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ABSTRACT
Experimental and Simplified Analytical Investigation of Full
Scale Sandwich Panel Walls
by
Salam Adil. Al-Rubaye, Master of Science

Utah State University, 2017

Major Professor: Dr. Marc. Maguire
Department: Civil and Environmental Engineering

Concrete sandwich wall panels have been used for decades in the precast concrete
construction industry because of their thermal efficiency. To achieve full or partial-
composite action in concrete sandwich panel walls, the engineer must obtain a percent
composite action from a connector manufacturer, making some engineers uncomfortable.
Engineers are dependent upon the recommendations given by the connector
manufacturers to establish their designs. This project tested six full scale sandwich panel
walls to evaluate the percent composite action of various connectors and compare the
results to those provided by the composite connector manufacturers.

This project aimed to validate current procedures using these methods, and to
develop simpler, more efficient methods for predicting overall strength of this innovative
building system. This study concluded that the reported degrees of composite action from
each manufacturer are considered conservative in all instances for the connectors tested.
Additionally, the intensity and type of connectors are important factors in determining the

degree of partial composite action in a panel.



Two methods to predict elastic deformations and cracking were developed (the
Beam-Spring model and the Elastic Hand Method) and were compared to the elastic
portions of the full-scale testing performed in this study, yielding promising results.
Anew method (the Partially-Composite Strength Prediction Method) was also created to
predict the nominal moment capacity of concrete sandwich wall panels that is easier to
implement than current methodologies and shown to be accurate. The results of this
method were also compared to the full-scale testing results in this study. Design and
analysis examples using these methods are presented in this report.

(216 pages)



PUBLIC ABSTRACT

Experimental and Simplified Analytical Investigation of Full
Scale Sandwich Panel Walls

Salam Adil. Al-Rubaye

Concrete sandwich wall panels have been used for decades in the precast concrete
construction industry because of their thermal efficiency. To achieve full or partial-
composite action in concrete sandwich panel walls, the engineer must obtain a percent
composite action from a connector manufacturer, making some engineers uncomfortable.
Engineers are dependent upon the recommendations given by the connector
manufacturers to establish their designs. This project tested six full scale sandwich panel
walls to evaluate the percent composite action of various connectors and compare the
results to those provided by the composite connector manufacturers.

This project aimed to validate current procedures using these methods, and to
develop simpler, more efficient methods for predicting overall strength of this innovative
building system. This study concluded that the reported degrees of composite action from
each manufacturer are considered conservative in all instances for the connectors tested.
Additionally, the intensity and type of connectors are important factors in determining the

degree of partial composite action in a panel.
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DEFINITIONS AND SYMBOLS

The following symbols are used in this paper.

Aps area of prestressing steel in wythe

As area of mild steel in wythe

b slab width

C compression force in wythe

c depth to neutral axis of wythe from top of wythe

di effective depth of steel in wythe from furthest compression fiber of
concrete

Ec modulus of elasticity of concrete

Es modulus of elasticity of steel

Fe elastic load limit

Fi, F(i) shear force in connector in connector line i

Fsum total shear force, the sum of connector forces in longitudinal location of
interest

Fu ultimate capacity/strength or peak load

fc' concrete compressive strength

fos stress in prestressing steel in wythe

fou ultimate stress of prestressing strands

fr modulus of rupture of concrete (psi)

fs stress in mild steel in wythe

ft concrete tensile strength
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fy steel yield stress

ltest experimental moment of inertia of sandwich panel

Inc theoretical moment of inertia of the non-composite sandwich panel
Irc theoretical moment of inertia of the fully-composite sandwich panel

i connector line starting at end of panel

Kd degree of composite action depending on deflection

Ke elastic stiffness

KEei elastic stiffness of connectors in connector line i

Kie inelastic stiffness of plastic stiffness

Kmer degree of composite action depending on cracking moment

Kmn degree of composite action depending on maximum moment

L total length of panel

Mer test experimental cracking moment of sandwich panel

Merne theoretical cracking moment of non-composite sandwich panel
Mer,Fc theoretical cracking moment of fully-composite sandwich panel
Mec fully-composite moment

Mntest experimental maximum moment of sandwich panel

Mn.ne theoretical maximum moment of non-composite sandwich panel
Mn,Fc theoretical maximum moment of fully-composite sandwich panel
Mservice moment calculated by service loads

Muy2 cracking moment of wythe 2

Ni number of connectors in connector line i
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CHAPTER 1

INTRODUCTION

1.1. General

Concrete sandwich wall panels (SWPs) are increasing in popularity due to their
thermal and structural efficiency and an increasing demand in society for energy-efficient
buildings. SWPs are typically a precast concrete product and have all the advantages of
precast concrete. In nearly all cases, SWPs consist of three layers: two concrete layers
(known as wythes) and a layer of insulation in between. SWPs are designed to act non-
composite, fully-composite, or partially composite, depending on the shear connector
design used to transfer the shear force between the concrete layers. The connectors can
provide varying levels of composite behavior. Although steel connectors have historically
been quite common, fiber reinforced polymer (FRP) connectors have become more
common due to their significantly superior thermal efficiency. SWPs can be cladding,
load bearing or non-load bearing walls.

Some engineers prefer non-composite panels because they have less thermal
bowing compared to fully composite panels. However, using non-composite panels does
not make use of both wythes structural performance and can be less economical. Fully
composite behavior can be achieved at the ultimate state for most proprietary wythe
connectors. However, GFRP connectors struggle to achieve high apparent composite
action at service loads, and realistically, this may only be accomplished by using the solid
concrete zone or steel connectors, both of which create thermal bridging. Hence, partially
composite panels are commonly used to avoid the thermal bridging and the thermal

bowing load. To design the partially composite panels, the engineers use a given percent



of composite action each limit state, currently provided by the precast company. There
are several analytical methods and finite element models used to predict the behavior of
partially composite panels. However, most of them are complicated or are only work for
specific connector types.

The goal of this thesis is to test full-scale panels with different connector types
and wythe thickness to understand their behavior at each limit state. An additional goal of
this thesis is to develop simplified methods to predict the behavior of the sandwich panel
at the service and ultimate states. Using these methods, the engineers can optimize their

design to achieve the desired percent of composite at each limit state.

1.2. Objectives

Several connectors’ and SWP’s performance was evaluated using different
connector types and distributed patterns during full-scale tests. Eight full concrete
sandwich panels which were fabricated with XPS insulation and were tested. Two of
them had a 4-ft by 16-ft and 3-4-3 in. configuration with prestressed reinforcement in the
longitudinal direction. The others were 3ft by 16ft with mild reinforcement and a 4-3-4
in. configuration. In addition, the data from push-off tests was used to accurately and
simply predict the flexural behavior of the concrete sandwich panel using hand methods
and the results were compared to the experimental full-scale tests. Also, the spring model
was used to predict the cracking load. An engineer can easily use these methods to
analyze and design sandwich panels with different composite actions in each design stage

(service and strength limit state).



1.3. Scope
The scope of this thesis consists of an extensive literature review, which

investigates and compares the analytical models developed in the literature. Also, the
experimental program consists of eight full-scale sandwich panels subject to flexural
loads. The panels’ deflection and end slip were monitored and compared to the simplified
methods, which the author develops in detail. The simplified methods include a hand
method used for the elastic and plastic range and a 2-D finite element model using
SAP2000 for the elastic portion only, which is called the beam-spring model (BSM). A
parametric study was performed using the hand method and BSM to understand the
behavior of the panel using different thickness of foam and distribution patterns for the

connectors and span length.



CHAPTER 2

LITERATURE REVIEW

2.1. Introduction
This section includes a brief introduction to some important concepts used to
design the sandwich panels. In addition, this section summarizes the analytical methods
from the literature.
2.2. Sandwich Panel Components
Sandwich panels consist of several components: the concrete wythes, insulation,
flexural and transverse reinforcement, which can be mild reinforcement, welded wire or
steel fibers (Morcous et al 2011) prestressing or post-tensioning (Maguire et al. 2015),
and the connectors, as shown in Figure 2-1. The only differences between the concrete
sandwich panel and other structural concrete components like a concrete solid wall or

shear wall are the insulation and the connectors.

2.2.1. Insulation

There are three types of insulation commonly used in sandwich panels. Expanded
polystyrene (EPS) is widely used in roofs, walls, and geotechnics because it is
economical compared to other rigid insulation types. Extruded polystyrene (XPS) is
denser than EPS, and because of that, the modulus of elasticity and the compression
strength is higher. XPS contributes very little to the connector shear force. Bunn (2011)
performed push off tests with 4 ft by 6 ft specimens which has XPS and EPS insulation

without wythe connectors. EPS specimens failed under the average maximum load of 52
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kips while XPS specimens failed under their own weight, which made it so the researcher
could not test them. In Olsen and Maguire (2016), Olsen et al. (2017) and Al-Rubaye et
al (2018), these researchers found that the insulation’s contribution to connectors’ shear
forces depended on the type of connectors used. The reasons for this discrepancy is the
apparent differences in bond strengths between EPS (higher bond) and XPS (lower bond)
even though the XPS insulation has the better mechanical properties.

The insulation can have a large effect on the connectors mechanical performance
depending mainly on truss action and can have a minor effect on the connectors
depending on the dowel action (Pin connector); However, this observation requires more
statistical evidence and future work for verification (Olsen et al 2017, Bean et al 2017,

Chang et al 2017, Maguire et al. 2017). In addition, the ISO insulation contribution is



Table 2-1 Insulation properties (PCI Design Handbook 7th Edition)

Polystyrene Polyisocyanurate Cellular
Phenolic
Expanded Extruded Unfaced?® Faced® glass
) s 07- | 1d- 13- | 18- B B 3
Density, Ib/ft o i 1.8 A Y 3.0 2.0-6.0 2.0-6.0 2.0-3.0 6.7-9.2
Water absorption, | _,, ' _5, .59 <03 <30 1.0-2.0 <3.0 <05
% volume
Compressive 510 | 1315 | 25 | 1525 | 40-60 | 100 16-50 16 10-16 65
strength, psi
;es:‘s"e strength, 18-25 25 50 105 45-140 500 60 50
Linear coefficient
of expansion, 25-40 25-40 30-60 10-20 1.6-4.6
(in./in./°F) x 105
Shear strength, psi 20-35 — 35 50 20-100 12 50
g':i"“’a' strength, | .\ o5 | 2040 | 50 | 4050 6075 | 100 50-210 40-50 25 60
Thermal conduc-
tivity, (Btu-in.)/[(hr)] 032~ 0.26-
0.23 0.20 0.18 0.10-0.15 0.16-0.23 0.35
(ft2 of area)(°F)] at | 0.28 0.25
75 °F
Maximum use 165 °F 165 °F 250 °F 300 °F 900 °F
temperature

also dependent on the surface treatment of the insulation. Table 2-1 shows the insulation

properties. It should be noted that material properties of polystyrene foam are variable.

2.2.2. Shear Connector

There are two types of connectors: stiff and flexible. Stiff connectors include
concrete solid sections that penetrate the insulation, steel and fiber reinforced polymer
(FRP) connectors, which are mostly used in partially composite sandwich panels.
Flexible connectors refer to non-composite connectors. FRP connectors consist of
oriented or random fiber and polymer composites used to achieve the desired properties.
These have been used for decades in structural engineering due to their resistance to
corrosion and thermal properties. FRP are used in sandwich panels mainly due to their

thermal properties.



Many researchers performed push off test on different types of connectors. Naito
et al (2012) performed double shear push-off tests on a total of fourteen different
connectors (six of them were FRP connectors and the others were traditional steel
connectors). The specimens were 18 in. by 18 in. and had a 3-2-6-2-3 configuration. The
strength of connectors is highly variable. The distributed connectors have a higher
stiffness when compare to pin connectors.

Woltman (2014) used commercially available GFRP bars with various types,
diameters, and end treatment of connectors to performed 50 push-through tests. Woltman
found that different cross sections did not affect the shear strength. In addition, adhesion
has a significant effect on the shear strength; however, it is variable and cannot be used
for long term design and under cyclic loading. The researcher did thermal and structural
tests and found that the effect of the connector on the R value is small for various cross
sections and spacing.

Olsen and Maguire (2016) performed 43 double shear specimen tests on several
commercial FRP connectors with various insulated layer thickness, types, and bond
conditions. They found that increasing the insulated layer thickness affects the strength
and the stiffness of connectors. Moreover, foam type and bond condition have little
effect on the pin connector, which mainly failed in dowel action and has a significant
effect on the truss connectors.

Tomlinson et al. (2016) introduced a new type of shear connector that combined
vertical and angled connectors made from basalt fiber reinforced polymer (BFRP). They

performed 38 push-off tests for different angles, connector diameters, and bond



Nu-Tie

Figure 2-2 Connector types that used in this research (all dimensions is in inches)

condition. In addition, Tomlinson et al. proposed an analytical model, which depends
mainly on the connector, dowel, and truss action to estimate the connector shear strength
and failure mode.

The research in this thesis focuses on four proprietary types of FRP composite
connectors which are commonly used in industry. Figure 2-2 shows the connectors’
shapes and dimensions.

2.2.2.1. HK connector
HK connectors are fabricated using mold injection of a proprietary short fiber

GFRP. This type of GFRP is brittle compared to other manufacturer processing due to



short fiber length and matrix stiffness. Figure 2-3 shows shear load versus the slip curve
(Olsen 2016).
2.2.2.2. Nu-Tie connector
Einea (1992) began development of the Nu-Tie connector to achieve a high
structural and thermal efficiency. Figure 2-4 shows the Nu-Tie generation from 1992
until now. Nu-Tie connectors mainly depend on truss action to provide the shear

stiffness. Figure 2-3 presents the shear load versus slip (Olsen et al 2017).

2.2.2.3. Thermomass (CC, X)

CC and X connectors are from the Thermomass company. Jacobs (1987)
performed push-off and pull-off tests to determine the properties of GFRP non-composite
connectors. Later, the company developed composite connectors for different insulations
and wythe thickness. Figure 2-5 shows the shear load versus slip for CC and X

connectors (Olsen et al 2017, Al-Rubaye et al 2018).
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2.3. Composite Action
Composite action is often expressed as a percentage of apparent composite behavior as
compared to non-composite and fully composite panel behavior. Non-composite panels
consists of a structural wythe and a nonstructural wythe with an insulating layer between

them. The structural wythe, which is commonly thicker than the nonstructural one, will



TL05 Y
o] ODDO

05050
OOOGO

{ 0,0,0°0 S m oY a R0 A0AC L0
2P0 2000,0,0.020-0 o o0%0c020%0%
SR 2020.020,050596%:2695%6%6%024%00 .

Non Composite

11

Strain

7i|:,

Strain

-0
OQOOD

DOGGO

0 00l
| |

m [} (o} o e v— o D o
LD_ o°o°c°o°o°o° 595°5° o 5080

Partially Composite

p L L Fully Composite

Figure 2-6 Composite action

Strain

take all the load, including the self-weight of the nonstructural layer, through the

connector. The concrete layers are connected using non-composite connectors. Fully

composite panels consist of two concrete layers acting together as single beam and foam

layer. Partial composite action will occur when shear connectors are used to transfer the

load between each wythe and full composite action is most commonly achieved with

steel truss connectors or large solid concrete zones.

Pessiki and Mlynarczyk (2003) define the composite action of the sandwich panel

using the stiffness properties of the fully and non-composite panels, as shown in equation

(2-1).

_ Iexp - Inc
Ic - Inc

2.4. Thermal Efficiency

(2-1)

One of the advantages of sandwich panels is their thermal efficiency. The

majority of thermal resistance comes from the insulation layer between the concrete
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wythes. However, using the steel connector or concrete solid zone to transfer the load
between the wythe or just to connect them will cause another problem, which is thermal
bridging, because of the low thermal resistance of the steel connector and the concrete.
Thermal bridging is the heat escape through high conductivity material compared to
surrounding materials such as steel connectors or the concrete solid zone. To minimize
this problem, Calvin McCall (1985) recommended that the shear steel should be kept to a
minimum. One solution for the thermal bridging is to use a material that has low thermal
conductivity such as FRP. Figure 2-7 shows a thermal image of two sandwich panel
buildings: one with steel connectors (right) and one with FRP connectors (left) (see
Sorensen et al (2017) for more details of the heat loss in sandwich panels). Woltman
stated that the idea of using connectors made of the FPR composite came from Jacobs
(1987). Jacobs used different samples of GFRP connectors with different end treatments
to achieve a high bond with the concrete. Jacobs also did push-off and pull out tests to
verify their results. He concluded that the embedment length of a connector is dominated
the results of pull out tests. Einea (1992) evaluated different FRP connectors to improve
the thermal and structural behavior of sandwich panels. Einea used different connector
shapes depending on their thermal and structural efficiencies. The connectors were I-
shaped FRPs with a wide flange, bone shaped, straps with Steel pins, and fabricated bent
FRP bars. Einea performed push off tests on the connectors, which and led to choosing
bent FRPs. In addition, Einea also performed small scale tests on sandwich panel

specimens with the bent connector.
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In 2004, Lee and Pessiki proposed a new sandwich panel type consisting of five
wythe layers with staggered foam and concrete sections to improve the thermal and
structural performances. However, this type of sandwich panel is difficult to construct

and never became popular.

2.5. Theoretical Approaches to Predicting Sandwich Panel Behavior
For decades, researchers tried to predict the behavior of sandwich panels using
analytical or numerical methods. In this section, a brief summary of their methods is

presented.

Thermal bridging from
solid sections

¢ h ‘-@ -

Thermal brldglng from |
steel truss connectors 10.0

Figure 2-7 Thermal Images of PCSWPs using FRP connectors (left) and steel
truss connectors (right)

2.5.1. Analytical Approaches for flexural composite behavior

There are several analytical approaches used to predict the behavior of concrete
sandwich panels. Most of them are complicated or developed for certain connectors only.

Prior to development of sandwich panel partial composite action, Newmark,

Siess, and Viest (1951) proposed a theoretical analysis to predict the behavior of partially
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composite steel beams consisting of two elements: a steel beam and a concrete slab. The
researcher performed double shear push-off and full-scale flexural tests to verify their
analytical approach. They provided an expression for the slip, deflection, and strain for
partially composite beams under concentrated loadings. There are several assumptions
and principles that they used in their methods:

1. The shear connection is continuous along the length.
2. The slip is proportional to the load and can be determine by integrating the rate of
change of the slip along the length, which is equal to the strain difference between

the beam and slip as shown in equation (2-2).

Slip = f% = f €p — Es (2-2)
Where: e, and ¢s are the strain of the beam and the slab at the connection surface
as shown in Figure 2-8.
3. The external moment can be calculated using equation (2-3).
M=M,+M,+F=*Z (2-3)
Where: Ms= the moment from the slab
Mp= the moment from the beam
F= the shear force from the connector

Z= the distance between the center of the slab and the beam
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Figure 2-8 Composite Beam (Newmark, Siess, and Viest 1951)

4. Deflection can be calculated by double integrating equation (2-4).

d?y

M FxZ

ix . SE TYE

(2-4)

In 1965, Holmberg and Plem published a book about the behavior of sandwich

panels, which provided examples of those behaviors. The researchers proposed analytical

methods to predict the behavior of sandwich panels under bearing loads, longitudinal

loads, transverse loads, thermal loads and differential shrinkage. The researchers

depended on the Granholm (1949) basis of their procedure for the sandwich panel. Using

Granholm (1949), Holmberg and Plem used equations (2-5) through (2-7) to predict the

behavior of the sandwich panels.

Where: ¢

v

M, = 2M + 2rN

= Slip between the wythes

= Deformation in y direction (deflection)

(2-5)

(2-6)

(2-7)
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-

= The distance between the centers of each wythe

x =d?/(d?+12*r?)

o? = 2Ar?/1 (see Figure 2-9)

M = internal moment in each of the wythes
N = Axial Force in each wythes

For sandwich panels under a uniform loading, the external moment can be calculated for

static loads as shown in equation (2-8) and Figure 2-9.

1 2x\°
Mx=—*q*b*l2*[1—(—x>] (2-8)
8 l
Where: q = external load (force per unit area)
b =width of the sandwich panel
I = Span length

By substitute equation (2-7) into equation (2-5) and solving the differential equation, the
equation becomes

qrb 1 X
o =-—2 *—*Px+ClslnhEx+C2 cosh

2
El

B

Using the boundary conditions of the simple support beam where deflection is zero at the

(2-9)

support and the slope is zero at midspan, deflection, moment, shear, and axial force can

be express as shown equations (2-10), (2-11), (2-12), and (2-13), respectively.
5 gbl* 24 x\2 16 sx\4
=t 5@ 5 Q)]

42 2 2 [ cosh% x 2
e (-6

(2-10)

xt
cosh 2B

Where: 2 =1-0°
2 cosh%x

M= %qblz laz " (%) 1- COSh% + %32 <1 - (sz> )‘ (2-11)




X
h%x
1ql ,2p SMipX 2x
iy L T 12
2p
Where:t = Shear Stress
2 2 coshlx 2
N, =N, =218, o2 <2ﬁ) 1 g Y6 (Zx) 2.13
—_ = L = = * - — * —_ — —|\— -
ex m 8 r a [ xl 2 l ] ( )

Xt
cosh 28
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In addition, Holmberg and Plem proposed a formula to calculate the stiffness of the truss

connector as shown in Figure 2-10 and equation (2-14)

_EgxAg

Fa2 -
2z *sintycosy (2-14)
Where:Ea = Modulus of elasticity of the connector
A = Cross section area of the connectors over the width.
Y = Angle of the connector, see Figure 2-10.

s e Res L e
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e i—r :f_l
B Zﬁ'g'b'é = +5-Gbj -'é.g-bé

Yy

Figure 2-9 Sandwich panel diagram (left) sandwich panel under uniform load
(right) (Holmberg and Plem 1965)
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Figure 2-10 The connector deformation under shear force (Holmberg and Plem
1965)

Allen (1969) proposed a method for Sandwich Beam with Antiplane Core (ox = 6y = Txy =
0.) with various wythes thickness and load conditions to predict stresses and deflection.

Allen assumed that there are two conditions applied in this case:

Ewythe t d
6——— —(—)?>> 100 2-15
E,. C(C) (2-15)

E td
4222 27 5 100 (2-16)

Eins CcC

Where:Ewythe = Modulus of elasticity of the wythe

Eins = Modulus of elasticity of the insulation
t = Wythe thickness
c = Insulation thickness

If these conditions are satisfied, the shear stress can be assumed to be constant over the
thickness of the core. The flexural rigidity of the beam consists of the flexural rigidities

of the two wythes and the insulation, as shown in Equation (2-17).
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bt3 btd? bc3

D = Ewythe ? + Ewythe T + Eins H (2-17)

Figure 2-11 Shear Deformation (Allen 1969)

If the conditions in equation (2-15) and (2-16) are satisfied, the flexural rigidity from the
insulation in neglected (less than 1% of the wythes flexural rigidity). Allen stated that the
deflection consists of two components, which are the deflection from the bending
associated with the shear forces Q1 and the shear deflection of the core due to Qy, as
shown in Figure 2-11. The differential equation for the equally thick wythes is shown in

equation (2-18) and its solution is shown in equation (2-19).

Q," —a*Q, = a®Q (2-18)
Where: a2 = —2¢ "
Elf(1-7)
Q1 = Modulus of elasticity of the insulation

—Q4 = C, coshax + C, sinhax + gx (2-19)
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Where:q = Load per unit length
By applying the support condition, the deflection and stress can be calculated from the

following equations:

5qL*  ql? I
_ _ _¥ 2-20
Wmax = 352 E7 gag (L ) (2-20)
ql? (c + 2t t
Omax = ?{ 2] Yo + E (1 - qjﬁ)} (2'21)

Where:Wmax = Maximum deflection

omax = Maximum stress
2

¥, =1+%(1—cosh9)
2

s =1_ﬁ(1_:329)

B %+tanhq.’> -g—aL- .
& " coshO +sinh@ tanh¢’ =~ 2’ ¢ =als

Salmon and Einea (1995) developed a displacement prediction using a finite
element model (FEM) for FRP connected panels, which analyzed both mechanical and
thermal loading. The model derivation follows that of Holmberg and Plem. They
assumed that the deformation was similar to that described by Allen (1969), which
consists of two components: the panel curvature and the offset due to the shear
deformation between the wythes, as shown in Figure 2-12. The displacement of the panel
can be expressed in equation (2-22) for small deformation after summing the moment due

to the deformation of each component.
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Figure 2-12 Salmon and Einea Differential panel element

M «a?

= — 4+ — 2-22
y.xx EI + ZT' q,x ( )

Where:q?2 = I"f"”
I = moment of inertia of entire section
lw = moment of inertia of each wythe.
y = Upward displacement
q = Slip between wythes

The researchers proposed that the stiffness of the connector is computed from
three conditions, which are truss action, full embedment fixity, and later embedment

restrain as shown in Figure 2-13. Each of these conditions may dominate depending on
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Figure 2-13 Salmon and Einea connector embedment types: (a) Truss action;
(b)Fixed at wythe Embedment; (c) Laterally Supported with in Wythe (Salmon and Einea
1995)

the connector’s geometric and material properties. In addition, the researchers used Truss
action only for their bent FRP connectors to calculate connector stiffness because it is
simplified and the other conditions contribute little to connector stiffness.

Truss action, Full embedment fixity, and later embedment restrain condition can

be calculated using equations (2-23), (2-24), and (2-25), respectively.

K = AE.p*m
=—— (2-23)
4r2b(1 + p?)2

E.p*m
K= i 5 [(1+p?) + (2r —d)?A. + 12p*I,] (2-24)
2rb(1 + p2)z(2r — d)3

K = E.p’m Ac N 24p* 9.5
b1t gl ATpIEr = (2-25)

Where: Ac =Cross section area of connector
Ec = modulus of elasticity of connector
m =Number of connectors along the width
p =slope of the connector as shown in Figure 2-13
e = Moment of inertia of the connector
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Using this model a design equation, termed the continuum model, was developed

that could analyze the FRP shear connected panels using equation (2-26):

M,I2 2
= 1 ——(1—sech 2-26
Where: Mt = External moment
_ XL
g =Q0-a?);
X = 2K
Ed
K = Stiffness of the connector

Salmon and Einea validated their model with short and long panels that had the
same number of connectors and predicted deflections to within 0.5% and 1% of a FEM,
respectively, although there was no comparison to test values. The researcher found that
the long panel with weak connector stiffness experienced 82% of thermal bowing of the
full composite. In addition, that long non-composite panel experienced some thermal
bowing.

In “State of the Art of Precast/Prestressed Concrete Sandwich Wall Panels”
(1997), flexural design for sandwich panels was divided into three categories: non-
composite panel design, composite panel design, and partially-composite panel design.
For non-composite panel design, the flexural design for the non-composite panel is the
same as for solid panels, and the applied loads are distributed to each wythe depending on
the stiffness for the individual wythe. Equations (2-31) through (2-33) show the

percentage of total load carried by the individual wythes.
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My =M; + M, (2-27)
M, = My _h (2-28)
(L + 1)
M, = My _f (2-29)
(L + 1)
Where:Mt = Total cracking moment
M1 = Cracking moment for the wythe 1
M: = Cracking moment for the wythe 2
l1 = moment of inertia for the wythe 1
2 = moment of inertia for the wythe 2

Wythe 1 is considered the wythe that would be in compression during positive

bending and wythe 2 is considered the wythe that would be in tension during positive

bending.

For P-6 effects from the axial load and self-weight, only the properties of the

structural wythe are used for the stiffness-reduction factor. For a composite panel, the

sandwich panel is assumed to be composite if the shear connectors provide forces greater

than or equal to the lesser of the maximum compressive forces for the concrete or the

tensile capacity for the steel at ultimate.

(2-30)

085 f xt b
VSmin{ *fc* wythel* }

As * fy + Aps * foy
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Where:V = shear force provided by connectors
twyther = thickness of the wythe 1

In the second edition of the State-of-the-Art report, the flexural design is kept the
same, with the exception of partially-composite panels. Partially-composite panels are
assumed to obtain a percentage of composite action based on known similar existing
panels, relying on shear connector manufacturer recommendations.

Bush and Wu 1998 proposed a modified model of Allen's methodology to account
for the partially composite panel with the truss connector. Their model predicted the

service load and deflection under uniform load. In the model, the modified shear modulus

was used in Allen’s equation.

Gurr = Gins + Goruss = Gons + 25t S;;;Z bcost (231
Where: N = Number of the truss connector over the width
Es = Modulus of elasticity of the connector.
A = Cross section area of the connector.
S = Tributary width of the diagonal connector (mid-length to mid
length)
0 = Vertical angle of the connector see Figure 2-14

The model was compared to a 3D FEM and experimental data. Additionally, the
model results using the 3D FEM was promising, with a deflection measured-to-prediction
ratio equal to 1.05 and 1.04 for a Two-truss and Three-truss, respectively. However, the
results of the model and the 3D FEM were conservative when compared to the
experimental data, which may be because they did not account for the shear forces from

handling and stripping conditions.
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TRy = A= Ycsin@
¢=c/cosf
C
, F = AtEsA/g
\—L F= AE,Y sin@ cos@
= ,

(c) Truss Force

Figure 2-14 Truss connector deformation (Bush and Wu 1998)

Hassan and Rizkalla (2010) modified the original theory of Newmark et al. for the
composite steel beam to be suitable to predict the flexural behavior of partially composite
concrete sandwich panels. Their method focuses on concrete sandwich panels that are
reinforced with carbon FRP (CFRP) grid connectors; however, it can be applied to
sandwich panels with different shear mechanisms. Hassan and Rizkalla developed charts
to simply design.

Naito et al. (2012) found that the connector stiffness affects the flexural sandwich
panel behavior. In addition, it highly affects the behavior after the sandwich panel has
cracked. They proposed a numerical method to estimate the sandwich panel behavior
under uniform static loading by using the degree of composite action and moment

curvature. The researchers used the slip that is calculated using the load-slip curve of a
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connector to estimate the percent of composite action. The procedure for their model is
as follows:

1. Calculate the moment-curvature using a trilinear curve (cracking, yield, and
ultimate moment) for non-composite and fully composite panels.

2. Calculate the static moment along the panel from load Wi.

3. Calculate the shear force transfer between the wythes at each division using
equation (2-32).

_ (Miyq — M),

Vij a
(d—73)

(2-32)

Where: Mi+1-Mi = change in moment in each division
d = depth of tensile reinforcement

a = Depth of Whitney stress block.

4. Determine slip at each section using the shear force from step 2 and load-slip
curve for the connector and insulation. Category the section to non-composite,
partially composite, and fully composite if the slip is higher than s,, between s;
and sz, and less than si, respectively. s; and s, limits are from push-off test
experiments. sz is the midpoint between the yield slip and the ultimate slip. s is
1.2s;.

5. Calculate percent of composite action

6. Interpolate the moment-curvature from step 1 to determine the moment-curvature
for partially composite panels.

7. Integrate the curvature using virtual work or other methods to calculate the

deflection.



28
8. Go to step 2 and repeat for a new load.

Tomlinson (2015) used an analytical model that depends on the composite action
as defined by Naito et al. (2012); however, the researcher used the analytical approach to
estimate the shear in the connector and the foam. In addition, this model is more
complicated and involves integrating the strain in the panel to estimate the slip, which
requires a computer program. The model’s predictions were accurate. Tomlinson found
that insulation affects the strength, but this effect is decreased when a high number of
connectors is used. The Tomlinson (2015) model procedure is outlined below:

1. Calculate the moment curvature under load from Wi (1 to n) assuming fully
composite and non-composite properties.

2. Calculate the moment diagram along the panel under F load.

3. Assume the slip profile along the panel. The slip profile can be linear or similar to
calculated slip from the previous load.

4. Calculate the shear forces V. along the panel using slip from step 3 and the load-
slip curve for the insulation and the connectors.

5. Calculate the percent of composite depending on the shear force V. and strain
discontinuity along the panel length as shown in Figure 2-15.

6. Integrate the strain discontinuity profile to determine the revised slip profile.

7. Compare the difference between the calculated slip and assumed slip in step 3 and
go to step 4 if the difference is not within the tolerance.

8. Interpolate the moment-curvature from the non-composite and fully composite

moment-curvature in step 1 using the percent of composite.



9. Use moment area or other methods to calculate the deflection from the

interpolated moment curvature.
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Figure 2-15 Percent of Composite Action
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Bai and Davidson (2015) presented and compared the Allen and Holmberg methods

about sandwich beams and. In addition, they proposed Allen and Holmberg methods
using a discrete model for the shear connectors rather than continuous. The discrete
connector function is defined as a rectangular waved function obtained using a Fourier

Transform that can only be solved numerically as shown in equation (2-33) and Figure

2-16:

+§: 1 <2nn> <2nn )
nsm T cos T x

n=1

F Y (1 o (2)sn (22

n=1

K¢ (x) = Kin

S|~

(2-33)

Where: K¢ = Stiffness of whole structure

Kin = Stiffness of individual connector
t = Length of positive length

T = Period length
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Figure 2-16 Shear stiffness function. (Bai and Davidson (2015))

Matthew et al. (2017) proposed a simplified model for the partially composite
concrete sandwich panel. The model is complicated and consists of three major stages:
Fully composite, non-composite, and partially composite panels. The procedure for the
model is as follow:

1. Calculate the moment curvature under the load from Wi (1 to n) assuming fully
composite and non-composite properties.

2. Use virtual work, moment area, or other methods to calculate deflection for each
increment using the moment curvature information.

3. Assume the percent of composite action depending on the previous step.
Additionally, use % composite to Interpolate moment-curvature from non-
composite and fully composite curvature (step 1).

4. Utilize virtual work or other methods to calculate the rotation of the sandwich

panel at each connector to determine its slip from equation (2-34).
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Sllpl = Hi * e (2-34)
Where: 6 =Rotation of the sandwich panel
tW e tW e
e = ( y;h1+tins+ yzthz)

twyther = Thickness of wythe 1
tins = Thickness of insulation
twythe2 = Thickness of wythe 2
5. Determine the connector force using Slip from step 4 and the load-slip curve of
the connector.
6. Calculate the moment using equation (2-35).
Mpc; = min(Mc;, Myc; + F; * e) (2-35)

Where: Mpci  =Partially composite moment
Mci  =Fully composite moment
Mnci  =Non-composite moment

Fi = Summation of shear connector force for current increment
7. Calculate the percent of composite using equation (2-36). And compare the
difference between the calculated and assumed percent composite in step 3 and go

to step 3 if the difference is not within tolerance.

PCA; = (2-36)

Tomlinson, Nathan Teixeira, and Amir Fam developed a theoretical model to
predict the shear strength of the connectors. The researchers stated that there are two
things that contribute to the shear strength of a connector: dowel action and truss action.
The dowel action of a connector can be found using equation (2-37). The truss action

contribution, which is dominant in angled connectors like truss connectors, can be found
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from equation (2-38). It should be noted that the tension and compression connectors may

fail at the bond and in buckling, respectively.

12E, 1
Viyw = %6 (2-37)
Xtanf + 6
Vir = Egc * €5 * Agc tan™ (T) (2-38)
Where: Esc  =Modulus of elasticity of connector

Isc =Moment of inertia of connector
0 =Slip of connector
X =Span of connector (thickness of the insulation)

ALge  J(Xtanf +8)2 + X2 — Lg,

Esc
Lac Lac

Asc =cross section of connector

2.5.2. Finite Element Approaches

There are several methods that were used to predict the flexural behavior of
partially composite concrete sandwich panels. Most methods can accurately predict the
composite action for different load levels.

Einea et al. (1994) performed a linear and nonlinear FEA to predict the behavior
of the full-scale sandwich panel. They used a quadrilateral element for the insulation and
a concrete and beam element for the FRP connector and the steel reinforcement. The
FEA is in good agreement with the analytical model; however, this did not compare well
to experiment data.

Salmon et al. (1997) used a computer program to compute the capacity of the FRP

connector. They used beam elements for the concrete and a truss element pinned in the
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centroid of the wythes as the connectors. The FEA is in good agreement with the
experimental data and they recommended this model to compute the capacity of
connectors.

Hodicky et al. (2014) used a 3D FEA to predict the shear capacity of the C-Grid
connector. The model is complicated and included an interface element between the
concrete and foam and the bond between the connector and concrete. The FEA was in
good agreement with the measured data.

Olsen and Maguire (2016) performed a beam spring model using a commercial
finite element program to predict the elastic behavior of the sandwich panels with
variations of concrete strength and shear distribution. The beam represents the concrete
wythe, and the spring stiffness represents the shear stiffness from the double shear push-
off tests. They found that the model was accurate when predicting the cracking load and
deflection. In addition, providing more connectors near the end in a triangular distribution
increased the cracking moment.

Teixeira, Tomlinson, and Fam (2016) used a two-dimensional finite element
computer program that consisted of two parts, beam element and link element, to predict
the flexural behavior of partially composite sandwich panels. The properties of the link
element are the stiffness of connectors from the push-off test. The model accounts for the
nonlinear behavior of the materials. The model’s results were promising; however, it is

highly variable when predicting the ultimate load.
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CHAPTER 3

EXPERIMENTAL PROGRAM

3.1 Introduction

The experimental portion of this research was to test several different proprietary
and non-proprietary FRP shear connector systems by fabricating and testing eight full-
scale sandwich panel walls. The purpose of this testing was to develop a general
methodology to calculate partial composite action elastic behavior and capacity. This
chapter of this thesis contains an outline of the experimental program including specimen

configuration and testing setup.

3.2 Full-scale tests

3.2.1 Full-scale Specimen Configurations and Test Matrix

Two 16-ft long and six 15-ft long concrete sandwich wall panels were tested to
evaluate their flexural strength and the composite action of different shear connectors.
This part of the study included 4 different connectors (presented in Figure 3-1). For
convenience of data presentation, each connector was assigned a letter descriptor as
follows: Nu-Tie connector (Connector A), Thermomass CC Connector (Connector B),
Thermomass X Connector (Connector C), and HK Composite Connector (Connector D).
Two panels were tested with Connector A (NU-Tie 3/8 in. diameter connectors), two
with only Connector B (Thermomass CC connectors), two with a combination of
Connectors B and C (Thermomass CC and X connectors), and two with only Connector

D (HK Composite connectors). All connectors were a type of glass fiber reinforced
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polymer (GFRP). Connector A was a GFRP rebar fabricated into a “zig-zag” pattern, 3/8-
in. diameter rebar with longitudinally aligned fibers. Connectors B and C were also an
aligned fiber flat bar of GFRP (like Connector A) that were either oriented in an X shape
or orthogonal to the concrete wythes. Connector D was a mold-injected product with
randomly aligned fibers. The manufacturing process and alignment of the fiber
significantly changes the failure mode and ductility of the connectors (Olsen and Maguire

2016).

Figure 3-1 Shear Connectors Tested, Left to Right: Connector A, B, C, and D

All panels were fabricated with XPS insulation, and utilized shear connectors to
attain some degree of composite action by transferring shear between the both wythes
through the insulation.

Connector A panels had a 3-4-3 in. configuration with prestressed reinforcement
in the longitudinal direction and shear connectors as shown in Figure 3-2 and Figure 3-3.
The prestressing consisted of three low-relaxation 270 ksi strands with a 3/8-inch
diameter tensioned to 0.70fpu. The panels were designated A-2 (Figure 3-2) and A-4
(Figure 3-3) with the 2 and 4 designating the number of shear connectors in each row.

Shear connectors were distributed uniformly with a total of eight in the A-2 panel and
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sixteen in the A-4 panel. The difference in the number of connectors was intended to
demonstrate the dependence of the panel performance upon the number of connectors
within the panel. At the authors’ request, the A-2 panel used connectors at a lower level
than typically used by the manufacturer for this panel configuration.

The B, BC, and D panels had mild reinforcement and a 4-3-4 in. configuration.
The reinforcement of these panels included four Grade 60 #3 bars in the longitudinal
direction for each wythe and three shear connectors in each row. In the B panels, only
Connector B shear connectors were distributed uniformly for a total of 12 in each panel
(see Figure 3-4). In the BC panels, 33 Connector B shear connectors were uniformly
distributed with an additional six Connector C shear connectors spread throughout the
panel (see Figure 3-5). D panels had Connector D shear connectors distributed uniformly

at sixteen-inch spacing for a total of 33 in each panel (see Figure 3-6).
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Figure 3-2 A-2 panel details
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g

Figure 3-6 D panel details

3.2.2  Construction of Wall Panels

All panels were fabricated with XPS insulation, and utilized shear connectors to
attain a certain degree of composite action by transferring the shear flow between the
both wythes through the insulation. The design of the panels was performed in
conjunction with representatives from Forterra Structural Precast (Salt Lake City, Utah)

and Concrete Industries (Lincoln, Nebraska).

3.2.3 Full-scale Test Setup

Each 16-ft long panel was placed on simple supports with a 15-ft span for A-2
and A-4 panels, and a 14-ft span for the B, BC, and D panels. A single hydraulic actuator
applied four point loads with a spreader beam assembly to simulate a distributed load, as
shown in Figure 3-7.

Deflection was measured at midspan on both edges (north and south) of the panel.
Relative slip between concrete wythes was measured using LVDTSs at each panel corner

(northeast, southeast, northwest and southwest). Prior to testing, dead load deflection was
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measured at midspan with a total station and high accuracy steel ruler by finding the
elevations of the supports and at midspan. This procedure provided a dead load midspan
deflection with an accuracy of 1/32 in.

Concrete compression strengths were measured using ASTM C39 procedures
from 4 in. x 8 in. concrete cylinders sampled and provided by the precasters. Rebar and
prestressing steel samples were obtained from each panel after testing by breaking out the
concrete from the ends, where there was no plasticity.

Rebar were tested according to ASTM A370 and the full stress strain curved
developed using a 2-in. extensometer. Because of gripping limitations of the tensile
testing machine available, standard reusable chucks were used to test the 3/8 in.
prestressing strand. Using chucks during tensile testing is known to limit both elongation
and provide slightly lower ultimate stresses (Morcous et al. 2012; Maguire 2009). Only
ultimate tensile stress was recorded for the prestressing strand because a proper (24 in.

gauge length, rotation capable) extensometer was not available.

3.2.4 Full Scale Test Sensors

The data acquisition, LVDTs for slip measurement and load cell for ram load
measurement were newly calibrated. The deflection measurements were made with LX-
PA-20 (UniMeasure) string potentiometers with calibration verified on a NIST traceable

Tinius Olsen Universal Testing Machine to an accuracy of 0.001 in.

3.3 Material Testing
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Concrete cylinder compressive tests were performed for all specimens tested. For
full-scale tests, concrete cylinders were provided by the respective precaster to be tested
on the day of specimen testing. Cylinders were created from the concrete midway
through each pour. All cylinders were 4-inch diameter, with compressive tests performed

according to ASTM C39.

Span/5 Span/5 Span/5
P/4 P/4 Pi4 P4
I J l |
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Length

ENGINEERINC
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Figure 3-7 Full-scale specimen test setup

3.4 Summary

The preceding chapter described the test setup for the experimental program. The

full-scale specimens were fabricated by Concrete Industries and Forterra Precast and



tested at the Utah State University SMASH lab. The following chapters present the

results and analysis of the full-scale tests.
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CHAPTER 4

TEST RESULTS FOR FULL-SCALE PANELS

4.1 Material Testing

Concrete cylinder compressive tests were performed for all specimens tested. For
full-scale tests, concrete cylinders were provided by the respective precaster to be tested
on the day of specimen testing. The results of the ASTM C39 compression testing is
presented in

Table 4-1. Each value presented in

Table 4-1 is the average of three cylinders from the compression wythe taken on
the day of testing. For convenience of data presentation, each connector was assigned a
letter descriptor as follows: Nu-Tie connector (Connector A), Thermomass CC Connector
(Connector B), Thermomass X Connector (Connector C), and HK Composite Connector
(Connector D). Two panels were tested with Connector A (NU-Tie 3/8 in. diameter
connectors), two with only Connector B (Thermomass CC), two with a combination of
Connectors B and C (Thermomass CC and X connectors), and two with only Connector
D (HK Composite connectors).

Figure 6-9 presents the stress vs strain curves for the rebar in the B, BC, and D
sandwich panels. The average yield stress was 72.2 ksi and the ultimate stress was 110
ksi. The average ultimate capacity for the prestressing strands was 259 ksi. It is likely the
testing method described in Section 3.2 above affected the ultimate capacity of the

strands.
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Table 4-1 Concrete Compression Strength for Full-scale Specimens

Specimen | Average fc’ | Split tension | Modulus of Elasticity
(psi) (psi) (psi)
A-2 10,400 766 6,191,000
A-4 10,400 766 6,191,000
B-1 9,230 691 5,824,000
B-2 8,000 699 5,986,000
BC-1 9,230 691 5,824,000
BC-2 8,000 699 5,986,000
D-1 9,230 691 5,824,000
D-2 8,000 699 5,986,000
120000 -
100000 - A\
\
80000 -
‘:560000 .
§ e Bar 1
? 40000 - Bar 2
- = =Bar3
20000 -
0 T T 1
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Figure 4-1 Stress vs. Strain for rebar in B, BC, and D panels

Full-scale Test Results
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4.2.1 Load vs. Deflection entire data set

All loads shown herein include self-weight, and all deflections include deflection
due to self-weight as measured by a total station. Figure 4-2 presents the load versus
deflection plot for A-2 and A-4 panels. The maximum loads attained by the two panels
were considerably different. The maximum loads attained were 30% different (compare
463 psf to 333 psf in Figure 4-2). Observed slip at the maximum load in the A-4 panel
was 0.18 inches, whereas the slip at maximum load observed in the A-2 panel was 0.24
inches at failure. Clearly the shear tie intensity, at the level tested in these two panels, had
a large effect on maximum load and slip.

The load vs. deflection results of B-1 and B-2 panels are presented in Figure 4-3.
The maximum loads for these panels were also very similar with a difference of only
13% (comparing 355 psf for B-1 and 307 psf for B-2 in Figure 4-4). The amount of slip
measured in the panels at maximum capacity was 0.74 in.

The load vs. deflection results of BC-1 and BC-2 panels are presented in Figure
4-4. The maximum loads for these panels were also very similar with a difference of only
8% (comparing 528 psf for BC-1 and 485 psf for BC-2 in Figure 4-4). The amount of slip

measured in the panels at maximum capacity was 0.05 in.

Figure 4-5 presents the Load versus Deflection plots for the D-1 and D-2 panels.
The maximum loads attained by the two panels were similar. The maximum loads
attained had only a 6% difference (comparing 529.5 psf to 498.8 psf in Figure 4-5). The

amount of slip measured in the panels at maximum capacity was 0.08 in. in both panels.
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The maximum loads and slip values are also summarized numerically later in

Table 4-2 of Section 4.2.3.

4.2.2 Load vs. deflection for elastic only
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4.2.3 Load vs. slip for entire data set
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Slip of the wythes was measured during testing to calculate the composite action

within each panel. Table 4-2 summarizes the maximum loads and slips measured for all

tested panels.

Table 4-2 Full-scale Specimen Panel Test Results

. Wythe . Slip at
Specimen configuration Span length | Maximum Load Maximum Load
(in) (ft) (psf) (in)
A-2 3-4-3 15.0 334 0.26
A-4 3-4-3 15.0 463 0.18
B-1 4-3-4 14.0 355 0.74
B-2 4-3-4 14.0 307 0.74
BC-1 4-3-4 14.0 528 0.11
BC-2 4-3-4 14.0 485 0.05
D-1 4-3-4 14.0 530 0.08
D-2 4-3-4 14.0 499 0.08
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Figure 4-10 Load vs. slip for A-2 (left) and A-4 (right) panels
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4.2.4 Composite Action Results

Utilizing the theoretical fully-composite moment, theoretical non-composite
moment, and the actual measured moment from the test results, the degree of composite
action, Kmn, can be determined as shown in for different panels using Eq. (4-1).

Mn,test - Mn,NC

Ky, = -
M Mn,FC - Mn,NC (4 l)

Where Mnest = experimental maximum moment of the sandwich panel

Mnnc = theoretical maximum moment of the non-composite sandwich
panel

Mnec = theoretical maximum moment of the fully composite sandwich
panel

For the degree of composite action depending on cracking moment using Eq. (4-2).
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_ Mcr,test B Mcr,NC 4-2
KMcr - M -M ( - )
cr,FC cr,NC

Where Mcrest = experimental cracking moment of the sandwich panel
Mcrne = theoretical cracking moment of the non-composite sandwich
panel
Mcrec = theoretical cracking moment of the fully composite sandwich
panel

For the degree of composite action depending on deflection using Eq. (4-3).

K, = test = v (4-3)
IFC - INC
Where lest = experimental moment of inertia the sandwich panel
Inc = theoretical moment of inertia of the non-composite sandwich
panel
Irc = theoretical moment of inertia of the fully composite sandwich
panel

Figure 6-2 graphically demonstrates the degree of composite action shown in Eq. (4-1),
(4-2), and (4-3).

Table 4-3 presents the midspan moment comparisons for the full-scale panels.
The measured maximum moments of the sandwich panels were used to evaluate the
composite action achieved. The measured maximum moment was calculated at midspan,
using the self-weight of the panel (a distributed load) and the four point loads. The fully
composite nominal moment was calculated using strain compatibility and actual material

properties for the concrete and steel as presented above, assuming the entire cross section
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Figure 4-14 Visual demonstration of degree of composite action

was active. The non-composite moment strength was calculated in the same manner
using only the properties of a single wythe and multiplying by two.
The A-4 panel resulted in 115% composite action. Other programs have noticed over
100% in the past, which is likely due to material variability as it would be impossible for
a panel to be stronger than theoretically composite. Had the manufacturer designed this
panel, it would have been designed at 100% composite. The A-2 panel would not have
been a design coming from the manufacturer, but was prepared to demonstrate what
would come from under-detailing such a panel. Doubling the number of connectors
resulted in a 30% increase in composite action at ultimate.

The Connector B panels had a lower connector number due to manufacture error.
This resulted in an average of 50% composite action, and is not realistic of actual design

used in the field.



The Connector BC panels resulted in a composite action of 103% and 93% (Table

4-3). However, the manufacturer would recommend only 70% composite action at

nominal strength for these connectors

Table 4-3 Measured Composite Action vs. Manufacturer Reported Composite

Action for maximum moment

_ Measured Manufacturers
Specimen | Mnrc (Ib*ft) | Mnnc (Ib*ft) Composite Action Rep_orted _
Composite Action
(Ib*ft) (Ib*ft) (%) (%)

A-2 55,000 15,800 70% -*

A-4 55,000 15,800 115% 100%

D-1 44,100 12,800 104% 80%

D-2 43,400 12,200 97% 80%
BC-1 44,100 12,800 103% 70%
BC-2 43,400 12,200 93% 70%

B-1 44,100 12,800 41 % -*

B-2 43,400 12,200 57T % -*

* Purposely reinforced lower than usual — not a typical panel

The D-1 and D-2 panels at the as-built 16 in. spacing would have resulted in a
panel designed at 80% composite action per manufacturer recommended guidelines. Both
panels achieved far more that 80% composite (see 104% and 97% in Table 4-3).

From the panels tested with the recommended connectors, it is clear that the
manufacturer recommended empirically based composite actions are accurate and

conservative.

4.3 Conclusions
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Eight concrete sandwich panels were tested to failure at the Utah State University
Structures Lab. The purpose of the testing was to evaluate the percent composite action
for the connector configurations and compare the results to those reported by composite
connector manufacturers. The following conclusions can be made from the experimental
program:

e The type and intensity of shear connectors significantly affect the degree of
composite action achieved in a concrete sandwich wall panel. Doubling the
number of shear connectors in the Connector A panels (Nu-Tie connector)
resulted in a large gain in percent composite action. (Note that the A-2 panel
is reinforced much lighter than would be detailed for an actual building)

e The manufacturer-reported degree of composite action can be considered
conservative for the panel configurations and connectors and connector

patterns tested in this paper.
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CHAPTER 5

PREDICTING ELASTIC BEHAVIOR

5.1 Introduction

Predicting concrete sandwich panel elastic stresses and deformations is paramount
for design to prevent cracking and limit second order effects. Several researchers have
developed techniques to predict sandwich panel deformations (e.g. Bunn 2011; Frankl et
al. 2011; Bai and Davidson 2015; Woltman et al. 2013). Prediction methods vary
significantly in complexity and accuracy. This section presents two proposed methods
that were developed and used during this testing that may give engineers a quick and
accurate prediction of the elastic behavior of PCSWPs in the future: the Beam Spring

Model, and the proposed Elastic Hand Method.

5.2 Beam Spring Model

The first model investigated was an analytical model created using a commercial
matrix analysis software package and is a more general variation of what many connector
manufacturers do currently using usually specialized techniques for their connector
shape/configuration. This model could easily be replicated using any commercial or
personally written matrix analysis software, and could also be easily built into
commercial wall panel analysis and design software and should work for any connector
type. This approach modeled the PCSWP using only beam and spring elements (Figure
5-1) combined with the appropriate material values, boundary conditions, and shear

connector stiffnesses (attained from literature review). Other research programs (e.g.,
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modified truss and beams and springs [Teixeira et al. 2016]) have described similar
methods using matrix software. This concept has been around for decades when
discussing multi-wythe masonry (Drysdale, Hamid, and Baker 1994). Similar models

have also been used in the literature for prediction of dynamic response of coupled
structures (Behnamfar et al 2016). Many connector manufacturers use a truss analysis

with matrix software, usually a Vierendeel truss, but some angled connectors, like
Connector A (Nu-Tie connector), use angled truss elements. The purpose of developing a
simple model that relies only on springs and beam elements is that it can be used to
model a panel with any connector type, repetitively, with little to no change between
analyses, and relies only on shear testing data, which most connector companies already
have from ICC-ES acceptance criteria, specifically ICC-ES AC320 and ASTM E488-96.
The proposed two-dimensional model consists of two frames with cross-sectional areas
equal to the area of the wythes of the panel they represent. These beam elements can be
assigned the individual gross properties of each wythe and separated by a distance equal
to the distance between the centroids of the wythes. Shear and axial spring elements are
then used to model the transfer of shear force between wythes, and are assigned shear
stiffnesses corresponding to the actual stiffnesses of the connectors as measured in (Olsen
et al 2017 and Al-Rubaye et al 2018). Support conditions are modeled as pin (translation
fixed, rotation free) and roller (longitudinal translation free, transverse translation fixed,

rotation free) and should be placed at the appropriate location on the panel.
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Figure 5-1 Example of Full-scale specimen modeled using the Beam Spring
Model

To verify this method, each test specimen was modeled from the previous chapter,
and elastic deflections and stresses were compared to the test results. Because each test
specimen had a different connector configuration and spacing, links connecting the beam
elements were placed at locations corresponding to each of the shear connectors. The
values of shear stiffness, Kg, used in each model are shown in Table 5-1. These shear
connector stiffnesses from the push-off tests included both the stiffness of the connector
and the lumped insulation stiffness. For design, it may be prudent to use the unbonded
values, but to verify the accuracy of the panels in this study the bonded values for Kg

were used.

The model included four point loads applied to the top face of the model,
imitating the full-scale testing performed in this study. In addition, self-weight was added
to the total load. Links were also assigned longitudinal stiffnesses based on the tributary
geometry and on an assumed Young’s modulus of XPS insulation (since XPS was the

only insulation used for the full-scale specimens). Tension/compression values for the
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Table 5-1 Panel Properties

Modulus of | Concret | Connector II?/TS(!I?}IISS”
Panel | Width | Configuration | Span | Elasticity of | e Split | Stiffness of
Concrete | Tension (KE) Elasticity
in. in. in. psi psi kips/in psi
A-2 48 3-4-3 180 6,191,000 766 118 670
A-4 48 3-4-3 180 6,191,000 766 118 670
B-1 36 4-3-4 168 5,824,000 691 17.9 670
B-2 36 4-3-4 168 5,986,000 699 17.9 670
BC-1 36 4-3-4 168 5,824,000 691 12259 670
BC-2 36 4-3-4 168 5,986,000 699 12259 670
D-1 36 4-3-4 168 5,824,000 691 94.8 670
D-2 36 4-3-4 168 5,986,000 699 94.8 670

connectors were not measured in this study, but most connector companies have
tension testing performed according to ICC-ES AC320. With this model, the
deformations and deflections were easily predicted along with axial forces and bending
moments in the concrete wythes, which can be resolved into stresses. The results will be

discussed later in Section 5.3.

5.3 Elastic Hand Method Analysis Procedure

5.3.1 Elastic Hand Method Description

The proposed Elastic Hand Method for predicting deflections and cracking
requires a sectional analysis as well as a full member analysis in order to incorporate
panel geometry and connector forces. This method was based on the following

assumptions:




1. Standard Euler-Bernoulli beam theory applies to the individual wythes

(i.e. plane sections remain plane and normal to the deflected axis)

2. Linear elastic material behavior (including the shear connectors).
3. The Principle of Superposition is valid
4. The slip varies linearly along the length of the panel as shown in Figure

5-2. This implies that the shear forces will vary linearly too if the
connectors are identically distributed. This is not always true, but is a

reasonable simplification as will be demonstrated below.

o] = omax F ._______________}:?____
62 63 1 |
04 05 I | :
o F3p----------- | :
2 ! ! !
E Fapboono-- : i :
4 AR
. = et 5 0 &3 3y o
L2 | Slip

Figure 5-2 Slip Diagram Along the Length of the Panel

Using the above assumptions, the engineer must perform an iterative procedure
due to the nature of determining slip for various connector patterns. Once the connector
force is determined based on the end slip, a sectional analysis is performed for the
controlling wythe (the cracking wythe) and deflections can be easily determined using

elastic beam equations. The guessed slip will need to be checked using slip kinematic

60
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relationships, but this is accomplished using familiar mechanics equations and equivalent

loads.

5.3.2 Elastic Hand Method Procedure

The cracking moment and deflection predictions of the Elastic Hand Method
depend mainly on the section geometry, modulus of rupture of the concrete, the elastic
modulus, and the connector forces. For the purposes of discussion, wythe 1 is considered
the wythe that would be in compression during positive bending of a fully composite
sandwich panel and wythe 2 is considered the wythe that would be in tension during
positive bending of a fully-composite sandwich panel. The following steps comprise the
procedure for the Elastic Hand Method.

1. Calculate the material and section properties assuming the sandwich panel

acts non-compositely. The following equations are an example. These may

vary depending on the type of reinforcement.

E. =330y« [f'c (5-1)
fr=75%fc (5-2)
Ies = btZonc,
12
Inc2 = % (5-3)
Z= % + tinsui (5-4)

Where E. = modulus of elasticity of the concrete (psi)



62

y = unit weight of the concrete (pcf)

fe’ = concrete compressive strength (psi)

fr = modulus of rupture of concrete (psi)

Inct = moment of inertia of non-composite wythe 1 (in%)
Inc2 = moment of inertia of non-composite wythe 2 (in%)
b = slab width (in)

tconct = thickness of wythe 1 (in)

tconcc = thickness of wythe 2 (in)

VA = distance between compression and tension wythe
centroids (in.)

tinsu = insulation thickness (in)

2. Assume an end slip, which is the slip at the end connector line (see Figure

5-2). Calculate the slips in the other connectors using similar triangles or

Eqg. (5-5).
L
)
5(1) = Smax * L (5'5)
(z-x)
Where 6(i) = slip in connector i (in)
omax = Slip in the end connector (in), also assumed to be the

max. slip in the panel

L = total length of the sandwich wall panel (in)
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Xi = location of the connector from the end of the panel (in)

3. Calculate the forces in each connector and connector line using Equations

(5-6) and (5-7).

Fi = 6([) Ni * KE (5'6)
Foum = XF; (6-7)
Where F(i) = is the force in connector line i (in)
Ni = is the number of connectors in connector line i
Kei  =s the elastic stiffness from shear testing for the
connectors in connector line i
Fsum = is the sum of the connector forces at the longitudinal
location of interest
4. Calculate the cracking moment for a mild reinforced non-composite wythe

(assuming wythe 2 will crack before or simultaneously with wythe 1) as
shown below, with appropriate addition of prestressing forces if necessary
(not shown), and including the axial force generated by the connector

forces from Equation (5-7) and as demonstrated by Figure 5-3:

tconc
Mwyz * 2 ? Fsum _f
INCZ b * tconcz "
F,
Myy, = 2% Incz * < o Foum 2) (5-8)
concy b * tconcz
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Figure 5-3 Load and stress profile of sandwich panel (left) equivalent load (right)

5. Now, the applied load that causes this cracking moment can be back
calculated which will aid in determining deflections and rotations.
Calculate the equivalent load that wythe 2 can carry using equations (5-8)
and (5-9). Figure 5-3 shows the stress profile and the equivalent
distributed load to produce the cracking moment in a reinforced concrete
section. An equivalent load can be a distributed load, a point load, four
point loads etc. depending on load condition. Equation (5-9) demonstrates
the equivalent distributed load for the moment carried by only the bottom

wythe at cracking assuming the wythes share load equally (tconct = tconc2).

_ WyepSpan®
MWYZ - 8
8 M
Wyez = Spa::zyz (5-9)

To determine if the above assumption of slip is correct, the slip needs to

be recalculated for verification. This iteration is deemed necessary only
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because solving for the slip (in a closed form) directly is very cumbersome
(but possible). Slip calculation is accomplished by finding the different
components of slip (axial and rotational, see Figure 5-4) at the end
connector line and comparing it to the assumptions using the equivalent
load above. For additional accuracy, the same process could be used at
each connector line (with additional iteration), but will be shown to be

unnecessary with respect to accuracy.

- Total Axial Slip
- ~1| 4 .- . -, ’ 41
5202695959%52595"
A0, 06,0 0, 0,001
'_', P SR a 1 r
et I RO TIE S W
: i R 49y . h

H Wythe Axial deformation

Figure 5-4 Axial and Bending Slip

6. Using the equivalent load from the previous step, calculate axial and
rotational displacement at the end connector. Rotation (6) of the wythe at
the end connector location can be calculated using published equations
(available in the PCI Design Handbook) or an elastic structural analysis
method (e.g. Castiglione’s Theorem, Virtual Work) for the applied load
(e.g., distributed, point loads). For this explanation, it is assumed a

distributed load is most common and is presented in Equation (5-10).
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Equation (5-10) uses the moment of inertia of only wythe 2 and the
equivalent load calculated in the previous step for wythe 2.

_ Wy * Span®

— (5-10)
24 x E x Iy

Apor = 0 % Z (5-11)

Where wwe = equivalent distributed load of the wythe (lb/in)
0 = angle of rotation (radians)
Span = support to support distance (in)
Arot = slip of the wythes due to bending (in) at the end
connector

n = total number of connector rows on L/2

To calculate the axial slip, one must account for each of the connector
forces along the beam based on the assumed slip distribution. Then the
axial forces from the connectors combined with their locations on the
panel are used with the well-known elastic axial deformation equation
(PL/AE) for both wythes. This process is demonstrated in Figure 5-5 for a
single wythe. Equation (5-12) below could be simplified for direct

solution of standard connector patters (e.g., uniform, triangular) if desired.
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Figure 5-5 Axial slip
A _ 1 1
Axtal = b *E * tconcl * b *E * tconcz
n 5-12
. . (5-12)
* Lk [ — — .
£ (2 xl)
i=1

Where Aaxial

connector (in)

Fi

Xi

= slip of the wythes due to axial deformation at the end

= total number of connector lines on the half span

= connector line starting at the end of the panel

= force in connector i (Ib)

= location of connector line i
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Finally, using Equation (5-11) and (5-12), the slip at the end connector can

be calculated as

6end = Apot — Daxial (5'13)

Total slip at every connector is the result of two components: the axial
deformation and the bending slip, as shown in Figure 5-4. | may also be
noted that the axial slip and the rotation slip act in different directions.
Because they are calculated as absolute deformations in Equation (5-11)
and (5-12), they lose their sign and Equation (5-13) requires the negative

sign.

Compare this slip value to that assumed in Step 2, and repeat Steps 2
through 6 until deng assumed (Step 2) is equal to dend calculated (Step 6).
This is most easily accomplished using a spreadsheet or computer
program.

Calculate the cracking moment using equation (5-14).

M = Myy, * 2 + Fym * Z (5-14)

Where M¢r = applied moment (Ib-in)
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Calculate deflection using Equation (6-1) for a uniform distributed load.
For different loading pattern, a different formula should be used.

_ 5% Wy, * Span*

(5-15)
384 x E_ x Iy

Where 4 = predicted overall deflection of the midspan of the

sandwich wall panel (in)

The above steps and explanation outline the approach using only first principles
and equations most engineers are familiar with. Below, this methodology will be checked
against the experimental results in previous chapters which include panels with
prestressing only, mild reinforcing only, different depths, different concrete strengths,
different connectors, and different connector patterns. In theory, this method could also
be used to predict behavior of panels with holes and at any location along the length of

the panel, with some modifications.

5.4 Validation of the Beam-Spring Model and Elastic Hand Method

Predictions of cracking moment, deflection, and slip of the eight full-scale test
panels were made using the Beam-Spring Model and Elastic Hand Method above, and
then compared to the actual measured values to validate these predictions. Both methods
returned very favorable results. Figure 5-6 presents the actual results and predictions of
both models for the full-scale A-2 sandwich panel. In this figure and those similar in the

following, the Beam Spring and Elastic Hand Method (labeled as HM), are plotted up
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through cracking, which is the last point at which they are valid. In the plots, a slightly bi-
linear relationship for the HM and the Beam-Spring model can be observed (which is
counterintuitive for an elastic method) this is because the method was applied for a
uniform load to simulate dead load and then four point loads (as it was tested).

Both models show excellent agreement with the observed behavior. The cracking
moment differs only by 0.5% and 0.8% for the Beam-Spring Model and Elastic Hand
method, respectively. Deflection at the cracking moment differs by 14% and 4% for the
Beam-Spring model and Elastic Hand method, respectively. The actual slip of the A-2
panel was measured to be 0.05 inches, with the Beam-Spring Model predicting 0.045
inches and the Elastic Hand Method predicting 0.0423 inches. Furthermore, in the below
figures, it is easy to see the experimental load deformation plots and the slip plots become

non-linear just as the HM and beam spring model predict cracking.
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Figure 5-6 Load versus Deflection (left) and Load versus End Slip (right) for A-2
Panel
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The Beam-Spring Model and the Elastic Hand Method underpredicted the

cracking moment of the A-4 panel by 5% and 4% percent respectively. Figure 5-7 shows

that the applied load at cracking was around 200 psf, which differed slightly from the

predictions of both methods. Both methods overpredicted the slip in this specimen, the

Beam-Spring Model doing so by 11% and the Elastic Hand Method by 14%.

The Connector B specimens are included in this section only for completeness.

The full-scale Connector B specimens were fabricated incorrectly and transported

improperly, arriving to the USU facility cracked. As such, deflection and cracking

predictions are not valid by the methods presented here and are not indicative of a real-

life panel reinforced per manufacturer recommendations. The load vs. deflection and load

vs. slip for the Connector B specimens are shown in Figure 5-8 and Figure 5-9. The

Beam-Spring Model and Elastic Hand Method for this case predicted the same cracking

load and slip values. A comparison of the actual values to the predicted values was not

possible for these specimens since the panels had cracked during transportation.
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Panel
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Figure 5-9 Load versus Deflection (left) and Load versus End Slip (right) for B-2

Panel

Both methods overpredicted the cracking load, the Beam-Spring Model by 10%

and the Elastic Hand Method by 10% as shown in Figure 5-10 and Figure 5-11 for the
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BC-1 and BC-2 panels. The slip for the BC specimens was overpredicted by 80% for
both methods.

Figure 5-12 and Figure 5-13 display the predicted values vs. the actual values for
the D-1 and D-2 specimens. The cracking load predicted by the Beam-Spring Model
matched the average result of the full-scale D panel specimens. However, the Elastic
Hand Method overpredicted the cracking load by 9%. The Beam-Spring Model

overpredicted the slip by 18%, and the Elastic Hand Method overpredicted the slip by

40%.
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Figure 5-10 Load versus Deflection (left) and Load versus End Slip (right) for
BC-1 Panel
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2 Panel

Table 5-2 presents a comparison of the measured cracking load and deflection at
cracking for each full-scale test in this study to the Beam-Spring Model and Elastic Hand
Method, respectively. Both methods are very accurate except for the D-2 and BC-2
specimens. The reason for this is unclear and may be due to measurement error. Table
5-3 and Table 5-4 contain the measured-to-predicted ratios for the Beam-Spring Model
and the Elastic Hand Method, respectively. As is shown in these tables, on average, the
predictions are very good at 0.95 and 0.97 for the Beam-Spring and 0.94 and 0.98 for the
Elastic Hand Method for cracking and deflection at cracking, respectively. These
accuracies are similar to those of other analysis methods for structures like reinforced and
prestressed concrete beams as well as steel members (Nowak and Collins 2000). If the

BC-2 and D-2 panels are not included, the measured-to-predicted ratios are nearly 1.0.
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Table 5-2 Summary of measured and predicted cracking and deflections

Measured Elastic Hand Method Beam-Spring Model
Panel Cracking Deflection Cracking Deflection Cracking Deflection
Load Load Load
(psf) (in) (psf) (in) (psf) (in)
A-2 155 0.34 156 0.36 156 0.39
A-4 202 0.44 194 0.33 192 0.352
B-1 - - 150 0.17 152 0.198
B-2 - - 150 0.17 152 0.198
BC-1 180 0.12 195 0.16 198 0.155
BC-2 164 0.15 195 0.16 197 0.157
D-1 221 0.14 222 0.15 209 0.144
D-2 184 0.13 222 0.15 208 0.138

Table 5-3 Beam-Spring Model Measured-to-Predicted Ratios

Panel | Cracking Load | Deflection
A-2 0.99 0.87
A-4 1.05 1.25
B-1 - -

B-2 - -
BC-1 0.91 0.79
BC-2 0.83 0.96

D-1 1.06 1.00

D-2 0.88 0.96

Average 0.95 0.97

Table 5-4 Elastic Hand Method Measured-to-Predicted Ratios

Panel | Cracking Load | Deflection
A-2 0.99 0.96
A-4 1.04 1.33
B-1 - -

B-2 - -
BC-1 0.92 0.77
BC-2 0.84 0.95

D-1 1.00 0.97

D-2 0.83 0.89

Average 0.94 0.98
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5.5 Comparison between Elastic Hand Method and Beam-Spring Model

One of the critical assumption of the Elastic Hand Method is the slip distribution
along the length of the member. As noticed by previous research, the slip is not truly a
triangular distribution, like the distribution of vertical shear in a simply supported beam
with a distributed load (Olsen and Maguire 2016). The distribution seems to look more
like a parabola or “hourglass” shape. Figure 5-14 compares the connector force
distribution for two different panels using the Elastic Hand Method and Beam-Spring
Model, where the distributions do not match, although they are very close. Table 5-5
shows that predictions made with the Elastic Hand Method were similar to those of the
Beam-Spring Model (all ratios between 0.93 and 1.15) indicating there is very little
difference in the predictions and indicates the linear slip assumption is good enough for
design, especially for cracking.

Because engineers are currently used to the concept of percent composite action,
Table 5-6 and Table 5-7 show the composite action prediction for cracking moment and
deflection, respectively, for the Elastic Hand Method and Beam-Spring model. There is

very good agreement again except for the BC-2 and D-2 panels.
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Table 5-5 Caption Ratio of the Beam-Spring Prediction to the Elastic Hand
Method Prediction

Panel Cracking Load Deflection
(psf) (in.)
343-2 1.00 1.10
343-4 0.99 1.07
HK1 0.94 0.97
HK 2 0.94 0.93
TAL 1.02 0.98
TA2 1.01 1.00
TBl 1.01 1.15
TB2 1.01 1.15




Table 5-6 Measured Composite Action for cracking moment
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Measured Elastic Hand Beamc-)?jglr ing
Specimen | Mcrrc | MerNe Composite Method .
Action Composite Action Comp_osne
Action
(Ib*ft) | (Ib*ft) (%) (%) (%)
A-2 66,583 | 12,804 12 12.3 12.2
A-4 66,583 | 12,804 24 21.8 21.2
B-1 41,481 | 11,067 - 2.3 2.9
B-2 41,866 | 11,184 - 1.9 2.5
BC-1 41,481 | 11,067 11 15.3 135
BC-2 |41,866 | 11,184 6 14.8 125
D-1 41,481 | 11,067 23 23.2 18.0
D-2 41,866 | 11,184 11 22.6 17.0
Table 5-7 Measured Composite Action for deflection
Measured Elastic Hand Beam-Spring
Specimen Irc | Inc Comp_osite Me_thod _ M(_)del _
Action Composite Action | Composite Action
(in%) | (in) (%) (%) (%)
A-2 3744 | 216 5.1 4.0 3.7
A-4 3744 | 216 54 7.7 7.5
B-1 3912 | 384 - - -
B-2 3912 | 384 - - -
BC-1 3912 | 384 11.1 6.2 5.4
BC-2 3912 | 384 1.0 7.4 6.9
D-1 3912 | 384 12.7 10.0 10.2
D-2 3912 | 384 7.5 12.4 10.9

The accuracy of the developed methods could be hindered by the ability of the research

team to accurately identify the cracking load from the experiment. Advanced methods

like crack gages (Petigrew et al. 2016) or digital imaging techniques (Dorafshan et al
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2016, Dorafshan et al 2017, Dorafshan and Maguire 2017) could have been used, but

budgetary and time constraints precluded this.

5.6 Elastic Hand Method Design Procedure

The following procedure outlines the design approach for service loads using the

Elastic Hand Method (see Appendix B for a Design Example). This procedure is for

sandwich panels with equal wythe thicknesses; however, it can also be used for sandwich

panels with unequal wythe thicknesses if appropriate modifications are made.

1.

Calculate the material and section properties assuming the sandwich wall
panel acts non-compositely.

Assume the number and spacing of connectors, and the slip at the end
connector line. Calculate the forces in each connector and connector line

using Equations (5-6) and (5-7), repeated here for convenience.

Foum = 2F; (5'17)

Calculate the cracking moment for a mild reinforced non-composite wythe

using Equation (5-18).

M _ Mservice = Fsum * Z
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Calculate the equivalent load using Equation (5-9), repeated here for

convenience.

8 * Mwy2

5-9
Span? (5-9)

Wywe2 =

Using the equivalent load, calculate the axial and rotational displacement
assuming the equivalent load distribution using equations (5-10) through

(5-12), again repeated here for convenience.

Wyep * Span®

=—" 5-10
o 24 x E * Iyco ( )
Apor =0 %27 (5-11)
A = ! + !
Axtal = b *E x tconcl b *E * tconcz
(5-12)

n
L
ST

=1

Calculate a new value of 8end Using Equation (5-13). Check if Seng is less
than the Elastic Slip limit. If it is not, iterate steps 2-6 until this limit state

is satisfied.

Oena = Arot — Daxial (5'13)

Check tension stress to verify it is less than modulus of rupture of the

concrete with Equation (5-19).
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Mwyz * tconcz Esum
= + < (5-19)
f 2 % INCZ b * tconcz ﬂ
8. Calculate the midspan deflection. For a uniform distributed load, use

Equation (5-20).

5 % Wyep * Span®

(5-20)
384 x E. * Inco

5.7 Conclusions

In this section, two methods to predict elastic deformations and cracking were
developed. First, the Beam-Spring model is a simple, general, matrix analysis framework
that allows for accurate prediction of sandwich panel behavior. The proposed Elastic
Hand Method was also developed which uses some simplifications and enforces
equilibrium and slip kinematics. This method is general enough to predict cracking and
deflections in most panels, but requires some iteration. Both models are limited to elastic
behavior, although if inelasticity were introduced to the Beam-Spring model (non-linear
springs and beam elements), ultimate deflections and ultimate strength could likely be
determined, though this may not be necessary (see next chapter).

The Beam-Spring Model presented here is a promising option for elastic analysis
of precast concrete sandwich panel walls using composite shear connector systems,
including those with unsymmetrical wythes, axial forces and irregular connector patterns,
including P-6 and P-A effects.

The Elastic Hand Method presented here relies on iteration, which is
inconvenient, but easily programmed into excel or anther design aiding program. The

iteration could be eliminated, but is difficult due to the summations of force required, and
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this would limit the method’s versatility and may require additional simplifying
assumptions. The Elastic Hand Method is only evaluated on equal wythe panels from this
program, but could be extended to unsymmetrical wythes, axial forces, panels with
openings and alternate connector patterns.

Both methods were compared to the elastic portions of the full-scale tests from
previous sections. Table 5-8 below simply consolidates Table 5-3 and Table 5-4 from the
chapter as a summary of the accuracy of the cracking and deflection predictions for the
panels tested in this study by displaying the Measured-to-Predicted ratios for each
method. Additional validation on more varied panels should be performed, but the results
are very promising.

The following conclusions can be made from the result in this chapter:

e A versatile, general matrix-based procedure, termed the Beam-Spring
Model, can be used to predict elastic deflections and cracking very
accurately, with a 0.97 and 0.96 test-to-prediction ratio for cracking load
and deflections, respectively.

e Using first principles and a series of assumptions, a hand based method
can be used to predict elastic deflections and cracking very accurately,
with a 0.94 and 0.98 test-to-prediction ratio for cracking load and

deflections, respectively.



Table 5-8 Measured-to-Predicted ratio

Elastic Hand Method Beam-Spring Model
Panel | Cracking Load | Deflection | Cracking Load | Deflection
A-2 0.99 0.96 0.99 0.87
A-4 1.04 1.33 1.05 1.25
B-1 - - - -
B-2 - - - -
BC-1 0.92 0.77 0.95 0.71
BC-2 0.84 0.95 0.88 0.97
D-1 1.00 0.97 1.06 1.00
D-2 0.83 0.89 0.88 0.96
Average 0.94 0.98 0.97 0.96

84
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CHAPTER 6

PREDICTING STRENGTH BEHAVIOR

6.1 Introduction

There are a handful of recently introduced methods proposed to predict the
ultimate moment capacity of a concrete sandwich wall panel (Tomlinson 2015; Hassan
and Rizkalla 2010; Naito et al. 2012). In addition to being few in number, they are
difficult to use for engineers in practice, requiring complicated moment curvature
analyses, furthermore, they rely on empirical data and interpolation rather than a general
approach, or a combination of these things. There is a significant need to develop an
easy-to-use method based on first principles and good design assumptions that is easily
fit into an engineer’s design routine. To simplify the design process of concrete sandwich
wall panels so that a greater number of engineers can safely design them, this chapter
presents a new method, the Partially-Composite Strength Prediction Method, to predict
the nominal moment capacity of concrete sandwich wall panels that is easy to implement
and shown to be accurate. The results of the method are compared to those in the full-

scale testing chapter.

6.2 Calculating Percent Composite Action

Design engineers are familiar with the calculations of non-composite and fully-
composite sandwich wall panels. The following sections reiterate this for completeness of

the below discussion, as well as introduce a formal definition of percent composite action
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for ultimate moment. The latter is necessary because there is no standard definition

within the industry, although the most popular one is adopted for this discussion.

6.2.1 Non-Composite Ultimate Moment

The ultimate moment for an ideally non-composite panel is the sum of the
ultimate moments of the individual wythes, as shown in Figure 6-1. When reinforced
with mild steel, the following calculations (based on strain compatibility) can be used to

calculate the ultimate moment, with minor variation for a prestressed panel:

. = Aslfsl
17 0.85£/b (6-1)

a, = ASZfSZ
27 0.85£/b (6-2)

a,

a,
Myc = Ag1f1 (d1 > ) + Aga f2(dy — 7) (6-3)

Figure 6-1 Strain and load profile for the non-composite SWP (left) and fully-
composite SWP (right)



6.2.2 Fully-Composite Ultimate Moment

To calculate the fully-composite moment, one assumes that the entire panel acts
as one beam, without strain discontinuity. Using strain compatibility, the following
procedure can be used for mild-steel reinforced panels (with minor variation for

prestressed panels):

— Aslfsl + Ast:s‘Z

0.85f/b (6-4)
a
Mgc = As1fa1 (d1 - E)
(6-5)

a
+ Aszfsz (dz + twyl + tins — E)

6.2.3 Definition of Partial Percent Composite Action for Ultimate Moment

Utilizing the theoretical fully-composite moment, theoretical non-composite
moment, and the actual measured moment from the test results or a prediction method,
the degree of composite action, Kun, can be determined using Eq. (6-6).

M -M
KMn — n,test n,NC (6-6)

Mn,FC - Mn,NC

Where Mnest = experimental maximum moment of the sandwich panel

Mnnc = theoretical maximum moment of the non-composite sandwich
panel

Mnrc = theoretical maximum moment of the fully-composite sandwich

panel
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Figure 6-2 graphically demonstrates the relationship between moment and degree of

composite action in Eq. (6-6).

MU

M Utest

Mune |

0% X% 100%

Degree of Composite

Figure 6-2 Visual demonstration of degree of composite action

6.3 Partially-Composite Strength Prediction Method

6.3.1 Overview and Discussion

88

The proposed Partially-Composite Strength Prediction Method procedure is based

entirely upon first principles (i.e. equilibrium, strain compatibility), a “good enough”

assumption about the slip profile along the length of the member, and shear deformation

data of the connectors (which many connector companies already collect for ICC-ES

certification, and which has been collected by several researchers). As such, this method

is robust enough that it may be applied to situations outside of the simply supported
panels presented in this report, although this would require validation. Furthermore, the
reliance upon familiar first principles makes the procedure easily adopted by precast

engineers and is a direct solution as long as recommendations are followed. For the
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purposes of validating the method, the approximate stress strain curve of the materials
should be used (e.g., Hognestad’s Concrete Material Model [Wight and MacGregor
2005], strain hardening of the steel) in lieu of common design assumptions; however,
when used for design, standard assumptions (e.g., Whitney’s stress block [Whitney,
1937], elastic-perfectly plastic rebar) can (and should) be used.

For the sake of illustrating the Partially-Composite Strength Prediction Method
procedure, wythe 1 (or the “top wythe”) is considered the fully-composite compression
side of the member and wythe 2 (or the “bottom wythe”) is considered the fully-
composite tension side of the member, as shown in Figure 6-1. The forces in a partially
composite member are presented in Figure 6-3 which include the force of the connectors
at the point of interest (Fsum) assumed to act at the center of each wythe. To maintain
static equilibrium within a given wythe, the compression and tension forces in each

wythe must transfer the difference between them to the other wythe; i.e.:

6-7
ZFaxial,1:T1_C1_F:gum=0 ( )

Z Faxial,z =T,—Cy+ Fmm =0 (6-8)
Where Fsum = is the sum of the connector forces from one end of the panel to the

cross-section of interest
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B a4 T L C1
T . a [} . E <+—~Fsum=C1-T1
z_q = T1=As1*fs1+Aps1*fps1
. _ﬂ g ] 4 -
% €c28
a4 S —+t c2
R a. 4 9 ‘ — Fsum=T2-C2
S—— T2=As2*fs2+Aps2*fps2
T - A £52

Figure 6-3 Strain and load profile of concrete sandwich wall panel

The shear force provided by the connectors can be estimated using the data from
the push off test depending on the number of connectors, the connector spacing, and a

linear assumption about the slip distribution as shown in Figure 6-4.

0] = 0max
02

Force

=

I e | X
L2 | Slip
Figure 6-4 Slip distributed along the panel length

After the forces in each connector are determined, they can be summed for any

given point along the length of the beam and applied to the beam cross-section as shown
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in Figure 6-3. With these simplifying assumptions, determining the moment capacity of a
sandwich panel with an arbitrary distribution of shear connectors is no more difficult than
determining the capacity of two separate beams with axial loads (Fsum, in this case).

Similarly, it is known that the two wythes will have equal deflection and equal curvature:

P1 = P2 (6-9)

Where ¢1 = is the curvature of the wythe 1

@2 = is the curvature of the wythe 2

This method can be extended to all cross-sections along the panel and points on
the load deflection curve, but the purpose of this chapter of the report is to determine the
ultimate moment strength in a straightforward manner. The condition for failure is
determined as either when the connectors fail or when the concrete on wythe 1 crushes
(i.e., &c1 = 0.003). It is assumed that designers would prefer to prevent the sudden failure
of the connectors to ensure a ductile failure. Therefore, it is recommended to set a
reasonable value for the force or slip in the connectors at the end of the panel connectors
during design. Once the forces are resolved on the cross-section, one can use the
following equation to calculate the nominal moment that can be carried by the cross-

section:
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twyr + twya
—— tins) (6-10)

M=M1+M2+Fsum*<
Where M: = is the moment in the top wythe created by C1 and T1:

M. = the moment in the bottom wythe created by Cz and To:

The following sections outline the procedure for analysis of existing concrete

sandwich wall panels, as well as a detailed design procedure.

6.3.2 Partially-Composite Strength Prediction Method Procedure

The following steps are proposed to predict the nominal moment capacity for a
sandwich wall panel. The steps do not necessarily need to occur in this order, but the
authors found this order convenient when analyzing a panel that was already created. A
detailed design process is presented in the following section.

1. Find the forces at each connector using the load-slip curve and assuming a linear
distribution of slip (see Figure 6-4). The slip can be iterated until it maximizes the
connector force, which will be the condition at ultimate, taking into account the
post maximum strength of the connectors if desired. This can also be determined

by using an influence line.

Design Note: As stated above, for design it may be important to prevent connector failure
prior to panel failure by limiting slip or force carried by the most heavily loaded
connectors. This can be conservatively done by assuming that the connectors at the end

of the panel are at their maximum force (Fy). Connector behavior and mechanical
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property variation (e.g., ultimate strength, proportional limit, elastic limit, deformation at

ultimate and shear deformation at rupture) are not always understood due to the private

and proprietary nature of this part of the industry. Limiting connector forces at different

limit states is an important consideration for PCI committees.

The slip at every connector location can be estimated heuristically (by assuming a

linear slip profile based on the plot shown in Figure 6-4 or Figure 6-5 and Figure

6-6, which can then be used to create a robust spreadsheet), or by using the

following equation (which is based on similar triangles):

Where 4(i)
oult
moment
L
Xcon,i

. 7 — Xcon L
6() =y *—— (6-11)
7 — Xcon,1

= the slip of the wythes at connector i

= Maximum slip of the end row of connectors at the ultimate

= length of the panel
= location of the connector from the end of the panel

= connector line number from the end of the panel to the point of

interest/analysis

Find the force, Fi, at each connector by using the appropriate load-slip curve.
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Figure 6-5 Slip diagram
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Figure 6-6 Typical load-slip curve

2. Find the total force provided by the connectors

Foym = N * Z Fy < Asfs + Apsfps (6-12)

Where N = number of connectors per row
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Fi = the force at connector i

The maximum connector force that can be transferred between wythes is limited
to the smaller of the maximum force generated by connectors at the location of
interest or maximum tensile force carried by the steel in the bottom wythe, hence
the right-hand side of the inequality in Equation (6-12). In other words, adding
additional connectors will not increase the strength of the panel over the fully-
composite moment, although it is likely to influence deflections.
Find Cz and Ty for the top wythe as if it were an independent beam with an axial
force Fsum (see Figure 6-8).

This process is exactly the same as any other reinforced/prestressed beam:

a. Assume the top fiber concrete strain is 0.003

b. Assume a value of the depth of the compression force in the concrete, c.

c. Calculate the curvature, ¢1. Assuming small angles, ¢1 may be calculated

as

gC
o (6-13)

P1 =
d. Calculate the compressive force in the top wythe. The compressive force
in the concrete will utilize Hognestad’s equation to estimate the concrete
compressive strength. Hognestad’s equation is not required for an accurate

prediction of the top wythe, but it will become necessary for the bottom

wythe if the panel is partially composite because Whitney’s stress block is
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only valid when the maximum concrete strain is 0.003. The Hognestad

formula is shown in Equation (6-14):

A2 *ec rec\?
fe =1 l e (g) l (6-14)
Where fc = stress in the concrete
fc' = concrete compressive strength
&c = strain in the concrete
€o =0.002.

Substituting Hognestad’s equation, the concrete compressive force can be

calculated as

C1
cr=bx | fdy
0
@ f2xe.  ren\?
o[ )
*J;) fcl €o €o l Y

@ *C * €12
C1:b*f fcrlz*(Pl 1_<(P1 1>ldy
0

€o €o

, | P * C12 (P12 * C13 “
Je & 3 x¢g,?

0
2 2 3\

_ | PL*C” (P *x G
b [R - (B

C]_:b*




97

Ci=bx*f'cx

(P1*C12*<1_<P1*C1) (6-15)

& 3g,

Where Cy = the compressive force in the concrete in wythe 1

b = width of the panel
' [2 z
NV [%‘ () ] * ey x dey

1., [2%¢ £:\?
I e[ () ] e

Xc1 =

2 2 3
€1 gy P1*¥C~7  P1”*Cq

Xc1

T [, @i @iEx ey’
folf‘c [2* 180 1_ 1((:02 1 ] dC1

[Z*(P1*C13 _1*@12 *C14]
_ 3 & 4 €42
@1 % ¢? _1*@12 * ¢y
& 3 €42

Xc1

c1 % (8x&, =3 %@ *cy)

Xep = Cp — 12+, — 4% @ *c; (6-16)

Where Xc1 = the centroid of compressive force in the concrete from extreme

compressive fiber

Hognestad’s concrete stress strain relationship is plotted along with the resultant force

location in Figure 6-7.
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Figure 6-7 Stress vs strain of Hognestad (left) and stress profile (right)

Design Note: To facilitate design it is recommended to use Whitney'’s stress block.
The Hognestad model is only used to analyze partially composite panels in this
report and is still an approximation. It is recommended that when designing, the
designer designs for a fully-composite panel, preventing compression in the
bottom wythe and eliminating the need for and hassle of this more complex
material model.

e. Calculate the strain and then stress in the steel. Strain can be determined

using similar triangles (see Figure 6-8):

d1 - C1
& = & o (6-17)

Where d; = depth to the centroid of the steel measured from the top

of wythe 1.
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C1 = depth to neutral axis of wythe 1 measured from the top of

wythe 1.

£¢1-0.003
R T C1
wee e 4 _;,(P_ E -«+—Fsum=C1-T1
_ = T1=As1*fs1+Aps1*fps1
4, L
. A A

Figure 6-8 Strain and load profile for the top wythe

The stress is then calculated using an appropriate steel model:

Mild Steel for Design: Elastic Perfectly Plastic

Esxe5 ifes<egy,
fs = { £, ife >e, (6-18)
Where fs = stress in the mild steel
Es = modulus of elasticity of the steel
&s = strain in the mild steel
&y = strain of the mild steel at yielding
fy = mild steel yield stress

For Prestressing Steel: The power formula (Devalapura and Tadros, 1992):
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27600
fios = Eps * 887 + 7.3671
7.3677"
[14 (11245 £,)"] (6-19)
< 270
Where fps = stress in the prestressing steel

Actual stress versus strain profile for the reinforcement, e.g. see Figure

6-9.
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Figure 6-9 Stress vs. Strain for rebar

f. Calculate the tension force in the top wythe. This will just include the

tension in the steel:

T = fs14s1 + fpslApsl (6-20)
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g. Determine if c; satisfies the force equilibrium for wythe 1. If not, repeat

step 3 and iterate until force equilibrium is satisfied.

zFx_)O:Tl_Cl_Fsum (6-21)

4. Find C2 and T» for the second wythe as if it is a separate beam with Fsum acting as
an axial force.

a. Assume both wythes will deflect equally and maintain g2 = ¢1. Thisis a
standard assumption for all composite or non-composite structures, steel,
concrete or otherwise (Bai and Davidson 2015; Hassan and Rizkalla 2010;
Newmark et al. 1951).

b. Assume a value of c2; however, in contrast to the previous example, the
top fiber will not be 0.003 unless the panel is a non-composite design.

c. Calculate the compressive force in the bottom wythe, C>. The compressive
force in the concrete will again utilize Hognestad’s equation to estimate
the concrete compressive strength, but it is critical here because Whitney’s
stress block is only valid when the top fiber is at 0.003 strain and in the
case of partial composite action, this will not be true. Substituting
Hognestad’s equation, the concrete compressive force can be calculated as

before, with appropriate variables changed to reflect wythe 2, as:
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C,=bx*f'cx

(Pz*Cg*(l_‘Pz*Cz)
3g,

(6-22)
Design note: To facilitate design it is recommended to use Whitney'’s stress block.
The Hognestad model is only used to analyze partially composite panels in this
report and is still an approximation. It is recommended that when designing, the
designer designs for a fully-composite panel, preventing compression in the

bottom wythe and eliminating the need to calculate Ca.

d. Calculate the strain and stress in the steel. Assuming small angles, the
strain can be determined using the relationship in Equation (6-13) and

(6-17) above and demonstrated in Figure 6-10 below as

& =(dy —¢2) * (6-23)
£C238
; r—+ c2
e 7.4 ¢- E — Fsum=T2-C2
A_ T2=As2*fs2+Aps2*fps2
: Y €2

Figure 6-10 Strain and load profile for the bottom wythe

The stress can then be calculated using Equations (6-18) and (6-19) in

Step 3e above.
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e. Calculate the tension force in the bottom wythe:

T; = fsAs2 + fpsZApsz (6-24)

f. Determine if c2 satisfies the force equilibrium for Wythe 2. If not, repeat

step 4 and iterate until force equilibrium is satisfied.

D B 5 0=Ty=C + Fum (6-25)
By enforcing equilibrium of each wythe using Equation (6-21) of step 3g and
Equation (6-25) from step 4f, force equilibrium for the whole panel is now
satisfied.
5. Find the ultimate moment of the concrete sandwich wall panel by taking the

moments carried by the different parts of the panel presented in Figure 6-3:

twyl + twyz

M:M1+M2+F5~um*< 2

+ tins> (6-26)

Where M1 = the moment in wythe 1 created by C1 and T1

M = the moment in wythe 2 created by C, and T>

M; and M2 are most easily found by summing the moments about the steel

locations:

My = Cy * (dy — X¢1) (6-27)
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My = Gy x (dy — Xc2) (6-28)
Alternatively, the moment can be taken for all concrete and steel forces over the

entire panel cross-section at a convenient location.

6.3.3 Validation of the Partially-Composite Strength Prediction Method
The Partially-Composite Strength Prediction Method presented in the previous

section is compared below to the full-scale panel tests for its validation. Table 6-1 shows
the experimental ultimate moment compared to predictions made by Partially-Composite
Strength Prediction Method. The percent difference was, on average, about 8 percent less
than the experimental ultimate moment results. This is a very common error metric,
which is comparable to that of most other predictions for other members like normal
reinforced concrete in bending or shear (Nowak and Collins 2000). Appendix A contains

the detailed calculations for the panels from this study.

Table 6-1 Validation of Partially-Composite Strength Prediction Method

Observed Ultimate Partially-
Moment Composite
Strength F_Jercent
Panel | specimen 1 | Specimen 2 Prediction Difference
Moment
(k-ft) (k-ft) (k-ft) (%)
Nu-Tie
343-2 43.36 - 39.5 8.9
Nu-Tie
343-4 60.86 - 55.37 9.0
HK 45.23 42.5 39.9 9.0
TA 45.1 41.3 41.1 4.9
TB 29.82 25.6 25.36 8.5
Average 8.0
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6.3.4 Recommendations for Design
To make the Partially-Composite Strength Prediction Method easier to follow
during the design stage, several recommendations are suggested to facilitate the strength
calculation at failure:

a) Consider the panel as a fully-composite panel and find the required area of steel,
which can be set equal to Fsum to select the total number of shear connectors. If
satisfied, this assumption implies that the second wythe compression force (Cz)
will be zero. Anything less than fully-composite requires the use of Hognestad’s
concrete material model (or another model of the engineer’s choice) or another
simplifying assumption. While Hognestad’s material model is not complicated
and the required equations derived and presented are above, it does add enough
complication that a designer unfamiliar with it may not be comfortable.

b) Find the ultimate moment of the panel using the methods presented above.
Several simplifications can be made to bring the method more in line with current
reinforced concrete and prestressed concrete design:

a. The Whitney stress block can be used as long as there is no compression
force in the wythe 2.

b. Elastic Plastic Mild Steel

c. Power Formula or PCI formula for prestressing steel

d. Limit end connector slip to the slip at maximum force (F.) per the shear

testing results
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¢) Find the number of connectors and spacing that provide the required Fsum for the
cross-section. Although uniform spacing of connectors is recommended based on
discussions with connector manufacturers and their in-house testing, alternate

spacing layouts have been noted to be beneficial (Olsen and Maguire 2016).

Some of these design assumptions are not appreciably different than those used by
connector manufacturers, but are formalized here and fit within the design parameters
discussed in this chapter. See Appendix C for Design Examples using the Partially-

Composite Strength Prediction Method.

6.4 Conclusions

There is a significant need to develop an easy-to-use method based on first
principles and good design assumptions that is easily fit into an engineer’s design routine.
This chapter presented a new method, the Partially-Composite Strength Prediction
Method, to predict the nominal moment capacity of concrete sandwich wall panels that is
easy to implement and shown to be accurate. The results of the method are compared to
those in the full-scale testing chapter and use the results generated in the shear-testing
chapter. The following conclusions can be made about the findings in this chapter:

e A design method based on familiar first principles and a series of
assumptions was developed

e The developed Partially-Composite Strength Prediction Method was
shown to be accurate to within 8% on average for the panels produced and

tested in a preceding chapter. These panels represented very different
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configurations and were reinforced with different connectors and
connector patterns, further demonstrating robustness.

e The developed method relies only on connector load-slip information
extracted from the push off tests.

e The developed, recommended, design procedure suggests designing for
100% composite action to facilitate design using standard assumptions,

like Whitney’s Stress block, and limiting connector end slip at ultimate to

Fu.
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CHAPTER 7

CONCLUSIONS

7.1. Full Scale Testing

Eight full-scale concrete sandwich panels were tested to failure at the Utah State
University Structures Lab. The purpose of the testing was to evaluate the percent
composite action for the connector configurations and compare the results to those
reported by composite connector manufacturers. The following conclusions can be made
from the experimental program:

e The type and intensity of shear connectors significantly affect the degree of
composite action achieved in a concrete sandwich wall panel. Doubling the
number of shear connectors in the Connector A (Nu-Tie connector) panels
resulted in a large gain in percent composite action. (Note that the A-2 panel
was more lightly reinforced than would be detailed for an actual building)

e The manufacturer-reported degree of composite action can be considered
conservative for the panel configurations and connectors and connector
patterns tested in this paper.

e Most of the panels exhibited ductile behavior even the panels that were used
brittle connectors like HK. Ductile behavior was observed for the full scale
test due to concrete cracking and steel yield which reduced the total slip of

connectors.
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7.2. Elastic Prediction Methods

In this section, two methods to predict elastic deformations and cracking were
developed. First, the Beam Spring model is a simple, general, matrix analysis framework
that allows for accurate prediction of sandwich panel behavior. The proposed hand
method was also developed which uses some simplifications and enforces equilibrium
and slip kinematics. This method is general enough to predict cracking and deflections in
most panels, but requires some iteration. Both models are limited to elastic behavior,
although if inelasticity were introduced to the beam spring model (non-linear springs and
beam elements), ultimate deflections and ultimate strength could be determined, though
this may not be necessary for design.

The Beam Spring Model presented herein is a promising option for elastic
analysis of precast concrete sandwich panel walls using composite shear connector
systems, including those with unsymmetrical wythes, axial forces and irregular connector
patterns, including P-6 and P-A effects.

The hand method presented herein relies on iteration, which is inconvenient, but
easily programmed into excel or anther design aiding program. The iteration could be
eliminated, but is difficult due to the summations of force required and this would limit
the method’s versatility and may require additional simplifying assumptions. The hand
method is only evaluated on equal wythe panels from this program, but could be
extended to unsymmetrical wythes, axial forces, panels with openings and alternate
connector patterns. The following conclusions can be made about the elastic prediction

methods:
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A versatile, general matrix-based procedure, termed the Beam Spring
Model, can be used to predict elastic deflections and cracking very
accurately, with a 0.97 and 0.96 test-to-prediction ratio for cracking load
and deflections, respectively.
Using first principles and a series of assumptions, a hand based method
can be used to predict elastic deflections and cracking very accurately,
with a 0.94 and 0.98 test-to-prediction ratio for cracking load and
deflections, respectively.
The connectors may be inelastic range while the sandwich panel did not
crack yet.
Achieved high composite action at service load is difficult. Longer panel

has higher composite action compare to short panel.

7.3. Nominal Strength Method

There is a significant need to develop an easy-to-use method based on first

principles and good design assumptions that is easily fit into an engineer’s design routine.

This chapter presented a new method to predict the nominal moment capacity of concrete

sandwich wall panels that is easy to implement and shown to be accurate. The results of

the method are compared to those in the full-scale testing chapter and use the results

generated in the shear-testing chapter. The following conclusions can be made about the

findings in this chapter:

A design method based on familiar first principles and a series of

assumptions was developed.
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e The developed partially-composite nominal moment design procedure was
shown to be accurate to within 8% on average for the panels tested. These
panels represented very different configurations and were reinforced with
different connectors and connector patterns, further demonstrating
robustness.

e The developed method relies only on connector load-slip information
extracted from the push off tests.

e The procedure developed herein suggests designing for 100% composite
action to facilitate using standard assumptions, like Whitney’s Stress

block, and limiting connector end slip at ultimate to F.

7.4. Future Research

1. Develop simplified method to predict the behavior of the sandwich panel
using the principle of the hand methods.

2. Developed the hand methods to account for the axial load and including
second order effect due to thermal, P-3, and P-A effects.

3. Even the simplified methods have a good agreement with experiment data, it
should be verified.

4.  Test Full scale Sandwich panel under shear cyclic load to investigate the
effect of connector on the shear capacity.

5. Verify that hand methods work for Full scale sandwich panel with opining.
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APPENDIX A.

Elastic Hand Method Analysis Examples
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This appendix contains examples and predictions for predicting cracking moment

of the full-scale panels (which utilized HK Composite, Nu-Tie, and Thermomass

connectors) using the Elastic Hand Method proposed in this report. Table A-1 Load,

Deflection, and Slip predictions for panels using Table A-1 summarizes the results of this

section. The calculations of the values in Table A-1 follow thereafter. These examples
illustrate how the Elastic Hand Method predicts the deflection and cracking of a given

panel. Note that the Elastic Hand Procedure is iterative.

Table A-1 Load, Deflection, and Slip predictions for panels using

Panel Load Load Deflection Slip
Considered (psf) (in) (in)
Self-Weight 75 0.154 0.0184
A-2 Four-Point 81.3 0.202 0.0239
Total Applied 156.3 0.356 0.0423
Self-Weight 75.00 0.1130 0.0130
A-4 Four-Point 119.52 0.2173 0.0247
Total Applied 194.52 0.3303 0.0377
Self-Weight 100 0.1074 0.0142
B-1 and B-2 Four-Point 49.4 0.0648 0.0085
Total Applied 149.9 0.1722 0.0227
BC-1 and BC. Self-Weight 100 0.073 0.0103
Four-Point 95.77 0.0845 0.0090
? Total Applied 195.77 0.1575 0.0193
Self-Weight 100.00 0.0600 0.0071
D-1 and D-2 Four-Point 122.62 0.0888 0.0105
Total Applied 222.62 0.1488 0.0176




Load per Connector (kip)
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A-2 Panel (Nu-Tie connectors) Analysis Example (Prestressed)

Panel Properties

L=16ft Span = 15 ft

twyl = 3 ln tWyZ = 3 ln

tins = 4in b=4ft

f¢ = 10.43 ksi A,s = 0.255 in? (three prestressing strands)
_[247. _

X = [72] in N=2

F——S8/5=3ft——+—S5/5=3 ﬂTS/5= 3 ftj
P\-VE P“’E we l PWB l

R R T T P R A ey By
f Roller 1501t ?_
16.0 ft
7 -
6 4
5 .
4 .
3 F;=1170896
2 .
1 .
0 T T T T T T 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Slip (in)

Figure A-1 Load vs Slip of Connector A (Nu-Tie connector)
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Solution

1. Calculate the material and section properties of a non-composite sandwich

panel.
Span
Xp1 = 5 =3ft XP2=2*XP1=6ft
E. = 6191.46 ksi
7.5 ksi _ 170 ksi * 0.085 in? * 3 ]
fr = 1000 * /10430 psi + 18in3in = 1.067 ksi
4 ft * 12f_t

Inct = T *(t3,,) = * (3in)® =108 in*

4ft« 122

t . .
INCZ_E (twyz)_—f*(g in)?® =108 in*
twy, Tt 3in+3in ) )
Z=—Wyl2 Wy2+tinsul=T+4m=7m

2. Assume an end slip, which is the slip at the end connector line (see Figure
5-2). Calculate the slip in the other connectors using similar triangles or
Eq. (5-5).

Assuming dmax = 0.0423 in
. (% - xi) 0.0423
8(1) = Omax * 77— = [ 0.0141
(2-=)

3. Calculate the shear forces in each connector using Figure A.

_ 2. [19557

1652 ] b
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Foym = SF; = 13220 1b

4. Calculate the cracking moment:

f;' Esum
M =2x%] -
wy2 *Inc2 * <twy2 b t\%/yz

1.067 ksi 13.22 kip
3in 48 in * (3 in)?

=2*108in4‘*( >=5.851kip*ft

5. Calculate the equivalent load that wythe 2 can carry using equations (5-9).

" :8*Mwy2:8*5.851 kip*ftZOZOSkE

wez ™ Span? (15 ft)2 ' ft
M, 5.851 kip * ft

Pyez = L Pt _ 0.65 kips

(xp1 +xp2) B ft+6ft)

6. Using the equivalent load from the previous step, calculate axial and
rotational displacement at the end connector using Eq

kip

o = Wwer*Span’ _ 0208 « (15 f1)° x 144 in®/ft*
Wwez DA% E % Iy, 24 % 6191.46 ksi » 108 in*
= 0.00630

xp1[(Span® — x3,1) + (Span — xp1) (2Span — xp)]

0 =P
Pwez — Twe2 { 6 x Span * E, x Iy,

N xp2[(Span® — x3,) + (Span — xp,) (2Span — xp,)]
6 x Span * E, * Iyc,

3[(15% — 32) + (15— 3)(30 — 3)]
615 %6191.46 « 108

epwez = 065{

6[(152 — 62) + (15 — 6)(30 — 6)]
6+ 15 * 6191.46 * 108

= 0.00630
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Agor = 6 * Z = 0.00630 % 7 in = 0.04410 in

n L
A 2 ZF ) i_xi 0.001781i
. = x| ——— | =
Axial * - (i b * E, * trye . mn
i=

Using Equation (5-11) and (5-12), calculate the slip at the end connector
and compare to assumed value.
Smax = Arot — Dariar = 0.0441 in — 0.00178 in = 0.04232 in
Omax = Assumed 8,4y OK
. Calculate the cracking moment using Equation (5-14).
M =M,y * 2+ Foym * Z

=2*5851kip* ft+13.22kip 7 in = 19.4137 kip * ft

kip 4 in\?
L Stugespant 57 02087E (50" (1277)
Wwez " 384 % E % Iyc, 384 % 6191.46 ksi * 108 in*

= 0.3544 in

Pyer
Apye, = <m> {xp; * (3 * Span® — 4 « xr2>1) + Xp2

* (3 Span? — 4 = x35,)}

A ( 0.559 ){3 (3%152—-4%3%)+6
= * * —_ *
Pwez ™ \24 % 6191.46 = 108

* (3% 152 —4 % 62)} x 123

= 0.357 in

The actual load on the sandwich wall panel included the four-point applied

load as well as self-weight.



126

Table A-2 Total Load, Equivalent Load Deflection, and Slip

Equivalent
Load Load Slip
Distribution Total Load, protat Deflection, Ae
(in) (in)
Uniform Moppriea *8  19.4%8
Distributed Load | SpanZ « b R 172.55 psf 0.3544 0.04232
4M i 4 x19.4
Four-Point applied _ "
Loads (xpy + xpy) *Spanxb 9 x15%4 0.357 0.04232
= 143.79 psf
Pseir = 150 pcf * (6 in) = 75 psf
Wself = Dsety * b =75 psf x4 ft =300 plf
Wgerr * Span® 300 plf * (15ft)?
Mself:(selfSP ): Pf8( ft) _ 84375 kip + ft
Mpoyrpt = Mep — Mg = 19.4137 kip * ft — 8.4375 kip * ft = 10.976 kip * ft
p 4 (10.976 kip * ft) 4.878 ki
= * = .
FourPt 36 in + 72 in P
4878 lbs
= 81.3 psf

Prourpt = W
PTotalapplied = Pself T PFourpt = 75 psf +81.3 psf = 156.3 psf

Similar effects can be calculated for deflection also, as well as slip. Since self-

weight is a distributed load, the uniform distributed load values will be used from Table

A-2.
pself 75 pSf . .
Aoyp=—U opn, =220 03544 in = 0.154
U Drotar ¢ 172.55psf o m
81.3 vs
Apourpr = LE2UTPE L A, = PSI . 0357 in = 0.202 in

—_— [ —
Protai ¢ 143.79 psf
Arotar = 0.154in+ 0.202 in = 0.356 in

pself 75 pSf

—x%§ =— % 0.04232in = 0.0184 i
Proca T T 17255 psf m ”‘

6self =
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s _ Prourpt _ 81.3 psf
FourPt pTOtal max 143.79 psf
8rotal = Osety + Spourpe = 0.0184 in + 0.0239 in = 0.0423 in

* 0.04232 in = 0.0239 in
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A-4 Panel (Nu-Tie connectors) Analysis Example (Prestressed)

Load per Connector (Kkip)

Panel Properties

L=16ft
tins =4in

£ =10.43 ksi

Span = 15 ft

t

wy

223”1

b=4ft

A,s = 0.255 in? (three prestressing strands)

247 .
X; = [ ]ln N=4
! 72
S/5=3ft S/5=3ft ‘ S/5=3 ft
Pwe P“’? P‘.\'e l PWE l
.- . ‘.‘f' .-_.4-‘_‘_‘.. ‘.. o ) :“J a . L S
KR Q{H,e:i}& D HE T THHH %HMH*GQE Z_D“j _ 05
T‘ Roller 150t ?_
16.0 ft
7 -
6 -
5 4
4 _
3 F;=1170896
2 _
1 _
0 T T T T T T 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Slip (in)

Figure A-2 Load vs Slip of Connector A (Nu-Tie connector)

Solution
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1. Calculate the material and section properties of a non-composite sandwich

panel.
Span
Xp1= "¢ =3ft Xpy = 2%Xpy =6 ft
E, = 6191.46 ksi
7.5 ksi 170 ksi * 0.085 in? * 3
= 10430 psi = 1.067 ksi
fr=To00 *V pst+ 48 in 3 in St
4 ft = 12f—t
Inc1 = 1 (twyl) =—x(3in)® =108 in*
4 ft * 12f—t
INCZ - ﬁ (twyz) =07 % (3 ln)3 = 108 in4
t +t 3in+ 3in

2 2
2. Assume an end slip, which is the slip at the end connector line (see Figure
5-2). Calculate the slip in the other connectors using similar triangles or
Eqg. (5-5).
Assuming dmax = 0.0377 in
. (% - xi) 0.0377
8(D) = Omax * 21— = | 0.0126
(2-=)
3. Calculate the shear forces in each connector using Figure A-

2.Figure A-2 Load vs Slip of Connector A (Nu-Tie connector)

_ [#4134

1471.1] b

Foym = 4 x Y'F; = 23540 Ib
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4. Calculate the cracking moment:

f;' Esum
M, =2x] —
wy2 *Inc2 * <twy2 b t\%/yz

1.067 ksi 23.54 kip
3in 48 in * (3 in)?

=2*108in4*( >=5.421kip*ft

5. Calculate the equivalent load that wythe 2 can carry using equations (5-9).

" :8*Mwy2:8*5.421 kip*ft:01927k2
wez ™ Span? (15 ft)? ' ft
M 5.421 kip = ft
Poy = —202 = P*It 0602 kips

(xp1 +xp2) B ft+6ft)

6. Using the equivalent load from the previous step, calculate axial and
rotational displacement at the end connector using Eq

Wipes * Span3 0.1927% * (15 ft)3 * 144 inz/ftz

Wwez 24 % F % Iycy 24 * 6191.46 ksi * 108 in*

0

= 0.005837

xp1[(Span® — x31) + (Span — xp1) (2 * Span — xp,)]

0 =P
Pwez wez { 6 * Span = E, * Iy,

N xp2[(Span® — x3,) + (Span — xp,) (2 * Span — xp,)]
6 x Span x E. * Iy,

3[(15% — 32) + (15— 3)(30 — 3)]
6% 15%6191.46 « 108

Op,., = 0.602{

6[(152 — 62) + (15 — 6)(30 — 6)]
6+ 15 * 6191.46 * 108

= 0.005837

Agor = 6 * Z = 0.005837 = 7 in = 0.04086 in
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L

n
O .
Dpxiar = 2 * Z F(i) * m = (0.003168 in
i=

Using Equation (5-11) and (5-12), calculate the slip at the end connector
and compare to assumed value.
Omax = Drot — Daxiar = 0.04086 in — 0.003168 in = 0.0377 in
Omax = Assumed S qx OK
. Calculate the cracking moment using Equation (5-14).
Me = My, * 2 + Fgym * 2

= 2% 5.421 kip * ft + 23.54 kip 7 in = 24.573 kip * ft

kip 4 in\3
o _5* Wi * Span’ _ 501927 £+ (15 f1)* » (12ﬁ>
Wwez T 384 % Ec Iy, 384 % 6191.46 ksi x 108 in*

= 0.3283 in

Puez
Bryer = (G Lo » (3= Span® — 4 +.x3) + xps

* (3 Span? — 4 = x35,)}

A ( 0.60z ){3 (3%x152—-4%3%)+6
= * * —_ *
Pwez ™ \24 % 6191.46 = 108

* (3% 15% —4%62)} %123
=0.331in
The actual load on the sandwich wall panel included the four-point applied

load as well as self-weight.

Dsetf = 150 pcf * (6in) = 75 psf
Wself = Pself * b =75psf x4 ft =300 plf
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Weor s * SpANZ 300 plf = (15ft)?
Mselfz( Sezfgp ) _ pf8( 10 = 8.4375 kip * ft
Mrourpe = Moy — Mgy = 24.573 kip * ft — 8.4375 kip * ft = 16.1355 kip * ft
, . (16.1355 kip * ft
= E 3
Fourpt 36 in+ 72 in

_ 7171 lbs — 11952
Prourpt = TS feeaft 52 psf

Protalapplied = Pself T PFourpt = 75 psf +119.52 psf = 194.52 psf

) = 7.171 kip

Table A-3 Total Load, Equivalent Load Deflection, and Slip

Deflection
from Slip
Load Distribution Total Load, protar Equivalent
Load, Ae
(in) (in)
. R Mapplied *8 24.57 % 8
Eg;;orm Distributed Span? b~ 152 %4 0.3283 0.0377
= 218.43 psf
AM gppiica 4 %2457
Four-Point Loads (xpy + Xpp) *Span b 9 x 15 x4 0.3310 0.0377
= 182 psf

Similar effects can be calculated for deflection also, as well as slip. Since self-

weight is a distributed load, the uniform distributed load values will be used from Table

A-3.
pself 75 pSf . .
Agp =3 o p, = 2P 43283 in=0113
U prota ¢ 21843 psf " "
119.52 ps
Aoy = PPl p MU9S2PST o600~ 02173 i

Protal ¢ 182 pSf
Arotar = 0.113 in + 0.2173 in = 0.3303 in

pself 75 pSf . .
0 = =—— % (0.0377 in = 0.013
U rora ™ 21843 psf | " "
Prourpt 119.52 pSf
o) = A =——%0.0377 in = 0.02476 i
FourPt Drotal * Qmax 182 psf * in in

8rotal = Osets + Opourpr = 0.0130 in + 0.02476 in = 0.0377 in
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B Panel (only Thermomass CC connectors) Analysis Example (Mild Reinforcement)

Panel Properties

L=16ft Span = 14 ft
tins=3in b=3ft
£/ = 9.23 ksi

1307, _

1

r8/5= 2.8 ﬂTS/5= 28 ftTS/5= 28 ﬂj
Pwel Pwel Puve Puve l

16.0 ft
2 -
E 1.8 A
g 1.6 A
5 1.4 A
4
g 127 F,=175006
= 1 A
o=
@)
O 0.8 A
g
Q. 0.6 n
T 04
Q
= 0.2
O T T T T 1
0 0.02 0.04 0.06 0.08 0.1
Slip (in)

Figure A-3 Load vs slip of Connector B (Thermomass CC connector)
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Solution
1. Calculate the material and section properties of a non-composite sandwich
panel. The modulus of rupture of the concrete (fr) was measured in this
case, so the actual value is included here.

Span
Xp1 = p5 = 28 ft Xpy = 2 * Xp1 = 56 ft

E, = 5824.4 ksi

fr = 0.691 ksi
3 ft * 12f—t
Inc1 = 1 (twyl) =——x(4in)® =192 in*
3 ft * 12f—t
Inc2 = E (twyz) =——x(4in)® =192 in*
twy, Tt 4in+4in
Z=%+tinsul =T+3Ln=7ln

2. Assume an end slip, which is the slip at the end connector line (see Figure
5-2). Calculate the slip in the other connectors using similar triangles or
Eqg. (5-5).

ASsuming Omax = 0.0227 in

( ) 0. 0227

8(0) = Omax * (_ ) 0.0048l"

3. Calculate the shear forces in each connector using Figure A-3.
F, =3« [405 5] Ib

Foum = YF; = 1475 1b



135

4. Calculate the cracking moment:

f;' Esum
M =2x] —
wy, *Inco2 * <twy2 b t‘%yz

0.691 ksi 1.475 kip
4in 36 in * (4 in)?

— 2192 in4*( >=5.446kip*ft

5. Calculate the equivalent load that wythe 2 can carry using equations (5-9).

8+xM 8% 5.446 kip = ft ki
Wyyey = 2z — pryt_ 0.2223 22
Span? (14 ft)? ft
M 5.446 kip * ft
Pyez = ——2— = PAIt _ ) eag kip

(xp1 + xp;) (28 ft+5.6 ft)

6. Using the equivalent load from the previous step, calculate axial and
rotational displacement at the end connector using Eq

Wiy * Span® 0.2223%” « (14 ft)3 * 144

Wwez 24 x E,_ % Iycy, 24 * 5824.4 ksi * 192 in*

0 = 0.003273

xp1[(Span® — x3,) + (Span — xp,) (2Span — xp,)]
6 *x Span * E, * Iy,

ePwez = Pyez {

xp2[(Span® — x3,) + (Span — xp,) (2Span — xp,)]
+
6 *x Span * E, * Iy,

2.8[(14%2 — 2.8%) + (14 — 2.8)(28 — 2.9)]
6 * 14 * 5824.4 % 192

Op,., = 0.648{

5.6[(14%2 — 5.62) + (14 — 5.6)(28 — 5.6)]
+ 6 * 14 * 5824.4 * 192 = 0.00327

Aot = 0 xZ = 0.003273 * 7 in = 0.02291 in

n L
Vo278 .
Dpiar = 2 * Z F(i) * m = 0.0002 in
L=
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7. Using Eq. (5-11) and (5-12), calculate the slip at the end connector and
compare to assumed value.
Smax = Arot — Dariar = 0.02291 in — 0.0002 in = 0.02271 in
Omax = Assumed Sy qx OK
8. Calculate the cracking moment using Equation (5-14).
Me = My, * 2+ Fgym * Z

= 25446 kip » ft + 1475 1b 7 in = 11.752 kip * ft

kip 4 in\3
o _5* Wi s Span® _ 502223 « (14 f1)* » (12ﬁ>
Wywez 384 * EC * INCZ - 384_ * 5824.4 kSl % 192 in4

=0.1718in

Pyer
AF’wez = (24 % Ev:e* INC2> {xPl * (3 * Spanz — 4 % Xgl) + Xp2

* (3 Span? — 4 % x35,)}

A ( 0.648 ){2 8+ (3%14%> —4%2.8%)+5.6
= B * (3 * — 4 %2, .
Pwez ™ \24 % 5824.4 x 192

* (3% 142 —4x5.62)}%123
=0.1732 in

The actual load on the sandwich wall panel included the four-point applied load as well
as self-weight.
Dsely = 150 pcf * (8in) =100 psf
Wseif = Psetr * b =100 psf = 3 ft = 300 plf

Weorr * SpAN? 300 plf = (14ft)>
Mself:( Self8p ) _ pf8( 10 = 7.35 kip * ft

Mgoyrpt = Mer — Mg = 11.752 kip = ft — 7.35 kip * ft = 4.402 kip = ft

p 4 ( 4.402 kip * ft
= *
FourPt 33.6 in + 67.2 in

) = 2.096 kip
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_ 2096 lbs — 499
Prourpt = a3 * psf

Protalapplied = Pself T PFourpt = 100 psf +49.9 psf = 149.9 psf

Table A-4 Total Load, Equivalent Load Deflection, and Slip

Deflection
from sii
Load Distribution Total Load, protar Equivalent P
Load, Ae
(in) (in)
M iea *8 11.75%8
Uniform applied  — _ i
L Span? * b 142 % 3 0.1718 0.02271
Distributed Load
= 160 psf
Four-Point Loads | (xp; + xpy)b * Span 8.4+ 3 x 14 0.1732 0.02271
= 133.2 psf

Similar effects can be calculated for deflection also, as well as slip. Since self-
weight is a distributed load, the uniform distributed load values will be used from Table
A-4.

pself * A = 100 pSf
Protal ¢ 160 pSf

A — Prourpt N — 49.9 pSf
PR Drotw ¢ 133.24 psf
Arotar = 0.1074 in + 0.0648 in = 0.1722 in

*0.1718 in = 0.1074 in

Aself =

* 0.1732 in = 0.0648 in

pself 100 pSf . .
§oyp = 2 = 0.0227 in = 0.0142
U Drotar % T 160 psf m n
49.9 ps
Srourps = LEOUTPE PSI_ 0.0227 in = 0.0085 in

*Omax = To9 o1 7
Protal 133.24 pSf
OTotal = aself + Orourpe = 0.0142 in+ 0.0085 in = 0.0227 in



BC Panel (Thermomass CC and X connectors) Analysis Example (Mild

Reinforcement)

Load per Connector (kips)

Panel Properties

0.1

L=16ft Span = 14 ft
twyl = 4 ln tWyZ = 4‘ ln
tins =3 in b=3ft
f. =9.23 ksi As = 0.44 in?
[16]
[32]
xCCl |4‘8|ln NCC == 3
B
80
Xxi = [24]in Ny =3
2 -
1.8 1
1.6 A
14 A
1.2 1 F;=175006
1 -
0.8 -
0.6 -
0.4 -
0.2 -
0 T T T T 1
0 0.02 0.04 0.06 0.08
Slip (in)

Figure A-4 Load vs slip of Connector B (Thermomass CC connector)
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Load per Connector (kips)

S =N W s U1 N

1.

F,=855256 + 3061
i F,=3159406
0 0.01 002 . 003 0.04 0.05
Slip (in)
Figure A-5 Load vs slip of Connector C (Thermomass X connector)
Solution
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Calculate the material and section properties of a non-composite sandwich

panel. The modulus of rupture of the concrete (f;) was measured in this

case, so the actual value is included here.

Span
Xp1 = p5 = 2.8 ft Xpy = 2 % Xp1 = 56 ft

E. = 5824.4 ksi

fr = 0.691 ksi
3 ft« 12f—t
Inc1 = IR x(t3y,) =——=——+*(4in)® =192 in*
3 ft * 12f—t
Inca = E (twyz) =———x(4in)® =192 in*
twy, Tt 4in+4in
Z =" by = ————+3in=7in
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2. Assume an end slip, which is the slip at the end connector line (see Figure
5-2). Calculate the slip in the other connectors using similar triangles or
Eq. (5-5).

Assuming dmax = 0.01929 in

167 10.01929-
24 (L ) 0.01736
32]. . 2~ % 0.01543] .

X = 4] 8(1) = Bmax * 7 ~lo.01157|™"
64 7_x1) 0.00772
0. 10.00386.

3. Calculate the shear forces in each connector using Figure A-4 and Figure
A-5.

3 * 344.47
2+ 3472
3% 275.5
3% 206.7
3%137.8
L 3 % 68.9 -

Foym = SF; = 10040 Ib

4. Calculate the cracking moment:

fr F_'sum
vy nez <tW3’2 b tg’)’z

0.691 ksi 10.04 kip
4in 36in * (4 in)?

=2*192in4*< >=4.97kip*ft

5. Calculate the equivalent load that wythe 2 can carry using equations (5-9).

" =8*Mwy2=8*4.97 kip*ft:()zogki
wez ™ Span? (14 ft)2 ' ft
M 4.97 kip * ft
Pyez = e = P/ = 0.5917 kip

(xp1 + xpp) (28 ft+5.6ft)
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6. Using the equivalent load from the previous step, calculate axial and
rotational displacement at the end connector using Eq

ki
Wosy * Span’ 0.203f—f « (14 f£)3 144

2] = =
Wwez 24 % E * Iycy 24 « 5824.4 ksi « 192 in*

= 0.00299

0 _p xp1[(Span® — x3,) + (Span — xp;) (2Span — xpy)]
Pwez = “wez 6 * Span * E. x Iyc,

xp2[(Span® — x3,) + (Span — xp,) (2Span — xp,)]
+
6 * Span * E, * Iy,

2.8[(14% — 2.8%) + (14 — 2.8)(28 — 2.8)]
6 x 14 * 5824.4 192

Op, ., = 0.5917{

N 5.6[(14% — 5.6%) + (14 — 5.6)(28 — 5.6)]

= 0.0029
6 14 % 5824.4 % 192 } 0.00299

Apor = 0 % Z = 0.00299 * 7 in = 0.0209 in

n L
2%
Dpyiar = 2 * Z F(i) * AT = 0.001618 in
i=1 ¢

* tWJ’1

7. Using Equation (5-11) and (5-12), calculate the slip at the end connector
and compare to assumed value.
Smax = Drot — Aaxiar = 0.0209 in — 0.001618 in = 0.01928 in
Omax = Assumed S gy OK
8. Calculate the cracking moment using Equation (5-14).
Mg = My, * 2+ Fym x 2

= 2497 kip * ft + 10040 Ib x 7 in = 15.797 kip * ft



klp 4 in 3
A B 5 % Wypep * Span4 B 5 % O.ZOBF * (14 ft)* * <12f_t>
Wwez 384 % E % Iyc, 384 * 5824.4 ksi + 192 in*

= 0.157 in

Pwez

* (3 Span? — 4 = x3,)}

A ( 0.559 ){2 8+ (3%142 — 4% 2.82) + 56
Pwez ™ \24 % 5824.4 192

* (3%14%2 —4x5.6%)} %123
= 0.158in

Table A-5 Total Load, Equivalent Load Deflection, and Slip

142

Deflection
from sii
Load Distribution Total Load, protar Equivalent P
Load, Ae
(in) (in)
M iea *8 15.8x8
Uniform applied " — _ -
L Span? % b 142 % 3 0.1570 0.01929
Distributed Load
= 214.95 psf
AM gppiica 4158
Four-Point Loads | (xp; + xpy)b * Span 8.4+ 3 x 14 0.1581 0.01929
= 179.1 psf

The actual load on the sandwich wall panel included the four-point applied load

as well as self-weight.
Dserr = 150 pcf * (8 in) = 100 psf
Wself = Psetf * b = 100 psf * 3 ft = 300 plf

Weorr * SpAN? 300 plf = (14ft)>
Mself:( Self8p ) _ pf8( 10 = 7.35 kip * ft

Mgoyrpt = Mer — Mgy = 15.797 kip = ft — 7.35 kip * ft = 8.447 kip * ft

p . ( 8.447 kip * ft
= *
Fourpt 33.6in+ 67.2in

) = 4.02 kip
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_ 4020 lbs
Prourpt = m
Protalapplied = Pself T PFourpt = 100 psf + 95.77 psf = 195.77 psf

= 95.77 psf

Similar effects can be calculated for deflection also, as well as slip. Since self-

weight is a distributed load, the uniform distributed load values will be used from Table

A-5.
pself 100 PSf . .
A = — =—%0.157 in = 0.0730
U Dot 21495psf "
_ Prourpt _ 95.77 pSf

* (0.158 in = 0.0845 in

A = S
Fourbt = e ¢ 179.13 psf
Arorar = 0.0730 in + 0.0845 in = 0.1575 in

Soop = T3 w0 = —OOPST
Protai 214.95 pSf

Srourpt = Prourp *Bmax = 9577 bsf
Protai 179.13 pSf

OTotal = 6self + Srourre = 0.00897 in+ 0.0103 in = 0.01928 in

* 0.01929 in = 0.00897 in

* 0.01929 in = 0.0103 in
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D Panel (HK Composite connectors) Panel Analysis Example (Mild Reinforcement)

Load per Connector (kips)

Panel Properties

L=16ft Span = 14 ft
twyl = 4 in tWyZ = 4‘ in
tins=3in b=3ft
fi =9.23 ksi

[16]

[32]
x; = |48|in N=3

l64

80

L

TS/5= 2.8 ﬂTS/5= 2.8 ﬂTS/5= 238 ﬁj
Pwel Puve l Puwe Pive l

Roller 14.0 ft

»
o

w
o

w
[=}

I
o
L

N
o
L

=
o
L

=
o
L

o
o

o
[=}

16.0 ft

F;=38812* 6 + 1093

Fg

N\

F,=94872+*5

0.00

Solution

0.01 0.02 0.03 0.04 0.05 0.06 0.07
Slip (in)

Figure A-6 Load vs slip of HK connector

0.08
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1. Calculate the material and section properties of a non-composite sandwich
panel. The modulus of rupture of the concrete (fr) was measured in this
case, so the actual value is included here.

Span
Xp1 = p5 = 28 ft Xpy = 2 * Xp1 = 56 ft

E. = 5824.4 ksi

fr = 0.691 ksi

3 ft 12f—t

Inc1 = P x(t3,,) = * (4in)3 =192 in*

3 fex 120

t , :
ez = 5 (6y,) = —— L0 (4 im)? = 192 in*
t o 4+t 4in+4in
7=t b = ————+3in="7in

2. Assume an end slip, which is the slip at the end connector line (see Figure
5-2). Calculate the slip in the other connectors using similar triangles or
Eqg. (5-5).

Assuming dmax = 0.01763 in

0.01763
(% -x) [0.01410]

6(1) max L— =10.01058 |in
(G-x) [0.00705
0.00353

3. Calculate the shear forces in each connector using Figure A-6.

[1673]
|1338|
F; =1100411b

l669J
335
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Foym = 3 YF; = 15053 Ib

4. Calculate the cracking moment:

f;' Esum )

B 2
concy b * tWyz

Mwy2 =2*Iyc *(

0.691ksi  15.053 kip
4in 36in * (4in)?

— 384 in « ( ) — 4.692 kip * ft

5. Calculate the equivalent load that wythe 2 can carry using equations (5-9).

8+xM 8%4.692 kip = ft ki
Wypey = 2z — Pryt_ 0191722
Span? (14 ft)? ft
M 4.692 kip * ft
Pyez = 2 = Pyt _ 0.559 kip

(xp1 + xp;) (28 ft+5.6 ft)

6. Using the equivalent load from the previous step, calculate axial and
rotational displacement at the end connector using Eq

Wioy * Span® 0.1915’%{’ « (14 f£)3 * 144

0 = =
Wwez D4 % E * Iye, 24 % 5824.4 ksi * 192 in*

= 0.00282

xp1[(Span® — x3,) + (Span — xp1) (2Span — xp)]

0 =P
Pwez wez { 6 * Span x E, * Iy,

N xpz2[(Span® — x3,) + (Span — xp,) (2Span — xp,)]
6 x Span * E, * Iyc,

2.8[(14%2 — 2.8%) + (14 — 2.8)(28 — 2.9)]
6 14 %+ 5824.4 % 192

epwez = 0559{

s 5.6[(14% — 5.62) + (14 — 5.6)(28 — 5.6)]
6 x 14 * 5824.4 192

} = 0.00282

Agor = 0 * Z = 0.00282 % 7 in = 0.01974 in
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L

n
N O |
Dpyiar = 2 * Z F(@) * m = 0.002106 in
i=

7. Using Equation (5-11) and (5-12), calculate the slip at the end connector
and compare to assumed value.
Smax = Drot — Aaxiar = 0.01974 in — 0.00211 in = 0.01763 in
Omax = Assumed S qx OK
8. Calculate the cracking moment using Equation (5-14).
Me = My, * 2 + Fgym * 2

= 2 % 4.692 kip * ft + 15053 b * 7 in = 18.165 kip * ft

kip 4 in\3
A B 5 % Wyep * Span“‘ _ 5 % 0.1917F * (14 ft)* * (12]Tt>
Wwez — 384’ * EC * INCZ - 384_ * 5824.4 kSl % 192 in4

= 0.148 in

Puez
Bryer = (G Lo » (3= Span® — 4 +.x3) + xps

* (3 Span? — 4 = x35,)}

A _ ( 0.559
Pwez ™ \24 x 5824.4 192

){2.8 «(3%14%2 — 4% 2.82) + 5.6

* (3% 142 —4x5.62)} %123
= 0.1493 in

The actual load on the sandwich wall panel included the four-point applied load as well
as self-weight.

Dsely = 150 PCf * (8 in) =100 psf
Wseif = Pseif * b =100 psf * 3 ft = 300 plf
(Wsetr * Span®) 300 plf = (14f1)?

8 - 8

Mgerr = = 7.35 kip * ft
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Mgeir = 18.165 kip * ft — 7.35 kip * ft = 10.815 kip * ft
p 4 ( 10.815 kip*ft) & 15 ki
= * = .
Fourpt 33.6 in + 67.2 in P

__5150bs
Prourpt = Tafte3fr 62 psf

pTotalApplied = pself + Prourpt = 100 psf +122.62 psf = 222.62 psf

Mpoyrpt = Mg —

Similar effects can be calculated for deflection also, as well as slip. Since self-

weight is a distributed load, the uniform distributed load values will be used from Table

A-6.
Pselr 100 psf . .
A =——x*xA, = —%0.148 in = 0.06
U Drow ¢ 247A3psf o "
Prourpt 122.62 pSf . .
A = — =———%0.1492 in = 0.0888
P T rotar ¢ 205.95psf o "
Arotar = 0.06 in + 0.0888 in = 0.1488 in
pself 100 pSf . .
=— =———%0.01763 in = 0.00713
el = et " T 24713 psf | 4 4
Prourpt 122.62 pSf . .
o) = =— % 0.01763 in = 0.0105
FourPt Drotal * Qmax 205.95 pSf * in in
Srotal = Oself + Orourpe = 0.00713 in + 0.0105 in = 0.01763 in
Table A-6 Total Load, Equivalent Load Deflection, and Slip
Deflection
from sii
Load Distribution Total Load, protar Equivalent P
Load, Ae
(in) (in)
M eqd *8 18.16 % 8
Uniform applied "~ _
I Span? * b 142 % 3 0.1480 0.01763
Distributed Load
= 247.1 psf
4Mapplied _ 4 x18.16
Four-Point Loads | (xp; + xp,)b * Span 8.4 %3 x 14 0.1492 0.01763
= 205.95 psf
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APPENDIX B.

Elastic Hand Method Design Examples



This appendix serves to clarify the Beam-Spring and Elastic Hand Method

150

prediction methodology described in Chapter 5. The example included herein illustrates

the design method to predict the deflection and cracking of a given panel. Note that the

Elastic Hand Procedure is iterative.

Panel Properties

L=37ft Span =35 ft
twyr = 3in twy2 =3 in
tins = 3in b=38ft

f! = 6.0 ksi fy = 60 ksi

Wind Load = W, = 30 psf Insulation Type: XPS

Ky = 94.8

noow W s
o o wu o
L

Load per Connector (kips)
N
o

kips/in

F;=38812 * 6 + 1093

Fg

N\

15 -
1.0 1
F,=94872*%5
0.5
0.0 . . . . . . .
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Slip (in)

Figure B-1 Load vs slip of HK connector

0.08
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[ O O OO O O O O O O U O O O O D O O O T O O U O O O O U O O U O O U O O O U O O O O U O O U O U O O U U OO o oo oo

8.0'

37.00

Figure B-2 Design example sandwich panel dimensions

Elastic Hand Method

Solution

1. Calculate the material and section properties of a non-composite sandwich

panel.
E. = 4696 ksi

fr=75%,f'c=7.5%xv6000 = 0.581 ksi

8x12 ]

INC2=E* tay,) = 12 * (33) =216 in*
twy. Tt

Z=%+tinsul=3m+3in=6m

W, * L * Span? 30 psf =8 ft * (35 ft)?
*k =
8 8

Mseryice = 1.0

= 36.75 kip. ft
2. Assume four connectors in a row (N = 4) with 24 in. longitudinal spacing.

This spacing means there will be 9 connector rows in half of the span (n =

9).
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Now assume the slip at the end connector line and then calculate the shear
forces in the connectors. A good initial assumption is to assume the
ultimate elastic slip of the connectors.

Assume §,,4 = 0.02 in

12 - 0.02

36 0.0177

60 0.0154

84 Lox) |o.0131
x=|108lin & 8() = beng o—4 =0.0109|in

132 5—x) |0.0086

156 0.0063

180 0.0040

12041 10,0017

Calculate the forces in each connector and connector line using Equations
(5-6) and (5-7) or use Figure 5-2 and Figure B-1to find the forces that

correspond to connector slip

- 0.02 1 -75841
0.0177 6717
0.0154 5851
0.0131 kips 4984
F, = §()N; * Kz = [0.0109|in = 4 x94.8—— = [4117|b
0.0086 M 13250
0.0063 2384
0.0040 1517
10.00174 L 650 |

Foym = S F; = 37,053.3 1b
3. Calculate the cracking moment for a mild reinforced non-composite

wythe using Equation (5-8).
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1ft
— Fum * Z 3675k1p*ft—3705klp*6m*ﬁ

M service
M =
Y2 2 2

= 9.112 kip * ft

Calculate the equivalent load using Equations (5-9).

8+ M 8x9.112 kip * ft ki
w2 PAIt_ 05057
Span? (35 ft)? ft

Wyez =
Using the equivalent load, calculate the axial and rotational displacement
assuming the equivalent load distribution by using Equations (5-10)

through (5-12).

kip 3
5 Wiy * Span3 0.0595 Tt * (35 ft) _ ootst
24 %E xIyc, 24 %4696 ksi x 216 in?
Aot =0 %Z = 0.0151 * 6 in = 0.0905in
n L
A —Z*ZF(L')* 2"

Arvial = s

xia L b*E % twy,

Y F0-(5-x)

T brExt,, twy2 -
175847 12 7
6717 36
5851 60
S o A PP
— - — * — n
8 ft x4696 ksi * 3 in i | 355 2 132
2384 156
1517 180
L 650 - L1204
= 0.00809 in

Calculate a new deng USing equation (5-13).

Sond = Drot — Maxiar = 0.0906 in — 0.00809 in = 0.0825 in
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Check to see if 6,4 < 6f

Oena = 0.0825 in > 6 = 0.02 in
This violates the linear elastic assumption, therefore more connectors are

required. Repeat steps 2 through 6 and iterate until this limit is satisfied.

2. This time assume six connectors in a row (N = 6) with 16 in. longitudinal
spacing. This spacing means there will result in 13 connector rows in half

of the span (n = 13).

Again assume a slip at the end connector line and then calculate the shear
forces in the connectors.

Assume §,.,q = 0.01568 in

16 1 0.0157
32 0.0145
48 0.0132
64 0.012
80 0.0108
96 (3-x) |0009

x=|112[in & 8() = bma*r—%=|00084|in

i ) e
160 0.0047
176 0.0035
192 0.0023

208! 0.0011-

Calculate the forces in each connector and connector line using Equations
(5-6) and (5-7) or use Figure 5-2 and Figure B-1 to find the forces that

correspond to connector slip.



155

10.01577 189227
0.0145 8229
0.0132 7536
0.012 6843
0.0108 6150
0.0096 5457

F; = ({)N; * Kz = |0.0084 |in = 6 x 94.8 kips/in = |4764 |Ib

0.0072 4071
0.0059 3378
0.0047 2685
0.0035 1992
0.0023 1299

L0.00114 L 606 -

Foum = Y F; = 61,932 1b
3. Calculate the cracking moment for a mild reinforced non-composite
wythe using Equation (5-8).

- At
— Fyum *Z _ 36.75 kip. ft — 61.932 kip * 6 in * 5772

M service
MWYZ = 2 - 2

= 2.892 kip * ft

4. Calculate the equivalent load using Equations (5-9).

8% M,,, 8=%2892kip=ft kip
= = = 0.01889 —
Wwea Span? (35 ft)? ft

5. Using the equivalent load, calculate axial and rotational displacement
assuming equivalent load distribution using equations by using Equations
(5-10) through (5-12).

kip 3
W Span?  0-01889 = x (35 ft)
g = Ywez *OPA ft = 0.00479

24 Exlye, 24 %4696 ksi * 216 in?2

Apot = 0 % Z = 0.00479 * 6 in = 0.02874 in
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L

A 2 i Fi) | —2—
Axial = & * O\ V-7
xia L bxE x twy,
F(i) * (— —X; )
T b+E*ty,, tWy2 lz
189221 r 16 7
8229 32
7536 48
6843 64
6150 80
2 o | 5457 444 in | 96
= - - *z 4764 |1b * —[112]in
8 ft x4696 ksi * 3 in i 4071 2 128
3378 144
2685 160
1992 176
1299 192
L 606 - 1208

= 0.0130in

Calculate a new deng Using equation (5-13).
Sond = Drot — Aagiar = 0.0287 — 0.013 = 0.0157 in
Sena = 0.01568 = Assumed 8,pq
Check to see if §.pg < Of
8ong = 0.0157 in < 8, =0.02in -~ OK

. Check tension stress to verify it is less than modulus of rupture of the

concrete with Equation (5-19).

M

_ My, * tyy, N Foum 2892 kip x ft*3in N 61.932 kip
/= 2 % Incy b*tyy 2 %216 in* 8ft * 3 in
= 0.456 ksi

f<fr «~ OK
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Therefore, use six connectors per row with 16 in. longitudinal spacing.
8. Calculate deflection at midspan using Equation (5-20) for a uniform

distributed load.

ki .
 Swwye*Spant 5* 0.01889f—f x (35Ft)* * (12 in/ft)3

384 E. % Iyc, 384 * 4696 ksi * 216 in*

= 0.628 in

Beam-Spring Model

Creating the beam spring model requires a two-dimensional finite element
software and only requires assignment of gross individual wythe properties and connector
shear stiffness. Assuming the connector spacing is equal to 16 inches in both directions,
each spring will have a shear stiffness of N * Ke. Figure B-3shows the Beam-Spring

model for this example.

/—m pel

Bearmn Elefment

S - - %'/

| 35' A
u 37 u

Figure B-3 Beam-Spring Model of design example



Table B-1 Results from the Beam-Spring Model for wythe 2

Moment (Kip-ft) 2.72 Kip-ft
Tension force (Kip) 61.7 Kips
Slip (in) 0.014 in
Deflection at mid span (in) | 0.58 in

M xc

f_A I

12 in

617 kip 2.67 kip * ft 7T *1.5in

"~ 288 in2 + 216

=441 psi < f, ~ OK

158
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APPENDIX C.

Partially-Composite Strength Prediction Method Design Examples
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This Appendix presents the analysis for predicting the ultimate moment using the
partially composite moment prediction method presented above for the HK, Nu-Tie, and

Thermomass panels tested in this report.

A-2 Panel Analysis Example (Nu-Tie connectors, Prestressed Reinforcement)
Strain Compatibility

Section and Material Properties

fos = 270 ksi Aps = 0.255 in?
f! =10.43 ksi b =48 in
twyl = 3 ln tW}/Z == 3 ln
tins =41in L =192 in

247.
Xconx = [72 mn N=2

All Rebar is #3 GR0O 60— %“ Prestressed Strand (0.75fpu)
16'7

— #3 bars
Shear Connector Provided By ASLAN-FRP (Nu-Tie)
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1. Find the forces in each connector using the load-slip relation. Using an influence

line, the ultimate slip (Jdurt) that occurs at the maximum force is determined to be

0.267 in.

2~ M
92
_ 0.267 in — 24| 0267
§(D) =197 — " 1192 mn= [0.089
5 in—24in T —72

Find F; at each connector by using Figure C-1.

F(i) = [191.'2265] kips

The full load-slip diagram for the connector is used to obtain the most accurate

prediction

2. Find the total sum of the connector forces using Equation (6-12):
Foum = N * z F; = 41.0 kips

Fum < Aps * fo, = 0.255 in? * 270 ksi = 68.9 kips
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12 - F;=9081.16+8773.5 F;=-11682 6+ 14172

F,=1187506

Load per Connector, F; (Kip)

0 T T T T T T 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Slip, 6 (in)

Figure C-1 Load-slip curve for Nu-Tie Panels

3. Find Cy and T for the first wythe
a. Assume g = 0.003.
b. Assume a value of c1. We will assume c1 = 0.287 in
c. Calculate curvature using Equation (6-13):

_ 0003 _ 0.01045
$=0287 7"

d. Calculate the compressive force in the top wythe using Equation (6-15).

This will incorporate Hognestad’s Equation (6-14).

Cr=bxf

@1 * C12 ( @1 * C1>
(1 —
&o 3¢

0.01045 * 0.2872 ( 0.01045 * 0.287)
b3 —

— 48 in * 10.43 ksi
C1 =48 in 1043 kst + 0.002 0.006

= 107.83 kips
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e. Calculate the strain and stress in the steel using Equations (6-17) and

(6-19).
e 170
=2 - =0.00596 ~ 0
‘T E,, 28500 &
0.003 1.5~ 0.287 +0.00596 + 0 = 0.01864
= 0. * . = 0.
&ps 0.287

27600
= 261.98 ksi

fpS = EpS * 887 + 7.36_1

[1+ (11245 £,5)""]

f. Calculate the tension force in wythe 1 with Equation (6-20)
T, = 261.98 ksi = 0.255 in? = 66.8 kips

g. Enforce force equilibrium for wythe 1 with Equation (6-21):

C; — T, = 107.83 kips — 66.8 kips = 41.0 kips = F,,;, ~ OK
4. Find C, and T2 for the second wythe

a. Assume both wythes will deflect equally, therefore assume ¢, = ¢, =
0.01045

b. Assume a value of co. We will assume cz= 0.11154 in (neutral axis in
the bottom wythe)

c. Calculate the compressive force in the bottom wythe, C», using Equation
(6-22). The compressive force in the concrete will again utilize
Hognestad’s equation to estimate the concrete compressive strength, but it
is critical here because Whitney’s stress block is only valid when the top
fiber is at 0.003 strain and in the case of partial composite action, this will

not be true.
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(Pz*sz*(l_(Pz*Cz)

C,=bxf
2 *fe 3¢,

&o
0.01045 * 0.11154%

C, =48 in * 10.43 ksi * 0.002

0.01045 = 0.11154
* (1 —

0,006 ) = 26.2 kips

d. Calculate the strain and stress in the steel.

gps = (d— ) @y + &

£ps = (1.5 — (0.11154)) * 0.01045 + 0.00596 = 0.02052

27600

fps = €ps * {887 + = 263.68 ksi

7.3671

|1+ (1124 % ,,) "]

e. Calculate the tension force in wythe 2 using Equation (6-24):

f.

T, = 263.68 ksi = 0.255 in? = 67.2 kips
Enforce force equilibrium for wythe 2 with Equation (6-25):

T, — C, = 67.2 kips — 26.2 kips = 41.0 kips = F;,;, ~ OK

€c1-0.003
;F T —F— C1=107.83 kips
o
c ¢ +— T1=66.8 kips
[ — pel AEpS
— ®
o - =
~ ©
=
AA— -
C2=26.2 kips
L @-
Eps1 _ _ i
At = T2=67.24 kips

Figure C-2 Nu-Tie 343-2 Panel Design Example
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5. Calculate the ultimate moment of the concrete sandwich wall panel using
Equation (6-26). In addition, Using Equation (6-16) to calculate the centroid of C;

and Co.

c1*(Bxey, —3* @1 *xcq)

Xe1 = Cp —
ct— 12% &, —4* @y %y

_ gy _ 0287 = (80,002~ 3+0.01045+0287) _
=Y 12+0.002 —4+001045 0287 <t

M, = C, * (dy — X,4) = 107.83 = (1.5 — 0.12) = 148.8 kip. in

C2* (Brep =3 %@y % Cy)

ez = €2~ 12 % &, — 4 * @, * Cy
0.1115 = (8% 0.002 — 3 x0.01045 * 0.1115)

=0.1115 — 12 % 0.002 — 4 * 0.1115 = 0.01045

= 0.0348 in
M, = Cy * (dy — X.5) = 26.2 % (1.5 — 0.0348) = 38.4 kip. in

tour 4t
M=M1+M2+Fsum*<%+tms>

3+3
= 148.8 + 38.4 + 41 % ( + 4) = 4742 kip xin

=39.5 kip * ft
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A-4 Panel Analysis Example (Nu-Tie connectors, Prestressed Reinforcement)
Strain Compatibility

Section and Material Properties

fos = 270 ksi Aps = 0.255 in?

f! =10.43 ksi b =48 in

twyl = 3 ln twyZ == 3 ln

tins =41in L =192 in
_[247. _

X = [72] in N =4

All Rebar is #3 GRO 60 — . 2" Prestressed Strand (0.75fpu)

1.5"

,‘47* —15 1 1 B ¢

J['..g,f.im ﬁr'».-.ZL %..mﬂqg % |

'— #3 bars
Shear Connector Provided By ASLAN-FRP (Nu-Tie)

Solution
1. Find the forces in each connector using the load-slip relation. Using an influence
line, the ultimate slip (durt) that occurs at the maximum force is 0.267 in., but

because of the limit Fg,,,,, < Ay * fpy,, the ultimate slip will actually occur at a

force of Fsum, which is duir = 0.187 in. Calculate slip using Equation (6-11):



Load per Connector, F; (kip)

[ _
) N

_
o

co

167

27 M
192
~_ 0187in 0.187
6() = 197 n i 152 0.06231"
i mn mn —_—

Find F; at each connector by using Figure C-3.
F(i) = [9 928] kips

The full load-slip curve for the connector is used to obtain the most accurate

prediction. In a design, the bilinear curve recommended above should be used.

] F;=9081.16+8773.5 F;=-11682 6 + 14172
F,=118750§
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Slip, 6 (in)

Figure C-3 Load-slip curve for Nu-Tie Panels

Find the total sum of the connector forces using Equation (6-12):

Foum = N * Z F; = 68.9 kips

Fum < Aps * fo, = 0.255 in® * 270 ksi = 689 kips - 0K
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3. Find Cy and Ty for the first wythe
a. Assume g = 0.003.
b. Assume a value of c1. We will assume ¢ = 0.359 in.

c. Calculate curvature using Equation (6-13):

_ 0003 _ 0.00835
$=0350 "

d. Calculate the compressive force in the top wythe using Equation (6-15).

This will incorporate Hognestad’s Equation (6-14).

§01*C12*(1_§01*C1)

Cl=b*fc* 80 380

C; = 48in *10.43 ksi *

0.00835 * 0.3592 ( 0.00835 * 0.359)
* —
0.002 0.006

= 134.9 kips

e. Calculate the strain and stress in the steel using Equations (6-17) and

(6-19).
fre 170
=2 = = 0.00596 ~ 0
‘T, 28500 ©2
0.003 15— 0.359 +0.00596 + 0 = 0.01554
= 0. *—— . = 0.
&ps 0.359

27600

(1 +(112.4 « gps)7-36)7-36

fps = &ps * (887 + —) = 258.8 ksi

f. Calculate the tension force in wythe 1 with Equation (6-20)
T, = 258.8 ksi * 0.255 in? = 66.0 kips
g. Enforce force equilibrium for wythe 1 with Equation (6-21):

C, — T, = 134.9 kips — 66.0 kips = 68.9 kips = Fyyy - OK
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4. Find C, and T2 for the second wythe

a. Assume both wythes will deflect equally, therefore assume ¢, = ¢, =
0.00835

b. Assume a value of co. We will assume cz=-1.11in (neutral axis in
the foam)

c. Calculate the compressive force in the bottom wythe, C», using Equation
(6-22). The compressive force in the concrete will again utilize
Hognestad’s equation to estimate the concrete compressive strength, but it
is critical here because Whitney’s stress block is only valid when the top
fiber is at 0.003 strain and in the case of partial composite action, this will

not be true.

szb*fcl*

P * C5 ( @, * Cz)
x| 1 —
&o RE

C, = 0 kips
d. Calculate the strain and stress in the steel.
gps = (d—c3) x @y + &
&ps = (1.5 — (—1.112)) % 0.00835 + 0.00596 = 0.02783

27600

(1+ (11245 £,)")

fps = €ps * (887 + ) = 270 ksi

7.3671

e. Calculate the tension force in wythe 2 using Equation (6-24):
T, = 270 ksi x 0.255 in? = 68.9 kips
f. Enforce force equilibrium for wythe 2 with Equation (6-25):

T, — C, = 689 kips — 0 kips = 68.9 kips = F,;, ~ OK
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£¢1-0.003
Z T T—+— C1=134.9 kips
foni /[g +—= T1=66.0 kips
] e ﬂEps
]
v o |
e
U 0

— Epsi ﬂEps

> T2=68.9 kips

Figure C-4 Nu-Tie 343-2 Panel Design Example

5. Calculate the ultimate moment of the concrete sandwich wall panel using
Equation (6-26). In addition, Using Equation (6-16) to calculate the centroid of C

and Co,.

c1* (Bxep =3 %@ *cq)
12 x g, — 4 *@q * ¢4

Xe1 =€ —

0.359 * (8% 0.002 — 3 * 0.00835 * 0.359)

=015
12 % 0.002 — 4 * 0.00835 * 0.359 m

= 0.359 —

M; =C;*(dy — x,1) = 134.9 x (1.5 — 0.15) = 182.1 kip * in
My = Cy % (dy —xc2) =0

twyl + twyz

2 + tins)

M:M1+M2+F5~um*<

3+3
=182.1+ 0+ 68.9 *( + 4) = 664.4 kip xin

= 55.4 kip * ft
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B Panel Analysis Example (Thermomass CC connectors only, Mild Reinforcement)

Section and Material Properties

f¢ =9.23 ksi A = 0.44 in?
b=36in twyr = 4in
twy2 = 4in tins = 31in
L=192in

_ [307. _
xX; = [82] in N =3

" te“iw*—m TL12 #12 <T»12 #12 #12 %12 er % 212 %12 TL12 #12 waz ﬁ '+

16.0°

30" 52" 28" " 52" 30"

Solution
1. Find the forces in each connector using the load-slip relationship. Using an
influence line, the ultimate slip (dur) that occurs at the maximum force is
determined to be 0.18 in. In addition, the sum of the forces should be less than or

equal to As * fs in the bottom wythe. Calculate slip using Equation (6-11):

S (L
5() = 2 (53— x)
1

L
i—x
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192

0.833in 0.833

80) =157 — 0in 192 0.17671"
2 in in 2

Find F; at each connector by using Figure C-5.

0= 12w

Note that the full connector load-slip diagram is used to obtain the most accurate

answer.

Fi=-3245 & + 7693

Fi=511506 + 730

Fi=1767 & + 2203

Load per Connector, Fi (kips)
w

Fi=17500 &

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 11 12
Slip, 6 (in)

Figure C-5 Load-slip curve for Thermomass B
2. Find the total sum of the connector forces using Equation (6-12):
Foum = N * ZFi = 22.65 kips
Fom < As * f, = 0.44 in? » 110 ksi = 48.4 kips .~ OK
3. Find Cy and T for the first wythe

a. Assume g = 0.003.

b. Assume a value of c1. We will assume c1 =0.242 in
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c. Calculate curvature using Equation (6-13):

_ 0003 _ 0.01238
$=02427 "

d. Calculate the compressive force in the top wythe using Equation (6-15).

This will incorporate Hognestad’s Equation (6-14).

¢1*C12*(1_¢1*C1>

=bx*f
G e &o 3¢&

C; =36in*9.23 ksi *

0.01238 * 0.242? ( 0.01238 * 0.242)
* —
0.002 0.006

= 60.38 kips
e. Calculate the strain and stress in the steel using Equations (6-17) and the

experimental stress-strain curve for the actual steel in the panel (see

Chapter 5).
0,003« 200242 _ 0 00176
= (. $  — = ().
Es 0.242
f. = 85.75 ksi

f. Calculate the tension force in wythe 1 with Equation (6-20)
T, = 85.75 ksi * 0.44 in? = 37.73 kips
g. Enforce force equilibrium for wythe 1 with Equation (6-21):
C, — T, = 60.38 kips — 37.73 kips = 22.65 kips = F,yyy - OK
4. Find C; and T2 for the second wythe
a. Assume both wythes will deflect equally, therefore assume ¢, = ¢, =

0.01238
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b. Assume a value of co. We will assume ¢z = 0.0982 in (neutral axis in

the bottom wythe)

Calculate the compressive force in the bottom wythe, C», using Equation
(6-22). The compressive force in the concrete will again utilize
Hognestad’s equation to estimate the concrete compressive strength, but it
is critical here because Whitney’s stress block is only valid when the top
fiber is at 0.003 strain and in the case of partial composite action, this will

not be true.

Co=Dbxf/

@y * sz ( @y * Cz)
(1 —
o 3¢&g

C, =36in*9.23 ksi *

0.01238 * 0.09822 ( 0.01238 * 0.0982)
0.002 0.006

= 15.8 kips
Calculate the strain and stress in the steel using experimental curve
(Chapter 5).
& =(d —c3) * @,
& = (2.0 —0.0982) x 0.01238 = 0.02358

f, = 87.42 ksi

e. Calculate the tension force in wythe 2 using Equation (6-24):

f.

T, = 87.42 ksi * 0.44 in?> = 38.46 kips
Enforce force equilibrium for wythe 2 with Equation (6-25):

T, — C, = 38.46 kips — 15.8 kips = 22.66 kips = Fyy ~ OK
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+— T1=37.73 kips

: £2=15.5 kips
— ®-
= T2=30.4G kips
Epm2

Figure C-6 Thermomass B Panel Design Example

% __?F =" C1=60.35 kips

8.

7
1.965°

5. Calculate the ultimate moment of the concrete sandwich wall panel using
Equation (6-26). In addition, Using Equation (6-16) to calculate the centroid of C

and Co,.

c1 % (8%& —3*@q %)

X =Cp —
ca— 12 %6, —4* @y %y

_ 0.242 0.242 * (8% 0.002 — 3 %0.01238 % 0.242) — 0101
- 12%0002 —4%001238 0242

M; = C; * (dy — x.1) = 60.38 kips * (2.0 in — 0.1 in) = 114.7 kip * in

Cy % (Bxeg, =3 %@y *Cy)

X2 =2 12 x g, — 4% @y * Cy
0.0982 * (8 0.002 — 3 *0.01238 % 0.0982)

= 0.0982 in — 12 % 0.002 — 4 % 0.0982 = 0.01238

= 0.0348 in
M, = C, * (d; — x.5) = 15.8 kips * (2.0 in — 0.0348 in) = 31.05 kip * in

toos 4t
M=M1+M2+Fsum*(%wyz+tins>

4+ 4
= 114.7 + 31.05 + 22.66 ( + 3) = 304.4 kip * in = 25.36 kip * ft
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BC Panel Analysis Example (both Thermomass CC and X connectors, Mild
Reinforcement)

Section and Material Properties

fe =9.23 ksi As = 0.44 in?
b=36in twyr = 4in
twy2 =4 in tins = 31in
L=192in
16
32
Xcci = |48in Ncc =3
64
80
Xi — [24‘]ln NX = 2

N rﬁ"]‘»m".—,um %12 ﬁt»wz #12 #12 #12 —-12 #12 %12 #12 ﬁ’qz #12.«’;125?»12 6" f

L e 72.‘ 72.‘ I e

sieq ¢
[s>]
>
I —
[+>]
(=]
I
-
(5]
(=2}
[s>]
(=]
B
-
(=]
>
B
>
(=]

Solution
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1. Find the forces in each connector using the load-slip relationship. Using an
influence line, the ultimate slip (dur) that occurs at the maximum force is

determined to be 0.18 in. Calculate slip using Equation (6-11):

771
192 6]
2
192
24
2 0.18 1
e 12%__32 10.162 |
. mn
8(0) = .| 2 i = |0.144Iin
192, _16in |22 _ 49 0.108
2 2 l0.072J
192 0.036
64
2
192 80
) i

Find F; at each connector by using Figure C-7. The entire curve is used to obtain
the most accurate prediction. Because there are different N values for each

connector (Ncc = 3 and Nx = 2), we incorporate that into this step.

[3 * 2.567]

[2+12.17|

~ _| 3x25 |
F(i) = '

D=1, 193!

l 3x1.28 J

3 % 0.643

kips



Load per connector, F; (kips)

178

12
F;=-50000 6 + 20350

F;=29651 6 + 7367

10 A
F;=85525 6 + 3061

F;=315940 &

0 T T T T T 1

0 0.05 0.1 . . 0.15 0.2 0.25
Slip, & (in)

Figure C-7 Load-slip curve for Thermomass A

Find the total sum of the connector forces using Equation (6-12). Note that we
already accounted for N values in the previous step in this example only because

there were two different values for Ncc and Nx.

Foum = Z F; = 51.13 kips
Foum = As * f,, = 0.44 in? x 110 ksi = 48.4 kips . Use Fy,, = 48.4 kips
Ultimate Slip corresponding to F;,,,, = 48.4 kips is 8y;; = 0.162 in
Find C1 and Ty for the first wythe
a. Assume g = 0.003.
b. Assume a value of co. We will assume ¢ = 0.33307 in.

c. Calculate curvature using Equation (6-13):

e, 0.003
== _——_=0.009007

¥ = T 033307
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d. Calculate the compressive force in the top wythe using Equation (6-15).

This will incorporate Hognestad’s Equation (6-14).

2
C1=b*fc’*(p1*cl*(1—(p1*cl>

o RE

0.009007 = 0.333072

C; = 36in *9.23 ksi * 0.002

( 0.009007 = 0.33307) 83 ki
* _— =

0.006 ps
Calculate the strain and stress in the steel using Equations (6-17). The
stress will come from a stress-strain curve for the actual steel in this panel

as shown in Figure C-10.

0003, 20033307
= 0. * = 0.
&s 0.33307

f. = 78.65 ksi

Calculate the tension force in wythe 1 with Equation (6-20)
T, = 78.65 ksi * 0.44 in? = 34.6 kips
Enforce force equilibrium for wythe 1 with Equation (6-21):

C; — T, = 83 kips — 34.6 kips = 48.4 kips = Fyy, ~ OK

4. Find C; and T2 for the second wythe

a.

Assume both wythes will deflect equally, therefore assume ¢, = ¢, =
0.009007
Assume a value of c2. Assume ¢z = -6.5 (the neutral axis is not in the

bottom wythe; no compression force)
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c. Calculate the compressive force in the bottom wythe, C», using Equation
(6-22). The compressive force in the concrete will again utilize
Hognestad’s equation to estimate the concrete compressive strength, but it
is critical here because Whitney’s stress block is only valid when the top
fiber is at 0.003 strain and in the case of partial composite action, this will

not be true.

<P2*C22*(1_<P2*C2)

C,=bxf
2 *fe * 3¢&g

€o
C, = 0kips
d. Calculate the strain and stress in the steel. This step is only necessary to
calculate the tension force in wythe 2, and since we discovered in step 2
that the steel yields, this step is unnecessary and we move to step 4e.
e. Calculate the tension force in wythe 2. Because the Steel has yielded:
T, = 48.4 kips
f. Enforce force equilibrium for Wythe 2 with Equation (6-25):

T, — C, = 48.4 kips — 0 kips = 48.4 kips = F;yy, ~ OK
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£¢1-0.003
_[ T—3— C1=83.0 kips
P o
P e T1=34.6 kips

] Eps1

= 2

0 |
@: ~

A

- Eps2
Fsum=48.6 kips

Figure C-8 Thermomass A Panel Design Example

5. Calculate the ultimate moment of the concrete sandwich wall panel using

Equation (6-26). In addition, Using Equation (6-16) to calculate the centroid of C1

_ cp*x(Bxep =3 %@y *0cy)
X1 = €1 12 % &, —4* @ * g

_gagg 0333 #(8+0002-3+0009-0333)
=Y 12+0.002 —4+0009%0333 M

M; =C; *(dy — x,1) =83%(2.0—-0.139) = 154.5 kip = in
My = Cy % (dy —xc2) =0

t +t
M=M1+M2+Fsum*<%+tms>

4+4
= 1545+ 0+ 48.4 ( + 3) = 493.3 kip xin

= 41.1 kip * ft
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D Panel Analysis Example (HK Composite connectors, Mild Reinforcement)

Section and Material Properties

f¢ =9.23 ksi As = 0.44 in?
b=36in twyr = 4in
twy2 = 4in tins = 31in
L=192in
[16‘
|32
x; = |48lin N=3
|l64
80-
ﬂ 6" J— 12" 12" 12" 12— 12— 12" 12— 12— 12 12 12" 12— 12— 12— 12" 6 '—

| ' |
15" ﬂr?“v - 16

9e
9t
|
1
|
|
|
|
|
|
|
|
|

Sleq £#

Solution
1. Find the forces in each connector using the load-slip relationship. Using an
influence line, the ultimate slip (dur) that occurs at the maximum force is
determined to be 0.12 in. In addition, the sum of the forces should be less than or

equal to As * fs in the bottom wythe. Calculate slip using Equation (6-11):
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2
27 %
1192
2
192
0.12 in 192 |0-0968
6(i) = 197 * T_ 48lin =10.0726lin
—— 6 0.0242
2
192
2

Find Fi at each connector by using Figure C-9.

[3.13]
|3.52]
F(i) =13.91!kips
l2.97 J
2.03
4000 1
3500 -
R .= 38812 6+ 1093 F,=-16022 & + 5073
= 3000
=
5 2500 -
[8]
2
£ 2000 A
o
o
$ 1500 -
=]
8
S 1000
500 F, = 948726
04 . . . . . . . . . .
000 002 004 006 008 010 012 014 016 018 020

Slip, 6 (in)

Figure C-9 Load-slip curve for HK
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120000 -

100000 - \
80000 - l
E
= 60000 -
)]
g e Bar 1
P 40000 - Bar 2
Bar 3
20000 -
0 T T T T 1
0 0.05 0.1 0.15 0.2

Strain (in/in)
Figure C-10 Actual stress vs strain of HK and Thermomass panel
2. Find the total sum of the connector forces using Equation (6-12):
Foum = N * Z F; = 46.7 kips
Fom < Ag* f, = 0.44in? * 110 ksi = 48 kip -~ OK
3. Find Cy and Ty for the first wythe
a. Assume g = 0.003.

b. Assume a value of c1. We will assume ¢; = 0.327 in.

c. Calculate curvature using Equation (6-13):

& _0003
Pr= T 03277

d. Calculate the compressive force in the top wythe using Equation (6-15).

This will incorporate Hognestad’s Equation (6-14).

§01*012*(1_§01*01>

C1=b*f;;* 380

&o



185

0.00917 * 0.3272 ( 0.00917 = 0.327>
* —
0.002 0.006

C, =36in*9.23 ksi *
= 81.5 kips
Calculate the strain and stress in the steel using Equations (6-17) and

(6-18). The stress will come from a stress-strain curve for the actual steel

used in the panel as shown in Figure C-10.

0,003 » 200327 _ 11535
= (. PR — ]
&s 0327

£, = 79.0 ksi

Calculate the tension force in wythe 1 with Equation (6-20)
T, = 79.0 ksi * 0.44 in? = 34.8 kips
Enforce force equilibrium for wythe 1 with Equation (6-21):

C; —T; = 81.5 kips — 34.8 kips = 46.7 kips = Fy;,, ~ OK

4. Find C; and T2 for the second wythe

a.

b.

Assume both wythes will deflect equally, therefore assume ¢, = ¢, =
0.00917.

Assume a value of c2. Assume cz= -4.7 (neutral axis in the foam, no
compression force)

Calculate the compressive force in the bottom wythe, C», using Equation
(6-22). The compressive force in the concrete will again utilize
Hognestad’s equation to estimate the concrete compressive strength, but it

is critical here because Whitney’s stress block is only valid when the top
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fiber is at 0.003 strain and in the case of partial composite action, this will

not be true.

2
szb*fcl*(Pz*Cz*(l_(Pz*Cz)

& RE
C, = 0kips
d. Calculate the strain and stress in the steel using the actual stress strain
relationship for the steel in the panel as shown in Figure C-10.
g = ¢ (dy — ¢) = 0.00917 = (2 — (—4.7)) = 0.0614
fs = 106.1 ksi
e. Calculate the tension force in wythe 2 using Equation (6-24):
T, = f; x Ag = 106.1 ksi * 0.44 in? = 46.7 kips
f. Enforce force equilibrium for wythe 2 with Equation (6-25):

T, — C, = 46.7 kips — 0 kips = 46.7 kips = F;, -~ OK

£¢1-0.003
q T—— C1=61.5 kips
q}, (%]
— T1=34 .8 kips
I ot

=7 2

P [ i
VA—

|| o
% i Fsum=467 kips

Figure C-11 HK Panel Design Example

5. Calculate the ultimate moment of the concrete sandwich wall panel using

Equation (6-26). In addition, Using Equation (6-16) to calculate the centroid of C1
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ci*(Bxeg, —3 %@ *Cqp)

Xep = €1 —
et 12x e, — 4% @1 % ¢y

_oagy gy, 03270n % (8+0002 -3 +0.00917 +0327) _ .
- Uossn 12 % 0.002 — 4 = 0.00917 % 0.327 - m

M; = C; * (dy — x,1) = 81.5 kips * (2.0 — 0.1362) = 151.9 kip * in
M; = Cy x(d; —x3) =0

t +t
M=M1+M2+Fsum*<%+tms>

4in+4in

= 1519 kip x ft + 0 + 46.7 kips*( >

+3 in) = 478.8 kip * in

=39.9 kip * ft
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APPENDIX D.

Partially-Composite Strength Prediction Method Design Example
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As with many design problems, an example may clarify the ultimate moment
method described in this chapter. This example only takes into account a single load case,
but illustrates the design method to achieve full-composite action at failure. There are two
major stages to consider in this design of concrete sandwich wall panels. The first stage is
to find the required area of steel, and the second stage is to determine the number and
spacing of connectors needed. Figure D-1 depicts the sandwich panel used in this
example.

Panel Properties

L=37ft Span =35 ft
twyr = 3in twyz =3 in
tins = 3in b=38ft

f! = 6.0 ksi fy = 60 ksi

Wind Load = W, = 30 psf Insulation Type: XPS

Figure D-1 Design example sandwich panel dimensions

Solution
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a. First, assume the panel acts with full-composite action and find the
required area of steel.
¢ =09 di=15in d,=15in

Nominal moment may be calculated using Equation (6-5) as

M, a a
M, :?:Asl * fo1 * (dl _E) + Az * fs2 * (dZ * twy, T lins _E)
Ultimate factored moment is calculated as
1.6 W, xb*L?> 1.6x*30psf *(8ft) * (35 ft)?
= L _ psf * (8 ft) * ( f):58_8k_ft
8 8
Assume As; = As, = 1.514 in? and (f;; & f51) are yield
(As; + Asy) « f,  (1.514 + 1.514)in? = 60 kis )
= 0857 b = om = 0.371in
: ¢ 0.85x6 ksi *8 ft * 7T

Using strain compatibility, the stress in the steel is calculated as

b1
Where
B, = 0.85 — 0.05 * (f/ — 4 ksi) = 0.85 — 0.05 * (6 ksi — 4ksi) = 0.75

Stress is then calculated as

(15-575)

0.317
0.75

1 = 29000 * | 0.003 =222ksi > f, ~fiy =60
y
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(75 - 575)

0.317

0.75

f.y = 29000 = [ 0.003 *

= 1457 ksi > f, = f = 60

Substituting, we can solve for As:

58.8 k. ft

—5 = A 60 ksi x (15 in—%)+As*60ksi*(7.5 in—%)

A, = 1.52 in? = Assumed A, - OK

Therefore, use eight #4 bars in each wythe.
Assume the shear force provided by the connectors at midspan is equal to
the area of steel times the steel yield stress.
Faum = As * f, = (8 ¥ 0.2 in®) % 60 ksi = 96 kips.
b. Find the ultimate moment of the panel:
i.  Find Cyand T: for wythe 1
a.Assume c¢; = 0.523 in

b.Calculate curvature as

_ & 0003 0.005736
¢ 0523

1
c.Using Whitney Stress block, we calculate compressive
force of
C,=085%f xbxpB*c
C; =0.85%6ksi*96in+*0.75* 0.523 in = 192 kips

d.Strain and stress of steel are calculated as
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di=C1 _ 003, 1370523 _
= 0. % — = (),
o 0.523

& = &,

fs = & * E; = 0.056 * 29000 ksi = 1624 ksi >
60ksi . fs = f, = 60 ksi
e.Tension force in the wythe is calculated by
T, = f; x Ag = 60 ksi * (8 * 0.20 in?) = 96 kips
f. Check for C1 — T1 = Fsum
C; — Ty = 192 kips — 96 kips = 96 kips = F -~ OK
Find C; and T> for wythe 2
a.Assume ¢, = ¢, = 0.005736
b.Guessc, =0 (neutral axis at top fiber of wythe 2)
c.It is recommended to facilitate design that there is zero
compressive force in wythe 2, therefore
C, =0 kips
d.We also assume the steel has yielded, therefore
fs = fy = 60 ksi
e. Tensile force in the bottom wythe will be calculated as
T, = f; x A = 60 ksi * (8 * 0.20 in?) = 96 kips
f. Check for C2 — T2 = Fsum
C, — T, =96 kips — 0 kips = 96 kips = Fy,, -~ OK

The moment is determined to be
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My = ¢+ (dy - %) = 192 kips (1.5 — 0523 * 0'275>
= 250.3 kip *x in
M, = CZ*(dz—%) — 0 kip  in
My = My + My + Foygy + (S22 4 1, ) = 250.3 kip « in +
96 kips * 6 in =
826.3 k-in = 68.8 k-ft
M, = 58.8 kip. ft < (pM, = 0.9 x 68.8 = 61.92 kip. ft) = OK
Find the number of connectors and the spacing that provide the required
shear force.

Assume 4 HK Composite connectors at 24 spacing. First calculate the slip

using Equation (6-11).

6 = 202,
2
7 M
1222 -247  [0.0726
222 - 48 0.0638
222 - 72 0.055
5(i) = —20726in 1222 -96 |, _ [0.0462|
222 in—24in |222—120 0.0374
222 — 144 0.0286
222 — 168 0.0198
222 -1928 Lo.o11-




Force (kip)

Fe=1.88 kip

— |«

Fu=3.91 kip —_—

K,=38.78
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0 0.01 0.02 0.03

0.04

Slip, 3 (in)

0.05 0.06 0.07

Figure D-2 Load-slip curve for D connector

Using Table 4-12, a design curve may be created for the recommended

design. The force at each connector location can then be determined using

the load-slip curve for the HK connector (see Figure D-2). Alternatively,

the following equations may be used to calculate the force at each value of

slip.

F(')—{ Kg = 8(i)
Y EWE = Kig *85) + Kjp = Slip  if 8 > 6

F(')—{ 948§
Y T1111+38.78%68 if 8§ > 6

F(i) =

r 3.91 1
3.57
3.23
2.89
2.55
2.21
1.861

- 1.0

if 8§ <6z

if § < 65

kip

0.08



These values can then be used with Equation (6-12) to calculate Fsum:
Foum = 4+ 21.26 kip = 85 kip < Ag * f, ~  Not OK
Therefore, Assume 4 HK Composite connectors at 20 spacing.

Again, calculate the slip using Equation (6-11) as

5 = Suue *(5 —xl-)

1222-207  [0.0726
222 — 40 0.0654
222 - 60 0.0582
222 - 80 0.051
5(i) = —20726in 1222 —1001, _ [0.0438]
222in—20in |222—120 0.0366
222 — 140 0.0295
222 — 160 0.0223
222 - 180 0.0151
1222 —2000  Lo.008-

The force at each connector location can then be determined using the

load-slip curve for the HK connector (see Figure D-2).

13.917
3.63
3.35
3.07
2.79
2.51
2.24
1.96
1.43

L0.75

F(i) = kip

These values can then be used with Equation (6-12) to calculate Fsum:

Fyum = 4+ 25.65 kip = 102.6 kip > As * f, -~ OK

195



196

Therefore, using 4 HK Composite connectors at 20 in. center-to-center

spacing as shown in Figure D-3 is acceptable.

8.0'

37.0°

Figure D-3 Sandwich panel detail for Design Example
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