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ABSTRACT

Precast insulated concrete sandwich panels have been used with proven success in commercial
building application as wall elements to provide both vertical and lateral strength and thermal and
environmental protection. Various configurations and materials have been used to provide certain
degrees of strength, thermal resistance and composite action. The mechanics of the sandwich panel
rely on the transfer of compressive and tensile forces due to flexure via shear through the web
connectors. These web connectors have varied from steel wire trusses to carbon fiber composite grid
trusses to solid concrete zones. For optimum thermal performance the connectors not providing a
thermal bridge are best suited. For optimum strength and stiffness performance the shear connectors
that create the highest degree of composite action and anchorage in the concrete zones shall be used.
Furthermore, if the insulated concrete sandwich panels can be better understood, developed and
tested in the horizontal application rather than as a wall element, they can be used for roof and
possibly floor applications. This will provide environment and thermal resistance and required

strength and stiffness.

This study investigates the design and testing of several scaled test sandwich panel configurations
using solid web FRP plate shear connectors. The stiffness, strength and degree of composite action
for each set of panels is calculated and compared and finally 2 full scale test panels are developed
and tested. Along with testing and calculations, numerical modeling or finite element analysis is
employed to show correlation between the test results for future development of an analytical model.
Precast concrete sandwich panel engineering performance varying depending on the degree of
composite action of its constituent materials and strength of properties. Employing a nonlinear
numerical solver that can capture the quasi-static response of the panels under flexural loading is
valuable and desirable for future development.

These test panels, both scaled and full-scale show adequate results for strength, stiffness and degree
of composite action to justify further development and research into their use as roof or floor
structural support members. Long term creep effects have also been investigated in this study,
however further creep studies are warranted and recommended. Finally, these panels are not limited
to the use of residential and commercial application; rather they have the potential as suitable

candidates for structures intended to provide blast and/or accidental explosion protection.
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CHAPTER 1: INTRODUCTION

1.1 PROBLEM STATEMENT

Most sandwich panels are comprised of two outer concrete wythes and an interior polystyrene or
polyurethane insulation layer. These outer concrete wythes are connected to one another with some
form of shear or panel connector, whether it’s a proprietary or conventional system. There also is
temperature reinforcing steel usually in the form of welded wire fabric and/or prestressing strand to

help with lifting and moving the panel.

It has not been documented or verified when the first sandwich panels were incorporated in
structures; however it is estimated to be around the 1960’s. In the 1970’s there was a large demand
for energy efficient building construction that increased the demand and popularity of these panels.
Then in the 2000’s renewed demand for energy efficient and sustainable building products brought
these panels back to the forefront of precast building construction. The typical design and
installation of concrete sandwich panels configures the panels to span vertically from foundation to
roof and/or floor diaphragm. In some cases the sandwich panels are used as a spandrel panel
connecting vertical column elements over opening in the wall system. The panels are designed today
to provide axial, shear, in-plane bending strength, and out-of-plane bending strength. The panels are
required to be built with enough strength to be manufactured, lifted out of the forming bed,
mobilized to the construction site, lifted in place, support gravity axial loads and wind and seismic

out-of-plane loads.

With new improvements and desire to have green construction and sustainable building design, these
panels could also be used in roof systems to provide in-plane diaphragm shear, out-of-plane bending,
insulation and membrane protection against the environment. A bending test was conducted by the
author on a sandwich panel which was originally constructed as a vertical wall element. The test
results showed promise that the panel could be used as a horizontal structural element. The outline
and summary of the investigation is shown in Chapter 3 of this report. Following this proof-of-
concept test, extensive research has been carried out to develop an innovative sandwich roof panel.
These panels when placed in the horizontal configuration rather than the typical vertical wall
application can provide strength, weather resistance and insulation similar to the conventional
concrete green roof system shown in Figure 1. Precast/prestressed concrete insulated sandwich

panels will be referred to as sandwich panels or simply panels in this dissertation.
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Figure 1 — Typical green roof construction

The intended typical configuration of the sandwich panel will have a top exterior plate comprised of

fiber-reinforced polymer (FRP) as shown in Figure 2.

FRP Plate
. +—Top Concrete Wythe
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;' 4‘*' :':-f -.' * .‘ -::."-..'.5 1""“,“". s *~—Bottom Concrete Wythe

Figure 2 — Simplified example of sandwich panel with FRP plate

The panels will have various configurations of FRP shear connectors connecting the top concrete
wythe to the bottom concrete wythe as shown in Figure 2. The FRP shear connectors configuration
that produces the highest strength and flexural stiffness and the highest degree of composite action

(DCA) will be promoted to future research, testing and production.

Figure 3 — Simplified example of sandwich panel with FRP shear connectors

The insulation foam core is located in the center wythe of the panel and the exterior FRP plate will

be anchored or bonded to the concrete outer wythes in order to develop composite action. FRP shear
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connectors will be mechanically anchored to the outer concrete wythes through the use of reinforcing
steel and concrete interlocking. Other forms of mechanical shear transfer such as solid zones of
concrete, commercially available mechanical ties and/or proprietary composite ties such as C-Grid®
will not be used in this study to develop composite action through the depth of the panel. The
insulation used in the panel can either be expanded polystyrene (EPS) or extruded polystyrene (XPS)
and in this study EPS was used. Although solid zones of concrete provide the most reliable form of
full-composite action, the thermal bridge that it creates is counterproductive in the intended use of
the panel. The top concrete wythe in this study will be studied with and without primary flexural
steel reinforcement due to the presence of the FRP plate, which is intended to provide flexural
strength. The top and bottom concrete wythes will be anchored together with FRP shear connectors
which provide mechanical shear transfer. The bottom concrete wythes shall have primary
longitudinal steel reinforcement for strength and serviceability. Transverse steel reinforcement will

be added for control of shrinkage and temperature effects.

These panels are called FRP-Confined Precast Concrete Sandwich (FPCS) panels. The FPCS panels
are believed to be good candidates for both residential and commercial applications, however they
could also be used for industrial and military/government applications to resist explosion and/or blast
events. A brief study is included in this report to show the advantages of the FPCS panel when used
as a roof element to resist blast loading when compared to a solid reinforced concrete panel.

Finally advantages in the use of this FPCS design will include increased production time with no
concrete stripping required and no top wythe reinforcement required. The panels will be energy
efficient and when used in roof applications they will provide the insulation and the roofing
membrane in one single installation. More specifically the FPCS panel will provide the following

advantages:

(1) Energy Efficient: Similar to precast sandwich wall panel, FPCS panels have a better thermal
efficiency from the foam core. Precast insulated wall panels have been identified to be one of the
most structural efficient systems in terms of low material consumption and high thermal efficient
systems. Bush and Stine (1994)1*% stated that the use of insulated precast wall panels can increase the
thermal efficiency of concrete sandwich panels nearly 30 percent over that of a stud wall system.
These thermally efficient systems can save nearly 20 percent in energy cost compared to framed
walls (Gleich 2007)!. Insulated concrete sandwich wall panels with polystyrene cores can exhibit R-

values of up to 30 in comparison to a stud wall system with an R-value of 5 to 10 (Christian &
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Kosny 1999)! 1. With the additional FRP layer, it is expected that FPCS panels will have better
thermal capacity than precast sandwich wall panels. FRP has a thermal resistance R value of about
3.3 F-ft>-hr/Btu-in, which is comparable to EPS (average R-value of 3.8 F-ft-hr/Btu-in) typically

used for sandwich wall panel.

(2) Reduced Weight and Higher Strength: FPCS panels can also provide a lighter system which is
critical for the construction industry and seismic design. It has been reported that precast sandwich
wall panels can achieve equivalent strength to a solid panel yet consume nearly half the concrete
material. It is expected that FPCS panels can have higher capacity than the sandwich wall panel,
since FRP plate can provide a confining effect to the concrete, which can increase the concrete

flexural strength.

(3) Reduced Cost: The cost reduction comes from a) the reduced concrete material as indicated
above; b) elimination of water membrane, which costs about $1.2-$1.8/ft>, and insulation layer,
which costs about $1.2-$1.6/ft> (www.howewyse.com); and c) elimination of the reinforcement for

top concrete wythe. The added cost from FRP plate can be offset by these cost reductions.

(4) Reduced Overall Roof Depth: Due to the elimination of the water membrane and insulation
layers, the overall depth of the roof can be reduced. When installing precast structural products on
the roofs or floors of a building they usually come in the form of precast single or double tees,
inverted tee beams with hollow core plank or other structural members that have a large depth to
them to achieve adequate strength and stiffness. One primary advantage to using a concrete
sandwich panel roof or floor system is the ability to build structures with low floor-to-roof heights.
This leaves more architectural and mechanical plenum space for the building, which is sometimes

critical to meeting zoning requirements by the building authorities.

There are various forms of green roof construction, including various structural materials and
support systems. The residential home built in Salmon, ID, in 2006, Figure 4, utilized insuated
concrete forms for wall construction then post and steel beam system for support of hollowcore
plank roof. The hollowcore plank then had to be grouted, a topping slab added, insulation, water
proof membrane, bituminous damproofing, then top soil. Although the construction was quick and
the building is simple to construct, additional steps were included for the insulation and water proof

membrane. Furthermore the steel beam system and the hollow core system acted non-compositely to
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create an adequate structural roofing system, that in turn took up space in the ceiling cavity and then

again with the support posts.

Figure 4 — Green roof residential construction

Other green-roof systems include steel with steel deck, wood, cast-in-place concrete and precast
structures. The common attribute for green roof systems are sufficient insulation, even with soil
topping to negate a condensation effect from the potential thermal gradient, and an adequate water

proofing membrane to protect against water intrusion.

(5) Fast Construction: FPCS panels provide a quick and efficient construction system when
construction costs are critical or the job site is subjected to harsh construction environments. Panels
can be cast in a controlled environment ensuring structural quality, and then placed in the field with
less labor than in-situ roofs.
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(6) Water Resistant: FRP has excellent water resistance property. For FPCS panels, since FRP and
concrete are an integral part, the water resistance is expected to be better than an in-situ roof with

traditional water membrane.

(7) Durable: For FPCS panels, concrete can effectively resist cracking due to the confining effect
from FRP plate. Even if concrete cracks for any other reason, the effect is less significant due to the
protection from the FRP plate above. Therefore, it is expected that the FPCS roof can have a longer

life span than a traditional roof.

1.2 OVERVIEW OF RESEARCH PROGRAM TO DEVELOP FPCS
PANELS

The research team involved with this dissertation, including the author, intends to develop and test
both scaled and full-scale precast concrete sandwich panels to be used for green-roof applications.
The panel must be able to span long distances of greater than or equal to 16 feet, support engineered
green roof soil or up to three feet of top soil, and have incorporated within the construction of the
panel a composite material exterior membrane that will both serve as moisture barrier and flexural
strength. Further objectives of this study are to develop fiber-reinforced polymer (FRP) shear
connectors, which can be easily cut from commercially available FRP plates, and study their effects
on the flexural behavior of insulated concrete sandwich panels. A finite element (FE) analysis model
shall be developed for each test panel to determine if a numerical approach can be used to determine
the strength and deflections of the panel. Creep testing shall be performed on the panels to study the
long term loading effects of the sandwich panels and finally a brief blast analysis study will be
conducted to compare the baseline solid concrete panel to one of the FRP concrete sandwich panels

tested in this study.

In summary the following shall be performed:

1. Develop FRP shear connectors and several concrete sandwich panel configurations to
compare strength, stiffness and degree of composite action (DCA).

2. Test the scaled and full scale test panels in a static setting.

3. Conduct a creep test on both solid concrete panels and sandwich FRP concrete panels to

study long term effects.



4. Create innovative dynamic FE models for sandwich panels with soft core to determine the
accuracy of numerical analysis in designing future sandwich panels.

5. Create and FE model to predict the creep behavior

6. Perform a blast numerical analysis on (1) solid concrete panel and (1) FRP concrete
sandwich panel.

7. Propose design guidelines.

8. Determine the commercial application of these panels.

In parallel to this dissertation, items 1 through 3 have been addressed in the thesis by Norris**.
Figure 5 shows the organization of the sandwich panels that were constructed and tested. The solid
concrete panel is the baseline or reference panel and from there we have 3 main types of sandwich
panels which then are segregated into with and without FRP plates. With this order of development
and testing we have created a reliable set of data for the various configurations that we feel will be
most common and useful. Then with validation of a FEA model, we can perform parametric studies

and determine if any other arrangements shall be considered.



Concrete Panel Research for Out-of-

Plane Flexure

Solid Concrete Panels

|
Insulated Sandwich Concrete Panels

Discrete FRP Shear Connectors

Segmental FRP Shear Connectors

Continuous FRP Shear Connectors

No Exterior FRP
Plate

With Exterior FRP
Plate

Figure 5 — Concrete panel construction configurations

No Exterior FRP
Plate

With Exterior FRP
Plate




9
The shear connectors are fabricated by cutting patterns from commercially available FRP composite
products. Several different configurations of the shear connectors in the sandwich panels were
compared with the baseline solid concrete panel test results to determine the DCA and flexural
strength and stiffness capability. The first set of (8) concrete scaled test panels are shown in Figure 5
which were comprised of a set of solid panels and sandwich panels, then within the sandwich panel
group discrete FRP, segmental FRP and continuous FRP connectors were incorporated. The load
versus deflection comparison of the panels is shown in Figure 6. Further test results are presented
later in this study and in the thesis submitted by Tom Norris*l. Panels were also tested in select
cases with and without exterior FRP plates on the concrete top and side surfaces. These types of
solid web shear connectors are in contrast to the to other forms of precast concrete sandwich panel
connectors such as glass fiber reinforced polymer (GFRP) truss ties, steel wire ties, and carbon fiber
truss girds. Solid concrete zones in some cases have also been used to develop higher composite
action between the concrete wythes, however thermal bridging occurs when this method is used,

negating the intended effect of the insulation layer.

Adjusted Slab Comparison

25000
20000 et NN Discrete 1
vvvvvvvvv Discrete 2
g 15000 = = Segmental 1
E ., — = Segmental 2
= 10000

== = Continuous 1
= = Continuous 2
Solid 1
Solid 2

5000

0 0.5 1 1.5 2 2.5 3 35
Deflection (in)

Figure 6 — Initial slab testing comparisons

A Dbrief overview of the (8) scaled test panels load versus deflection in the linear-elastic range is
shown in Figure 7 and right away it is clear the continuous and segmental FRP connectors provide
superior DCA values when compared to the discrete FRP connectors. Considering solid slab is
100% composite or DCA, it can be shown in Figure 7 that the continuous FRP connectors, although
do not provide 100% of DCA, achieve the highest values.



10

Adjusted Slab Comparison
1200
1600
tapg oy A Diacrete 1
......... Discrete 2
1200 . a1
e gt ent
. gm
&, 1000 Segmental 2
E 200 — —Contirmous 1
=
— —Contirnous 2
600 .
Solid 1
400 Solid 2
200 100% Composite
0% C omposite
0
0 0.005 0ol 0015 0oz
Deflection (in)

Figure 7 — Linear range DCA comparison

1.3 RESEARCH SIGNIFICANCE

The most accurate and confident way to determine the strength of these precast concrete sandwich
panels is to test them for static and cyclic loading. These tests are costly and time consuming, so
naturally it would be better to speed up the iterative design cycle and have the ability to use finite
element analysis to determine the maxim strength, deflection and failure mechanisms. Furthermore
it has been found that this numerical analysis problem cannot be completely solve by a static linear
model since the failure of the panel in itself is a quasi-static mechanism. The linear static finite
element analysis model seems to present better results at the initial portion of the loading, however
the dynamic quasi-static analysis model provides better post-cracking results which are useful to
predict failures. The flexibility of the shear connectors also proposes problems with solving the
numerical problem and once again a quasi-static FEA model is better suited for this structural
system. As the applications for these panels expanded to blast resistant structures, this type of
dynamic versus static model is necessary in order to model that type of response and therefore it’s an

appropriate adjustment.
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Therefore, the primary research significance to this study is the creation of quasi-static FE models
using ABAQUS® numerical explicit solver, which is a commercially available program. Damage
plasticity models that have been developed and tested by other researchers in the past?EIZIE4
where used as starting points for this FE study, however explicit analysis was applied in the
numerical solver to capture more of the quasi-static effects of the concrete damage. Good
correlation is shown between the FE model and the test results and furthermore the FE analysis
shows excellent damage results and areas of concern as the panels undergo flexural behavior. These
models can be used to predict flexural strength and deflection when loaded and if warranted, cyclic

loading can be applied.

Creep analysis has also been included in this study to provide insight on the long term effects of the
panels when positioned horizontally and loaded in out-of-plane bending. There were no available
commercial solvers or routines for analyzing creep effects in concrete sandwich panels and this study

includes a subroutine program to be used in ABAQUS for the creep analysis of these types of panels.

Concrete is a common building material utilized in construction for the protection and/or mitigation
for blast explosions, whether terroristic or accidental. The Unified Facilities Criteria (UFC)®™ was
initially established in the 1960°s and focused primarily on concrete as a blast protective building
structure. Since then other materials have been studied, tested and documented in the UFC 3-340-02
to provide engineers other resources from which to choose from when considering blast protection.
However precast concrete sandwich panels are not mentioned as a primary building load carrying
and blast resisting material. There is mention of using precast concrete panels along with a steel
frame and solid precast concrete building materials as a standalone structure. The limitation
recommended by the repost is that precast concrete building material be used for low pressure levels
1 to 2 psi and limited to single-story buildings. The primary focus of this research study is not on
blast design and mitigation effects. However the author feels that the precast concrete sandwich
panels tested to offer both blast resting strength along with the desired energy efficiency in one
product. A brief numerical analysis shall be performed with no test data backup to present some
useful comparisons. Perhaps future studies could show this to be a suitable and desirable building

material for these applications.
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CHAPTER 2: LITERATURE REVIEW

2.1 INTRODUCTION

The focus of this study is to develop concrete sandwich panels with FRP shear connectors to support
live and dead out of plane loading which may include green roof loading. Further goals of this study
are to determine the degree of composite action of the panels and how they compare to solid
reinforced concrete structures. In the case of the insulated sandwich panel the substitution of the
insulation for the concrete reduces weight while providing necessary thermal resistance values. In
this literature review the focus was primarily on the strength of the panels, the sensitivity to
variations in construction types and methods, variations in insulation and recommended use of the
panel. Until recently, within the last 10-20 years, little experimentation has been performed on
panels with an outer composite membrane in the form of FRP materials. Rather most of the available
research was focused in the composite internal action of the concrete wythes and the wythe ties. The
existing DCA research is valuable and will be utilized in this study. The material and configuration
of the shear connectors in this study are unique, and although existing concrete wythe connectors
will be mentioned, their application will not be utilized. Finite element model research that is
available for the nonlinear numerical analysis of the concrete panels is valuable and there is plenty of
available methods and documentation. This study shall utilize an explicit analysis to capture the
guasi static phenomena, which will be unigque to other FE models. The creep and blast sections of
this study are unique to these types of panels. Although there does exist plenty of blast analysis
research for concrete structures, especially since 2001, little of that is specific to insulated concrete
sandwich panels. Furthermore creep is a special case to this study and the industry lacks concrete
creep datat. Analytical creep models have been developed by many researchers and through ACI,
however once again there is little available research when it comes to creep studies for insulated

concrete panels.

2.2 SUPPORTIVE RESEARCH

Earlier research in the 1990’s by Bush & Wu (1998)™ and Bush & Stine (1994)"% investigated
concrete sandwich panels with metal truss connectors. The panels were placed in the horizontal
position and tested as semi-composite sandwich panels where bending stress and deflection
predictions were verified with testing and finite element analysis models. They found that insulation

provided additional paths of shear resistance in the testing and the testing results were not fully



13
captured by the FE model or the closed form solution. Bush, et al.”¥ also concluded longer panels

provided higher composite action while shorter panels behaved more non-composite.

The composite sandwich panels, in reality, are neither fully composite nor fully non-composite and
the percentage of composite action will depend on the phase of loading, whether in the early elastic
range or the later inelastic nonlinear range. The degree of composite action is sensitive to the type of
construction and how and where the wythe ties are incorporated. A much larger unknown is the
interference effect between the concrete and the insulation and the type of insulation used. Salmon,
et al (1997)"" stated that the bond between the insulation layer and that of the concrete will
deteriorate over time and not provide sufficient strength over the life of the panel. This is an
important concept when considering creep in a panel under horizontal construction applications with
primarily out-of-plane bending. In most of Salmon’s research, the load-displacement graphs showed
that the stiffness values tend to drop dramatically when the bond between the insulation and the
concrete is released. This is generally true for all insulated concrete sandwich panels and foam core
composite sandwich panels in general. It’s not a mechanical bond between the insulation and outer

wythes, therefore slippage will occur at some point during the life or loading of the panel.

Furthermore Pessicki & Mylynarczyk (2003)*"! in the 2000’s used “off-the-shelf” wythe connectors
and compared that to using just concrete and insulation which utilized solid concrete zones to
develop composite action in out-of-plane bending. Pessicki & Lee (2007)3* tested three-wythe
panels that had insulation in two layers and then concrete in three layers, however this three-wythe
panel resulted in the same section thickness. The insulation and the concrete were alternated so that
the concrete had no direct path from the exterior face to the interior face and thus the thermal bridge
was broken. This three-wythe panel was superior to the two-wythe panels with mechanical ties and
provided longer spans and higher degree of composite action. The disadvantage to the three-wythe
panel was the cost and labor involved in building the panel. Pessicki in their research developed and
provided suitable properties for use in the FEM of the insulation and guidance on the development of
the FEM for incorporation of the pre-strand forces. Pessicki, et al. recommends the use of solid
concrete zones in the panel to develop full composite action as the most reliable method. Otherwise,
in order to develop full composite action, achieve longer spans and higher loading, the mechanical
wythe ties and insulation used must be carefully selected and designed to verify that full composite

action is being achieved.
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The research presented in this dissertation will focus on the development of mechanical connectors
using commercially available FRP composites. The PCI Committee on the State of the Art of
Precast/Prestressed Concrete Sandwich Wall Panelsi®® provides a thorough list of what is
available for the design of these panels, details on the construction of the panels, and research
findings on the influence of the construction types and materials used. There is however differences
of opinion embedded in this PCI committee report. The PCI committee report provides a list of
materials such as insulation and the mechanical wythe ties and steps to construct these panels.
Energy, fire and composite action performance calculations examples are also provided in the
committee report. The PCI Committee does not lean one way or another towards an adopted or
recommended design practice. It is up to the designer to determine the specific situation of the
panel’s use and the responsibility of the professional engineer to ensure the panel will achieve

desired performance.
2.2.1 VARIATIONS IN TEST PANEL CONSTRUCTION

There are several examples of test panel construction variation in order to determine the more
effective and better performing sandwich panel. The construction types range from two-wythe
panels to three-wythe panels, solid concrete zone ties, CFRP composite wythe ties, steel truss wythe
ties and others. Table 1 provides a brief summary of some of the variations in past concrete
sandwich panel construction that has been research and tested.

Table 1 — Summary of test panel construction type literature review

Reference Construction Type Remarks
Bush & Stine™™ 1994 Two-wythe sandwich wall panel Fatigue testing over 55,000
tested for flexure only. cycles.

Lee & Pessicki®™ 2008 | Three-Wythe Sandwich Wall Panel | Solid concrete zones with M-
ties

Frankl, Lucier, Hassan & | Two-wythe sandwich wall panel Panel tested with gravity and

Rizkalla®Y 2011 with CFRP shear grids lateral loads in testing frame.
Reverse cyclic loading.
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2.2.2 VARIATIONS IN TESTING PERFORMED

With the development and evolution of better performing precast concrete sandwich panels came the
experimental back bone known as testing. Table 2 provides a summary of various important testing

configurations performed by researchers in recent years.

Table 2 — Summary of test panel testing

Reference Testing Type Remarks
Bush & Stine!™ Static Flexural and Fatigue Cyclic Lateral flexural results proved
1994 Third Point Loading to be better than expected.
Truss girder push out test Fatigue test was unique.

Lee & Pessiki® 2007 Three-wythe panel configurations. Use of prestressing strands.
Static flexural test only. Recommendations to reduce
transverse bending. Three-
wythe panels behave with high

degree of composite action with

longer spans.

2.2.3 FINITE ELEMENT ANALYSIS

Finite element analysis is a common numerical analysis tool used to help predict failure modes and
load patterns for structures that cannot always be extensively tested. Most of the research sources
cited in this report do contain actual testing and finite element analysis correlation. Some of the
earlier finite element analysis models developed by Bush and Wu“® used solid elements to represent
the concrete wythes and insulation materials while truss elements were used for the shear ties. The
FEM results provided conservative values and sensitivity analyses were conducted to determine the
primary cause in the variation from test data to the FEM results. Finite element models were also
developed for two-wythe and three-wythe concrete sandwich panels and incorporated prestress
transfer forces as shown in Jun Lee and Pessiki’s work ®®®. The results presented in those two
papers are limited to the fully bonded insulation to concrete wythe configurations and the linear FEA
model. Guidance is provided by Lee & Pessiki on the modeling techniques, load transfer for
prestress forces and boundary conditions; however no further mention on the nonlinear quasi-static

numerical analysis approach that is the focus in this report.
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In recent years there has been advancement in computing technology and numerical modeling tools
for non-linear finite element analysis of reinforced concrete structures. Benayoune., et. al." used a
commercially available software program known as LUSAS and showed reasonable estimation of
the experimental load-deflection curve. The LUSAS program used the finite element analysis model

developed by Jefferson!®.

In a more related topic to this study, in 2011 Henin et. al.”? built and tested precast concrete
sandwich panels with GFRP truss ties between concrete wythes for floor and roof applications and
developed a FEA model using shell elements for the concrete and bar elements for the truss ties and
compared service level results to the test data. There was no mention in this paper about ultimate

loading FEA using a non-linear approach nor was it stated which FEA package was utilized.

2.2.4 PRECAST PANELS WITH COMPOSITE MATERIALS

Most research in precast concrete sandwich panels prior to the year 2000 used metal ties and grid
structures to connect the concrete wythes together. In the mid to late 2000’s to 2010’s, the use of
FRP composite shear ties with glass fiber and carbon fiber materials were being utilized. This is
because the FRP connectors reduce the thermal bridging effect between concrete wythes that is
common when metal connectors such as trusses are used. Using FRP exterior plates is not a
common application for precast concrete sandwich panels. The intention in this research study is to
determine if there is any strength increase to the panels flexural resistance by using exterior bonded
FRP plates. One of the latest and most successful sandwich panel research studies using composite
materials as a constituent material is the precast, prestressed concrete sandwich wall panel with
CFRP shear grid connectors tested and published in the Spring 2011 PCI Journal by Frankl, et al®.
Here the panels were configured as vertical wall elements and had both gravity and lateral loading
applied to them. The panels showed high degrees of composite action using the CFRP grid shear
connectors; however the degree of composite action varied with the quantity and configuration of the
shear grid connectors. The use of composite materials is proving to be both a benefit for thermal

resistance and strength in flexural towards complete composite action of the assembly.
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2.3 WYTHE CONNECTORS

There are a number of various wythe connectors on the market today both proprietary and non-
proprietary. From research review it appears that no specific wythe shear connector, including no
connector at all or the use of solid zones of concrete, has been established as the industry preferred
design. Wythe connectors can provide tensile strength when lifting the concrete panel out of the
form bed and in fully- or partially-composite type walls they are used to resist in-plane shear caused
by out-of-plane flexure. Panels may use solid zones of concrete or the mechanical wyhte connectors
to provide composite action to ensure this composite mechanism. This dissertation will focus on the
analysis and research of composite and partially composite panels and exclude any design studies on

non-composite panels.

Several common shear connectors used in concrete sandwich panel construction are shown in Figure
8 a specifically the C-Grid©, P-24 Delta Tie and M-Ties are included. The FRP shear connectors
developed and tested in this study most nearly resemble the P-24 Delt Tie which is the glass
reinforced fiber truss tie all the way to the left in Figure 8. It primarily uses interlocking with

concrete as its bond strength to develop the composite action.
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P24 Delta Tie C-Grid CC Series MC/MS Series Plastic Standard metal
by Dayton by Chomarat Connector Connector Connector by connector
Superior North America | by Thermomass | by Thermomass Fabcon

Figure 8 — FRP truss wythe connectors

2.4 COMPOSITE BONDING WITH CONCRETE

The internal shear ties whether they be metal trusses, M-Ties, P-24 Delta Ties, CFRP or FRP
composite grids or webs almost exclusively rely on mechanical bond with the concrete wythes. Just
as with deformed reinforcing steel, there is some degree of chemical or friction at the surface of the
two components, however once under even small amount of load will debond due to Poisson’s effect
and thus the remaining bond is the mechanical interlocking. With composite ties such as those
shown in Figure 8, the open webs allow for concrete to flow through during fabrication and that
provides the mechanical bond. The better the bond that can be provided, the higher the degree of
composite action in the panel can be obtained. Further in this study, various types of mechanical
interlocking shall be displayed in an attempt to capture the most efficient structural behavior and the

highest degree of composite action.
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2.5 PERCENTAGE OF COMPOSITE ACTION IN PANEL

The percentage of composite action that a sandwich panel can exhibit is an important engineering
design parameter. In some cases the panel can be conservatively considered noncomposite and only
one of the outer wythes is used for the axial and flexural load carrying capacity. In many cases the
sandwich panel wich contains a concrete wythe on each side connected with some form of shear tie
will exhibit a percentage of composite. Successful sandwich panel design and construction depends
on the correlation between the structural behavior of the panel and the intended design.[*! There
have been several variations in the calculation of the degree or precent of composite action,
composite moment and/or composite flexural stiffness.

Bush and Stine™ used the calculated moments from the panel by using the section modulus and the

average strain difference and determined the following formula for percent composite moment:

[M ext (Mtw +M bw )] %100 [16]

M - M ext
where
Meom = percent of composite moment
M.« = external moment at midspan of panel, wi*/8

Muwpw = internal noncomposite moment on top or bottom wythe = SE.e

S = section modulus of single uncracked wythe
E. = modulus of elasticity of concrete
€ = average strain difference at outer faces of wythe, as determined from test data

Table 3 — DCA equation summary

Reference DCA Equation
Bush & Stine™ M = M, -(M,, +M,,)] <100
com
1994 M
I xp ~ 'n
Pessicki & Lee™ k=—2__"(100)
Ic - Inc
Frankl, LUCier' Hassan & k _ Anoncomposite ~ Sexperimental (100)
RiZkaIIa[21] Anoncomposite ~ 2 composite
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2.5.1 NONCOMPOSITE ACTION

In precast concrete sandwich panel analysis, design and construction noncomposite panels are
considered to have two wythes of concrete minimum that do not act dependent on one another.
Usually in these types of designs there is a larger structural concrete wythe that provides all of the

structural integrity and the nonstructural wythe is the exterior and thinner weathering layer.
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NONCOMPOSITE PANEL

Figure 9 — Stress distribution of a noncomposite panel

2.5.2 FULLY COMPOSITE ACTION

Full composite action is defined as when the two outer wythes act in unison to provide flexural
strength in the panel. The shear ties between the wythes must be designed and constructed so that
there is full shear transfer between outer wythes. The baseline full composite concrete panel would
be one with sufficient reinforcing steel and no insulation layer as shown in Figure 10. The stress
distribution in this type of panel due to flexural forces will have the ideal linear change from
compressive stress at one extreme fiber to tensile stress at the opposite extreme fiber. However,
even then, ACI has defined equivalent stress balance equations that allow the tension side to be
supported by the reinforcing steel and then on the compression side the combination of the concrete
and steel is used to develop a resulting compressive force. At different stages of the loading of the
panel, it will be either be more fully composite or become partially composite. The purposes of this

study the reinforced concrete panel shall be considered the baseline fully composite panel.
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FULL COMPOSITE PANEL

Figure 10 — Stress distribution of a fully composite panel

2.5.3 PARTIALLY COMPOSITE ACTION
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Partial composite action will have the insulation layer in the sandwich panel and the two outer

wythes will be connected with shear ties. The design does provide some degree of composite action,

however when compared to the solid concrete panel, it will not be considered fully composite. The

advantage is the insulation layer provides the thermal barrier required in the building construction,

the thermal bridge is severed if composite shear ties are utilized, and there is less concrete used due

to the insulation layer which helps with shipping, erection and other design considerations. One type

of configuration and the stress distribution for a partial composite panel is shown in Figure 11.

fc

Figure 11 — Stress distribution of a partial composite panel

2.6 BLAST RESISTANCE OF CONCRETE SANDWICH PANELS

ft

As previously mentioned, reinforced concrete has been extensively researched, tested and used as a

building material for blast resistance since the 1960’s. Quantitative research and testing has been

developed over the past several decades to provide engineers blast load parameters and methods for
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calculating dynamic response of structural elements.®? What is lacking in the UFC 3-340-02
manual is any extensive design guidelines or research on sandwich panels used a load bearing
structural component that also can provide blast protection. It is the opinion of this author that
precast concrete sandwich panels provide both the required insulation properties and load carrying
capacity and should be further studied and tested to determine the suitability for these panels to be
used as blast mitigation and blast resistant structures. The panels are comprised of laced components
of FRP shear ties and reinforcing steel to maintain fragment control. Integrity of the concrete
between top and bottom withes is maintained with the FRP shear ties and the panel can provide
better ductility and energy dissipation than actual solid concrete. All of these statements are based
on limited experimental test data containing static test specimens; however experience gained from
the static testing and reviewing the finite element analysis leads to confidence in further developing

these design function.

2.7 LITERATURE REVIEW CONCLUSIONS

Existing available research for insulated concrete panels has been collected and studied and will be
used, when applicable, to further develop the conclusions in this report. Existing equations and
methods for determining the degree of composite action shall be utilized and the available methods
and documentation for performing nonlinear finite element analysis on concrete structures. Unlike
past researchers such as Pessicki®/®! Bush™I®! Frankl®! this study shall utilize FRP plates as
shear connectors cut from commercially available products and also develop exterior membrane FRP
plate applications utilized for both strength and durability. Unlike open web trusses, these FRP
plates shall be solid with holes for concrete and reinforcing steel anchorage in order to develop better

mechanical bonds and higher degree of composite action.

Dating back to the 1970’s there have been nonlinear concrete numerical models developed ! based
on crack growth theory, and these early concepts have been improved with subsequent
research?I4 tg what is current used today as Damaged Plasticity in Concrete in ABAQUS. The
FE models presented in this study have used these models and numerical theories and by executing
an explicit analysis in this study rather than an implicit analysis, the results show good correlation

with excellent insight.



23
Analytical creep models for concrete are available and there appears to be several documented
equations and power law models for concrete materials. There is lack of available research for
numerical modeling and subroutine programs in ABAQUS for concrete structures and the focus in

this study shall be to provide a starting point for this subroutine.
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CHAPTER 3: BENDING BEHAVIOR OF PRECAST
CONCRETE SANDWICH PANELS WITH CFRP SHEAR
GRID

3.1 INTRODUCTION

The test and analysis results presented in this section are to provide the reader and understanding of
the background to the research that is the focus of this dissertation. The test panel presented in this
chapter was originally constructed for use as a vertical wall element. The panel was tested in out-of-
plane flexure and the results showed promise that the panel could be used as a horizontal structural
element. The shear connectors used in this panel are proprietary and fully tested engineering
properties could not be obtained from the manufacturer. The only properties that were provided
were the Poisson’s Ratio, Material Density, Young’s Modulus and ultimate tensile strength. A
nonlinear finite element analysis model will require the stress strain distribution of the material in a
standard tensile test. Therefore the results presented are to show how a typical sandwich panel ,
when subjected to flexural out-of-plane loading, can provide suitable deflection and strength

requirements.
3.2 EXPERIMENTAL INVESTIGATION

Central Pre-Mix Presstress Co. had in September, 2011 a composite precast concrete panel that was
tested by the author, with the assistance of the manufacturing facility, to failure. This particular
panel was rejected on site by an architect and bore no known defects or problems. The panel was
constructed as shown in Figure 12 and in accordance with ACI and PCI specifications. The panel
was approximately 10°x23’x0°-10” and it presented a unique opportunity to the author to test a full
scale precast concrete panel while developing a finite element analysis model to be used in future

design work.
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Figure 12 — Typical Cross Section of Composite Panel

3.3 MATERIALS

The composite concrete and insulated panel is comprised of (2) 3-inch reinforced concrete panels,
(1) 4-inch polystyrene insulated interior panel and (3) rows of C-Grid CFRP. At first, the FE model
in this study utilized all properties with exception to the insulation. Other documented
research B4 shows that the insulation plays a small role in the initial stages of flexural loading
by providing additional composite action strength. Then the frictional bond breaks between the
concrete and insulation wythe and slippage occurs. The modeling results presented at the NW SEA
conference in 2011%" had a FE model with no insulation materials. The latest FE model did however
include the insulation plus all constituent materials such as every wire truss grid and the prestress

strand. Both of these models are presented here in this report.

The engineering properties for the proprietary material C-Grid which is a CFRP thin truss structure is

shown in Figure 13.



26

Table 1: C-GRID mechanical propertics

Longitudinal Properties Transverse Properties
Ac.crip S c-GRID E¢.erip Ac.crip Juccem  Ecerm
I'J.L'_‘I-'I ksi/ft ksi s, C-GRID II]'\f! ksi'ft ksi £, CCRID
C-GRID Tyvpe (/) (GPa'm) (GPa) % (mmm/m) (GPa/m) (GPa) %o
Ap——— 0.019390 200 30,800 08 0.019390 290 30,800 .
o (41.04) (2.00) (205} - (41.04) (2.00) (205) .
. - 0.009695 200 30,800 0.008580 255 27.000
C50=3.54 = 4.0 i
: (20.52) (2.00) (20%) 0.94 (18.16) (1.76) {180) 094
. _— 0.014542 200 30,800 0.008580 255 27000
C50 =2.36 = 4.0 o4
: (30.7T8) (2.00) (205) s (18.16) (1.76) {1B0) o
. . 0011634 200 30,800 0.011634 255 27 000
C50=295x295 0.94
(24.63) (2.00) (205) - (24.63) (1.76) {1B0) .
- . . 0.014542 200 30,800 0.014542 255 27 000
C50—2.36 = 236 ] .04
e (30.78) (2.00) (205) 0.4 30.78 (1.76 {150} o3
- 0.019390 200 38,000 0.021450 255 27,000
C50-18~16 7 7
(41.04) (2.00) (253) v’ (45.40) (1.76)  (180) 0%
. - 0012711 255 27,000
C50 - 2 = - . _ 0 o
e (26.91) (1.76)  (180) e
C50—ax 4.0 i . ) ~ 0.008580 255 27.000 0.94
- (18.16) (1.76) {180) )
0.007461 325 34,600 .
25 @ x 27 - - - . 04
——— (15.76) @29  @3) !
1572 7% g . 375 I
Cl12—1.5 > 1.5 0.005728 32 25,000 13 0.005728 32 27,000 1.2

(12.12) (2.24) (167) (12.12) (2.24) (180)

Figure 13 — C-Grid Mechanical Properties from Blue Ridge Design, Inc.

The precast insulated panel is assembled on a flat horizontal bed as shown in Figure 14. The
materials are assembled prior to the pour and the prestressing strand is stressed. For this particular
panel C-Grid was installed between the concrete wythes to create some degree of composite action.
Based on the vendor’s website the C-Grid is supposed to place at certain distances or spacing to
achieve a certain degree of composite action. The C-Grid is merely placed in the form and the
concrete, when poured, shall interlock between openings in the C-Grid truss elements. Other
research has shown that when using the wire trusses or in this case C-Grid trusses, concrete paste
will creep up into the insulation layer creating further complexities at that interface which will be
hard to model numerically. Other panels may use similar forms of wythe tyes such as the P-24 Delta

ties and the M-Tie by Dayton Superior. Some of these other ties are shown in Figure 15.
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Composite Panel Production Prior to Pour

Figure 14

Grid Materials and Ties Used in Production

-C-

Figure 15
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3.4 FULL SCALE TESTING

The test panel was laid down flatwise and supported on two 6x6 wood blocks as shown in Figure 16.
The loading applied consisted of precast concrete ecology blocks each weighing approximately
3,400 Ibs.

23,—1}5"
9}&_" N 9}&"
— - __.II_- % 5}_;2n i | —-
7
7 20'-8" ’
Zh ;7
v
./ 2
: 2 %
F |7 i
T “
X / 2
; ollolle ;
/ 2
“ “
] ~
" | 5‘%. ¥ £l L] i
W T 2'%x2’'x6 % _]l_ 9"
ECO BLOCK PLAN VIEW

SECTION VIEW

Figure 16 - Test Panel Setup

Using a hydraulic load test cell would have been ideal, however was not within the scope of the
budget nor readily available. Instead the blocks were carefully and strategically placed on the panel
as shown in Figure 17, one by one with an approximate 10 minute time gap between block
placement. Deflection and load recordings were taken between each block added. Both survey
equipment measurement and a dial gauge was used for deflection recordings. The blocks were later

weighed individually to obtain their exact weight.
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Figure 17 — Final Load Placement

The data was recorded as shown in Table 4 and the total load placed on the panel was 21,100 Ibs.
The final deflection at the end of the test when all 7 blocks were added was 1.5625”. The load was
left in place for 4 days and the deflection increased to 2.75” when a final measurement was recorded.
Then the blocks were removed and the panel was placed upright for inspection. Following release of
the blocks the panel rebounded to a deflection of 1.375”, which means it recovered approximately
1.375” of elastic deflection and retained 1.375” of plastic or permanent deflection. The Summary of
the loading, deflections and an equivalent pressure load is shown in Table 4. The service moment is
derived by back-calculating the flexural moment from the deflection and corresponding load and it
does include the self-weight of the panel. The service pressure is the applied load divided by the

entire area of the panel.

If the deflection criteria of an acceptable roof panel is L/360 and the panel is approximately 23 feet
in span length, then the critical service deflection value is approximately 0.76 inches. From Table 4
the 5 block added created a deflection of approximately 0.625 inches, which corresponds to L/440,
and the service pressure load can be deduced to 70.0 psf. If this panel were to be installed in a
southern U.S. climate region where the snow load is typically 10 psf minimum and the roof live load
is 20 psf, then the panel could theoretically support an additional 50 psf of soil or green roof loading.

Table 4 — Test panel load and deflection data
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Date Blocks Block delta (in) |Difference|Deflection| Load Senice Moment [Senice Pressure
Weight (Ibs) (in) (in) (Ibs) M (Kip-ft) Load (psf)

9/2/2011] none 0 0 0.0000 0 39.4 0.0

1 3400 1/16 1/16 0.0625 3400 56.8 14.8

2 3400 2/16 1/16 0.1250 6800 74.2 29.6

3 3450 4/16 2/16 0.2500 10250 91.9 44.6

4 3400 7/16 3/16 0.4375 13650 109.4 293

5 2440 10/16 3/16 0.6250 16090 121.9 70.0 "

6 2570 1 2/16 8/16 1.1250 18660 135.0 ol.1

7 2440 1 9/16 7/16 1.5625 21100 147.5 91.7
9/6/2011 212/16] 1 3/16 2.7500 21100 147.5 91.7
9/9/2011 1 6/16] 1 6/16 | 1.3750 0 39.4 0.0

Test Load & Deflection of 10'x23' Composite Sandwich Panel

25000

(ST R — > ]

20000

|End of Test 9/2/11 ]

Measure at
9/6/11

15000

Heard "Crack”

LOAD (lbs)

10000

5000

Most Likely
Microcracking Here

0.00 0.50 1.00 7 1.50 2.00 2.50 3.00
DEFLECTION (in)

Released Load

Figure 18 — Load deflection curve for test panel

The test data was plotted and a Load vs. Deflection curve was created as shown in Figure 18. The
curve jumps up quickly due to the large and heavy blocks added to the panel, nevertheless a linear
and nonlinear curve can be recognized. Each node on the curve represents a block added to the panel
and then in the case of the creep the load was sustained. Up to about block 2 the curve is linear and
the concrete is most likely uncracked. Then it is assumed micocracking has begun as the curve
begins to go nonlinear. We heard a crack at block 4 and the visible cracks were seen at block 5.
Refer to the chart in Table 4 for accumulated weight as blocks were added. The completion of the
loading was at 21,100 Ibs and concluded on 9/2/11. The load was left in place and then the
deflection was recorded again on 9/6/11; however complete failure still had not occurred. The load

was released and final plastic deformation was recorded.
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The concrete wythes definitely cracked and the concrete in the top wythe began to have tensile
splitting failures due to the over loading of the concrete by the radial tensile forces developed
outward from the press-stress strand. This phenomenon is shown in Figure 19. The tensile stresses
radiating outward from the prestress strand cause the splitting tensile crack to develop in the
concrete. These types of cracks are difficult to predict and to simulate in a FE program. The
engineer must be mindful of this type of possible failure not just when design a precast panel, but
also when placing post-installed anchors in concrete which have been known to cause similar affects.

Figure 19 — Top Layer of Longitudinal Pre-stressing Strand Splitting Failure

The bottom concrete wythe had near uniform and symmetrical transverse cracks as shown in Figure
20. These cracks were most likely the ones that we heard during the test. We never did hear nor
confirm that we heard popping of the anchorage of the C-Grid and it is unknown if that ever

occurred.
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Figure 20 — Uniform and Symmetrical Bottom Transverse Cracks

Although a strain gage was not placed on the panel and recordings were not taken to determine
composite action, it is believed that the C-Grid was acting compositely with the concrete wythes.
Complete failure never occurred and the concrete was cracked; therefore the continuous transfer of
tension to compression forces in the bending section of the panel was maintained by the C-Grid.
Other research B* shows that the polystyrene insulation would also have provided additional shear

resistance in transferring those compression and tension coupling forces.

Test vs. Analytical

Analytical Results

Cracking Moment of Inertia: lcr =220 in*

Cracking Moment:
Cracking Service Load:

Cracking Moment:
Cracking Service Load:

Mecr =111 kip-ft
Pcr = 8.8 kips (Btwn Block 2 and 3
Test Results

Mecr ~ 90 kip-ft
Pcr = Between Block 2 and 3 ~9K

Figure 21 — Test vs. Analytical Results for Cracking

The ultimate strength design calculations are difficult to determine due to the nonlinear nature of the

panel under cracking loads, however up to the onset of cracking is fairly easy to determine since it’s

still in the linear range of the material.

Figure 21 shows the comparison between the analytical
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calculations and the test results with good correlation. These calculations are shown in further detail
in Appendix B. When reviewing the values in Figure 18, it shows that between block 2 and 3 the
curve becomes nonlinear. Therefore the critical cracking service load (Pg;) is approximately 9 kips,
which correlates to a cracking moment (M) of about 90 kip-ft. To check this value by hand the

cracking moment is determined from ACI 318 Eqgn. 9-9 as follows:

y ot
cr h—yt

Where, I is the transformed gross moment of inertia, f, is the modulus of rupture, h is the depth of

the beam section and y; is the centroid distance measured from the top. The critical cracking load
(Pc) is then back-calculated from the critical moment by using classical simply supported beam
equations. These checks are used to verify the FE model up to a certain point on the load versus
deflection curve. After the curve begins to experience some non-linearity the remainder of the

flexural strength shall be determined by using a nonlinear finite element analysis.

3.5 DISCUSSIONS AND RECOMMENDATIONS

The 107x10°x23’ precast concrete sandwich panel was produced per ACI and PCI specifications to
be used as a wall element for a building application. The panel was rejected for architectural reasons
and tested at the Central Pre-Mix Prestress plant in Spokane, WA in September 2011 under the
supervision of the author. The testing confirmed that the panel could sustain significant out-of-plane
loading and when considering a typical roof live load of 20 psf, the panel could support an additional

30 psf and still be within service deflection criterion per ACI and IBC.

The test results have set the stage for further sandwich panel testing and development and the
creation of a new composite panel using solid FRP shear web connectors as will be shown in the
following section. Since the composite shear grid connectors in this particular panel are proprietary,

no further work or conclusions shall be made on their capabilities and degree of composite action.

Future work for these types of complicated panels is to determine the influence on the strength and
stiffness the prestress strands provide. Furthermore the friction between the insulation and the
concrete could be studied and finally parametric studies on the use of different shear connector types

and configurations.
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CHAPTER 4: FINITE ELEMENT ANALYSIS OF FRP-
PRECAST CONCRETE SANDWICH PANELS

4.1 INTRODUCTION

A set of 10” x 2’-0” x 9’-0” scaled sandwich panels were developed and tested with various
configurations of FRP shear connectors. The organization chart for these panels is shown in Figure
5. Two full scale 2’-0” wide by 16’-0” long test panels were also developed and tested based on
results from the scaled test panels. These test panels were used to determine the effect the type and
configuration of the FRP shear connectors had on the stiffness and strength of concrete sandwich
panel type construction. In this chapter, the test panels were numerically modeled using the
commercial finite element analysis software package ABAQUSM™. This allowed for nonlinear
numerical models to be used to study the post-cracking effects of the concrete sandwich panels and
determine modes of failure. In particular, the FEA models utilized the DAMAGED PLASTICITY
function in ABAQUS which accounts for the loss in stiffness of the elements in compression and

tension when limiting cracking and crushing strains are exceeded.
4.2 ANALYTIC MODEL

The finite element analysis results will be compared with the test results and conventional analytic
hand calculation models as prescribed by ACI 318M. The construction, loading and boundary
conditions of the 10 inch solid concrete panel are shown in Figure 22. The panel is 10 inches deep,

24 inches wide and simply supported at 9 feet.
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Figure 22 — 10 inch solid concrete panel
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The panel is subjected to 3-point bending with a concentrated load at the mid span of the beam. The
panel will be analyzed as a flexural member. The flexural strength, service and factored moments,
the deflection and the deflection limit, all per ACI 318 requirements, are shown in Table 5. Only the
solid concrete panel’s strength and stiffness was calculated per ACI 318 formulas, as the sandwich
panels become cumbersome and difficult to obtain accurate values of strength and deflection per
conventional formulas. There are limitations even when determining the full strength of the solid
concrete panel when using ACI formulas alone as can be shown in Figure 76. In this figure the test
results, the FEA results and the ACI 318 results are shown and compared on one graph. The ACI
strength plot does not capture the post-cracking nonlinear strength of the reinforced concrete
member.
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Table 5 — Analytical results for 10 inch solid concrete panel

Solid Concrete 10 inch scale test panel

108SOL10L3PTNOFRPS1
Span = 9 ft
Height = 10 inches
Width = 24 inches
Point Load Service Moment| Selfweight Moment | Total Service | Total Factored | Flexural Strength| Service |ACI Limit
P (kips) M, (kip-ft) Mg (kip-ft) Moment Moment Moment Deflection| L/480
M (kip-ft) M, (kip-ft) oM, (kip-ft) A(in)
1 2.25 2.53 4.78 6.64 24.8 0.0002397| 0.225
2 4.5 2.53 7.03 10.24 24.8 0.001069 0.225
3 6.75 2.53 9.28 13.84 24.8 0.003129 0.225
4 9 2.53 11.53 17.44 24.8 0.007167 0.225
5 11.25 2.53 13.78 21.04 24.8 0.014 0.225
6 13.5 2.53 16.03 24.64 24.8 0.024 0.225
7 15.75 2.53 18.28 28.24 24.8 0.038 0.225
8 18 2.53 20.53 31.84 24.8 0.056 0.225
9 20.25 2.53 22.78 35.44 24.8 0.078 0.225
10 22.5 2.53 25.03 39.04 24.8 0.103 0.225
11 24.75 2.53 27.28 42.64 24.8 0.13 0.225
12 27 2.53 29.53 46.24 24.8 0.16 0.225
13 29.25 2.53 31.78 49.84 24.8 0.19 0.225
14 315 2.53 34.03 53.44 24.8 0.222 0.225
15 33.75 2.53 36.28 57.04 24.8 0.254 0.225
16 36 2.53 38.53 60.64 24.8 0.287 0.225
17 38.25 2.53 40.78 64.24 24.8 0.319 0.225
18 40.5 2.53 43.03 67.84 24.8 0.351 0.225
19 42.75 2.53 45.28 71.44 24.8 0.382 0.225
20 45 2.53 47.53 75.04 24.8 0.413 0.225

In Table 5 the total service flexural moment (M) and the factored flexural moment (M) are derived
using the formulas and load combinations in ACI 318. The governing load combination is
1.2D+1.6L. The concrete panel’s flexural capacity/strength (¢M,) does not change and is
approximately 24.8 kip-ft. Table 5 shows at which point the flexural capacity is no longer greater
than the factored moment and that value occurs at approximately 6 kips of loading. It should be
noted that the panel was tested to almost 20 kips of load and that is shown in Figure 76.
Furthermore, if the limit on the deflection is taken to be L/480 per ACI 318 Table 9.5(b) then the
limit deflection for this span is 0.225 inches and that is analytically achieved at approximately 14
kips of load. The graph in Figure 76 shows that the concrete panel response is linear up to about 6-8
kips of load, then a bit more nonlinear to about 15 kips of load, where the curve tends to go more
horizontal due to a high nonlinear response. The summary presented in this particular section is if the

panel were designed per hand calculations alone based on ACI 318 formulas, the limitation would be
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1/3 of what the panel is truly capable of. At 6,000 Ibs of load the equivalent live load uniform
pressure on the panel would be approximately 200 psf. At 10,000 Ibs the approximate equivalent
live load pressure is 300 psf, at 15,000 Ibs it is 475 psf and at 20,000 Ibs the approximate equivalent
live load pressure is 600 psf. These numbers are presented to give a rough idea of the magnitude of
the loading and the strength of the panel. Normal roof top loading is far less than 200 psf, however

the span is only 9 feet so that needs to be taken into consideration.

The equations provided in Appendix D are included to document how the values in Table 5 were
achieved. The calculations shown are for a 15,000 Ib point load and all formulas are derived from
the specification in ACI 318.

4.3 FINITE ELEMENT ANALYSIS

4.3.1 MATERIAL PROPERTIES

In order to accurately simulate a concrete insulated sandwich test panel in the finite element analysis
model, elastic and inelastic engineering properties are required for the concrete and steel components
of the structure. These can be obtained through actual testing of representative samples of the test

specimen, acquired by published data, or representative equations provided in published text books.

The EPS insulation was acquired by FMI EPS, LLC and the material specification data sheet is
located in Appendix A. Table 6 shows the values used for the finite element analysis modeling in
ABAQUS. Note that ABAQUS is a unit-less code and quantities must be specified in consistent
format. The FEA models in this study used the United States’ units of pounds, inches and seconds.
Therefore the units of gravity in ABAQUS must be set to 386.4 in/s’.

Table 6 — Material properties for insulation

ASTM C578 Expanded Polystyrene

Mass Density (p) 2.059 x 107 (Ibf s%)/in* (ABAQUS)
1.35 Ib/ft® (22 kg/m®)

Young’s Modulus (E) 340 psi

Poisson’s Ratio (v) 0.3

Compressive strength tests were performed on (4) 6” x 12” concrete cylinders per ASTM C39 and

the average compressive strength was calculated. Figure 23 shows the recorded strains for the



cylinder tests.
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The average compressive strength of the concrete was 4,120 psi with a standard

deviation of 426 psi. Table 7 list the pertinent materials properties used for the analysis and strength

calculations for the scale test panels.

Table 7 — Material properties for concrete

4120 psi Concrete

Volume Density (y) 150 Ibf/ft®

Mass Density (p) 2.246 x 10 (Ibf s°)/in*
Young’s Modulus (E) 3.795 x 10° psi
Poisson’s Ratio (v) 0.15

Modulus of Rupture (fr) 412 psi

Stress v. Strain

4500

500 —
=

(3000
E 2300 Cylinder 1
. - .. _1_. naer
pe 20000 -~ :
g 1500 — = Cylinder 2
& ——— Cylinder 3

m— Cylinder 4
] [ S0H0) CLODOY (1500 (20000 (25000 (3,000)

Strain (Compression)

Figure 23 — Compressive strength of concrete samples

An example set of test data for one of the test cylinders is shown in Figure 24 where a 6” diameter by
12” tall concrete cylinder sample was obtained during the initial pour of the scaled test panels in
November, 2012 and tested at the 28-day time interval at Washington State University testing labs.
The cylinders were tested in accordance with ASTM C39 for compressive strength and the static

modulus of elasticity and Poisson’s ratio of the concrete in compression was obtained in accordance
with ASTM C469/C469M-10 (2010).



Sample type (6"x 12" cylinder) Date 12/13/2012
Loading force (lbs.) 1st Reading|2nd Reading Strain Stress
0 0 0 0 0

5000 0.0005 0.001 4.16667E-05 | 176.8388
10000 0.002 0.002 8.33333E-05 | 353.6777
15000 0.003 0.003 0.000125 530.5165
20000 0.0035 0.004 0.000166667 | 707.3553
25000 0.005 0.005 0.000208333 | 884.1941
30000 0.006 0.006 0.00025 1061.033
35000 0.0075 0.007 0.000291667 | 1237.872
40000 0.0085 0.0085 0.000354167 | 1414.711
45000 0.0095 0.000395833 | 1591.549
50000 0.0105 0.0004375 | 1768.388
55000 0.012 0.0005 1945.227
60000 0.013 0.000541667 | 2122.066
65000 0.0145 0.000604167 | 2298.905
70000 0.016 0.000666667 | 2475.744
75000 0.0175 0.000729167 | 2652.582
80000 0.019 0.000791667 | 2829.421
85000 0.021 0.000875 3006.26
90000 0.023 0.000958333 | 3183.099
95000 0.025 0.001041667 | 3359.938
100000 0.028 0.001166667 | 3536.777
105000 0.0325 0.001354167 | 3713.615

ASTM C469 Std Test Method for Static Modulus of Elasticity and Poisson's Ratio of Concrete

Length of Cylinder
Diameter of Cylinder
Ultimate load

40% Ultimate load
nearest 40% load S2

40% Ultimate load strain E2
5%10-5 strain load S1
5*10-5 strain E1 (Reading/2/12)*

Young's modulus(psi)

12 in

6 in
106182 106182
42472.8 42472.8
40000 40000
0.00035417 0.000354167
5000 5000

2.0833E-05 4.16667E-05

3713615.34 3961189.695

Young's Modulus (final)

3837403

Compressive Strength: f'c=

3755.42

psi
psi

Figure 24 — Concrete compressive test data

In order to best represent the actual structure in the finite element model, the material properties of

39

the structural elements should be attained prior to every discrete analysis. This is an unrealistic and

difficult to task to accomplish each time an engineer wants to design a sandwich panel. Without test
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data the estimated concrete material properties can be approximated by the following formulas
derived by Mander®.

The analytical model of the concrete in compression can be best described by:

foxr
f =—0 4-1
© r=1+x (1)
where f’. = compressive strength of confined concrete.
x=2e (4-2)

&,

cc

where ¢ = longitudinal compressive concrete strain

.. :gc{1+5[%—11| (4-3)

generally g, = 0.002 can be assumed, and

E
r=——— 4-4
Ec - Esec ( )
where
E, =57,0004 f__ psi (4-5)

Is the tangent modulus of elasticity of the concrete, and

£ —w (4-6)

sec
gCC

Although the formulas presented here by Mander®** are for confined concrete only, therefore not a
good representation of our test panel. Therefore another model for the concrete properties shall be

investigated and use.

To represent the nonlinear material properties of the reinforcing steel we can use the model
developed by Menegotto and Pinto!?. The stress-strain properties of the reinforcing steel can be

described by the following equation:

0.05

_ _ p 20p
fs = ESgS 0.05 +(fsu - fy [I (gsu gS) J +(gsu — & )20P (4'7)
’ Eqy — €4

su




41

Ey — €
g | T 4-8
p Sh( fsu _ fy J ( )

However, using these formulas proved to be a bit cumbersome and instead a reference was found
that contained reinforcing steel stress/strain data for several ASTM designations shown in Figure 25.
Lowes®” performed finite element analysis on reinforced concrete beam connections in bridge
construction and had data for several grades of reinforcing steel. The ASTM A615 Gr. 60 steel is the
closest designation to that which was used in all test panels at the University of Idaho from 2012 to
2013. The stress-strain curve was traced in Excel as shown in Figure 25 and then the engineering
stress/strain curve plotted along with the true stress/strain curve is shown in Figure 26. ABAQUS

uses the true stress/strain data in their constitutive equations.

ASTM A615 Gr. 60 Steel Reinforcement

900 T
700 / remeriemriespesategaizanazarinelaordenlnarinatitage e e o
600 lj
£ 500 Wi ;
s Ea
ﬁ Hh
= 400 i
@ —— Grade 40 - #3
300 e (S o e A0 - #5
200 —e—ASTM A6(15 Gr. 60 Rebar Graded0 - #6
BABTH - Gr -
== ASTM A615 Gr. 60 True Stress/Log Strain B15 - Grade 50 g
100 ! ATOE - Grade 60 - #4
s AFG - Grade 60 - #6
0
0 0.05 0.1 0.15 0.2 0.25

Strain, mm/mm

Figure 25 — Stress/Strain data for various reinforcing steel (Ref. Lowes, 1995)%”
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ASTM A615 Gr. 60 Steel Reinforcement
140000
120000 ‘./.’_/.—l_-.A—. .
100000 /’

/ —1T ) ) -
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60000

40000
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20000

o
o
o
]
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Figure 26 — True stress-strain properties of ASTM A615 Gr. 60 steel

Table 8 — Material properties for reinforcing steel

ASTM A615 Gr. 60
Mass Density (p) 0.000783 (Ibf s%)/in”
Young’s Modulus (E) 29,000,000 psi
Poisson’s Ratio (v) 0.3

ABAQUS material definition for metal plasticity is defined in Section 22.2.1 and the *“true” stress
(Cauchy stress) and logarithmic strain are used. The formulas for the true stress and logarithmic

strain are as follows:

Otrie = O nom (1 + Evom ) (4_9)
el =In(l+e,, )- Gt? (4-10)

The values for the engineering stress and strain and true stress and logarithmic strain are shown in
Table 9.




Table 9 — ASTM A615 Gr. 60 reinforcing steel nonlinear material properties

Eng Eng. Eng True Log PI.
Stress Strain Strain Stress Strain
(psi) (%) (in/in) | (psi) | (in/in)

0 0 0 0 0
72519 0.1 0.001 | 72591.52 0
72664.04 0.9 0.009 | 73318.01 | 0.006432
79770.9 1.5 0.015 | 80967.46 | 0.012097
87022.8 2 0.02 88763.26 | 0.016742
94274.7 2.85 0.0285 | 96961.53 [ 0.024758
97900.65 3.3 0.033 |101131.4( 0.02898
101526.6 3.8 0.038 | 105384.6 | 0.033662
105152.6 4.5 0.045 | 109884.4 | 0.040228

107328.1 5 0.05 112694.5 | 0.044904
110954.1 6 0.06 |117611.3|0.054213
113129.6 7 0.07 | 121048.7 | 0.063485

114580 8 0.08 | 123746.4| 0.072694
115305.2 9 0.09 125682.7 | 0.081844
116030.4 10 0.1 127633.4 | 0.090909
116030.4 11 0.11 128793.7 | 0.099919
116030.4 12 0.12 129954 | 0.108848
115885.4 13 0.13 130950.5 | 0.117702
115305.2 14 0.14 | 131447.9| 0.126496

114580 15 0.15 131767 | 0.135218

113129.6 15.5 0.155 | 130664.7 | 0.139595

Table 10 provides the material properties for the FRP shear grid and exterior plates; both of which

were provided by CRANE Composites.
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Table 10 — FRP material properties

Property EATR .085" | 2.2 mm Test Mathod

Flaxural Strangth 338107 psl 128 MFa ASTM - D730
Flaxural Modulus 1.0 x 10% psi GEIE MFa ASTM = BTa0
Tensile Strength 48 x 107 psi 110 MPa ASTM - DGR
Tensile Modubus 2.0x 10* pal 13780 MPa ASTM - DE38
Barcel Hardness 45 45 ASTM - DIZ583
::;:E{:!ﬂ of Linear Thermal 0.6 % 10 Indnd*F 14 primrc ASTM - D656
Thermal Sonductivity 0.4 Bhudnthr-ft? *F 5.0 calemitirem® %G ASTM = C1TT
Water Absorplion 0. 2% 24hrs @ TTF 0% 2dhre B TTF ASTM - B5TD
Specific Gravity 1.75 1.75 ASTM - DTE2

4.3.2 CONCRETE DAMAGED PLASTICITY MODEL

ABAQUS offers three modeling techniques for nonlinear concrete finite element analysis. The first
model is called the concrete smeared cracking model, the second plastic analysis model is the

concrete damaged plasticity model and the third model is the brittle cracking model.

Concrete Smeared Cracking Model

The concrete smeared cracking model was developed by ABAQUS through research work by
Crisfield™, Hillerborg & Petersson® and Kupfer & Gerstle®?. The model works best for
monotonic loading for concrete beams where the compressive strength of the concrete material along
with the corresponding plastic strain is incorporated into the analysis model material properties. The
concrete smeared cracking model however is limited to use in the ABAQUS/Standard analysis
method only, where this particular research study implores the use of an explicit analysis. The
concrete smeared cracking model is also a more general model when describing the tensioning

stiffening and compressive strain hardening effects of the concrete.

Brittle Cracking Model
The brittle cracking model relies heavily on the tensile damage created as the concrete begins to
crack and does not account for any of the compressive strain failure mechanisms. If the mode of

failure is primarily tensile cracking and the beam is shallow, such as a slab, this model would be an
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appropriate model to use for the analysis. However, since there are compressive strain failure
mechanisms and strength is influenced by the concrete crushing affect, it’s best to use a model that

incorporates both tensile and compressive failure modes.

Damaged Plasticity Model

The third model that is available is the concrete damaged plasticity model which was used for the
finite element modeling in this study as it incorporated both the compressive and tensile properties of
the concrete material. The corresponding stiffness degradation values, or damage parameters, could
also be used with the damaged plasticity model and this particular model takes into account tension
stiffening. The concrete damaged plasticity model is best used for concrete specimens that would
experience cyclic loading as the material properties allow for stiffness recovery as cracks close and
open for both tensile and compressive values. This study does not perform cyclic loading, however
it was also recommended by ABAQUS™ to utilize this model for concrete flexural member analyses,
which suits the study well. The most important benefit of this model is the use of quasi-static
analysis and quasi-brittle materials. This is the specific reason for using the damaged plasticity

model to take advantage of the quasi-static analysis using the explicit solver.

The concrete damaged plasticity model was developed by ABAQUS based on research by Lubliner
et al® and Lee & Fenves®®. Although the test panels in this study are not cyclically loaded, the
capturing of stiffness degradation and damage to the concrete as the concrete either cracks in tension
or crushes in compression is well defined and useful in the comparison of the FEA vs. Test data.
This model is also best used for dynamically loaded concrete members, which supports the blast
analysis techniques employed later in this study, see Chapter 6. Under the Damaged Plasticity model
the concrete in tension and compression follow a linear elastic relationship until stress in the concrete
elements reach the value of o, and o, which is the tensile failure stress and initial compressive yield
stress respectively. The tensile failure stress oy, is the initialization of micro-cracking in the
concrete. This is a useful analysis method that can be used to indicate micro cracking in the
concrete, which is difficult to detect during a test or in a real structure. In both cases, following the
onset of tensile failure stress or initial compressive yielding, strain softening in the concrete occurs
and there is a numerical degradation that can be derived. The degradation of this stiffhess is
characterized by the variables in ABAQUS as d; and d. for tension and compression respectively.
These degradation variables are a function of plastic strain, temperature and other inputted field

variables as follows:
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>0, 1) (0<d, <1) (4-12)

tu J

Tension degradation: d, =d (

0.6, 1,) (0<d, <1) (4-12)

Compression degradation: d,=d ( Eqijr
The total strain rate of the concrete is separated into the elastic strain rate and the plastic strain rate

per the following equation:
Strain rate: &y =& &) (4-13)
The elastic strain rate is denoted with the superscript “e” and the plastic strain rate is denoted with

the superscript “p”. The model then uses the damage parameter “d”, which is a scalar value to

determine the stress-strain relationship as follows

(1 d)Dgl.Jm (gkl _5kr|)) (4-14)
where aj; is the stress in concrete in psi, D%, ijki 1s the initial (undamaged) stiffness of the concrete in
psi and “d” is the scalar damage parameter or stiffness degradation value. g4 and g4° are the total
and plastic strains respectively for the concrete material. ABAQUS uses the equivalent strain
variables &g and & ,defined from uniaxial loading conditions, for the hardening of the material.

For the uniaxial loading condition the stress-strain curve can be converted into stress versus plastic

strain by consideration of the following equations

Oy = Oy ({;‘t” E4,0, T, ) (4-15)

tij

Oy =0y (EJ EP.0, 1, ) (4-16)

cij !
where 6 is the temperature and f; accounts for other predefined variables. The subscripts “c” and “t”

denote compression and tension respectively. The equivalent plastic strains can then be calculated

based on the following equations

t
= [z (4-17)
0
t 3
=[&p (4-18)
0
For a uniaxial loaded material the strain rates in tension and compression respectively are
&r=Ep (4-19)
Eb =20 (4-20)

The stress-strain behavior of the concrete specimen in uniaxial tension and compress is shown in

Figure 35 and Figure 27 respectively.
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Compressive stress-strain behavior:

In absence of full stress strain test data for the concrete in compression, Hsu and Hsu®® have
developed a model to represent the stress strain response using only the maximum 28 day
compressive strength of the concrete. The method is validated and tested for concrete specimens up
to 9000 psi (62 MPa) compressive strength. The background to the concrete damaged plasticity
compression model is briefly explained here as documented in ABAQUS™ user’s manual, then Hsu

and Hsu’s model is described and used.
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Figure 27 — Response of concrete to uniaxial loading in compression (ABAQUS 2013)

Cracks tend to propagate in the direction normal to the direction of stress. Cracks normally initiate
in the direction of maximum shear stress then propagate in the direction of maximum principal
stress. In the Figure 35 and Figure 27 the Egjy is the initial or undamaged elastic stiffness of the

material. The stress-strain relationship is then defined by ABAQUS per the following equations

Oyj = (1_dt)E0ijkI (gtij _Ep) (4-21)

tij

z?) (4-22)

Ogij = (1_ d, )EOijkI (‘9

cij —
When concrete nucleates a crack and the crack then propagates the load carrying capacity of the
concrete is reduced due to the reduction in load carrying capacity of the area. The crack reduces the

area capable of providing strength and this strength reduction needs to be accounted for in the
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numerical model. The modulus of elasticity of the material, which is the essence of the numerical

stiffness model, is also reduced as follows
Eijkl = (1_ d )EOijkI (4-23)

where the undamaged or initial modulus of elasticity of the concrete is defined as Egj. Since
concrete can have degradation at any one time due to both tension and compression the damage

parameter is determine as follows
(1-d)=(-sd, )1-s.d,) 0<s,s, <1 (4-24)
where s, and s. are functions of the stress state and are introduced to represent stiffness recovery

effects defined as
s, =1-w,r'(5,,) 0<w, <1 (4-25)
s, =1-w,(1-r"(5,,)) 0<w, <1 (4-26)

where,

(4-27)

)|

The weighting factors w; and w, are material properties and control the recovery of the tensile and

lifo,, >0
Oifoy, <0

compressive stiffness as the load is reversed. The equivalent plastic strains are then determined as

follows

gl =rél (4-28)
&y =—l-r ) (4-29)

The effect of the compression stiffness recovery factor w, on the behavior of concrete is shown in

Figure 28.
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Figure 28 — Compression stiffness recovery parameter, w, (ABAQUS 2013)

The separation of elastic, inelastic and total strain in the concrete material for tension is shown in
Figure 36. The separation of elastic, inelastic and total strain in the concrete material for

compression is shown in Figure 29.

o. §
L
G-cl'_'l ______
=1
rz o1
PR
~ i |
- ¢
- , 1
Eq i : :
- 1
- 1
zz jED :
"'z i’ 1
1 r 1
L U_dcllED i 1
- ! |
. : I
¢ 1 r—
- - -] el
I “h ES'.; hc



50

Figure 29 — Compressive inelastic strain definition of compression hardening (ABAQUS 2013)

The vyield criterion for the concrete damaged plasticity model was proposed by Lubliner et al®® and
takes into account modifications and input by Lee and Fenves®®. Lee and Fenves modification

accounts for the different strength evolution under tension and compression. The yield function is as

follows:
~ 1 ~ el ol ~
ij'Cij )T MU ij max / max /)~ Yij \Ccij /= -
F(a gp)_(l—a)(q 3a+ﬂ(€p o 7(o ) o (gp)<0 (4-30)
where o and y are dimensionless material constants. The effective hydrostatic pressure is defined as;
= oyl
Py = _T (4-31)
The Von Mises equivalent effective stress is defined as;
3
Q; = Esijsij (4-32)
And the deviatoric part of the effective stress is defined as;
Sij = pijlijkl+o-ij (4-33)
The functions o and  are derived from the following equations;
- o, (E -p-)
pE)=""0-a)- v a) (434
tij \<tij
=00 "0 (4-35)
201, — 0

where, oy and oy, are the initial equi-biaxial and uniaxial compressive yield stress. Experimentally

it is found that 2% ranges between 1.10 and 1.16 and o from 0.08 to 0.12. The coefficient y applies
O-CO

for a stress state of triaxial compression. The yield surface obtained for deviatoric plane and in-plane

stress formulations are shown in Figure 30 and Figure 31.



hiaxial
tension
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Figure 31 - Yield surface in plane stress (ABAQUS 2013)

The plastic-damage model assumes non-associated potential flow,

Gy) =GOy

51



The flow potential G chosen for this model is the Drucker-Prager hyperbolic function:

G= \/(‘fo'tou' tan '//)2 +0y — P tany

52

(4-36)

(4-37)

where, v is the dilation angle measure in the p-g plane at high confining pressure; oy is the uniaxial

tensile stress at failure; and & is the eccentricity that defines the rate at which the function approaches

the asymptote value.

When only the compressive strength of the concrete is known, Hsu and Hsu’s model can be used to

develop a stress-strain curve for the compressive material properties of the concrete. The model is

used only to calculate the compressive stress values (o) between the yield point (at 0.5 o) and the

0.3c, value per the following formula:

Compressive Stress:

Shape Parameter:

Compressive Strength:

Strain at Peak Stress:

Initial Tangential Modulus:

Compressive Strain:

Damage Parameter:

)

o (28 days per ASTM C39)
£, =8.9x10° 0, +2.114x10°°
E, = 1.2431x102<7Cu +3.28312x10°

&

de

(4-38)

(4-39)

(4-40)

(4-41)
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Stress, o,

Strain, £

Figure 32 — Compressive stress-strain relationship in ABAQUS

For the concrete panel with an average 28-day compressive strength (o) of 4,120 psi the initial
tangential modulus of elasticity is:

Compressive Strength: o, =4120psi
Initial Tangential Modulus of Elasticity: E, =124.31(c, )+ 3,283psi = 3,795,277 psi
Strain at Peak Stress: £, =8.9x107°(4,120 psi)+2.114x10~° = 0.002481in/in

B-Parameter: p= ! =1.778112

_[4120
1 [ /(0.002481)(3795277)}

The values for these calculations appropriate for the 4,120 psi concrete are shown in Table 11.




Table 11 — Hsu and Hsu numerical compression stress-strain model

Hsuand Hsu (1994) Numerical Compression Stress Strain Model
haximum Compression Strength, o_, 4,12 ksi
CQutput Values
Hsu Initial Tangetial Modulus, E; 3799.2772 ksi
Hsu Strain at Peak Stress, £, 0,00248068 infin
Hsu [-Parameter 1.778111302 unitless
|Tuta| strain Compressive 5tress Value |
1] i 1]
Do not change
0000217 924 824
0000467 1663053573 DragTill 0.3o,, 1618.050493
0000717 000025 2384.382119 2198,304431
0.000967 0.00025 2958288172 2788.591509
0001217 0.00025  3390,733168 3258,4355353
0.001467 0.00025 3699,54347 3610.433171
0001717 0.00025 3906, 704136 3856,037125
0.001967 000025 4033, 786023 4011.586745
0.002467 0,0003  4119.951766 4119,938036
0.002967 0.0005  4063.736734 4054,824315
0.003467 0.0005 3950.69143 3899.420226
0.003967 0.0005 32800.589433 3704, 178648
0.004467 0.0005 3640.114311 3497331857
0.004367 0,0003 32480,138338 3293,707384
0.005967 0,001 31B0.66655 2920.78501
0.006967 0,001 2918113086 2603.80051
0.007367 0,001 26591.961071 2338.896083
0.008967 0,001 2497439152 2117477977
0.009967 0,001 2329558814 1931,197574
0.011967 0,002 2055722369 1637.709593
0.013%967 0,002 1842844152 1418,741374
I 0.015967 0,002 1672915447 1250.005753
3 0.017367 0,002 1534156228 1116,337275
0.019967 0,002 1418.660274 1008.162431
0.022467 0.0023 1293.233896 898,8313065

Using these values the theoretical stress/strain curve can be plotted and is shown in Figure 33.
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4500

4000

3500 +---

(o)
=
=
(==

2500 -

2000 +

=
[}
=
(=]

1000

s00

Theoretical vs. Test Data for Stress-Strain of Concrete

................................................................................................

.............................................................................................

----------------------------------------------------------------------------------------------

== 4120psi Thearetical
Conci‘ete [Hsu & Hsu)

................. o o e e e e o ]

== Cylinder Te st Results

Compressive Strain, (2.)

Figure 33 — Theoretical compressive stress strain curve for 4,120 psi concrete

The final compressive concrete damaged plasticity properties using the Hsu and Hsu model are

shown in Table 12, which were incorporated into the ABAQUS FEA model.

Compressive Damage Parameter: d.=1-

(4-42)



The curve shown in Figure 33 can be also be compared with the Mander model and the actual

Concrete Damaged Plasticity

Table 12 — Damaged plasticity values for 4,120 psi concrete

Compression Damage Compression Behavior Check Check
Damage Inelastic ield Inelastic Plastic
Parameter Strain Stress Strain Strain

d Ecin O Ecin Ecpl I:l-dc:IE,:,
0,000 0 1] 0 1] 37352772
0.000 0 824 0 1] 37952772
0,000 -3,28881E-05 | 1663,053579 o -3,28881E-05 | 37952772
0,000 0,000217112 | 2384,382119 | 0,000217112 | 0,000217112 37I527FT2
0,000 0.000467112 | 2958,288172 | 0.000467112 | 0.000467112 37952772
0.0a0 0,000717112 | 2390,735168 | 0,000717112 | 0.000717112 37352772
0,000 0000967112 | 26959.54347 | 0.000967112 | 0.000967112 37952772
0,000 0,001217112 | 3906,704136 | 0,001217112 | 0,001217112 37352772
0.000 0001467112 | 4033.786023 | 0.001467112 | 0.001467112 3795272
0,000 0.001967112 | 4119,951766 | 0.001967112 | 0.001967112 37952772
0,012 0,002467112 | 4069, 736734 | 0,002467112 | 0,002453837 | 3749074657
0.041 0002957112 | 3930.69143 | 0.002967112 | 0.002922514 | 3639355,498
0,078 0,002467112 | 2800,585433 | 0,003467112 | 0,003382365 | 3501082,353
0,116 0,003967112 | 3640,114311 | 0,003967112 | 0,003840682 | 3353253.542
0,155 0.004457112 | 2480,138338 | 0.004457112 | 0.00423353 | 32053884.544
0,228 0,005467112 | 218066655 | 0,005467112 | 0.005219624 | 2530012,75%
0,292 0006457112 | 2918,113086 | 0.006467112 | 0.006130445 | 2688149,933
0,347 0,007467112 | 2691,961071 | 0,007467112 | 0,007020857 | 2479819,925
0,394 0,008467112 | 2497,499152 | 0,008467112 | 0,008039619 | 2300682.661
0.435 0009457112 | 2329,558814 | 0.009467112 | 0.008593337 | 2145976,933
0,501 0,011467112 | 2055, 722369 | 0,011467112 | 0,010%23218 | 1893720,286
0.553 0.013467112 | 1842,844152 | 0.013467112 | 0.012867127 | 1697618028
0,594 0.015467112 | 1672,915447 | 0,015467112 | 0.014822354 | 1541080627
0,628 0,017467112 | 1534,156228 | 0,017467112 | 0.016785733 | 1413256,383
0.636 0.015467112 | 1418.660274 | 0.019467112 | 0.018735361 | 1306862.143
0,685 0,021967112 | 12988289 | 0,021967112 | 0,02122375% | 119:483,393

56

stress/strain values recorded from the compressive cylinder test. This comparison is shown in Figure

34.
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Theoretical vs. Test Data for Stress-Strain of
4, 120 psi Cuncrete
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Figure 34 — Theoretical vs. cylinder test results of compressive strain/strain values

The Mander® method as previously described in Section 4.3.1 of this report is also plotted on the
graph in Figure 34 for comparison. This model was not used for the compressive material properties
in ABAQUS since the curve does not fully extend to the inelastic compressive strain definition of the
model that is required for ABAQUS as shown in Figure 29. Mander’s model is also for confined

concrete, which is not applicable to the test panels.
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Tension stiffening behavior:
The concrete FEA model not only requires a good representation of the compressive material
properties. It will also requires a robust tension stiffness behavior to account for the dramatic loss in
tensile strength in the brittle concrete continuum. Figure 35 shows the general response of concrete
to uniaxial loading in tension as documented in the ABAQUS user manual. It is not always possible
to obtain the tensile properties from a concrete specimen and a good approximation is generally

called for when performing engineering calculations and FEA modeling.

o )
Op——"————~
(a)
Eo
/'/I
- |
. I
< |
) l
|
Ao-diE
e |
. | _
e e
£r £ &

Figure 35 — Response of concrete to uniaxial loading in tension (ABAQUS 2013)

Wabhalathantri, etal (2011) uses the Nayal and Rasheed (2006) tension stiffening model. This model
accounts for tension stiffening, strain softening and the interaction between the reinforcing steel and
the concrete. The user inputs are as follows:

Young’s Modulus: E,

Tensile Stress: Gt

~ck

Cracking Strain: &
Damage Parameter: d;
The cracking strain is determined by subtracting the undamaged tensile strain (gjt') from the total

strain component () per the following equation:
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&X =€ —& (4-43)

o, . . . . . .
Where, gjt' = E—t is the elastic strain corresponding to the undamaged material and ;= total tensile

0

strain. The post-failure tensile stress relationship as defined in ABAQUS is shown in Figure 36.

Lot

Ea

Figure 36 — Cracking strain definition of tension stiffening (ABAQUS 2013)

The tension stiffening model in ABAQUS was first developed by Gilbert and Warner (1978) and
includes two distinct regions, the Primary Cracking Stage and the Secondary Cracking Stage as
shown in Figure 36. The model is loaded to the tensile strength or modulus of rupture (f;) of the

concrete, which is typically around 7-10% of the compressive strength of the concrete material.
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Primmar W
Cracking Stage

enslle Stress, o,

=

Secondary
Cracking Stage

[ 4z, 105,

Averaged Tensile Strain, &,

Figure 37 — Nayal and Rasheed’s (2006) tension stiffening model

Nayal and Rasheed (2006)*! modified the Gilbert and Warner (1978)%?¥! tension stiffening curve as
shown in Figure 37 to replace the curve with a single set of stiffening parameters that are applicable
to the entire tensile zone. In order to create a more robust tension stiffening parameter and avoid
runtime errors in ABAQUS, Wahalathantri, etal (2001)®* modified Nayal’s model to create the
tension stiffening plot shown in Figure 38. The model is a bit cleaner and more robust and will be

used here in this study to develop the tensile properties of the concrete material.

Tensile Stress, o,
S ———

1

K-

,

1

i
-
23===

£, 1.25%g, dE, B.7g,
Averaged Tensile Strain, &

Figure 38 — Modified tension stiffening model for ABAQUS

For the scaled test panels in this study initially built and tested in 2012, only the compressive
strength of the concrete was tested and recorded. No splitting tensile test was performed for the
Phase | test panels. A set of 6” x 12” concrete cylinders were cast and then tested under compressive
loading per ASTM C39 and the maximum average compressive strength recorded was 4,120 psi.
The assumption that the tensile strength of the concrete is approximately 10% of the maximum
compressive strength shall be employed in this study. This assumption is based on published data

that the tensile strength of concrete typically falls within the range of 8 to 15% of the 28-day
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compressive strength.“1“81  Therefore a specimen having a 28-day compressive strength (f',) of

4,210 psi shall have a tensile strength (f.;) assumed to be 412 psi. The tensile parameters are:

Maximum Tensile Stress: o, =412psi

Initial Tangential Modulus of Elasticity: Eq =124.31(o¢y )+ 3,283 psi = 3,795,277 psi

This equation for the initial tangent modulus comes from Hsu and Hsu®®! numerical compression
stress strain model and is also a good approximation to that which was derived at WSU in 2012
when the cylinders were tested and the modulus of elasticity was determined per ASTM C469, E, =

3,837,403 psi. The ACI 318 equation for calculating the modulus of elasticity is as follows:
E, =57,000-/ f, =57,000-,/4120psi = 3,658,671psi ACI 318"

The Young’s Modulus of elasticity of the concrete determined by ASTM C469, Hsu and Hsu®
equations and from ACI 318 are in close approximation with one another. To be consistent with the
theoretical model of Hsu and Hsu we will use the derived formula for E,. With the initial tangent
modulus and the maximum tensile strength known, the critical tensile strain can be determined as

follows:

Critical Tensile Strain: P T _ 412 psi =0.00010856in/in

" E, 3795277 psi

0]
Using the equations for the critical points on the graph from Nashal & Rasheed’s curve, Figure 38

the tension stiffening model is plotted for the 4,120 psi concrete and shown in Figure 39.

4120 psi Concrete Tensile Stress-
Strain

450

A
300 I L\q..
250 / \\

150 —~
100 I H“-...,___
/ ~

SDJ I

Tensile Stress, ot, (psi)

o 0.00o02 0.0004 0.0006 0.0003 0.001
Strain, £t, {in./in.)

Figure 39 — Tensile stiffening model for the 4,120 psi concrete
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The tensile stress (o;) and the tensile strain (&) are shown in the graph in Figure 39. From here the

cracking strain and damage parameter values are derived per the following equations:

Cracking Strain: g =g —& (4-44)
) Ot

Damage Parameter: d, =1-— (4-45)
O-’[

Both the compressive damage parameter dc and the tension damage parameter dt has been derived
from the relationship between the Cauchy stress and the effective stress where the damage parameter
is a scalar that represents the degradation between the two.

o=1-d)g™ (4-46)

Table 13 — Concrete damaged plasticity model for tension stiffening

Concrete Damaged Plasticity (Tension Stiffening)
Tensile Behavior Tension Damage Check
Yield Eng. Cracking Damage Cracking | Plastic
Stress Strain Strain Parameter Strain Strain
Gy £, e d g gr
0 0 0.00000 0
412 0.000108556 0.00000 0.000 0.00000 0
317.24 | 0.000135695 0.00005 0.230 0.00005 | 2.71E-05
185.4 [ 0.000434224 0.00039 0.550 0.00039 | 0.000326
41.2 0.000944437 0.00093 0.900 0.00093 | 0.000836

ABAQUS does incorporate a check to determine the validity of the accuracy of the tension stiffening
curve by introducing a plastic strain calculation. The plastic strain (Etp' ) can neither be negative nor

decreasing as this will indicate an incorrect damage curve which will lead to an error message and

the analysis will be aborted. The tensile plastic strain check is defined as:

Tensile Plastic Strain: A (4-47)
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4.3.3 ELEMENT TYPES

There are numerous types of elements that can be used in any ABAQUS finite element analysis
model. The elements and their properties were tested for various configurations and types and the
best suited elements are listed in Table 14. A thorough explanation of the FEA model has been

provided in the Appendix.

Table 14 — FEA element types

Material Component Element Type Comment

Linear hexahedral element with
Concrete C3D8R enhanced stiffness hourglass

control and reduced integration

Linear hexahedral element with
Insulation C3D8R enhanced stiffness hourglass

control and reduced integration

Rebar T3D2 Linear truss bar element
FRP Plate S4R Linear shell element
FRP Shear Connector S4R Linear shell element

4.4 EXPERIMENTAL INVESTIGATION

There were (12) initial scaled test panels fabricated and tested in the Fall of 2012. The
undergraduate students, from CE 441: Reinforced Concrete Design, were an integral part of helping
to fabricate these test panels. There was also another (2) scaled test panels constructed with FRP
plate on the exterior top and sides of the panel and these are labeled as the FRP-confined precast
concrete sandwich (FPCS) panels. These panels were tested in the Summer of 2013. Included in the
initial scaled test panels were (2) solid reinforced concrete panels constructed and tested as control

points or benchmark for the insulated sandwich panels.
4.4.1 FABRICATION OF TEST SPECIMENS

The thesis submitted by Thomas G. Norris!*!! in 2014 contains a thorough description of the scaled-
panel specimen fabrication, cure and testing. A brief summary is provided here for background

information. The overall process is similar to any precast concrete product manufacturing technique.
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The forms were constructed out of wood as shown in Figure 40 and then the rebar, insulation and

FRP shear connectors were assembled.

Figure 40 — Wooden concrete form

The shear connectors for the sandwich panels were cut with hand tools and to represent the CAD
detail shapes shown in Figure 41. The connectors were inserted through slots in the insulation into
the voids that would be filled for the top and bottom wythe of the concrete. The larger holes (1 ¥%2”
diameter) in the Discrete Shear Connector are present to allow for concrete material to flow through
the opening and create a better interlocking bond for the connector. This will help to achieve the
higher degree of composite action and when performing the finite element analysis will be more

representative to being “tied” to the concrete material.
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Figure 41 — Typical FRP shear connector geometry

The smaller %2 diameter holes in the segmental shear connectors are present to allow for transverse

reinforcing steel to be inserted through the opening. Once again this will create a better mechanical

bond between the FRP connectors and the concrete material and the representation in the finite

element analysis model is more accurate.

4.4.2 TESTING OF THE PANELS

The ideal testing situation is to have 4-point bending, shown in Figure 42 and Figure 43, so that there

is a segment of zero shear forces and only pure flexural or moment forces for simply supported

beams. Due to unexpected shear failures at the edge of the concrete panels between the foam core

and solid zones, the remaining panels were switched from four-point bending to three-point bending,

shown in Figure 44 and Figure 45.

P P
4’ 10" Concrete
/ Foam
. AR =M
L . (@] 2’
I - 8 - I = =

0’

Figure 42 — Four-point bending setup




Figure 43 — Actual four-point bending test
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Figure 44 — Three point bending setup

Figure 45 — Actual three-point bending test
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Table 15 — Test panel nomenclature key plan summary

Panel Length | Configuration| Shear Grid |Thickness| Type of | FRP Support # of Comments Note
(in) Layout (in) Loading | Plate Locations |Panels

108SOL10L3PTNOFRPS1 108 Solid None 10 3 Point No Ends 2 Group 1and 2 Spring 2012
108DIS10LAPTNOFRPS2 108 3"+4"+3" FRP-Discrete 10 4 Point No [6"fromends| 2 |Group 3and 12 Spring 2012
108SEGUP10L3PTNOFRPS2 | 108 3"+4"+3" | FRP-Segmental 10 3 Point No ([6"fromends| 1 Group 4 Spring 2012
108SEGUP10L3PTNOFRPS1 | 108 3"+4"+3" FRP-Segmental 10 3 Point No Ends 1 Group 5 Spring 2012
108CON10L3PTNOFRPS1 108 3"+4"+3"  |FRP-Continuous 10 3 Point No Ends 2 Group 6 & 7 Spring 2012
108SEGUP10L3PTFRPS1 108 3"+4"+3" FRP-Segmental 10 3 Point Yes Ends 2 Group 8 & 9 Spring 2012
108CON10L3PTFRPS1 108 3"+4"+3"  [FRP-Continuous 10 3 Point Yes Ends 2 Group 10 & 11 Spring 2012
108SEGDN8L3PTFPCSS1 108 1"+4"+3" FRP-Segmental 8 3 Point Yes Ends 2 Summer 2013 FPCS
108SEGDN10L3PTFPCSS1 108 3"+4"+3" FRP-Segmental 10 3 Point Yes Ends 2 Summer 2013 FPCS

The following is a general description of the test panel nomenclature and ID’s:

Digit 1: Length
108 = 108 inches

Digit 4: Loading Condition

3PT = 3 Point Bending
4PT = 4 Point Bending

Digit 2: Cross Section

SOL = Solid Panel

DIS = Discrete Connectors
SEG = Segmental Connectors
CON = Continuous Connectors
Digit 5: FRP Exterior Plate?
NOFRP = No

FRP = Yes (just top)

FPCS = Yes

Digit 3: Thickness

10 =10 inches

8 =8 inches

Digit 6: Support Condition

S1 = Supported at ends

S2 = Supported 6” in from ends

L9
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4.4.3 SCALED TEST PANELS

The following sections are the summary of the construction of the scaled test panels and the testing

results for each of them.

Solid and Sandwich Scaled Test Panels:

P
4—g"

Cle g
— —_—
/(2) #4 BARS o oR 1T Ve

4
,:3 ; 4 a
. ? ) 4 F ‘ i ) N . i » ¢
Ny : = = - = _ | — &
\./ 1'—0"
\(2) #5 BARS (6) #4 BARS T&B ;)\*IE |
9'-0” TEMPERATURE STEEL o 2o

108SOL10L3PTNOFRPS1

GROUP 1 AND 2 (DO NOT SCALE)

108SOL10L3PTNOFRPS1

Figure 46 — 10 in. solid concrete panel (108SOL10L3PTNOFRPS1)

The control panel is the solid concrete panel reinforced with steel bars, top and bottom, longitudinal
and transverse as shown in Figure 46. The various sandwich panels with discrete, segmental and
continuous FRP shear connectors are shown in Figure 47 through to Figure 52. The discrete shear
connectors shown in Figure 47 are comprised of 6”x8” FRP strips with 1.5” diameter holes for

transverse reinforcing steel bars.

30" 3o 3o
6X8 FRP CONN. @ 1'-8"
24" 0.C. "
. 1'-0" 3" (2) #4 BARS 3" 1'-0" |5 6 | | 1'=0" |
X ya T |
o - 7o =0 |
(6) #4 BARS T&B :\;IE
(2) #5 BARS 8'_0" TEMPERATURE STEEL e 2'—0"
| . . |
9'-0

108DIS10L4APTNOFRPS2

(GROUP 3 AND 12 DO NOT SCALE)
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108DIS10L4APTNOFRPS2

Figure 47 — 10 in. sandwich panel with discrete connectors (108DIS10L4PTNOFRPS2)

The segmental FRP shear connectors are shown in Figure 48 and Figure 49 where the difference in
the test method was the location of the support points. In one case it was supported at approximately
8’-0” and then another case it was supported at 9°-0” like the other test panels. The segmental shear

connectors were oriented in the upward position to provide continuous tensile strength support.

o P

SEGMENTED FRP 1'-6"
CONNECTOR -—-‘

& o
1'-0" (2) #4 BARS 17-0" |53 6" | | |_1'-0"_|
[ | N
P n - Z 5 e A m‘l & . r L T ,: ) - ) ) b \:_
B r i ¥ % > ; ] . ) a » ¥ ' * o Ko ’ o
e —
‘_.L._‘ \/ 1’_0"
(6) #4 BARS T&B 5
(2) #5 BARS 8'-0" TEMPERATURE STEEL © 2'-0"
| .
9'-0

108SEGUP10L3PTNOFRPS2

(GROUP 4 DO NOT SCALE)

108SEGUP10L3PTNOFRPS2

Figure 48 — 10 in. sandwich panel with segmental connectors (L08SEGUP10L3PTNOFRPS?2)
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Figure 49 — 10 in. sandwich panel with segmental connectors (L08SEGUP10L3PTNOFRPS1)

A continuous FRP shear connector was tested in the panel shown in Figure 50. Then another

segmental FRP shear connector was used in the sandwich panel as shown in Figure 51, however in

this case a FRP top plate was bonded to the concrete panel and the top longitudinal reinforcing bars

were omitted.

4-5"
CONTINUOUS FRP 1'=8"
CONNECTOR .
] |-1'=0" /—(2) #4 BARS 1'-0" i;;{\d 6 i 1'=0" i ‘
' S i
\ \/(6} #4 BARS T&B %‘E‘. “i"‘
(2) #5 BARS TEMPERATURE STEEL >lo 2'=0"
9'-0"
108CON10L3PTNOFRPS1
(GROUP 6 & 7 DO NOT SCALE)
108CON10L3PTNOFRPS1

Figure 50 — 10 in. sandwich panel with continuous connectors (108CON10L3PTNOFRPS1)
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46"
SEGMENTED FRP FRP TOP PLATE
A CONNECTOR
B 1'-0” 1'_0" |
I

(6) #4 BARS BOTTOM :
(2) #5 BARS TEMPERATURE STEEL 2’=0"

10"

108SEGUP10L3PTFRPS1

(GROUP 8 & 9 DO NOT SCALE)

108SEGUP10L3PTFRPS1

Figure 51 — 10 in. sandwich panel with segmental connectors and FRP plates (108SEG10L3PTFRPSL1)

Similar to the segmental connector panel with on top longitudinal reinforcing steel, a sandwich panel
with continuous FRP shear connectors was constructed with a FRP top plate bonded to the concrete

surface and no top longitudinal reinforcing bars as shown in Figure 52.

P

4-8"
CONTINUOUS FRP FRP TOP PLATE
CONNECTOR o
1'-0" 1'-0" _|F|a 6" | L. 1'=0" |
by / ey
o T : O R
i \ = \~(e) #4 BARS BOTTOM u[% |‘i“|
(2) #5 BARS TEMPERATURE STEEL o 2'_p”
9'-0"
108CON10L3PTFRPS1
(GROUP 10 & 11 DO NOT SCALE)
108CON10L3PTFRPS1

Figure 52 - 10 in. sandwich panel with continuous connectors and FRP plates (108CON10L3PTFRPS1)

FRP-Confined Precast Concrete Sandwich (FPCS) Panels:

There were two panels constructed for each of the FPCS panels, two for the 8 inch deep panel and
two for the 10 inch deep panel. The construction and configuration of each panel is shown in Figure
56 and Figure 59 respectively. The intent of the externally bonded top and side FRP plates to the
concrete panel was to eliminate the need for the top layer of longitudinal reinforcement steel which

is considered the compression steel in a flexural concrete beam/slab. All four FPCS test panels, two
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each, were 2°-0” wide x 9’-0” long and they varied in depth as shown in the figures. Both groups of
panels used segmental shear connectors; however these were inverted or pointed downward, opposite
from those panels tested previously in Fall 2012. This configuration was used to aide in the absence

of the compression steel reinforcement.

A generic cross section of the FPCS panel is shown in Figure 53 where the top concrete wythe varies

from 8 inches to 10 inches for the two groups of specimens.

=—1-—FRP Plate
.., 11— Top Concrete Wythe

+—Foam Core

-5 1. Bottom Concrete Wythe

Figure 53 — FPCS scaled test panel with top and side FRP plates*!

A summary of the construction details for the FPCS scaled test panels is shown in Table 16 which
complement the construction drawings of the panels in Figure 56 and Figure 57.

Table 16 — FPCS scaled test panel construction details

Wythe Compression | Tension Steel | Top Temp. |[Bottom Temp. Load Shear
Configuration| Steel (#4 bars) (#5 bars) Steel (#4 bars) | Steel (#4 bars) | Conditions | Connectors
3o g g N/A (2) @ 12" O.C. N/A (5) @ 18" O.C. [ 3-pt Bending| Segmental

N/A (2) @ 12" O.C. N/A (5) @ 18" O.C. | 3-pt Bending| Segmental
1 g g N/A (2) @ 12" O.C. N/A (5) @ 18" O.C. | 3-pt Bending| Segmental
N/A (2) @ 12" O.C. N/A (5) @ 18" O.C. | 3-pt Bending | Segmental

Since these four FPCS panels were tested months after the original set of twelve scaled test panels
the concrete properties were also tested again for the new batch. These new materials properties for

the compressive strength are shown in Table 17.

Table 17 — Compressive strength of FPCS panelst**

10" FPCS 8" FPCS
Specimen| Compressive | Compressive
Strength (psi) | Strength (psi)

Cylinder 1 4675 2787
Cylinder 2 4838 2818
Cylinder 3 4648 2968
Cylinder 4 5280 2687

Awerage 4860.25 2815
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Likewise a splitting tensile test was performed per ASTM C496/C496M and the failure mode with
strain gage is shown in Figure 54 and the plot of the stress/strain distribution is shown in Figure 55.
The maximum tensile strength of the 4860 psi concrete is approximately 380 psi, which is 7.8% of

the compressive strength. Typically the tensile strength of the concrete is approximately 7-10% of

the compressive strength and this seems appropriate.

ey

‘. .

Figure 54 — Splitting tensile test specimen
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Tensile Stress-Strain Curve
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Figure 55 — Stress-strain plot for splitting tensile test specimen

The Phase | panels FEA model used the theoretical formulas by Hsu and Hsu to develop the
Damaged Plasticity model. This is because the compressive strength of the concrete does not have a
completed curve and then an approximation was used for the compressive and tensile data. To be
consistent with Phase I, we use the 10% rule of thumb for the tensile strength of concrete with

respect to the compressive strength and continue to use the theoretical model.
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Figure 56 — 8 in. panel with inverted segmental connector and FPCS (108SEGDNS8L3PTFPCSS1)
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Figure 57 — Load displacement graph for 8 in. FPCS panel (L08SEGDN8SL3PTFPCSS1)

A picture of the FPCS test panel with the FRP top and side plates and secured in the test fixture is

shown in Figure 58. The construction of the 10” FPCS panel is shown in Figure 59.
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A

Figure 58 — 10 in. FRP sandwich panel (108SEGDN10L3PTFPCSS1) in testing apparatus

A thorough description of the test set up, resin mixture, aggregate bonding and strain gage
distribution is provided in Tom Norris’ thesis document®** and will not be repeated in this study.
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Figure 59 — 10 in. Segmental FRP panel with top and side FRP plates

The load-deflection curve for the (2) 10” FPCS panels were fairly consistent which made for a

reliable data source as can be seen in Figure 60.

10" Load-Deflection Curve
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Figure 60 - Load displacement graph for 10 in. FPCS 108SEGDN10L3PTFPCSS1M*!

The summary for the (4) FPCS panels, the two 8 in. panel and the two 10 in. panel are shown in

Table 18. The 8 in. panel is labeled as the 108SEGDNS8L3PTFPCSSL1 in the finite element analysis

section while the 10 in. panel is labeled as 108SEGDN10L3PTFPCSS1.




Table 18 — FPCS panels ultimate load summary

[44]
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. Effective . Cracking |Cracking | Failure | Failure [Max Load
Specimen Bending [Moment .
Thickness Length Type | Arm (ft) and que nt and M qme nt Deflc?ctlon
(ft) (kip) | (kip*ft) | (kip) | (kip*ft) (in)
g" 9 3-pt 4.5 3 6.75 9.311 20.950 1.201
9 3-pt 4.5 3 6.75 5.581 12.557 0.916
10" 9 3-pt 4.5 2 4.50 21.280 | 47.880 1.634
9 3-pt 4.5 3 6.75 20.020 | 45.045 1.131

The 8 in. panel display inconsistent results as one of the panels had poor construction and lacked

proper vibration and bonding of the concrete to the FPR plates. The 10 in. FPCS panel produced

much higher flexural strength values. The summary for the failure modes is shown in

Table 19 — FPCS panels failure mode summary™*

Slab Initial Failure .
C torT S dary Failure Mod
Thickness onnector Type Mode econdary Failure Mode
g Segmental Bending Crushing/Insulation Rupture
Segmental Bending FRP Debond/Insulation Rupture
10" Segmental Bending FRP Debond
Segmental Bending FRP Debond/Crushing

The two FPCS panels (8 in. and 10 in.), the solid concrete scaled test panel and the 10 in. sandwich

panel with just FRP top plate load versus deflection curve is shown in Figure 61. The adjusted

curves for two FPCS panels, along with the solid panel and the 10” FRP top plate only panel is

shown in Figure 62.
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FPCS Panel Comparison
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Figure 61 — FPCS panel comparison!*!

The solid concrete panel has the highest initial modulus of elasticity, however it does not provide the

greatest load carrying capacity. The 10 in. FPCS panel exceeds 20,000 Ibs of load carrying capacity
with a reduced weight of approximatley 40%.
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Figure 62 — Adjusted FPCS panel comparisont*

4.4.3 FULL SCALE TEST PANELS

Full Scale FRP-Confined Precast Concrete Sandwich (FPCS) Panels:

Following the construction and testing of (16) scaled test panels, (2) individual full-scale FPCS

80

panels were constructed. Each panel is 16°-0” long and 2’-0” wide. One panel is 8 inches deep and

the second panel is 10 inches deep. The construction of the panels is shown in Figure 63 and Figure

64 respectively. The panels use the same configuration of the scaled 8 in. and 10 in. FPCS panels

previously constructed and tested. These two 16 foot long panels were also evaluated for strength,

stiffness and DCA and a finite element analysis model was constructed to determine the correlation

between numerical modeling and test results. The summary of the construction of the full scale test

panels is shown in Table 20.

Table 20 — Full scale FPCS panel construction details*

FPCS Panel| Compression [ Tension Steel| Top Temp. |Bottom Temp. Load Shear Length
Thickness [Steel (#4 bars)| (#5 bars) |Steel (#4 bars) |Steel (#4 bars) | Conditions | Connectors
8" N/A (2) @ 12" 0O.C. N/A (9) @ 18" O.C. |3-pt Bending| Segmental 16'
10" N/A (2) @ 12"0.C. N/A (9) @ 18" 0.C. | 3-pt Bending| Segmental 16'

The 8” FPCS full scale test panel is shown in Figure 63 and was constructed to determine if the FRP

top plate and shear web connectors could provide enough strength to reduce the compressive zone of
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the concrete panel. The effective of losing the concrete mass in the compression block zone will be

an indicator as to how much strength it provides versus the FRP plate.

The 10 inch full scale test panel is similar to the 8 inch panel, however the top concrete wythe has

the normal 3 inches. Both panels are without top longitudinal reinforcing steel.
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The full scale FPCS panels were constructed and tested at a later date than the scaled FPCS panels
and therefore a new batch of concrete was used and sample cylinders were tested. The 28-day
compressive strength tested in accordance with ASTM C39 is shown in Table 21 and the average 28-
day compressive strength of 4807 psi will be used for analytic calculations and finite element
analysis modeling.

Table 21 — Compressive strength of full-scale test panel cylinderst*”

Compressive
Strength (psi)
Cylinder 1 4591
Cylinder 2 5003
Cylinder 3 4606
Cylinder 4 5030
Awerage 4807.5

Specimen

The remaining material properties for steel, FRP and insulation remain the same as previously
reported. A detailed description of the construction, cure and strain gage location for the full scale
test panels can be found in Norris thesis™, however a few pictures of the construction details can be
seen in Figure 65, Figure 66 and Figure 67. The FRP segmental shear connectors have transverse
reinforcement steel inserted through the holes in the connectors for anchoring application as shown
in Figure 65.

Figure 65 — Full scale FPCS panel insulation, rebar and strain gagest*!
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The pea gravel aggregate that is glued to the FRP top plate is shown in Figure 66 while the first lift
of the concrete pour is applied which comprises the top wythe of the specimen. The pea gravel was

used to provide better mechanical bond of the FRP plate to the concrete.

Figure 66 — Full scale FPCS first concrete lift pourt”

Finally the panels are cured and the forms are stripped which can be shown in Figure 67.

Figure 67 — Cured and stripped full-scale FPCS specimens!*!
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The full-scale test panels were also loaded in 3 point bending, shown in Figure 68, to be consistent
with prior testing methods. The previous scaled test panels had an effective length of 8 feet or 9 feet

whereas the full-scale FPCS panels have an effective length of 16 feet.

F
Concrete
(l Foam

L —

= .
| Varies

/
1’ I .
po e

Figure 68 — Full-scale FPCS loading diagram*!

The panel was carefully loaded in the testing apparatus as shown in Figure 69 and the inserted strain
gages connected to the data collector. The panel was loaded to failure and measurements, pictures
and failure modes were recorded during the test.

Figure 69 — Full-scale FPCS panel in testing apparatust*

The 8 inch panel exhibited a normal load-deflection curve for being a flexure-controlled specimen
and this is shown in Figure 70. The maxim load was near 4,500 Ibs and the corresponding deflection
is 3.87” which is approximately L/50. The initial yielding load appears to be 3,000 Ibs at
approximately 1.0” and this correlates to L/192. If the panel were restricted to a L/360 deflection
criteria for live load, the limit deflection would be 0.53” and the limit load would be approximately
1,500 Ibs.
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Figure 70 — 8” Full-scale FPCS load-deflection curve

ive load deflection criteria of L/360 allows for plenty of reserve strenght and
factor of safety. Furthermore the panel is flexure-controlled and no brittle or sudden failure
mechanisms exist near the limit load. Likewise with the 10 inch FPCS full scale panel the limit load

9,000 Ibs and the ultimate load is 9,500 Ibs. These results are shown in Figure 71.
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Figure 71 — 10” Full-scale FPCS load-deflection curve
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The test results summary for the 8 inch and 10 inch full-scale FPCS panels are shown in Table 22.
The 10 inch panel, as previously explained, has yield strength of 3 times that of the load at which
most roof member deflection criterions exist. The approximate corresponding uniform live loading
for the 8” and 10” panel with limiting deflection criteria of L/360 is 40 psf and 80 psf respectively
and the panels have proven to support up to 3 times that service load.

Table 22 — Full scale FPCS ultimate load summary

i Effective . Cracking | Cracking | Failure | Failure (Max Load
Specimen Bending [Moment .
Thickness Length Type | Arm (ft) and Mgment and I\/Igment Deflt?ctlon

(ft) (kip) | (kip*ft) | (kip) | (kip*ft) |  (in)
8" 16 3-pt 8 1 4.00 4493 | 17.972 3.870
10" 16 3-pt 8 2 8.00 9.553 | 38.212 3.571

4.5 TEST RESULTS VS. ANALYTICAL AND FEA PREDICTIONS

The following section shows the analysis results from a numerical study using ABAQUS® a
commercially available finite element analysis software program. Unlike metals and some
composite materials, concrete has a higher standard deviation with respect to engineering
performance when subjected to flexural loads. Hundreds of analyses were performed on these panels
using the following methodologies to determine the best approach for predicting strength and failure
under flexural loading:

1. Linear Static general method with non-linear geometry

2. Linear Static RIKS method with non-linear geometry

3. Implicit Quasi-Static method with non-linear geometry

4. Explicit dynamic analysis method with non-linear geometry and amplitude load ramping.

As mentioned before, concrete beams and panels subjected to flexural loading experience quasi-
static failure mechanisms as the concrete cracks and loads redistribute to the reinforced steel or other
tension loading carry constituent materials. The Implicit Quasi-Static approach may seem to be the
best suited for these models, however the Explicit Dynamic analysis provided the best insight to the

overall failure and strength.
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4.5.1 SOLID SCALED TEST PANEL

The solid 10 inch concrete panel tested in the spring of 2012 (108SOL10DL3PTNOFRPS1) is shown
in Figure 72. The panel has (2) No.5 rebars on the bottom longitudinal and (2) No. 4 rebars on the
top longitudinal. There are some transverse No. 4 rebars for integrity and shrinkage control. The

panel was loaded in 3-point bending with a single point load at midspan as shown in Figure 72.

46"
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s | "
/(2) #4 BARS ;gf o 1T e

10"
B

\(2) #5 BARS % #4 BARS T&B

\d‘ -
9'—0" TEMPERATURE STEEL o 20"

Figure 72 — 10 inch solid concrete panel construction

The results of the 10 inch solid concrete panel for load versus deflection are shown in Figure 76.
The two solid blue lines are the Group 1 and Group 2 test panels performed at University of Idaho in
the Spring of 2012. The panels were constructed in the University of Idaho lab under fair conditions.
. The dashed green line represents the calculations performed per the equations in ACI 318, This
line provides an upper bound and is near linear. The lower dashed red line is the finite element
analysis results performed in ABAQUS for the 108SOL10L3PTNOFRPS1 analysis model. Using
the damage concrete plasticity properties, the tension stiffening the nonlinear material properties of
the reinforcing steel and an explicit quasi-static analysis the numerical solution was able to capture
the earlier linear portion of the curve and the later nonlinear portion after the concrete is damaged

due to cracking. This also takes into account the yielding of the steel reinforcement.
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Figure 73 — FEA measured support reaction versus step time for 108SOL10L3PTNOFRPS1
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Figure 74 — 108SOL10L3PTNOFRPS1 Damage Tension FEM Plots
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10" Solid Scaled Test Panel vs. FE Moadel vs. ACI
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Figure 76 — 10 inch solid concrete panel FEA vs. Test results

In the initial regions of the curve for the 108SOL10L3PTNOFRPS1 FEA model there appears to be a
bit of an up-and-down on the results around 10,000 Ibs force and this is due to the way it is loaded in
ABAQUS during the explicit analysis. The rate has to be controlled in order to not load it too quickly
or too slowly. This is a case where it was loaded a bit too quickly in STEP 2 following the
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selfweight load application in STEP 1 and a small amount of vibration occurs until it settles out and

then resumes loading.

The ACI-318 formula for deflection of concrete beams is plotted in Figure 76. Per ACI-318, and its
service limits, the design of the panel would be restricted to 6,000 Ibs of load, which is only a
fraction of the total strength of the panel. This allows for a suitable factor of safety in the design

code.

4.5.2 SCALED SANDWICH TEST PANEL

The next set of results presented in detail pertains to the sandwich panel with discrete FRP shear
connectors. Another picture of the construction for this panel is shown in Figure 77 for depiction of

the constituent materials and then following that are the FEA results for tension damage and

deflection.
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Figure 77 — 10 inch sandwich panel with discrete connectors, 108DIS10L4APTNOFRPS2

The tension damage plots on the top and bottom of the panel are shown in Figure 78 and Figure 79
respectively. These plots are good measure and indication of how the panel is deforming, cracking
and failing. Other engineering measurements such as stress and deflection can be used to derive
strength and stiffness values, however Tension Damage is highly valuable and the primary benefit to
using the explicit analysis approach. The plots are summarized at ¥ load point values, so at 25% of
the load, 50% of the load and so on. What can be gathered from the plots is where the initial
cracking occurs and where the panel experiences some load reversals or inflections as the stresses in

the panels travel around the insulation layer. As the reinforcing steel is stress and exhibits tension
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forces, the radial stresses from the reinforcing steel bar locations are also captured with this analysis

method and this is another important aspect of determining the strength and failure of the panels.

The deflection plots shown in Figure 80 show the ¥ load steps and deflection results and the
distribution is not linear as can be seen and therefore indicates there is a level of DCA that changes

as the load changes on the panel.
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Figure 78 - FEA tension damage 108DIS10L4PTNOFRPS2
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Figure 79 — FEA tension damage, panel bottom, 108DIS10L4PTNOFRPS2
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Figure 81 — FEA measured support reaction versus step time for 108DI1S10L4PTNOFRPS2
In order to plot the load versus deflection the sum of the reaction forces in the vertical direction
(RF2) versus the step time was used. This plot is shown in Figure 81. Step time 0 to 1.0 is the
application of the selfweight to simulate the panel being supported in the test fixture with gravity
loading only, but no test load applied. Step time 1.0 to 2.0 is the applied test load. Due to the explicit
analysis the load is dynamically applied and therefore the panel has some vibration occurring until
the load and ramping of the load smoothes out appropriately. This initial vibration or rebounding of
load is shown by the dashed circled region and is most prevalent in the linear-elastic region of the
loading. In order to eliminate the joggle in the force application, the amplitude of the loading needs
to be adjusted, however overall the curve performs well and was not a major concern to get that
initial load entirely accurate. By adjusting the load, the model will need to take longer to run, which
may not be worth the computing time since this really only occurs near the linear-elastic region. See
Appendix E, Step 8 for the amplitude of load versus time step. The amplitude is low compared to
the time step in the beginning thereby reducing or slowing the load down as it first gets applied in the

explicit analysis.

The applied loading result versus time shown in Figure 81 is represented with the load versus
deflection curve in Figure 82, where the rebounding is represented by the jagged lines near the

beginning of the load curve. As the curve and performance of the panel result in more non-linear
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application, the explicit analysis is useful in determining the ultimate failure load, whereas a static

linear analysis had difficult converging and solving that problem.

Group 3 and 12 Scaled Test Panels FE Model
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Figure 82 — 10 inch sandwich panel with discrete connectors FEA vs. Test

The early loading region shown in Figure 82 by the dashed circle could be omitted and the results
from a linear static RIKS or linear static GENERAL FEA method could be used here. The curve

beyond the dashed circle is useful information in determining the overall performance of the panel.

Further example of using the explicit quasi-static analysis approach is shown for the sandwich panel
depicted in Figure 83 and the load versus deflection results in Figure 84. Although there is some
bounciness with the early portion of the FEA curve, overall the FEA curve matches well with the test

results, especially considering the non-linearity of the response.
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Figure 83 — 10 inch sandwich panel with segmental connectors
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Figure 84 — 10 inch sandwich panel with segmental connectors FEA vs. Test results

The blue dashed line of the FEA curve shown in Figure 84 actually extends out past in an
extrapolated format from the end test result curve. The test curve did not however reach back to zero
which signifies and abrupt failure or other stoppage to the test. This could have been sudden failure

of the shear connectors and the concrete bond or a premature failure at the support locations.
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Figure 85 — 10 inch sandwich panel with segmental connector construction
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Figure 86 — 10 inch sandwich panel with segmental connector FEA vs. Test

The FEA model results when compared to the test results as shown in Figure 86 do not have good
correlation in this particular model. The FEA model has been created as other the models and there
is no explanation at this time as to why the test data and FEA results diverge. There could be a
modeling error or there could be something else that is missing, however as these models are
developed and used in future analyses, perhaps a more consistent methodology can be developed

through experience.
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Figure 87 — 10 inch sandwich panel with continuous connectors construction
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Figure 89 - 10 inch sandwich panel with continuous connectors and FRP top plate

108SEGUP10L3PTFRPS1 (Group 8 & 9) Scaled Test Panels vs. FEA
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Figure 90 — 10 inch sandwich panel with continuous connectors FEA vs. Test
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Figure 91 — 10 inch sandwich panel with segmental down connectors FRP top/side plate (FPCS)
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Figure 92 — 10 in FPCS FEA vs test and non-FPCS
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Scaled Test Panel FEA Plot Summary
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Figure 93 — Scaled test panel FEA summary plot

Several of the scaled test panel FEA plots are compared on the plot shown in Figure 93 — Scaled test
panel FEA summary plot. The two curves with the stiffest response and nearly the highest strength
value is the 10 inch solid reinforced panel and the 10 inch segmental connector down FPCS panel.
Most of the other panels follow the same load-deflection response and there is one panel that
performed poorly in the FEA model and shall be omitted for this discussion. It appears from these
plots the confined FRP plate construction and no top longitudinal reinforcing steel performs
adequately when compared to the solid reinforced panel and of course has the added insulation value

and weight reduction.



4.5.3 FULL SCALE SANDWICH TEST PANEL

The FEA vs. test results are shown in the following pages and for reference and the construction of the 10” full-scale FPCS panel is shown in
Figure 94. The primary goal is to construct a panel with the methodology researched in this report and have it span a suitable distance for

typical building construction while supporting the required live loading.
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Figure 94 — Full scale test FPCS panel with segmental connectors
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Figure 95 - FEA deflection plots, U2, 10 inch FRPCS full scale panel
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Dt: 1.10 Step Time (10% Load)

Dt: 1.25 Step Time (25% Load)

Dt: 1.50 Step Time (50% Load)

Dt: 1.75 Step Time (75% Load)

Dt: 2.00 Step Time (100%
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Figure 96 — FEA tension damage side view plots, Dt, 10 inch FRPCS full scale panel
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Figure 97 — FEA tension damage bottom view plots, Dt, 10 inch FRPCS full scale panel
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Dt: 1.75 Step Time (75% Load)

Dt: 2.00 Step Time (100%
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Figure 98 — FEA tension damage top view plots, Dt, 10 inch FRPCS full scale panel
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The two plots shown in Figure 99 are for the panel with both top and side FRP plates (red-dashed
line) and the panel with just the top FRP plate (blue-dashed with dot line). Interesting to see here is
the influence the FRP side plates have on the strength of the panel once the concrete starts to crack
and the other tensile materials begin to carry more of the load. In the FEA model the FRP side plate
is fully tied to the concrete model, which in reality the bond will break at some loading point and the
pieces becoming non-composite. However when reviewing the results, for now we can assume the
more realistic panel would have a load vs. deflection curve somewhere in between the two FEA
results shown in Figure 99 which means we have good correlation in the non-linear region of the

curve.

10 in. FRPCS Full Scale Test Panel vs. FE Model

14000 1 o= === 10 in FPCS Full Scale Panel FEA

s 10i0 Full Scale FPCE Panel Test

12000 -

10 in FFC3 FEA RIKS

-
———
——
——————— - - -
- -

10000 -

000 -

TOTAL Load P(lbs)

a000 o

4000

2000 -

T T T
o 0s 1 15 2 25 3 35 4
Midspan Deflection (in)

Figure 99 — 10 inch FRPCS full scale panel FEA vs. Test

4.6 DEGREE OF COMPOSITE ACTION

The degree of composite action for this research will be based on test data and finite element analysis
data used to determine the flexural stiffness at the initial loading stages. The test data and degree of
composite action for all test specimens is provided in greater detail in the thesis submitted by Tom
Norris*! and the summary of that data shall be presented here in this report for reference. The
comparison of the sandwich panels to that of the solid panel is how the degree of composite action
shall be determined.
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4.6.1 LOAD-DEFLECTION METHOD

The degree of composite action for the load-deflection method is determined per the following

E I 0% E I Actual
0% 100%

1 . . . . . .
where [—j represents that of the sandwich panel if acting with 0% composite action or non-
0%

equation:

DCA = (100%)

composite. For the noncomposite sandwich panel the top and bottom wythe moment of inertia is

used as the summation of two individual sections in bending. The (—J represents the value
Actual

calculated for the slab from test results based on load and deflection at the initial stages of loading in

. . . . 1 .
the linear-elastic region. Finally the (—] represents the value calculated for the solid slab
100%

control specimen, which is considered 100% composite. The deflection at the midspan for a simply
supported beam with a concentrated load is:
3
Ao PL
48ElI

This deflection equation is used to determine the flexural rigidity (—j of the test specimen at
Actual

the linear-elastic loading stage. The value of P used in the calculation is in linear elastic range of O-
1400 Ibs and the corresponding deflection at the value of P=1400 Ibs is used to determine the slope
P/A. The corresponding midspan deflections at a load of P=1,400 Ibs is shown for all test specimens
in Table 23.



Table 23 — Initial load vs. deflection test values for all specimens

Load-Deflection Values by Phase

Phase 1
Specimen Load (Ib) A (in) Aadjusted
.0027 -
Solid Slab 000
0.0113 -
Discrete Connectors 0.0359 -
(Adjusted) 0.0244 -
1400
Segmented Connectors 0.0120 -
(Includes Adjustment) 0.0253 -
. 0.0126 -
Continuous Connectors
0.0095 -
Phase 2.1
0.0152 -
Segmental Connectors
0.0271 -
1400
. 0.0151 -
Continuous Connectors
0.0112 -
Phase 2.2
0.0597 0.0874
8" FPCS
0.1046 0.1531
1400
0.0176 0.0149
10" FPCS
0.0534 0.0452
Phase 3
8" FPCS 0.2700 0.2314
1400
10" FPCS 0.1556 0.1333

114

The following calculations show the DCA for the first discrete shear connector test specimen

(108DIS10L4PTNOFRPS2) considering analytical values for the solid concrete slab.
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3-0" i 3'-0" P 3-0"
6X8 FRP CONN, ®
24" 0.C. x|
1'-0" 3" (2) #4 BARS 3" 1'-0" |
< 1
._f : . o M N o I o 1
o < RS R ; SLXLLLLRS: ey
RERPF . o P : - A © .
2'-0"
\_ \4 #4 BARS T&B
(2) #5 BARS 8_g" TEMPERATURE STEEL
| . |
9'-0
108DIS10L4PTNOFRPS2

Concrete 28 day Compressive Strength: fe:=4120-psi
Concrete Modulus of Elasticity (ACI 318):  E,:=57000-V fe.psi  E,={3.659.10") ksi

Simply Supported Beam Effective Length:  L:=9- ft

DCA Reference Load: P:=1400-1Ibf (Constant)

Corresponding Mid Span Deflection: A:=0.0359-in

Panel Width: bi=24.in Wythe Height: h:=3+in

Solid Panel Moment of Inertia Transformed considering rebar: I piai= 2101.9-in’
3

Solving for I: Iival L It = 279.7 in'

(test panel) A 48-E,

Moment of Inertia for fully I,.:=2- {_} I, =108 in’
non-compaosite specimen:
(1 Yy (1 )
Dgg, .DCA:= kEJ:'Im'J LEr"Im'ImrFJ
{1 [ 1

\_
LEt"Iru'J kEc'IerIJ

-(100%) DCA=64.T%
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4'—g"

SEGMENTED FRP
CDNNECTGR

. L. '™ Sl
5 1'=0 [ ) #4 BARS 1'=0" |5

CLR

\ - \4 #4 BARS T&B
(2) #5 BARS TEMPERATURE STEEL
9'-0"
108SEG10L3PTNOFRPS1

Concrete 28 day Compressive Strength: fle=4120. psi
Concrete Modulus of Elasticity (ACI 318):  E.:=57000-V fe-psi  E.=1{3.659-10") ksi

Simply Supported Beam Effective Length: L:=9-ft

DCA Reference Load: P:=1400-1lbf (Constant)
Corresponding Mid Span Deflection: A:=0.0120-in

Panel Width: b:i=24.in Wythe Height: hi=3-in

Solid Panel Moment of Inertia Transformed considering rebar: Iigi= 2101.9-in’
Solving for I I cial Ll L I = 8369 in’'

(test panel) A 48-E,

Moment of Inertia for fully I =2 {blg’

\
J 1, =108 in’
non-composite specimen:

(1 VN [ 1
DCA: DCA = kf’ 1”’J L ' ‘"’“"’J-{musis’-} DCA=91.8%
Loy (1

[
LE IPMJ I\E Imn'arfJ
The same procedure is used for the remaining test panels; however the moment of inertia from the

solid test specimen is now used to determine the degree of composite action. In either case the
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results are similar and the assumption of just using the analytical representation of the solid slab can

be used in future calculations.

Table 24 — DCA load deflection method summary

FEA DCA Calculations by Phase
Phase 1
Specimen P/A | El 1/El FEADCA | TEST DCA
Solid Slab 181913 1305 4774116424  2.09E-10 94.5% 100.0%
108SOL10L3PTNOFRPS1 0 0 0.0113 8.85E+01 - 90.5%
Discrete Connectors 82905 595 2175771465 | 4.60E-10 84.3% 63.2%
108DIS10LAPTNOFRPS2 0 0 0.02440317 | 4.10E+01 - 76.0%
Segmented Connectors 62423 448 1638224160 [ 6.10E-10 78.1% 89.7%
108SEGUP10L3PTNOFRPS1 0 0 0.0253 3.95E+01 - 75.0%
Continuous Connectors 69231 497 1816903289 | 5.50E-10 80.6% 89.0%
108CON10L3PTNOFRPS1 0 0 0.0095 1.05E+02 = 92.5%
Phase 2.1
71058 509.7061547 | 1864847580 | 5.36237E-10 81.17% 86.2%
Segmental Connectors
0 7.40706E-09| 0.0271 36.900369 - 73.0%
. 70078 502.6796312 | 1839139837 | 5.43732E-10( 80.86% 86.3%
Continuous Connectors
0 3.06122E-09| 0.0112 |89.28571429 - 90.6%
Phase 2.2
8" FPCS Scaled
80925 534.4646321 | 2123791908 | 4.70856E-10 84% 83.7%
10" FPCS Scaled
0 1.34268E-08 | 0.053354 |18.74273719 - 39.7%
Phase 3
8" FPCS Full Scale
10" FPCS Full Scale 13331 497.3986997 | 1965799172 | 5.08699E-10| 82.50% 71.5%

4.6.2 STRAIN DISTRIBUTION METHOD

The solid concrete test panel is considered the reference beam and the fully composite specimen. In
that case the strain distribution through the depth of the specimen, normal to the plane of bending,
should be completely linear. Likewise the sandwich panels that exhibit full-composite action should
also have a strain distribution through depth of the entire specimen from top wythe to bottom wythe

with no disconnect at the insulation. In order to determine a consistent DCA for each specimen, the
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strain was analyzed at a time when all specimens were subjected to a load that corresponded to an
equivalent flexural moment. The following equation was used to determine the degree of composite

action of the various specimens based on the strain distribution:

DCA _ AXACIU&J - AXO% (100%)
AXy000 — AXoo

where AXq, represents the change in the calculated strain equation from one wythe to the other in a
slab acting with 0% composite action (fully non-composite), AX,.. represents the change in the

calculated strain equation from one wythe to the other in a slab from test results based on load and

deflection, and AX,.. represents the strain difference calculated for the solid control specimen,

which is 100% composite. In the solid slab there is no variation in the strain distribution as can be
seen in Figure 100.

Solid Slab Strain Distribution

N 4
N
N

Depth (in)

I T T 0 T T 1
-30 -20 -10 \Q 20 30
La ]

Ny

on

Strain

Figure 100 — Solid slab test panel strain distribution

The linear static analysis model was performed in finite element for a load of P = 1,400 Ibs to be
consistent with the analytical calculations. The contour strain distribution from the finite element

analyses is shown in Figure 101.

Figure 101 — Solid slab FEA strain distribution (&,;)
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The corresponding values of strain along the x-direction or €;; are shown in the plot in Figure 102.
These values shown in the plot in Figure 102 are taken from nodes in the center of the panel along
the vertical direction and this is the typical method for each panel. There is a linear distribution of

strain through the section of the concrete panel. The strain does jump a little where the steel
reinforcement bars are located.

FEA Strain Distribution Solid 10" Panel

Section Depth of Pane

-0.00004 -0.00003 -0.00002 -0.00001 0 0.00001  0.00002 000003 000004
Strain e11 (in/in)

Figure 102 — Solid slab FEA strain distribution plot (g;;)
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Figure 103 — Solid slab FEA panel rebar strain vs. test results
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Figure 104 — Discrete connector test panel strain distribution
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FEA Strain Distribution Discrete 10"
Panel 108DIS10I4APTNOFRP52

Strain (105) e11 {in/in)

Figure 105 — Discrete connector FEA panel strain distribution

Segmental Strain Distribution
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Figure 106 — Segmental connector test panel strain distribution
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FEA Strain Distribution Segmental 10"
Panel 1I085EGUP10L3PTNOFRPS1

Section Depth of Panel

S b L R R
-0.0001 -0.00005-0.00006-0.00004-0.00002 0 0.00002 0.00004 000006 0.00005
Strain e11 {in/in)

No FRP Plate (above)

FEA Strain Distribution Segmental 10"
Panel 1085SEGUP10L3PTFRPS1

o
-10.0 -8.0 -6.0 -4.0 -2.0 0.0 2.0 4.0 &.0 g.0
Strain (1045} el1 {in/in)

With FRP Plate

Figure 107 — Segmental connector test panel strain distribution




Continuous Strain Distribution
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Figure 108 — Continuous connector test panel strain distribution

FEA Strain Distribution Continuos 10"
Panel 108CON10L3PTNOFRPS1
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FEA Strain Distribution Continuos 10"
Panel 108CON10I3PTFRP51

-3 -6 -4 -2 u] 2 4 5]
Strain (10%5) e11 (in/in)

With FRP Plate

Figure 109 — Continuous connector FEA panel strain distribution
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FEA Strain Distribution Segmental 10" FPCS
Panel 1085EGDN10OL3PTFRPS1

Strain (104-5) el1 {in/in)

Figure 110 — FPCS Segmental 10” FEA panel strain distribution

FEA Strain Distribution Segmental 10"
Full Scale Panel FPCS

Strain (104-5) el {in/in)

Figure 111 — FPCS Segmental 10” Full Scale FEA panel Strain Distribution

The test panels with FRP top and side plates were not constructed in a way to allow for the strain
data to be collected to establish the DCA by this method."” The panels with top and side plates shall
rely on the load-deflection method in this study. Specimens with top FRP only did provide sufficient
data to accurately construct the strain distribution profiles. The following is an example of the
calculations used to determine the DCA based on the strain distribution for the phase 1 test panels.
Further equations and data can be found in the thesis submitted by Tom Norris™* for the testing of

all panels.
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3 EC) P
- 4 -6 |
CONTINUOUS FRP
CONNECTOR e |
-n" —n" = )
- 1 =0 [{2} #4 BARS 1 =0 e IE]
— =

RN - N .
\_ \4 #4 BARS T&B
(2) #5 BARS TEMPERATURE STEEL
9'-0"
108CON10L3PTNOFRPS1

Concrete 28 day Compressive Strength: fe:=4120+psi
Concrete Modulus of Elasticity (ACI 318):  E,:=57000-V fe.psi  E.=(3.659.10") ksi

Simply Supported Beam Effective Length: L:=9.ft

DCA Reference Moment: M:=18.9-kip-in (Constant)

Panel Width: b:=24-in Wythe Height: h:=3+in

Solid Panel Moment of Inertia Transformed considering rebar: T04=2101.9-in’
Distribution Equation: y, = —0.0625 x+3.125 Yinrr 1= 1.5 - in2

Yy, =—0.0625 —0.5625 Yiprs =3 0010
'y:: ]

Dretermitie Mg,

By assuming different walues of 'y and using the following equation, the slope of the strain
distribution for a fully non-compostte specimen can be calculated. A ssuming that this
distribution crosses the neutral ams at the center of each wythe, the difference (A, can be

calculated:
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Moment of Inertia of Single Wythe: I= b 1’:' I=54 in’
Strain at Extreme Fiber: e=My
EI
Moy, i
Strain at Top Fiber: e = Il 108 ¢ —143.495
E..1
. . i ﬂ'f*ymf.g [ Ace
Strain at Bottom Fiber: &£,:=—"""™.10 £,=286.989
E{.“ 'r
1 —1
Slope of Strain Distribution: Siﬂpe:M slope =0.01
(g1—&y)-in

Assuming the top of the specimen to be the datum, use the distance between the

dtop of the specimen and the center of each wythe to determine the valuess of 'x'.

! i
15 4 =143.495 Tyiz o) T,=813.137

slope - slope

m; =

Fully Non-Composite: Az =z, — T, Ar,=669.642

Using the equations provided by the strain distribution and assuming an arbitraty
datum, Dxex can be calculated for the experimental test:

;= 'I(—?’II_I_U‘E{]LS\‘ r,=—89 Tyi= 'I(—y_'i-l 25) Ty=—230
\ —0.0625 ) \ —0.0625 |
Experimental Panel: ALy 1= Ty — T AL,y = 59
Fully Composite: Az, =0 (Mo variance)
Axr. . — Az
LJC-‘A::" el ﬂ*ll]l]% DCA=91.2%
Axygy— Axy J

The results for all of the Phase 1 and Phase 2 test panels using this procedure can be found in Table
25 and just as was the case with the load-displacement method the DCA for the continuous shear

connectors exhibited the highest percentage. The test panels with the segmental shear connectors
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also produced a relatively high percentage of composite action. This second set of calculations and

data for the DCA confirm the previous results from the load distribution method.

Table 25 — Degree of composite action (DCA) — strain distribution method

DCA - Strain Distribution Method (TEST)

Phase 1
Specimen Kbot-ext Xiop Xmax AX DCA
Solid - - - 0 100%
Discrete -117.6349 (-24.015209 | 669.6419 | 93.619688 86%
Segmental 7.6666667 -47 669.6419 | 54.666667 92%
Continuous -17.333333 -62 669.6419 | 44.666667 93%
Phase 2.1
Segmental -147.64865| -90.09009 | 669.642 | 57.558559 91%
Continuous -89 -30 669.642 59 91%
DCA - Strain Distribution Method - (FEA)
Phase 1
Specimen Kbot-ext Xiop Xmax AX DCA
Solid - - - 0 100%
Discrete (108DIS10LAPTNOFRPS2) |-20.764232|-5.4680559 | 669.6419 | 15.296176 98%
Segmental (108SEGUP10L3PTNOFRPSLY) | -24.696528 | -7.8376623 | 669.6419 | 16.858866 97%
Continuous (108CON10L3PTNOFRPS1) | -24.088359 [ -7.6048937 | 669.6419 | 16.483466 98%
Phase 2.1
Segmental (108SEGUP10L3PTFRPS1) |-21.992552|-8.5490575| 669.642 | 13.443494 98%
Continuous (108CON10L3PTFRPS1) |-23.728814| -7.391253 | 669.642 | 16.337561 98%

The FEA strain distribution method yielded results that were all relatively similar for the 5 test

panels analyzed. The reason could be the fidelity of the mesh or disadvantage in using this analysis

method for DCA evaluation.

Table 26 — DCA load displacement vs. strain distribution methods based on test data

Specimen | DCALDM | DCASDM | Difference
Salid 100% 100%% 0%
Discrete TE% 86% 12%
Segmental 90% 92% 2%
Continuaous 92% 93% 1%
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4.7 DESIGN CONSIDERATIONS

The test panels in this study have displayed a DCA range from 70%-92% depending on the span,
configuration and material properties. The test panels in this study are considered partially
composite and therefore normal ACI design equations are used to determine the moment capacity of

the panel if it were a solid reinforced concrete beam, then reduced according to the DCA percentage.

FEA DCA vs. Load

90.0%

80.0%

70.0%

60.0%

50.0%
== Discrete

40.0%
// == Segmental

30.0% v, Continuous
20.0%

DCA (%)

10.0%

0.0%

0] 500 1000 1500 2000
Load, P (Ibs)

Figure 112 — FEA DCA vs. Load comparison

For varying loads applied to the panel in the finite element model, the DCA was determined for the
three-phase one sandwich panels. The DCA versus the load, applied up to 1,600 Ibs concentrated in
the middle for three-point bending, is shown in Figure 112. It is clear that the DCA changes as the

load is applied and seems to hit a maximum around 85-90% DCA.

Some of these panels have reinforcing steel top (compression steel) and bottom (tension steel) and

some of the panels have FRP plate on top and reinforcing steel on the bottom only.
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Figure 113 — Partial composite section vs. solid panel section

For the partial composite panel/beam section shown in Figure 113 the section modulus of elasticity is

derived by the following equations in terms of a 12 inch or 1 foot section width. These panels are

symmetrical; therefore the section modulus is the same for top and bottom. As measured from the

top, the neutral axis distance, c is calculated:

b =12inch
A=b(t, +t,)

0.5b(t, )* + btb(h —tzbj
C=

A
3 2 3 2

I:bi+bt et +bi+btb h—c—

12 2 12 2
S=1

c

However in the case of using these panels tested and designed for out-of-plane loading, flexural and

shear capacity can be determined from normal ACI equations and then reduced accordingly to the

DCA charts based on span and configuration.

Further design considerations to be used in the application of these panels for residential, commercial

and/or industrial construction are listed as follows:

1. Panels when placed in the field will not have solid concrete end zones.

2. FRP top plates adhered to the concrete panels should be used in the form of FPCS panels.

Then a membrane sealed over the butting joints.

3. Panels should be designed with normal ACI concrete equations considering bottom steel

reinforcement only and treated as a solid section, then flexural and shear capacity should be

reduced by the DCA from a chart based on span and configuration.
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4.8 CONCLUDING REMARKS

Various configurations of precast concrete sandwich panels were tested and reported on in Tom
Norris Thesis™*?. These panels with and without FRP top plates should good results for strength and
deflection when compared to a similar solid concrete panel. Degree of composite action was

determined for each panel and the range is from 70-90% DCA.

A finite element analysis model was created to determine the suitability for carry-out future analyses
of precast concrete panels based on numerical modeling only. Several FEA models showed good
correlation between the test results and the numerical analysis results. A dynamic explicit analysis
using ABAQUS Damaged Plasticity model is recommended for future FEA studies as it captures the
quasi-static failure of the concrete materials and provides a full solution. Variables that still need
some research are the amplitude of loading and the failure mechanisms and bond failure between the
constituent materials. A static general or static RIKS models did not perform as well, was actually
more time consuming in solving the problem and in many cases prematurely ended before a solution

in the nonlinear range of the model.
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CHAPTER 5: CREEP BEHAVIOR OF FRP-PRECAST
CONCRETE SANDWICH PANELS

5.1 INTRODUCTION

The non-linear effects of concrete cracking, creep and shrinkage, when not understood, qualified,
predicted or designed for, can be a common cause of serviceability failure in concrete structures.
(Gilbert & Ranzi, 2011). As documented by Gilbert and Ranzi (2011) approximately 50% of the
final creep in a concrete structural member is developed in the first 2-3 months. The remaining 90%
of the final creep is then estimated to develop in 2-3 years after. The test data and finite element
analysis modeling presented here are based on (4) precast concrete panels subjected to creep loading
for duration of less than 1 year. The data has many variables; however it does provide some insight
to the structural behavior of the sandwich and FPCS panels under sustained loading and sets the

stage for further development and creep testing.

Latest research published by Bazant et al., "' show that existing creep models, both in software
format and analytical models, can underestimate creep effects in concrete structural members,
especially over long periods of time. Since there is a lack of published data on long-term creep
effects of concrete structures with various types of environmental conditions, loading, material
properties and constituent materials, there is a little bit of blind faith in using such models without

complete validation.

The creep test data presented in this research has many variables, all four panels are constructed
differently and the creep test duration was less than one year. However, there are some useful
preliminary insights to the creep behavior of the panels. The panels are expected to be loaded with
linear-elastic service loads for the duration of their life; therefore a simplified creep power law model
can be presented to make some preliminary predictions, when considering all of the inherent
unknown variables such as relative humidity, temperature, aggregate size and type, water cement

ratio, etc. No viscoelastic or inelastic creep models are required for this study.
5.2 EXPERIMENTAL DATA

There are three types of analyses and/or data collection that will be considered for the creep

behavior. The first will be an analytical model based on theoretical and empirical formulas for
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concrete creep and flexural behavior of beams. The second form of analysis will utilize the finite
element method with Abaqus© as the solver. These first two methods will be compared with the

third form of data collection which will be the creep test panel itself.

There are four different creep test panels considered in this section of the study. They include:

1) 8” FPCS panel

2) 10” FPCS panel

3) 10” sandwich panel with FRP segmental shear connectors (no exterior FRP plate)

4) 10” solid panel to act as a baseline analysis.
The first panel is the 8 inch creep test panel with FRP plate as shown in Figure 114. The panel has
the segmental FRP shear connector that anchors the top concrete wythe to the bottom concrete

wythe. This panel also has an FRP plate bonded to the top and the sides of the panel.
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Figure 114 — 8 inch creep test panel with FRP top & side plates (FPCS)

The second creep test panel constructed and analyzed is the 10 inch creep test panel with the
segmental FRP shear connector and the FRP plate bonded to the sides and tope of the concrete
exterior face. This panel is shown in Figure 115. The third creep test panel is the 10 inch sandwich
panel with the segmental FRP connectors in the upward orientation and no external FRP plates.

Figure 116 shows the construction details of this panel.
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Figure 115 — 10 inch creep test panel with FRP top & side plates (FPCS)
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Figure 116 — 10 inch creep test panel with no FRP plate
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Finally the 10 inch solid reinforced concrete test panel, used as the benchmark panel, is shown in
Figure 117. This panel is also identical to the 10 inch solid concrete test panel used in the previously

documented scaled test panel loaded to failure.
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Figure 117 — 10 inch solid creep test panel

A summary of the panel loading and the actual weights of the blocks on each panel are shown in
Table 27.

Table 27 — Creep test block weights

Specimen Weight of | Weight of |Total Load
Block 1 (Ibs) [Block 2 (Ibs)|  (Ibs)
Solid Slab 1552 1504 3056
10" Sandwich Panel 1540 1542 3082
8" FPCS Panel 1565 1572 3137
10" FPCS Panel 1598 1576 3174
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5.3 ANALYTIC MODELS

The ACI 318 code has provisions for immediate deflection requirements and long-term sustained
load deflection. These calculations are provided in this report to show the limitations of such models
when compared to the test data and the finite element analysis. Sustained loading will create creep
strains in the concrete which are additive to the shrinkage strains and the immediate instantaneous
loading strain. The sum of the instantaneous deflection due to live loads, the sustained portion of the

deflections due to dead load and any sustained live load is provided by the formula in Wight &

MacGregor®™;
A= Ao Aip + AL + A, A (5-1)
Where,
Instantaneous deflection due to dead load: Aip
Instantaneous deflection due to live load: AiL

Deflection due to sustained Portion of the Live Load:  Ajs

Long term deflection factor for load applied at time t,; 4,

10,00

Long term deflection factor for loading > 5 years: A

The initial deflection when the concrete panel is placed on the blocks can be derived by the formula:

4
5w Lt -2
384E. 1,
Where,
ACI 318 Modulus of Elasticity of Concrete:
E. =57000*,/ f'c =57000v4600 = 3,865,928 psi ACI 318 Section 8.5.1 (5-3)
Transformed Gross Moment of Inertia:
b, h° h ? v
Igt = 12 + bwh(z_ ytj + (n _1)As(d Y )2 + (n _1)As(d - yt) (5-4)
Selfweight of the Concrete Panel: w,, =b,hy = (24in)10in)0.084 pci) = 20.139!—b
in

Length of the Panel between supports: L=108 inches
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4 : 4
- 3?3\,4\1,51;ch| B 384(2(§g§1§§;bp/s:;()§11%i.z)un4) =0.0044in 6=
ot 009,
From the FEA model of just the selfweight run the deflection is: Aip_pea =0.0047in
From the FEA model of blocks + selfweight the deflection is: Air_rea = 0.0161in
The instantaneous live load deflection then becomes:
A, =Aq —Ap =0.0172371-0.0047 = 0.0125in (5-6)
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Figure 118 — ACI multiplier for long term deflection (ACI 318, Figure R9.5.2.5)

The multipliers for incremental time are shown in Table 28.

Table 28 — ACI load duration multipliers

Duration of Load (months/days) Mulitplier (&)
1/30 0.5
3/90 1
6/180 1.2
12/365 14
a2
The compression steel ratio is: p'= 2 (.J.20|n' ) =0.0017 (5-7)
(10in)24in)
The sustained load multiplier is: Ay = ] - ACI 318 Eqgn (9-11) (5-8)
1+50p

The sustained load factor (A,) from ACI 318 equation 9-11 and the resulting deflections are shown in
Table 29.



Table 29 — ACI sustained load factors and deflections
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Time | Variable | Variable | 10" Solid | 8" Solid 10" Solid 8" Solid
(days) (€) (Aa) (in) (in) (in) (in)
0 0 0 0.012537 | 0.023968 Ap= 0.0047 Ap= 0.007326)
30 0.5 |0.460829| 0.02048 | 0.038389 Am=  |0.017237| Ay= | 0.031294
90 1 0.921659 | 0.028424 | 0.052811 A= 0.012537 A= 0.023968,
180 1.2 1.105991 | 0.031601 | 0.058579
365 1.4 1.290323 | 0.034779 | 0.064348

For reference, the plot of the solid slab creep deflection is shown in Figure 119 and the duration was
set for 365 days, which is almost twice that of the actual test. This represents the standard code-
based analytical method currently available to the engineer. The ACI figure will be compared to the

test data and FEA analysis later in this chapter.

Creep Deflection - 10" Solid Slab: ACI 318
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Figure 119 — Analytical creep deflection, ACI 318
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5.3 EXPERIMENTAL INVESTIGATION

The four specimens were statically tested with 3-point bending as a simply supported beam and
loaded with (2) ecology blocks as shown in Figure 120, Figure 121 and Figure 122. The weights of
the ecology blocks were provided in Table 27 and are approximately 1,500 Ibs each. Further detail
of the test set up is explained in the final Thesis document by Tom Norris*. Tom had the

responsibility for the majority of the test set up and data recording.

Eco-Blocks

Test Specimen

/

> o

Figure 120 — Creep test loading diagram

Figure 121 — Creep test set up for 10” FPCS panel
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Figure 122 — Creep test panel set up for 8” FPCS, 10” sandwich and 10 solid panel

As explained in Norris’™ thesis document there was a good attempt in capturing more data by
applying the high number of the gages, however not all gages were functional, used and/or
operational during the test. Furthermore, anomalies and discrepancies in the data collected were
commented on and explanations were provided in Norris’™ thesis. In Figure 121 the 10” FPCS
panel was placed on the loading dock under the building canopy and therefore never received any
direct sunlight. All creep test panels were covered with a tarp, however (3) of the panels were located
in the open environment as shown in Figure 122. These three panels that were set up outside in the
driveway and are indicated as items 1, 2 and 3 in Figure 123. These three panels also resulted in the
highest deflection values which presumably were influenced by shrinkage creep and mechanical
breakdown in the interstitial zones due to temperature fluctuations from day to night. In the plot
shown in Figure 123, areas are highlighted and numbered with explanations also provided in
Norris’*! thesis as follows:

1. The dial gages had been moved at this panel such that they no longer recorded any data. For

that reason, deflection data acquisition at this panel was halted.
2. At 150 days the load was removed from the panel and the elastic recovery in the sandwich panel

is shown.
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3. At 150 days the load was removed from the panel and the elastic recovery in the solid panel is

shown.

Creep Deflection vs. Time
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Figure 123 — Creep deflection vs. time, Norris*!

The testing of the (4) panels for creep deflection was performed in an uncontrolled and exterior
environment. Notable factors/influences regarding the testing of these panels for the 150 day
duration are as follows:

A. The panels were outside.

B. The panels were not protected/secured from public or natural disturbances.

C. The creep deflection of the panels is both influenced by mechanical creep strain along with
shrinkage creep strain. Thermal strain cannot be ruled out, however it most likely had less of
an effect when compared to the shrinkage creep and the arid climate it was tested.

The mid-span deflection vs. time of the four panels was compared to the quarter point deflections
and these deflection plots can be seen in Figure 124. The three exterior panels shown in Figure 122
have the highest initial peak deflection at the placement of the load then the recordings taper off as

normal creep deflections occurred over time.
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Analytical hand calculations were performed on the solid slab along with finite element analysis and
the initial deflection of the solid slab with the (2) ecology blocks should have been around 0.014
inches to 0.031 inches respectively as shown in Table 30. The initial deflection of the solid slab in
Figure 124 is 0.124 inches and this is an order of magnitude higher than both of the hand calculation
and finite element analysis results. Adjusting for this discrepancy is the quarter point deflection

comparison with no initial deflection as shown in Figure 125.

Table 30 — 10” solid panel deflection calculations

10” Solid Reinforced Concrete Panel

Analysis Method Load Midspan Deflection (in)
ACI 318 Selfweight + 3,056 Ibs 0.014
Finite Element Analysis Selfweight + 3,056 Ibs 0.031

Quarter Point Deflection Comparison
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Figure 124 — Quarter point deflection vs. time, Norris (2014)

Even with the no initial deflection adjustment, there still remains a sharp increase in deflection at the

early stages of the test. Quite possibly the panels had experienced a high level of shrinkage creep
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strain and this caused the panels to deflect rapidly in the beginning stages of the test and/or support
settlement. The panels were placed on test blocks and loaded in July of 2013 and this is the height of

the hot and dry seasonal environment in Moscow, ID, where the panels were located.

Quarter Point Deflection Comparison (No Initial Deflection)
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Figure 125 — Quarter point deflection vs. time, no initial deflection

From Figure 125, the high initial deflection values remain, even with initial deflection adjustments

the reliability of the data of the (3) panels tested outdoors remains questionable.

One piece of data that can be extracted from the four creep test panels is the secondary creep. The
primary creep results, which can be influenced by shrinkage, are unlike the secondary creep results
which tend to have more of a flat curve and low slope. The secondary creep results along with a
linear trendline equation are shown in Figure 126. Included in this plot is the ACI 318 equation
which is estimated between 30 and 180 days. The slope of the ACI 318 line, which is the rate of
secondary creep, is 0.00007. This is relatively low when compared to the other secondary creep

slopes for the test panels.
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Figure 126 — Secondary creep comparisons

5.4 FINITE ELEMENT ANALYSIS

Creep effects in concrete structures has been studied since the 1970’s and many analytical models
have been published in codes such as the ACI model, the Comite Euro-Internationale du Beton
(CEB), Federation international de la precontrainate (FIP) model, the Japan Society of Civil
Engineers (JSCE) model, the Gardner and Lockman (GL) model and Model B3. Evaluation of
existing commercial software programs and the code-based models themselves, i.e., ACI 209, show
that they underestimate the effects of multi-decade creep in large-span prestressed bridges.!™
Bazant and others have studied and documented concrete creep models for over 30 years and have
shown that a successful concrete creep model is based on many constituent sections and algorithms
that account for water-cement ratio, temperature, relative humidity, prestress loss, and sun exposure
to name a few. Bazant, et.al., have commented that engineers strive to find a model to predict creep
and shrinkage from as few parameter as possible.™ Specifically, they wish to use only the strength
of the concrete as the sole design variable to determine the concrete creep strain. A model such as

this would be more convenient and user-friendly, however it is not realistic and therefore a rigorous
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model, well tested against suitable number of specimen results over a long period of time, should be

developed and used.

Simple Creep Power Law — Strain Hardening:

Abaqus© includes in its solver a few different creep models that can be used in lieu of creating a
UMAT subroutine. One approach is to create a subroutine that incorporates the engineering
properties of the concrete materials. The approach taken here is to use the simplified creep power
law function and fit it to the solid panel test data. Next step is to verify the same formula on the
FPCS sandwich panel and then extrapolate that out to several years (since the test was only 180

days). From Abaqus User’s Manual, Section 23.2.4

The equivalent deviatoric creep strain increment is determined by the following equation:
1

o = (Aﬁ n [(m +1)e }m J s (5-9)

—cr, . . ~ . . S . .
Where, ¢ is the equivalent creep strain and  is the uniaxial deviatoric stress, t is the total time

and A, n and m are defined constants and functions of temperature. For the 10” solid concrete creep
test panel the following values were used for the defined constants:

A =1E-09

n=225

m=-0.5
These values were obtained through curve fitting functions in excel from the actual creep test data
plots.
Gilbert Creep Strain:

The creep strain is determined from Gilbert’s AS3600%%? equation as follows:

% (5-10)

& — ¢
cc cc
EC28

Where ¢ is the creep coefficient defined as:
Dee = k2k3k4k5¢cc.b (5_11)
From Gilbert’s SP-227-2?2 model the modification factors for creep and shrinkage were determined

as follows; o = 1.1468,
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o 2,[0.8
“2=08 o150
t" +0.15tp

ks =1,

k, = 0.6,

k5 = 10,

Qcch = 34
The equivalent deviatoric creep strain increment is determined by the following equation:

éor = AG Ne(Pectoo )t (5-12)

The derivative of the equivalent deviatoric creep strain increment with respect to von mises stress is:

Ecr =NAG (n _1)e((”ccgco )At (5-13)

Definitions:
DECRA(1):  Equivalent (uniaxial) deviatoric creep strain increment, Ag"

DESWA(1):  Equivalent (volumetric) consolidation creep strain increment, Ag™

A cross-sectional area

Ecs elastic modulus of concrete at 28 days
F’c characteristic

q uniaxial deviatoric stress

This Gilbert model has been presented here as an example of a simplified creep power law approach,

however results from the model were not compared nor validated.

Bazant B3 Model:

Bazant etal™ ™ have published a few articles on creep models which can be created and used in

ABAQUS for analysis. As shown in their research work, there are several other creep models
published, both analytical and numerical (commercial software), that can grossly underestimate the
creep deflections in large structures. The basic algorithm from these published models can be used to
analyze the creep in the FPCS sandwich panels, however as explained in Bazant’s research, each
model needs to be configured to the data from the test structure. This in itself is a limitation and
leads us to believe that long term creep testing needs to be performed on the FPCS panels researched

in this study in order to provide and accurate and reliable creep algorithm.
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5.5 TEST RESULTS VS. ANALYTICAL AND FE PREDICTIONS

The creep tests in this study provide a preliminary idea of how the sandwich panels, in particular the
FPCS sandwich panel, perform over the duration of static linear loading. Considering the data in
generalized form and ignoring severable variables and factors, a simple power creep law model can
be used to show correlation to the test panels and then provide a generalized and conservative
prediction to the long term effects. The 10 inch solid panel, both test data and FEA data, is shown in
Figure 127. In the FEA model the initial selfweight of the panel is measured as the first step, and
then the applied creep load is incorporated as the subsequent step for the allotted time duration. The
power law previously described matches well with the available data. It is interesting to note the

ACI 318 creep equation plot is vastly under-conservative.

Creep Deflection - 10" Solid Slab
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Figure 127 — 10 in. solid concrete creep test panel 4 deflection

With this generalized simple creep power law showing good correlation to the test data, it can then
be used for the 10 inch FPCS sandwich panel to see how well it matches that test data. The

comparison between the solid panel and the FPCS sandwich panel is shown in Figure 128.
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108SEGUP10L3PTFRPS1 (10" FPCS) Creep Deflection
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Figure 128 — 10 in. FPCS sandwich creep test panel 2 deflection

The power law used for the FPCS sandwich panel is providing conservative results for the 180 day
span and that shall be considered the upper limit to this approach. When extrapolating that curve out
to 30 years the estimated final creep deflection is less than 0.25 inches which can be seen in Figure
129. For the 9 foot span, the 0.25 inch deflection would constitute a deflection ratio of L/432 which
is acceptable per building code and ACI standards. Once again the load on the panel, which
distributed into a surface load is:
W = (3,174 Ibs)/(2’ x 9”) = 176 psf >>> than any service live load

The load is not distributed over the surface of the panel, however when considering the total load of
the ecology blocks over the area of the panel, the surface live load is far greater than any code
specified pressure load such as 20 psf for roofs, or additional dead load material weights or even
snow loading. Therefore, considering the estimated 30 year creep deflection of L/432 with this

loading is remarkably good and acceptable, however not verifiable at this point.
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108SEGUP10L3PTFRPS1 (10" FPCS) Creep Deflection
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Figure 129 — Estimated long term creep effects for 10” FPCS panel

Once again this method is preliminary and cannot be verified with the limited data available and with
so many variables. It is recommended that creep test panel be constructed again with fewer variables
and loaded for duration of more than 1 year and preferable several years. The finite element analysis
model should use one of the published creep subroutine models by Bazant, etal or another accepted
constitutive model. Research by Bazant etal™ "] shows that by creating a model with limited

data and extrapolating that out for 20-30 years can lead to gross underestimation.
5.6 CREEP SUMMARY

The (4) panels tested for creep loading in this research all varied in type of construction and in some
cases environmental influences. Three of the panels were completely outside and covered with a
tarp during the test and one panel was under a building canopy at a loading dock, also covered.
Recent research shows that current creep analytical models and FEA software are based on obsolete
methods and may even produce unconservative deflection estimates for larger structures with more
creep sensitivity™ 23] With the variability in the loading and the environmental effects, it may be
unreliable to develop a finite element analysis creep model to capture the effects of the test
accurately and then to extrapolate that to long-term predictions with any kind of confidence. Future
creep testing is desired where (2) of each type of panel is tested, in a controlled temperature and
humidity environment. The panels should be tested for at least 365 days and preferably longer and a

creep analysis model should be then developed based the algorithms presented in Bazant, etal’s
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research*®

. These algorithms have several variables in the subroutine that need to be accounted for
to provide an accurate creep prediction. If the future FPCS test panels can narrow in on a few
variables and correlate a FEA UMAT subroutine model for that test, it should lead to better

confidence for extrapolation.

The 10” FPCS panel did show the best creep results, perhaps the FRP enclosure contained more of
the moisture and protected the panels from shrinkage creep or perhaps the FRP provided additional
strength for the panel. This type of panel should be tested again along with a solid concrete panel to
be used as a baseline comparison. The 8” panel should most likely be avoided when performing a
creep test as the results for this type of panel showed the highest deflections over the same time

period.



150

CHAPTER 6: BLAST RESISTANCE OF FRP-PRECAST
CONCRETE SANDWICH PANELS

6.1 INTRODUCTION

Technical investigations on the study of blast effects have been available for over 60 years. There is
little to be found on existing investigative research of precast concrete sandwich panels; however
there are resources available for information on reinforced concrete structures subject to blast

loading, Hinman'?® and McCann®*.

When designing buildings or structures for blast loading, the engineer must prioritize the goals for
the building performance, knowing that a “blast-proof” building for a known event may be too
expensive to build. “Preventing the building from collapsing is the most important objective”.
Hinman®®. This statement is highest priority for structural design for blast loading and following
the 1) prevention of the building collapse; an engineer must 2) reduce flying debris and 3) allow for

save evacuation and/or rescue/recovery efforts.

To provide an idea of the likelihood of blast loading to a building, the chart in Figure 130 shows the

number terrorist attacks and to which type of building the blast generally occurred.
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Figure 130 — Facility terrorist attack, (FEMA 426)

Blast loading does not always mean a terrorist event, a building at a petrochemical, industrial and/or
manufacturing facility can also experience an accidental blast load event. Nevertheless, blast loads
do occur, are likely to happen to certain building targets and when required, structural engineers need

to understand more about the available materials to design for these events.

6.2 BLAST LOADING

Typical blast waves are described as condensed air pressure waves that travel at superonic speeds
from a point explosion source!®. The typical blast pressure versus time plot is shown in Figure 131.
The level of peak incident and peak reflected pressure is usually many times more than typical
operating and environmental loads that a building would experience, however the phase duration or

time is on the order of milliseconds.
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Figure 131 — Typical blast pressure wave (Hinman, 2003)

The structural design should also account for load reversals, unpredictable secondary loads such as
loss of elements or falling debris and formation of plastic hinge mechanisms. A simplified version
of the blast pressure versus time is shown in Figure 132, where the f, sometimes known as P, is the
peak surface-on pressure or peak intensity. The time duration, ty of the blast wave is typically in the
range of 0.1-0.001 seconds.

fit)

force

- = |

0 time ty

Figure 132 — Idealized blast pulse versus time
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The magnitude of the initial velocity, v, for a single degree of freedom (SDOF) system is
characterized by the following equation:

V= % , Where m = mass of the structural system.

Concrete has more mass than other conventional building materials and therefore since mass is the
only parameter that controls the magnitude of the initial motion, it becomes more advantageous for
blast design. McCann (2007). To further develop this thought, a precast concrete sandwich panel,
with 40% less mass than a solid concrete panel, will also be a beneficial material for blast resistance
even though it has less mass than its solid counterpart. The precast sandwich panel still has more

mass than other conventional building materials such as steel with decking or wood.

Kingery™™ developed equations and graphical representations to allow an engineer to derive the
pressure at surface defined by the standoff distance Z. The graph in Figure 133 has several
parameters that can be defined by locating them on the curves in double logarithmic diagram. The

variables in the diagram in Figure 133 are:

Peak Side-On Pressure: Pso

Peak normally reflected pressure: P,

Side-on specific impulse: i, which is derived from the value (is/W*?)
Normally reflected specific impulse: i which is derived from the value (i,/W"?)
Time of arrival: t, which is derived from the value (t/W"?)
Positive phase duration: t, which is derived from the value (t/W"°)
TNT equivalent weight: W

Shock wave velocity: U

Wave length of positive phase: L., which is derived from the value (L,/W"?)
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Figure 133 — Positive phase air blast parameters for hemispherical TNT Detonation, Surface

Figure 134 shows a similar double logarithmic diagram for the negative pressure attributes common

to the hemi-spherical blast, however for this study only the positive pressures will be accounted for

in the analysis.

Normally in building design where a larger blast load may occur and the time

duration is longer there will be both positive phase blast pressure loading as well as negative phase

blast pressure as the blast wave rolls over and around then away from the building.
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Figure 134 — Negative pressure parameters for hemi-spherical blast®!

6.2.1 COMPUTATION OF BLAST PRESSURE USING HEMISPHERICAL

DETONATION GRAPH

TNT weight:
Distance from target:
W1/3 — 11/3 =1

Z=RMW"¥=10/1=10
From diagram in Figure 133:
Peak Side-On Pressure:
Peak normally reflected pressure:
Side-on specific impulse:
Normally reflected specific impulse:
Time of arrival:
Positive phase duration:
Shock wave velocity:

Wave length of positive phase:

W =1Ilbm
R=10ft

Ps, = 10 psi

P, =23 psi

(iyW™) = 8, is = 8 psi-ms
(i/W™3) = 20, i, = 20 psi-ms
(t/W"?) = 450, t, = 450 ms
(t/W?) =22, t4=2.2 ms
U =3 ft/ms

(Ly/W"? =25, L, =25ft

155
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6.2.2 COMPUTATION USING IDEALIZED BLAST PRESSURE WAVE
FORMULAS

The UFC 3-340-02 has created the idealized blast pressure wave as shown on Figure 132 and there
are equations that have been created to simplify the procedure for hand calculation purposes.
Peak Reflected Pressure: P, = (2+0.05P,)Ps, = (2+0.05(10))10 = 25 psi [Eqn 3-3]™
Dynamic (blast wind) Pressure: ¢, =(2.5Ps,)/(7Ps+Pso) = (2.5x10%)/(7x14.7+10) = 2.21 psi

Where P, is atmospheric pressure

Shock wave velocity: U = 1130(1+0.058P,,)°* = 1130(1+0.058x10)>° = 1420 ft/s
U = 1.42 ft/ms [Eqn 3.5]"
Blast Wave Length: L,=Ut;=142x22ms=3.12 ft

Computation of blast pressure positive phase wave length from the hemispherical graphs (L=2.5ft)
and from that of the idealized blast pressure wave formulas (L=3.12 ft) are similar. Similar values

can be found when using the ATBlast program as shown in Figure 135.

& R, =

0 deq. = reflected

Range |10 [Ft] Wweight |1 (b]  Alpha |30 [deq) 90 deg = incidert

Prezsure |3.56 [psi] Impulse |2.09 [psi-mzec) E?J?gtmn | [Mmzec]

Shock vel. |1.39 [Ftimzec) .l.irl:i-fall:lf 438 [mzec)
Cloze

;ﬁ\k\' Thiz prograrn is provided courtesy of
Applied Rezearch Aszociates
Secunty Engineenng Group
Contact: [ph] B01-6338-5401 [2-mail] jgmith(@ara.com

Figure 135 — Blast parameters from ATBIlast program
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6.3 FINITE ELEMENT ANALYSIS

It is difficult to find information on blast effects or blast loading on concrete structures in the public
domain, therefore this study will be restricted to performing numerical analysis studies. Abaqus©
will be used to model and analyze the blast loading event through its explicit solver and using the
CONWEP™ blast loading application. This type of loading is defined as determining the blast
effects on a defined surface from a reference point. The distance and angle of the reference point to

all nodes on the surface is taken into consideration when determine the blast pressure wave.
6.3.1 FEA BLAST LOADING MODEL VALIDATION

The precast concrete sandwich panels built and tested in this study and analyzed using numerical
methods were all completed under a static (or equivalent quasi-static) load. The dynamic explicit
FEA model was created and validated using the static test load data from the physical specimens.
No dynamic blast load was ever applied to this panels, however as mentioned previously, they are
considered to be practical and energy efficient solutions to buildings susceptible to blast loading,
whether accidental or terroristic. In order to provide some validity to using the dynamic explicit
analysis method in ABAQUS® with the Damaged Plasticity model, the author has research other
published test articles on blast loading and used that data to provide validity to the modeling
techniques used in this study. The published research performed by Thiagarajan et. al.® and the
thesis submitted by Vasudevan®* was used to assist in the validation of the blast research initiated in

this study.

In Thiagarajan et. al. research, four doubly reinforced concrete panels were tested at the Army
Research Lab under a simulated pressure blast loading event. The panels tested and also analyzed
using numerical methods in LS-DYNA® were comprised of reinforcing steel and concrete and the

layout and cross section is shown in Figure 136 and Figure 137 respectively.
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Figure 136 — Reinforcing steel layout in plan view™

{b) 12.7 mm 12.7 mm
==
o o 19.05 mm
Z0.8 mm . T
102 mm
Loading
Surface
—_—
102 mml
0.8 mm )
[ ] | # 19,05 mm
| 102 mm

Figure 137 — Cross section of panel and loading direction &

The replicated panels in this study using ABAQUS were done so in U.S. units consisting of inch-Ib.
The boundary conditions in the FEA model were applied to best match the test setup and support
apparatus and these boundary conditions are shown in Figure 138. The top and bottom surface are
provided vertical (y-direction) support. There is a 6 inch (152.4 mm) out-of-plane support provided
by the bearing surface on the back face and there is also a 3 inch bearing support on the load face as
shown in Figure 138.
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Figure 138 — Boundary conditions of FEA (a) vertical support, (b) back face, (c) pressure loading face®™”

The simulated blast pressure load was applied to the panels using a mechanical device owned and

operated by the US Amy ERDC. The blast pressure wave that was recreated or copied as shown in

Figure 139 was the NSC-NR which is the “Normal Strength Concrete — Normal Rebar” model.
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Figure 139 — Recreation of blast pressure vs. time plots
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The pressure vs. time plot was traced using points in Excel and this was done visually. There is no
way to recreate the exact test data used in the Thiagarajan et. al.®", therefore some variation is to be
expected. An assumption was made in both studies in that the pressure distribution is applied to the

face of the concrete panel uniformly, which during an actual blast event is not accurate.
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Figure 140 — FEA comparisons with experimental

The deflection versus time plot for the ABAQUS®© FEA dynamic explicit solver using the Damaged
Plasticity model compares well to that of the LS-DYNA® plots and the experimental data as can be
seen in Figure 140. The experimental panel damage, the deflection and crack patterns are shown in
Figure 141 for the research published by Thiagarajan et. al.®. The results from the analysis
performed in ABAQUS® using the Damaged Plasticity model and the dynamic explicit solver are
shown in Figure 142 and there is good comparison between the two. Historically, LS-DYNA® does
an excellent job at solving dynamic explicit problems involving damage and loss of elements,

however the ABAQUS® bodes well and can be used with confidence for similar studies.
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Figure 141 — Experimental and FEA results from Thiagarajan et. al.®!

Deflected shape of panel Crack initiation pattern on back face

Figure 142 — ABAQUS FEA plots using Damaged Plasticity Model
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6.3.2 FEA BLAST MODEL FOR FPCS PANEL

The solid reinforced 10” concrete panel shall be loaded with a blast pressure wave and then the same
event will be applied to the 10” FPCS panel. The free body diagrams of the two panels are shown in
Figure 143 and Figure 145 and the construction diagrams of the panels are shown in Figure 144 and
Figure 146. The blast load is a 1 Ibm, 2 Ibm, 3 Ibm and a 5 Ibm of equivalent TNT and is placed at
the reference point (RP-1) which has a standoff distance of 12 inches and is located at the midspan of

the panel. The reference point is shown in Figure 147 along with the boundary conditions.

Air Blast Load %

10"
9|_0l|
Figure 143 — Blast loading diagram for solid concrete panel
P
4'-5"
s |0 1"
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9'—0" TEMPERATURE STEEL o 2'—0”
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GROUP 1 AND 2 (DO NOT SCALE)

Figure 144 — Solid panel construction details



163

Air Blast Load %
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Figure 145 — Blast loading diagram for FPCS panel
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Figure 146 — Segmental FPCS panel construction details

The finite element analysis model is shown in Figure 147 and other than the blast loading; it is
similar to previously modeled and analyzed solid concrete panels in this study. The blast source was

located at mid-span, mid-panel, and 12 inches above the top of the panel surface.
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] Blast Source

Figure 147 — Finite element analysis model of 10” solid panel 108SOL10L3PTNOFRPS1

The model used C3DR continuum hexahedral elements with embedded stringers to represent the
T3D2 truss elements for the reinforcing steel. To accurately apply the blast pressure wave to the
surface of the concrete panels the CONWEP function in ABAQUS is used and the parameters for the
1 Ibm TNT blast load is shown in Figure 148.
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The analyses were executed for 50 ms which was a time where there no more observable oscillation

in the solid concrete panel due to the blast loads. In order to quantify the failure of the panels from

the blast load Compression Damage and Tension Damage can be plotted to determine the percent

damage to the concrete material elements. The strain in the steel rebar could also be plotted to

determine the plastic strain and deformation in the steel. Figure 149 shows plots for the (4) loading

conditions for the solid concrete panel and as the blast load increase, so does the tension damage in

the concrete.
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10" Solid Scaled Test Panel Blast Loading Deflection versus Time
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Figure 150 — Deflection versus time for 10” solid concrete panel under blast loading

The plotted curves in Figure 150 show the four blast models and midspan deflection responses for
the 10” solid concrete panels. The panel that deflected the most had the 5 Ibm TNT blast load
applied to it and likewise the panel that deflected the least had the 1 Ibm TNT blast load or the least

load applied. The maximum midspan deflection of the 5 Ibm TNT blast load was approximately 1.7

inches. No panels fully regained zero deflection after 50 milliseconds.

Likewise the FPCS sandwich panel was loaded in similar fashion to the 10” solid concrete panel and

the tension damage plots for the 1lbm, 2 Ibm, 3 Ibm and 5 Ibm TNT blast loads are shown in Figure

151.
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10" FPCS Scaled Test Panel Blast Loading Deflection versus Time
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Figure 152 - Deflection versus time for 10” FPCS panel under blast loading

The deflection versus time plot for the 1 Ibm, 2lbm, 3lbm and 5 Ibm TNT applied as a blast load to
the 10” FPCS panel is shown in Figure 152. It’s interesting to note that the panel rebounds much
more discretely than the solid concrete panel which tended to dampen once it was deflected. This
could be attributed to the fact that the FPCS panel is approximately 40% lighter or has approximately
40% less mass due to the insulation and the connections of the FRP shear connectors. The
ABAQUS Damaged Plasticity model is an excellent numerical analysis model to use in capturing the
reversing loading or rebounding of the panel. To be consistent with the solid 10” concrete panel the
time duration of the blast pressure waves was 50 milliseconds and it can be observed that the loading

event does quite dampen out at that time for the FPCS panel.
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6.4 BLAST ANALYSIS CONCLUSION

10" Solid vs. FPCS Scaled Test Panel Blast Loading Deflection vs. Time

Time (sec)
o 001 0oz 003 004 0.0s

0.0000

-0.5000 v

-1.0000

-1.5000 5 >

-

~7==4 Solid

Midspan Deflection {in)
!

--

-2.5000

FPCS [+ B S 5 lom TNT FPCS

-5.0000

= = 5 larn THT Solid

-3.5000

Figure 153 — Deflection versus time for 10” FPCS panel and 10” solid panel under blast loading

The comparison of the 5 Ibm TNT blast loading for the 10” FPCS and 10” solid concrete panel is
shown in Figure 153. The sandwich panel with the confined FRP has a max midspan deflection of
approximately 3 inch while the solid concrete panel has a maximum deflection of about 2.5 inches.
Although both have high deformations, the FPCS panel appears to have some elastic rebound
characteristics and more so, compares well with the solid panel, which is a preferred construction

material for blast resistant structures.

Another study was conducted and a comparison between the sandwich panel with no exterior side
and top FRP plates to that of the solid reinforced concrete panel. The sandwich panel analyzed
under blast load is shown in Figure 154 and the concrete panel was the same 10 inch reinforced

concrete panel, however the supports were changed to 8’-0” to match that of the sandwich panel.
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Figure 154 — Blast load sandwich panel 108SEGUP10L3PTNOFRPS2

The results are shown in Figure 155 and once again the concrete panel has permanent deformation at
around 1.75 inches, whereas the sandwich panel, no exterior FRP plates, has a much larger and

permanent deflection of around 5 inches.

108SEGUP10L3PTNOFRPS2 (Group 4) Scaled Test Panels FE Model
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Figure 155 — Deflection vs. time for 10” sandwich panel and 10” solid panel under blast loading

When the comparison is made between the results in Figure 155 and Figure 153 it is clear that the
FPCS panel performs much better than the plain sandwich panel and is a much better candidate for

use as a building material in blast resistant construction.
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CHAPTER 7: APPLICATION OF FRP-PRECAST
CONCRETE SANDWICH ROOF PANELS

Provided here are three brief application examples where the panels presented in this research study
could have immediate and beneficial impacts to the construction sector. This is not meant to be a
thorough market analysis study, but rather a brief overview on the advantages of precast sandwich
panel construction and how it can be readily applied to construction markets that would have such a

need for it.
7.1 RESIDENTIAL

Precast concrete and cast-in-place residential construction is a growing trend in the United States.
Building codes require more energy efficiency and more durability against damages due to coastal
storms and inland tornadoes. Major coastal storms in the United States have become more frequent
as was the case of Hurricane Katrina (2005, $108B damage) and the 100 year storm Hurricane Sandy
(2012, $68B damage), both of which had devastating results with respect to life and property.
Utilizing more durable construction such as concrete, masonry and precast concrete allows for lower
life-cycle costs, reduction in losses and better insurance premiums. This was shown to be true with
the Sunberg reinforced concrete home shown in Figure 156, which was a lone structural survivor of
Hurricane Katrina in a particular coastal neighborhood. All other homes around this particular home

were built of standard timber residential construction.

Figure 156 — Sunberg house, Pass Christian, Mississippi (Hurricane Katrina)

Although wood is an appropriate and sustainable building material for residential construction, it
does not perform as well along coastal regions and is inferior to hurricane and tornado type wind
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forces. Precast concrete sandwich panels provide the required insulation, strength and durability and
with proper connections and membranes can be an exceptional residential building material.
Furthermore, with precast construction, the need for formwork and pump trucks is eliminated as

would be necessary for cast-in-place construction.

7.2 INDUSTRIAL & COMMERCIAL

Insulated precast wall panel and roof double tee precast insulated panel construction is a readily used
building construction type for storage warehouses and wide open facilities. Typically the walls have
a concrete outer and inner wythe, of which the inner wythe is considered structural and the outer
wythe considered architectural. In normal construction cases, the walls are the precast sandwich
panels and the roof members are either double tee sections, hollow core sections, trusses or some
other form of roof structure. If the open spans can be minimized to approximately 20 feet, insulated
precast sandwich panels could be used for both the walls and the roof structure. This would provide

a faster construction system and allow for more floor-to-ceiling height.

Likewise industrial plants could benefit from the durable construction and insulation value of the
precast sandwich panel wall and roof system and the system could potentially provide protection
against accidental chemical blast explosion. Preliminary FEA models should good results with the
FPCS panels being used as blast resistant structures; however this should be further tested and

developed.

7.3 MILITARY

Government buildings require, generally, higher design criteria for seismic, wind and ballistic
events. Most military buildings are design per the Unified Facilities Criteria (UFC) documents for
structural loading, accidental explosions and progressive collapse. Many times buildings are
designed with strong concrete or masonry walls; however the roof structures use steel or wood
trusses which then have to be reinforced. Furthermore, due to budget constraints, the roof cavities are

not always insulated and mechanical systems are a luxury.

The FPCS panels can provide the strength, durability and energy efficiency to military buildings both

domestic and abroad and may have good capabilities to provided desired blast resistance.
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS

Preliminary testing of a typical precast concrete wall sandwich panel at the Central Pre-Mix Prestress
Co. Spokane, WA plant showed adequate strength for out-of-plane flexural loading, although the
panel was originally designed as a vertical building element. The shear connectors in that panel were
proprietary and other than the test results and preliminary development of finite element analysis
models, no further research was performed. From that point forward new panels were developed and
tested at the University of ldaho consisting of various types and configurations of FRP shear
connectors as documented in a previous study by Tom Norris™*4. This research study concludes on
the non-linear finite element analysis of these panels and offers recommendations into the future

development of the panels for both conventional construction and possibly blast resistant structures.

8.1 ABBREVIATED SUMMARY

1. These FRP precast concrete sandwich panels are built from readily available materials using
standard and existing construction practices.

2. The panels have been tested with different configurations of shear connectors and exterior
FRP plates and have produced up to 90% of the strength of a same-sized solid reinforced
concrete panel with 40% less weight.

3. Panels using a segmental or continuous FRP shear connector provided the highest strength
and stiffness.

4. In order to analyze the panels using a finite element analysis program, it’s recommended to
do a nonlinear explicit analysis as the failure mechanisms of the concrete cracking is a quasi-
static phenomenon and a linear static analysis model does not fully capture this.

5. The panels with the fully enclosed FRP plate system (FPCS) performed better under creep
loading than did the standard precast sandwich panel.

6. The FPCS panels based on numerical analysis only, performed well under blast loading

when compared to the same load on a solid reinforced concrete slab.
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8.2 DETAILED SUMMARY

These FRP precast concrete sandwich panels used readily available materials and solid FRP shear
connectors were cut from standard rolls to determine the best application for their use in developing
the highest degree of composite action and flexural strength possible. It was determined that panels
with a segmental or continuous FRP shear connector provide the highest DCA with the most
comparable strength to that of a solid reinforced concrete slab. The benefit being that the sandwich

panel has 40% less weight and added thermal insulation value.

Testing these panels is time consuming and costly, therefore other means of predicting strength,
deflection and failure is desired in lieu of testing. Analytical calculations are difficult to perform for
such panels due to the number of constituent materials in the panel such as the insulation, reinforcing
steel, concrete, and FRP shear connectors. The panels do exhibit a linear elastic response to a certain
point then quickly begin showing non-linear interaction as the bond between the insulation and
concrete breaks, the concrete begins to crack and the FRP shear connectors begin to engage. Such a
nonlinear problem is best solved with a finite element analysis numerical approach. The difficulty
however in using finite element analysis is the quickest solution model consists of a static analysis
model with non-linear geometry and non-linear material properties. These numerical solutions have
difficulty in solving the complex non-linear response and diverge once the panel gets just beyond the
linear elastic response. Therefore a new approach was used in this research study in using a dynamic
explicit analysis which captures the quasi-static response of the panel once the concrete begins to
crack and the insulation no longer contributes to any flexural strength. This quasi-static analysis
captures the full loading response of the sandwich panel to ultimate failure. Since the approach is
dynamic, the FEA results display a lot of variation in the loading and response during the early
stages of loading. If one to superimpose the non-linear static analysis model with that of the quasi-
static dynamic analysis model, the curve will be more smooth and show good correlation to the test

results.

These panels are intended to be in the horizontal application and therefore long term creep effects are
desired for design understanding. Four panels were tested for approximately 180 with static loads
and creep results were extracted from the data. The panels provided good creep test data, but there
still are a lot of variables to account for in their future development. For example the panels were

outside, day and night and subjected to an arid climate during summer. The panels were also
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subjected to temperature variations and finally they were left in unsecured locations where the test

gages were either tampered with by pedestrians or from wind.

Finally, this research study showed that based on FEA only these FPCS panels are capable of blast
resistance and perform better than comparable solid reinforced concrete slabs. These quick analyses
show promise that they could be used for buildings that require protection for terrorist or accidental
blast events while providing the desired insulation and environmental protection needed. This study
could even be extrapolated that the FPCS panels would be good candidates for building construction

along coastal regions susceptible to hurricanes.

Future research for these types of panels should include controlled environment and controlled
variable creep testing. This will provide a better understanding of the creep strength of the concrete,
shear connectors and rebar and insulation while eliminating shrinkage and thermal creep. Those can
also be checked later. The panels should be tested for wind loading or cyclic loading to show
strength for long term building application effects. Blast testing of the panels would also be
warranted and beneficial if the panels were to be used for protection to accidental and terrorist blast
loading events. The groundwork presented here for the finite element analysis approach using a
guasi-static model should be continued and methods to capture more accurate results and smoother
curves should be investigated further. Finally a better understanding of the microscopic interaction
of the shear connectors and the concrete is desired as the FEA models assume the shear connectors
are fully tied to the concrete where physically that is not entirely the case. Locking in the shear
connectors to the concrete with transverse reinforcing steel certainly justifies this assumption;
however more will need to be understood about this bond so that the panels can be further
developed.
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APPENDIX

APPENDIX A - EPS INSULATION

The insulation used in the construction of the sandwich panels came from FMI EPS, LLC and the
type that was used was the Type Il EPS and the modulus of elasticity is shown as 320-360 psi, which
the FEA model used 340 psi.



EPS Insulation

EPS (expanded polysytrene) insulation is a closed cell, lightweight and resilient rigid insulation used in construction
insulation and industrial applications.

FMI-EPS manufactures a diverse line of EPS insulation products that are engineered to give you, the architect,
specifier, contractor or building owner, control of the projects application: from design assistance and timelines, to

material and cost options.

The advantages and versatility of using FMI's EPS insulation products include:
+ It has a 50 year proven history.
+ State-of-the-art equipment to produce an energy efficient insulation, that meets or exceeds R-Value Code
- Requirements.
+ Variety of densities, thickness and sizes.
+ Unlimited fabrication possibilities.
+ Dimensionally stable rigid insulation, no bowing or cupping, no shrinkage and or loss of strength.
+ Mechanical and Thermal Properties have been throughly tested by independent 3rd party laboratories.
+ There is no Thermal Drift of EPS insulation’s R-Value.
+ 20 year Thermal Performance Warranty.
+ Has no Ozone Depleting CFC's, HCFC's, HFC blowing agents, dyes or formaldehyde.
+ EPS is the only rigid insulation manufactured with recycled content that qualifies for LEED points.
+ EPS insulation can be manufactured with an inert additive that deters termites and carpenter ants.
+ EPS insulation does net sustain Mold and Mildew growth.
+ EPS is 100% recyclable.

FMI's EPS is the 1st Choice in Residential, Commercial and Industrial Insulation Applications:

+ Roof Insulation + Interior Wall Insulation + Cold Storage Insulation
+ Exterior Wall Insulation + Foundation Insulation + Manufactured Housing
+ Exterior Siding Insulation + Under Slab & Radiant-Heated Insulation + Door Core Insulation

* Energy Efficient * Permanent R-Value * Consistent Performance + Versatility * Cost Effective

EMI-EPS. LLC 9456 N. McGuire Rd.  Post Falls, 1D 83854 USA  Ph: 208-777-8485 888-777-8485
! 280 Rose Street Jerome, 1D 83338 USA Ph: 208-324-5908  www.fmi-eps.com
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TYPICAL PHYSICAL PROPERTIES OF EXPANDED POLYSTYRENE

Specification reference: ASTM C578 TypeXl Typel Type VIl [Typell  [Type IX
ASTM
Property Units Test
Density, Minimum pcf Di1622 70 .90 1.15 1.35 1.80
Density Range pcf .70-8%  .90-1.14 1.15-1.34) 1.35-1.79] 1.80-2.20
Thermal Conductivity at 40°F BTU/ hr. C518 0.28 0.24 0.23 0.22 0.21
{k Factor} at75°F (sq.ft.){F/in.) 0.30 0.26 0.25 0.24 0.23
Thermal Resistance at 40°F at1" 36 4.17 425 4.55 4.76
{R Value) at 75°F thickness 3.3 3.85 3.92 4.17 4.35
Strength Properties
Compressive 10% Deformation psi D1621 5-9 10-14 13-18 15-21 25-33
Flexural psi C203 10-18 25-30 32-38 40-50 55-75
Tensile psi D1623 14-18 16-20 17-21 18-22 23-27
Shear psi D732 11-13 18-22 23-25 26-32 33-37
Shear Modulus psi - 190-230 280-320 370-410) 460-500) 600-640
Modulus of Elasticity psi eeee 110-150 180-220 250-310) 320-360) 460-500
Moisture Resistance
WVT perm. In. E96{Proc A) 1.9-3.9 1.2-3.0 1.1-2.8 0.9-2.5 0.6-1.5
Absorption (vol.) % Cc272 <4.0 <3.5 <3.0 <3.0 <2.0
Capillarity —— e none none none none none
Coeffcient of Thermal Expansion in.f{in.) (F) D696 0.000035 0.000035 0.000035 0.000035) 0.000035
Maximum Service Temperature °F
Long-term ——— 167 167 167 167 167
Intermittent 180 180 180 180 180
Oxygen Index % D2863 24 24 24 24 24
Dimensional % D2126 max max max max max
Stability Change (Proc C & E) 2.0 2.0 2.0 2.0 2.0
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FMI

When you choose EPS Insulation manufactured by FMI-EPS, you're working
with a team of friendly professionals, dedicated to providing you with the best
. )} service and EPS Insulation possible.
We're here to answer your gquestions, solve your problems and do everything we
can to make sure your project goes together smoothly and ends successfully.
E P SLL{: We're small enough to know you, large enough to serve you.

Technical Data EPS Insulation meets or exceeds physical and thermal prop

iysbanalny iz 25 established in ASTM C 578

Physical Properties Units ASTM Test  Type X| Typel Type Vil  Typell Type X Type XIV
Compressive Resistance at 10% Min psi (kPa)  |D 1621, C 165 5.0 (38) 1000 (68) | 12090 [ 150109 Wl 2s0(173) | 400276 | 60.0(418)
Strain Deformation (2" cube)
Flauural Strength Min psl (kPa} C 203 10,0 (68) | 26.0 (173) | 3000 (208) | 35.0 (240) | 60.0 (414) | 600 (414) | T5.0(517)
Thermal Resisiance (A-Value)®
75+ ¥F (24 = 1°C) Min R* for C177, Ce18 | 222 (0.57) | 3.85 (0U67) | 292 (0.69) | 417 (0.73) @435 {077y | 4.35(0.77) 4,45 (0.78)
40+ 2'F (4.4 = 1°C) 1" thickness 3.43 (0.60) | 417 (0.73) | 4.28 jo.75) | 4.55 (o.60) [ll4.76 (0.84) | a6 (0.8a) | 4.85 (0.65)

Therrmal Conduetivity (K-Value)*

TEx2F(2ax1°C) BTWihe(Sg FLHFin)| C 177, CEIA | 00310 (1.78) | 0.360 (1.48) | 0268 [1.!!]' 0240 (1.37) |§0.230 (1.31) | 0230 (1.31) | 0.225 (1.28)
40 = °F (4.4 £ 1°C) 0292 (1.67) | 0.240 (1.37) | 0.235 (1.35)f 0.220 (1.26) [§0.210 {1.20)| 0210 (1.20) | 9.206 {1.18)
‘Coetficient of Thermal Expansion In./{In.){F} 0696 0L0OD035 | 0.000035 CL000035 0000035 0000035 CLOODO35 0.000035
Mgisture Resistance
Water Absorption by total immersion | % by volume Max carz <40 =40 <3.0 <30 =2.0 <20 =2.0
‘Water Vapar Permaability of 17 Max permin E®E 5.0 (287) 5.0 (287) 3.5 {201} 3.5 {201} 2.5 (143) 2,5 (143) 2.5 (143)
(25.4 mm) thickness max perm (PPA=s*m7)
Oxygen Index Min Volume % D 2863 24.0 24.0 24.0 24.0 240 20.0 20
Dimensional Stability Max % D 2128 2.0 20 20 20 20 2.0 20

{Change in dimensions)
Max. Service Temperature

Lang Term | Intermitlent E 167 /180 | 167 /100 | 1677180 | 167 10 | 1s7 1m0 | 167180 167 [ 180
Dansity, minimum Min Ib/f6° (kg/m?) C 303 arofzy | osoqs | 1aspe | rasez l eoes | zsoe 285 (46)
Density, nominal I 0.75 1.00 1.25 1.50 2.00 250 3.00

“R means resistance to heat flow. The higher the R-value, the greater the insulating power.
Federal Trade Commission requires using the R-Value publication at T5°F lemperature when calculating R-Values of all insulations
Aged R-Values of alternative products should be

compared fo determine long-term benefit. Some types of insulation lose their R-Value over time.,

FMI-EPS has a flame spread index of 20 and a smoke developed index of 150-300 when tested in accordance with ASTM E84/UL 723
for densities from 0.7 - 3.0 Ib/ft".

Insulation Consideration:

= DO NOT COMPARE polyisocyanurate conditioned R-Values by RIC-TIMA and PIMA to EPS R-Values as per
ASTM C-578.

+  Ask for a 20 year 100% R-Value Warranty.

= EPS Insulation offers the Best Insulating Value Per Dollar than any material available today.

Features:

* Low Moisture Absorption: EPS insulations closed cell structure prevents capillary absorption of water and
moisture. As density is increased, moisture resistance decreases, but it is still minimal.

« Permeability: EPS has a low permeability, but is not considered a vapor barrier.

Inert: EPS experiences no physical or chemical breakdowns over time. No nutrient value to animals, insects,

or organisms. No nutrient value to bacterial growth including mold.

* No Leachates: EPS will not contaminate the surrounding environment.

= Design Flexibility: EPS can be fabricated into various shapes and sizes as needed.

Design Cautions:

*  Flammability: EPS is combustible and should not be exposed to flame or other ignition sources. EPS should
be covered with a thermal barrier or otherwise installed in accordance with applicable code requirements.
Solvent Damage: EPS is suscaptible to damage by petroleum based solvents and their vapors. Protect with
vapor barrier covering and or use compatible adhesives when applicable.
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APPENDIX B -ANALYTICAL CALCULATIONS FOR FULL
SCALE PANEL

These equations are for the determination of the critical cracking moment and the critical cracking
service load for the linear-elastic region of the precast concrete sandwich panel. The panel test set
up and boundary conditions are shown below and during the test there were a total of 7 blocks added

to the panel, whereas the linear elastic portion is approximately up to block 2-3.
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Deflection Analysis:

Tatal Panel Depth: b= by + By + g h=10in
Transformation Ratia: n=— n= 5416
E,
: . _ b ~ _
Distance to Compression Steel: e = e = 1.5 - in
: : _ b :
Distance to Tension Steel: d = hygp, + By + - d=85-in

Centroidal Distance:
(Taken fram Top)

by,
m-%-?+m-m-[%+%+f]+m-ﬁs-cn—1)-dlm...

thy A (n-1) - d
2 A (- 1) b+ 2l by

=

Y= 4

Transformed Gross Moment of Ineria:

3 2
by - b
Ig= 12 +bw'h(§"3ft] +[(n_1)'ﬁs'bw'(dpuﬁne‘3’t:'2]"'

+(n—1j-ﬁ5-bw-(d—yt]|2

Iy = 1.007 = 1III‘4 : :'n1




Cracked Morment of lneria:

Top Steel: Astop=i(n-1) hg A, Astop = 2738 i.'ﬂ2

Bottom Steel;

2

-

by
filc) =
QUESS. ¢ =068 in

c = rool(fic),c)

Ashot =1 by, &, &zhot = 3358 - i:ﬂ2

+ &stop - Iic— dlmmejl + &shot - (c - d)

c=0889in

foment of Ineria of Cracked Transformed Section:

2
o by
Iz=ty o (—] + -

2

Ir=219.747 in

Modulus of Rupture:

Cracking Moment;
(AC] Egn 9-9)

Service Load Moment:

Effective Moment of
Inertia:

Service Load Deflection:

3

+(n—1)-fas-bw-(c—dpmjz+n-as-bw-(c—d)2

£:=75 n Jf psi £ = 662382 - psi
£-Iy

My = Mg = 1111 kip -
— | A

M, = — - M, = 1113 kp ft
3
I
L= T+ (I - 1) [_“] I, = 9896 x 10" - in"
M,
Prolpe 5 [+ (B b ] g
. N Aqp = 0146 - in

4 F, -1, 334 - E, - I,

check = if[&-rl_ < @ ,DK,NG] check = "OK" for total load deflection
240

187



188

Tatal Applied Laoad: Prp = Okips

2
IR
Critical Cracking Load: P = 4 M, - [rros + (b B 1] L j|
L 8

Fo =85 kips

The cracking moment is calculated to be M., = 111.1 kip-ft and this corresponds to a cracking
service load of P, = 8.9 Kips.
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APPENDIX C - C-GRID®© INFORMATION FROM
MANUFACTURER

Paul,

Sorry for the slow response. | have been away for a couple of days. Part of the delay in making a
response is that there is not a direct answer to your request for properties that is amenable to a direct
FE analysis. Design values for C-grid in composite panels have been established through a large
number of tests with varying spacing and different types and thickness of rigid insulation. The
designs consider the influence that the rigid insulation has in resisting shear in the overall composite
behavior. Considering the properties of C-grid alone will not give you results that a producer
member of the Altus Group will find when they provide design in response to performance
requirements. | have attached a table of the mechanical properties of the carbon strand, and you
might find those useful in modeling C-Grid mesh with orthogonal weave and rotation to 45 degrees
as shear grid is applied. This is not, however, going to provide an accurate prediction of the total

system response.

I have a lot of technical data, but it is difficult to know how to provide specific guidance without
knowing more about the details of your problem.

Ned M. Cleland, Ph.D., P.E.
Blue Ridge Design, Inc.

19. W. Cork St., Suite 300
Winchester, VA 22601
540-723-0900
540-664-1405 (cell)
540-723-0901 (fax)
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= C-GRID

REINFORCED

DESCRIPTION C-GRID®is an intermediate to high strength carbon fiber grid for reinforcing concrete structures.

FEATURES APPLICATIONS

MNeon-corrosive
" {6 mm) of e

an be used with as little as Slabs-on-grade and overlays

Precast concrate

Requires less concrate
lighter structuras

or leading to

Concrete repair and shote

Lightwaight, easy to handie and use; can ba Ferrocement

cut to fit using conventional tin snips Silos'and cancrete storage tanks

High tensile strength and modulus Decor

NOMEMCLATURE C-GRID™ nomenclature is unique to carbon fiber grids and should not be confused with the nomenclature for welded
wire mesh (WWM). Nomenclature 1s described below. Additonal inform. may be included in the farm of grid “Typea™

or "Grade” when applicabie. Individual data sheets for each product should be consulted for the most up-to-date and

comprehensive properties

Grid series number —_l_ l Longitudinal strand spacing
C50-1.8x1.6
Fiber 4‘ —l; Transverse strand spacing

{"C" = carbon fibers)

nal and transverse directions. For grids with different
2 relative size of the strands in the
are approximately twice as large

* The gnd series number indicates the relative size of the carbon strands for both the longit
size carbon strands in each direction, the series number will show both sizes, with the first number represe
the transverse direction {e,g. C50/100 - 1.8 x 1.6 grids have carhon strands that

longitudinal direction, followad k

as in the transverse direction)

CONSTRUCTION NOTES

data sheets for sach pr
lted tor design purposes.

* Detailed prod able online and

should be co

wet

= For product availability or custom products, cont homarat,

* A C-GRID® chemical resistance guide is available upon request

» C-GRID™ products are produced with loops on the trans
Roll width is measured out-to-out of the loops.

crete. Splice lenath depends

jths,

* C-GRID™ may be spliced by overlapping in co
on concrete strength and grid type. For a tat
contact Chomarat North Amarica

* C-GRID® carbon grids should be handled using gloves and stored in a
shalterad 3 GRID® may ba cut using tin snips

INDEX OF C-GRID® PRODUCTS Carbon Fiber Reinforcing Grids for Concrete Structures



PHYSICAL & MECHANICAL PROPERTIES

191

Composition

carbon fiber and epoxy rasin

Calor

black

Tensile modulus of elasticity

34,000 ksi (234,500 MPa)

Supply form {custom widths and lengths also available)

(Shorter quantities may be available in pre-packaged kits)

47.5" or 95" (1.2 m or 24 m) wide rolls with roll lengths up to 500 yds (450 m)

TYPICAL GRID PROPERTIES (C100 Series Grids)

GRID DESIGNATION LONGITUDINAL PROPERTIES TRANSVERSE PROPERTIES
Enalich Diasi ’ M B b Strang Spaging Grid Strengin Strang Spaging Grid Strength
B finch)  {mm) (ipsith  (kNimb | Ginch)  {mm) (kipsift)  (kNfm)
C100 - 3.54 x 3.54 C100- 90 x 90 3.54 190} 5.63 {B2} 154 {800 5.63 B2}
Moze: Actual clear spacing benwvean strands is appraximetely 030 |8 mm) lese than the cender-10-center spacing.
TYPICAL GRID PROPERTIES (C50 Series Grids)

GRID DESIGNATION LONGITUDINAL PROPERTIES TRANSVERSE PROPERTIES

i Grid Streaglh Strane Spacing Grid Strenglh

English Dasignation

Matric Designation

Strand Spacing

C50-18x%16 C50 - 46 x 41 |36)
C50-236x 236 C50 — 60 » 6O 2.36 [ .08 {74} 236 (60} 5.08 (78}
C50-295x 295 CE0-T75x75 295 {75} 407 {58} 295 (75} 407 159}
C50 - 354 x 4.0 C50-90x 102 354 190} 339 {43} 4.00 (102} .00 {44}
C50-236x 4.0 C50—60x 102 2.36 (60} h.08 {74} £4.00 {102} 3.00 (44}
C50-ox27 C50—-px 69 [ la} o ) 270 169} 4.44 {65}
C50 - ox 40 C50 - o x 102 a (o) 4] e 4.00 (102} 2.00 (44}
Note: Actual ¢lear spacing betwesn strands is approximately 0.30° 18 mm) less than the caMer-1a-centar spacing.
TYPICAL GRID PROPERTIES (C25 Series Grids)

GRID DESIGNATION LONGITUDIMNAL PROPERTIES TRANSVERSE PROPERTIES
Fugbsn Doy Mains lesgeaton finch)  fmm) | (kpsd  GNimb | ginch)  fmm) | ikips) (km)

C2H-px23 C25-ox 56 i 1ol ] {d) 23 158) 243 135)

Note: Actual clear spacing betwean strands is approwimately 12307 |5 mm) less than the center-to-center spacing.

TYPICAL GRID PROPERTIES (C12 Series Grids)

GRID DESIGNATION LONGITUDINAL PROPERTIES TRANSVERSE PROPERTIES
English Designation Metric Designation {inch) {mm) (kipsifth  (kN/m) linch {mm) (kipsifth  (kN/m)
CIZ-15%15 C12-38 238 1.50 (28] 1.86 27} 150 (38) 1.66 27)

Wote: Actual clear spacing between strends I8 spproximatzly 0107 |3 mm) lese than the camer-to-center pacing.

Spphcotion Use Note: C-BAID® iemans a telrtok sovsl material withow e oxiinsive poformance history ol traditonal consirucnen maimriale Aeportod properties sm snragn vakes, not dosign okses. Stucteus and appications
wsng T-ORIT™ ahioud be desipned using approprale safaty o e Sl and sir g peduclion lachim, AN appfictions ulitang C-ORID, mclidnig critical Be salely and re fined sctiine, shauld e desgneid dnd tmaeed by s
lipenaed angnaar axparanced v FEP sainrale Tha ds2e expressad heeni (5 beflewnd S0 b ascurate i sha iime ol pelslication howayves | 15 so8jecd 80 cheoge witho eohce,

L]
Costerbnu-iv conterine spacing besawen strands is nominal and hosed on the averoge numbar of sirands par enitwidih. Aciusl spacieq may very shghily

1

2 Weedivithin it uind crome-gaclionl arei innnmiabied bo lhe ctoss-skctinngl anes of e fibe in accomdunce v ADLAGE IR, The sciie mes wered thickness ani with are lngarand shall sof b ssed [or deson purpoees.

a Tha dangiudiina i iios o is e Srecton of tha mil wmd iho fransverse dimciion |8 acmss e owidth of B ol Forsgemple, 08 il of C-GRID® b 4757 sidi. the-carbon strands o thi sraneveres timction s 4757 gt ||
a railof C-GRID™ is 0% mrds lonp. the fongewding! swands e 300 yends infangth

i Fezarted tennle streng lhe ans iygicnl valuge rom testing. These ysuss shonld no be uged doe deaige petpors s, The individunl product dats sbaty sheuld be consalied or desiges values thet have hees sabstically sdjustsd

B Teecdn modiiks: yahing are hagad o0 PMpamas regansd by e oar boa b suppiar. C.GRAI0® ahitis ke paste Behaver 50 telune siraiss are senmatad g Hoo ks L,

i Imdhvidusd praduct fata shoets should be conuliod S 8 conglo list of sechesical and ghysizal peopeetion

CHCMARAT

Our warld is textile

Chomarat Nerth America
2001 Mew Pand Road
Anderson, SC 2980 - USA

+ | BG4 320 1700 Lol
+ T BB 260 3354 tax

i chomarat.oam
www chomaratcom

MNDEX OF C-GRID® PRODUCTS Carbon Fiber Reinforcing Grids for Concrete Structures
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APPENDIX D - ANALYTICAL CALCULATIONS SOLID 10”
CONCRETE PANEL

_ | — 1 i
Reinforced Concrete As
Rectangular Beam o =
Design
w/ Compression Steel fe {
g
. . .2
Design Information:
Slab Thickness: teg =0 in Span: I, = 5 - £
Concrete Compressive £ = 4120 - psi Maodululs of Elasticity: E, = 20000 - ksi
Strength:
Tensile Strength of f, = 60 - ksi Concrete Strain: &qp = 0.003
Reinforcing Steel;
1.5
Concrete Unit Weight: 4. = 150 - pef hodulus of Elasticity E. = [l] <33 Jf - psi
of Concrete: pef

Lightweight Concrete: x=10
(£, - 4000 - psi)
[y = if| £, £ 4000 - psi, 085 4f] £ > 4000 - psi ~ f, < 2000 - pei 085 - 005 BETTIT R .65
- st

Top Clearance (To Primary Steel): tor =075 in By = 02844

Bottom Clearance (To Primary Steel): by =075 in

Concrete Reduction Factors:

Bending/Tension: 4y =09 Shear: =075

Compression: i, = 0.65 Bearing: ¢y, =070



Factored Loads:

Semvice Point Load: Pr =0 kips

Pr =20 kips
PTL = PD + PL

Factored Paint Load: P, =12 -Pp+ 16 P

2
Pu']spm+ Wy lpan
4 2

Factored Moment:

M, =

F, w,,
Factored Shear: ?u +— ;ﬂm

V=

Design Tee-Beam for Negative Moment:

Service Uniform Load:

Factored Uniform Load:

193

wp =0 Kf

wy =0 Kf
W = wn + W

Wy = Ldwp + 1wy

M, =72 kip - ft

W, =16- kips

Agsumed Tension Strain in Extreme Layer of tension Reinforcement: g, == 0.0075
- f
Initial Reinfarcement Ratio: py=085 aoos 1. Pk py= 0014
0.003 + & £
Feinforcement Index: t= - - w = 0205
C
Flexural Resistance Factor: Re=w-f (1-05 u E =0742 ksi
Fatio of b to d: ce=07
3
Distance to Tension Steel: d= || —— d=1227-in
oy - B

. _ Lpan .
Minimum Depth of Beam: by = s by = 3838 - in
et Dimensions of Beam: h=10in by =24 - in

he by Ly 2

Factored Moment Adjusted far Dimensions: M, =M, +12" %

|Mu= 75037 - kip ﬁ|
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Stress in Compression fprima(€) = rm'nI:Es & primel €)1, 60 - ksi}l foprime( S = -31.056 - ksi

Reinforcement:

Force in Comprassion Col(E) = Ay, - (fm(cj LR fc:l Cd) = -13823 - kps
Reinfarcement:

Concrete Compression Cac)=085-f h, P ¢ Cad) = 55545 - kips
Force:

Tension Reinforcement T(c) = sy - £, Tic) =372 - kips
Force:

Find Exact “alue of "c" for fe) = T(e) = Celed) - Csle)

Equilibriurn:

c = root(fi ¢,

Confirm That Tension g, =
oteel is Yielding: £

Check = if[es > % ,melding,nntgrielding] |Che ck = "Tension Steel [s Vielding"

Caclulate the Hominal Strength:

Compression Block: a=pP; ¢ a=0632-in

. . . d— ¢
=train at Tension Fiber: g =

- 0003 g = 003279
c

Strength Reduction: &y = mm{ﬂ.rﬁﬁ,i{at = 0.005,09,0.65 + {g - 0.002) - ?ﬂ

Mominal Moment Strength:

= [ccr:cj - [dt— E] I CHCS dpmeﬂ (b1 = 249 Kip - §

Check = if{ b, > M,, 0K, NG) Check = "HG" for flesural strength
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3. psi-b,-d 200 psi-by,-d
Minimum Area of Steelr &s ;= ma_:{ < Do B . Bei b J Age = 0715 in”
b b
Check = #] [Asyg + Aspri,) > Aoy OK, NG| [Check = "OK" for minirmum steel

E7000 - @ - f,
Rho Balanced: = 085 fh, = 00202
£, [g?nnu + ij
i
£8h0t .
= —— = 00029 check = if{p, < 075 p, , OK,NG)  check="OK"  for balanced
d- by strain

concdition
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APPENDIX E - FINITE ELEMENT ANALYSIS PROCEDURE

Provided herein is the step-by-step procedure for creating the finite element model of a precast
concrete sandwich panel and performing the dynamic explicit analysis. At the time of the analysis
and research, ABAQUS® V6.11-3 was used for the nonlinear numerical solver. Specifically a
dynamic explicit solver was used to capture the quasi-static phenomenon of the cracking of the
concrete and the load transfer to the reinforcing steel. The procedure is provided herein with
pertinent steps and procedures. It is expected anyone using this procedure to be at least knowledge

and able to use ABAQUS for both pre- and post-processing.

The user should start at the top of the model tree in ABAQUS CAE as shown in Figure 157 and
work their way down as each step is completed. The summary of the steps is as follows:
1. Modeling of Parts
Materials
Creation of Sections

Assembly and Set Definitions

2.

3

4

5. Steps
6. Interactions

7. Tie Constraints
8. Amplitudes

9. Loading

10. Mesh
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hodel | Fesults |

g Fodel Database EI :Q‘

S fE Maodels (6)
+ 1085EGUPI0LIFTFRP=1-CREEP
+ 1085EGUPI0LIPTFRPS1-CREEP-POVVER
= 1083EGUPI0LIPTFRPS1-EXPL
A Parts (6)
07 Materials (4)
ﬁ} Calibrations
+ ﬂ} Sections {0)
i B Profiles ()
+ ﬁ Lzsernbly
+ ol Steps ()
+ E?-" Field Qutput Requests ()
+ % History Output Requests (1)
# b= Time Points (2)
E;p ALE Adaptive Mesh Constraints
+ E Interactions (4)
5 Interaction Properties (1)
+ ﬂIi Contact Contrals (1)
;1?' Contact Initializations
+ 'ﬂ] Constraints (5
@ Connectar Sections
+ F Fields
A% Amplitudes (2)
+ [IY Loads ()
+ [ BCs (2
fm Predefined Fields
Rerreshing Rules
5 ¢ Optirnization Tasks
Y Sketches
+ 1085EGUPI0LIPTFRPE1-LIMEAR

DS I T I T '

Figure 157 — Abaqus CAE model tree
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STEP 1: Modeling of Parts

Figure 158 — Entire assembly modeled in Abaqus

Each part or component must be created at least one time in the CAE part module or can be imported
from another software program such as Solidworks. The parts are then assembled in the assembly as
an instance and a single part can be instanced an infinite number of times. The four major parts in

the assembly are shown in Figure 159.
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Shear FRP Grid (Segmental-Up) EPS Insulation

A,

z

Hollow Concrete Slab FRP Top Plate

Figure 159 — 108SEGUP10L3PTFRPS1 Parts

STEP 2: Materials

In Abaqus, following the creation of the parts, the materials need to be defined.

1 108SEGUP10LIPTFRPSI-EXPL
s Parts (5)
= B Materials (4)
- ASTMAg15Rebar
Concreted120psi
- EARM FRP
- EPS Insulation
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Mame: ASTMAG1SRehar

Description:

Material Behaviors

Elastic
Plastic

General  Mechanical Thermal  Other

Density
Distribution: | Uniform E| &
[7] Use temperature-dependent data

Murnber of field variables: 0

Data

Mass
Density
1 0.000783

Marne: ASTMAGLIRebar

Description:

Material Behaviors

Density
El:
Plastic

General Mechanical Thermal  Other
Elastic

Type: | Isotropic E|
[7] Use temperature-dependent data

MNumber of field variables: 0:

Moduli time scale (forwiscoelasticitydt | Long-term

[ Ma corpression

[ Mo tension
Data
Young's Poisson's
Modulus Ratio
1 29000000 0.3

8

Mame: ASTMAG15Rebar

Cescription:

Material Behaviors

Density
Elastic

General  Mechanical Therrmal  Other

Plastic

Hardening: Isotropic EI
[T] Use strain-rate-dependent data
[] Use termperature-dependent data

-

Murmber of field variables: 0=
Data
Yield Plastic
Stress Strain
1 T2591.519 0
2 7331801434 0.006431534
3 S0967.4635 0012096631
4 28763256 0016741825
3 96961,52895 0024757929
i] 101131.3715 0,028379901
7 105384.6108 00336614833
8 109884.4148 0040227768
9 112694526 0.044904146

10 1176113142
11 121048.7148
12 1237464216
13 1256826789
14 127633.44
15 128793.744
16 129954048
17 130930.4591
18 1314479304
19 1317670232
20 1306647342

0054213346
0.063424555
0.072693923
0.0912843311
0.090909027
0.099918452
0.108547511
01177021
0.1264953575
0135218252
0.139594663

Rebar Density

Rebar Elastic

Rebar Plastic

Figure 160 — ASTM AG615 reinforcing steel material properties



2= Edit Material

Mame: Concretedl20psi

Description:

Mlaterial Behawiors

Denzity

Elastic

Concrete Darmaged Plasticity
Concrete Compression Damage

Concrete Tension Damage

Therrnal

Other

General  Mechanical

Density

- &

[T Use termperature-dependent data

Distribution: | Uniform

Murnber of field variables: 0=
Diata
Mass
Density
1 0.000225

2= Edit Material

Marme: Concreted120psi

Description:

tdaterial Behaviors

Density

Concrete Damaged Plasticity
Concrete Compression Damage
Concrete Tension Damage

General Mechanical Thermal  Other
Elastic
Type: Isotropic H

[] Use ternperature-dependent data
Murnber of field variables: 0=
foduli time scale (for viscoelasticity): | Long-term E|

[7] Mo campression

[7] Mo tension
Data
Young's Poisson's
Modulus Ratio
1 3795277 0.15

Concrete Density

Concrete Elastic

Figure 161 — Concrete 4,120 psi material properties
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2% Edit Material

Marme: Concreted120psi

Cescription:

202

haterial Behaviors

Density
Elastic

Concrete Darnaged Plasticity

Concrete Cormpression Darmage

Concrete Tension Damage

General  Mechanical  Thermal  Other

Concrete Darmaged Plasticity

Plasticity | Compressive Behavior | Tensile Behawvior

[C] Use ternperature-dependent data

Murmber of field variables: 0
Data
Dilation r Viscosity
Angle Eccentricity fbjfcO K Parameter
1 40 n.1 1.16 0.66 0

Figure 162 — Concrete Damaged Plasticity constants



-

& Edit Material
MNatne: Concreted120psi

Description:

Material Behaviors

Density '

Elastic
Concrete Darmaged Plasticity

( rete C

Concrete Tension Damage

General Mechanical

Other

Therrmal

Concrete Damaged Plasticity

Plasticity | Compressive Behavior | Tensile Behavior

[ Use strain-rate-dependent data

[] Use temperature-dependent data

-

Murnber of field wariahles 0=
Data
Yield Inelastic
Stress Strain

1 1663.053579 I

2 2384382118 0000217112
3 2058288172 0000467112
4 3390,7391468 0000717112
5 3699.54347 0000967112
6 3906,704136 0001217112
7 4033.786023 0001467112
8 4119.951766 0001967112
9 4069.796734 0002467112
10 3950.69143 0002967112
11 3800.589433 0003467112
12 3640,114311 0003967112
13 3480.138338 0004467112
14 3180.66655 0005467112
15 2918.113086 0006467112
16 2691961071 0007467112
17 2497.499152 0008467112
18 2329.558814 0009467112
19 2055722369 0.011467112
20 1842.544152 0013467112
21 1672915447 0.015467112
22 1534156228 0017467112
23 1418660274 0.019467112
24 1298.83596 0021967112

1} Suboption Editor
Concrete Compression Damage
Tension recovery: | 0.1

[7] Use temperature-dependent data

-

Murnber of field variables: 0=
Data
Damage Inelastic
Parameter Strain

1 i 1

2 0 0.000217112
3 i 0.000467112
4 0 0.000717112
5 i 0.000967112
6 0 0.001217112
7 i 0.001467112
] 0 0.001967112
) 0.012 0.002467112
10 0.041 0.002967112
11 0.078 0.003467112
12 0,116 0.002967112
13 0.155 0.004467112
14 0.228 0.003467112
15 0.292 0.006467112
16 0,247 0.007467112
17 0.394 0.008467112
18 0,435 0.009467112
19 0.501 0.011467112
20 0,553 0.012467112
21 0.594 0.015467112
22 0.628 0.017467112
23 0.656 0.019467112
24 0.685 0.021967112

Cancel
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¥ Suboption:

OK

Figure 163 — Concrete compression damage

Cancel



204
5% Edit Material =]

Mame: Concretedl20psi
Description: P

Material Behaviors

Density
Elastic
Concrete Damaged Plasticity

Concrete Compression Damage # Suboption Editar

Concrete Tension Darnage

General  Mechanical Thermal  Other :
Type: | Strain EI

Concrete Damaged Plasticity Campression recovery: | 0.1

| Plasticity | Compressive Behavior | Tensile Behaviar [T] Use ternperature-dependent data

Type: | Strain E| Mumber of field variables: 0

[] Use strain-rate-dependent data Data
[T] Use ternperature-dependent data Damage Cracking
" Parameter Strain
Murmber of field variables: 0=
1 i i
Diata 2 0.23 SE-005
Yield Cracking 3 0.55 0.00039
Stress Strain 4 0.4 0.00093
1 412 1
2 3124 SE-005
3 185.4 n.onn3a
4 412 n.o0na3

Figure 164 — Concrete tension damage
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<+ Edit Material
Marme; EPSInsulation

Description:

haterial Behaviors

Elastic

General  Mechanical  Thermal  Other

Density

- &

[C] Use ternperature-dependent data

Distribution: | Uniform

-

Murmber of field wanables: (1=
Data

Mass
Density

1 9.825E-005

=5 Edit Material
Matne: EPEInsulation

Description:

taterial Behaviors

Density

General  Mechanical

Elastic
Type: Isotropic
[7] Use ternperature-depe

Murmber of field variables:

Thermal  Other

M

ndent data
0

hoduli tirme scale (for viscoelasticity): | Long-term

[T] Ma cormpression
[ Mo tension
Data

Young's
Modulus

1 340

Poisson's
Ratio

0.35

H

EPS Insulation Density

EPS Insulation Elastic

Figure 165 — EPS Insulation material properties

STEP 3: Creation of Sections

Now that the material properties have been defined and the parts created, sections must be created

that align the material property with the appropriate part. The ABAQUS model tree is shown below

where the sections tab is tab is defined.




= 108SEGUP10L3PTFRPS1-EXPL
w iy Parts (8)

P2 Materials (4)
E} Calibrations
[i] ﬂ} Zections (5)

> Concrete

- EARM FRP
Insulation
ModRebarTruss
" MoSRebarTruss
& E Profiles (2)
Eﬂﬂ Szzembly

ABAQUS Model Tree

1 108SEGUP10L3PTERPS1-EXPL I
# [ Parts (6 "
B Materials (4) B &

P

- &} Calibrations # Edit Section

B 3B Sections (5)

Mame: ModRebarTruss

= Cancrete

~ EARM FRP Type: Truss

-~ Insulation haterial: | ASTMAGLSRe bar
adRebarTruss

i

MoSRebarTruss Cross-sectional area: | 0.2
E]@‘ Profiles (2 Ternperature variation: Constant through thickness
Dﬁ Bssernbly
ol Steps ()
& B Field Output Requests (2) | | I

No. 4 Rebar Truss

= 108SEGUPLILIPTFRPS1-EXPL
[ Parts (6)
H 2 Materials (4)

P

- &} Calibrations # Edit Section

B 3 Sections (5)

Marme: MoSRebarTruss

O oS RebarTrus s
J 8 Profiles (2)

> Cancrete

- EARM FRP Type: Truss

~Insulation Material: | ASTMAG1SRebar
- ModRebarTruss

Cross-sectional area: | 0,31

Ternperature variation: Constant through thickness

- e

Jﬂ Azsernbly
F ol Steps (3)

Cancel

[ IO rw OO O

1 B= Field Output Requests (2) B

No. 5 Rebar Truss

206



1 108SEGUP10LIFTFRPSL-EXFL

5 Parts (5)

[ 22 Materials (4)
- E} Calibrations
B 9 Sections (5)

EARM FRP
nsulation

[ B Profiles (2)
I:Iﬁ Assembly
ol Stens (3

ModRebarTruss
MoSRebarTruss

B2

nio g

A

=% Edit Section
Mame: Concrete

Type:  Zolid, Homogeneous

[ Plane stressfstrain thickness:

Material: | Concreted120psi EI =

. s

Concrete Solid

 108SEGUPLOL3FTFRPSI-EXPL
Wl Parts (5)

P2 Materials (4)

- E} Calibrations

B 38 Sections (5)
E-Concrete

“Insulation
- ModRebarTruss
" MoSRebarTruss
0 B Profiles (2)
Jﬁ Assermbly
Holl Steps (%)
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The concrete panel must be divided or segmented so that a line exists where the reinforcing steel bars are to be located. Then stringers are

ssigned to these locations and the sections are associated with those stringers as shown in Figure 166.
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Figure 166 — Rebar sections are assigned as stringers
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STEP 4: Assembly & Set Definitions

- 1085EGUP10LIPTFRPS1-EXPL
s Parts (f)
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By Surfaces

ﬁ Connector Assignments

+ M3 Engineering Features

=71

There are (5) instances in the assembly as shown in the model tree above. They include the
insulation, the concrete panel, the FRP top plate and the (2) shear grid connectors. Each instance is
positioned as shown in the construction diagram, see Figure 89. There is also a set defined for the
pinned reaction/support and the roller reaction/support as well as the mid-span bottom node set for

defining the deflection results. These sets are created for post-processing the results.
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STEP 5: Steps
ABAQUS uses what’s called a “step” to define the type of analysis that will be performed. There is

a Static-General, Static-Riks and Explicit analysis among lots others.
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There are two steps in this analysis, the selfweight step which allows for the concrete panel to be
placed on the supports and includes gravity loading. The second step is the test load. Both are a

dynamic, explicit step type.
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<> Edit Step
Marne: Selfueight
Type: Dynamic, Explicit

EBasicE Incrermentation | hass scaling | Other |

<= Edit Step
Marme: Spply Test Load
Type: Dynarnic, Explicit

{Basic || Incrementation | Mass scaling | Cther |

Description: | Selfueight

Tirme period: |1

Mlgear: On

[C Include adiabatic heating effects

Description: | Apply Test Load
Tirme period: |1

Mlgeor: On

[C Include adiabatic heating effects

Step 1: Selfweight

Step 2: Apply Test Load
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<+ Edit Step
Marne: Apply Test Load
Type: Dynarnic, Explicit

Basic |:

Type: @ Autarmnatic () Fixed

Mass scaling | Other |

Stable increment estimator: @ Global () Element-by-element
Max, tirme increrment: ) Unlimited @ Walue: | 1

Tirne scaling factor: | 125

<+ Edit Step
Marme: SApply Test Load
Type: Dynamic, Explicit

| Basic | Incrementation |i ﬂg Other

g Use sraled mass and "throughout step” definitions
~ frorn the previous step

(71 Use scaling definitions below

Data
. Frequencyf Target Time
Region Type Interval Factor Increment

= Edit Step
Marne: Apply Test Load
Type: Dynarnic, Explicit

| Basic | Incrementation | Mass scaling | Other

Linear bulk wiscosity parameter: 0.06

Quadratic bulk viscosity pararmeter: | 1.2

Dynamic Step Load Properties
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<> Edit Field Output Request @
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| 0] 4 | |Cance|

Step 1: Selfweight Fieldoutput Requests
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::I'; Edit Field Qutput Request @
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Step 2: Apply Test Load Field Output Requests
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25 Edit Time Paints
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<+ Edit Time Points (=54
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QK Cancel

Step 1: Selfweight Time Points

Step 2: Apply Test Load Timepoints

For the Field Output requests ABAQUS allows the user to extract results at certain intervals. It may

be only the last interval, no intervals, all intervals or specific time steps. In this case we used specific

time steps to extract data from ABAQUS that works well with the anticipated curves we were seeing.

Requesting too many points will drive up the size of the files and the run time. Requesting too few

data points will provide for choppy curves.




Step 6: Interactions
W Module: ‘: Interaction

[7] Model: [ 108sEGUP LOLIPTFRPSL-EXPL [ step: [Lieal

& Model Database H: == "Q“ =
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'ﬂ Interactions (4)

o
insul-to-conc-side
insul-to-conc-side2

ins! -bott Sliding farmulation: @ Finite sliding ) Small sliding

Clearance

Note: Clearance can only be used with srmall sliding in the fiest analysis step,
insul-to-conc-top

E Interaction Properties (1)
§1i Contact Contrals (1)

;1?’ Contact Initializations
ﬂ] Constraints (2)

JE% Connector Sections

_T Fields

PU Armplitudes (2)

[ Loads (2)

D;' BCs (2 Contactinteraction propertyt insul-to-conc E| 'E
Lo Predefined Fields uieighting factor ) Use analysis default @ Specify | 1
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lb Sketches Contact controls: | insul-to-conc E|
1085EGUP10LIPTFRPS1-LINEAR
L Sandwich Panel

Sandwich Panel

~A Annotations

Note: & weighting factor of 1.0 makes the first surface the master surface,

Active in this step

Cancel

In this particular model and test panel there were (4) interactions created. The insulation-to-concrete on the bottom, the top and the two sides.
The type of interaction used is the surface-to-surface contact (Explicit) and the Kinematic contact method. Finite sliding was also used as the
default. Finite sliding allows the objects in contact to slide pass one another where as the small sliding locks nodes and then the objects slide
node for node, which is not accurate.
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Step 7: Tie Constraints

Model || Results Module: [2 Interaction ] Model: 2 1083 GUP10L3PTFRPSL-EXPL [ step: [Smitia
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§i Contact Initializations @

FRP Plate to Concrete

IE Connector Sections
F Fields
@y Amplitudes (2)
[ Loads @)

The shear grid web connectors are tied to the concrete nodes at the locations shown in the figure above. Once again the concrete must be
partitioned at this locations so that we have a point to match the components. Furthermore the FRP top plate was also tied to the concrete top
surface as shown in the figure below. Neither one of these is entirely accurate as the parts are never completed tied to one another during the
full duration of the loading event, however for simplicity this is how they were modeled. Until we have a better understanding of the bond

failure properties and strength, we will model it this way.
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STEP 8: Amplitudes

The dynamic explicit model needs to have the load controlled in such a way that it turns into a
quasistatic or static analysis model. This is accomplished by setting defined amplitude to the loading

events in Step 1 and Step 2 loading.
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Step 1: Selfweight Loading Amplitude
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Step 2: Apply Test Load Amplitude
In the case of the applied test load, the amplitude was adjusted to allow for as much of a static load

as possible without delaying the problem or influencing the problem too much. If we slow the
amplitude down too much it takes a long time to solve and won’t fully apply the load. If we put the
load on too quickly we have too much dynamic response. Our findings show that the linear solver
(Static General or Static RIKS) does well in the elastic range so no need to worry about that part of
the amplitude. Then we can focus on the nonlinear range of the response and step up the loading

accordingly.
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STEP 9: Loading
There are two types of loading, gravity and the applied test load. ABAQUS is a unit-less solver so

the user must take care in assigning the gravity value, and it should be checked.
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The applied test load is assigned as a pressure load over an area that represents the actual applied loading area of the hydraulic cell. This is
shown in the figure above. Once again, the user should check that the correct resulting load is applied.
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Test Load applied as a pressure
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Histany Output Requests (1)
Time Paints 2)

Bz ALE Adaptive Mesh Constraints
T Interactions (4)

B Interaction Properties (1)

iff Contact Controls (1)

4 Contact Initializations

«J] Constraints (2

{E connector Sections

F Fields

Py Amplitudes ()

[ Loads @)

Loecs

Pinned

F

- [ Predefined Fields
Remeshing Rules

- (i Optimization Tasks

I Sketches
109SEGUPLO0LIPTFRPSL-LINEAR
L Sandwich Panel

Sandwich Panel

~~8 Annotations

£ Analysis

B jobs (4

B Adaptivity Processes
Ef Co-executions

ooy
A
£ Edit Boundary Condition [=]

Mame:  Roller

Type:  Displacernent/Rotation
Step:  Apply Test Laad (Dynamic, Explicit
Region: (Picked)

CSYS: (Global)

Distribution:  Uniform

oL

]
3 ]
[ URL: radians
[ uRz: radians
[ uR3: radians

Armplitude: | Instantaneous) [ [V

Mote: The displacernent boundary condition
will be reapplied in subsequent steps.

Roller Support Boundary Condition

Gee



STEP 10: Mesh

Module: EMesh H Mude\:ElﬂSSEGLIDmLBPTFRPSLEXPL H Object: () Assembly @ Part‘lEHu\lanunUetEPane\ H

WMedzl | Results
S Model Database : - %y, G

4 Models (6)
1085EGURPL0LIPTFRPS1-CREEP
1033EGUIPLOLIPTFRPS1-CREEP-POVVER
£ 1085EGUPL0LIPTERPSI-EXPL
L Parts (5)

[Fz Materials (4)

&} Calibrations

S Sections (5)

& Profiles (2)

48 Assembly

o Steps (3)

B= Field Output Requests (2)
B History Output Requests (1)
b Time Paints (2)
- Bn ALE Adaptive Mesh Constraints
T Interactions (4)

& Interaction Properties (1)
#{ Contact Controls (1)
~§# ContactInitializations
] Constraints (2)
~{E Connector Sections

F Fields

Py Armplitudes ()

[ Loads (2)

Lecs@

[ Predefined Fields
Rerneshing Rules

I Optimization Tasks

T sketches
1033EGUPLOLIPTFRPSI-LINEAR
L Sandwich Panel
Sandwich Panel
-~ Annotations
SEE Analysis

B Jobs (4

By Adaptivity Processes
B8 Co-executions

I Optimization Processes

From the resources at the time of this research we were limited to a 1” mesh as the smallest we could implement. The model ran well with 2”
or even 3” element mesh to get started. The solid continuum elements used a C3D8R which is a linear brick element with reduced integration
techniques and enhanced hourglass control as shown in the figures below. The rebar used truss elements and the FRP shear grid and plates

used shell elements.
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# Elernent Type

Elernent Library Farnily
Standard (0 Explicit Piezoelectric
Pipe
Gearmetric Order Therrnal Electric
Th

@) Linear () Quadratic

Line

[] Hybrid formulation
Elerment Cantrols

Scaling factors: Linear bulk viscosity: |1

T3D2: & 2-node linear 3-0 truss,

Mote: To selectan elernent shape for meshing,

select "Mesh->Contrals” fram the main menu bar,

%% Element Type

Elernent Library Farnily

Explicit
Acoustic

Geometric Order Cohesive

inear (©) Quadratic Continuum Shell

Hex | Wiedge | Tet

Reduced integration [T] Incompatible modes
Elerment Contrals
Kinematic split: Average strain () Orthogonal ) Centroid

Wes @ Mo
Use default () Yes () Mo

Second-order accuracy:

Distartion control:
Length ratio: POLDE

Enhanced () Relax stiffness (O Stiffness (O Wiscous () Combined

Hourglass contral; () Use default
Stiffriess-wiscous weight factor: 005

Elernent deletion:

Max Degradation: Use default (0 Specify

Scaling factors: Displacerment hourglass: |1 Linear bulk wiscosity: 1 Quadratic bulk viscositye | 1

C3DBR: An 8-node linear brick, reduced integration, hourglass contral,

Note: Toselect an elernent shape for meshing,
select "Mesh-=Contrals” from the rmain menu bar,

T3D2 - Rebar

C3D8R - Concrete

Lee



# Elernent Type IE
Elernent Library Farnily
() Standard @ Explicit -
Arcoustic ‘=‘
Geometric Order Cohesive
Continuurm Shell -

@ Linear () Quadratic

Hex | WWedge | Tet

Reduced integration [_] Incompatible mades
Elerment Controls
Kinematic split: @ fverage strain (0 Orthoganal ) Centraid

Second-order accuracy: () Yes @ Mo

Distortion contral: @ Use default () Yes () Mo
Length ratio: (02
Hourglass cantral: @ Use default () Enhanced () Relax stiffness (O Stiffness () Wiscous () Combined
Stiffness-viscous weight factor: 005

Elerment deletion:

Max Degradation: @ Use default ©

Scaling factors: Displacernent hourglass: {1 Linear bulk wiscosity: 1 Quadratic bulk viscosity: | 1

C3DER: An #-node linear brick, reduced integration, hourglass cantral,

Mote: To select an element shape for meshing,
select "Mesh-=Cantrols” fram the main menu bar,

# Elernent Type

Elerment Library Family

) Standard @ Explicit Coupled Termperature-Displacement o
Membrane K

Geornetric Order Surface ":

inear Quadratic

Quad | Tn

Reduced integration

Elernent Contrals

Membrane strains: (@ Small @ Small, warping considerad

Second-order accuracy

Hourglass contral: @) Use default () Enhanced () Relax stiffness () Stiffness

Elernent deletion: @ Use default ) ¥es () Mo

ax Degradation: @ Use default () Specify

Sealing factors: Displacerment hourglass: L Rotational hourglass: L Out-of-plar
Linear bulk viscosity: 1

< | 1] | +

54R: A 4-node doubly curved thin or thick shell, reduced integration, hourglass contral, finite membrane strains,

Mote: To select an element shape for meshing,
select "Mesh-»Contrals” from the main rmenu bar,

C3DS8R - Insulation

S4R - FRP Shear Grid and Top Plate

After all of this has been set up, a job must be created and then executed.

appropriate values extracted.

The results are post-processed from the *.odb file and the

8¢¢
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