at the Pomeroy plant
actually reduced the required dosage of the superplasticizer by up to 60 percent. In the
early stage of the precast production, use of the mix proportions from previous
laboratory tests resulted in overdosing the concrete with superplasticizer and severe
segregation.

5. Concrete placement procedure should ensure minimum lateral flow of self-
compacting concrete: Lateral flow of self-compacting concrete over a long distance
tends to promote its segregation. A good placement procedure is to move the delivery
chute or pumpline laterally back and forth along the form. This procedure prevents
mounding of the concrete in one place. Mounding of flowable concrete requires the
concrete to flow laterally over a long distance and, therefore, increases the propensity
for segregation.

6. Use of densified silica fume pellets requires adequate mixing time: Silica fume
pellets must be broken down before mixing with water. Otherwise the pellets tend to
absorb water too quickly and form unmixed lumps. The proper mixing procedure is to
mix silica fume pellets with aggregates for 2-4 minutes prior to adding cement and
water into the mixer. In general, liquid silica fume is preferred to silica fume pellets in
order to increase production efficiency.

7. Self-compacting concrete is vulnerable to plastic shrinkage: Self-compacting
concrete has little bleeding because it contains cohesion agents. When the fresh concrete
is exposed to hot sun or drying wind, severe plastic shrinkage may occur. Care should
be taken to protect the concrete before it is covered with tarpaulins or burlap for steam
curing. Membrane curing compound or water curing is recommended.

8. Summary
The economic production of self-compacting, high strength lightweight concrete was
successfully developed in this study. It is found that the workability of such mixes are
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inherently more sensitive to various production variables than conventional concrete mixes.
Therefore, successful implementation of self-compacting lightweight concrete on a full-
scale project will require both trial batching with actual production equipment and
materials, and good quality control of the production/placement operations.
Recommendations are made to further optimize the mix design in future study work.

The test program included initial trial batch tests in two independent concrete laboratories, a
small-scale constructability test, a large-scale constructability test, and fabrication of load
test specimens. The laboratory tests started with thirteen trial batches to identify the
controlling parameters of the concrete mixes that produce the required rheological behavior.
Five concrete mixes were selected for the strength tests and shrinkage tests.

The small-scale constructability test entailed placement of flowable concrete into two
separate 2-ft by 3-ft (61 cm by 91 cm) forms with a layer of CFRP mesh suspended in the
form.  The test demonstrated that the mixes had excellent workability and could achieve full
compaction without segregation.

In the early stage of the precast production, technical difficulties were encountered. The
research team was able to identify the causes of the problems and implement corrective
actions. Finally, self-compacting lightweight concrete was successfully produced in full-
scale precast production. The final production run concrete mix was significantly improved
in its ability to meet all of the performance requirements in terms of self-compaction,
homogeneity, strength, unit weight, and drying shrinkage.

The current test program has shown that production of high quality, self-compacting
lightweight concrete is not only technically feasible, but also cost-competitive.
Nevertheless, further investigations are warranted to address several important issues. We
recommend further study in the following subjects:

(1) Use of limestone powder in flowable concrete to improve concrete performance and
reduce material cost,

(2) Use of air-entrainment in self-compacting concrete,

(3) A comparison study of different types of chemical admixtures for self-compacting
concrete. Besides Sika’s products, products from Master Builders and Kelco should be
included in the study

(4) Confirmation of long term durability in a marine environment .
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J ob Name: Date: 24-F eb-00

F R P /Hybrid Navy F loating P ier  CONCR E T E  MIXT UR E  by Ben C . Gerwick, Inc.

J ob No. Mixture S er. No. 1 P R OP OR T IONS L ightweight Aggregate Concrete

P ortland Cement T ype:  I I P ozzolan: S er # 1 P ozzolan: S er # 2

C lass F   fly ash S ilica F ume: R heoMac S F 1 00

S ource:  T XI/R iverside S ource:  Borel Co. S ource:  MasterB uilders , Inc.

C oarse Aggregate Chemical Admixture:  V iscoCrete 301 0

T ype:  R ealite 3/8-inch Maximum %  water 70 Dosage:

S ource:  T XI S ource:  S ika 23.2  oz./cwt

F ine Aggregate Chemical Admixture:  S ikament 1 00S C

T ype:    R adum T op S and %  water 67 Dosage:

S ource:  Hanson Aggregates, Co. S ource:  S ika 2.72 oz/cwt

Chemical Admixture:  S ikament 86

%  water 67 Dosage:

S ource:  S ika 4.97 oz./cwt

      Materials

S pecific Unit Wt. Absorption T otal Moist. Net S urface Moist.

Material S ize R ange Gravity lb/cu. ft P ercent Cont. % Cont. %

Cement 3.1 5 1 96.56

F  F ly Ash 2.31 1 44.1 4

S ilica F ume 2.20 1 37.28

F ine Aggr.  2.68 1 67.23 1 .00 6.60 5.60

Coarse Aggr. 1 .69 1 05.46 1 5.20 1 5.00 0.00

Water 62.40

 Design  P roportions Actual B atch Data:

    Calculated Batch Data (1  cu. Y d.) Batch S ize: 1 .5  cu. ft.     

S olid Volume S S D B atch S S D Batch Water Actual B atch

Material cu.ft./batch Mass ( lb) Wt. ( lb) Corr. ( lb) Wt ( lb)

C ement 3.83 752.00 41 .78

F ly Ash 1 .73 250.00 1 3.89

S ilica F ume 0.61 84.00 4.67

F ine Aggr. 5.92 989.58 54.98 3.08 58.06

C oarse Aggr. 9.25 975.00 54.1 7

V iscoCrete 301 0 252.00 oz 1 4.00

S ikament 86 54.00 oz 3.00

S ikament 1 00 S C 1 8.00 oz 1 .00

T otal Water 369.00

B atch Water 4.98 31 0.50 batch water adjusted for surface moisture 1 7.25

Air 0.69

T otal Air F ree 26.31

T otal Y ield 27.00 341 9.58

T est R esults:

T emperature,  F 62.00

S lump, inches 1 0.25

S lump flow, inches 20.00

S lump flow @  60 min,  inches -

Unit Weight, lbs per cu. F t 1 22.60

Conpressive strength at 7 days 5899 psi.

R ecorded by S am Y ao
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Job Name: Date: 24-F eb-00

F R P /Hybrid Navy F loating P ier  CONCR E T E  MIXT UR E  by Ben C . Gerwick, Inc.

Job No. Mixture S er. No. 2 P R OPOR T IONS L ightweight Aggregate Concrete

P ortland Cement T ype:  I I P ozzolan: S er # 1 P ozzolan: S er # 2

C lass F   fly ash S ilica F ume: R heoMac S F 1 00

S ource:  T XI/R iverside S ource:  Borel Co. S ource:  MasterBuilders , Inc.

Coarse Aggregate C hemical Admixture:  V iscoC rete 301 0

T ype:  Baypore 5/8-inch Maximum %  water 70 Dosage:

S ource:  T XI S ource:  S ika 24.9 oz./cwt

F ine Aggregate

T ype:    R adum T op S and

S ource:  Hanson Aggregates, Co.

      Materials

S pecific Unit Wt. Absorption T otal Moist. Net S urface Moist.

Material S ize R ange Gravity lb/cu. ft P ercent C ont. % Cont. %

Cement 3.1 5 1 96.56

F  F ly Ash 2.31 1 44.1 4

S ilica F ume 2.20 1 37.28

F ine Aggr.  2.68 1 67.23 1 .00 6.60 5.60

Coarse Aggr. 1 .55 96.72 1 5.20 1 5.00 0.00

Water 62.40

 Design  P roportions Actual Batch Data:

    Calculated Batch Data (1  cu. Y d.) Batch S ize: 1 .5  cu. ft.     

S olid Volume S S D Batch S S D Batch Water Actual Batch

Material cu.ft./batch Mass ( lb) Wt. (lb) Corr. ( lb) Wt ( lb)

Cement 3.83 752.00 41 .78

F ly Ash 1 .73 250.00 1 3.89

S ilica F ume 0.61 84.00 4.67

F ine Aggr. 5.67 948.00 52.67 2.95 55.62

Coarse Aggr. 9.55 924.00 51 .33 0.0 51 .33

ViscoCrete 301 0 270.00 oz 1 5.00 oz

T otal Water 5.22 325.80

Batch Water 272.80 batch water adjusted for surface moisture 1 5.1 6

Air 0.38

T otal Air F ree 26.62

T otal Y ield 27.00 3283.80

T est R esults:

T emperature,  F 62.00

S lump, inches 1 0.25

S lump flow, inches 1 9.25

S lump flow @  60 min,  inches -

Unit Weight, lbs per cu. F t 1 22.40

Conpressive strength at 7 days 6072 psi.

R ecorded by S am Y ao
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Job Name: Date: 21 -Mar-00

F R P /Hybrid Navy F loating P ier  CONCR E T E  MIXT UR E  by Ben C . Gerwick, Inc.

Job No. Mixture S er. No. 3 P R OPOR T IONS L ightweight Aggregate Concrete

P ortland Cement T ype:  I I P ozzolan: S er # 1 P ozzolan: S er # 2

C lass F   fly ash S ilica F ume: R heoMac S F 1 00

S ource:  T XI/R iverside S ource:  Borel Co. S ource:  MasterBuilders , Inc.

Coarse Aggregate C hemical Admixture:  V iscoC rete 301 0

T ype:  R ealite 3/8-inch Maximum %  water 70 Dosage:

S ource:  T XI S ource:  S ika 29.2  oz./cwt

F ine Aggregate C hemical Admixture:  S ikament 86

T ype:    R adum T op S and %  water 67 Dosage:

S ource:  Hanson Aggregates, Co. S ource:  S ika 7.57 oz./cwt

C hemical Admixture:  S ikament 1 00S C

%  water 67 Dosage:

S ource:  S ika 2.72 oz/cwt

      Materials

S pecific Unit Wt. Absorption T otal Moist. Net S urface Moist.

Material S ize R ange Gravity lb/cu. ft P ercent C ont. % Cont. %

Cement 3.1 5 1 96.56

F  F ly Ash 2.31 1 44.1 4

S ilica F ume 2.20 1 37.28

F ine Aggr.  2.68 1 67.23 1 .00 8.90 7.90

Coarse Aggr. 1 .72 1 07.33 1 5.20 1 5.00 0.00

Water 62.40

 Design  P roportions Actual Batch Data:

    Calculated Batch Data (1  cu. Y d.) Batch S ize: 1 .5  cu. ft.     

S olid Volume S S D Batch S S D Batch Water Actual Batch

Material cu.ft./batch Mass ( lb) Wt. (lb) Corr. ( lb) Wt ( lb)

Cement 3.35 658.00 36.56

F ly Ash 1 .73 250.00 1 3.89

S ilica F ume 0.61 84.00 4.67

F ine Aggr. 6.83 1 1 42.00 63.44 5.01 68.46

Coarse Aggr. 8.26 887.00 49.28

ViscoCrete 301 0 289.66 oz 1 6.09 oz

S ikament 1 00 S C 27.00 oz 1 .50 oz

S ikament 86 75.06 oz 4.1 7 oz

T otal Water 5.40 337.00

Batch Water 246.78 batch water adjusted for surface moisture 1 3.71

Air 0.81

T otal Air F ree 26.1 9

T otal Y ield 27.00 3358.00

T est R esults:

T emperature,  F 62.00

S lump, inches 1 0.50

S lump flow, inches 1 8.00

S lump flow @  60 min,  inches

Unit Weight, lbs per cu. F t 1 27.00

Conpressive strength at 7 days

R ecorded by S am Y ao
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Job Name: Date: 21 -Mar-00

F R P /Hybrid Navy F loating P ier  CONCR E T E  MIXT UR E  by Ben C . Gerwick, Inc.

Job No. Mixture S er. No. 4 P R OPOR T IONS L ightweight Aggregate Concrete

P ortland Cement T ype:  I I P ozzolan: S er # 1 P ozzolan: S er # 2

C lass F   fly ash S ilica F ume: R heoMac S F 1 00

S ource:  T XI/R iverside S ource:  Borel Co. S ource:  MasterBuilders , Inc.

Coarse Aggregate C hemical Admixture:  V iscoC rete 301 0

T ype:  Baypore 5/8-inch Maximum %  water 70 Dosage:

S ource:  T XI S ource:  S ika 31 .0 oz./cwt

F ine Aggregate C hemical Admixture:  S ikament 86

T ype:    R adum T op S and %  water 67 Dosage:

S ource:  Hanson Aggregates, Co. S ource:  S ika 6.0  oz./cwt

C hemical Admixture: S ikament 1 00S C

%  water 67 Dosage:

S ource:  S ika 5.0 oz./cwt

      Materials

S pecific Unit Wt. Absorption T otal Moist. Net S urface Moist.

Material S ize R ange Gravity lb/cu. ft P ercent C ont. % Cont. %

Cement 3.1 5 1 96.56

F  F ly Ash 2.31 1 44.1 4

S ilica F ume 2.20 1 37.28

F ine Aggr.  2.68 1 67.23 1 .00 8.90 7.90

Coarse Aggr. 1 .61 1 00.46 1 5.20 1 5.20 0.00

Water 62.40

 Design  P roportions Actual Batch Data:

    Calculated Batch Data (1  cu. Y d.) Batch S ize: 1 .5  cu. ft.     

S olid Volume S S D Batch S S D Batch Water Actual Batch

Material cu.ft./batch Mass ( lb) Wt. (lb) Corr. ( lb) Wt ( lb)

Cement 3.35 658.00 36.56

F ly Ash 1 .73 250.00 1 3.89

S ilica F ume 0.61 84.00 4.67

F ine Aggr. 7.02 1 1 74.00 65.22 5.1 5 70.37

Coarse Aggr. 8.41 845.00 46.94 0.0 46.94

ViscoCrete 301 0 307.52 oz 1 7.08 oz

S ikament 86 59.52 oz 3.31 oz

S ikament 1 00S C 49.60 oz 2.76 oz

T otal Water 5.25 327.36

Batch Water 234.61 batch water adjusted for surface moisture 1 3.03

Air 0.63

T otal Air F ree 26.37

T otal Y ield 27.00 3338.36

T est R esults:

T emperature,  F 62.00

S lump, inches 1 0.75

S lump flow, inches 23.00

S lump flow @  60 min,  inches

Unit Weight, lbs per cu. F t 1 24.20

Conpressive strength at 7 days

R ecorded by S am Y ao
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Job Name: Date: 28-Mar-00

F R P /Hybrid Navy F loating P ier  CONCR E T E  MIXT UR E  by Ben C . Gerwick, Inc.

Job No. Mixture S er. No. 5 P R OPOR T IONS L ightweight Aggregate Concrete

P ortland Cement T ype:  I I P ozzolan: S er # 1 P ozzolan: S er # 2

C lass F   fly ash S ilica F ume: R heoMac S F 1 00

S ource:  T XI/R iverside S ource:  Borel Co. S ource:  MasterBuilders , Inc.

Coarse Aggregate C hemical Admixture:  V iscoC rete 301 0

T ype:  R ealite 3/8-inch Maximum %  water 70 Dosage:

S ource:  T XI S ource:  S ika 29.2  oz./cwt

F ine Aggregate C hemical Admixture: S ikament 1 00S C

T ype:    R adum T op S and %  water 67 Dosage:

S ource:  Hanson Aggregates, Co. S ource:  S ika 3.63 oz/cwt

C hemical Admixture:  S ikament 86

%  water 67 Dosage:

S ource:  S ika 1 4.82 oz/cwt

      Materials

S pecific Unit Wt. Absorption T otal Moist. Net S urface Moist.

Material S ize R ange Gravity lb/cu. ft P ercent C ont. % Cont. %

Cement 3.1 5 1 96.56

F  F ly Ash 2.31 1 44.1 4

S ilica F ume 2.20 1 37.28

F ine Aggr.  2.68 1 67.23 1 .00 6.00 5.00

Coarse Aggr. 1 .72 1 07.33 1 5.20 1 5.00 0.00

Water 62.40

 Design  P roportions Actual Batch Data:

    Calculated Batch Data (1  cu. Y d.) Batch S ize: 1 .5  cu. ft.     

S olid Volume S S D Batch S S D Batch Water Actual Batch

Material cu.ft./batch Mass ( lb) Wt. (lb) Corr. ( lb) Wt ( lb)

Cement 3.35 658.00 36.56

F ly Ash 1 .73 250.00 1 3.89

S ilica F ume 0.61 84.00 4.67

F ine Aggr. 6.88 1 1 51 .00 63.94 3.20 67.1 4

Coarse Aggr. 8.48 91 0.00 50.56

ViscoCrete 301 0 289.66 oz 1 6.09 oz

S ikament 86 1 47.06 oz 8.1 7 oz

S ikament 1 00S C 36.00 oz 2.00 oz

T otal Water 5.40 337.00

Batch Water 279.45 batch water adjusted for surface moisture 1 5.53

Air 0.54

T otal Air F ree 26.46

T otal Y ield 27.00 3390.00

T est R esults:

T emperature,  F 72.00

S lump, inches 1 0.25

S lump flow, inches 21 .00

Unit Weight, lbs per cu. F t 1 28.72

bleeding 0.00

air 0.02

R ecorded by S am Y ao
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Job Name: Date: 28-Mar-00

F R P /Hybrid Navy F loating P ier  CONCR E T E  MIXT UR E  by Ben C . Gerwick, Inc.

Job No. Mixture S er. No. 6 P R OPOR T IONS L ightweight Aggregate Concrete

P ortland Cement T ype:  I I P ozzolan: S er # 1 P ozzolan: S er # 2

C lass F   fly ash S ilica F ume: R heoMac S F 1 00

S ource:  T XI/R iverside S ource:  Borel Co. S ource:  MasterBuilders , Inc.

Coarse Aggregate C hemical Admixture:  V iscoC rete 301 0

T ype:  Baypore 5/8-inch Maximum %  water 70 Dosage:

S ource:  T XI S ource:  S ika 32.0 oz./cwt

F ine Aggregate C hemical Admixture:  S ikament 86

T ype:    R adum T op S and %  water 67 Dosage:

S ource:  Hanson Aggregates, Co. S ource:  S ika

C hemical Admixture: S ikament 1 00S C

%  water 67 Dosage:

S ource:  S ika

      Materials

S pecific Unit Wt. Absorption T otal Moist. Net S urface Moist.

Material S ize R ange Gravity lb/cu. ft P ercent C ont. % Cont. %

Cement 3.1 5 1 96.56

F  F ly Ash 2.31 1 44.1 4

S ilica F ume 2.20 1 37.28

F ine Aggr.  2.68 1 67.23 1 .00 6.00 5.00

Coarse Aggr. 1 .61 1 00.46 1 5.20 1 5.20 0.00

Water 62.40

 Design  P roportions Actual Batch Data:

    Calculated Batch Data (1  cu. Y d.) Batch S ize: 1 .5  cu. ft.     

S olid Volume S S D Batch S S D Batch Water Actual Batch

Material cu.ft./batch Mass ( lb) Wt. (lb) Corr. ( lb) Wt ( lb)

Cement 3.59 705.00 39.1 7

F ly Ash 1 .73 250.00 1 3.89

S ilica F ume 0.61 84.00 4.67

F ine Aggr. 6.97 1 1 65.00 64.72 3.24 67.96

Coarse Aggr. 8.71 875.00 48.61 0.0 48.61

ViscoCrete 301 0 332.46 oz 1 8.47 oz

T otal Water 5.1 1 31 9.00

Batch Water 260.75 batch water adjusted for surface moisture 1 4.49

Air 0.28

T otal Air F ree 26.72

T otal Y ield 27.00 3398.00

T est R esults:

T emperature,  F 72.00

S lump, inches 1 0.00

S lump flow, inches 1 9.00

Unit Weight, lbs per cu. F t 1 28.00

bleeding 0.00%

air 1 .00%

R ecorded by S am yao
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Appendix II-B: Test Results of Trial Batch Mixes
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Concrete Cylinder Compression Strength from Testing Engineers, Inc.
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Concrete Cylinder Compression Strength from TXI, Porta Costa
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Appendix II-C: Batch Records of the Precast Production at Pomeroy
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 Pomeroy Corp.

DAT E : 4/1 2/2000 Batch #1 BY : DAS
P R OJ E C T : J OB  NO.: 0009
MIX NO.: F IE L D R E SUL T S 1 999 C OS T

C E ME NT : DAT E :

NO. OF  S AC KS  OF  C E ME NT IT IOUS  MAT ./C Y : 1 0.56 P OUR  NO.: 1 05.1 0 $/T ON
AGGR E GAT E  GR ADING S P E C IF IC AT ION: AS T M C 33 B E D:

L OC AT ION:
T Y P E : S .S .D. 0.80% S L UMP : 1 3.70 $/T ON

0.80% T E MP .:
3/8" AIR  C ONT .:

L OC AT ION:
T Y P E : S .S .D. 2.00% S L UMP : 1 4.35 $/T ON

7.50% T E MP .:
AIR  C ONT .:

1 4.85 S UP E R  P L AS T IC IZE R 5.72 $/GAL
5.95 W AT E R  R E DUC E R 4.48 $/GAL
25.2 F L Y  AS H 56.1 0 $/T ON
8.5 S IL IC A F UME 560.00 $/T ON

AIR  [% ] ` 4.57 $/GAL
Viscocrete [fl.oz.]: 290.0 C OR R OS ION INHIB . 5.00 $/GAL

R E L E AS E : 7000 psi
0.407
0.270 4"

45.43 % 1 27.8 (pcf)
T ABL E  OF  PR OPOR T IONS F OR  ONE  CUB IC  YAR D

S .S .D. B AT C H S P E C IF IC AB S C OS T
W E IGHT W E IGHT GR AVIT Y VOL . [cf] [$/cy]

658 ( lb) 658 ( lb) 3.1 50 3.348 34.58
965 ( lb) 965 ( lb) 1 .700 9.097 6.61

1 1 59 ( lb) 1 223 ( lb) 2.650 7.01 0 8.77
32.1  (gal) 24.5 (gal)
268.0 ( lb) 204.3 ( lb) 1 .000 4.295
1 6.0 ( lb) 1 6.0 ( lb) 1 .670 0.1 54 6.59
1 2.3 ( lb) 1 2.3 ( lb) 3.200 0.062 2.07
250 ( lb) 250 ( lb) 2.300 1 .743 7.02
84 ( lb) 84 ( lb) 2.200 0.61 5 23.62

1 .051
1 .5 % 0.405

37.2 ( lb) 37.2 ( lb) 1 .97 0.271 1 1 .33
1 0.00

3450 ( lb) 3450 ( lb) 27.00 1 1 0.60

W hen changed, data that is underlined will automatically recalculate the mix

*  DOS AGE  R AT E  IS  A S P E C IF IE D %  B Y  WE IGHT  OF  CE ME NT
~  US E  0.5 - 3.5 F L . OZ. P E R  S ACK OF  CE ME NT  T O E NT R AIN 4 T O 6 %  AIR
`   T OT AL  AIR  CONT E NT  R E QUIR E D (E NT R AINE D + E NT R AP P E D)
"  F IE L D VE R IF Y  T HE  AIR  CONT E NT  AND ADJ US T  T HE  E NT R AINE D AIR
 ̂  P R IOR  T O ADDING S UP E R  P L AS T IC IZE R

UNIT  W E IGHT :by weight

T OT AL

C OAR S E  AGGR E GR AT E
C E ME NT

P OZZOL AN *

W AT E R
W AT E R  
F INE  AGGR E GR AT E

S IKAME NT  86

R HE OMAC  S F 1 00

Overhead

S IKAME NT  1 00 S C

MIC R O AIR : (entrained)"

V iscocrete
E NT R AP P E D AIR :

290.0 (fl.oz)

C OAR S E /(C OAR S E  + F INE )*1 00:

W AT E R  C E ME NT  R AT IO:

MOIS T UR E  C ONT E NT :  

MOIS T UR E  C ONT E NT :  

P OZZOL AN [% ]
R HE OMAC  S F 1 00 [% ]:

T AR GE T  S L UMP :

COAR SE  AGGR E GAT E

F INE  AGGR E GR AT E
MAX. S IZE  [inch]:

CONCR E T E  ST R E NGT H [ps i]
28 DAY S :
56 DAY S :

W indsor

MIC R O AIR  [fl oz / cwt]~

T es t Panel
7.00 (S K1 00S C )5.47 (S K86)22.34 F 25.2 S F 8.5 V is L W
T Y P E  I I  P R E S T R E S S

R ealite

1 47.4 (fl.oz)
59.1  (fl.oz)

ADMIXT UR E S [Based on wt. of cmtiuous.]

2.3 (gal/ cu.yd)

W AT E R  C E ME NT IT IOUS  R AT IO:

S ikament 86 [fl oz/cwt]

U.O.N
M A T  E  R  I A L  S

S ikament 1 00S C  [fl oz/cwt]
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 Pomeroy Corp.

DAT E : 4/1 2/2000 Batch #2 BY : DAS
P R OJ E C T : J OB  NO.: 0009
MIX NO.: F IE L D R E SUL T S 1 999 C OS T

C E ME NT : DAT E :

NO. OF  S AC KS  OF  C E ME NT IT IOUS  MAT ./C Y : 1 0.56 P OUR  NO.: 1 05.1 0 $/T ON
AGGR E GAT E  GR ADING S P E C IF IC AT ION: AS T M C 33 B E D:

L OC AT ION:
T Y P E : S .S .D. 0.80% S L UMP : 1 3.70 $/T ON

0.80% T E MP .:
3/8" AIR  C ONT .:

L OC AT ION:
T Y P E : S .S .D. 2.00% S L UMP : 1 4.35 $/T ON

7.50% T E MP .:
AIR  C ONT .:

7.45 S UP E R  P L AS T IC IZE R 5.72 $/GAL
4.1 5 W AT E R  R E DUC E R 4.48 $/GAL
25.2 F L Y  AS H 56.1 0 $/T ON
8.5 S IL IC A F UME 560.00 $/T ON

AIR  [% ] ` 4.57 $/GAL
Viscocrete [fl.oz.]: 290.0 C OR R OS ION INHIB . 5.00 $/GAL

R E L E AS E : 7000 psi
0.407
0.270 4"

45.09 % 1 27.9 (pcf)
T ABL E  OF  PR OPOR T IONS F OR  ONE  CUB IC  YAR D

S .S .D. B AT C H S P E C IF IC AB S C OS T
W E IGHT W E IGHT GR AVIT Y VOL . [cf] [$/cy]

658 ( lb) 658 ( lb) 3.1 50 3.348 34.58
965 ( lb) 965 ( lb) 1 .700 9.097 6.61

1 1 75 ( lb) 1 240 ( lb) 2.650 7.1 06 8.89
32.1  (gal) 24.4 (gal)
268.0 ( lb) 203.4 ( lb) 1 .000 4.295

8.0 ( lb) 8.0 ( lb) 1 .670 0.077 3.30
8.6 ( lb) 8.6 ( lb) 3.200 0.043 1 .44
250 ( lb) 250 ( lb) 2.300 1 .743 7.02
84 ( lb) 84 ( lb) 2.200 0.61 5 23.62

1 .051
1 .5 % 0.405

37.2 ( lb) 37.2 ( lb) 1 .97 0.271 1 1 .33
1 0.00

3455 ( lb) 3455 ( lb) 27.00 1 06.81

W hen changed, data that is underlined will automatically recalculate the mix

*  DOS AGE  R AT E  IS  A S P E C IF IE D %  B Y  WE IGHT  OF  CE ME NT
~  US E  0.5 - 3.5 F L . OZ. P E R  S ACK OF  CE ME NT  T O E NT R AIN 4 T O 6 %  AIR
`   T OT AL  AIR  CONT E NT  R E QUIR E D (E NT R AINE D + E NT R AP P E D)
"  F IE L D VE R IF Y  T HE  AIR  CONT E NT  AND ADJ US T  T HE  E NT R AINE D AIR
 ̂  P R IOR  T O ADDING S UP E R  P L AS T IC IZE R

74.0 (fl.oz)
41 .2 (fl.oz)

ADMIXT UR E S [Based on wt. of cmtiuous.]

2.3 (gal/ cu.yd)

W AT E R  C E ME NT IT IOUS  R AT IO:

S ikament 86 [fl oz/cwt]

U.O.N
M A T  E  R  I A L  S

S ikament 1 00S C  [fl oz/cwt]

T es t Panel
7.00 (S K1 00S C )5.47 (S K86)22.34 F 25.2 S F 8.5 V is L W
T Y P E  I I  P R E S T R E S S

R ealite

T AR GE T  S L UMP :

COAR SE  AGGR E GAT E

F INE  AGGR E GR AT E
MAX. S IZE  [inch]:

CONCR E T E  ST R E NGT H [ps i]
28 DAY S :
56 DAY S :

W indsor

MIC R O AIR  [fl oz / cwt]~

C OAR S E /(C OAR S E  + F INE )*1 00:

W AT E R  C E ME NT  R AT IO:

MOIS T UR E  C ONT E NT :  

MOIS T UR E  C ONT E NT :  

P OZZOL AN [% ]
R HE OMAC  S F 1 00 [% ]:

R HE OMAC  S F 1 00

Overhead

S IKAME NT  1 00 S C

MIC R O AIR : (entrained)"

V iscocrete
E NT R AP P E D AIR :

290.0 (fl.oz)

UNIT  W E IGHT :by weight

T OT AL

C OAR S E  AGGR E GR AT E
C E ME NT

P OZZOL AN *

W AT E R
W AT E R  
F INE  AGGR E GR AT E

S IKAME NT  86
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 Pomeroy Corp.

DAT E : 4/1 3/2000 Batch #3 & #4 BY : DAS
P R OJ E C T : J OB  NO.: 0009
MIX NO.: F IE L D R E SUL T S 1 999 C OS T

C E ME NT : DAT E :

NO. OF  S AC KS  OF  C E ME NT IT IOUS  MAT ./C Y : 1 0.56 P OUR  NO.: 1 05.1 0 $/T ON
AGGR E GAT E  GR ADING S P E C IF IC AT ION: AS T M C 33 B E D:

L OC AT ION:
T Y P E : S .S .D. 0.80% S L UMP : 1 3.70 $/T ON

0.80% T E MP .:
3/8" AIR  C ONT .:

L OC AT ION:
T Y P E : S .S .D. 2.00% S L UMP : 1 4.35 $/T ON

7.50% T E MP .:
AIR  C ONT .:

7.45 S UP E R  P L AS T IC IZE R 5.72 $/GAL
4.1 5 W AT E R  R E DUC E R 4.48 $/GAL
25.2 F L Y  AS H 56.1 0 $/T ON
8.5 S IL IC A F UME 560.00 $/T ON

AIR  [% ] ` 4.57 $/GAL
Viscocrete [fl.oz.]: 290.0 C OR R OS ION INHIB . 5.00 $/GAL

R E L E AS E : 7000 psi
0.407
0.270 4"

45.09 % 1 27.9 (pcf)
T ABL E  OF  PR OPOR T IONS F OR  ONE  CUB IC  YAR D

S .S .D. B AT C H S P E C IF IC AB S C OS T
W E IGHT W E IGHT GR AVIT Y VOL . [cf] [$/cy]

658 ( lb) 658 ( lb) 3.1 50 3.348 34.58
965 ( lb) 965 ( lb) 1 .700 9.097 6.61

1 1 75 ( lb) 1 240 ( lb) 2.650 7.1 06 8.89
32.1  (gal) 24.4 (gal)
268.0 ( lb) 203.4 ( lb) 1 .000 4.295

8.0 ( lb) 8.0 ( lb) 1 .670 0.077 3.30
8.6 ( lb) 8.6 ( lb) 3.200 0.043 1 .44
250 ( lb) 250 ( lb) 2.300 1 .743 7.02
84 ( lb) 84 ( lb) 2.200 0.61 5 23.62

1 .051
1 .5 % 0.405

37.2 ( lb) 37.2 ( lb) 1 .97 0.271 1 1 .33
1 0.00

3455 ( lb) 3455 ( lb) 27.00 1 06.81

W hen changed, data that is underlined will automatically recalculate the mix

*  DOS AGE  R AT E  IS  A S P E C IF IE D %  B Y  WE IGHT  OF  CE ME NT
~  US E  0.5 - 3.5 F L . OZ. P E R  S ACK OF  CE ME NT  T O E NT R AIN 4 T O 6 %  AIR
`   T OT AL  AIR  CONT E NT  R E QUIR E D (E NT R AINE D + E NT R AP P E D)
"  F IE L D VE R IF Y  T HE  AIR  CONT E NT  AND ADJ US T  T HE  E NT R AINE D AIR
 ̂  P R IOR  T O ADDING S UP E R  P L AS T IC IZE R

UNIT  W E IGHT :by weight

T OT AL

C OAR S E  AGGR E GR AT E
C E ME NT

P OZZOL AN *

W AT E R
W AT E R  
F INE  AGGR E GR AT E

S IKAME NT  86

R HE OMAC  S F 1 00

Overhead

S IKAME NT  1 00 S C

MIC R O AIR : (entrained)"

V iscocrete
E NT R AP P E D AIR :

290.0 (fl.oz)

C OAR S E /(C OAR S E  + F INE )*1 00:

W AT E R  C E ME NT  R AT IO:

MOIS T UR E  C ONT E NT :  

MOIS T UR E  C ONT E NT :  

P OZZOL AN [% ]
R HE OMAC  S F 1 00 [% ]:

T AR GE T  S L UMP :

COAR SE  AGGR E GAT E

F INE  AGGR E GR AT E
MAX. S IZE  [inch]:

CONCR E T E  ST R E NGT H [ps i]
28 DAY S :
56 DAY S :

W indsor

MIC R O AIR  [fl oz / cwt]~

T es t Panel
7.00 (S K1 00S C )5.47 (S K86)22.34 F 25.2 S F 8.5 V is L W
T Y P E  I I  P R E S T R E S S

R ealite

74.0 (fl.oz)
41 .2 (fl.oz)

ADMIXT UR E S [Based on wt. of cmtiuous.]

2.3 (gal/ cu.yd)

W AT E R  C E ME NT IT IOUS  R AT IO:

S ikament 86 [fl oz/cwt]

U.O.N
M A T  E  R  I A L  S

S ikament 1 00S C  [fl oz/cwt]



A-22

 Pomeroy Corp.

DAT E : 4/1 8/2000 Batch #5 & #6 BY : DAS
P R OJ E C T : J OB  NO.: 0009
MIX NO.: F IE L D R E SUL T S 1 999 C OS T

C E ME NT : DAT E :

NO. OF  S AC KS  OF  C E ME NT IT IOUS  MAT ./C Y : 1 0.56 P OUR  NO.: 1 05.1 0 $/T ON
AGGR E GAT E  GR ADING S P E C IF IC AT ION: AS T M C 33 B E D:

L OC AT ION:
T Y P E : S .S .D. 0.80% S L UMP : 1 3.70 $/T ON

0.80% T E MP .:
3/8" AIR  C ONT .:

L OC AT ION:
T Y P E : S .S .D. 2.00% S L UMP : 1 4.35 $/T ON

7.50% T E MP .:
AIR  C ONT .:

6.25 S UP E R  P L AS T IC IZE R 5.72 $/GAL
2.53 W AT E R  R E DUC E R 4.48 $/GAL
25.2 F L Y  AS H 56.1 0 $/T ON
8.5 S IL IC A F UME 560.00 $/T ON

AIR  [% ] ` 4.57 $/GAL
Viscocrete [fl.oz.]: 290.0 C OR R OS ION INHIB . 5.00 $/GAL

R E L E AS E : 7000 psi
0.407
0.270 4"

44.99 % 1 28.0 (pcf)
T ABL E  OF  PR OPOR T IONS F OR  ONE  CUB IC  YAR D

S .S .D. B AT C H S P E C IF IC AB S C OS T
W E IGHT W E IGHT GR AVIT Y VOL . [cf] [$/cy]

658 ( lb) 658 ( lb) 3.1 50 3.348 34.58
965 ( lb) 965 ( lb) 1 .700 9.097 6.61

1 1 80 ( lb) 1 245 ( lb) 2.650 7.1 35 8.93
32.1  (gal) 24.3 (gal)
268.0 ( lb) 203.1  ( lb) 1 .000 4.295

6.8 ( lb) 6.8 ( lb) 1 .670 0.065 2.77
5.2 ( lb) 5.2 ( lb) 3.200 0.026 0.88
250 ( lb) 250 ( lb) 2.300 1 .743 7.02
84 ( lb) 84 ( lb) 2.200 0.61 5 23.62

1 .051
1 .5 % 0.405

37.2 ( lb) 37.2 ( lb) 1 .97 0.271 1 1 .33
1 0.00

3455 ( lb) 3455 ( lb) 27.00 1 05.75

W hen changed, data that is underlined will automatically recalculate the mix

*  DOS AGE  R AT E  IS  A S P E C IF IE D %  B Y  WE IGHT  OF  CE ME NT
~  US E  0.5 - 3.5 F L . OZ. P E R  S ACK OF  CE ME NT  T O E NT R AIN 4 T O 6 %  AIR
`   T OT AL  AIR  CONT E NT  R E QUIR E D (E NT R AINE D + E NT R AP P E D)
"  F IE L D VE R IF Y  T HE  AIR  CONT E NT  AND ADJ US T  T HE  E NT R AINE D AIR
 ̂  P R IOR  T O ADDING S UP E R  P L AS T IC IZE R

62.0 (fl.oz)
25.1  (fl.oz)

ADMIXT UR E S [Based on wt. of cmtiuous.]

2.3 (gal/ cu.yd)

W AT E R  C E ME NT IT IOUS  R AT IO:

S ikament 86 [fl oz/cwt]

U.O.N
M A T  E  R  I A L  S

S ikament 1 00S C  [fl oz/cwt]

T es t Panel
7.00 (S K1 00S C )5.47 (S K86)22.34 F 25.2 S F 8.5 V is L W
T Y P E  I I  P R E S T R E S S

R ealite

T AR GE T  S L UMP :

COAR SE  AGGR E GAT E

F INE  AGGR E GR AT E
MAX. S IZE  [inch]:

CONCR E T E  ST R E NGT H [ps i]
28 DAY S :
56 DAY S :

W indsor

MIC R O AIR  [fl oz / cwt]~

C OAR S E /(C OAR S E  + F INE )*1 00:

W AT E R  C E ME NT  R AT IO:

MOIS T UR E  C ONT E NT :  

MOIS T UR E  C ONT E NT :  

P OZZOL AN [% ]
R HE OMAC  S F 1 00 [% ]:

R HE OMAC  S F 1 00

Overhead

S IKAME NT  1 00 S C

MIC R O AIR : (entrained)"

V iscocrete
E NT R AP P E D AIR :

290.0 (fl.oz)

UNIT  W E IGHT :by weight

T OT AL

C OAR S E  AGGR E GR AT E
C E ME NT

P OZZOL AN *

W AT E R
W AT E R  
F INE  AGGR E GR AT E

S IKAME NT  86
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 Pomeroy Corp.

DAT E : 4/1 8/2000 Batch #7 BY : DAS
P R OJ E C T : J OB  NO.: 0009
MIX NO.: F IE L D R E SUL T S 1 999 C OS T

C E ME NT : DAT E :

NO. OF  S AC KS  OF  C E ME NT IT IOUS  MAT ./C Y : 1 0.56 P OUR  NO.: 1 05.1 0 $/T ON
AGGR E GAT E  GR ADING S P E C IF IC AT ION: AS T M C 33 B E D:

L OC AT ION:
T Y P E : S .S .D. 0.80% S L UMP : 1 3.70 $/T ON

0.80% T E MP .:
3/8" AIR  C ONT .:

L OC AT ION:
T Y P E : S .S .D. 2.00% S L UMP : 1 4.35 $/T ON

7.50% T E MP .:
AIR  C ONT .:

5.95 S UP E R  P L AS T IC IZE R 5.72 $/GAL
2.53 W AT E R  R E DUC E R 4.48 $/GAL
25.2 F L Y  AS H 56.1 0 $/T ON
8.5 S IL IC A F UME 560.00 $/T ON

AIR  [% ] ` 4.57 $/GAL
Viscocrete [fl.oz.]: 290.0 C OR R OS ION INHIB . 5.00 $/GAL

R E L E AS E : 7000 psi
0.407
0.270 4"

44.98 % 1 28.0 (pcf)
T ABL E  OF  PR OPOR T IONS F OR  ONE  CUB IC  YAR D

S .S .D. B AT C H S P E C IF IC AB S C OS T
W E IGHT W E IGHT GR AVIT Y VOL . [cf] [$/cy]

658 ( lb) 658 ( lb) 3.1 50 3.348 34.58
965 ( lb) 965 ( lb) 1 .700 9.097 6.61

1 1 80 ( lb) 1 245 ( lb) 2.650 7.1 38 8.93
32.1  (gal) 24.3 (gal)
268.0 ( lb) 203.1  ( lb) 1 .000 4.295

6.4 ( lb) 6.4 ( lb) 1 .670 0.062 2.64
5.2 ( lb) 5.2 ( lb) 3.200 0.026 0.88
250 ( lb) 250 ( lb) 2.300 1 .743 7.02
84 ( lb) 84 ( lb) 2.200 0.61 5 23.62

1 .051
1 .5 % 0.405

37.2 ( lb) 37.2 ( lb) 1 .97 0.271 1 1 .33
1 0.00

3455 ( lb) 3455 ( lb) 27.00 1 05.62

W hen changed, data that is underlined will automatically recalculate the mix

*  DOS AGE  R AT E  IS  A S P E C IF IE D %  B Y  WE IGHT  OF  CE ME NT
~  US E  0.5 - 3.5 F L . OZ. P E R  S ACK OF  CE ME NT  T O E NT R AIN 4 T O 6 %  AIR
`   T OT AL  AIR  CONT E NT  R E QUIR E D (E NT R AINE D + E NT R AP P E D)
"  F IE L D VE R IF Y  T HE  AIR  CONT E NT  AND ADJ US T  T HE  E NT R AINE D AIR
 ̂  P R IOR  T O ADDING S UP E R  P L AS T IC IZE R

UNIT  W E IGHT :by weight

T OT AL

C OAR S E  AGGR E GR AT E
C E ME NT

P OZZOL AN *

W AT E R
W AT E R  
F INE  AGGR E GR AT E

S IKAME NT  86

R HE OMAC  S F 1 00

Overhead

S IKAME NT  1 00 S C

MIC R O AIR : (entrained)"

V iscocrete
E NT R AP P E D AIR :

290.0 (fl.oz)

C OAR S E /(C OAR S E  + F INE )*1 00:

W AT E R  C E ME NT  R AT IO:

MOIS T UR E  C ONT E NT :  

MOIS T UR E  C ONT E NT :  

P OZZOL AN [% ]
R HE OMAC  S F 1 00 [% ]:

T AR GE T  S L UMP :

COAR SE  AGGR E GAT E

F INE  AGGR E GR AT E
MAX. S IZE  [inch]:

CONCR E T E  ST R E NGT H [ps i]
28 DAY S :
56 DAY S :

W indsor

MIC R O AIR  [fl oz / cwt]~

T es t Panel
7.00 (S K1 00S C )5.47 (S K86)22.34 F 25.2 S F 8.5 V is L W
T Y P E  I I  P R E S T R E S S

R ealite

59.1  (fl.oz)
25.1  (fl.oz)

ADMIXT UR E S [Based on wt. of cmtiuous.]

2.3 (gal/ cu.yd)

W AT E R  C E ME NT IT IOUS  R AT IO:

S ikament 86 [fl oz/cwt]

U.O.N
M A T  E  R  I A L  S

S ikament 1 00S C  [fl oz/cwt]
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 Pomeroy Corp.

DAT E : 4/1 9/2000 Batch #8 BY : DAS
P R OJ E C T : J OB NO.: 0009
MIX NO.: F IE L D R E SUL T S 1 999 C OS T

C E ME NT : DAT E :

NO. OF  S AC KS  OF  C E ME NT IT IOUS  MAT ./C Y : 1 0.56 P OUR  NO.: 1 05.1 0 $/T ON
AGGR E GAT E  GR ADING S P E C IF IC AT ION: AS T M C 33 B E D:

L OC AT ION:
T Y P E : S .S .D. 0.80% S L UMP : 1 3.70 $/T ON

0.80% T E MP .:
3/8" AIR  C ONT .:

L OC AT ION:
T Y P E : S .S .D. 2.00% S L UMP : 1 4.35 $/T ON

7.50% T E MP .:
AIR  C ONT .:

5.85 S UP E R  P L AS T IC IZE R 5.72 $/GAL
2.53 W AT E R  R E DUC E R 4.48 $/GAL
25.2 F L Y  AS H 56.1 0 $/T ON
8.5 S IL IC A F UME 560.00 $/T ON

AIR  [% ] ` 4.57 $/GAL
Viscocrete [fl.oz.]: 290.0 C OR R OS ION INHIB . 5.00 $/GAL

R E L E AS E : 7000 psi
0.407
0.270 4"

44.98 % 1 28.0 (pcf)
T ABL E  OF  PR OPOR T IONS F OR  ONE  CUB IC  YAR D

S .S .D. B AT C H S P E C IF IC AB S C OS T
W E IGHT W E IGHT GR AVIT Y VOL . [cf] [$/cy]

658 ( lb) 658 ( lb) 3.1 50 3.348 34.58
965 ( lb) 965 ( lb) 1 .700 9.097 6.61

1 1 81  ( lb) 1 245 ( lb) 2.650 7.1 39 8.94
32.1  (gal) 24.3 (gal)
268.0 ( lb) 203.1  ( lb) 1 .000 4.295

6.3 ( lb) 6.3 ( lb) 1 .670 0.061 2.59
5.2 ( lb) 5.2 ( lb) 3.200 0.026 0.88
250 ( lb) 250 ( lb) 2.300 1 .743 7.02
84 ( lb) 84 ( lb) 2.200 0.61 5 23.62

1 .051
1 .5 % 0.405

37.2 ( lb) 37.2 ( lb) 1 .97 0.271 1 1 .33
1 0.00

3455 ( lb) 3455 ( lb) 27.00 1 05.58

W hen changed, data that is underlined will automatically recalculate the mix

*  DOS AGE  R AT E  IS  A S P E C IF IE D %  B Y  WE IGHT  OF  CE ME NT
~  US E  0.5 - 3.5 F L . OZ. P E R  S ACK OF  CE ME NT  T O E NT R AIN 4 T O 6 %  AIR
`   T OT AL  AIR  CONT E NT  R E QUIR E D (E NT R AINE D + E NT R AP P E D)
"  F IE L D VE R IF Y  T HE  AIR  CONT E NT  AND ADJ US T  T HE  E NT R AINE D AIR
 ̂  P R IOR  T O ADDING S UP E R  P L AS T IC IZE R

58.1  (fl.oz)
25.1  (fl.oz)

ADMIXT UR E S [Based on wt. of cmtiuous.]

2.3 (gal/ cu.yd)

W AT E R  C E ME NT IT IOUS  R AT IO:

S ikament 86 [fl oz/cwt]

U.O.N
M A T  E  R  I A L  S

S ikament 1 00S C  [fl oz/cwt]

T es t Panel
7.00 (S K1 00S C )5.47 (S K86)22.34 F 25.2 S F 8.5 V is L W
T Y P E  I I  P R E S T R E S S

R ealite

T AR GE T  S L UMP :

COAR SE  AGGR E GAT E

F INE  AGGR E GR AT E
MAX. S IZE  [inch]:

CONCR E T E  ST R E NGT H [ps i]
28 DAY S :
56 DAY S :

W indsor

MIC R O AIR  [fl oz / cwt]~

C OAR S E /(C OAR S E  + F INE )*1 00:

W AT E R  C E ME NT  R AT IO:

MOIS T UR E  C ONT E NT :  

MOIS T UR E  C ONT E NT :  

P OZZOL AN [% ]
R HE OMAC  S F 1 00 [% ]:

R HE OMAC  S F 1 00

Overhead

S IKAME NT  1 00 S C

MIC R O AIR : (entrained)"

V iscocrete
E NT R AP P E D AIR :

290.0 (fl.oz)

UNIT  W E IGHT :by weight

T OT AL

C OAR S E  AGGR E GR AT E
C E ME NT

P OZZOL AN *

W AT E R
W AT E R  
F INE  AGGR E GR AT E

S IKAME NT  86
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Appendix II-D: Strength Tests of Concrete Samples from the Precast Production
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Concrete Cylinder Compression Strength from the Pomeroy Precast Plant
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Spec # Core Date / Time By Unit Wt. (lbs/ft3) Comp Test F'c Date / Time By Avg
A 7/13/00 9:30 GD 10305 7/17/00 4:22 KH
B 7/13/00 9:40 GD 10998 7/18/00 9:47 KH
C 7/13/00 9:50 GD 129.5
D 7/13/00 10:20 GD
A 6/27  --  2:00 KH 7476 6/27  --  2:00 KH
B 6/27  --  2:00 KH 7436 6/27  --  2:00 KH
C 7/9  --  2:00 KH 130.9 3787 7/9  --  2:00 CD
D 7/11/00 9:30 GD
E 7/11/00 9:35 GD
F 7/11/00 9:40 GD

AA 7/17/00 10:00 GD 9248 7/17/00 4:30 KH
BB 7/17/00 10:15 GD 9626 7/17/00 4:45 KH
A 7/14/00 8:30 GD 8980 7/17/00 4:40 KH
B 7/14/00 8:40 GD 9221 7/18/00 9:47 KH
C 7/14/00 8:45 GD 128.5
D 7/14/00 8:55 GD
A 7/13/00 10:50 GD 10491 7/14/00 3:15 KH
B 7/13/00 11:05 GD 10563 7/18/00 9:53 KH
C 7/13/00 14:45 GD 130.2
D 7/13/00 15:00 GD
A 7/12/00 14:10 GD 9988 7/14/00 3:40 KH
B 7/12/00 14:20 GD 10277 7/18/00 10:00 KH
C 7/12/00 14:30 GD 129.6
D 7/12/00 14:40 GD
E 7/12/00 15:00 GD
F 7/12/00 15:00 GD
A 7/14/00 9:05 GD 11231 7/18/00 10:06 KH
B 7/14/00 9:10 GD 10635 7/14/00 3:00 KH
C 7/14/00 9:20 GD 130.5
D 7/14/00 9:30 GD
E 7/14/00 10:00 GD
A 7/11/00 10:40 GD 11341 7/18/00 4:00 KH
B 7/11/00 10:48 GD 10442 7/14/00 1:18 KH
C 7/12/00 9:30 GD 133.2
D 7/11/00 10:00 GD
A 7/10/00 14:05 GD 8551 7/14/00 1:37 KH
B 7/10/00 2:25 GD 9755 7/18/00 9:30 KH
C 7/10/00 14:35 GD 130.8
D 7/10/00 14:45 GD
A 7/10/00 10:45 GD 11341 7/14/00 2:45 KH
B 7/10/00 10:53 GD 10512 7/18/00 10:11 KH
C 7/10/00 11:00 GD 129.5
D 7/10/00 11:15 GD
A 7/12/00 10:20 GD 10752 7/14/00 3:00 KH
B 7/12/00 10:40 GD 11559 7/18/00 10:18 KH
C 7/12/00 10:50 GD 130.8
D 7/12/00 10:58 GD
A 6/27/00 14:00 KH 9632 6/27  --  2:00 KH
B 6/27/00 2:20 KH 10402 7/14/00 3:30 KH
C 7/10/00 12:45 GD 132.8
D 7/10/00 13:20 GD
E 7/10/00 1:00 GD
F 7/10/00 13:40 GD

11

10020

10
11160 These samples were pitted.

9
10930

8
9150 These samples looked segregated

7
10890

6
10930

5

10130

4
10530

3
9100

2

7460 These two samples were the first cores taken.  They were cut to 
make good ends but they were not capped.

This sample was considered not valid.

9440 These two samples were taken to cap and retest samples A and B.  

Compressive Strength Test of Concrete Cores from Load Test Specimens
University of Wyoming

Comments

1
10650
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Date Sample Load, P Diameter Diameter Length Length Tensile % Agg.
Number No. 1 No. 2 No. 1 No. 2 Stress Split

7/31/00 1C 36995 4 4 8.06 8.13 727 100 10650 7.0 not segregated
7/31/00 1D form surface 6400 4 4 2.50 2.44 413 100 10650 4.0 segregated little
7/31/00 1D middle 12425 4 4 2.75 2.63 736 100 10650 7.1 not segregated
7/31/00 1D hand finish 8810 4 4 2.81 2.63 516 100 10650 5.0 segregated little
7/31/00 2D 27625 4 4 8.00 8.06 547 100 9440 5.6 very segregated
7/31/00 2E form surface 19140 4 3.9 2.50 2.50 1228 100 9440 12.6 mostly cement
7/31/00 2E middle 13185 4 4 2.56 2.56 819 100 9440 8.4 half and half
7/31/00 2E hand finish 8370 4 4 2.75 2.81 479 100 9440 4.9 mostly aggregate
7/31/00 3C 26300 4 4 8.00 8.06 521 100 9100 5.5 medium segregation
7/31/00 3D form surface 13570 4 4 2.69 2.75 794 100 9100 8.3 segregated; more cement
7/31/00 3D middle 10995 4 4 2.38 2.38 737 100 9100 7.7 segregated little
7/31/00 3D hand finish 11515 4 4 3.00 3.00 611 100 9100 6.4 segregated; more aggregate
7/31/00 4C 38615 4 4 8.00 8.00 768 100 10530 7.5 not segregated; pitted
7/31/00 4D form surface 10725 4 4 2.75 2.81 614 100 10530 6.0 not segregated; pitted
7/31/00 4D middle 11985 4 4 2.25 2.38 825 100 10530 8.0 not segregated; pitted
7/31/00 4D hand finish 12425 4 4 3.00 3.06 652 100 10530 6.4 not segregated; pitted
7/31/00 5C 24395 4 4 8.00 8.06 483 100 10130 4.8 not segregated
7/31/00 5E form surface 9495 4 4 2.63 2.75 562 100 10130 5.6 not segregated
7/31/00 5E middle 11340 4 4 2.56 5.63 441 100 10130 4.4 not segregated
7/31/00 5E hand finish 12915 4 4 2.63 2.56 792 100 10130 7.9 not segregated
7/31/00 6C 25310 4 4 7.98 8.00 504 100 10930 4.8 not segregated
7/31/00 6E form surface 10800 4 4 2.44 2.50 696 100 10930 6.7 not segregated
7/31/00 6E middle 11055 4 4 2.69 2.75 647 100 10930 6.2 not segregated
7/31/00 6E hand finish 11835 4 4 2.88 2.98 643 100 10930 6.2 not segregated
7/31/00 7C 39985 4 4 8.00 8.00 795 100 10890 7.6 not segregated
7/31/00 7D form surface 17230 4 4 2.75 2.88 975 100 10890 9.3 not segregated
7/31/00 7D middle 10330 4 4 2.50 2.50 658 100 10890 6.3 not segregated
7/31/00 7D hand finish 12525 4 4 2.63 2.50 778 100 10890 7.5 not segregated
7/31/00 8C 39240 4 4 8.00 8.00 781 100 9150 8.2 medium segregation
7/31/00 8D form surface 12970 4 4 2.56 2.56 805 100 9150 8.4 mostly cement
7/31/00 8D middle 12905 4 3.9 2.94 3.00 697 100 9150 7.3 medium segregation
7/31/00 8D hand finish 11600 4 4 2.56 2.63 712 100 9150 7.4 medium segregation; more aggregate
7/31/00 9D 25225 4 4 8.06 8.06 498 100 10930 4.8 segregated little
7/31/00 9E form surface 10895 4 4 2.38 2.38 730 100 10930 7.0 segregated little
7/31/00 9E middle 13260 3.938 3.9 2.63 2.56 826 100 10930 7.9 segregated little
7/31/00 9E hand finish 13380 4 4 3.13 3.13 681 100 10930 6.5 segregated little
7/31/00 10C 27310 4 4 8.06 8.06 539 100 11160 5.1 not segregated; pitted
7/31/00 10D form surface 12935 4 4 2.63 2.56 794 100 11160 7.5 not segregated; pitted
7/31/00 10D middle 12405 4 4 2.81 2.81 702 100 11160 6.6 not segregated; pitted
7/31/00 10D hand finish 12770 4 3.9 2.50 2.38 840 100 11160 8.0 not segregated; pitted
7/31/00 11C 25380 4 4 8.06 8.06 501 100 10020 5.0 not segregated
7/31/00 11 E form surface 14145 3.938 3.9 2.81 2.75 822 100 10020 8.2 not segregated
7/31/00 11 E middle 13455 4 4 2.44 2.48 870 100 10020 8.7 not segregated
7/31/00 11 E hand finish 13060 4 4 2.63 2.63 792 100 10020 7.9 not segregated

f'c coefficient Comments
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Summary of Specimen Inspection at University of Wyoming Prior to Testing
SPECIMEN
NUMBER

CONCRETE
BATCH

TENSILE SURFACE COMPRESSION SURFACE SIDE SURFACE GENERAL

1 #8 Smooth, small pores of max ¼” Fairly rough, little aggregate
flotation

Smooth Compacted
No segregation

2 #4 Smooth, no pores Rough, flotation of aggregate Smooth Compacted
Segregation

3 #4 Smooth, pores < 1/8” Rough, flotation of aggregate Smooth Compacted
Segregation

4 #5 Few rock pockets, pores ¼”,
patching with grout

Fairly rough, flotation of
aggregate

Large rock pockets, cold joint Poorly compacted
No segregation

5 #3 Smooth, no pores Rough, flotation of aggregate Smooth, pores some rock
pockets

Compacted
No segregation

6 #8 Pores > ¼”, rock pockets, some
patching with grout

Fairly rough Rock pockets, partial paste
wash-out

Poorly compacted
No segregation

7 #7 ¼” to large pores, rock pockets,
patching with grout

Rough, flotation of aggregate,
large plastic shrinkage cracks

Pores > ¼”, few rock pockets,
CFRP visible in some pockets

Fairly compacted
No segregation

8 #4 Smooth, pores < 1/8” Rough, flotation of aggregate Smooth Compacted
Segregation

9 #8 Pores > ¼”, few rock pockets Fairly rough Pores > ¼”, few rock pockets,
CFRP visible in some pockets,
partial paste wash-out

Fairly compacted
No segregation

10 #6 Large pores > ¼”, large rock
pockets, CFRP visible in some
pockets, some holes < ½” deep

Fairly rough Rock pockets, CFRP visible in
some pockets, large cold joint

Poorly compacted
No segregation

11 #7 Smooth, pores ~ ¼” Fairly rough Pores > ¼”, few rock pockets,
partial paste wash-out, small
damage (spalling)

Fairly compacted
No segregation

See Figure 1 for Specimen Characteristics



2

Summary of Observations During Specimen Production
SPECIMEN
NUMBER

CONCRETE BATCH
CASTIG DATE

CURING OBSERVATIONS

CONSTR 1 #1 4-12 Steam curing - Segregation of coarse aggregate
- Floating of aggregate, rough finish

CONSTR 2 #2 4-12 Steam curing - No segregation observed
- Floating of aggregate, rough finish

1 #8 4-19 Steam curing then water
sprinkling

- Smooth finish, no floating of aggregate

2 #4 4-13 Steam curing - Specimen end cut off, observation of segregation
- Floating of aggregate, rough finish

3 #4 4-13 Steam curing - Floating of aggregate, rough finish

4 #5 4-18 Steam curing - Plastic shrinkage cracks observed before detensioning at 1/3 of slab.
- Rugsol retarding agent sprayed instead of SikaFilm curing compound

� rough surface, plastic shrinkage
- Void observed at bottom casting surface underneath one bar intersection

(concrete cover otherwise okay).
5 #3 4-13 Steam curing - Specimen end cut off, no segregation observed

- Floating of aggregate, rough finish
6 #8 4-19 Steam curing then water

sprinkling
- Smooth finish, no floating of aggregate
- 

7 #7 4-18 Steam curing - Large plastic shrinkage cracks observed before detensioning at 1/3 of slab.
- Rugsol retarding agent sprayed instead of SikaFilm curing compound

� rough surface, plastic shrinkage
8 #4 4-13 Steam curing - Floating of aggregate, rough finish

9 #8 4-19 Steam curing then water
sprinkling

- Smooth finish, no floating of aggregate
- 

10 #6 4-18 Steam curing - Plastic shrinkage cracks observed before detensioning at 1/3 of slab.
- Rugsol retarding agent sprayed instead of SikaFilm curing compound

� rough surface, plastic shrinkage
11 #7 4-18 Steam curing - Plastic shrinkage cracks observed before detensioning at 1/3 of slab.

- Rugsol retarding agent sprayed instead of SikaFilm curing compound
� rough surface, plastic shrinkage

See Figure 1 for Specimen Characteristics
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Summary of Concrete Batches and Properties
BATCH
NUMBER

DATE SPECIMEN
NUMBERS

COMPRESSION
STRENGTH

ADMIXTURES OBSERVATIONS

#1 4-12 CONSTR 1 1 day: 3680 psi
7 days: 8190 psi
28 days: 8970 psi
75 days: 9660 psi

Sika 86: 147 oz
Sika 100 SC: 59 oz
Viscocrete: 290 oz
Water/cementitious: 0.27

- Segregation observed in cylinders and specimen
- Concrete lumps

#2 4-12 CONSTR 2 1 day: 3680 psi
7 days: 8190 psi
28 days: 8970 psi
75 days: 9660 psi

Sika 86: 74 oz
Sika 100 SC: 41.2 oz
Viscocrete: 290 oz
Water/cementitious: 0.27

- No segregation observed
- Concrete lumps

#3 4-13 5 No cylinders Sika 86: 74 oz
Sika 100 SC: 41.2 oz
Viscocrete: 290 oz
Water/cementitious: 0.27

- Concrete lumps
- No segregation observed

#4 4-13 2, 3, 8 1 day: 3630 psi
7 days: 5870 psi
28 days: 8130 psi

Sika 86: 74 oz
Sika 100 SC: 41.2 oz
Viscocrete: 290 oz
Water/cementitious: 0.27

- Segregation observed in cylinders and specimen
- Concrete lumps

#5 4-18 4 1 day: 4810 psi
7 days: 9370 psi
28 days: 9950 psi

Sika 86: 62 oz
Sika 100 SC: 25.1 oz
Viscocrete: 290 oz
Water/cementitious: 0.27

- Dry mixing time: 4 ½ Min.
- No segregation found
- No concrete lumps

#6 4-18 10 1 day: 5290 psi
7 days: 9460 psi
28 days: 10890 psi

Sika 86: 62 oz
Sika 100 SC: 25.1 oz
Viscocrete: 290 oz
Water/cementitious: 0.27

- Dry mixing time: 4 ½ Min.
- No segregation found
- No concrete lumps

#7 4-18 7,11 1 day: 5130 psi
7 days: 9620 psi
28 days: 11230 psi

Sika 86: 59.1 oz
Sika 100 SC: 25.1 oz
Viscocrete: 290 oz
Water/cementitious: 0.27

- Dry mixing time: 4 ½ Min.
- No segregation found
- No concrete lumps

#8 4-19 1, 6, 9 1 day: 4460 psi
7 days: 8120 psi
28 days: 9930 psi

Sika 86: 58.1 oz
Sika 100 SC: 25 oz
Viscocrete: 290 oz
Water/cementitious: 0.27

- Dry mixing time: 4 ½ Min.
- Segregation found
- No concrete lumps

See Figure 1 for Specimen Characteristics
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Test Logbook

Specimen #1 (Control, no reinforcing, full pre-stress)
6-7-00
Cracking observed at about 6.8 kip
Typical crack spacing: 4 ½ to 5 in.
Cracks at 7.6 kip [in]: L: 0.0035

N: 0.0030
K: 0.0030
M: 0.0030
J: 0.0030

Cracks at 12 kip [in]: L: 0.025
N: 0.018
K: 0.027
M: 0.018
J: 0.018

6 inch deflection at 14.4 kips
Test termination: 15.4 kip.
Position of curvature potentiometers: top: N: 2”

S: 2”, 2 3/8”
Bot: N: 2”, 2 1/16”

S: 2”
Curvature measurement failed

Specimen #2 (Fine NEFMAC, full pre-stress)
6-7-00
First cracking at 6.8 kips
Typical crack spacing 3 to 4 inches
Crack spacing is decreasing with higher load level approaching the CFRP grid size of 2 inches
Cracks at 8 kips: 0.003 – 0.0035 in.
Cracks at 12 kips [in]: J: 0.0080

K: 0.0075
M: 0.0065
N: 0.0080
L: 0.0090

At 16 kips, crack distribution improved: spacing 2 in.
Shear failure or splitting of the ends due to debonding of tendons at 18.3 kips
Severely segregated concrete visible
Position of curvature potentiometers: top: N: 2”

S: 2 1/8”
Bot: N: 2”

S: 2 1/8”
Curvature measurement failed

Specimen #3 (coarse NEFMAC, full pre-stressed)
6-8-00
First cracking at 6 kips
Crack spacing 4 in.
Cracks at 8 kips [in]: J: 0.0035

K: 0.0035
L: 0.0035
M: 0.0025
N: 0.0035
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Longitudinal shrinkage cracks on top and side
Cracks at 12 kips [in]: J: 0.0090

K: 0.0080
L: 0.0080
M: 0.0085
N: 0.0080

Failure mode: Crushing of concrete at 24.1 kip
Position of curvature potentiometers: top: N: 1 9/16”

S: 1 7/8”
Bot: N: 1 5/8”

S: 1 5/8”
Potentiometer J did not work

Specimen #4 (Wire mesh, full pre-stress)
6-8-00
First cracking at 6 kips
Crack spacing 3 to 6 inches
Cracks at 8 kips [in]: J: 0.0030

L: 0.0030
M: 0.0025
N: 0.0030

Reset pot J at 6 kips
Cracks at 12 kips [in]: J: 0.0075

L: 0.0075
M: 0.0090
N: 0.0075

More cracks are developed at higher load levels, decreasing the crack spacing slightly
Crack spacing now 3 inches, one at 5 inches.
Position of curvature potentiometers: top: N: 1 13/16” 11 ¾”

S: 1 9/16” 11 ¾”
Bot: N: 1 1/2” 11 ¾”

S: 1 11/16” 11 ¾”
Wire mesh yielding – rupture at 17.0 kip

Specimen #5 (CFRP rods, full pre-stress)
6-1-00
Longitudinal shrinkage or thermal cracks on top
One little perpendicular crack
Crack width at 9 kips:  0.005 in.
Crack width at 16 kips:  0.020 in.
Crack spacing about 5 in.
Pot G is not working
Failure of bearing at 24 kip, one support slid and the testing was reset
Maximum load for each load cell: NW: 4.9 kip

SW: 5.8 kip
NE: 5.8 kip
SE: 4.9 kip

Uneven load distribution.
Change bearing setup and retest to failure:
7-6-00
concrete crushing – brittle failure at 26 kips, 7.8 in. total deflection
Position of curvature potentiometers: top: N: 1 15/16”

S: 1 15/16”
Bot: N: 2 1/8”

S: 2”
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Specimen #6 (Coarse NEFMAC, less pre-stress)
6-8-00
First cracking at 4 kip
Typical crack spacing 4 to 6 in.
Cracks at 6 kips [in]: J: 0.0050

L: 0.0055
M: 0.0055
N: 0.0080

Cracks at 8 kips [in]: J: 0.0085
L: 0.0115
M: 0.0090
N: 0.0105

With typical crack spacing of now 4 in.
Debonding of strands (East) observed at 14.5 kips
Flexural/shear failure at east shear span.
Position of curvature potentiometers: top: N: 1 11/16” 12 ¾”

S: 1 11/16” 11 1/8”
Bot: N: 2 3/8” 10 ¼”

S: 1 3/8” 13 1/8”

Specimen #7 (Fine NEFMAC, grid splice, full prestress)
6-10-00
first cracking at 7 kips
typical crack spacing 2 to 4 in.
Cracks at 8 kips [in]: J: 0.0035 end of splice

K: 0.0020
L: reserve middle of splice
M: 0.0020
N: 0.0040 end of splice

F recalibrated
Cracks at 12 kips [in]: J: 0.0080 end of splice

K: 0.0065
L: reserve middle of splice
M: 0.0070
N: 0.0100 end of splice

Crack spacing 2 to 4 in.
Cracks within splice region were smaller than outside splice region.  Crack spacing decreased with higher
load.
Spalling of concrete in compression zone at 16 kips
Initiation of concrete crushing at 17.8 kips
Failure of cross bar of spliced grid, big crack at centerline, no load drop at 19.5 kip
Take off all instrumentation
Peeling off of spliced reinforcement at 22.6 kips, load drop
Failure of splice reinforcement, failure of the cross bars of the splice reinforcement � anchorage problem
Position of curvature potentiometers: top: N: 1 5/8” 11 7/8”

S: 1 3/8” 11 13/16”
Bot: N: 1 1/2” 12 3/8”

S: 1 1/4” 13 3/4”
Pot D not working

Specimen #8 (Fine NEFMAC, more cover, full pre-stress)
6-12-00
first cracking at 5 kips
crack spacing 4 to 8 in.
Cracks at 8 kips [in]: J: 0.0055

K: 0.0045
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L: 0.0045
M: 0.0045
N: 0.0050

Crack spacing now 4 to 5 in.
Cracks at 12 kips [in]: J: 0.0130

K: 0.0120
L: 0.0140
M: 0.0120
N: 0.0095

At 14 kips: hear some pop or slipping (not the tendon)
18 kips: crack K opens up large >2 mm
20 kips: indication of concrete failure
22 kips: bending/shear failure in shear span
segregation of the concrete visible
concrete cover seems to be 1 ¼ “
Position of curvature potentiometers: top: N: 1 1/2” 11 3/8”

S: 1 5/16” 12 3/16”
Bot: N: 1 1/2” 12 5/16”

S: 1 3/8” 11 1/2”

Specimen #9 (Fine NEFMAC, less prestress)
6-8-00
** one load cell did not work.: correct displayed load with factor 4/3
First cracking at 4 kip
Crack spacing 2 to 4 in.
Cracks at 8 kips [in]: J: 0.0100

K: 0.0100
L: 0.0110
M: 0.0080
N: 0.0095

Cracks at 10.67 kips [in]: J: 0.0250
K: 0.0200
L: 0.0160
M: 0.0130
N: 0.0140

At 10.5 kip: take off all potentiometers
15.1 kip, bending/shear failure indication, termination of the test
Position of curvature potentiometers: top: N: 1 3/4” 10 7/8”

S: 1 1/2” 11 5/8”
Bot: N: 1 1/16” 12 1/8”

S: 1 7/16” 11 3/8”

Specimen #10 (Coarse NEFMAC, spliced grid, full pre-stress)
6-11-00
First cracking at 4.3 kips
Crack spacing 4 inches
Cracks at 8 kips [in]: J: 0.0040

K: 0.0040
L: 0.0030
M: 0.0020
N: 0.0030

Cracks at 12 kips [in]: J: 0.0110
K: 0.0120
L: 0.0080
M: 0.0055
N: 0.0070



8

At 17.6 kips: initiation of compression failure
At 21 kips: indication of splice delamination
Failure of splice, delamination
Maximum load at 22.6 kip
Position of curvature potentiometers: top: N: 1 1/2” 12”

S: 1 1/2” 12 1/16”
Bot: N: 1 3/8” 12 1/16”

S: 1 1/4” 12 5/8”

Specimen #11 (Coarse NEFMAC, more cover, full pre-stress)
6-13-00
First cracks at 6 kips
Crack spacing 2 to 6 in. averaging 4 in.
Cracks at 8 kips [in]: J: 0.0025

K: 0.0030
L: 0.0025
M: 0.0020
N: 0.0020

Cracks at 12 kips [in]: J: 0.0105
K: 0.0100
L: 0.0100
M: 0.0080
N: 0.0080

At 21 kips, 5.3 in: removal of instrumentation
At 24(?) kip: first bending shear failure indication
At 27.8 kips: second bending shear failure
Displacement larger than 9 in.
Pot A does not work
Position of curvature potentiometers: top: N: 1 5/8” 11 1/2”

S: 1 13/16” 12 5/8”
Bot: N: 1 3/8” 12 3/8”

S: 1 1/2” 12 3/16”



APPENDIX V
Test Prediction — FEA Data Sheets

_________________________________________________________________
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#1 Control Specimen no grid reinforcement 17-May-00

WIDTH = 24.00 DEPTH = 0.00
WIDTH = 24.00 DEPTH = 8.00

A = 192.0 I = 1024 YT= 4.00 ST= 256 SB= 256
CONCRETE STRENGTH =12.000 KSI DENSITY = 128 PCF TRAPEZOIDAL STRESS BLOCK
MODULUS OF RUPTURE =0.698 KSI
E = 5235.0 KSI STRAIN MULTIPLIER = 1
SPAN = 18.00 FEET
AXIAL LOAD = 0.0 KIPS, COMPRESSION POSITIVE
COMPOSITE PROPERTIES, BASED ON GROSS AREA fu = 250 KSI E = 14500 KSI
PRESTRESSING DATA EFFECTIVE PRESTRESS fse = 185.00 KSI
AREA = 0.6120 DEPTH = 5.25

COMP TENSILE MOMENT M/ CURVATURE DEPTH OF DEFL PT COMP
STRAIN STRAIN K-FT MNOM RAD/IN N. AXIS IN STRESS STRESS

0.00000 -0.00014 -0.8 -0.011 -0.000028 0.00 -0.16 180.9 0.0
-0.00010 -0.00012 10.4 0.155 -0.000003 -31.89 -0.05 181.8 0.0
-0.00020 -0.00009 21.6 0.322 0.000022 9.15 0.05 182.6 0.0
-0.00028 -0.00006 30.6 0.456 0.000042 6.68 0.14 184.0 0.0
-0.00033 -0.00005 35.6 0.531 0.000053 6.12 0.19 186.8 0.0
-0.00036 -0.00004 39.0 0.583 0.000061 5.85 0.22 190.9 0.0
-0.00060 0.00039 41.9 0.625 0.000188 3.18 0.43 196.1 0.0
-0.00070 0.00061 44.5 0.664 0.000249 2.81 0.60 202.3 0.0
-0.00080 0.00085 46.9 0.701 0.000314 2.55 0.78 209.2 0.0
-0.00090 0.00111 49.4 0.737 0.000384 2.35 0.98 216.7 0.0
-0.00100 0.00140 51.8 0.773 0.000457 2.19 1.20 224.8 0.0
-0.00110 0.00169 54.3 0.810 0.000532 2.07 1.44 233.3 0.0
-0.00120 0.00200 56.7 0.847 0.000610 1.97 1.69 242.1 0.0
-0.00130 0.00237 58.7 0.875 0.000698 1.86 1.93 248.5 0.0
-0.00140 0.00278 60.0 0.896 0.000797 1.76 2.16 252.4 0.0
-0.00150 0.00325 61.2 0.913 0.000904 1.66 2.39 255.4 0.0
-0.00160 0.00375 62.1 0.927 0.001019 1.57 2.63 257.7 0.0
-0.00170 0.00430 62.9 0.939 0.001143 1.49 2.87 259.4 0.0
-0.00180 0.00489 63.6 0.949 0.001274 1.41 3.12 260.9 0.0
-0.00190 0.00552 64.2 0.958 0.001414 1.34 3.37 262.0 0.0
-0.00200 0.00620 64.7 0.965 0.001561 1.28 3.63 263.0 0.0
-0.00220 0.00754 65.4 0.976 0.001856 1.19 4.13 264.3 0.0
-0.00240 0.00890 65.8 0.983 0.002152 1.12 4.59 265.2 0.0
-0.00260 0.01024 66.1 0.987 0.002446 1.06 5.03 265.9 0.0
-0.00280 0.01159 66.4 0.991 0.002741 1.02 5.45 266.4 0.0
-0.00300 0.01294 66.5 0.993 0.003037 0.99 5.88 266.8 0.0
-0.00320 0.01431 66.7 0.995 0.003336 0.96 6.29 267.1 0.0
-0.00340 0.01564 66.8 0.997 0.003627 0.94 6.69 267.4 0.0
-0.00360 0.01698 66.9 0.998 0.003919 0.92 7.08 267.6 0.0
-0.00380 0.01840 66.9 0.999 0.004229 0.90 7.50 267.8 0.0
-0.00400 0.01974 67.0 1.000 0.004523 0.88 7.88 267.9 0.0
SERVICE LOAD LEVEL RESULTS
-0.00046 0.00014 40.2 0.600 0.000113 4.76 0.31 193.0 0.0
M ZERO T = 24.4 K-FT MZO/MSR =0.606 MZO/MN =0.364
M CRACKING= 39.3 K-FT MCR/MSR =0.977 MCR/MN =0.586
M SERVICE = 40.2 K-FT MSR/MN =0.600
PHI = 0.900 MU = 60.3 K-FT MU/(B*H^2) = 0.471 K/IN^2
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#2 Baseline Design fine grid 17-May-00

WIDTH = 24.00 DEPTH = 0.00
WIDTH = 24.00 DEPTH = 8.00

A = 192.0 I = 1024 YT= 4.00 ST= 256 SB= 256
CONCRETE STRENGTH =12.000 KSI DENSITY = 128 PCF TRAPEZOIDAL STRESS BLOCK
MODULUS OF RUPTURE =0.698 KSI
E = 5235.0 KSI STRAIN MULTIPLIER = 1
SPAN = 18.00 FEET
AXIAL LOAD = 0.0 KIPS, COMPRESSION POSITIVE
COMPOSITE PROPERTIES, BASED ON GROSS AREA fu = 250 KSI E = 14500 KSI
COMPOSITE DATA
AREA = 0.0810 DEPTH = 0.58
AREA = 0.3240 DEPTH = 7.42
PRESTRESSING DATA EFFECTIVE PRESTRESS fse = 185.00 KSI
AREA = 0.6120 DEPTH = 5.25

COMP TENSILE MOMENT M/ CURVATURE DEPTH OF DEFL PT COMP
STRAIN STRAIN K-FT MNOM RAD/IN N. AXIS IN STRESS STRESS

0.00000 -0.00020 -0.9 -0.008 -0.000027 0.00 -0.16 180.9 -2.9
-0.00010 -0.00012 10.3 0.093 -0.000003 -30.82 -0.05 181.8 -1.7
-0.00020 -0.00004 21.6 0.195 0.000022 9.12 0.05 182.6 -0.5
-0.00028 0.00003 30.8 0.277 0.000042 6.65 0.14 184.0 1.1
-0.00033 0.00007 36.1 0.325 0.000054 6.07 0.19 186.7 3.6
-0.00050 0.00048 40.0 0.361 0.000133 3.77 0.35 190.6 7.0
-0.00060 0.00077 43.5 0.392 0.000184 3.25 0.49 195.5 11.1
-0.00070 0.00109 46.7 0.421 0.000241 2.90 0.66 201.2 15.8
-0.00080 0.00144 49.9 0.450 0.000302 2.65 0.84 207.4 20.9
-0.00090 0.00182 53.1 0.479 0.000367 2.46 1.05 214.2 26.4
-0.00100 0.00221 56.4 0.508 0.000433 2.31 1.27 221.3 32.1
-0.00110 0.00262 59.6 0.537 0.000502 2.19 1.50 228.8 38.1
-0.00120 0.00305 62.9 0.567 0.000572 2.10 1.75 236.5 44.2
-0.00130 0.00348 66.2 0.597 0.000644 2.02 2.01 244.3 50.5
-0.00140 0.00398 69.0 0.622 0.000725 1.93 2.26 248.9 57.7
-0.00150 0.00452 71.6 0.646 0.000811 1.85 2.52 252.2 65.5
-0.00160 0.00508 74.1 0.668 0.000901 1.78 2.79 254.7 73.7
-0.00170 0.00568 76.5 0.690 0.000995 1.71 3.07 256.7 82.4
-0.00180 0.00630 78.9 0.711 0.001092 1.65 3.37 258.3 91.4
-0.00190 0.00695 81.2 0.732 0.001193 1.59 3.67 259.6 100.8
-0.00200 0.00762 83.5 0.753 0.001296 1.54 3.99 260.7 110.4
-0.00220 0.00889 87.7 0.790 0.001495 1.47 4.60 262.2 128.9
-0.00240 0.01012 91.4 0.824 0.001687 1.42 5.20 263.3 146.7
-0.00260 0.01128 94.7 0.854 0.001870 1.39 5.78 264.0 163.5
-0.00280 0.01239 97.9 0.882 0.002048 1.37 6.35 264.6 179.7
-0.00300 0.01347 100.8 0.909 0.002219 1.35 6.90 265.1 195.2
-0.00320 0.01451 103.7 0.934 0.002386 1.34 7.45 265.5 210.3
-0.00340 0.01549 106.3 0.958 0.002546 1.34 7.98 265.8 224.6
-0.00360 0.01646 108.9 0.981 0.002704 1.33 8.51 266.0 238.7
-0.00380 0.01744 110.9 1.000 0.002863 1.33 8.99 266.3 250.0

RUPTURE OF UNSTRESSED COMPOSITE
SERVICE LOAD LEVEL RESULTS
-0.00105 0.00240 57.8 0.521 0.000464 2.25 1.38 224.7 34.8
M ZERO T = 24.4 K-FT MZO/MSR =0.421 MZO/MN =0.220
M CRACKING= 39.3 K-FT MCR/MSR =0.679 MCR/MN =0.354
M SERVICE = 57.8 K-FT MSR/MN =0.521
PHI = 0.900 MU = 99.8 K-FT MU/(B*H^2) = 0.780 K/IN^2
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#3 Baseline Design coarse grid 17-May-00

WIDTH = 24.00 DEPTH = 0.00
WIDTH = 24.00 DEPTH = 8.00

A = 192.0 I = 1024 YT= 4.00 ST= 256 SB= 256
CONCRETE STRENGTH =12.000 KSI DENSITY = 128 PCF TRAPEZOIDAL STRESS BLOCK
MODULUS OF RUPTURE =0.698 KSI
E = 5235.0 KSI STRAIN MULTIPLIER = 1
SPAN = 18.00 FEET
AXIAL LOAD = 0.0 KIPS, COMPRESSION POSITIVE
COMPOSITE PROPERTIES, BASED ON GROSS AREA fu = 250 KSI E = 14500 KSI
COMPOSITE DATA
AREA = 0.2000 DEPTH = 0.72
AREA = 0.6000 DEPTH = 7.28
PRESTRESSING DATA EFFECTIVE PRESTRESS fse = 185.00 KSI
AREA = 0.6120 DEPTH = 5.25

COMP TENSILE MOMENT M/ CURVATURE DEPTH OF DEFL PT COMP
STRAIN STRAIN K-FT MNOM RAD/IN N. AXIS IN STRESS STRESS

0.00000 -0.00020 -1.0 -0.008 -0.000027 0.00 -0.16 180.9 -2.9
-0.00010 -0.00012 10.3 0.077 -0.000003 -30.74 -0.05 181.8 -1.7
-0.00020 -0.00004 21.7 0.161 0.000022 9.08 0.06 182.7 -0.5
-0.00028 0.00003 30.9 0.229 0.000043 6.63 0.14 184.0 1.0
-0.00033 0.00007 36.5 0.270 0.000055 6.04 0.20 186.6 3.4
-0.00050 0.00046 40.7 0.302 0.000132 3.80 0.35 190.4 6.6
-0.00060 0.00072 44.6 0.331 0.000182 3.30 0.50 195.1 10.5
-0.00070 0.00102 48.3 0.358 0.000237 2.96 0.67 200.5 14.8
-0.00080 0.00135 52.0 0.386 0.000295 2.71 0.86 206.3 19.5
-0.00090 0.00169 55.7 0.413 0.000356 2.53 1.06 212.6 24.5
-0.00100 0.00205 59.4 0.441 0.000419 2.39 1.28 219.2 29.7
-0.00110 0.00242 63.2 0.469 0.000483 2.28 1.51 226.0 35.1
-0.00120 0.00280 67.0 0.497 0.000549 2.18 1.75 233.0 40.6
-0.00130 0.00319 70.9 0.526 0.000616 2.11 2.01 240.2 46.2
-0.00140 0.00359 74.6 0.553 0.000686 2.04 2.26 246.4 52.1
-0.00150 0.00405 78.0 0.578 0.000762 1.97 2.52 249.9 58.7
-0.00160 0.00453 81.3 0.603 0.000841 1.90 2.78 252.7 65.6
-0.00170 0.00502 84.5 0.627 0.000923 1.84 3.05 254.8 72.8
-0.00180 0.00553 87.7 0.650 0.001007 1.79 3.34 256.6 80.2
-0.00190 0.00606 90.8 0.674 0.001093 1.74 3.63 258.0 87.9
-0.00200 0.00660 94.0 0.697 0.001181 1.69 3.93 259.2 95.7
-0.00220 0.00762 99.7 0.739 0.001349 1.63 4.51 260.9 110.5
-0.00240 0.00859 104.7 0.777 0.001509 1.59 5.06 262.0 124.5
-0.00260 0.00950 109.3 0.811 0.001661 1.56 5.58 262.9 137.7
-0.00280 0.01036 113.6 0.843 0.001808 1.55 6.09 263.5 150.3
-0.00300 0.01119 117.6 0.872 0.001950 1.54 6.58 264.1 162.3
-0.00320 0.01199 121.5 0.901 0.002087 1.53 7.07 264.5 173.9
-0.00340 0.01275 125.0 0.927 0.002218 1.53 7.53 264.8 184.8
-0.00360 0.01348 128.4 0.952 0.002346 1.53 7.99 265.1 195.5
-0.00380 0.01419 131.7 0.977 0.002471 1.54 8.44 265.4 205.8
-0.00400 0.01487 134.8 1.000 0.002592 1.54 8.87 265.6 215.6
SERVICE LOAD LEVEL RESULTS
-0.00109 0.00240 63.0 0.467 0.000480 2.28 1.50 225.6 34.8
M ZERO T = 24.4 K-FT MZO/MSR =0.387 MZO/MN =0.181
M CRACKING= 39.3 K-FT MCR/MSR =0.623 MCR/MN =0.291
M SERVICE = 63.0 K-FT MSR/MN =0.467
PHI = 0.900 MU = 121.4 K-FT MU/(B*H^2) = 0.948 K/IN^2
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#4 Wire Mesh 17-May-00

WIDTH = 24.00 DEPTH = 0.00
WIDTH = 24.00 DEPTH = 8.00

A = 192.0 I = 1024 YT= 4.00 ST= 256 SB= 256
CONCRETE STRENGTH =12.000 KSI DENSITY = 128 PCF TRAPEZOIDAL STRESS BLOCK
MODULUS OF RUPTURE =0.698 KSI
E = 5235.0 KSI STRAIN MULTIPLIER = 1
SPAN = 18.00 FEET
AXIAL LOAD = 0.0 KIPS, COMPRESSION POSITIVE
WIRE MESH PROPERTIES, fy = 65 KSI E = 29000 KSI
WIRE MESH DATA
AREA = 0.2400 DEPTH = 7.42
PRESTRESSING DATA EFFECTIVE PRESTRESS fse = 185.00 KSI
AREA = 0.6120 DEPTH = 5.25

COMP TENSILE MOMENT M/ CURVATURE DEPTH OF DEFL PT MESH
STRAIN STRAIN K-FT MNOM RAD/IN N. AXIS IN STRESS STRESS

0.00000 -0.00020 -1.0 -0.013 -0.000027 0.00 -0.16 180.9 -5.9
-0.00010 -0.00012 10.3 0.136 -0.000003 -28.60 -0.05 181.8 -3.4
-0.00020 -0.00004 21.5 0.284 0.000022 9.18 0.05 182.6 -1.0
-0.00028 0.00003 30.7 0.406 0.000042 6.66 0.14 183.9 2.1
-0.00033 0.00007 36.2 0.478 0.000055 6.07 0.19 186.6 7.1
-0.00050 0.00047 40.3 0.533 0.000131 3.81 0.35 190.4 13.7
-0.00060 0.00075 44.0 0.582 0.000182 3.31 0.49 195.1 21.7
-0.00070 0.00106 47.5 0.628 0.000237 2.96 0.66 200.5 30.6
-0.00080 0.00139 51.0 0.675 0.000296 2.71 0.85 206.4 40.4
-0.00090 0.00175 54.5 0.721 0.000357 2.52 1.05 212.8 50.8
-0.00100 0.00213 58.1 0.768 0.000421 2.37 1.27 219.5 61.6
-0.00110 0.00255 60.9 0.805 0.000492 2.24 1.47 227.2 65.0
-0.00120 0.00300 63.3 0.837 0.000566 2.12 1.68 235.5 65.0
-0.00130 0.00347 65.8 0.869 0.000643 2.02 1.91 244.2 65.0
-0.00140 0.00403 67.5 0.892 0.000732 1.91 2.12 249.3 65.0
-0.00150 0.00465 68.8 0.910 0.000829 1.81 2.33 252.9 65.0
-0.00160 0.00533 69.9 0.924 0.000934 1.71 2.55 255.7 65.0
-0.00170 0.00607 70.9 0.937 0.001047 1.62 2.77 257.8 65.0
-0.00180 0.00686 71.6 0.947 0.001167 1.54 2.99 259.5 65.0
-0.00190 0.00770 72.3 0.956 0.001294 1.47 3.23 260.9 65.0
-0.00200 0.00859 72.9 0.964 0.001427 1.40 3.47 262.0 65.0
-0.00220 0.01039 73.8 0.975 0.001696 1.30 3.92 263.5 65.0
-0.00240 0.01218 74.3 0.982 0.001966 1.22 4.34 264.6 65.0
-0.00260 0.01398 74.7 0.987 0.002235 1.16 4.74 265.4 65.0
-0.00280 0.01580 74.9 0.990 0.002507 1.12 5.14 265.9 65.0
-0.00300 0.01758 75.1 0.993 0.002773 1.08 5.52 266.4 65.0
-0.00320 0.01941 75.3 0.995 0.003047 1.05 5.89 266.7 65.0
-0.00340 0.02124 75.4 0.997 0.003321 1.02 6.27 267.0 65.0
-0.00360 0.02299 75.5 0.998 0.003584 1.00 6.62 267.3 65.0
-0.00380 0.02480 75.6 0.999 0.003855 0.99 6.99 267.5 65.0
-0.00400 0.02664 75.6 1.000 0.004130 0.97 7.35 267.7 65.0
SERVICE LOAD LEVEL RESULTS
-0.00064 0.00087 45.4 0.600 0.000203 3.17 0.56 197.2 25.2
M ZERO T = 24.4 K-FT MZO/MSR =0.537 MZO/MN =0.322
M CRACKING= 39.3 K-FT MCR/MSR =0.865 MCR/MN =0.519
M SERVICE = 45.4 K-FT MSR/MN =0.600
PHI = 0.900 MU = 68.1 K-FT MU/(B*H^2) = 0.532 K/IN^2
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#5 Reichold CFRP Rods 17-May-00

WIDTH = 24.00 DEPTH = 0.00
WIDTH = 24.00 DEPTH = 8.00

A = 192.0 I = 1024 YT= 4.00 ST= 256 SB= 256
CONCRETE STRENGTH =12.000 KSI DENSITY = 128 PCF TRAPEZOIDAL STRESS BLOCK
MODULUS OF RUPTURE =0.698 KSI
E = 5235.0 KSI STRAIN MULTIPLIER = 1
SPAN = 18.00 FEET
AXIAL LOAD = 0.0 KIPS, COMPRESSION POSITIVE
COMPOSITE PROPERTIES, BASED ON GROSS AREA fu = 270 KSI E = 17000 KSI
COMPOSITE DATA
AREA = 0.1100 DEPTH = 0.67
AREA = 0.4400 DEPTH = 7.33
PRESTRESSING DATA EFFECTIVE PRESTRESS fse = 185.00 KSI
AREA = 0.6120 DEPTH = 5.25

COMP TENSILE MOMENT M/ CURVATURE DEPTH OF DEFL PT COMP
STRAIN STRAIN K-FT MNOM RAD/IN N. AXIS IN STRESS STRESS

0.00000 -0.00020 -1.0 -0.008 -0.000027 0.00 -0.16 180.9 -3.4
-0.00010 -0.00012 10.3 0.080 -0.000003 -30.17 -0.05 181.8 -2.0
-0.00020 -0.00004 21.6 0.168 0.000022 9.11 0.05 182.6 -0.6
-0.00028 0.00003 30.9 0.239 0.000043 6.64 0.14 184.0 1.2
-0.00033 0.00007 36.3 0.281 0.000055 6.05 0.20 186.6 4.1
-0.00050 0.00047 40.5 0.313 0.000132 3.80 0.35 190.5 7.9
-0.00060 0.00074 44.2 0.342 0.000182 3.29 0.50 195.2 12.5
-0.00070 0.00104 47.8 0.370 0.000238 2.95 0.67 200.6 17.7
-0.00080 0.00137 51.4 0.398 0.000297 2.70 0.85 206.6 23.4
-0.00090 0.00173 54.9 0.425 0.000358 2.51 1.06 213.0 29.3
-0.00100 0.00209 58.5 0.453 0.000422 2.37 1.28 219.7 35.6
-0.00110 0.00248 62.2 0.481 0.000488 2.25 1.51 226.7 42.1
-0.00120 0.00287 65.8 0.509 0.000555 2.16 1.75 233.8 48.8
-0.00130 0.00327 69.5 0.538 0.000623 2.09 2.01 241.2 55.5
-0.00140 0.00370 73.0 0.565 0.000695 2.01 2.26 247.0 62.8
-0.00150 0.00417 76.2 0.590 0.000774 1.94 2.52 250.5 70.9
-0.00160 0.00467 79.3 0.613 0.000855 1.87 2.78 253.2 79.4
-0.00170 0.00519 82.3 0.637 0.000940 1.81 3.06 255.3 88.2
-0.00180 0.00573 85.2 0.660 0.001027 1.75 3.35 257.0 97.4
-0.00190 0.00629 88.2 0.683 0.001117 1.70 3.64 258.4 106.9
-0.00200 0.00686 91.1 0.705 0.001208 1.66 3.95 259.6 116.5
-0.00220 0.00794 96.4 0.746 0.001384 1.59 4.54 261.2 135.0
-0.00240 0.00897 101.1 0.783 0.001551 1.55 5.10 262.4 152.4
-0.00260 0.00994 105.4 0.816 0.001711 1.52 5.64 263.2 169.0
-0.00280 0.01086 109.4 0.847 0.001864 1.50 6.16 263.8 184.7
-0.00300 0.01175 113.1 0.876 0.002012 1.49 6.67 264.3 199.7
-0.00320 0.01259 116.6 0.903 0.002154 1.49 7.16 264.7 214.0
-0.00340 0.01340 120.0 0.928 0.002292 1.48 7.65 265.1 227.8
-0.00360 0.01419 123.2 0.954 0.002427 1.48 8.13 265.4 241.3
-0.00380 0.01494 126.2 0.977 0.002557 1.49 8.58 265.6 254.0
-0.00400 0.01568 129.2 1.000 0.002685 1.49 9.04 265.8 266.6
SERVICE LOAD LEVEL RESULTS
-0.00108 0.00240 61.4 0.476 0.000475 2.28 1.46 225.3 40.8
M ZERO T = 24.4 K-FT MZO/MSR =0.397 MZO/MN =0.189
M CRACKING= 39.3 K-FT MCR/MSR =0.639 MCR/MN =0.304
M SERVICE = 61.4 K-FT MSR/MN =0.476
PHI = 0.900 MU = 116.3 K-FT MU/(B*H^2) = 0.908 K/IN^2
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#6 Coarse Grid less prestress 17-May-00

WIDTH = 24.00 DEPTH = 0.00
WIDTH = 24.00 DEPTH = 8.00

A = 192.0 I = 1024 YT= 4.00 ST= 256 SB= 256
CONCRETE STRENGTH =12.000 KSI DENSITY = 128 PCF TRAPEZOIDAL STRESS BLOCK
MODULUS OF RUPTURE =0.698 KSI
E = 5235.0 KSI STRAIN MULTIPLIER = 1
SPAN = 18.00 FEET
AXIAL LOAD = 0.0 KIPS, COMPRESSION POSITIVE
COMPOSITE PROPERTIES, BASED ON GROSS AREA fu = 250 KSI E = 14500 KSI
COMPOSITE DATA
AREA = 0.2000 DEPTH = 0.72
AREA = 0.6000 DEPTH = 7.28
PRESTRESSING DATA EFFECTIVE PRESTRESS fse = 190.00 KSI
AREA = 0.3060 DEPTH = 5.25

COMP TENSILE MOMENT M/ CURVATURE DEPTH OF DEFL PT COMP
STRAIN STRAIN K-FT MNOM RAD/IN N. AXIS IN STRESS STRESS

0.00000 -0.00010 -0.5 -0.005 -0.000014 0.00 -0.08 187.9 -1.5
-0.00010 -0.00002 10.8 0.092 0.000011 9.41 0.03 188.8 -0.3
-0.00017 0.00003 18.4 0.157 0.000028 6.09 0.10 190.7 1.6
-0.00020 0.00006 22.3 0.190 0.000036 5.59 0.14 195.1 5.3
-0.00023 0.00009 25.6 0.218 0.000044 5.32 0.17 201.1 10.1
-0.00050 0.00108 28.9 0.247 0.000218 2.30 0.49 208.3 15.7
-0.00060 0.00151 32.3 0.276 0.000289 2.07 0.76 216.2 21.9
-0.00070 0.00195 35.8 0.305 0.000364 1.92 1.06 224.6 28.3
-0.00080 0.00242 39.3 0.335 0.000442 1.81 1.37 233.3 35.0
-0.00090 0.00289 42.9 0.366 0.000520 1.73 1.69 242.2 41.9
-0.00100 0.00340 46.3 0.395 0.000604 1.65 2.01 248.3 49.3
-0.00110 0.00395 49.6 0.423 0.000693 1.59 2.34 251.9 57.2
-0.00120 0.00451 52.9 0.451 0.000785 1.53 2.68 254.5 65.4
-0.00130 0.00509 56.1 0.478 0.000878 1.48 3.03 256.6 73.8
-0.00140 0.00569 59.4 0.506 0.000974 1.44 3.40 258.2 82.5
-0.00150 0.00629 62.7 0.534 0.001070 1.40 3.77 259.4 91.2
-0.00160 0.00691 66.0 0.562 0.001169 1.37 4.15 260.5 100.2
-0.00170 0.00753 69.2 0.590 0.001268 1.34 4.54 261.3 109.2
-0.00180 0.00815 72.5 0.618 0.001367 1.32 4.94 262.1 118.2
-0.00190 0.00879 75.9 0.647 0.001468 1.29 5.34 262.7 127.5
-0.00200 0.00943 79.2 0.675 0.001570 1.27 5.75 263.2 136.7
-0.00220 0.01061 85.2 0.726 0.001760 1.25 6.51 264.0 153.9
-0.00240 0.01171 90.7 0.773 0.001938 1.24 7.21 264.6 169.8
-0.00260 0.01274 95.7 0.816 0.002107 1.23 7.88 265.1 184.7
-0.00280 0.01370 100.4 0.856 0.002267 1.24 8.51 265.4 198.7
-0.00300 0.01462 104.8 0.894 0.002420 1.24 9.12 265.7 212.0
-0.00320 0.01548 108.9 0.929 0.002566 1.25 9.69 266.0 224.5
-0.00340 0.01632 112.9 0.962 0.002709 1.26 10.25 266.2 236.6
-0.00360 0.01712 116.6 0.994 0.002846 1.27 10.79 266.4 248.2
-0.00380 0.01839 117.3 1.000 0.003048 1.25 11.11 266.6 250.0

RUPTURE OF UNSTRESSED COMPOSITE
SERVICE LOAD LEVEL RESULTS
-0.00080 0.00240 39.2 0.334 0.000439 1.81 1.36 233.0 34.8
M ZERO T = 12.5 K-FT MZO/MSR =0.319 MZO/MN =0.107
M CRACKING= 27.4 K-FT MCR/MSR =0.699 MCR/MN =0.234
M SERVICE = 39.2 K-FT MSR/MN =0.334
PHI = 0.900 MU = 105.6 K-FT MU/(B*H^2) = 0.825 K/IN^2
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#7 Fine Grid splice 17-May-00

WIDTH = 24.00 DEPTH = 0.00
WIDTH = 24.00 DEPTH = 8.00

A = 192.0 I = 1024 YT= 4.00 ST= 256 SB= 256
CONCRETE STRENGTH =12.000 KSI DENSITY = 128 PCF TRAPEZOIDAL STRESS BLOCK
MODULUS OF RUPTURE =0.698 KSI
E = 5235.0 KSI STRAIN MULTIPLIER = 1
SPAN = 18.00 FEET
AXIAL LOAD = 0.0 KIPS, COMPRESSION POSITIVE
COMPOSITE PROPERTIES, BASED ON GROSS AREA fu = 250 KSI E = 14500 KSI
COMPOSITE DATA
AREA = 0.3240 DEPTH = 7.42
PRESTRESSING DATA EFFECTIVE PRESTRESS fse = 185.00 KSI
AREA = 0.6120 DEPTH = 5.25

COMP TENSILE MOMENT M/ CURVATURE DEPTH OF DEFL PT COMP
STRAIN STRAIN K-FT MNOM RAD/IN N. AXIS IN STRESS STRESS

0.00000 -0.00020 -0.9 -0.008 -0.000027 0.00 -0.16 180.9 -2.9
-0.00010 -0.00012 10.3 0.093 -0.000003 -29.67 -0.05 181.8 -1.7
-0.00020 -0.00004 21.5 0.194 0.000022 9.17 0.05 182.6 -0.5
-0.00028 0.00003 30.7 0.276 0.000042 6.67 0.14 183.9 1.0
-0.00033 0.00007 36.0 0.324 0.000054 6.08 0.19 186.6 3.6
-0.00050 0.00048 39.9 0.360 0.000132 3.78 0.35 190.5 7.0
-0.00060 0.00076 43.3 0.391 0.000184 3.27 0.49 195.4 11.1
-0.00070 0.00108 46.6 0.420 0.000240 2.91 0.66 201.0 15.7
-0.00080 0.00143 49.8 0.449 0.000301 2.66 0.84 207.2 20.8
-0.00090 0.00181 53.0 0.478 0.000365 2.47 1.04 214.0 26.2
-0.00100 0.00220 56.2 0.507 0.000431 2.32 1.26 221.0 31.9
-0.00110 0.00261 59.4 0.536 0.000500 2.20 1.50 228.4 37.8
-0.00120 0.00303 62.7 0.565 0.000570 2.11 1.74 236.1 43.9
-0.00130 0.00346 66.0 0.595 0.000641 2.03 2.00 243.9 50.1
-0.00140 0.00395 68.8 0.620 0.000721 1.94 2.25 248.7 57.3
-0.00150 0.00448 71.4 0.644 0.000806 1.86 2.51 252.0 65.0
-0.00160 0.00505 73.9 0.666 0.000896 1.79 2.78 254.6 73.2
-0.00170 0.00564 76.3 0.688 0.000989 1.72 3.06 256.6 81.7
-0.00180 0.00626 78.7 0.709 0.001086 1.66 3.35 258.2 90.7
-0.00190 0.00690 81.0 0.730 0.001186 1.60 3.65 259.5 100.0
-0.00200 0.00756 83.3 0.751 0.001288 1.55 3.97 260.6 109.6
-0.00220 0.00882 87.4 0.788 0.001485 1.48 4.58 262.1 127.9
-0.00240 0.01004 91.1 0.821 0.001677 1.43 5.17 263.2 145.6
-0.00260 0.01119 94.4 0.851 0.001858 1.40 5.74 264.0 162.2
-0.00280 0.01230 97.6 0.879 0.002035 1.38 6.30 264.6 178.3
-0.00300 0.01336 100.5 0.906 0.002204 1.36 6.85 265.0 193.7
-0.00320 0.01439 103.3 0.931 0.002370 1.35 7.40 265.4 208.6
-0.00340 0.01536 105.9 0.954 0.002529 1.34 7.92 265.7 222.8
-0.00360 0.01632 108.4 0.977 0.002685 1.34 8.44 266.0 236.7
-0.00380 0.01724 110.8 0.999 0.002836 1.34 8.95 266.2 250.0
-0.00400 0.01851 111.0 1.000 0.003034 1.32 9.21 266.5 250.0

RUPTURE OF UNSTRESSED COMPOSITE
SERVICE LOAD LEVEL RESULTS
-0.00105 0.00240 57.8 0.521 0.000465 2.26 1.38 224.7 34.8
M ZERO T = 24.4 K-FT MZO/MSR =0.422 MZO/MN =0.220
M CRACKING= 39.3 K-FT MCR/MSR =0.680 MCR/MN =0.354
M SERVICE = 57.8 K-FT MSR/MN =0.521
PHI = 0.900 MU = 99.9 K-FT MU/(B*H^2) = 0.780 K/IN^2
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#8 Fine Grid more cover 17-May-00

WIDTH = 24.00 DEPTH = 0.00
WIDTH = 24.00 DEPTH = 8.00

A = 192.0 I = 1024 YT= 4.00 ST= 256 SB= 256
CONCRETE STRENGTH =12.000 KSI DENSITY = 128 PCF TRAPEZOIDAL STRESS BLOCK
MODULUS OF RUPTURE =0.698 KSI
E = 5235.0 KSI STRAIN MULTIPLIER = 1
SPAN = 18.00 FEET
AXIAL LOAD = 0.0 KIPS, COMPRESSION POSITIVE
COMPOSITE PROPERTIES, BASED ON GROSS AREA fu = 250 KSI E = 14500 KSI
COMPOSITE DATA
AREA = 0.0810 DEPTH = 1.20
AREA = 0.3240 DEPTH = 6.80
PRESTRESSING DATA EFFECTIVE PRESTRESS fse = 185.00 KSI
AREA = 0.6120 DEPTH = 5.25

COMP TENSILE MOMENT M/ CURVATURE DEPTH OF DEFL PT COMP
STRAIN STRAIN K-FT MNOM RAD/IN N. AXIS IN STRESS STRESS

0.00000 -0.00019 -0.9 -0.008 -0.000027 0.00 -0.16 180.9 -2.7
-0.00010 -0.00012 10.4 0.098 -0.000003 -31.29 -0.05 181.8 -1.7
-0.00020 -0.00005 21.6 0.204 0.000022 9.13 0.05 182.6 -0.7
-0.00028 0.00001 30.7 0.290 0.000042 6.66 0.14 184.0 0.6
-0.00033 0.00004 35.9 0.339 0.000054 6.09 0.19 186.7 2.8
-0.00050 0.00040 39.7 0.375 0.000133 3.76 0.34 190.6 5.9
-0.00060 0.00066 43.0 0.407 0.000185 3.25 0.49 195.6 9.5
-0.00070 0.00095 46.1 0.436 0.000242 2.89 0.65 201.3 13.7
-0.00080 0.00126 49.2 0.465 0.000303 2.64 0.84 207.6 18.3
-0.00090 0.00160 52.2 0.494 0.000368 2.45 1.04 214.4 23.2
-0.00100 0.00196 55.3 0.522 0.000435 2.30 1.26 221.6 28.4
-0.00110 0.00233 58.4 0.552 0.000505 2.18 1.49 229.2 33.8
-0.00120 0.00271 61.5 0.581 0.000576 2.08 1.74 236.9 39.4
-0.00130 0.00311 64.6 0.611 0.000648 2.01 2.00 244.9 45.0
-0.00140 0.00356 67.2 0.635 0.000730 1.92 2.24 249.2 51.7
-0.00150 0.00406 69.5 0.657 0.000817 1.84 2.50 252.5 58.8
-0.00160 0.00458 71.7 0.678 0.000909 1.76 2.76 255.0 66.4
-0.00170 0.00513 73.9 0.698 0.001004 1.69 3.03 256.9 74.4
-0.00180 0.00570 76.0 0.718 0.001103 1.63 3.32 258.5 82.7
-0.00190 0.00630 78.0 0.737 0.001206 1.58 3.62 259.8 91.3
-0.00200 0.00692 80.1 0.757 0.001311 1.53 3.93 260.9 100.3
-0.00220 0.00810 83.7 0.790 0.001514 1.45 4.53 262.4 117.4
-0.00240 0.00922 86.8 0.820 0.001709 1.40 5.11 263.4 133.7
-0.00260 0.01031 89.7 0.848 0.001898 1.37 5.68 264.2 149.5
-0.00280 0.01134 92.4 0.873 0.002079 1.35 6.23 264.7 164.4
-0.00300 0.01233 94.9 0.897 0.002254 1.33 6.78 265.2 178.8
-0.00320 0.01329 97.3 0.920 0.002425 1.32 7.32 265.6 192.7
-0.00340 0.01421 99.6 0.941 0.002590 1.31 7.84 265.9 206.0
-0.00360 0.01512 101.8 0.962 0.002754 1.31 8.37 266.1 219.3
-0.00380 0.01598 103.8 0.981 0.002909 1.31 8.87 266.4 231.7
-0.00400 0.01683 105.8 1.000 0.003064 1.31 9.38 266.5 244.1
SERVICE LOAD LEVEL RESULTS
-0.00112 0.00240 58.9 0.557 0.000517 2.16 1.53 230.6 34.8
M ZERO T = 24.4 K-FT MZO/MSR =0.414 MZO/MN =0.230
M CRACKING= 39.3 K-FT MCR/MSR =0.666 MCR/MN =0.371
M SERVICE = 58.9 K-FT MSR/MN =0.557
PHI = 0.900 MU = 95.3 K-FT MU/(B*H^2) = 0.744 K/IN^2
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#9 Fine Grid with less prestress 17-May-00

WIDTH = 24.00 DEPTH = 0.00
WIDTH = 24.00 DEPTH = 8.00

A = 192.0 I = 1024 YT= 4.00 ST= 256 SB= 256
CONCRETE STRENGTH =12.000 KSI DENSITY = 128 PCF TRAPEZOIDAL STRESS BLOCK
MODULUS OF RUPTURE =0.698 KSI
E = 5235.0 KSI STRAIN MULTIPLIER = 1
SPAN = 18.00 FEET
AXIAL LOAD = 0.0 KIPS, COMPRESSION POSITIVE
COMPOSITE PROPERTIES, BASED ON GROSS AREA fu = 250 KSI E = 14500 KSI
COMPOSITE DATA
AREA = 0.0810 DEPTH = 0.58
AREA = 0.3240 DEPTH = 7.42
PRESTRESSING DATA EFFECTIVE PRESTRESS fse = 185.00 KSI
AREA = 0.3060 DEPTH = 5.25

COMP TENSILE MOMENT M/ CURVATURE DEPTH OF DEFL PT COMP
STRAIN STRAIN K-FT MNOM RAD/IN N. AXIS IN STRESS STRESS

0.00000 -0.00010 -0.5 -0.006 -0.000014 0.00 -0.08 182.9 -1.5
-0.00010 -0.00002 10.8 0.134 0.000011 9.12 0.03 183.8 -0.3
-0.00016 0.00004 18.0 0.223 0.000027 6.08 0.10 185.9 1.8
-0.00019 0.00006 21.4 0.264 0.000035 5.63 0.13 190.6 5.8
-0.00022 0.00008 24.2 0.299 0.000041 5.38 0.16 197.2 11.2
-0.00024 0.00010 26.9 0.332 0.000047 5.20 0.18 205.3 17.6
-0.00060 0.00170 29.7 0.367 0.000310 1.94 0.63 214.2 24.6
-0.00070 0.00221 32.5 0.402 0.000393 1.78 0.96 223.8 32.1
-0.00080 0.00276 35.4 0.438 0.000479 1.67 1.31 233.9 40.0
-0.00090 0.00331 38.3 0.474 0.000568 1.59 1.67 244.3 48.0
-0.00100 0.00394 40.9 0.506 0.000666 1.50 2.02 249.9 57.2
-0.00110 0.00462 43.4 0.537 0.000771 1.43 2.38 253.6 67.0
-0.00120 0.00534 45.9 0.568 0.000881 1.36 2.76 256.3 77.4
-0.00130 0.00608 48.3 0.598 0.000994 1.31 3.16 258.3 88.1
-0.00140 0.00685 50.7 0.628 0.001111 1.26 3.57 259.8 99.3
-0.00150 0.00763 53.2 0.658 0.001231 1.22 4.01 261.0 110.7
-0.00160 0.00844 55.6 0.688 0.001353 1.18 4.45 262.0 122.3
-0.00170 0.00925 58.1 0.718 0.001476 1.15 4.91 262.8 134.2
-0.00180 0.01009 60.6 0.749 0.001603 1.12 5.39 263.4 146.3
-0.00190 0.01093 63.0 0.780 0.001729 1.10 5.87 264.0 158.5
-0.00200 0.01178 65.5 0.810 0.001857 1.08 6.36 264.5 170.8
-0.00220 0.01340 70.2 0.868 0.002102 1.05 7.31 265.2 194.3
-0.00240 0.01488 74.3 0.919 0.002329 1.03 8.18 265.7 215.8
-0.00260 0.01627 78.1 0.967 0.002543 1.02 9.00 266.1 235.9
-0.00280 0.01777 80.8 1.000 0.002772 1.01 9.70 266.4 250.0

RUPTURE OF UNSTRESSED COMPOSITE
SERVICE LOAD LEVEL RESULTS
-0.00073 0.00240 33.5 0.414 0.000423 1.74 1.08 227.3 34.8
M ZERO T = 12.2 K-FT MZO/MSR =0.364 MZO/MN =0.151
M CRACKING= 27.1 K-FT MCR/MSR =0.809 MCR/MN =0.335
M SERVICE = 33.5 K-FT MSR/MN =0.414
PHI = 0.900 MU = 72.8 K-FT MU/(B*H^2) = 0.568 K/IN^2
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#10 Coarse Grid splice 17-May-00

WIDTH = 24.00 DEPTH = 0.00
WIDTH = 24.00 DEPTH = 8.00

A = 192.0 I = 1024 YT= 4.00 ST= 256 SB= 256
CONCRETE STRENGTH =12.000 KSI DENSITY = 128 PCF TRAPEZOIDAL STRESS BLOCK
MODULUS OF RUPTURE =0.698 KSI
E = 5235.0 KSI STRAIN MULTIPLIER = 1
SPAN = 18.00 FEET
AXIAL LOAD = 0.0 KIPS, COMPRESSION POSITIVE
COMPOSITE PROPERTIES, BASED ON GROSS AREA fu = 250 KSI E = 14500 KSI
COMPOSITE DATA
AREA = 0.6000 DEPTH = 7.28
PRESTRESSING DATA EFFECTIVE PRESTRESS fse = 185.00 KSI
AREA = 0.6120 DEPTH = 5.25

COMP TENSILE MOMENT M/ CURVATURE DEPTH OF DEFL PT COMP
STRAIN STRAIN K-FT MNOM RAD/IN N. AXIS IN STRESS STRESS

0.00000 -0.00020 -1.0 -0.008 -0.000027 0.00 -0.16 180.9 -2.9
-0.00010 -0.00012 10.2 0.077 -0.000003 -28.19 -0.05 181.8 -1.7
-0.00020 -0.00004 21.5 0.161 0.000022 9.18 0.05 182.6 -0.5
-0.00028 0.00003 30.7 0.230 0.000042 6.66 0.14 183.9 0.9
-0.00033 0.00007 36.2 0.272 0.000055 6.06 0.19 186.5 3.3
-0.00050 0.00045 40.5 0.304 0.000130 3.83 0.35 190.3 6.5
-0.00060 0.00071 44.3 0.332 0.000180 3.33 0.50 194.9 10.3
-0.00070 0.00101 48.0 0.360 0.000235 2.98 0.66 200.1 14.6
-0.00080 0.00133 51.7 0.387 0.000292 2.74 0.85 205.9 19.2
-0.00090 0.00167 55.4 0.415 0.000353 2.55 1.05 212.1 24.2
-0.00100 0.00202 59.1 0.443 0.000415 2.41 1.27 218.6 29.3
-0.00110 0.00239 62.8 0.471 0.000479 2.30 1.50 225.3 34.6
-0.00120 0.00276 66.6 0.499 0.000544 2.20 1.74 232.2 40.1
-0.00130 0.00315 70.4 0.528 0.000611 2.13 1.98 239.3 45.6
-0.00140 0.00354 74.1 0.556 0.000679 2.06 2.24 245.9 51.4
-0.00150 0.00399 77.5 0.581 0.000754 1.99 2.49 249.5 57.9
-0.00160 0.00446 80.8 0.605 0.000832 1.92 2.75 252.3 64.7
-0.00170 0.00495 84.0 0.629 0.000913 1.86 3.02 254.5 71.7
-0.00180 0.00545 87.1 0.653 0.000996 1.81 3.30 256.3 79.0
-0.00190 0.00597 90.3 0.677 0.001081 1.76 3.59 257.8 86.6
-0.00200 0.00650 93.4 0.700 0.001168 1.71 3.89 259.0 94.3
-0.00220 0.00751 99.0 0.742 0.001334 1.65 4.46 260.7 108.9
-0.00240 0.00846 104.0 0.780 0.001492 1.61 5.00 261.9 122.7
-0.00260 0.00936 108.6 0.814 0.001643 1.58 5.51 262.7 135.7
-0.00280 0.01021 112.8 0.845 0.001787 1.57 6.01 263.4 148.0
-0.00300 0.01102 116.7 0.874 0.001926 1.56 6.49 263.9 159.8
-0.00320 0.01180 120.4 0.902 0.002060 1.55 6.97 264.4 171.1
-0.00340 0.01254 123.9 0.929 0.002190 1.55 7.42 264.7 181.8
-0.00360 0.01325 127.2 0.953 0.002315 1.56 7.86 265.0 192.2
-0.00380 0.01395 130.4 0.978 0.002438 1.56 8.30 265.3 202.3
-0.00400 0.01461 133.4 1.000 0.002556 1.56 8.72 265.5 211.8
SERVICE LOAD LEVEL RESULTS
-0.00110 0.00240 62.9 0.472 0.000481 2.29 1.50 225.6 34.8
M ZERO T = 24.4 K-FT MZO/MSR =0.387 MZO/MN =0.183
M CRACKING= 39.3 K-FT MCR/MSR =0.624 MCR/MN =0.294
M SERVICE = 62.9 K-FT MSR/MN =0.472
PHI = 0.900 MU = 120.1 K-FT MU/(B*H^2) = 0.938 K/IN^2



11

#11 Coarse Grid more cover 17-May-00

WIDTH = 24.00 DEPTH = 0.00
WIDTH = 24.00 DEPTH = 8.00

A = 192.0 I = 1024 YT= 4.00 ST= 256 SB= 256
CONCRETE STRENGTH =12.000 KSI DENSITY = 128 PCF TRAPEZOIDAL STRESS BLOCK
MODULUS OF RUPTURE =0.698 KSI
E = 5235.0 KSI STRAIN MULTIPLIER = 1
SPAN = 18.00 FEET
AXIAL LOAD = 0.0 KIPS, COMPRESSION POSITIVE
COMPOSITE PROPERTIES, BASED ON GROSS AREA fu = 250 KSI E = 14500 KSI
COMPOSITE DATA
AREA = 0.2000 DEPTH = 1.22
AREA = 0.6000 DEPTH = 6.66
PRESTRESSING DATA EFFECTIVE PRESTRESS fse = 185.00 KSI
AREA = 0.6120 DEPTH = 5.25

COMP TENSILE MOMENT M/ CURVATURE DEPTH OF DEFL PT COMP
STRAIN STRAIN K-FT MNOM RAD/IN N. AXIS IN STRESS STRESS

0.00000 -0.00018 -0.9 -0.007 -0.000027 0.00 -0.16 180.9 -2.6
-0.00010 -0.00012 10.4 0.084 -0.000003 -31.69 -0.05 181.8 -1.7
-0.00020 -0.00005 21.7 0.176 0.000022 9.09 0.05 182.7 -0.7
-0.00028 0.00000 30.8 0.250 0.000043 6.65 0.14 184.0 0.5
-0.00033 0.00003 36.2 0.294 0.000055 6.07 0.19 186.7 2.6
-0.00050 0.00038 40.2 0.327 0.000132 3.79 0.35 190.5 5.5
-0.00060 0.00062 43.9 0.356 0.000183 3.28 0.50 195.2 8.9
-0.00070 0.00089 47.3 0.384 0.000238 2.94 0.66 200.7 12.8
-0.00080 0.00118 50.7 0.412 0.000297 2.69 0.85 206.6 17.1
-0.00090 0.00149 54.2 0.440 0.000358 2.51 1.05 213.0 21.6
-0.00100 0.00181 57.6 0.468 0.000422 2.37 1.26 219.7 26.3
-0.00110 0.00215 61.1 0.496 0.000488 2.26 1.49 226.6 31.1
-0.00120 0.00249 64.6 0.525 0.000554 2.16 1.74 233.7 36.1
-0.00130 0.00284 68.2 0.554 0.000622 2.09 1.99 241.0 41.2
-0.00140 0.00322 71.5 0.581 0.000694 2.02 2.24 246.9 46.7
-0.00150 0.00364 74.5 0.605 0.000771 1.95 2.49 250.4 52.7
-0.00160 0.00407 77.4 0.629 0.000852 1.88 2.75 253.1 59.1
-0.00170 0.00453 80.3 0.652 0.000936 1.82 3.02 255.2 65.7
-0.00180 0.00501 83.0 0.674 0.001022 1.76 3.30 256.9 72.6
-0.00190 0.00549 85.8 0.697 0.001110 1.71 3.59 258.3 79.6
-0.00200 0.00599 88.5 0.719 0.001200 1.67 3.89 259.4 86.9
-0.00220 0.00694 93.4 0.758 0.001373 1.60 4.46 261.1 100.7
-0.00240 0.00783 97.7 0.793 0.001536 1.56 5.00 262.2 113.6
-0.00260 0.00868 101.7 0.825 0.001694 1.54 5.52 263.1 125.9
-0.00280 0.00949 105.3 0.855 0.001845 1.52 6.02 263.7 137.5
-0.00300 0.01026 108.7 0.883 0.001990 1.51 6.51 264.2 148.7
-0.00320 0.01099 111.9 0.908 0.002130 1.50 6.99 264.6 159.3
-0.00340 0.01169 114.9 0.933 0.002266 1.50 7.45 265.0 169.5
-0.00360 0.01238 117.8 0.956 0.002399 1.50 7.91 265.3 179.4
-0.00380 0.01303 120.5 0.978 0.002527 1.50 8.35 265.5 188.9
-0.00400 0.01367 123.2 1.000 0.002653 1.51 8.79 265.8 198.2
SERVICE LOAD LEVEL RESULTS
-0.00117 0.00240 63.7 0.517 0.000537 2.19 1.67 231.9 34.8
M ZERO T = 24.4 K-FT MZO/MSR =0.383 MZO/MN =0.198
M CRACKING= 39.3 K-FT MCR/MSR =0.616 MCR/MN =0.319
M SERVICE = 63.7 K-FT MSR/MN =0.517
PHI = 0.900 MU = 110.9 K-FT MU/(B*H^2) = 0.866 K/IN^2



APPENDIX VI
Modified Analysis – FEA Data Sheets

_________________________________________________________________



#1 Control Specimen no grid reinforcement 07-Sep-00

WIDTH = 24.00 DEPTH = 0.00
WIDTH = 24.00 DEPTH = 8.00

A = 192.0 I = 1024 YT= 4.00 ST= 256 SB= 256
CONCRETE STRENGTH =10.000 KSI DENSITY = 128 PCF TRAPEZOIDAL STRESS BLOCK
MODULUS OF RUPTURE =0.375 KSI
E = 3000.0 KSI STRAIN MULTIPLIER = 1
SPAN = 18.00 FEET
AXIAL LOAD = 0.0 KIPS, COMPRESSION POSITIVE
PRESTRESSING DATA EFFECTIVE PRESTRESS fse = 185.00 KSI
AREA = 0.6120 DEPTH = 5.25

COMP TENSILE CRACK MOMENT TEST CURVATURE DEPTH DEFL PT COMPOSITE
STRAIN STRAIN WIDTH K-FT LOAD RAD/IN N. AXIS IN STRESS STRESS

0.00000 -0.00025 -.002 -0.8 -1.91 -0.000047 0.00 -0.28 177.9 0.0
-0.00010 -0.00023 0.000 5.6 -0.32 -0.000024 -4.18 -0.17 178.8 0.0
-0.00020 -0.00020 0.000 12.0 1.28 0.000001 212.64 -0.07 179.6 0.0
-0.00030 -0.00016 0.000 18.4 2.88 0.000026 11.58 0.04 180.5 0.0
-0.00040 -0.00013 0.000 24.8 4.47 0.000051 7.87 0.15 181.4 0.0
-0.00048 -0.00011 0.000 29.6 5.68 0.000070 6.82 0.23 182.8 0.0
-0.00060 0.00000 0.000 33.0 6.54 0.000114 5.24 0.34 185.0 0.0
-0.00070 0.00010 0.001 35.7 7.21 0.000153 4.57 0.45 188.0 0.0
-0.00080 0.00023 0.001 38.0 7.78 0.000196 4.07 0.56 191.6 0.0
-0.00090 0.00038 0.002 40.1 8.30 0.000243 3.70 0.69 195.8 0.0
-0.00100 0.00054 0.003 42.1 8.79 0.000293 3.41 0.83 200.4 0.0
-0.00110 0.00072 0.004 43.9 9.26 0.000346 3.18 0.98 205.5 0.0
-0.00120 0.00091 0.006 45.8 9.71 0.000402 2.99 1.14 210.9 0.0
-0.00130 0.00111 0.007 47.6 10.17 0.000459 2.83 1.31 216.6 0.0
-0.00140 0.00132 0.008 49.4 10.62 0.000518 2.70 1.49 222.6 0.0
-0.00150 0.00154 0.009 51.2 11.07 0.000578 2.59 1.68 228.8 0.0
-0.00160 0.00176 0.011 53.0 11.52 0.000640 2.50 1.88 235.2 0.0
-0.00170 0.00199 0.012 54.8 11.97 0.000703 2.42 2.08 241.8 0.0
-0.00180 0.00223 0.014 56.6 12.43 0.000767 2.35 2.30 248.5 0.0
-0.00190 0.00247 0.015 58.4 12.88 0.000832 2.28 2.52 255.3 0.0
-0.00200 0.00274 0.017 59.9 13.26 0.000903 2.21 2.73 260.4 0.0
-0.00220 0.00340 0.021 62.1 13.79 0.001067 2.06 3.13 266.8 0.0
-0.00240 0.00417 0.025 63.7 14.19 0.001251 1.92 3.53 270.8 0.0
-0.00260 0.00503 0.031 64.9 14.50 0.001453 1.79 3.94 273.6 0.0
-0.00280 0.00599 0.037 65.9 14.75 0.001674 1.67 4.36 275.5 0.0
-0.00300 0.00701 0.043 66.7 14.95 0.001906 1.57 4.78 276.8 0.0
-0.00320 0.00803 0.049 67.2 15.08 0.002139 1.50 5.18 277.8 0.0
-0.00340 0.00906 0.055 67.6 15.18 0.002373 1.43 5.55 278.5 0.0
-0.00360 0.01009 0.062 67.9 15.26 0.002608 1.38 5.92 279.1 0.0
-0.00380 0.01112 0.068 68.2 15.32 0.002842 1.34 6.27 279.5 0.0
-0.00400 0.01215 0.074 68.3 15.36 0.003076 1.30 6.61 279.9 0.0
SERVICE LOAD LEVEL RESULTS
-0.00090 0.00037 0.002 40.0 8.28 0.000241 3.71 0.69 195.6 0.0
M ZERO T = 24.4 K-FT P = 4.37 MZO/MSR =0.609 MZO/MN =0.365
M CRACKING= 32.4 K-FT P = 6.37 MCR/MSR =0.809 MCR/MN =0.485
M SERVICE = 40.0 K-FT P = 8.28 MSR/MN =0.600
PHI = 0.900 MU = 60.0 K-FT MU/(B*H^2) = 0.469 K/IN^2
CRACK WIDTH IS BASED ON CRACK SPACING OF 4 INCHES



#2 Baseline Design fine grid 07-Sep-00

WIDTH = 24.00 DEPTH = 0.00
WIDTH = 24.00 DEPTH = 8.00

A = 192.0 I = 1024 YT= 4.00 ST= 256 SB= 256
CONCRETE STRENGTH =10.000 KSI DENSITY = 128 PCF TRAPEZOIDAL STRESS BLOCK
MODULUS OF RUPTURE =0.375 KSI
E = 3000.0 KSI STRAIN MULTIPLIER = 1
SPAN = 18.00 FEET
AXIAL LOAD = 0.0 KIPS, COMPRESSION POSITIVE
COMPOSITE PROPERTIES, BASED ON GROSS AREA fu = 250 KSI E = 12500 KSI
COMPOSITE DATA
AREA = 0.0810 DEPTH = 0.58
AREA = 0.3240 DEPTH = 7.42
PRESTRESSING DATA EFFECTIVE PRESTRESS fse = 185.00 KSI
AREA = 0.6120 DEPTH = 5.25

COMP TENSILE CRACK MOMENT TEST CURVATURE DEPTH DEFL PT COMPOSITE
STRAIN STRAIN WIDTH K-FT LOAD RAD/IN N. AXIS IN STRESS STRESS

0.00000 -0.00035 -.001 -1.0 -1.97 -0.000047 0.00 -0.27 178.0 -4.3
-0.00010 -0.00028 0.000 5.5 -0.35 -0.000025 -4.00 -0.17 178.9 -3.3
-0.00020 -0.00019 0.000 12.0 1.27 0.000001 263.75 -0.07 179.7 -2.3
-0.00030 -0.00011 0.000 18.5 2.89 0.000026 11.53 0.04 180.5 -1.2
-0.00040 -0.00002 0.000 24.9 4.51 0.000051 7.83 0.15 181.4 -0.2
-0.00048 0.00004 0.000 29.9 5.74 0.000071 6.78 0.23 182.8 1.2
-0.00060 0.00025 0.001 33.5 6.65 0.000114 5.26 0.34 185.0 3.1
-0.00070 0.00043 0.002 36.5 7.39 0.000152 4.61 0.45 187.8 5.3
-0.00080 0.00064 0.003 39.1 8.05 0.000194 4.13 0.57 191.2 8.0
-0.00090 0.00087 0.004 41.6 8.67 0.000239 3.77 0.71 195.1 10.9
-0.00100 0.00112 0.005 44.0 9.26 0.000286 3.49 0.85 199.3 14.1
-0.00110 0.00139 0.006 46.3 9.85 0.000336 3.27 1.00 204.0 17.4
-0.00120 0.00168 0.007 48.6 10.42 0.000388 3.09 1.16 208.8 21.0
-0.00130 0.00197 0.009 50.9 11.00 0.000441 2.95 1.34 214.0 24.7
-0.00140 0.00228 0.010 53.2 11.58 0.000496 2.82 1.52 219.3 28.5
-0.00150 0.00259 0.011 55.5 12.15 0.000552 2.72 1.71 224.8 32.4
-0.00160 0.00291 0.013 57.8 12.74 0.000608 2.63 1.91 230.4 36.4
-0.00170 0.00324 0.014 60.2 13.32 0.000666 2.55 2.11 236.1 40.5
-0.00180 0.00357 0.015 62.5 13.91 0.000724 2.49 2.33 242.0 44.6
-0.00190 0.00391 0.017 64.9 14.50 0.000782 2.43 2.54 247.9 48.8
-0.00200 0.00425 0.018 67.3 15.09 0.000842 2.38 2.76 253.9 53.1
-0.00220 0.00501 0.022 71.5 16.14 0.000972 2.26 3.20 262.4 62.7
-0.00240 0.00589 0.025 75.1 17.06 0.001117 2.15 3.65 267.2 73.6
-0.00260 0.00684 0.029 78.6 17.92 0.001272 2.04 4.11 270.5 85.4
-0.00280 0.00784 0.034 81.9 18.75 0.001434 1.95 4.61 272.8 98.0
-0.00300 0.00888 0.038 85.1 19.54 0.001600 1.87 5.11 274.4 110.9
-0.00320 0.00988 0.043 87.9 20.24 0.001762 1.82 5.60 275.6 123.5
-0.00340 0.01084 0.047 90.4 20.89 0.001920 1.77 6.07 276.4 135.6
-0.00360 0.01178 0.051 92.8 21.48 0.002073 1.74 6.54 277.1 147.3
-0.00380 0.01269 0.055 95.1 22.04 0.002223 1.71 7.00 277.7 158.6
-0.00400 0.01357 0.059 97.2 22.57 0.002368 1.69 7.45 278.1 169.7
SERVICE LOAD LEVEL RESULTS
-0.00131 0.00199 0.009 51.0 11.03 0.000445 2.94 1.35 214.3 24.9
M ZERO T = 24.4 K-FT P = 4.37 MZO/MSR =0.478 MZO/MN =0.287
M CRACKING= 32.4 K-FT P = 6.37 MCR/MSR =0.634 MCR/MN =0.381
M SERVICE = 51.0 K-FT P = 11.03 MSR/MN =0.600
PHI = 0.900 MU = 76.6 K-FT MU/(B*H^2) = 0.598 K/IN^2
CRACK WIDTH IS BASED ON CRACK SPACING OF 4 INCHES



#3 Baseline Design coarse grid 07-Sep-00

WIDTH = 24.00 DEPTH = 0.00
WIDTH = 24.00 DEPTH = 8.00

A = 192.0 I = 1024 YT= 4.00 ST= 256 SB= 256
CONCRETE STRENGTH =10.000 KSI DENSITY = 128 PCF TRAPEZOIDAL STRESS BLOCK
MODULUS OF RUPTURE =0.375 KSI
E = 3000.0 KSI STRAIN MULTIPLIER = 1
SPAN = 18.00 FEET
AXIAL LOAD = 0.0 KIPS, COMPRESSION POSITIVE
COMPOSITE PROPERTIES, BASED ON GROSS AREA fu = 250 KSI E = 12500 KSI
COMPOSITE DATA
AREA = 0.2000 DEPTH = 0.72
AREA = 0.6000 DEPTH = 7.28
PRESTRESSING DATA EFFECTIVE PRESTRESS fse = 185.00 KSI
AREA = 0.6120 DEPTH = 5.25

COMP TENSILE CRACK MOMENT TEST CURVATURE DEPTH DEFL PT COMPOSITE
STRAIN STRAIN WIDTH K-FT LOAD RAD/IN N. AXIS IN STRESS STRESS

0.00000 -0.00034 -.001 -1.1 -2.01 -0.000046 0.00 -0.27 178.1 -4.2
-0.00010 -0.00028 0.000 5.4 -0.36 -0.000025 -3.92 -0.17 178.9 -3.2
-0.00020 -0.00019 0.000 12.0 1.28 0.000001 237.98 -0.07 179.8 -2.2
-0.00030 -0.00011 0.000 18.6 2.92 0.000027 11.41 0.04 180.6 -1.2
-0.00040 -0.00003 0.000 25.1 4.55 0.000052 7.78 0.15 181.4 -0.2
-0.00048 0.00004 0.000 30.1 5.80 0.000072 6.75 0.24 182.8 1.1
-0.00060 0.00023 0.001 33.9 6.75 0.000114 5.26 0.35 185.0 2.9
-0.00070 0.00040 0.002 37.1 7.54 0.000152 4.62 0.46 187.7 5.0
-0.00080 0.00060 0.003 39.9 8.26 0.000192 4.16 0.58 191.0 7.5
-0.00090 0.00082 0.004 42.7 8.94 0.000236 3.81 0.72 194.7 10.2
-0.00100 0.00105 0.005 45.3 9.61 0.000282 3.54 0.86 198.7 13.2
-0.00110 0.00130 0.006 48.0 10.27 0.000330 3.33 1.01 203.1 16.3
-0.00120 0.00156 0.007 50.6 10.92 0.000380 3.16 1.18 207.6 19.6
-0.00130 0.00184 0.008 53.2 11.58 0.000431 3.02 1.35 212.4 22.9
-0.00140 0.00211 0.009 55.9 12.24 0.000483 2.90 1.53 217.3 26.4
-0.00150 0.00240 0.011 58.5 12.90 0.000535 2.80 1.72 222.4 30.0
-0.00160 0.00269 0.012 61.2 13.57 0.000589 2.72 1.92 227.5 33.6
-0.00170 0.00298 0.013 63.8 14.23 0.000643 2.64 2.12 232.8 37.3
-0.00180 0.00328 0.014 66.5 14.91 0.000698 2.58 2.32 238.1 41.0
-0.00190 0.00358 0.016 69.2 15.58 0.000753 2.52 2.54 243.5 44.8
-0.00200 0.00389 0.017 71.9 16.26 0.000809 2.47 2.75 249.0 48.6
-0.00220 0.00452 0.020 77.2 17.58 0.000924 2.38 3.19 259.1 56.5
-0.00240 0.00525 0.023 82.0 18.77 0.001051 2.28 3.62 264.5 65.7
-0.00260 0.00604 0.027 86.5 19.91 0.001186 2.19 4.08 268.2 75.5
-0.00280 0.00686 0.030 91.0 21.03 0.001327 2.11 4.55 270.8 85.8
-0.00300 0.00770 0.034 95.3 22.09 0.001470 2.04 5.04 272.7 96.2
-0.00320 0.00850 0.037 99.1 23.04 0.001607 1.99 5.50 274.0 106.3
-0.00340 0.00927 0.041 102.6 23.92 0.001740 1.95 5.94 275.0 115.8
-0.00360 0.01001 0.044 105.8 24.73 0.001870 1.93 6.37 275.8 125.1
-0.00380 0.01072 0.047 108.9 25.50 0.001995 1.90 6.79 276.4 134.0
-0.00400 0.01141 0.050 111.8 26.22 0.002117 1.89 7.20 276.9 142.6
SERVICE LOAD LEVEL RESULTS
-0.00145 0.00225 0.010 57.2 12.56 0.000508 2.85 1.63 219.8 28.2
M ZERO T = 24.4 K-FT P = 4.37 MZO/MSR =0.426 MZO/MN =0.256
M CRACKING= 32.4 K-FT P = 6.37 MCR/MSR =0.566 MCR/MN =0.340
M SERVICE = 57.2 K-FT P = 12.56 MSR/MN =0.600
PHI = 0.900 MU = 85.7 K-FT MU/(B*H^2) = 0.670 K/IN^2
CRACK WIDTH IS BASED ON CRACK SPACING OF 4 INCHES



#4 Wire Mesh 07-Sep-00

WIDTH = 24.00 DEPTH = 0.00
WIDTH = 24.00 DEPTH = 8.00

A = 192.0 I = 1024 YT= 4.00 ST= 256 SB= 256
CONCRETE STRENGTH =10.000 KSI DENSITY = 128 PCF TRAPEZOIDAL STRESS BLOCK
MODULUS OF RUPTURE =0.375 KSI
E = 3000.0 KSI STRAIN MULTIPLIER = 1
SPAN = 18.00 FEET
AXIAL LOAD = 0.0 KIPS, COMPRESSION POSITIVE
WIRE MESH PROPERTIES, fy = 65 KSI E = 29000 KSI
WIRE MESH DATA
AREA = 0.2400 DEPTH = 7.42
PRESTRESSING DATA EFFECTIVE PRESTRESS fse = 185.00 KSI
AREA = 0.6120 DEPTH = 5.25

COMP TENSILE CRACK MOMENT TEST CURVATURE DEPTH DEFL PT COMPOSITE
STRAIN STRAIN WIDTH K-FT LOAD RAD/IN N. AXIS IN STRESS STRESS

0.00000 -0.00034 -.001 -1.2 -2.02 -0.000046 0.00 -0.27 178.1 -10.0
-0.00010 -0.00028 0.000 5.3 -0.39 -0.000025 -3.78 -0.17 178.9 -7.6
-0.00020 -0.00020 0.000 11.8 1.23 0.000000 2076.17 -0.07 179.7 -5.2
-0.00030 -0.00011 0.000 18.3 2.85 0.000025 11.72 0.04 180.5 -2.8
-0.00040 -0.00002 0.000 24.8 4.47 0.000051 7.88 0.15 181.4 -0.4
-0.00048 0.00004 0.000 29.8 5.73 0.000070 6.79 0.23 182.7 2.7
-0.00060 0.00024 0.001 33.6 6.67 0.000113 5.31 0.34 184.8 6.9
-0.00070 0.00041 0.002 36.7 7.46 0.000150 4.67 0.45 187.5 12.0
-0.00080 0.00061 0.003 39.6 8.17 0.000190 4.20 0.58 190.7 17.8
-0.00090 0.00083 0.004 42.3 8.85 0.000234 3.85 0.71 194.3 24.2
-0.00100 0.00107 0.005 44.9 9.50 0.000279 3.58 0.85 198.3 31.1
-0.00110 0.00133 0.006 47.5 10.15 0.000327 3.36 1.00 202.6 38.5
-0.00120 0.00159 0.007 50.1 10.79 0.000376 3.19 1.16 207.1 46.1
-0.00130 0.00187 0.008 52.7 11.44 0.000427 3.05 1.34 211.8 54.1
-0.00140 0.00215 0.009 55.3 12.09 0.000478 2.93 1.52 216.6 62.3
-0.00150 0.00246 0.011 57.3 12.60 0.000534 2.81 1.68 222.2 65.0
-0.00160 0.00280 0.012 59.1 13.05 0.000594 2.70 1.85 228.2 65.0
-0.00170 0.00315 0.014 60.9 13.51 0.000654 2.60 2.03 234.4 65.0
-0.00180 0.00351 0.015 62.7 13.96 0.000716 2.52 2.21 240.8 65.0
-0.00190 0.00387 0.017 64.5 14.41 0.000778 2.44 2.40 247.3 65.0
-0.00200 0.00425 0.018 66.4 14.86 0.000842 2.38 2.61 254.0 65.0
-0.00220 0.00512 0.022 69.2 15.56 0.000986 2.23 2.99 263.2 65.0
-0.00240 0.00616 0.027 71.1 16.05 0.001153 2.08 3.37 268.4 65.0
-0.00260 0.00732 0.032 72.6 16.42 0.001337 1.94 3.74 271.8 65.0
-0.00280 0.00862 0.037 73.8 16.72 0.001539 1.82 4.13 274.1 65.0
-0.00300 0.00999 0.043 74.7 16.95 0.001751 1.71 4.52 275.8 65.0
-0.00320 0.01138 0.049 75.3 17.11 0.001965 1.63 4.89 277.0 65.0
-0.00340 0.01277 0.055 75.8 17.22 0.002179 1.56 5.24 277.8 65.0
-0.00360 0.01416 0.061 76.1 17.31 0.002394 1.50 5.57 278.5 65.0
-0.00380 0.01557 0.067 76.4 17.38 0.002610 1.46 5.90 279.0 65.0
-0.00400 0.01695 0.073 76.6 17.43 0.002824 1.42 6.22 279.4 65.0
SERVICE LOAD LEVEL RESULTS
-0.00100 0.00106 0.005 44.8 9.48 0.000278 3.59 0.84 198.2 30.9
M ZERO T = 24.4 K-FT P = 4.37 MZO/MSR =0.544 MZO/MN =0.326
M CRACKING= 32.4 K-FT P = 6.37 MCR/MSR =0.722 MCR/MN =0.433
M SERVICE = 44.8 K-FT P = 9.48 MSR/MN =0.600
PHI = 0.900 MU = 67.2 K-FT MU/(B*H^2) = 0.525 K/IN^2
CRACK WIDTH IS BASED ON CRACK SPACING OF 4 INCHES



#5 Reichold CFRP Rods 07-Sep-00

WIDTH = 24.00 DEPTH = 0.00
WIDTH = 24.00 DEPTH = 8.00

A = 192.0 I = 1024 YT= 4.00 ST= 256 SB= 256
CONCRETE STRENGTH =10.000 KSI DENSITY = 128 PCF TRAPEZOIDAL STRESS BLOCK
MODULUS OF RUPTURE =0.375 KSI
E = 3000.0 KSI STRAIN MULTIPLIER = 1
SPAN = 18.00 FEET
AXIAL LOAD = 0.0 KIPS, COMPRESSION POSITIVE
COMPOSITE PROPERTIES, BASED ON GROSS AREA fu = 270 KSI E = 17000 KSI
COMPOSITE DATA
AREA = 0.1100 DEPTH = 0.67
AREA = 0.4400 DEPTH = 7.33
PRESTRESSING DATA EFFECTIVE PRESTRESS fse = 185.00 KSI
AREA = 0.6120 DEPTH = 5.25

COMP TENSILE CRACK MOMENT TEST CURVATURE DEPTH DEFL PT COMPOSITE
STRAIN STRAIN WIDTH K-FT LOAD RAD/IN N. AXIS IN STRESS STRESS

0.00000 -0.00034 -.001 -1.2 -2.01 -0.000046 0.00 -0.27 178.1 -5.8
-0.00010 -0.00028 0.000 5.4 -0.37 -0.000025 -3.87 -0.17 178.9 -4.4
-0.00020 -0.00019 0.000 12.0 1.26 0.000001 308.08 -0.07 179.7 -3.0
-0.00030 -0.00011 0.000 18.5 2.90 0.000026 11.49 0.04 180.6 -1.7
-0.00040 -0.00002 0.000 25.0 4.53 0.000052 7.80 0.15 181.4 -0.3
-0.00048 0.00004 0.000 30.1 5.79 0.000071 6.76 0.24 182.8 1.5
-0.00060 0.00023 0.001 33.8 6.73 0.000114 5.27 0.35 184.9 4.0
-0.00070 0.00041 0.002 37.0 7.53 0.000151 4.63 0.46 187.7 6.9
-0.00080 0.00061 0.003 39.9 8.25 0.000192 4.17 0.58 190.9 10.3
-0.00090 0.00083 0.004 42.6 8.93 0.000235 3.82 0.71 194.6 14.0
-0.00100 0.00106 0.005 45.3 9.60 0.000281 3.55 0.86 198.6 18.1
-0.00110 0.00131 0.006 47.9 10.26 0.000329 3.34 1.01 202.9 22.3
-0.00120 0.00157 0.007 50.6 10.92 0.000378 3.17 1.18 207.4 26.8
-0.00130 0.00185 0.008 53.2 11.58 0.000429 3.03 1.35 212.2 31.4
-0.00140 0.00212 0.009 55.8 12.24 0.000481 2.91 1.53 217.1 36.1
-0.00150 0.00241 0.011 58.5 12.90 0.000534 2.81 1.72 222.1 41.0
-0.00160 0.00270 0.012 61.2 13.57 0.000587 2.73 1.91 227.2 45.9
-0.00170 0.00300 0.013 63.8 14.24 0.000641 2.65 2.11 232.5 51.0
-0.00180 0.00330 0.014 66.5 14.91 0.000696 2.59 2.32 237.8 56.1
-0.00190 0.00360 0.016 69.2 15.58 0.000751 2.53 2.53 243.1 61.2
-0.00200 0.00391 0.017 71.9 16.26 0.000806 2.48 2.74 248.6 66.4
-0.00220 0.00454 0.020 77.3 17.60 0.000920 2.39 3.18 258.8 77.2
-0.00240 0.00527 0.023 82.1 18.79 0.001047 2.29 3.62 264.3 89.7
-0.00260 0.00606 0.026 86.7 19.94 0.001181 2.20 4.07 268.1 103.0
-0.00280 0.00688 0.030 91.2 21.06 0.001321 2.12 4.54 270.7 117.0
-0.00300 0.00772 0.034 95.4 22.14 0.001463 2.05 5.02 272.6 131.3
-0.00320 0.00852 0.037 99.3 23.10 0.001600 2.00 5.48 274.0 144.9
-0.00340 0.00929 0.041 102.8 23.97 0.001732 1.96 5.92 275.0 158.0
-0.00360 0.01004 0.044 106.1 24.79 0.001860 1.94 6.35 275.7 170.6
-0.00380 0.01075 0.047 109.2 25.56 0.001985 1.91 6.77 276.4 182.8
-0.00400 0.01144 0.050 112.1 26.29 0.002106 1.90 7.18 276.9 194.5
SERVICE LOAD LEVEL RESULTS
-0.00145 0.00228 0.010 57.3 12.59 0.000509 2.86 1.63 219.7 38.7
M ZERO T = 24.4 K-FT P = 4.37 MZO/MSR =0.426 MZO/MN =0.255
M CRACKING= 32.4 K-FT P = 6.37 MCR/MSR =0.565 MCR/MN =0.339
M SERVICE = 57.3 K-FT P = 12.59 MSR/MN =0.600
PHI = 0.900 MU = 85.9 K-FT MU/(B*H^2) = 0.671 K/IN^2
CRACK WIDTH IS BASED ON CRACK SPACING OF 4 INCHES



#6 Coarse Grid less prestress 07-Sep-00

WIDTH = 24.00 DEPTH = 0.00
WIDTH = 24.00 DEPTH = 8.00

A = 192.0 I = 1024 YT= 4.00 ST= 256 SB= 256
CONCRETE STRENGTH =10.000 KSI DENSITY = 128 PCF TRAPEZOIDAL STRESS BLOCK
MODULUS OF RUPTURE =0.375 KSI
E = 3000.0 KSI STRAIN MULTIPLIER = 1
SPAN = 18.00 FEET
AXIAL LOAD = 0.0 KIPS, COMPRESSION POSITIVE
COMPOSITE PROPERTIES, BASED ON GROSS AREA fu = 250 KSI E = 12500 KSI
COMPOSITE DATA
AREA = 0.2000 DEPTH = 0.72
AREA = 0.6000 DEPTH = 7.28
PRESTRESSING DATA EFFECTIVE PRESTRESS fse = 190.00 KSI
AREA = 0.3060 DEPTH = 5.25

COMP TENSILE CRACK MOMENT TEST CURVATURE DEPTH DEFL PT COMPOSITE
STRAIN STRAIN WIDTH K-FT LOAD RAD/IN N. AXIS IN STRESS STRESS

0.00000 -0.00018 -.001 -0.6 -1.87 -0.000024 0.00 -0.14 186.4 -2.2
-0.00010 -0.00010 0.000 6.0 -0.23 0.000000 -347.38 -0.04 187.2 -1.2
-0.00020 -0.00002 0.000 12.6 1.41 0.000025 7.98 0.07 188.1 -0.2
-0.00027 0.00004 0.000 17.1 2.56 0.000043 6.33 0.15 189.8 1.3
-0.00032 0.00008 0.000 20.1 3.29 0.000055 5.84 0.20 192.9 3.7
-0.00050 0.00053 0.002 22.6 3.92 0.000142 3.52 0.37 197.0 6.7
-0.00060 0.00081 0.004 24.9 4.51 0.000194 3.09 0.54 201.9 10.2
-0.00070 0.00112 0.005 27.3 5.10 0.000250 2.80 0.73 207.4 14.0
-0.00080 0.00145 0.006 29.7 5.69 0.000308 2.59 0.93 213.4 18.1
-0.00090 0.00179 0.008 32.1 6.29 0.000369 2.44 1.15 219.6 22.3
-0.00100 0.00214 0.009 34.5 6.90 0.000431 2.32 1.39 226.0 26.7
-0.00110 0.00250 0.011 37.0 7.52 0.000495 2.22 1.63 232.6 31.3
-0.00120 0.00287 0.013 39.4 8.14 0.000559 2.15 1.88 239.4 35.8
-0.00130 0.00324 0.014 41.9 8.76 0.000624 2.08 2.13 246.3 40.5
-0.00140 0.00362 0.016 44.4 9.39 0.000689 2.03 2.39 253.2 45.2
-0.00150 0.00401 0.018 46.9 10.00 0.000757 1.98 2.66 259.1 50.1
-0.00160 0.00444 0.020 49.2 10.58 0.000829 1.93 2.93 262.7 55.5
-0.00170 0.00488 0.021 51.5 11.16 0.000903 1.88 3.20 265.4 60.9
-0.00180 0.00533 0.023 53.8 11.73 0.000979 1.84 3.48 267.6 66.6
-0.00190 0.00579 0.025 56.1 12.29 0.001056 1.80 3.76 269.3 72.4
-0.00200 0.00626 0.028 58.3 12.86 0.001135 1.76 4.06 270.7 78.3
-0.00220 0.00723 0.032 62.9 13.99 0.001295 1.70 4.66 272.9 90.3
-0.00240 0.00821 0.036 67.4 15.12 0.001458 1.65 5.28 274.4 102.6
-0.00260 0.00922 0.041 72.0 16.26 0.001623 1.60 5.93 275.6 115.2
-0.00280 0.01023 0.045 76.5 17.40 0.001790 1.56 6.58 276.6 127.9
-0.00300 0.01124 0.049 80.9 18.51 0.001956 1.53 7.24 277.3 140.5
-0.00320 0.01218 0.054 85.0 19.53 0.002113 1.51 7.86 277.8 152.3
-0.00340 0.01307 0.057 88.8 20.48 0.002263 1.50 8.44 278.3 163.4
-0.00360 0.01392 0.061 92.4 21.37 0.002407 1.50 9.00 278.6 174.0
-0.00380 0.01473 0.065 95.8 22.21 0.002546 1.49 9.54 278.9 184.2
-0.00400 0.01552 0.068 99.0 23.02 0.002681 1.49 10.07 279.2 194.0
SERVICE LOAD LEVEL RESULTS
-0.00107 0.00240 0.011 36.3 7.35 0.000477 2.25 1.56 230.8 30.0
M ZERO T = 12.5 K-FT P = 1.40 MZO/MSR =0.345 MZO/MN =0.155
M CRACKING= 20.5 K-FT P = 3.40 MCR/MSR =0.565 MCR/MN =0.253
M SERVICE = 36.3 K-FT P = 7.35 MSR/MN =0.448
PHI = 0.900 MU = 72.9 K-FT MU/(B*H^2) = 0.569 K/IN^2
CRACK WIDTH IS BASED ON CRACK SPACING OF 4 INCHES



#7 Fine Grid splice 07-Sep-00

WIDTH = 24.00 DEPTH = 0.00
WIDTH = 24.00 DEPTH = 8.00

A = 192.0 I = 1024 YT= 4.00 ST= 256 SB= 256
CONCRETE STRENGTH =10.000 KSI DENSITY = 128 PCF TRAPEZOIDAL STRESS BLOCK
MODULUS OF RUPTURE =0.375 KSI
E = 3000.0 KSI STRAIN MULTIPLIER = 1
SPAN = 18.00 FEET
AXIAL LOAD = 0.0 KIPS, COMPRESSION POSITIVE
COMPOSITE PROPERTIES, BASED ON GROSS AREA fu = 250 KSI E = 12500 KSI
COMPOSITE DATA
AREA = 0.3240 DEPTH = 7.42
PRESTRESSING DATA EFFECTIVE PRESTRESS fse = 185.00 KSI
AREA = 0.6120 DEPTH = 5.25

COMP TENSILE CRACK MOMENT TEST CURVATURE DEPTH DEFL PT COMPOSITE
STRAIN STRAIN WIDTH K-FT LOAD RAD/IN N. AXIS IN STRESS STRESS

0.00000 -0.00035 -.001 -1.0 -1.97 -0.000047 0.00 -0.27 178.0 -4.3
-0.00010 -0.00028 0.000 5.5 -0.36 -0.000025 -3.94 -0.17 178.9 -3.3
-0.00020 -0.00020 0.000 11.9 1.25 0.000000 445.97 -0.07 179.7 -2.3
-0.00030 -0.00011 0.000 18.4 2.87 0.000026 11.66 0.04 180.5 -1.2
-0.00040 -0.00002 0.000 24.8 4.47 0.000051 7.87 0.15 181.4 -0.2
-0.00048 0.00004 0.000 29.7 5.71 0.000070 6.81 0.23 182.7 1.2
-0.00060 0.00024 0.001 33.4 6.61 0.000114 5.28 0.34 184.9 3.0
-0.00070 0.00042 0.002 36.3 7.36 0.000151 4.63 0.45 187.7 5.3
-0.00080 0.00063 0.003 39.0 8.02 0.000193 4.15 0.57 191.1 7.9
-0.00090 0.00086 0.004 41.4 8.63 0.000238 3.79 0.70 194.9 10.8
-0.00100 0.00111 0.005 43.8 9.22 0.000285 3.51 0.84 199.1 13.9
-0.00110 0.00138 0.006 46.1 9.80 0.000334 3.29 0.99 203.7 17.3
-0.00120 0.00166 0.007 48.4 10.37 0.000386 3.11 1.16 208.5 20.8
-0.00130 0.00196 0.008 50.7 10.94 0.000439 2.96 1.33 213.6 24.4
-0.00140 0.00226 0.010 53.0 11.52 0.000493 2.84 1.51 218.9 28.2
-0.00150 0.00257 0.011 55.3 12.09 0.000548 2.73 1.70 224.3 32.1
-0.00160 0.00289 0.012 57.6 12.67 0.000605 2.65 1.90 229.9 36.1
-0.00170 0.00321 0.014 59.9 13.25 0.000662 2.57 2.10 235.6 40.1
-0.00180 0.00354 0.015 62.2 13.83 0.000720 2.50 2.31 241.4 44.2
-0.00190 0.00387 0.017 64.6 14.42 0.000778 2.44 2.53 247.3 48.4
-0.00200 0.00421 0.018 66.9 15.01 0.000837 2.39 2.75 253.2 52.6
-0.00220 0.00496 0.021 71.2 16.06 0.000965 2.28 3.18 262.0 62.0
-0.00240 0.00583 0.025 74.8 16.98 0.001109 2.16 3.63 266.9 72.9
-0.00260 0.00677 0.029 78.3 17.84 0.001262 2.06 4.09 270.2 84.6
-0.00280 0.00776 0.033 81.6 18.67 0.001423 1.97 4.58 272.6 97.0
-0.00300 0.00878 0.038 84.7 19.45 0.001588 1.89 5.08 274.3 109.8
-0.00320 0.00977 0.042 87.5 20.15 0.001748 1.83 5.56 275.5 122.1
-0.00340 0.01072 0.046 90.0 20.79 0.001903 1.79 6.03 276.3 134.0
-0.00360 0.01165 0.050 92.4 21.38 0.002056 1.75 6.49 277.0 145.6
-0.00380 0.01255 0.054 94.6 21.93 0.002203 1.72 6.94 277.6 156.8
-0.00400 0.01342 0.058 96.7 22.45 0.002347 1.70 7.38 278.0 167.7
SERVICE LOAD LEVEL RESULTS
-0.00131 0.00198 0.009 50.8 10.98 0.000442 2.95 1.34 214.0 24.7
M ZERO T = 24.4 K-FT P = 4.37 MZO/MSR =0.480 MZO/MN =0.288
M CRACKING= 32.4 K-FT P = 6.37 MCR/MSR =0.637 MCR/MN =0.382
M SERVICE = 50.8 K-FT P = 10.98 MSR/MN =0.600
PHI = 0.900 MU = 76.2 K-FT MU/(B*H^2) = 0.596 K/IN^2
CRACK WIDTH IS BASED ON CRACK SPACING OF 4 INCHES



#8 Fine Grid more cover 07-Sep-00

WIDTH = 24.00 DEPTH = 0.00
WIDTH = 24.00 DEPTH = 8.00

A = 192.0 I = 1024 YT= 4.00 ST= 256 SB= 256
CONCRETE STRENGTH =10.000 KSI DENSITY = 128 PCF TRAPEZOIDAL STRESS BLOCK
MODULUS OF RUPTURE =0.375 KSI
E = 3000.0 KSI STRAIN MULTIPLIER = 1
SPAN = 18.00 FEET
AXIAL LOAD = 0.0 KIPS, COMPRESSION POSITIVE
COMPOSITE PROPERTIES, BASED ON GROSS AREA fu = 250 KSI E = 12500 KSI
COMPOSITE DATA
AREA = 0.0810 DEPTH = 1.20
AREA = 0.3240 DEPTH = 6.80
PRESTRESSING DATA EFFECTIVE PRESTRESS fse = 185.00 KSI
AREA = 0.6120 DEPTH = 5.25

COMP TENSILE CRACK MOMENT TEST CURVATURE DEPTH DEFL PT COMPOSITE
STRAIN STRAIN WIDTH K-FT LOAD RAD/IN N. AXIS IN STRESS STRESS

0.00000 -0.00032 -.001 -0.9 -1.95 -0.000047 0.00 -0.27 178.0 -4.0
-0.00010 -0.00026 0.000 5.6 -0.33 -0.000024 -4.08 -0.17 178.9 -3.1
-0.00020 -0.00019 0.000 12.0 1.28 0.000001 229.76 -0.07 179.7 -2.3
-0.00030 -0.00012 0.000 18.5 2.89 0.000026 11.54 0.04 180.5 -1.4
-0.00040 -0.00005 0.000 24.9 4.49 0.000051 7.85 0.15 181.4 -0.6
-0.00048 0.00000 0.000 29.8 5.72 0.000070 6.80 0.23 182.8 0.6
-0.00060 0.00018 0.001 33.3 6.61 0.000114 5.25 0.34 185.0 2.2
-0.00070 0.00034 0.002 36.2 7.33 0.000152 4.60 0.45 187.8 4.2
-0.00080 0.00052 0.002 38.8 7.97 0.000194 4.12 0.57 191.3 6.5
-0.00090 0.00073 0.003 41.2 8.56 0.000239 3.76 0.70 195.2 9.1
-0.00100 0.00095 0.004 43.4 9.13 0.000287 3.48 0.84 199.5 11.9
-0.00110 0.00119 0.006 45.6 9.69 0.000337 3.26 0.99 204.1 14.9
-0.00120 0.00145 0.007 47.8 10.24 0.000389 3.08 1.16 209.1 18.1
-0.00130 0.00171 0.008 50.0 10.78 0.000443 2.93 1.33 214.3 21.4
-0.00140 0.00199 0.009 52.2 11.33 0.000498 2.81 1.51 219.6 24.8
-0.00150 0.00227 0.011 54.4 11.88 0.000554 2.71 1.70 225.2 28.4
-0.00160 0.00256 0.012 56.6 12.43 0.000611 2.62 1.89 230.9 32.0
-0.00170 0.00285 0.013 58.8 12.99 0.000669 2.54 2.10 236.7 35.6
-0.00180 0.00315 0.015 61.1 13.54 0.000728 2.47 2.31 242.6 39.4
-0.00190 0.00345 0.016 63.3 14.10 0.000787 2.41 2.53 248.6 43.1
-0.00200 0.00376 0.018 65.5 14.66 0.000847 2.36 2.75 254.7 47.0
-0.00220 0.00446 0.021 69.4 15.62 0.000980 2.25 3.18 262.8 55.8
-0.00240 0.00526 0.025 72.7 16.45 0.001127 2.13 3.62 267.5 65.8
-0.00260 0.00613 0.029 75.8 17.22 0.001284 2.02 4.07 270.7 76.7
-0.00280 0.00706 0.033 78.7 17.96 0.001450 1.93 4.56 273.0 88.3
-0.00300 0.00801 0.038 81.5 18.65 0.001620 1.85 5.05 274.6 100.2
-0.00320 0.00893 0.042 84.0 19.26 0.001785 1.79 5.53 275.7 111.7
-0.00340 0.00983 0.046 86.2 19.82 0.001945 1.75 5.99 276.6 122.9
-0.00360 0.01069 0.050 88.2 20.33 0.002102 1.71 6.44 277.3 133.7
-0.00380 0.01154 0.054 90.1 20.81 0.002255 1.68 6.89 277.8 144.2
-0.00400 0.01235 0.058 91.9 21.26 0.002404 1.66 7.33 278.2 154.4
SERVICE LOAD LEVEL RESULTS
-0.00125 0.00158 0.007 48.9 10.50 0.000416 3.01 1.24 211.6 19.7
M ZERO T = 24.4 K-FT P = 4.37 MZO/MSR =0.498 MZO/MN =0.299
M CRACKING= 32.4 K-FT P = 6.37 MCR/MSR =0.662 MCR/MN =0.397
M SERVICE = 48.9 K-FT P = 10.50 MSR/MN =0.600
PHI = 0.900 MU = 73.4 K-FT MU/(B*H^2) = 0.573 K/IN^2
CRACK WIDTH IS BASED ON CRACK SPACING OF 4 INCHES



#9 Fine Grid with less prestress 07-Sep-00

WIDTH = 24.00 DEPTH = 0.00
WIDTH = 24.00 DEPTH = 8.00

A = 192.0 I = 1024 YT= 4.00 ST= 256 SB= 256
CONCRETE STRENGTH =10.000 KSI DENSITY = 128 PCF TRAPEZOIDAL STRESS BLOCK
MODULUS OF RUPTURE =0.375 KSI
E = 3000.0 KSI STRAIN MULTIPLIER = 1
SPAN = 18.00 FEET
AXIAL LOAD = 0.0 KIPS, COMPRESSION POSITIVE
COMPOSITE PROPERTIES, BASED ON GROSS AREA fu = 250 KSI E = 12500 KSI
COMPOSITE DATA
AREA = 0.0810 DEPTH = 0.58
AREA = 0.3240 DEPTH = 7.42
PRESTRESSING DATA EFFECTIVE PRESTRESS fse = 185.00 KSI
AREA = 0.3060 DEPTH = 5.25

COMP TENSILE CRACK MOMENT TEST CURVATURE DEPTH DEFL PT COMPOSITE
STRAIN STRAIN WIDTH K-FT LOAD RAD/IN N. AXIS IN STRESS STRESS

0.00000 -0.00018 -.001 -0.5 -1.85 -0.000024 0.00 -0.14 181.4 -2.2
-0.00010 -0.00010 0.000 6.0 -0.23 0.000000 282.99 -0.03 182.3 -1.2
-0.00020 -0.00001 0.000 12.5 1.39 0.000026 7.83 0.08 183.2 -0.1
-0.00027 0.00005 0.000 16.8 2.46 0.000042 6.32 0.15 185.0 1.5
-0.00031 0.00008 0.000 19.4 3.12 0.000053 5.86 0.19 188.3 4.1
-0.00050 0.00059 0.003 21.5 3.66 0.000148 3.39 0.37 192.8 7.4
-0.00060 0.00091 0.004 23.5 4.16 0.000203 2.96 0.54 198.3 11.3
-0.00070 0.00125 0.005 25.5 4.65 0.000263 2.66 0.73 204.4 15.6
-0.00080 0.00162 0.007 27.5 5.15 0.000327 2.45 0.94 211.1 20.3
-0.00090 0.00201 0.009 29.5 5.65 0.000393 2.29 1.17 218.1 25.2
-0.00100 0.00242 0.010 31.5 6.15 0.000461 2.17 1.41 225.5 30.3
-0.00110 0.00284 0.012 33.6 6.66 0.000531 2.07 1.67 233.1 35.5
-0.00120 0.00327 0.014 35.6 7.18 0.000602 1.99 1.93 240.9 40.9
-0.00130 0.00370 0.016 37.7 7.70 0.000674 1.93 2.21 248.8 46.3
-0.00140 0.00414 0.018 39.8 8.23 0.000747 1.87 2.49 256.9 51.8
-0.00150 0.00464 0.020 41.7 8.70 0.000828 1.81 2.77 261.7 58.0
-0.00160 0.00517 0.022 43.5 9.14 0.000912 1.75 3.06 265.2 64.6
-0.00170 0.00572 0.025 45.2 9.58 0.001000 1.70 3.35 267.8 71.5
-0.00180 0.00630 0.027 46.9 10.01 0.001091 1.65 3.66 269.8 78.7
-0.00190 0.00689 0.030 48.6 10.43 0.001184 1.60 3.97 271.4 86.1
-0.00200 0.00749 0.032 50.3 10.85 0.001279 1.56 4.29 272.7 93.6
-0.00220 0.00874 0.038 53.7 11.70 0.001475 1.49 4.98 274.7 109.3
-0.00240 0.01004 0.043 57.1 12.55 0.001676 1.43 5.70 276.1 125.5
-0.00260 0.01136 0.049 60.5 13.40 0.001882 1.38 6.45 277.1 142.0
-0.00280 0.01272 0.055 63.9 14.26 0.002091 1.34 7.23 277.9 159.0
-0.00300 0.01406 0.061 67.3 15.10 0.002299 1.31 8.01 278.5 175.7
-0.00320 0.01533 0.066 70.4 15.88 0.002497 1.28 8.76 279.0 191.6
-0.00340 0.01654 0.071 73.3 16.60 0.002687 1.27 9.48 279.4 206.8
-0.00360 0.01769 0.076 76.0 17.28 0.002869 1.25 10.16 279.7 221.1
-0.00380 0.01878 0.081 78.6 17.92 0.003043 1.25 10.82 279.9 234.8
-0.00400 0.01985 0.086 81.1 18.54 0.003215 1.24 11.48 280.1 248.1
SERVICE LOAD LEVEL RESULTS
-0.00099 0.00240 0.010 31.4 6.13 0.000458 2.18 1.40 225.1 30.0
M ZERO T = 12.2 K-FT P = 1.32 MZO/MSR =0.388 MZO/MN =0.181
M CRACKING= 20.2 K-FT P = 3.32 MCR/MSR =0.643 MCR/MN =0.300
M SERVICE = 31.4 K-FT P = 6.13 MSR/MN =0.467
PHI = 0.900 MU = 60.6 K-FT MU/(B*H^2) = 0.473 K/IN^2
CRACK WIDTH IS BASED ON CRACK SPACING OF 4 INCHES



#10 Coarse Grid splice 07-Sep-00

WIDTH = 24.00 DEPTH = 0.00
WIDTH = 24.00 DEPTH = 8.00

A = 192.0 I = 1024 YT= 4.00 ST= 256 SB= 256
CONCRETE STRENGTH =10.000 KSI DENSITY = 128 PCF TRAPEZOIDAL STRESS BLOCK
MODULUS OF RUPTURE =0.375 KSI
E = 3000.0 KSI STRAIN MULTIPLIER = 1
SPAN = 18.00 FEET
AXIAL LOAD = 0.0 KIPS, COMPRESSION POSITIVE
COMPOSITE PROPERTIES, BASED ON GROSS AREA fu = 250 KSI E = 12500 KSI
COMPOSITE DATA
AREA = 0.6000 DEPTH = 7.28
PRESTRESSING DATA EFFECTIVE PRESTRESS fse = 185.00 KSI
AREA = 0.6120 DEPTH = 5.25

COMP TENSILE CRACK MOMENT TEST CURVATURE DEPTH DEFL PT COMPOSITE
STRAIN STRAIN WIDTH K-FT LOAD RAD/IN N. AXIS IN STRESS STRESS

0.00000 -0.00034 -.001 -1.2 -2.02 -0.000046 0.00 -0.27 178.1 -4.2
-0.00010 -0.00028 0.000 5.3 -0.39 -0.000025 -3.78 -0.17 178.9 -3.2
-0.00020 -0.00020 0.000 11.8 1.23 0.000000 2224.02 -0.07 179.7 -2.2
-0.00030 -0.00011 0.000 18.3 2.85 0.000025 11.72 0.04 180.5 -1.3
-0.00040 -0.00003 0.000 24.8 4.47 0.000051 7.88 0.15 181.4 -0.3
-0.00048 0.00003 0.000 29.8 5.72 0.000070 6.80 0.23 182.7 1.0
-0.00060 0.00022 0.001 33.6 6.66 0.000113 5.31 0.34 184.8 2.8
-0.00070 0.00039 0.002 36.7 7.45 0.000150 4.67 0.45 187.5 4.9
-0.00080 0.00059 0.003 39.6 8.17 0.000190 4.20 0.58 190.7 7.3
-0.00090 0.00080 0.004 42.3 8.85 0.000233 3.85 0.71 194.3 10.0
-0.00100 0.00103 0.005 44.9 9.50 0.000279 3.58 0.85 198.2 12.9
-0.00110 0.00128 0.006 47.5 10.15 0.000326 3.37 1.00 202.5 15.9
-0.00120 0.00153 0.007 50.1 10.80 0.000375 3.20 1.16 206.9 19.1
-0.00130 0.00180 0.008 52.7 11.45 0.000425 3.06 1.33 211.6 22.5
-0.00140 0.00207 0.009 55.3 12.10 0.000477 2.94 1.51 216.4 25.9
-0.00150 0.00235 0.010 57.9 12.75 0.000529 2.84 1.70 221.4 29.4
-0.00160 0.00264 0.012 60.5 13.41 0.000582 2.75 1.89 226.5 33.0
-0.00170 0.00293 0.013 63.2 14.07 0.000635 2.68 2.09 231.6 36.6
-0.00180 0.00322 0.014 65.8 14.73 0.000690 2.61 2.29 236.9 40.3
-0.00190 0.00352 0.015 68.5 15.39 0.000744 2.55 2.50 242.2 44.0
-0.00200 0.00382 0.017 71.1 16.06 0.000799 2.50 2.71 247.6 47.7
-0.00220 0.00443 0.019 76.5 17.39 0.000911 2.41 3.15 258.1 55.4
-0.00240 0.00515 0.023 81.2 18.57 0.001037 2.32 3.58 263.8 64.3
-0.00260 0.00591 0.026 85.7 19.70 0.001169 2.22 4.03 267.7 73.9
-0.00280 0.00672 0.030 90.1 20.80 0.001307 2.14 4.49 270.4 84.0
-0.00300 0.00754 0.033 94.3 21.86 0.001447 2.07 4.97 272.4 94.2
-0.00320 0.00832 0.037 98.1 22.79 0.001582 2.02 5.41 273.7 104.0
-0.00340 0.00907 0.040 101.5 23.65 0.001713 1.98 5.85 274.8 113.4
-0.00360 0.00979 0.043 104.7 24.44 0.001839 1.96 6.27 275.6 122.4
-0.00380 0.01049 0.046 107.7 25.19 0.001963 1.94 6.68 276.2 131.1
-0.00400 0.01116 0.049 110.5 25.89 0.002082 1.92 7.08 276.7 139.5
SERVICE LOAD LEVEL RESULTS
-0.00145 0.00221 0.010 56.6 12.42 0.000503 2.89 1.61 218.9 27.6
M ZERO T = 24.4 K-FT P = 4.37 MZO/MSR =0.431 MZO/MN =0.258
M CRACKING= 32.4 K-FT P = 6.37 MCR/MSR =0.572 MCR/MN =0.343
M SERVICE = 56.6 K-FT P = 12.42 MSR/MN =0.600
PHI = 0.900 MU = 84.9 K-FT MU/(B*H^2) = 0.663 K/IN^2
CRACK WIDTH IS BASED ON CRACK SPACING OF 4 INCHES



#11 Coarse Grid more cover 07-Sep-00

WIDTH = 24.00 DEPTH = 0.00
WIDTH = 24.00 DEPTH = 8.00
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-0.00060 0.00016 0.001 33.6 6.67 0.000114 5.25 0.35 185.0 2.0
-0.00070 0.00031 0.002 36.6 7.43 0.000152 4.60 0.46 187.8 3.9
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-0.00110 0.00111 0.005 46.9 9.99 0.000332 3.31 1.00 203.4 13.9
-0.00120 0.00135 0.006 49.3 10.60 0.000382 3.14 1.17 208.0 16.8
-0.00130 0.00159 0.008 51.7 11.21 0.000434 3.00 1.34 212.8 19.9
-0.00140 0.00184 0.009 54.2 11.82 0.000486 2.88 1.52 217.9 23.0
-0.00150 0.00209 0.010 56.6 12.43 0.000540 2.78 1.71 223.0 26.2
-0.00160 0.00236 0.011 59.1 13.05 0.000594 2.69 1.90 228.3 29.4
-0.00170 0.00262 0.013 61.6 13.66 0.000649 2.62 2.10 233.6 32.8
-0.00180 0.00289 0.014 64.0 14.28 0.000704 2.56 2.31 239.1 36.1
-0.00190 0.00316 0.015 66.5 14.91 0.000760 2.50 2.52 244.6 39.5
-0.00200 0.00344 0.017 69.0 15.53 0.000816 2.45 2.73 250.2 43.0
-0.00220 0.00402 0.019 73.8 16.73 0.000934 2.36 3.16 259.9 50.2
-0.00240 0.00469 0.023 78.1 17.79 0.001065 2.25 3.60 265.2 58.7
-0.00260 0.00541 0.026 82.1 18.79 0.001203 2.16 4.05 268.7 67.7
-0.00280 0.00618 0.030 85.9 19.76 0.001348 2.08 4.51 271.3 77.2
-0.00300 0.00695 0.033 89.6 20.68 0.001494 2.01 4.99 273.1 86.9
-0.00320 0.00768 0.037 92.9 21.50 0.001634 1.96 5.44 274.4 96.1
-0.00340 0.00840 0.040 95.9 22.25 0.001772 1.92 5.88 275.3 105.0
-0.00360 0.00908 0.044 98.6 22.94 0.001904 1.89 6.31 276.1 113.5
-0.00380 0.00974 0.047 101.2 23.58 0.002033 1.87 6.72 276.7 121.8
-0.00400 0.01038 0.050 103.7 24.20 0.002159 1.85 7.13 277.2 129.8
SERVICE LOAD LEVEL RESULTS
-0.00138 0.00180 0.009 53.8 11.72 0.000478 2.90 1.49 217.1 22.5
M ZERO T = 24.4 K-FT P = 4.37 MZO/MSR =0.453 MZO/MN =0.272
M CRACKING= 32.4 K-FT P = 6.37 MCR/MSR =0.602 MCR/MN =0.361
M SERVICE = 53.8 K-FT P = 11.72 MSR/MN =0.600
PHI = 0.900 MU = 80.7 K-FT MU/(B*H^2) = 0.630 K/IN^2
CRACK WIDTH IS BASED ON CRACK SPACING OF 4 INCHES
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MMFX STEEL CORPORATION OF AMERICA

A DIFFERENT STEEL

MMFX Steel Company of America was formed to develop, produce and sell corrosion resistant steels.
Dr. Gareth Thomas, MMFX Vice President of Research and Development, invented MMFX’s radically
different steels.

MMFX STEEL

MMFX’s steels are highly corrosion resistant.  They are also equal or in many cases far superior to
existing standard carbon steel in their properties of strength, energy absorption, toughness, brittleness,
ductility, weldability, hardness and formability .In addition, these MMFX steels are also economical to
produce.  MMFX steels achieve their exceptional properties of corrosion resistance as a result of the
patented and proprietary steel microstructure that is formed during their production.  This unique
physical feature minimizes the formation of microgalvanic cells in the steel structure.  MMFX’s steels
are referred to as Dual Phase Steel and Microcomposite Steel.

MMFX-I Steel: Dual Phase steel was developed and tested at the University of California at Berkeley.
Dual Phase Steel has been proven to have superior corrosion resistant properties, as rebar in reinforced
concrete applications.

MMFX-II Steel: This is MMFX’s newest steel technology which utilizes a microstructure technology
reminiscent of, but different from Dual Phase Steel.  This microstructure provides MMFX Steel
Corporation with a large number of alloy variations and options depending on applications and severity
of environments.

A Solution to the Corrosion Problem

One of the major problems facing our nation’s infrastructure today is the effect of corrosion on steel, and
the damage it causes in highways, bridges, buildings and other structures.  Billions of dollars are spent
annually to correct this corrosion problem.  This money is spent to reconstruct or repair structures whose
life has been either shortened or destroyed as a result of corrosion, or through loss of aesthetic value or
functional obsolescence.  Above and beyond the replacement costs of steel products (i.e., reinforced
concrete, structural steel members, etc.), personal injury and deaths have occurred through corrosion
induced structural failures.



•  Until the advent of MMFX’s breakthrough steel technology, the corrosion problem was
addressed by either treating steel materials with coatings (i.e., paints, epoxies, galvanization,
metal plating or finishes), or by substituting standard steel with expensive alloy steels (e.g.,
stainless steel).  The corrosion prevention industry (painting, coating, plating, etc.) alone is a
multibillion-dollar industry, which only attempts to treat the problem, but does not correct it.

•  Currently, epoxy coated rebar is the reinforcing bar industry’s primary method of reducing
the damage due to corrosion.  Material costs for epoxy-coated rebar are 50% to 60% more
than standard rebar.  Epoxy coatings have proven to be susceptible to material handling
damage.  Material handling damage to these coatings has accelerated the corrosion process in
certain instances and epoxy tends to delaminate leading to the initiation of corrosion.
Coatings are not the solution to the problem, but a problem waiting to happen.

•  MMFX Steel answers the corrosion problem by designing from First Principals, essentially
engineering materials at the microstructure level for the results desired, in this case, to solve
the corrosion problem of steel.

•  MMFX STEEL vs STANDARD STEEL
•  MMFX Steel has been tested to demonstrate its superior material properties.  Various

existing expensive alloy steels are produced to provide for each of these individual
properties, and some of these alloy steels may even exceed MMFX Steel on a certain single
property .It is important to understand that MMFX Steel is the fIrst steel that has been
developed to economically provide superior characteristics for all of these material properties
at the same time.

•  Figures 1 through 6 on the succeeding pages compare the following six material properties of
MMFX steel to a standard steel (currently most commonly used in steel construction
applications):  1.  Corrosion Resistance, 2.  Strength, 3.  Ductility, 4.  Toughness (Energy
Absorption), 5.  Fatigue, and 6.  Brittleness.  Each of these properties relates either to the
economic life of the material or to the value added through the use of MMFX Steel in various
products (i.e., concrete reinforcement, structural steel, ship’s plate, pipelines, underground
tanks, etc.)



MMFX-I FERRITE-MARTENSITE STEEL
Corrosion Resistance Features

Design microstructure which does not set up micro galvanic cells as is present
in current re-bar Fig A and hence stops initiation of corrosion:  must avoid

carbide / ferrite cells and continuous paths.  Need to Control the morphology.
Example is Dual-Phase Steel in Fig C.

Fig A:  Conventional Bar Ferrite-Pearlite Microstructure
Continuous Galvanic Path

Fig B:  Micro-Alloyed Steel

Poor Toughness – Galvanic Coupling



MMFX – I DUAL-PHASE Steel

•  
Control of the martensitic structure entails developing a
microcomposite microstructure consisting of sheets of
untransformed austenite sheets between laths of dislocated
martensite – the “packet” martensite.  Dual-Phase steel, Fig C, is a
mixture of ferrite (a) and this martensite structure, whereas
microcomposite steel (Fig. D) is 100% packet martensite.
Transmission electron microscopy is required to resolve these
microstructures and an actual example is shown in Figure E.
Fig C:  Dual-Phase Bar Ferrite-Martensite Microstructure
Minimized Galvanic Coupling



MMFX-II MICROCOMPOSITE STEEL

Fig D:  100% Packet Martensite



MMFX – II MICROCOMPOSITE STEEL

The above figure shows the MMFX Patented Microcomposite microstructure of nano sheets of
austenite in carbide free lath mantensite as viewed in a transmission electron microscope.

Transmission electron micrographs showing the interlath retained austenite.
•  Corresponding dark field image (DF).  Thin films of retained austenite reverse contrast.

•  Selected area diffraction pattern (SA), showing retained austenite reflection used.

•  Bright field image (BF).



Fig F:  Shows the electro-chemistry of Microgalvanic cell between iron-
carbide and ferrite phases.

Such two phases mixtures must be avoided which is the basis for
these new MMFX steels.

The packet Martensite is itself designed to be micro-composite as
shown in Figures D & E and is a major reason for low corrosivity of the
steel [Figure 1(b)].  Corrosion tests show that Dual-Phase Ferrite-
Martensite Bar does not show measurable corrosion even after 60
weeks of accelerated exposure.
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BACKGROUND

Solicitation for the development of the Modular Hybrid Pier project began in the

summer of 1998.  The Department of the Navy, through the Naval Facilities Engineering

Services Center (NFESC), began a research program aimed to integrate new technology

in the replacement of deteriorating piers and berthing facilities currently in use by the

Navy.  Three possible construction concepts were investigated.  The first concept was the

conventional pile-supported double-deck pier.  The second was an off-site, prefabricated

float-in, pile-supported modular pier.  Each of these two construction concepts were site

specific and required a considerable amount of on-site construction.  The final concept,

an off-site prefabricated permanently floating pier offered the benefits of a more

standardized design.  This type of pier could be prefabricated in modular form, outfitted

for the standard uses, and then floated to the needed location.  Not only would this

standardization minimize the construction time and cost, but it would benefit in the areas

of maintenance, operational uses, and training (BERGER/ABAM, 1999).  Floating piers

and bridges have been successfully used in similar applications in Washington State and

Alaska, Figure 1.
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Figure 1:   Valdez Alaska floating pier elements.
Research on the modular hybrid-floating pier began with the objective of

designing a versatile, modular, long enduring structure.  One of the design objectives for

this structure was a maintenance-free service life of 75 years in an intense marine

environment. This structure must not only function in any location it is required to serve,

but must also be competitive in cost.  It must be adaptable to the ship berthing

requirements, have unlimited crane usage, and provide full range of operation on the

deck.  Such demands require effective use of technology and state-of-the-art materials.

With all of these requirements, the hull plating design appeared to be the most logical

option to explore, and was the focus of the research (BERGER/ABAM, 1999).

The floating pier consists of a hull that is almost entirely submerged, and an

exposed deck for operation.  FRP composite materials, in conjunction with steel

prestressing, were selected for the design to be used in the construction of the modular,

floating piers.  Mild steel reinforcement in the marine environment is susceptible to

corrosion.  For this reason the combination of FRP, low-density concrete, and low-

relaxation seven wire prestressing strands were selected.  Engineers working for
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BERGER/ABAM of Federal Way, Washington designed eleven one-way slab specimens

to be constructed and tested, each representing a possible coupon of the hull wall or

bottom.  Santa Fe Pameroy of San Francisco, California constructed the specimens.  The

eleven specimens were then transported to the University of Wyoming for testing and

evaluation, Figure 2.

Figure 2:  Unloading test specimens at the University of Wyoming.

PROGRAM OBJECTIVES

Eleven specimens were tested in a simply supported test frame with a constant

moment region of two feet (0.61 m) in the center.  The specimens were designed so that

alternative reinforcement configurations and variation in high performance, low-density

concrete could be evaluated.  The specific research objectives were to develop models

for:

•  Strength, deflection and crack width behavior.
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•  Confirming that the Gergley – Lutz crack width equations are applicable for

the steel / FRP reinforcing systems.

•  Conducting material testing to confirm FRP and concrete properties.

Test Program

The eleven specimens were designed by BERGER/ABAM to test an array of

reinforcement options.  Each specimen was 20 ft (6.1 m) long and 24 in (0.61 m) wide.

The thickness was 8 in (0.20 m).  270 ksi low-relaxation prestressing strands were placed

at 5.25 in (0.133 m) from the compression face, Figure 3.  Table 1 summarizes the

reinforcement and concrete cover in each specimen.

 

5.25” (133 mm) 

Grid Reinforcement 

1/2φ steel 
prestressing strand 

8” (202 mm) 

24” (610 mm)

Cross-section view 

Profile view 

8” (202 mm) 5.25” 
 (133 mm) 

Figure 3:  Schematic of Specimens.
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Table 1:  Specimen specifications.

No. Specimen
No. of

Prestressing
Strands

Grid
Reinforcement

Concrete Cover
in  (mm)

1 Control Specimen – No Grid
Reinforcement 4 none -

2 Fine Grid 4 C6 – 50 mm X 50 mm 0.5  (12)
3 Coarse Grid 4 C13 – 100mm X 100mm 0.5  (12)
4 Wire Mesh 4 W4 X W4 – 4 in X 4 in 0.5  (12)
5 Reichold CFRP – Rods 4 3/8 in diameter 0.5  (12)
6 Coarse Grid – Less Prestress 2 C6 – 50 mm X 50 mm 0.5  (12)
7 Fine Grid – Splice 4 C6 – 50 mm X 50 mm 0.5  (12)
8 Fine Grid – More Cover 4 C6 – 50 mm X 50 mm 1  (25)
9 Fine Grid – Less Prestress 2 C13 – 100mm X 100mm 0.5  (12)
10 Coarse Grid – Splice 4 C13 – 100mm X 100mm 0.5  (12)
11 Coarse Grid – More Cover 4 C13 – 100mm X 100mm 1  (25)

MATERIAL PROPERTIES

Concrete

The test specimen concrete used was a self-compacting, low-density concrete

designed by Ben Gerwick Co.  It had to satisfy several demands.  The concrete had to be

high-strength, low in unit weight, and easy to place.  To maintain the consistency and not

sacrifice the workability of the concrete, plasticisers were added.  Sika 86, Sika 100 SC,

and Sika Viscocrete admixtures were used to increase the slump of the concrete.  Low-

density aggregate was the primary component used to reduce the density of the concrete.

Once the concrete was placed, a problem became evident.  Lack of sufficient fine

aggregate in combination with high slump admixtures allowed some low-density

aggregate to float in the specimen.  This migration caused a high concentration of

aggregate at the compressive face, and a lack of aggregate at the tension face of the

specimen.
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Density

Because the components tested in this research will be used in a floating pier,

reducing the density of the concrete is vital.  Engineers designed a low-density mix with a

density of 130 lbs/ft³ (2080 kg/m3).  One core from each specimen was carefully

weighed, and the volume measured to determine the density of the concrete, Table 2.

The average for the eleven specimens was very close to the desired goal of 130 lbs/ft³

(2080 kg/m3).

Table 2:  Measured concrete density.
Specimen # Unit Wt. (lbs/ft3)

1 129.5
2 130.9
3 128.5
4 130.2
5 129.6
6 130.5
7 133.2
8 130.8
9 129.5
10 130.8
11 132.8

Average 130.6

Compressive Strength

To accurately predict specimen behavior, the assumed concrete compressive

strength was verified.  The mix design used in the test specimens did not appear

consistent among batches of concrete, and segregation was evident in some of the

specimens.  The specimens with segregation had a higher concentration of the coarse

aggregate near the hand-finished surface and a lack of aggregate near the form-finished
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surface.  The anticipated compressive strength of the concrete at the time of testing was

12,000 psi (82.7 MPa).  Because of the segregation noted after the specimens were tested,

cores were taken to verify the actual compressive strength of the concrete and to

determine if there were significant variations in strength through the depth of the section.

Four-inch diameter (0.102 m) cores were drilled from each specimen according to ASTM

Standard Test Method for Obtaining and Testing Drilled Cores and Sawed Beams of

Concrete (ASTM C 42-90, 1995).  As described in the standard, the ends were cut to be

flat and smooth and then sulfur caps were added.  The compressive tests were performed

using ASTM Standard Test Method for Compressive Strength of Cylindrical Concrete

Specimens (ASTM C 39-93a, 1995), Table 3.  Two cores from each specimen were

tested and then averaged.  The compressive strength of the cores for all specimens fell

short of the 12,000 psi (82.7 MPa).  Those specimens that displayed the most segregation

had the lower compressive strengths.
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Table 3:  Concrete core compressive strength.

Spec # Core Comp Test f'c (psi) Avg  - psi
(MPa) Comments

A 10305
1

B 10998
10650
(73.4)

A 9248
2

B 9626
9440
(65.1) Segregation is apparent

A 8980
3

B 9221
9100
(62.7) Segregation is apparent

A 10491
4

B 10563
10530
(72.6)

A 9988
5

B 10277
10130
(69.8)

A 11231
6

B 10635
10930
(75.4)

A 11341
7

B 10442
10890
(75.1)

A 8551
8

B 9755
9150
(63.1) Segregation is apparent

A 11341
9

B 10512
10930
(75.4)

A 10752
10

B 11559
11160
(76.9) Concrete is pitted

A 9632
11 B 10402

10020
(69.1)

Tensile Strength

While determining the cracking stress of the concrete, and with further study into

the shear failure characteristics, it became evident that an accurate determination and

comparison of the tensile capacity of the concrete would be needed.  A common formula

used to estimate the tensile stress of concrete is 6√f’c (Nilson, 1997).  The modulus of

rupture is often estimated at 7.5√f’c.  Two cores from each specimen were tested using

the split cylinder test procedure in ASTM Standard Test Method for Splitting Tensile
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Strength of Cylindrical Concrete Specimens (ASTM  C 496 – 90, 1995), Figure 4.   The

first core from each sample was tested at the full length of 8 in (203 mm).  The second

sample was cut into three equal lengths with each segment tested separately.  The data

shows a wide variation not only among the different specimens, but also among the

different thirds within the same specimen.  The average tensile stress calculated from the

samples tested as a whole specimen averaged 6.0√f’c.  This matches the value suggested

by Nilson.  A statistical analysis to verify the accuracy of the coefficient was not feasible

for this study due to lack of samples.  The split cylinder tests completed on the sample cut

into thirds revealed a higher variation in results, Table 4.  It was observed in the

segregated samples that the third that contained a higher concentration of aggregate

resulted in lower ultimate tensile strength.  Likewise the third that had a lack of aggregate

displayed a much higher ultimate tensile strength.  Because the concrete that had this

high tensile strength was on the tension side of the specimen, the predictions regarding

the first cracking were reviewed with these factors in mind.

Figure 4:  Aligning a core sample in the split cylinder test apparatus.
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Table 4:  Split cylinder test results.

Sample
Number

Tensile
Stress
(psi)

f'c
(psi)

Tensile
Stress/√f’

c
Comments

1C 727 10650 7.0 not segregated
1D form surface 413 10650 4.0 segregated little

1D middle 736 10650 7.1 not segregated
1D hand finish 516 10650 5.0 segregated little

2D 547 9440 5.6 very segregated
2E form surface 1228 9440 12.6 segregated; more cement

2E middle 819 9440 8.4 segregated little
2E hand finish 479 9440 4.9 segregated; more aggregate

3C 521 9100 5.5 medium segregation
3D form surface 794 9100 8.3 segregated; more cement

3D middle 737 9100 7.7 segregated little
3D hand finish 611 9100 6.4 segregated; more aggregate

4C 768 10530 7.5 not segregated; pitted
4D form surface 614 10530 6.0 not segregated; pitted

4D middle 825 10530 8.0 not segregated; pitted
4D hand finish 652 10530 6.4 not segregated; pitted

5C 483 10130 4.8 not segregated
5E form surface 562 10130 5.6 not segregated

5E middle 441 10130 4.4 not segregated
5E hand finish 792 10130 7.9 not segregated

6C 504 10930 4.8 not segregated
6E form surface 696 10930 6.7 not segregated

6E middle 647 10930 6.2 not segregated
6E hand finish 643 10930 6.2 not segregated

7C 795 10890 7.6 not segregated
7D form surface 975 10890 9.3 not segregated

7D middle 658 10890 6.3 not segregated
7D hand finish 778 10890 7.5 not segregated

8C 781 9150 8.2 medium segregation
8D form surface 805 9150 8.4 segregated; more cement

8D middle 697 9150 7.3 segregated little
8D hand finish 712 9150 7.4 segregated; more aggregate

9D 498 10930 4.8 segregated little
9E form surface 730 10930 7.0 segregated little

9E middle 826 10930 7.9 segregated little
9E hand finish 681 10930 6.5 segregated little

10C 539 11160 5.1 not segregated; pitted
10D form surface 794 11160 7.5 not segregated; pitted

10D middle 702 11160 6.6 not segregated; pitted
10D hand finish 840 11160 8.0 not segregated; pitted

11C 501 10020 5.0 not segregated
11 E form surface 822 10020 8.2 not segregated

11 E middle 870 10020 8.7 not segregated
11 E hand finish 792 10020 7.9 not segregated

Average of full samples 606 psi
(4.18 Mpa)

10266
(70.8 Mpa) 6.0

Average of all samples 694 psi
(4.78 Mpa)

10266
(70.8 Mpa) 6.9



11

Modulus of Elasticity

An essential aspect needed to accurately predict the behavior of the specimen

under loading situations is the modulus of elasticity of the concrete.  A common

empirical formula is often used to arrive at a reasonable modulus of elasticity.  This

formula is Ec= 33w1.5 √ f’c, where Ec is the modulus of elasticity of the concrete in psi, w

is the unit weight of concrete in lbs/ft3, and f’c is the compressive strength of the concrete

in psi (MacGregor, 1997).

  A stress strain curve was obtained from each specimen.  The slope of each curve

began to decrease as the strain increased.  A regression of the most linear regions

confirmed that the formula presented by MacGregor is accurate for these concrete

specimens, Figure 5.
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Figure 5:  Stress vs. strain of core samples in compression tests.
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NEFMAC Grid

NEFMAC is an FRP, two-dimensional grid that was developed primarily for the

use of reinforcement in concrete.  The grids that were used in the specimens were the

CFRP NEFMAC grids.  These grids are composed of carbon fibers bound together with

resin.  The carbon fibers in the NEFMAC grids have a tensile strength of 700 ksi (4800

MPa), and a tensile modulus of 33,400 ksi (230 MPa).  The elongation to failure is 2.1%

(Raham, 1994).  The resin possess less than 1/66th of the strength and stiffness of the

carbon fibers, thus it is negligible for the strength and stiffness calculations.  Although

the resin does not contribute to the strength of the strand, it is a large part of the cross-

sectional area (Raham, 1994).   Computation of the modulus and strength is based on the

gross cross-sectional area and will result in lower modulus and strength than plain fibers.

Two different grid sizes were tested in the specimens. The fine grid is a C6 – 50

mm X 50 mm (2 in X 2 in).  The gross cross-sectional area of the grid placed on the

tension side of the specimen was 0.324 in² (2.1 cm²).  On the compression side of the

specimen, a smaller amount, 0.081 in² (0.52 cm²) was placed.  The second NEFMAC grid

size used was the C13 – 100mm X 100mm (4 in X 4 in).  This grid size is referred to as

coarse grid.  The gross cross-sectional areas of the tension and compression sides of these

specimens were 0.6 in² (3.9 cm²) and 0.2 in² (1.3 cm²) respectively.

Ultimate Stress Capacity (fpu)

The ultimate stress capacity of the NEFMAC grid was determined by tension tests

performed on the two types of grids.  Two strands were cut from each of the two sizes of

bi-directional grids.  The specimens were then firmly attached to anchors using

BRISTAR expansive cement.  Tensile tests revealed the ultimate stress capacity of the
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strands.  The stress was calculated using the gross cross-sectional area of the strand.  The

fine and coarse grids both produced an average ultimate stress capacity of 255 ksi (1760

MPa), Figures 6 and 7.

Figure 6:  Tensile test and failures.
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Figure 7:  Stress vs. strain of fine NEFMAC grid and coarse NEFMAC grid.
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Ultimate Strain Capacity (εu) and Modulus of Elasticity

Carbon has a linear stress strain relationship up to capacity.  The ultimate strain

capacity of the NEFMAC grids is generally assumed to be between 1.2% and 1.5%.  The

results of the tests performed produced an average of 1.65% for the coarse grid strands

and 1.70% for the fine grid strands.  As can be seen, the results for the ultimate stress and

strain capacity are very similar for the two sizes of grids.  Thus, the modulus of elasticity

for each of the two sizes is very close.  The modulus of elasticity used for the NEFMAC

grid was found to be 15,000 ksi (103 GPa).  For the modeling of the NEFMAC reinforced

specimens the ultimate strain capacity for the grid was 1.5%.

Reichold CFRP Rods and Steel Wire Mesh

The Reichold CFRP and steel wire mesh were tested as alternative types of

reinforcement.  Four Reichold CFRP rods, each with a cross-sectional area of 0.11 in²

(0.71 cm²), were placed in the specimen in a longitudinal direction.  Because the carbon

fibers are arranged longitudinally in the Reichold rods instead of a grid pattern, the

amount of resin required to fabricate the rods is considerably less than NEFMAC and the

fibers comprise a greater portion of the cross-section.  For this reason the ultimate stress

capacity and the modulus of elasticity were considerably higher.  As was done on the

NEFMAC grid strands, rod specimens were anchored in the expansive cement and then

tested in tension.   Without the benefit of the mechanical anchorage of the crossbars

found in the NEFMAC grid, developing the full strength of the rod was much more

difficult.  A successful test on one of the rods yielded an ultimate stress of 247 ksi (1700

MPa).  The ultimate strain on that specimen was 1.41%.  The modulus of elasticity used

for the Reichold rods was 18,600 ksi (128 GPa).
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The wire mesh used was a standard W4 X W4.  The specified yield strength for

this material was 68 ksi (470 MPa).  The modulus of elasticity for the steel was assumed

to be 29,000 ksi (200 GPa).  The wire mesh was a bi-directional grid with equal strength

in each direction.

ANALYTICAL MODEL

Analyzing the behavior of each specimen was done using a numerical model.  A

spreadsheet was created to allow the input of the various components of the specimens.

The primary objective of the model was to predict the behavioral relationship between

the load, deflection, and crack widths.  Moment and curvature relationships were also

predicted to compare with the results of the measured data.

  The model was founded upon the basic assumption of reinforced concrete design

that states that a given cross section, which was plane before loading, will remain plane

once the load is applied.  A value of the strain was assumed for the compression face of

the specimen.  The depth of the neutral axis was adjusted until there was equilibrium in

the cross section.  The curvature was found by using the calculated depth of the neutral

axis and the assumed strain at the compression face.  Applied moment was then

determined from the internal curvature.

The Modified Hognestad Idealization was used to model the stress strain behavior

of the concrete (MacGregor, 1997).  A numerical integration of concrete provided the

location of the centroid and the magnitude of the total compressive force.  Tension forces

came from the prestressing strands and the CFRP reinforcement.  The Ramberg-Osgood

equation was used to model the stress-strain behavior of the prestressing strands (Collins,

1987).  The initial prestressing force was included as a constant in the analytical model as
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an initial strain in the strands.  Strands were initially stressed to 200 ksi (1380 MPa),

according to the design specifications.  Prestress losses were calculated using the

procedure outlined in the PCI manual (Shaikh, 1999).

The predicted load required to initiate cracking was found by an evaluation of the

stresses at the tension face of the specimen.  The effect of prestressing initially places the

concrete in compression.  The external load required to overcome the stresses induced by

the prestressing strands and tensile stress capacity of the concrete, is the load at which

cracks are anticipated.  The predictions for the deflection were done using the bilinear

method (Shaikh, 1999).  Material properties, such as the modulus of elasticity, were

calculated and used for each individual specimen.  Although many of the specimens

would presumably have similar predicted values, the variation in material properties

produced eleven distinct analytical models to compare with the measured data.

Crack Width Criteria and Analytical Models

The cracking behavior of the specimens was a critical factor due to the salt-water

environment in which the piers would be subjected.  The NEFMAC reinforcement was

added to the specimen to evaluate its effectiveness in reducing the crack width.  For the

design of marine structures using reinforced concrete, the crack widths are a limiting

factor.  The ACI Manual of Concrete Practice suggested tolerable crack widths vs.

exposure conditions for reinforced concrete in different committee reports.  The two most

critical conditions applied to the design of the specimen are found in ACI 224 R-90,

Control of Cracking (ACI 224 R-90, 2000).  The first exposure condition is that of

seawater and seawater spray (wetting and drying).  For which the tolerable crack width

limit is 0.006 in (0.15 mm).  The second condition is for water retaining structures, for
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which the tolerable crack width limit is 0.004 in (0.10 mm).  These limits were qualified,

“a larger cover, even if it leads to a larger surface crack width, may sometimes be

preferable for corrosion control in certain environments.  Thus, the designer must

exercise engineering judgment on the extent of the crack control to be used” (ACI 224 R-

90, 2000).  Recommendations of allowable crack widths for prestressed concrete are not

as available because there are many variables, which are highly dependent upon the load

duration and magnitude.  Prestressed elements are considered less susceptible to cracking

problems because the load duration is often short.  For this and other reasons, “Recent

research results indicate that there is no general relationship between cracking and

corrosion in most circumstances” (ACI 224 R-90, 2000).  For transitory live loads, the

residual crack widths are small.  Research indicates that they are about 0.001 to 0.003 in

(0.03 to 0.08 mm), but the piers would be subjected to constant live loading.  Because the

specimens represent what would be the sides and bottom of the pier, the majority of the

load would be static water pressure.

Common practice for predicting the maximum crack width in a beam or thick

one-way slab has been done primarily with statistical data.  ACI Committee 224

concluded that concrete cover and the geometry of the concrete surrounding the

reinforcement is important to consider, but the most important variable is the stress in the

reinforcement (ACI 224 R-90, 2000).  After an extensive amount of research, equations

were developed that would predict the most probable maximum crack width.  The final

result was simplified to what is known as the Gergely–Lutz equation.
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w=0.076βfs(dcA)1/3

w= crack width in units of 0.001 in.
β= ratio of distances from tension face and from steel centroid to the
neutral axis.
fs= the stress in the reinforcement (ksi).
dc= thickest concrete cover from tension face to the center of nearest bar
(in).
A= area of concrete symmetric with reinforcing steel divided by the
number of bars in the longitudinal direction (in2).
(MacGregor, 1997)

Although this method was developed for reinforced concrete members,

adjustments can be made to obtain reasonable results in prestressed members.  After

calculating the decompression moment needed to return the tension face stress to zero,

the standard method of predicting cracks is used, replacing the actual stress in the

prestressing strand with the change in stress due to the increased loading.  The crack

width prediction was then calculated for the prestressing, neglecting the effect of the

FRP.  This prediction is labeled prestress on the load vs. crack width figures, Figure 8.

ACI Committee 440 has modified the Gergely – Lutz equation to accommodate

the prediction of crack width for FRP bars that accounts for the bond and stiffness (ACI

440, 2000).  Assuming perfect bond, the crack width prediction was calculated for

NEFMAC grids and the Reichold bars without including the effect of the prestressing

strands.  This prediction is labeled carbon on the load vs. crack width figures, Figure 8.

Once the individual predictions were determined, an average was calculated for

comparison with the measured crack widths.  This average of the predicted crack widths

is labeled average on the load vs. crack width figures.

After analyzing the crack patterns that were mapped on the specimens, another

model was developed.  The coarse NEFMAC grid produced cracks that were evenly
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distributed across the tension face of the beam at 4 in (102 mm) intervals, indicating one

crack per grid spacing.  Inspection revealed that the cracks developed directly over each

of the transverse crossbars in the grid.

“A characteristic feature of the construction is that bond to concrete of any bar is

achieved almost solely through mechanical anchorage provided by the cross-

bars”(Raham, 1994).  This characteristic appeared to be the source of the crack pattern.

A model developed that assumes no concrete bond in the longitudinal grid strands and

perfect bond in the transverse grid strands can be compared to the actual results.  This is a

strain accumulation model and is labeled εNEFMAC for comparison on the load vs. crack

width figures, Figure 8.  The model essentially assumes that the stress in one longitudinal

grid section produces a strain that is attributed to the width of one crack.  Thus w = ε*s,

where w is the predicted crack width, ε is the longitudinal strain in the NEFMAC and s is

one grid spacing.  This approach is also a simple method of designing for the predicted

crack width.

By using the same assumptions for the fine NEFMAC grid, the strain

accumulation theory would essentially assume a crack pattern with twice as many cracks,

all having half the width.  A comparison of this model with the actual results proved to be

inconsistent with the assumption.  Some of the measured crack widths appeared to be

twice as large as the model predicts.  An explanation of what occurred can be explained

by the development of the pattern.  As the specimens containing the fine grid were being

loaded, cracks began to appear at 4 in (102 mm) intervals.  As the load increased, more

cracks appeared making the final grid pattern at 2 in (51 mm) intervals.  The mature

crack pattern developed at 2 in (51 mm) intervals, but the larger cracks only occurred on
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4 in (102 mm) intervals.  The initial cracks that developed were accounting for the strain

in two section of the grid, unlike the coarse grid where the strain was attributed to a

single grid spacing.  εNEFMACx2 represents the strain over two grid spacings in the load

vs. crack width figures.
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Figure 8:  Example Crack Width Plot.

FLEXURAL BEHAVIOR AND TESTING

Validating the performance of each of the eleven specimens in flexure was the

primary focus of the program. The load vs. deflection, moment vs. curvature, and load vs.

crack width of the specimen were monitored on each beam.  These data were then plotted

against the analytical models.  The comparison of the measured data vs. the models

produced, determined if the specimens behaved in a predictable manner.  Monitoring the

crack widths as the load increased also determined the effectiveness of the crack width

reinforcement.

The standard ACI equation of allowable stress design limits the ultimate load to

1.4D+1.7L.  The dead load is a relatively small factor, and if neglected, yields a live load
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Specimen   
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   2  ft   

8   in  

of approximately 60% of the ultimate strength.  The ultimate load for each of the

specimens is different because of the different design characteristics, but an estimate of

60% of the ultimate load can be used to define the service level load.

Each of the specimens was tested using the same test frame.  The frame restrained

the specimen from lifting upward by roller connections located 9 feet (2.7 m) from the

center in each direction.  The test specimen was loaded upwards by a hydraulic jack

located directly on the centerline at the midspan of the specimen.  A spreader beam

distributed the load applied from the jack.  This beam provided a two-foot (.42 m)

constant moment region.   By exposing the tension face of the specimen, the crack

patterns would be visible, Figures 9 and 10.
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Figure 9:  Test frame.
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Figure 10:  Load applied by the hydraulic jack.
Once a specimen had been centered under the test frame, linear and string

potentiometers were placed on the beam to monitor behavior as the specimen was loaded.

Load cells were placed on the test frame to monitor the force required to restrain the

specimen.  Each of the specimens was coated with a thin layer of hydrostone, prior to

testing, to make cracks more visible.  Visual inspection determined the load at which

cracking had first occurred, Figure 11.  Once the crack pattern developed, at a load cell

reading of approximately 8 kips, the largest cracks were chosen to be monitored. The

selected cracks were then labeled.  The individual crack width plots display the behavior

of these labeled cracks.



23

Figure 11:  Measuring crack widths.
The applied load was then decreased to 2 kips (8.8 kN). At this load the cracks

closed and linear potentiometers were placed across them to measure the crack width,

Figure 12. Once all the instrumentation was in place, load was again applied to the

specimen.  At a load of 8 kips (35 kN) and then 12 kips (53 kN), crack widths were

measured by a crack width microscope.  Prior to reaching the predicted capacity of the

beam, the linear potentiometers and linear strings were removed to preserve the

instrumentation for the remaining specimens.  Load was then applied to the specimen

until failure occurred.
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Figure 12:  Instrumentation used to measure crack width and curvature.
The load cell, linear potentiometer, and string potentiometer output was recorded

by the Labview computer program as a text file. The text file was then imported into

Excel to produce behavior plots. The load cells recorded only the force required to

restrain the specimen from lifting upward, so the self-weight of the specimen was added

to the data.

Control Specimen

Specimen #1

Specimen #1 was reinforced with the prestressing strands, but had no other

reinforcement.   This specimen was much stiffer than the model predicted.  The load at

which cracking actually occurred was higher than what was predicted at 63% of the

predicted ultimate.  This stiffness was maintained until excessive deflection became the

failure mode.  The evidence of the increased stiffness was also observed in the crack
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widths.  Cracks were smaller than predicted by the Gergely–Lutz equation.   There was

no consistent crack pattern observed and the centerline crack became the largest crack,

Figures 13 and 14.
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Figure 13:  Specimen #1  Load vs. Deflection.
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Figure 14:  Specimen #1  Load vs. Crack Width.

 Grid Size Sensitivity

Two specimens were specifically analyzed to determine the effect of the

NEFMAC grid size.  Specimen #2 contained the fine grid, and specimen #3 contained the
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coarse grid.  The amount of carbon affected the actual stiffness and strength of the beams,

but the crack control and distribution could still be analyzed.

Specimen #2

The measured load deflection curve for specimen #2 closely followed the

predicted model.  The specimen was not as stiff as the model predicted prior to cracking

and slightly stiffer once the cracking occurred.  The predicted mode of failure for the

specimen was the crushing of the concrete at a strain of 0.003.  As the specimen neared

the load required to produce this strain, large flexural cracks formed at the cut off points

of the NEFMAC reinforcement, which immediately turned into diagonal cracks and a

shear-flexure failure occurred, Figure 16.  Once this failure occurred, the prestressing

strands debonded, extending from the diagonal crack to the end of the beam.  The

concrete cores taken from this specimen revealed a high degree of segregation, Figure 15.

The compressive strength of this batch of concrete was one of the lowest of all of the

specimens.  Although the failure did not occur in the predicted mode, the specimen still

achieved 104% of the ultimate predicted capacity.

Figure 15:  Segregation in specimen #2.
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Figure 16:  Specimen #2  Shear-Flexure failure.
Cracks began to be visible at approximately 38% of the predicted ultimate

capacity.  The crack pattern that developed was not uniform for the full length of the

beam, but a trend developed as the pattern matured.  The mature pattern revealed the

flexural cracks at approximately 2in (50 mm) intervals, Figures 17 and 18.
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Figure 17:  Specimen #2  Load vs. Deflection.
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Figure 18:  Specimen #2  Load vs. Crack Width.

Specimen #3

Specimen #3 was the second sample designed to analyze grid size sensitivity.

This specimen contained the coarse NEFMAC grid.  The load vs. deflection curve shows

that the predicted behavior of the specimen closely matches the measured response.  The

predicted behavior underestimates the deflection near the cracking load of the specimen,

but it slightly overestimates it after the specimen cracks.  At 95% of the predicted

ultimate capacity, concrete began to break off of the compression face of the specimen
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near the centerline of the beam.  A complete compression failure of the concrete did not

occur but flexural cracks had begun to form at the cut off points of the crack control

reinforcement, so loading was terminated, Figure 19.

Because of the high plasticizer content, there was a high degree of segregation

found in the core samples.  Like specimen #2, the concrete strength tended to be much

less for this specimen than the others.  The predicted behavior model utilizes the data

obtained from the compression and split cylinder tests.  The M-φ plot reveals that, with

accurate concrete strengths, the location of the neutral axis can be closely approximated

at a given moment, Figure 20.

The crack pattern was watched closely as load was applied to the specimen.  Like

the fine grid, the crack pattern closely followed the grid pattern.  Cracks were first seen at

32% of the ultimate load.  As the load increased to the service level the largest cracks

were less than 0.020 in (0.5 mm) in the constant moment region.  As the load increased,

more cracks developed at constant 4 inch spacing, progressing away from centerline.

The NEFMAC grid maintained these cracks until failure.  Although the depth and width

of the cracks increased with load, no more cracks developed.  This suggests there is little

or no bond between cross ties.  A plot of the crack widths vs. the corresponding loads

indicated that the best prediction for crack width was the average between the predicted

carbon and prestress crack width response, Figure 21.



30

0

5000

10000

15000

20000

25000

30000

35000

0 1 2 3 4 5 6 7 8
Deflection (in)

Lo
ad

 (l
bs

)
Predicted

Measured
Prestress Yield

εc=0.003

Figure 19:  Specimen #3  Load vs. Deflection.
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Prestressing Force Sensitivity

Specimens #6 and #9 were designed to test the sensitivity of the specimen to a

reduction of prestressing force.  In each of these specimens, two of the prestressing

strands were encased in a grease-filled sheath to prevent bonding with the concrete.  The

ends of the specimens were carefully observed to see if any slip of the strands into the

beam occurred.  Prior to the failure of both specimens, the strands encased in the sheath

had recessed into the beam showing that bond in these strands was not achieved.

Specimen #6

Specimen #6 contained the coarse NEFMAC grid.  There was no apparent

segregation in the cores taken, and the compressive strength was relatively high.  The

first cracks appeared at approximately 28% of the predicted ultimate load.  After

cracking, the stiffness was slightly higher than predicted.  The sample failed in a shear-

flexure failure mode at 67% of the predicted strength.  A large flexural crack occurred at

the cut off point of the NEFMAC reinforcement.  Prior to allowing this flexural crack to

develop a diagonal crack, the loading was terminated.

The M-φ plot reveals that the predicted behavior is more flexible than the

measured behavior.  Because there was only half the normal reinforcement provided by

the prestressing strands, much of the stiffness is derived from the NEFMAC grid.  The

model predicted that the carbon grid would rupture at approximately the same time as the

concrete would reach a compressive strain of 0.003.  Due to the shear-flexure failure

mode, the specimen achieved little more than yielding the bonded prestress tendons

before failure.
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The load vs. cracking plot of the testing of this specimen reveals more about the

behavior of the specimen when it relies more upon the strength of the NEFMAC grid.

The plot of the average predicted crack width between the NEFMAC grid and the

prestressing strand underestimates the actual crack control contribution.  Because there is

less prestress reinforcement, the stress in the NEFMAC grid increases more rapidly.  The

crack pattern that was created while testing this specimen again closely mirrored the

pattern of the cross bars in the NEFMAC grid.  The monitored cracks were evenly spaced

within the constant moment region.  The plot reveals that the crack widths remained

uniform to failure, Figures 22, 23 and 24.
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Figure 22:  Specimen #6  Load vs. Deflection.
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Figure 23:  Specimen #6 Moment vs. Curvature.
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Figure 24:  Specimen #6  Load vs. Crack Width.

Specimen #9

Specimen #9 was the second specimen produced to analyze the effects lowering

the prestressing force.  Specimen #9 contained the fine NEFMAC grid.  The cores

analyzed revealed a non-segregated, high-strength concrete.  The strength characteristics

were very similar to those found in specimen #6.  The first cracks appeared at a load of

approximately 48% of the ultimate predicted capacity.   As with all the specimens, the

load was increased until a defined crack pattern could be marked, and the largest cracks
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could be determined for monitoring.  The load vs. deflection curve revealed that prior to

cracking, the predicted stiffness closely matched the measured stiffness.  As in specimen

#6, the stiffness decreased as the load increased.  Again, a large flexural crack formed at

the cut off point of the NEFMAC grid, and the applied load was removed before the

shear-flexure failure occurred.

The plot of the M-φ reveals that the analytical model reasonably approximated the

curvature up to the failure of the specimen.  The cracking behavior of this specimen

confirms the conclusions drawn from the behavior of specimen #6.  The average

predicted crack width once again overestimates the actual behavior of the specimen.  The

crack labeled L was located directly on the centerline of the beam.  This crack along with

crack J opened larger than any of the others, but the NEFMAC still maintained a

controlled pattern.   As the load approached the yielding of the prestressing strands, the

average crack width more closely approximated the actual crack width.  For the service

levels, the average would be a conservative estimate, Figures 25, 26 and 27.
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Figure 25:  Specimen #9  Load vs. Deflection.
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Figure 26:  Specimen #9  Moment vs. Curvature.
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Figure 27:  Specimen #9  Load vs. Crack Width.

Splice Effect

Specimens #7 and #10 were designed to examine splice behavior in NEFMAC

grid.  All four of the prestressing strands were bonded.  Specimen #7 contained the fine

NEFMAC grid as crack control reinforcement.  Specimen #10 contained the coarse

NEFMAC grid.  The primary grid was spliced directly over the centerline of the

specimen. The interruption of the tension grid reinforcement occurred directly at midspan

of the specimen.  A 38 in (0.97 m) long section of the fine grid specimen, centered over
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the interruption in the primary grid reinforcement made up the splice.  This detailing

located the section of splice grid on the side nearer the neutral axis.  Specimen #10 was

detailed in a similar manner.  Specimen #10 used the coarse grid for the primary

reinforcement and the splice.  The section used as the splice was 32 in (0.81m) long. The

effect of doubling the area of the crack control reinforcement in the splice had the most

distinguishing effect on the actual behavior.  The model used to predict the behavior of

this specimen assumed no additional area of NEFMAC grid in the area of the splice

because of the interruption in the primary reinforcement.

Specimen #7

Specimen #7 was unloaded after initial cracking to place the crack width

instruments on the beam.  As the load was reapplied and increased, the stiffness remained

greater than what was predicted.  The specimen was unloaded at 86% of the predicted

ultimate so that the crack width instrumentation could be removed.  This unloading and

reloading revealed a small degree of permanent set in the specimen, but the stiffness in

the specimen remained.  During the test the concrete began to spall at the compression

face of the specimen.  Closer inspection revealed that this spalling was a weak layer of

concrete, likely resulting from finishing.  There was no apparent compression failure of

the underlying concrete.  The applied load was equal to the predicted capacity when the

splice failed, Figure 28.
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Figure 28:  Specimen #7  Splice failure.
Cracks were first observed in the specimen at 41% of the beam’s capacity.  The

crack width pattern again followed the pattern of the grid reinforcement.  The flexural

cracks appeared at 2 in (50 mm) spacings along the beam coinciding with the cross bars

of the NEFMAC grid.  The influence of the added area of crack control reinforcement,

because of the splice, can be seen by the plot of the crack width vs. load.  Failure of the

specimen occurred when a large flexural crack formed in the concrete cover directly over

the interruption of the primary grid.  The concrete cover over the splice then failed and

loading was terminated.  This was decided to be the failure of the splice specimen, Figure

28.  Until the splice failed, the crack pattern remained uniform and no single crack

opened more than the others, Figures 29, 30, and 31.
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Figure 29:  Specimen #7   Load vs. Deflection.
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Figure 30:  Specimen #7  Moment vs. Curvature.
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Figure 31:  Specimen #7  Load vs. Crack Width.
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Specimen #10

The first sign of cracking occurred at 24% of the specimen’s capacity.  The crack

pattern of this specimen was very uniform at 4 inches, once again mirroring the pattern of

the grid reinforcement.  Crack widths were not as uniform in this specimen.  Two of the

cracks, monitored by linear potentiometers J and K, were consistently higher than the

predicted average.  These cracks developed in the region of the splice that failed.

The measured values of the curvature vs. the moment were comparable to the

predicted values.   The stiffness was maintained through the service levels, but fell off as

the splice began to fail.  Prior to the failure of the splice, spalling of the compression face

of the concrete occurred but had no apparent affect on the strength or stiffness of the

specimen.  Unlike specimen #7, the splice failure caused this beam’s capacity to be 79%

of the predicted capacity, Figures 32, 33, and 34.
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Figure 32:  Specimen #10  Load vs. Deflection.
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Figure 33:  Specimen #10  Moment vs. Curvature.
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Figure 34:  Specimen #10  Load vs. Crack Width.

Concrete Cover Sensitivity

Two specimens, #8 and #11, were designed to study the effects of adding more

cover.  Specimen #8 contained the fine NEFMAC grid, but instead of providing only ½

in. (12 mm) of cover it was increased to a full inch (25 mm).  Specimen #11 contained

the coarse NEFMAC grid, and also provided a full inch of cover.
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Specimen #8

The concrete in specimen #8 was segregated and did not have a compressive

strength as high as anticipated.  The actual strength of the concrete was used as an input

in the model predicting the behavior of the specimen.  Prior to cracking the model closely

predicted the behavior.  Once the specimen cracked, at approximately 36% of its

predicted capacity, the specimen maintained a higher stiffness than the model predicted.

As the load increased, audible popping was detected.  Examining the ends of the

specimen revealed that the bond of the prestressing strands had not failed.  A close

inspection of the existing crack did not suggest any rupture of the longitudinal strands of

carbon.  As the specimen neared its predicted capacity, large flexural cracks developed at

the cut off points of the NEFMAC reinforcement.  At this point the load was reduced by

3 kips.  An attempt was made to expose the NEFMAC grid to determine if a cross bar

rupture produced the popping noises. Once a small section of the NEFMAC grid was

exposed, flexural cracks at the cut off points turned into diagonal cracks and sudden

shear-flexure failure occurred.

Even though the NEFMAC grid was embedded deeper into the specimen, it still

influenced the crack control of the specimen.  The average between the NEFMAC and

the prestress prediction produced a close estimate of the crack width through the service

level.   The mature crack pattern in this specimen maintained an average of 2 in (50 mm)

between cracks.  This crack pattern matched the NEFMAC grid spacing, but it was not as

defined as the crack pattern found in the specimens with less cover.  Smaller cracks

accompanied the larger ones, which was not found in the other specimens, Figures 35, 36,

and 37.
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Figure 35:  Specimen #8  Load vs. Deflection.
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Figure 36:  Specimen #8  Moment vs. Curvature.

0

5000

10000

15000

20000

25000

0 5 10 15 20 25 30 35 40 45 50

Crack width (in*1000)

Lo
ad

 (l
bs

)

Prestress Yield

Carbon

Prestress
K

MJ

Average

εNEFMAC εNEFMACx2

Service load

Figure 37:  Specimen #8  Load vs. Crack Width.
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Specimen #11

The concrete in specimen #11 did not reveal any segregation.  Although the

instrumentation was removed that monitored the crack widths and the curvature, the

instrument recording the deflection was left on the specimen until failure.  The model

predicting the load vs. deflection of the specimen was accurate until the yielding of the

prestressing strands.  Once the prestressing strands yielded, the specimen continued to

deflect more than the model predicted.

The M-φ curves revealed that the model closely predicted the response of the

specimen.  Until the instrumentation was removed, a close estimate of the movement of

the neutral axis and the stresses in the concrete and reinforcement can be assumed. The

predicted mode of failure for the specimen was a crushing of the concrete.  The actual

response of the specimen exceeded the prediction.  According to the model, at the time of

failure, the strain in the concrete may have been as much as εc=0.0038.  As the load

increased, large flexural cracks formed at the cut off points of the grid reinforcement, an

equal distance away from the centerline.  Each of these cracks became very large before

the diagonal crack on one side was formed.  Once the diagonal crack started, the energy

in the beam was released in a shear-flexure failure.

The crack response of this specimen was much like that of specimen #8.  The first

sign of cracking occurred at 33% of the predicted ultimate capacity.  The average of the

carbon and prestress predictions produced a good estimate until the yielding of the

prestressing strands.  Once this occurred the average of the predicted crack widths

underestimated the crack sizes.  As the crack pattern developed, the average spacing was

approximately 4 in (102 mm), which matched the grid spacing of the NEFMAC.
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Although the average spacing was 4 in (102 mm), the pattern was again unevenly spaced

with variation in the crack widths.  Smaller cracks accompanied the larger, monitored

cracks.  The cracks that were monitored also showed a larger variation in widths than was

observed in the specimens with less cover, Figures 38, 39, 40.
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Figure 38:  Specimen #11  Load vs. Deflection.

0

200

400

600

800

1000

1200

1400

1600

0 0.0005 0.001 0.0015 0.002 0.0025
φ

M
 (k

*in
)

Prestress Yield

εc=0.003
Predicted

Measured

Figure 39:  Specimen #11  Moment vs. Curvature.
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Figure 40:  Specimen #11  Load vs. Crack Width.

Alternative Reinforcement

Of the three specimens that did not contain the NEFMAC grid, two of them

contained an alternative reinforcement.  Specimen #4 contained wire mesh grid

reinforcement.  The wire mesh was a W4 4in/4in of ¼ inch diameter rods.  Specimen #5

contained the full amount of prestressing steel and four Riechold CFRP rods for crack

control reinforcement.

Specimen #4

This specimen was predicted to first yield the wire mesh grid and then the

prestressing strands.  Once yielding and rupture of the wire mesh occurred, failure would

be determined by excessive deflection.  A comparison of the predicted behavior vs. the

measured response confirmed the predicted yielding order.

The first sign of cracking occurred at approximately 50% of the predicted

capacity.  Like the behavior of many of the NEFMAC grid specimens, the loss of

stiffness after cracking did not occur as rapidly as predicted.  Because the anticipated
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failure was going to be ductile, the monitoring devices were left on the specimen long

after the yielding of the strands occurred.  The ultimate load of the specimen occurred

when the 14-inch (356 mm) stroke of the jack was reached.  Failure of the specimen was

defined when the welded wire grid yielded.  The ultimate load was 121% of the predicted

ultimate capacity and coincided with rupture of the grid.

The concrete cores removed from the specimen measured a compressive strength

of 10,530 psi (72.60 Mpa).  There was no sign of segregation, and the aggregate

dispersion appeared consistent throughout the cores.  Using the data obtained from the

cores, the model predicting the behavior of the specimens was accurate.

The cracking pattern of specimen #4 began much like those specimens containing

the NEFMAC grid reinforcement.   The cracks occurred at 4 in (100 mm) intervals.  As

the load increased, the number and size of the cracks increased.  Smaller cracks formed,

and the large cracks near the centerline of the beam began to grow much larger than the

other cracks.  This pattern of cracking did not occur in the specimens containing the

NEFMAC grid.  From the data it can be seen that the width of the major cracks followed

the Gergely-Lutz predicted behavior of the wire mesh grid.  Before the predicted yielding

of the wire mesh, the cracks began growing larger than the Gergely-Lutz wire mesh

prediction.  Prior to this occurring, the average computed crack width value is

conservative, compared to the actual crack widths.  After yielding the average is

unconservative, however, the Gergely-Lutz equation is not intended to predict crack

width after yielding of the reinforcement.  After the wire mesh had apparently yielded,

the centerline crack began to grow much larger than the other cracks.  A plastic hinge

developed in the specimen, and a later core revealed that the wire mesh had ruptured at
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this location.  This was the only specimen that produced a rupture in the crack control

reinforcement, Figures 41, 42, and 43.
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Figure 41:  Specimen #4  Load vs. Deflection.
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Figure 42:  Specimen #4  Moment vs. Curvature.
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Figure 43:  Specimen #4  Load vs. Crack Width.

Specimen #5

This specimen was tested in the usual fashion until a failure of the test frame

caused the flexure test to be stopped.  The beam was completely unloaded, and then

tested to failure when the test frame was repaired.  The second time it was reloaded crack

widths and curvature were not monitored.  Failure occurred in the compression of the

concrete.  The maximum load achieved was 98% of the predicted capacity. The

computed strain in the concrete at failure was εc=0.0029.

The crack pattern produced by the flexure of this specimen was not as evenly

spaced as the grid-reinforced specimens.  The crack spacing ranged from 4 – 6 in (100-

150 mm), in a random manner.  The cracks, monitored by linear potentiometers E and F,

were the largest.  The line marking the average of the predicted values conservatively

estimates the maximum up to the yielding of the prestressing strands.  Once the

prestressing strand yielded, the prediction was no longer valid.

As the load approached 50% of the predicted capacity, longitudinal cracks began

to form in the specimen.  These cracks were not opening as large as the transverse flexure
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cracks occurring transversely across the beam.  The cracks did not become continuous

until near complete failure of the specimen.  Once the specimen failed, it became obvious

that these cracks formed directly over the Reichold rods.  The cause and effect of these

cracks was not readily evident, but may be due to the deformation on the Reichold bars

and low cover.  A later investigation of the specimen revealed that not only were steel

stirrups used to place the rods in the specimen, but transverse steel rebar was found

supporting the rods, Figures 44, 45, and 46.
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Figure 44:  Specimen #5  Load vs. Deflection.
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Figure 45:  Specimen #5  Moment vs. Curvature.
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Figure 46:  Specimen #5  Load vs. Crack Width.

DISCUSSION AND OBSERVATIONS

Shear-Flexure Failure

Prior to testing, an anticipated mode of failure was predicted for each of the

specimens.  With the exception of specimen #9, yielding of the prestressing tendon was

predicted to occur first for all specimens.  Once the prestressing tendon yielded, further

flexure of the beam would cause a rupture in the carbon reinforcement, yielding of the

wire mesh, or crushing of the concrete in the constant moment region.  Specimen #1,

which contained no grid reinforcement, yielded the prestressing tendon and loading was

terminated due to excessive deflection.  Specimen #4, which contained the wire mesh

reinforcement, yielded the prestressing tendon, the wire mesh grid, and then ruptured the

mesh. Specimen #5, reinforced with the Reichold CFRP rods, sustained an increase in

load until a compressive failure of the concrete occurred.  Specimens #7 and #10 failed in

the splice.  These five specimens failed in the predicted manner.
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The six remaining specimens failed due to a phenomenon identified as shear-

flexure failure.  Each of these specimens developed large flexure cracks at the cut off

locations of the carbon reinforcement prior to reaching their predicted capacities.  These

cracks then turned into diagonal shear cracks that caused an immediate failure of the

specimen, Figure 47.  Specimens #2, #8, and #11 failed in this manner.  The flexure crack

proceeded to the level of the prestressing tendon and then developed a shear failure.  As

the beam failed in shear, debonding of the prestressing tendon occurred, extending from

the flexure crack to the end of the beam.  The rapid release of the stored energy in the

prestressing tendon and the strain energy in the beam, due to the shear-flexure diagonal

crack, resulted in an explosive failure.  Because of this explosive failure response,

specimens #6 and #9 were unloaded before the shear-flexure failure could develop.

Specimen #3 produced an apparent failure in the concrete at centerline, but flexural

cracks at the cut off points were observed.

These failures occurred due to the detailing of the test specimens.   For each of

these specimens, the grid reinforcement was cut off in the tension zone well away from

midspan.  ACI 318 section 12.10.5 has special precautions in the detailing of such

regions.  One of these precautions requires that the shear force should not be more than

2/3 of the design shear strength, φVn (ACI 318 12.10.50.1, 1999).    As the shear force

approaches this limit shear-flexure failure is imminent.  The mechanism that causes this

failure to occur cannot be explained by a direct analysis of the principle stresses within

the beam (MacGregor, 1997).  The code commentary explains, “Cracks tend to open

early wherever any reinforcement is terminated in tension zone.  If the steel stress in the

continuing reinforcement and the shear strength are each near their limiting values,
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diagonal tension cracks tend to develop prematurely from these flexure cracks” (ACI 318

12.10.5 Commentary, 1999).  When reinforcement is terminated in the tension zone, the

stress being carried in the reinforcement is transferred to the surrounding concrete.  This

eccentric stress on the concrete changes the flexural crack into a diagonal crack.

Although the stress that causes the reduced shear strength is not clear, the effect is well

documented (Ferguson, 1988).

When the shear in the specimens tested reached 2/3 φVn, the location and nature

of the cracks tend to suggest that this phenomenon was what caused the failure of the

specimens.  The nominal shear resistance is equal to the concrete contribution, Vc, and

the shear reinforcement contribution, Vs.  Because no shear reinforcement was added, all

of the shear resistance is derived from the concrete contribution, Vc.  The ACI code

states that the value of “Vc need not be taken less than 2√f’c bwd”(ACI 318 11.4.1, 1999).

The concrete used in the specimens was high-strength and low-density.  Although these

properties enhance the performance of the concrete, ACI 318 limits this performance

with regards to shear.  The value of f’c is limited to a maximum of 10,000 psi (68.9 MPa)

(ACI 318 11.1.2, 1999).  Because the specimens contain low-density aggregate, a factor

of 0.75 must be multiplied with the value of √f'c (ACI 318 11.2.1.2, 1999).  These two

limitations reduced the calculated value of the concrete shear contribution considerably.

At the location of the cut off of the reinforcement in the tension zone, the maximum

measured shear exceeded the concrete shear strength limitation, Table 5.  The lack of

shear strength appeared to be the cause of the shear-flexure failure.  The maximum shear

at the cut off point for specimens #6 and #9 was well below the shear capacity of each of
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the specimen.  In these specimens, flexure cracks were observed at the cut of points but

no diagonal cracks were formed.

Table 5:  Shear-Flexure.

Specimen
Max
Load
(lbs)

Max Shear @5'
(lbs)

f'c
(psi)

2/3 of 2√f'c*bw*d
(lbs)

Specimen Behavior at
Termination of Loading

2 26100 13100 9440 12200 Diagonal cracks developed, shear failure occurred

3 27800 13900 9100 12000 Small flexure crack observed at cut off pt.

6 17800 8900 10930 12600 Large flexure crack observed at cut off pt.

8 25600 12800 9150 12100 Diagonal cracks developed, shear failure occurred

9 18200 9100 10930 12600 Large flexure crack observed at cut off pt.

11 30800 15400 10020 12600 Diagonal cracks developed, shear failure occurred

An apparent inconsistency arose when analyzing the failure of specimen #5.  The

model estimated concrete in the compression face reached a strain of 0.0029 when a

compression failure occurred.  Although the Reichold CFRP was used in this specimen

rather than the grid, the cut off point was the same.  According to the design of the

specimen, it should have failed in shear-flexure as well.  This inconsistency remained

unexplained until post-test investigation revealed that steel stirrups had been used in this

specimen to support the CFRP rods.  These stirrups were located very near the cut off

point of the carbon rods.  This shear reinforcement, consistent with ACI detailing

recommendations, prevented the diagonal cracks from forming.
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Figure 47:  Diagonal crack of shear-flexure failure of specimen #11.

FRP Behavior in Compression

In the design of the eleven specimens, reinforcement was placed on the

compression side of the specimen.  There was much less compression reinforcement than

tension reinforcement, and it did not appear to affect the strength or stiffness of any of the

specimens in an appreciable manner.  One of the only times the compression

reinforcement was exposed was during the testing of specimen #8.  This specimen failed

due to shear-flexure.  The diagonal cracks that formed in these failures always angled

toward the centerline of the beam.  After examining the failure of this specimen, it was

observed that the diagonal crack became horizontal on the same plane as the compression

reinforcement, Figure 48.  The reinforcement in this specimen was a fine grid.  Specimen

#2 contained the same reinforcement and also failed in shear-flexure.  The amount of

cover for the reinforcement and the strength of the concrete were the only differences

between the specimens.  The diagonal crack did approach horizontal in specimen #2, but

not on the same plane as the compression reinforcement.  Specimen #11 contained a
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coarse grid and failed in a similar manner to specimen #2.  Because of the variation in

failures occurring with the diagonal cracks, an assumption that the grid may cause a

weakness in a shear plane cannot be concluded.  Conclusions about the behavior of the

NEFMAC in extreme compression cannot be made because no failures of the NEFMAC

in the compression zones occurred.

Figure 48:  Specimen #8 Exposure of compression reinforcement.

Splice Failure of NEFMAC Grid

The splice failed in the same way for specimens #7 and #10.  As the load

increased, the curvature of the specimen in the splice region also increased.  Flexure

cracks began to form similar to those specimens not having a splice.  A prying action

built up in the primary grid reinforcement until a shear plane developed between the

surfaces of the splice and the primary grid, Figure 49.  The concrete cover over the grid
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reinforcement was pried up.  The loss of cover concrete decreased the anchor strength of

the splice, which immediately caused the crossbars anchoring the splice to fail.  This

prying action, leading to failure, occurred in both specimens.  Because of the way this

prying action occurred, placing the splice on the opposite side of the primary grid would

not eliminate the problem.  Overlapping the primary grids to create the splice would

likely produce the same result.

Figure 49:  Prying action in the splice failure of specimen #7.

CONCLUSIONS

This theoretical and experimental program allows the following conclusions to be drawn:

•  Behavior Model Works:  The behavior model produced to predict the behavior of the

NEFMAC grid reinforced specimens is an accurate estimate of the actual behavior.  A

comparison of the test data vs. the predicted behavior reveals that the model under
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predicts the deflection of the specimen near the load required to crack the specimen,

but is an accurate model through the service load of the beam.

•  Segregation:  Segregation of the concrete did not appear to be a factor affecting the

load required to produce cracking, although the overall compressive strengths of the

segregated concrete specimens was less than the strengths of the non-segregated

specimens.  Correcting predicted concrete strengths to the actual strength is necessary

for correlating results.

•  Crack-Widths are Predictable:  The crack width patterns of the NEFMAC grid were

uniform and predictable.  Although the fine grid did not develop a mature crack at

every crossbar, the cracks are still predictable.  The crack spacing of the coarse

NEFMAC grid will be close to the same as the grid spacing.  These cracks are very

uniform and mature evenly.  The average between the predicted values of the CFRP

controlled crack width and the prestressing strand controlled crack width, both

calculated using the Gergely–Lutz equation, yields a good estimate of the largest

crack widths.  This is true for the NEFMAC and the Reichold CFRP rods.  An

approximation for the crack widths of a coarse NEFMAC reinforced specimen can be

made by calculating the accumulated longitudinal strain of one grid spacing.  The

same is true for the fine NEFMAC grid, but because the largest cracks tend to mature

at every other crossbar, the crack width can be approximated as the longitudinal strain

of two grid spacings.  As cracks develop over all of the crossbars, this estimation

becomes more conservative.  Further testing may reveal that a grid spacing of 3

inches (76 mm) may be the optimal grid crack control reinforcement.  The Reichold

rods produced a tight crack pattern, but the spacing is not as predictable as the
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NEFMAC grid.  The crack spacing for the rod reinforced specimen tended to

decrease near the centerline of the beam.  The CFRP helped control the crack widths

considerably, and also contributed to the overall strength of the specimen.

•  Detailing:  Because the cross-bars in the NEFMAC grid develop the tensile strength

in such a short distance, cut off of the grid is not recommended in the tension zone of

the beam.  Cutting off the grid in the tension zone caused shear-flexure failures to

occur.

•  NEFMAC vs. Reichold Bars: The NEFMAC grid produced a more predictable crack

pattern, but splicing of the grid may not allow full development of the NEFMAC due

to the radial peel failure.  The Reichold rods yielded a tight crack pattern, may be

installed continuously, and do not need to be terminated in the tension zone.

•  ½ in (12 mm) of cover is sufficient for the crack control reinforcement.  Because of

the development of longitudinal cracks the cover may need to be increased to ¾ in – 1

in (19 mm – 25 mm) for the Reichold CFRP rods.

•   Predicted maximum crack width is the controlling factor for design.  There is

sufficient strength in the CFRP reinforced specimens to meet ACI criteria for control

of crack width.

RECOMMENDATIONS FOR FURTHER TESTING

1. Perform test with the final mix design and final reinforcement selection of one-way

slab with no CFRP terminations in the tensile zone.

2. Perform 2-D test with air bag to validate the accumulated strain model in two

dimensions.

3. Verify that the compression reinforcement does not create a weak shear layer.
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4. Because of the stress concentrations on the crossbars of the NEFMAC grids, perform

durability tests on the shear strength of the crossbars.

DESIGN RECOMMENDATIONS

1. The coarse NEFMAC grid performed well in controlling the crack pattern and widths.

Furthermore, the accumulated strain model for crack width provides a simple and

effective design tool based only on the stress of the CFRP.

2. Continuous reinforcement, such as the Reichold CFRP rods, provide equivalent crack

width control and the splice problem can be avoided.

3. Continue all CFRP reinforcement to the end of the section or one depth past the

inflection point to avoid a shear-flexure failure.
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APPENDIX

Labview Program Diagram

Figure 50:  Front Panel of Labview program.
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Figure 51:  Diagram of Labview program (wiring #1).

Figure 52:  Diagram of Labview program (wiring #2).
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Figure 53:  Diagram of Labview program (writing to text file #1).

Figure 54:  Diagram of Labview Program (writing to text file #2).
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