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EXECUTIVE SUMMARY

Past experiments have shown that thin panel zones in the knee joint of a gable frame are
capable of developing tension field action (TFA) when there are full depth column web stiffeners
and the joint is subjected to negative bending (top flange of the rafter is in tension). Conversely,
experiments on knee joints subjected to positive bending have shown that a tension field can
partially, but not fully develop. This report describes an analytical and computational study that

investigates the shear strength of thin panel zones subjected to positive bending.

A plastic mechanism model was developed to predict the post-buckling shear strength of
panel zones subjected to positive bending. The model is based on plastic mechanism analysis and
accounts for partially developed TFA. Using this model, a prediction equation for panel zone
shear strength was derived and was found to be a function of three design parameters: flange

flexural strength, panel aspect ratio, and panel slenderness.

A literature review of past tests on knee joints with thin panel zones found twenty
applicable previous tests. Twelve tests on knee joints with full depth column web stiffeners
subjected to negative bending verified that full tension field action developed. Four tests on knee
joints with partial depth column web stiffeners subjected to negative bending developed a shear
strength comparable to the shear buckling strength without tension field action. Four knee joints
with full depth column web stiffeners subjected to positive bending developed approximately two
times their shear buckling strength, but only about 70% of the total strength expected if tension
field action fully formed. A finite element (FE) model was created for two of these specimens and

was shown to accurately capture the strength and buckling behavior from the experiments.

A parametric computational study was then conducted on fifty-six prototype knee joint
configurations, to quantify the effect of the three primary design parameters on panel zone shear
strength and to validate the derived equation. The range of design variables considered in the
computational study were based on responses from an industry survey administered by MBMA.
Several sub-studies were also conducted to investigate the effect of other variables on TFA in the

panel zone such as: different flange thicknesses on different sides of the panel zone, varying frame



width and roof height, prismatic versus tapered sections, orientation of end-plate connection
(horizontal, vertical, sloped), and variations in roof slope.

Two types of load-displacement response were obtained, some that experienced hardening
(i.e. increasing in strength) after the mechanism formed, and others that experienced softening
associated with larger flange deformations. It was found that configurations with normalized
flange flexural strength less than 0.05 exhibited softening. There are three reasons to be cautious
with configurations that produce softening response including: 1) the cumulative plastic strains
were larger than the models with hardening behavior and thus softening joints may be more prone
to fracture, 2) the panel zone shear strength is expected to be more sensitive to initial imperfections
and residual stresses, and 3) the consequences of reaching this limit state are worse because it is a

brittle failure mode.

A modification to the derived panel zone shear strength equation was calibrated based on
computational study results to account for boundary conditions. The computational study showed
that, for the range of dimensions and parameters considered in this study, the modified equation
can predict the panel zone shear strength with an average error of 1% with reasonably high
confidence (corresponding to a standard deviation of 4%). The final proposed equations for panel
zone shear strength, Vez, of gable frame knee joints subjected to positive bending including partial
tension field action are provided. However, the use of TFA in positive bending is not
recommended for configurations that will produce softening (normalized flange flexural strength

less than 0.05), until further testing is conducted.
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CHAPTER 1 INTRODUCTION

1.1 Overview

Metal building systems are popular for low-rise buildings because they are associated with
fast construction and cost efficiency. One of the main components of a metal building are gable
frames which resist lateral and gravity loads. A gable frame consists of columns and rafters usually
connected by an end-plate connection. The corner regions of a gable frame are sometimes referred
to as knee joints and the column web in the knee joint is the panel zone. As the knee joint undergoes
bending, the panel zone is subjected to significant shear forces.

The AISC Specification (AISC 2016a) allows beam webs to be designed considering
tension field action (TFA) for interior panels (between transverse stiffeners) with an aspect ratio
less than 3 and a web slenderness greater than a certain limit. Contrary to an interior beam web
panel that has two opposing edges that rigidly anchor the tension field, the knee joint panel zone
has two adjacent sides capable of fully anchoring the tension field. The outside flanges bounding
the exterior corner of the panel zone may not be stiff enough to allow the development of full TFA
when the knee joint is subjected to positive bending (tension on the bottom flange of the rafter).
AISC Design Guide 16 (Murray and Shoemaker 2002) does not allow TFA for negative bending
when the column web stiffeners are partial depth (see Figure 1-1c) based on work by Murray (1986)
or in knee joints subjected to positive bending (see Figure 1-1d) based on work by Young and
Murray (1996). In knee joints with full depth column web stiffeners subjected to negative bending
(see Figure 1-1a) and joints with rafters on both sides (see Figure 1-1b), the AISC Design Guide
16 allows TFA.

While design guidelines do not currently consider TFA for positive bending (Figure 1-1d),
some TFA will partially develop. Results from previous research programs have demonstrated
additional post-buckling strength of the panel zone beyond the shear buckling strength. However,
the amount of TFA, the consistency of this level of action, and the design parameters that affect
this action are not well understood. The present report describes a computational study that
investigates the behavior of gable frame knee joint panel zones subjected to positive bending,

wherein the tension field is oriented from the interior to the exterior corners of the panel zone. The
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study is also aimed at examining whether the strength attributed to a partially developed tension
field can be consistently predicted and thus incorporated in design calculations.
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Figure 1-1 Variation of Panel Zone Configurations and Resulting Tension Fields
1.2 Scope of Research

A theoretical model was created based on plastic analysis to predict the post-buckling shear
strength of panel zones due to partially developed TFA, for cases where the knee joint is subjected

to positive bending. Using this model, an equation was derived to predict the panel zone shear



strength associated with partially developed TFA. The panel zone shear strength was found to
depend on three design parameters, namely, flange flexural strength, panel aspect ratio, and panel
slenderness. A parametric computational study involving fifty-six prototype knee joint
configurations was conducted to quantify the effect of the aforementioned three design parameters

on panel zone shear strength.

In developing the prototype knee joints for the parametric finite element method (FEM)
study, the responses from an industry survey were used as a reference to determine the range of
each configuration parameter. This study did not examine prototype configurations with partial
depth stiffeners in the panel zone, for two reasons: 1) Available test data from the literature
indicates that TFA does not develop for this type of knee joint configuration (see Chapter 2) and
2) The industry survey revealed that partial depth stiffeners in the panel zone are rarely used in
practice (see Chapter 4). Therefore, the parametric finite element (FE) study only focused on the
tension field action in panel zones of knee joints with full depth stiffeners subjected to positive

bending.

Several sub-studies were also conducted to investigate the effect of different configurations
on panel zone shear strength including variations such as: different flange / stiffener thicknesses
on different sides of the panel zone, varying bay width and roof height, prismatic versus tapered
sections, orientation of end-plate connection (horizontal, vertical, sloped), and variations in roof

slope. The design of prototype configurations for these sub-studies is discussed in Chapter 4.

1.3 Organization of This Report

This report provides a literature review, derives an equation for characterizing TFA for
knee joints subjected to positive moments, validates the use of a finite element modeling scheme
for the computational analysis of prototype knee joints, conducts a parametric computational study,
and provides several recommendations for designers. The report is organized into the following

chapters:

e Chapter 1 introduces the present study and describes the motivation for investigating the
post-buckling behavior of the panel zone in knee joints. It also summarizes the contents of
this report.



Chapter 2 provides a review of the literature relevant to this study. Both experimental
programs and computational studies focusing on resistance of knee joints are presented in
this chapter.

Chapter 3 presents the derivation of equations for predicting the post-buckling shear
strength of panel zones subjected to positive bending.

Chapter 4 describes the methodology adopted in this study. It also provides an introduction
to the industry survey and the philosophy of designing the prototype configurations for the
studies.

Chapter 5 validates the finite element modeling approach against available test data.
Chapter 6 provides the results of the FE study. It also analyses and discusses the agreement
of the predicted shear strength of each configuration from the derived equation to the one
obtained from the FE analysis results.

Chapter 7 summarizes the contents of this report. It provides some conclusions and design
recommendations drawn from this research.

Appendices provide the details of the industry survey questionnaire and responses from the
participants, the design output of five prototype gable frames, and a database of results
from the FE study.



CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

Tension field action (TFA) can be developed in an appropriately stiffened thin panel
subjected to shear. Such action leads to development of additional shear strength after the panel
buckles. A significant amount of experimental research has been dedicated to studying the post-
buckling shear behavior of stiffened steel panels. However, the majority of experimental tests have
been conducted on interior joints with beams on both sides of a column, which are outside the
focus of the present study. Only a limited number of tests have been conducted on knee joints of

metal building gable frames.

One related study of note was conducted on end panels of plate girders. Kim and Uang
(2015) experimentally and analytically investigated the shear strength of end panels in steel plate
girders. They derived an analytical model and an accompanying shear strength equation which
was tailored to the 2014 AASHTO provisions and accounted for the development of partial TFA.
They deduced that the top flange and bearing stiffeners will be acting together with a portion of
the web to enable the development of the tension field. The design equation was
calibrated/validated using the results of the experimental tests and results of a parametric finite
element analytical study. Their model is specifically tailored to the end panel regions of simply
supported girders. For this reason, the developed equations may not be applicable to knee joint

panel zones, but the study instead is an example of a similar research approach as the present study.

2.2 Experimental Programs

2.2.1 Summary

Previous experimental research of the structural behavior of metal building gable frame

knee joints is summarized in Table 2-1.



Table 2-1 Experimental Programs Involving Metal Building Gable Frame Knee Joints

Sp;e_;;/l;;en Author(s) Specimens Summary
Jenner 8 knee joint specimens with | Carried out frame assembly test to study
et al different panel zone dimensions | the behavior of the knee joints and full
(1985;) and partial/full-depth stiffeners, 2 | frame tests to verify manufacturer’s
full frames. design procedure.
Conducted tests of seven frame
Spangler | 7 specimens with open-web truss- | assemblies subjected to a single applied
and type rafters, full-length stiffeners, | force. Conducted limit state analysis for
Murray | varied panel zone dimensions and | all specimens and compared to test
slenderness. results.
1989 lend I
10 specimens with a scale of 1.2 to .
Scheer .
Joint etal. thickness and ratios of the internal anaJI 26 their bghavior g
(1991) | forces M/N and M/Q. y '
Young . . . Carried out four tests of the knee joint
4 specimens with different panel . -
and . . area of typical metal building frames to
M zone dimensions and numbers and S . X
urray | o meters of bolts study the significance of tension field
(1997) ' action under positive bending.
3 ejotll,?; c@?g%%irztﬁgnfhﬁﬁﬂe\giglT)% Investigated different beam-to-column
L pEns, - joints for portal frames with tapered
Cristutiu | column and rafter sections. 2 .
) . . column and haunched rafter to establish
(2010) specimens of each configuration . I -
) . .| their sensitivity due to the variation of
were tested: monotonic and cyclic | . L
loading different components of the joint.
Forest 4 sets of 2 standard frames with | Conducted tests on standard
and varying clear spans, design loads, | manufactured rigid frames to determine
Murray eave heights, frame spacing and | the structural strength and stiffness of the
(1982) roof slopes. frames.
Hon 2 full-scale moment frames with | Cyclic testing of a full-scale metal
Full an dg non-compact, web-tapered | building with built-up, web-tapered
frame Uan members, 2 stages of testing: | members was carried out to develop a
(201% gravity load test and cyclic load | seismic design procedure for this type of
test. moment frame system.
. . Shake table testing. Buildings were
3 specimens consisting of one full . . .
Uang et al. . ) subjected to white noise and scaled
bay (two frames) with 60’ clear . X
2011 , ! ground motions up to three times the
span and 20’ eave height . . X
design basis earthquake

The full frame tests demonstrated that tension field action can develop, but did not provide
sufficient panel zone shear force measurements to use in this study. For instance, Uang et al. (2011)

conducted shake-table tests on metal building specimens, which included four gable frame panel



zones. Two of the panel zones included a vertically oriented end-plate connection, and the other
two had a horizontally oriented plate. The observed response of the specimens indicated that joint
panel regions can potentially serve as inelastic energy dissipation components, and that TFA can
indeed develop in such regions.

Three of these testing programs (Young and Murray 1997, Sheer et al. 1991, and Jenner et
al. 1985) provided sufficient documentation and data to evaluate the degree of tension field action
that developed in the panel zones. The panel zone shear strengths from these three testing

programs are evaluated in the following section.

2.2.2 Calculation of Shear Capacities

2.2.2.1 Young and Murray (1997)

Four tests were conducted on knee joints with full depth stiffeners subjected to positive
bending (see Figure 2-1). The critical section regarding shear demand is determined to be at the
top cross section of the column, as shown in Figure 2-2. The nominal shear strength, Vn,
considering full tension field action can be calculated with AISC 360-16 Eq. G2-7 (AISC 2016a)

as follows:

1-C,

1.15(1+(a/h)’

V, =0.6F,A,|C,, + (2-1)

where

Fy = yield stress of the panel web plate material

Aw = overall area of the panel zone web plate at the section under consideration = dv tw
dv = overall depth of the column at the section under consideration

tw = panel zone web plate thickness

a = shortest side of the panel zone (see Figure 2-2 for an example)

h = longest side of the panel zone (see Figure 2-2 for an example)

Cv2 = web shear buckling coefficient, determined as follows:

When 1.10,fk,E/F, <h/t, <1.37,[k E/F,



110k E/F,

C., =
v2 h/tW
When h/t, >1.37,/k E/F,
151k E
v2 T N2
(h/t,)"F,
where
k, =5+ > 5
(a/h)

=5.34 when a/h>3.0

Eq. (2-1) can be rewritten as:

Vn :Vcr +VTFA

where Vcr is the predicted shear buckling strength of the panel web plate, and Vrra is the

predicted shear strength developed by the tension field action:
Vcr = 0'6FyANCv2

_06F,A,(1-C,,)
1.15/1+(a/h)
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Figure 2-1 Test setup for all knee tests [from (Young and Murray 1997)]
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Figure 2-2 Identifying the cross section used for calculation of panel zone shear subjected to

positive bending

Figure 2-2 shows that the section used to calculate the shear was a horizontal section across
the top of the panel zone. It is noted that the horizontal section is an arbitrary choice and that the
shear strength and shear demand can be calculated along any section of the panel zone as long as
all shear forces and areas are calculated consistently. In some cases, engineers may want to
calculate shear strength along the top sloping edge of the panel zone or the vertical outside edge
of the panel zone, but since the definitions of the dimensions a and h are irrespective of the section
chosen, and the shear stress is constant around the perimeter of the panel zone, all sections should

result in the same ratio of shear strength to shear demand.

The predicted and experimental shear strength of the knee joints are provided in Table 2-

2. Vexp is the experimental shear strength of the knee joints calculated with the test results as follows:

M, P
V = V = —u._ 2'8
exp u h 2 ( )

ro
where

Mu = Moment at the rafter face of the panel zone determined with maximum applied force

ux = Horizontal component of the axial tension force in the rafter determined by maximum
applied force (Note that the calculations used Pu instead of Pux for simplicity; it was found that
this introduced only a 0.2% error in the calculation of Vexp).

hro = distance between the center lines of the rafter flanges at the rafter face of the panel zone



It can be observed from the results that the experimental shear strength of all specimens
exceeded the predicted shear strength corresponding to buckling (as indicated by the fact that the
ratio Vex / Ver is greater than 1.0), but was less than the predicted shear strength corresponding to
full TFA (as indicated by the fact that the ratio Vexy/ (Vor+ Vrra) is less than 1.0). Therefore, TFA was
partially developed in these test specimens.

Table 2-2 Predicted and Experimental Shear Strengths of Knee Joints

Specimen # 1 2 3 4
Vexp (Kips) 43.2 46.8 119 148
Vexp! Ver 1.18 1.48 2.33 3.68
Vexpl (Vert V1Ea) 0.64 0.64 0.67 0.77

2.2.2.2 Jenner et al. (1985)

Eight knee joint tests were conducted with full or partial depth stiffeners subjected to
negative bending (see Figure 2-3). The experimental shear strength and the predicted shear
strengths of the knee joints are provided in Table 2-3. Specimens # 1 and 2 did not fail in panel
web buckling and thus are not useful in evaluating TFA. For knee joints with full-depth stiffeners,
TFA can fully develop (as indicated by the fact that the ratio Vexp/ (Vert V1ra) has values close to
1.0). However, for partial depth stiffeners, the ratio Vexp/ (Vert Vrra) has values less than 1.0, which

indicates that TFA did not fully develop in these knee joints with partial depth stiffeners.

. \

[

Figure 2-3 Test setup [from (Jenner et al. 1985)]
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Table 2-3 Predicted and Experimental Shear Strengths of Knee Joints

Partial Depth Stiffeners Full Depth

Specimen # 1 2 3 4 5 6 7 8
Vexp (Kips) 36.8 55.7 54.7 95.2 81.8 120.8 94.9 85.2
Vexp/ Ver N/A® N/A 0.76 1.10 1.32 0.60 3.07 2.48
Vexpl (Vert Vea) | N/A N/A 0.48 0.57 0.70 0.33 0.97 0.96

*N/A: The specimen did not fail in panel zone web buckling.

2.2.2.3 Scheer et al.

Ten tests were conducted on knee joints with full-depth stiffeners, subjected to negative
bending (see Figure 2-4). The experimental shear strengths and predicted shear strengths of the
knee joints are provided in Table 2-4. It can be observed from the results that TFA was fully

developed in this type of knee joint (as indicated by the fact that the average ratio Ve / (Va+ Vrea)

(1991)

is 1.03 and very close to 1.0).

F

actua

dynamemeter

hydraulic

=1560

tor

=2020

Figure 2-4 Test setup [from (Scheer et al. 1991)]

Table 2-4 Predicted and Experimental Shear Strengths of Knee Joints

Specimen # 1 2 3 4 5 6 7 8 9 10
Vexp (KN) 202 290 | 27.7 | 312 | 325 | 208 | 231 | 22.7 | 25.0 | 27.9
Vexp! Ver 148 | 284 | 209 | 160 | 099 | 160 | 2.37 | 2.32 | 3.84 | 430

Vexp/ (Vert Vra) | 084 | 135 | 1.18 | 1.04 | 0.88 | 0.90 | 1.11 | 1.09 | 090 | 1.01




2.2.2.4 Summary

Table 2-5 summarizes the shear strength calculation for twenty knee joint tests. As
mentioned above, TFA can fully develop in knee joints subjected to negative bending with full-
depth stiffeners, but does not develop in knee joints with partial-depth stiffeners. Knee joints with
full-depth column web stiffeners exhibit partial TFA when subjected to positive bending. Further

investigation is deemed necessary to reliably estimate the amount of TFA for such cases.

Table 2-5 Summary of Calculation Results

Bending Type CoIL{mn Web Numper of Average Average
Stiffener Specimens Vexp/ Ver Vexp/! (Vert VTra)
Negative Bending Full Depth 12 242 1.02
Negative Bending | Partial Depth 4 0.95 0.52
Positive Bending Full Depth 4 2.17 0.68

2.3 Computational Studies

A number of computational studies focused on knee joints are summarized in Table 2-6.

No positive bending or partial depth stiffeners were considered in these studies.

12



Table 2-6 Computational Studies Involving Metal Building Gable Frame Knee Joints

Author(s)

Models

Summary

Baumberger
(2005)

8 models (SAP200): 2 rafter
slopes with varying member sizes
(depths).

Determined the forces in panel zone using finite
element analysis and compared results with design
procedure. Proposed equations for determining panel
zone shear strength.

Cristutiu
(2010)

36 models (ANSY'S) with varying
dimensions and steel grades of
column, rafter and end plate.

Investigated different beam-to-column joints for
portal frames with tapered column and haunched
rafter to establish their sensitivity due to the variation
of different components of the joint.

Gillman
(2004)

7 models (SAP2000) with similar
dimensions but varying rafter
slopes.

Developed a design procedure for steel gable frames
with a relatively steep pitch using shear values
obtained from finite element analysis.

Liu and Li
(2012)

2 sets of 16 models (ANSYS) in
total with varied connection
types, end-plate thicknesses, and
bolt strengths.

Conducted finite element analysis to analyze the
initial stiffness of end-plate connections of steel
portal frames.

Sullivan and
Charney
(2006)

6 models (DIANA) with or
without  different types of
stiffeners.

Carried out a series of finite element analyses to
investigate the behavior and strength of the knee
joints and to determine whether or not various types
of stiffeners are required to provide required strength.
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CHAPTER 3 DERIVATION OF EQUATIONS
3.1 Starting Assumptions

A theoretical model is established based on plastic analysis to predict the post-buckling
shear strength of a knee joint panel zone subjected to positive bending. The model is based on the

following assumptions:

1) The panel zone web plate is simply supported along its four edges by the panel zone flanges
(similar assumption by Porter et al. 1975).

2) Plastic hinges develop in the panel zone flanges at the corner. These hinges lead to a
mechanism in the panel zone after it buckles (see Rockey 1971, Porter et al. 1975).

3) The tensile stress in the tension field is uniformly distributed and its orientation, defined by
an angle @ is parallel to the diagonal of the panel plate (Rockey 1971).

4) Panel edges on the rafter and column sides are rigid in-plane, but these two edges can
undergo rigid body rotation relative to one another.

5) The shear strength associated with buckling Vcr remains constant after the panel buckles
(Porter et al. 1975).

3.2 Critical Shear Stress at Buckling

Figure 3-1 shows a knee joint configuration that will be used in the proposed theoretical
model. Parameters hc and hr in this figure correspond to the width and height of the panel web
plate, while dc and dr correspond to the full width and full height of the section, and tw is the
thickness of the panel zone web plate.

tw VPZ

NS

Figure 3-1 Knee joint configuration for the theoretical model
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The shear strength, V, , of the panel zone considering the contribution of TFA is given
by:
Viz =V +Viga (3-1)

where the shear strength at buckling, V,,, is given by:

V, =Az, =dt,r (3-2)

and V., is the post-buckling shear strength due to TFA.

For a simply supported rectangular plate, the critical shear stress at buckling, 7, , is given

by Equation 9-7 in Timoshenko and Gere (1961):

7°E t, i ]
7, =K [—12(1;12)}{?0} (3-3)

where K is a buckling coefficient, given by Equation 4.3 in Ziemian (2010):

2
h h
5.34+4| < for = <1.0
h, h,
(3-4)
h ) h
534| & | +4 for ==>1.0
h h

r

r

3.3 Tensile Stress of the Tension Field

For a plate undergoing shear buckling and then tension yielding along the TFA diagonal,
the web stresses acting in directions —6 and 90°—6 relative to the bottom flange (see Figure 3-
2) are given by:
0. =(-7,)sin2(-0)+o} =7, sin20+ o/}
o, =(-7,)sin2(90°-0)=—z, sin20 (3-5)
r =(-7, )c0s2(—0) =—r,, cos 20
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where @ is the angle of the tension field (taken as equal to the panel zone corner to corner angle).

Using the Von Mises yield criterion, the material yields when the effective stress, o, becomes
equal to the yield stress, o, , with
_\/ 2, 2 2
One =4[Oz t0, —0,0,+3r (3-6)

Substituting Eq. (3-5) into (3-6) and rearranging the terms results in the following expression for
the diagonal tension field stress when the plate yields. The web plate will be assumed to resist this

level of diagonal stress in the mechanism described in the next section.

2
o) =—§rcr sin 29+\/0§W+rfr ((gsin 29) —3] 3-7)

Figure 3-2 Stress transformation of a square element on the diagonal of the panel web

3.4 Plastic Analysis

Figure 3-3 shows the proposed failure mechanism for a thin knee joint panel zone subjected
to pure shear.
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Figure 3-3 Proposed failure mechanism for a panel zone subjected to pure shear

Plastic hinges develop in the flanges at locations of maximum bending moment, where the
shear force is zero (locations identified by dimensions c1 and cz in Figure 3-3). The locations of
these plastic hinges are obtained by considering the equilibrium of the flanges over segments X —
Y and X —Z in Figure 3-3. If the moment strength of the flanges are taken as Mp1 and Mpz2, moment

equilibrium about point X produces the following equations:

G (o-tytw)Sin2 9[%J: Me, + Mo iy (3-8)

(3-9)

P min

c
c, (o', )cos’® 0(?) =M,,+M

2
_ o, Dth

o.b
where M, = M, =—L"2"2 and M

7 1 omin =MiN(M,,,M_,) define the plastic moment

of the flange sections.

Solving Equations (3-8) and (3-9) for c1 and cz, respectively, gives equations that locate the

flange plastic hinges:

2(M,. + M,
Cl — 1 ( P1 ; P,mln) (3_10)
sing ot,
2(M_, +M_ .
Cz — 1 ( P2 . P,mln) (3_11)
cosd o't,
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Plastic mechanism analysis can then be conducted using virtual work. Virtual rotations ¢

and ¢, are assumed at the plastic hinges associated with the mechanism shown in Figure 3-4. The

external and internal virtual work done by these virtual

rotations must be equal to each other. It is

worth mentioning that the work done by the panel zone tension field force is treated as external

work because the work balance is conducted on the flanges as a rigid frame for which the panel

zone is external.

C1
X DY Viea=Vpz = Ver
N
IS
N 1
| . Q |©

Figure 3-4 Mechanism with virtual displacements

=Viea (C2¢2 )

ex

=

- work done by V.,

—ot, (c,sin@)cosb-c,g, +o/'t, (c,sin6) sin@% 4 -+~ work done on XY

-o}t,(c,cos0)cosf- %cz@

+0/'t, (c, cos6)cos 6-%02,6’

Wint = M P,min (¢1 +¢2)
+ M P1 (¢1 + ﬂ)
+ MP2¢2

where

Cl¢1 =(hc _Cl):B
C,p, = hrIB

The principle of virtual work is stated as:

W.. =W

ext int

- work done on XZ
- work done on OP (3-12)

- work done at plastic hinge X
- work done at plastic hinge Y
- work done at plastic hinge Z

(3-13)

(3-14)
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Substituting Eq.’s (3-10) (3-11) (3-12) & (3-13) into Eq. (3-14) and simplifying, one obtains:

MPl_MPZ
h

r

Viea =

“Memn , cos0 207t (\/Mpl + Mo iy + Moy + M, ) (3-15)
From Figure 3-4, the angle @ is found to be equal to:

0= arctan% (3-16)

C

Plugging Eqg. (3-16) into Eq. (3-7) and Eq. (3-15) leads to:

3nhe, 3n.h
o) = s +\/o-§w+ {(hz hzj —3} (3-17)
Mp, —Mp, — Mg i hc /
VTFA = = ;rz - + \/hz N h2 2thtw (\/M P1 +M P.,min +\/M P2 +M P,min ) (3_18)

where 7, is given by Eq. (3-3).

Next, the stress 7, is written as 7, =C,z,, where 7, I and
V3
’ 7 2
o t
K| —4—2- || % 3-19
12(1-42%) (hJ &9
Equation (3-17) can be rewritten as:
o/ =Co,, (3-20)
where
_Jachh | Clf( 3nh,
C=——->L51+ 1+~ -3 3-21
‘ h2 h2 3 [\ h?+h? (3-21)
Substituting Eqg. (3-20) into Eqg. (3-18) and normalizing both sides by V, =, h t, , produces:

\/Ti: L Mo —Mp, — MPmm \/7 1+MPmin+ Mo, + Mo i (3-22)
Vv, (6h hlt,o,., /6 e +h2 t,hio,, /6 t,h’o,, /6
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t h’o
Note that M, = L C6 ™ is the corresponding yield moments of the panel plate cross sections

parallel to the shear force direction. Therefore, it is recommended that the following normalized

parameters are introduced:

M}, = et (3-23)
My
M}, = e (3-24)
My
t h’o

where M = LS L

Equation (3-22) can now be rewritten as:

VTFA:[(Bh—&](Mgl—M’;Z—M;mm%\/t&T\/g(\/M;1+M;min TN (VI VI )]hctwayw (3-25)

or:

1 . . . C - - n -
VTFA = KWJ(M PL ™ M P2~ M P,min)+ cos 9\/%(\/'\/' pr T M P min +\/M p2 T M P min )} hctwayw (3-26)

When M, =M_, =M, (or M, =M_, =M,), Eq. (3-26) reduces to:

*

Vo, = {— M, got 9 20050 —ZCt?’M d } NetuO (3-27)

T

In Chapter 6, these derived equations are compared to finite element analysis results and a
modification factor for boundary conditions is found necessary. The final equations including the
calibrated modification factor will be given in Chapter 7.
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CHAPTER 4 METHODOLOGY

4.1 Introduction

The methodology adopted in this study to characterize tension field action (TFA) in panel
zones is schematically summarized in Figure 4-1. The accuracy of the theoretical model presented
in the previous chapter is validated through finite element analyses (FEA). A parametric
investigation was conducted, involving different prototype configurations which were established
using an industry survey. The finite element modeling scheme has been validated against data from
previously conducted experimental tests which are available in the literature. By comparing the
results from the FE study to the prediction from the derived equations, conclusions can be drawn

and recommendations can be made.

Figure 4-1 Illustration of the methodology
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4.2 Industry Survey

The range of panel zone parameters to be investigated were determined in collaboration
with MBMA. To ensure that the prototype configurations of the parametric study represent current
design and construction practice, an industry survey was conducted to collect input from metal
building manufacturers. A total of nine respondents (two from the same manufacturer), contributed
to this survey. The survey included nine details regarding design of knee joints, including the web
and flange thickness, the use of panel zone stiffeners and continuity plates, the orientation of the
column-to-rafter bolted end-plate connection, column adjacent to the panel zone, rafter adjacent
to the panel zone, and roof slope. The following sections summarize the survey and the provided
responses. Further details regarding the survey are provided in Appendix A. Most of the
respondents use A572 Gr. 55, A529 Gr. 55, or ASTM A1011 for the panel zone material. Grade

55 steel was used in the computational parametric study.

4.2.1 Panel Zone

4.2.1.1 Dimensions and Material
Table 4-1 provides a summary of the survey responses regarding the in-plane dimensions
and thickness of the panel zone. The table includes the mean, median and standard deviation

obtained from the survey responses, as well as the range of values adopted in the present study.

Table 4-1 Summary of Industry Survey on Panel Zone Dimensions

Mean |Median| std For Study
Min (in.) 0.131 | 0.134 | 0.005
Panel Max (in. 0.667 | 0.625 | 0.153
anel web  (in.) 0.1644-0.25

thickness Typical min 0.157 | 0.135 | 0.039
Typical max 0.389 | 0.313 | 0.197
Min (in.) 9.11 10.0 2.20
) Max (in.) 72.0 70.0 18.8

Panel zone | Panel height y 4 24-48
Typical min 16.0 18.0 5.20
Typical max 454 48.0 115
Min (in.) 8.44 8.00 1.88
. Max (in.) 70.7 62.0 19.3

Panel width g g 24-48
Typical min 14.7 12.0 5.57
Typical max 46.7 48.0 15.1

22



Table 4-1 (Continued) Summary of Industry Survey on Panel Zone Dimensions

Mean [Median| std For Study

Min 0.50 | 050 | 0.18

Panel aspect Max 280 | 250 | 1.35
0.67-1.50

ratios Typical min | 0.86 | 0.90 | 0.18
Typical max | 1.49 | 1.23 | 0.70
Min (in.) 511 | 5.00 | 0.33
Panel zone Max (in.) 16.1 | 15.0 | 3.69
Panel zone . - . 5-16
flange width| Typical min | 5.67 | 6.00 | 0.50
Typical max | 10.7 | 10.0 | 3.00
Panel Min (in.) 0.216 | 0.250 | 0.043
nel zon
el ZON® TNVt (in) | 1.42 | 150 | 0.306
flange - 8 0.25-1.5
. Typical min | 0.271 | 0.250 | 0.063
thickness

Typical max | 0.806 | 0.750 | 0.331

4.2.1.2 Web and Flanges

Table 4-2 summarizes survey information pertaining to the thickness of the panel web and
knee joint flanges. The panel zone web can be either part of the web of one of the connected frame
members (with the same thickness), or an inserted plate with a different thickness from the member
webs. Few of the respondents use doubler plates. The flanges should have the same thickness as
the flanges of the connected frame members, and the vertical flanges may have different

dimensions from the top flange.

Table 4-2 Summary of Industry Survey on Panel Zone Web and Flanges

Percentage of agreement For Study
Part of one of the connected frame
. 88.9% Yes
members, same thickness.
Panel Zone - : : :
Inserted plate, thickness can differ Different thickness
Web 100% .
. from connected frame members. not considered
Options
Doubler plate is permitted, when
P P 11.1% No doubler plates

needed.

Part of one of the connected frame .
Panel Zone 88.9% For main study

members, same thickness.
Flange - -
. Both flanges, vertical and top, Vary Thicknesses
Options . . 0% .
same dimensions in a Sub-Study
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4.2.1.3 Panel Zone Stiffeners and Column/Rafter Web Stiffeners

The responses regarding the use of panel zone stiffeners that cross the panel zone and of

column or rafter web stiffeners that align with the column or rafter flanges are summarized in

Table 4-3. Given the responses that panel zone stiffeners are not common and because it is less

likely that tension field action develops in panel zone with stiffeners, these stiffeners were not

considered in the computational study. Based on the survey responses, the column or rafter web

stiffeners on the side of the panel zone were oriented horizontal (for vertical end-plate connections)

or vertical (for horizontal end-plate connections).

Table 4-3 Summary of Industry Survey on Panel Zone Stiffeners and Column/Rafter Web Stiffeners

Percentage For Study
Used i . what t of
sed in approx -W- at percent o 21 4%
your buildings?
Horizontal 100%
panel Z Orientation Vertical 42.9% N |
anel Zone - 0 pane
) Diagonal 71.4% P
Stiffeners - - zone
. Stiffener One side 85.7% .
(crossing the ) . stiffeners
location Both sides 71.3% .
panel zone) i considered
66.7% Continuous
) Long edge .
Stiffener 50% Intermittent
weldin 83.3% Both edges
g Short edges ’ 9
50% One edge
Column or Aligned with rafter flange or 100% Horizontal )
. . Horizontal
Beam Web horizontal? 33.3% Aligned
Stiffeners Aligned with column flange or 85.7% Vertical Vertical
(aligned with vertical? 42.9% Aligned
column/rafter | How often are they partial depth? Rarely No partial
flanges) How often are they full depth? Almost always depth

4.2.2 End-Plate Connection Orientation

Table 4-4 provides a summary of the responses regarding the orientation of end-plate

connections.
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Table 4-4 Summary of Industry Survey on End-Plate Connection Orientation

Percentage For Study
Column- Orientation varies? 77.8% Yes Yes
Rafter Horizontal 15.7% .
- ocus on
Bolted End- i . Vertical 48.6% i
Orientation . vertical,
Plate Sloped (Perpendicular
. used 35.7% sub-study
Connection to roof slope)
. . on others.
Orientation Other 0.11%

4.2.3 Column and Rafter Adjacent to the Panel Zone

The responses regarding the dimensions of the columns and rafters adjacent to the panel
zone are almost the same as the corresponding ones for panel zone dimensions in Section 4.2.1.
This is reasonable, because in practice, dimensions of the columns are often designed to be the

same as the panel zone for convenience and cost saving purpose.

4.2.4 Roof Slope

Table 4-5 provides a summary of the responses for roof slope.

Table 4-5 Summary of Industry Survey on Roof Slope

Mean |Median| std For Study
Min (deg.) 0.79 1.19 0.60
Max (deg.) 340 | 317 | 102 | Focusonzi12,
Roof Slope substudy on

Typical min (90%) (deg.) | 2.84 2.40 1.68
Typical max (90%) (deg.) | 18.0 18.4 4.75

0:12 and 4:12

4.3 Prototype Configurations

4.3.1 Parametric Study with Three Varied Primary Design Variables

The panel strength obtained with the theoretical model of Chapter 3 primarily depends on
three dimensionless variables, namely, panel web slenderness, max(hc, hr)/tw, panel web aspect
ratio h,/h¢, and the panel flange flexural strength parameter MP*. The range for the values of these

variables in the prototype structures has been determined based on the industry survey results.

Table 4-6 summarizes the values of the dimensionless variables for the 56 prototype knee joints.
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Each prototype structure corresponds to a different combination of the three variables, to allow the
individual assessment of the effect of each variable. The configurations of the prototype knee joints
are summarized in Table 4-7. It is worth mentioning that, for all prototype structures, the flange
parameter is identical for both flanges at the corner edges of the panel zone (i.e. the flanges on the
two outside edges of the knee joint are assumed identical). All prototype configurations have a
roof slope of 2:12 and a vertical end-plate connection. No stiffener is used in the panel zone.

Table 4-6 VValues and Combinations of Three Variables

max (h_,h,) « [[max(h_,h,) « ||max(h,,h,) « [[max(h_,h,) .
T helhe| My [T e M| e M || | M,

0.67)0.010 0.6710.010 0.67)0.010 0.6710.010

0.005 0.005 0.005 0.005

0.010 0.010 0.010 0.010

075 0.050 0.75 0.050 0.75 0.050 0.75 0.050

0.100 0.100 0.100 0.100

0.005 0.005 0.005 0.005

0.010 0.010 0.010 0.010

144 1.00 0.050 192 1.00 0.050 256 1.00 0.050 292 1.00 0.050

0.100 0.100 0.100 0.100

0.005 0.005 0.005 0.005

0.010 0.010 0.010 0.010

1.33 0.050 1.33 0.050 1.33 0.050 1.33 0.050

0.100 0.100 0.100 0.100

1.50]0.010 1.50]0.010 1.50|0.010 1.50]0.010

Note: he = column web height; h, = rafter web height; t, = panel web thickness; MP* = flange parameter as
defined in Chapter 3.

Because this study focuses on the behavior of the panel zone, the columns and rafters are
assumed to have the same cross-sectional dimensions (i.e., web height and thickness, flange width
and thickness) as the corresponding dimensions of the panel zone. This is also consistent with

industry practice as found in the survey.

The lengths of the columns (height of the building) for all prototype configurations are set
equal to 15 ft. The rafter length is determined in such a way that the rafter of the knee joint extends
to the nearest inflection point when subjected to a combination of typical gravity loads (D + L).
The rafter length (distance from column to rafter inflection point) that is used in the computational

model of the knee joint is given in Table 4-7.
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To evaluate this method for choosing rafter length, a total of five prototype structures (four
corresponding to extreme values in Table 4-7 and one based on average values of member
dimensions and sectional modulus) were designed by Mr. Dean Jorgenson of Metal Building
Software, Inc. in a reversed way. Specifically, the length of the frame members and member tapers
were back-calculated given the knee joint dimensions and the design loads. A substudy was
conducted to investigate the effects of column and rafter length and whether the sections being
tapered has a substantial effect on panel zone behavior. Results provided in Chapter 6 show that
these variables have a negligible impact on the shear strength of the panel zone. This allowed the

models in the parametric study to use idealized lengths and prismatic sections.

Table 4-7 Prototype Configurations for Parametric Study

Panel Panel |Panel|Panel| Panel | Panel End-

Model| max (h,,h, ) laspect M web  |heightjwidth| flange| flange | plate (iolurtT;]n Faﬂfr:
# t ratio P thickness| hr hc | width | thickness thickness |en$t |en$t
hr/he tw (in.) | (in.) | (in.) | br (in.)| t (in.) | ty(in.) =) |1+ (1Y)

1 144 0.67| 0.010 | 0.2500 | 24 | 36 6 0.625 0.875 15 | 185
2 144 0.75| 0.005 | 0.2500 | 27 | 36 8 0.375 0.750 15 |17.0
3 144 0.75| 0.010 | 0.2500 | 27 | 36 6 0.625 0.875 15 |195
4 144 0.75| 0.050 | 0.2500 | 27 | 36 10 1.000 1.125 15 | 295
5 144 0.75| 0.100 | 0.2500 | 27 | 36 14 1.250 1.250 15 |385
6 144 1.00| 0.005 | 0.2500 | 36 | 36 8 0.375 0.750 15 |205
7 144 1.00| 0.010 | 0.2500 | 36 | 36 6 0.625 0.875 15 |23.0
8 144 1.00| 0.050 | 0.2500 | 36 | 36 10 1.000 1.125 15 |345
9 144 1.00| 0.100 | 0.2500 | 36 | 36 14 1.250 1.250 15 |45.0
10 144 1.33| 0.005 | 0.2500 | 36 | 27 6 0.313 | 0.750 15 | 185
11 144 1.33| 0.010 | 0.2500 | 36 | 27 9 0.375 0.750 15 | 215
12 144 1.33| 0.050 | 0.2500 | 36 | 27 10 0.750 1.000 15 |31.0
13 144 1.33| 0.100 | 0.2500 | 36 | 27 12 1.000 1.125 15 |38.0
14 144 150| 0.010 | 0.2500 | 36 | 24 6 0.375 0.750 15 | 205
15 192 0.67 | 0.010 | 0.2500 | 32 | 48 10 0.625 0.875 15 |26.0
16 192 0.75| 0.005 | 0.2500 | 36 | 48 8 0.500 0.875 15 |23.0
17 192 0.75| 0.010 | 0.2500 | 36 | 48 10 0.625 0.875 15 | 275
18 192 0.75| 0.050 | 0.2500 | 36 | 48 12 1.250 1.250 15 | 415
19 192 0.75| 0.100 | 0.2500 | 36 | 48 16 1.500 1.375 15 | 525
20 192 1.00| 0.005 | 0.2500 | 48 | 48 8 0.500 0.875 15 | 275
21 192 1.00| 0.010 | 0.2500 | 48 | 48 10 0.625 0.875 15 |33.0
22 192 1.00| 0.050 | 0.2500 | 48 | 48 12 1.250 1.250 15 |495
23 192 1.00| 0.100 | 0.2500 | 48 | 48 | 16 1.500 1.375 15 | 625
24 192 1.33| 0.005 | 0.2500 | 48 | 36 8 0.375 0.750 15 |245
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Table 4-7 (Continued) Prototype Configurations for Parametric Study

Panel Panel |Panel|Panel| Panel | Panel End-

Model| max (h,,h.) laspectl . «| web |heightwidth| flange| flange | plate ColummRafter
# t ratio Mo thickness| hr he | width [thicknessthickness length llength
! hr /he tw (in.) | (in.) | (in.) | br (in.)| tr (in.) | to(in.) le(fO) | I-(1t)

25 192 1.33 /0.010] 0.2500 | 48 | 36 6 0.625 | 0.875 15 |275
26 192 1.33 /0.050| 0.2500 | 48 | 36 | 10 1.000 | 1.125 15 410
27 192 1.330.100] 0.2500 | 48 | 36 | 14 1.250 | 1.250 15 |53.5
28 192 1.50 |0.010| 0.2500 | 48 | 32 6 0.500 | 0.875 15 |26.0
29 256 0.67 |0.010] 0.1875 | 32 | 48 8 0.625 | 0.875 15 | 225
30 256 0.75]0.005| 0.1875 | 36 | 48 6 0.500 | 0.750 15 195
31 256 0.75 |0.010] 0.1875 | 36 | 48 8 0.625 | 0.875 15 |24.0
32 256 0.75]0.050| 0.1875 | 36 | 48 | 14 1.000 | 1.125 15 |395
33 256 0.7510.100 0.1875 | 36 | 48 | 14 1.500 | 1.375 15 485
34 256 1.00 |0.005| 0.1875 | 48 | 48 6 0.500 | 0.750 15 |225
35 256 1.00 |0.010| 0.1875 | 48 | 48 8 0.625 | 0.875 15 ]28.0
36 256 1.00 |0.050] 0.1875 | 48 | 48 | 14 1.000 | 1.125 15 |465
37 256 1.00 |0.100| 0.1875 | 48 | 48 | 14 1.500 | 1.375 15 | 575
38 256 1.33/0.005| 0.1875 | 48 | 36 6 0.375 | 0.750 15 |21.0
39 256 1.33 /0.010| 0.1875 | 48 | 36 6 0.500 | 0.750 15 |23.0
40 256 1.33/0.050| 0.1875 | 48 | 36 8 1.000 | 1.000 15 355
41 256 1.33/0.100| 0.1875 | 48 | 36 | 10 1.250 | 1.125 15 |44.0
42 256 1.50 |0.010] 0.1875 | 48 | 32 9 0.375 | 0.625 15 |23.0
43 292 0.67 [0.010] 0.1644 | 32 | 48 | 10 0.500 | 0.750 15 215
44 292 0.75 |0.005| 0.1644 | 36 | 48 9 0.375 | 0.625 15 185
45 292 0.75(0.010] 0.1644 | 36 | 48 | 10 0.500 | 0.750 15 |23.0
46 292 0.75/0.050| 0.1644 | 36 | 48 | 12 1.000 | 1.125 15 ]36.0
47 292 0.75]0.100] 0.1644 | 36 | 48 | 16 1.250 | 1.250 15 470
48 292 1.00 |0.005| 0.1644 | 48 | 48 9 0.375 | 0.625 15 210
49 292 1.00 |0.010] 0.1644 | 48 | 48 | 10 0.500 | 0.750 15 |26.5
50 292 1.00 |0.050| 0.1644 | 48 | 48 | 12 1.000 | 1.125 15 425
51 292 1.00 |0.100] 0.1644 | 48 | 48 | 16 1.250 | 1.250 15 |55.5
52 292 1.33 /0.005| 0.1644 | 48 | 36 5 0.375 | 0.625 15 |185
53 292 1.33/0.010] 0.1644 | 48 | 36 | 10 0.375 | 0.625 15 |22.0
54 292 1.3310.050] 0.1644 | 48 | 36 | 12 0.750 | 1.000 15 |37.0
55 292 1.33/0.100] 0.1644 | 48 | 36 | 14 1.000 | 1.125 15 |46.5
56 292 1.50 |0.010] 0.1644 | 48 | 32 8 0.375 | 0.625 15 |215

4.3.2 Sub-studies

A total of four sub-studies were also conducted to investigate the impact of several

additional variables on the knee joint panel zone shear resistance.
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4.3.2.1 Sub-study on Column and Rafter Lengths, and Use of Tapered Sections

The prototype structures considered in the main parametric study used fixed column height
and prismatic members. In real buildings, a range of column heights are possible and members
are typically tapered. To investigate the effect of these differences, a substudy was conducted with

15 configurations as shown in Table 4-8.

4.3.2.2 Sub-study on Flange Flexural Strength Parameter

In the main parametric study, the dimensions of the two flanges at the exterior edges of the
panel zone are assumed identical. A sub-study was performed with 24 knee joint configurations to
examine whether the derived equations are valid for cases where the dimensions for the two flanges

are different. Table 4-9 summarizes the prototype configurations for this substudy.

Table 4-8 Prototype Configurations from Practical Design and Researchers’ Preliminary Design

Panel web |  Panel Panel ;Z:Zle ;Z:Zle End-plate | Column Rafter
Model # | thickness height width - . thickness | length length
tGin) | heGn) | heny | WGt | thickness | T Ry I, (Ft)
br (in.) tr (in.)

8 0.2500 36 36 10 1.0000 1.125 15.00 34.50
8MP 0.2500 36 36 10 1.0000 1.125 28.75 23.24
8MT 0.2500 36 36 10 1.0000 1.125 28.75 23.24

10 0.2500 36 27 6 0.3125 0.75 15.00 18.50
10MP 0.2500 36 27 6 0.3125 0.75 14.72 16.61

10MT 0.2500 36 27 6 0.3125 0.75 14.72 16.61

23 0.2500 48 48 16 1.5000 1.375 15.00 62.50

23MP 0.2500 48 48 16 1.5000 1.375 26.83 30.36
23MT 0.2500 48 48 16 1.5000 1.375 26.83 30.36

28 0.2500 48 32 6 0.5000 0.875 15.00 26.00

28MP 0.2500 48 32 6 0.5000 0.875 19.75 22.54
28MT 0.2500 48 32 6 0.5000 0.875 19.75 22.54

29 0.1875 32 48 8 0.6250 0.875 15.00 22.50

29MP 0.1875 32 48 8 0.6250 0.875 15.30 15.77
29MT 0.1875 32 48 8 0.6250 0.875 15.30 15.77

Note: Configurations with Model #8, 10, 23, 28, and 29 are extracted from Table 4-7, all with prismatic column
and rafter sections, which are considered to be the four extreme cases and one average case. “MT” represents
the designed configurations provided by MBMA (tapered sections). “MBMA prismatic” represent the same
configurations as “MP” except that prismatic sections are used.
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Table 4-9 Prototype Configurations with Different Flange Parameters for Panel Zone

Panel Panel |Panel |Panel Panel Panel | Panel

Model| MaX(N.0,) aspect| ~ «| | web |neightjwidth|"2"%| flange | flange |-°-PlateColumn)Rafter
# t ratio M1 | Mg, thickness| hr | hc width thicknessthicknessth'Ck.ness length flength

w . . . br . . tp (in.) lc(ft) | I (ft)

hr/he tw (in.) | (in.) | (in.) (in) tr1(in.) | tr2(in.)

1A 144 0.75 |0.005/0.010| 0.2500 | 27 | 36 8 0.375 | 0.500 | 0.750 15 17.0
1B 144 0.75 |0.010/0.005| 0.2500 | 27 | 36 8 0.500 | 0.375 | 0.750 15 17.0

2A 144 1.00 |{0.005|0.010| 0.2500 | 36 | 36 8 0.375 | 0.500 | 0.750 15 20.5
2B 144 1.00 (0.010/0.005| 0.2500 | 36 | 36 8 0.500 | 0.375 | 0.750 15 20.5
3A 144 1.33 |0.005|0.010| 0.2500 | 36 | 27 6 0.313 | 0.500 | 0.750 15 18.5
3B 144 1.33 |0.010|0.005| 0.2500 | 36 | 27 6 0.500 | 0.313 | 0.750 15 18.5
4A 192 0.75 |0.005/0.010| 0.2500 | 36 | 48 8 0.500 | 0.750 | 0.875 15 23.0
4B 192 0.75 |0.010/0.005| 0.2500 | 36 | 48 8 0.750 | 0.500 | 0.875 15 23.0
5A 192 1.00 (0.005/0.010| 0.2500 | 48 | 48 8 0.500 | 0.750 | 0.875 15 27.5
5B 192 1.00 {0.010/0.005| 0.2500 | 48 | 48 8 0.750 | 0.500 | 0.875 15 27.5
6A 192 1.33 |0.005/0.010| 0.2500 | 48 | 36 8 0.375 | 0.500 | 0.750 15 24.5
6B 192 1.33|0.010/0.005| 0.2500 | 48 | 36 8 0.500 | 0.375 | 0.750 15 24.5

A 256 0.75 |0.005|0.010{ 0.1875 | 36 | 48 6 0.500 | 0.750 | 0.750 15 195
B 256 0.75 |0.010/0.005| 0.1875 | 36 | 48 6 0.750 | 0.500 | 0.750 15 19.5

8A 256 1.00 (0.005/0.010| 0.1875 | 48 | 48 6 0.500 | 0.750 | 0.750 15 22.5
8B 256 1.00 {0.010|0.005| 0.1875 | 48 | 48 6 0.750 | 0.500 | 0.750 15 22.5

9A 256 1.33 |0.005/0.010| 0.1875 | 48 | 36 6 0.375 | 0.500 | 0.750 15 21.0
9B 256 1.33|0.010/0.005| 0.1875 | 48 | 36 6 0.500 | 0.375 | 0.750 15 21.0

10A 292 0.75 |0.006|0.010| 0.1644 | 36 | 48 | 10 | 0.375 | 0.500 | 0.750 15 23.0
10B 292 0.75 |0.010|0.006| 0.1644 | 36 | 48 | 10 | 0.500 | 0.375 | 0.750 15 23.0
11A 292 1.00 |0.006/0.010{ 0.1644 | 48 | 48 | 10 | 0.375 | 0.500 | 0.750 15 26.5
11B 292 1.00 |0.010/0.006| 0.1644 | 48 | 48 | 10 | 0.500 | 0.375 | 0.750 15 26.5
12A 292 1.33|0.004/0.010{ 0.1644 | 48 | 36 | 10 | 0.250 | 0.375 | 0.625 15 22.0
12B 292 1.33 |0.010/0.004| 0.1644 | 48 | 36 | 10 | 0.375 | 0.250 | 0.625 15 22.0

Note: Configurations with model numbers are not related to those with the same numbers in Table 4-7.

4.3.2.3 Sub-study on Orientation of End-Plate Connection

Another substudy was focused on the effect of the orientation of the end-plate connection.

The prototype configurations for this substudy are provided in Table 4-10.

Table 4-10 Prototype Configurations with Different Orientations of End-Plate Connection

Panel Panel Panel Panel Panel
Model max(hc,hr) aspect| ., = | web Pa_nel width fla}nge flange En.d-plate Column Rafter End-plate
_— M| height width |, . thickness| length [length| ~. .
# t, ratio thlcknessh (in) he b thickness tan) | () | I () orientation
he /he tw(ny [0 (in) (inf) t(in) | PO '
6 144 1.00 |0.005| 0.25 36 | 36 8 0.375 | 0.750 15 | 20.5 | Vertical
6H 144 1.00 |0.005| 0.25 36 | 36 8 0.375 | 0.750 15 | 20.5 |Horizontal
6S 144 1.00 |0.005] 0.25 36 | 36 8 0.375 | 0.750 15 | 20.5 | Sloped
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Table 4-10 (Continued) Prototype Configurations with Different Orientations of End-Plate Connection

Panel Panel Panel Panel Panel
Model max(hc,hr) aspect| .. | web Pa_nel width fla_nge flange Eqd-plate Column Rafter End-plate
_— M| height width |, . thickness| length [length| —. .
# t ratio thlcknessh (in) he b thickness tan) | LGk | 1 (f) orientation
he /he tw(n) [0 (in) (inf) t(in) | PV '
25 192 133 /0.01| 0.25 48 | 36 6 0.625 | 0.875 15 | 27.5 | Vertical
25H 192 1.331001| 0.25 48 | 36 6 0.625 | 0.875 15 | 27.5 |Horizontal
258 192 133 /0.01| 0.25 48 | 36 6 0.625 | 0.875 15 | 275 | Sloped

Note: Configurations with Model #6 and #25 are extracted from Table 4-7, both with vertical end-plate
connection. Model # containing “H” or “S” represents the same configuration as the corresponding one except
that the end-plate connection is either horizontal or sloped (i.e. perpendicular to rafter).

4.3.2.4 Sub-study on Roof Slope
The fourth and final sub-study is focused on the effect of roof slope and involves the

configurations provided in Table 4-11.

Table 4-11 Prototype Configurations with Different Roof Slopes

Panel Panel Panel Panel Panel
Model| max(h,,h,) aspect « | web Pa_nel width flz_inge flange En_d-plate Column) Rafter Roof
_— | Mg . height width |, . thickness| length |length
# t, ratio thlck_ness he (in.) _hc br thlck_ness t@in) | () | I (f) slope
hr /he tw (in.) 71 (in.) (in) te(in) | PV
6 144 1.00 |0.005| 0.25 36 36 8 0.375 | 0.750 15 205 | 2:12
6C 144 1.00 |0.005| 0.25 36 36 8 0.375 | 0.750 15 20.5 | 0:12
6D 144 1.00 [0.005| 0.25 36 36 8 0.375 | 0.750 15 205 | 4:12
25 192 1.33 |0.010] 0.25 48 36 6 0.625 | 0.875 15 275 | 2:12
25C 192 1.33 |0.010| 0.25 48 36 6 0.625 | 0.875 15 275 | 0:12
25D 192 1.33 |0.010] 0.25 48 36 6 0.625 | 0.875 15 275 | 4:12

Note: Configurations with Model #6 and 25 are extracted from Table 4-7, both with a roof slope of 2:12.
Model # containing “C” or “D” represents the same configuration as the corresponding one except that the roof
slope is either 0:12 or 4:12.
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CHAPTER S FINITE ELEMENT MODELING APPROACH AND
VALIDATION

5.1 Modeling Approach

The computational study is performed using the commercial finite element program LS-
DYNA (LSTC 2016a; LSTC 2016b), which is capable of simulating structural response in the
presence of material nonlinearity, large displacements and large strains. The models of the
prototype structures employ shell elements with selectively reduced integration, using the
formulation of Hughes and Liu (1981a; 1981b), to capture the inelastic hysteretic material behavior
and the buckling of panel regions. As shown in Figure 5-1, refined three-dimensional shell element
models simulate the connection regions, while the remainder of the frame members are modeled
with much simpler frame (beam) elements, as this remainder of the frame is most likely to remain
elastic during the loading and its behavior is not of primary interest in this study. The kinematics
of the beam elements are also governed by the formulation of Hughes and Liu (1981). The aim of
the modeling approach is to allow high-fidelity models for the connection regions which are the
focus of the research, while entailing a computational cost which is as low as possible.

/_\

Panel Zone

\ Column Rafter /

4y Vo

Figure 5-1 Finite element model with high-fidelity representation of the connection regions

The model shown in Figure 5-1 simulates a knee joint subjected to positive bending. The
end of the beam (at the inflection point) and column (at the column base) are assumed to be points
of zero moment. The application of loads as shown in Figure 5-1 produces relative magnitudes of
axial force to bending moment in the members consistent with those in a real building. This

configuration of loading is more accurate than applying only bending moments at the joint. Also,

32



because it holds the ratio of axial forces to bending moments relatively constant, it is considered
more generalized than a full frame analysis that is dependent on specific loads and load

combinations.

A mesh sensitivity study was performed to validate the finite element modeling approach.
In general, a finer mesh (i.e., the use of a larger number of elements in a model, with each element
having a smaller size) will lead to more accurate results. However, the computational cost will
increase as the number of elements increases. Based on the mesh sensitivity study, an element size
of 0.5 in. for the shell elements (e.g., 28x56 elements in a panel zone with 14 in. width and 28 in.
height) was found to lead to practically converged results in terms of load-deformation response

and deformed patterns/buckling modes, while also maintaining an acceptable computational cost.

An imperfection sensitivity study was also conducted (not shown here) to investigate the
effect of initial out-of-plane imperfection of the panel web. The first buckling mode of the structure
was obtained by eigenbuckling analysis, and an initial imperfection (based on this first mode) was
introduced in the original geometry of each mesh. The imperfection values were scaled so that the
maximum initial out-of-straightness of the panel web was equal to a certain fraction of the
maximum dimension of the web plate. It was found that the stiffness of the structure was not
significantly affected by the initial imperfection, but the peak load would decrease as the initial
imperfection gets larger. In this study, the maximum initial out-of-straightness of the panel web is
set to 1/72 times the maximum panel in-plane dimension, based on the tolerance allowed for
deviations from a plane in the webs of built-up plate girders (according to MBMA) is 1/72 of the
web depth (MBMA 2012). This value was also selected because it produced reasonable agreement

with experimental results as described in the following section.

An elastoplastic constitutive relationship with elastic modulus, E = 29,000 ksi, yield stress
equal to 55 ksi, linear kinematic hardening, and a hardening modulus of 400 ksi, was used to model
the A572 Gr 55 steel material. The global equations of the structure were solved using an implicit,
incremental/iterative scheme. The simulations adopted a displacement-controlled loading method,
wherein the applied loads are introduced by applying a monotonically increasing displacement at

the end of the rafter in the direction shown in Figure 5-1.
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5.2 Validation Analyses

To validate the finite element modeling approach for this study, two specimens tested by
Young and Murray (1997) were simulated, to ensure that the computational models can

satisfactorily capture the load-displacement response and buckling modes.

Table 5-1 summarizes the information for the validation analyses. Detailed descriptions of

the test specimens and testing program can be found in the report by Young and Murray (1997).

Table 5-1 Specimen Data Used for Modeling

Specimen # 1 2
Section type Prismatic Prismatic
Panel web yield stress, ayw (Ksi) 71.9 70.3
Panel flange yield stress, ays (ksi) 56.7 58.4
Panel width, h¢ (in.) 12 14
Panel height, h, (in.) 26 28
Panel web thickness, ty (in.) 0.138 0.137
Panel flange width, b (in.) 6 6
Panel flange thickness, t; (in.) 0.316 0.315
Experimental failure mode Panel Zone Panel Zone
web buckling | web buckling
Maximum applied load, F (kips) 16.9 21.9
Experimental panel zone
shegr strength,pvexp (Kips) 43.2 46.8

5.3 Validation Analyses Results

5.3.1 Specimen 1

The analytically obtained force-displacement curve for specimen 1 is compared to the
corresponding test data in Figure 5-2. The maximum applied forces obtained from the experiment
and the FEA are 16.9 kips and 18.4 kips, respectively. The 8.9% error between the peak forces of
the test and FEA results is most likely due to the existence of residual stress in the panel zone and
surrounding flanges. At approximately 5 inches of applied displacement, a noticeable reduction of
strength happened in the test specimen possibly due to the fracture of steel in the specimen, which

is not captured in the FE model since it is beyond the scope of this study. Figure 5-3 shows the
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deformed shape of the specimen in the test and the FE simulation. Overall, the FEA results agree

reasonably well with the test data.

8.9% error

20
—e—Experimental Data
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Figure 5-2 Applied force-displacement curves for Young and Murray (1997) Specimen 1

Figure 5-3 Deformed shapes of Young and Murray (1997) Specimen 1

5.3.2 Specimen 2

The comparison between the analytically obtained and experimentally recorded force-
displacement curves for the second specimen is shown in Figure 5-4. The maximum applied forces
obtained from the experiment and the FEA are 21.9 kips and 23.5 Kkips respectively, corresponding
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to an error of 7.3%. This error is also attributed to the existence of residual stress in the panel zone
and surrounding flanges. Figure 5-5 shows the deformed shape of the specimen in the test and the
FE simulation. The agreement between the computational model and experimental test is deemed

satisfactory.

7.3% error —e—Experimental Data

Applied Force [Kip]

U,
0 0.5 1 1.5 2 2.5
Applied Displacement [in]

Figure 5-4 Applied force-displacement curves for Young and Murray (1997) Specimen 2

KNEE TEST 2
8-8-98 218 K

E.

Figure 5-5 Deformed shapes of Young and Murray (1997) Specimen 2
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CHAPTER 6 RESULTS AND DISCUSSION

6.1 Analytical Results for Prototype Structures

A parametric computational study with three varying variables specified in Chapters 3 and
4 and four sub-studies investigating several additional variables were performed to evaluate the
impact of these variables on panel zone shear strength of knee joints and to validate the proposed
theoretical model for the prediction of the strength. This section provides the finite element

analysis results for these studies.

6.1.1 Parametric Study

The modeling scheme described in Chapter 5 was used to create 56 models for the
prototype knee joint configurations described in Section 4.3.1. The maximum applied
displacement in the models was equal to 10 inches (corresponding to a story drift of approximately

4% ~ 5% for most of the configurations).

Two types of load-displacement behavior, in terms of post-yielding response, were
obtained, namely, softening where the strength begins degrading after reaching a peak strength at
a relatively low level of deformation, and hardening where an initially elastic segment of the load-
displacement curve reaches a threshold value of force, then the load-displacement curve retains a
positive slope which is much lower than that of the elastic regime. In the models that experienced
softening, the flanges on the outside of the panel zone were weaker and experienced large inelastic
deformations. Conversely, the hardening response was related to strong flanges that exhibited less

deformation. Softening was found to occur for flange flexural strength parameters, M:, , equal to

0.005 or 0.01, while hardening occurred when M, was equal to 0.05 or 0.1. With an elastoplastic

material model for steel, hardening responses are expected as the material hardens, as long as the
flanges are adequately stiff to anchor the tension field action and allow the development of post-

buckling strength in the panel zones.

Figure 6-1 shows the deformed shape and the effective plastic strain contours obtained at
the end of the analysis for Model #10. This model is selected as an example of a softening load-

deformation response. Noticeable flange plastic hinges occur in the vicinity of the panel zone

37



corner. The band of plastic strains along the diagonal of the panel indicates the formation of a
tension field. The maximum effective plastic strain is 0.3698. In a real structure, this value of
plastic deformation may not be reached, as the steel will be expected to fracture at a lower value
of plastic strain. Therefore, the distribution of plastic strain can also be used to estimate where the
material will fracture first. A detailed analysis of fracture behavior is beyond the scope of the

present study.

Figure 6-2 shows the obtained force-displacement curve for Model #10. Softening occurs
after the applied force reaches the peak value. The maximum applied force, Fmax, is 39.9 kips. The
corresponding story drift at the maximum applied force, calculated based on the geometry of the
model, is 1.19%. The yield displacement, oy, determined by the intersection of the tangent line
crossing the origin and the horizontal line crossing the peak of the curve (as shown in Figure 6-3),
is 2.551n.

There may be reasons to be cautious in the design of panel zones with softening behavior.
The shear strength of panel zones that experience softening is expected to be more sensitive to
initial imperfections and residual stresses. Well-anchored panels undergoing full tension field
action can yield and strain-harden making it less sensitive to early buckling or yielding. The
increased uncertainty associated with fracture and sensitivity of the strength of panel zones that

soften warrants additional testing. See Section 6.4.1 and the Conclusions for additional discussion.

Effective Plastic Strain
3.698e-01
3.328e-01 ]
2.958e-01 _|
2.589e-01 _
2.219e-01 _
1.849e-01 _|
1.479e-01 _|
1.109e-01 _|
7.396e-02
3.698e-02 :I
0.000e+00

Figure 6-1 Deformed shape and effective plastic strain contours at the maximum applied
displacement for Model #10
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Model 10: Applied Force vs. Applied Disp.
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Figure 6-2 Applied force-displacement curve for Model #10
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Figure 6-3 Definition of yield disp. for models with softening behavior

Figure 6-4 shows the deformed shape and the effective plastic strain contours at the end of
the analysis for Model #8 which is an example of a model that exhibited hardening load-
deformation response. It can be observed that plastic hinges still occur on the flanges of the panel
zone at the corner, but they are less pronounced, and tension field development along the diagonal
strip of the panel zone is deduced from the plastic strain contours. The maximum value of effective
plastic strain is 0.1923 which is significantly less than Model #10 implying less potential for

fracture.

Figure 6-5 shows the obtained force-displacement curve for Model #8. Hardening occurs
after the occurrence of yielding. The yield displacement, dy, determined by the intersection of the

tangent line crossing the origin and the tangent line for the post-yielding segment of the curve (as
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shown in Figure 6-6), is 1.71 in. Since the load-displacement curve is always increasing, a
definition of the obtained shear strength for models with hardening behavior is necessary. In this
study, the maximum force for hardening response is defined as the force corresponding to a value
of displacement equal to four times the yield displacement, as shown in Figure 6-6. This definition
is based on a definition of ultimate shear strength for panel zones by Krawinkler (1978). According
to the proposed definition, the maximum applied force for Model #8 is 56.9 kips and the
corresponding story drift is 3.30%.

Effective Plastic Strain
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0.000e+00

Figure 6-4 Deformed shape and effective plastic strain contours at the maximum applied
displacement for Model #8

Model 8: Applied Force vs. Applied Disp.
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Figure 6-5 Applied force-displacement curve for Model #8
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Figure 6-6 Definition of yield disp. and maximum applied force for models with hardening behavior

After the maximum applied force is obtained from the force-displacement curve, the
maximum moment and axial force applied at the rafter face of the panel zone can be determined
based on the geometry of the knee joint. The panel shear strength from the FEA results, Vrem, is
calculated using Eq. (2-8). The accuracy of the specific equation has been verified by comparing
the calculated results of eight models to the maximum transverse forces acting on a section plane

cut along their critical cross section (Figure 6-7), as presented in Table 6-1.

7N

Figure 6-7 Cutting along the critical cross section to obtain maximum transverse (shear) force
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Table 6-1 Validation of Eq. (2-8) for Calculating Shear Strength from FEA Results

Max Axial force P.Z. shear P.Z. shear
) Moment at
applied . at strength strength from | v/
Model connection . . FEM
4 force M connection VEem cutting plane Vv
Fmax (kl ijft) Py = Mu/hro— Pu/2 VFEM,cut FEM cut
(kips) P (kips) (kips) (kips)
1 40.4 422 334 189 201 0.94
2 42.8 432 345 172 182 0.95
3 42.4 455 35.4 180 191 0.94
4 51.2 636 46.5 250 235 1.06
5 61.8 819 58.0 319 306 1.04
6 48.0 534 40.3 156 159 0.98
7 47.8 557 41.2 162 165 0.98
8 56.9 750 52.6 217 213 1.02

Table 6-2 summarizes the FEA results of the 56 models. Further information on the results

of the computational analyses is given in Appendix C. The results are used to evaluate the accuracy
of the prediction equation in Section 6.2.

Table 6-2 FEA Results of Parametric Study (56 models)

Web Panel | Panel | Panel | Panel | End- Rafter qu Story | Vield P.Z.
Model thick- w_eb V\_/eb ﬂqnge fla_mge pl_ate Column length applied driftat| disp. shear
4 ness | height | width | width | thick- | thick- |length I. I force Foo 5, strength
tw .hr .hc _bf ness | ness (ft) (ft) Frmax @) | (in) Vrem

(in) | (in) | (in) | (in.) |t (in.) |tp(in.) (Kips) (Kips)

1 ]0.2500| 24 36 6 0.625 | 0.875| 15 185 | 404 | 1.16 | 2.14 189
2 10.2500( 27 36 8 0.375 | 0.750 | 15 17.0 | 428 | 0.95 | 2.00 172
3 10.2500| 27 36 6 0.625 | 0.875| 15 195 | 424 | 1.11 | 2.04 180
4 10.2500| 27 36 10 |1.000 |1.125| 15 295 | 512 | 357 | 184 250
5 10.2500| 27 36 14 |1.250|1.250| 15 385 | 61.8 | 3.64 | 1.82 319
6 |0.2500| 36 36 8 0.375 | 0.750 | 15 205 | 48.0 | 090 | 1.96 156
7 10.2500| 36 36 6 0.625 | 0.875| 15 23.0 | 478 | 1.02 | 194 162
8 10.2500| 36 36 10 |1.000 |1.125| 15 345 | 569 | 3.30 | 1.71 217
9 |0.2500| 36 36 14 |1.250|1.250| 15 450 | 68.7 | 3.25 | 1.65 276
10 |0.2500| 36 27 6 0.313 |0.750 | 15 185 | 39.9 | 1.19 | 255 126
11 |0.2500| 36 27 9 0.375 |0.750| 15 215 | 383 | 0.96 | 2.07 129
12 10.2500| 36 27 10 | 0.750 [1.000| 15 310 | 419 | 339 | 1.79 158
13 |0.2500| 36 27 12 | 1.000 |1.125| 15 38.0 | 493 | 3.28 | 1.69 195
14 10.2500| 36 24 6 0.375 | 0.750 | 15 205 | 36.0 | 1.27 | 2.72 120
15 ]0.2500| 32 48 10 |0.625|0.875| 15 26.0 | 55.7 | 1.11 | 1.86 218
16 |0.2500| 36 48 8 0.500 {0.875| 15 230 | 584 | 101 | 1.88 194
17 10.2500| 36 48 10 |0.625|0.875| 15 275 | 584 | 1.03 | 1.76 207
18 ]0.2500| 36 48 12 | 1.250 [1.250| 15 415 | 79.6 | 352 | 1.78 309
19 10.2500| 36 48 16 | 1500 |1.375| 15 525 | 949 | 354 | 1.76 383
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Table 6-2 (Continued) FEA Results of Parametric Study (56 models)

Web | Panel | Panel | Panel | Panel | End- Column| Rafter Max Story | Yield P.Z.
Model thick- vv_eb V\_/eb flgnge fla_mge pl_ate length | length applied drift at| disp. shear
ness | height | width | width | thick- | thick- force strength

# tw hr he br | ness | ness | I Fimax Fom""x % Veew
in) | Gn) | Gn) | Gn) |tGn) [wan)| @ | wips) | PO | (0D s

20 |0.2500| 48 48 8 |0.500|0.875| 15 275 | 653 | 0.82 | 1.75 | 172
21 10.2500| 48 48 10 | 0.625|0.875| 15 33.0 | 65.7 | 0.94 | 1.63 183
22 |0.2500| 48 48 12 | 1.250 |1.250| 15 495 | 894 | 3.18 | 1.64 270
23 10.2500| 48 48 16 | 1.500 |1.375| 15 62.5 | 106.1 | 3.16 | 1.61 331
24 10.2500| 48 36 8 0.375 {0.750| 15 245 | 546 | 093 | 2.01 141
25 10.2500| 48 36 6 0.625 | 0.875| 15 275 | 546 | 1.03 | 1.97 146
26 |0.2500| 48 36 10 | 1.000 |1.125 15 410 | 63.1 | 3.17 | 1.67 187
27 10.2500| 48 36 14 | 1.250 |1.250| 15 535 | 749 | 3.01 | 1.55 233
28 |0.2500| 48 32 6 |0.500|0.875| 15 26.0 | 50.2 | 1.08 | 2.22 | 133
29 10.1875| 32 48 8 0.625 | 0.875| 15 225 | 394 | 116 | 143 146
30 |0.1875| 36 48 6 |0.500|0.750| 15 19.5 | 401 | 0.75 | 143 | 124
31 |0.1875| 36 48 8 0.625 | 0.875| 15 240 | 410 | 0.84 | 1.36 138
32 |0.1875| 36 48 14 | 1.000 |1.125| 15 395 | 57.2 | 293 | 1.49 222
33 10.1875| 36 48 14 | 1500 |1.375| 15 485 | 748 | 3.24 | 1.62 298
34 10.1875| 48 48 6 0.500 {0.750| 15 225 | 446 | 068 | 1.31 109
35 |0.1875| 48 48 8 0.625 | 0.875| 15 28.0 | 46.0 | 0.85 | 1.26 122
36 |0.1875| 48 48 14 | 1.000 |1.125| 15 46.5 | 64.1 | 2.67 | 1.38 192
37 10.1875| 48 48 14 | 1500 |1.375| 15 575 | 829 | 295 | 151 255
38 |0.1875| 48 36 6 0.375 {0.750| 15 21.0 | 36.1 | 0.74 | 153 | 87.5
39 |0.1875| 48 36 6 0.500 | 0.750| 15 230 | 36.8 | 0.75 | 1.46 | 926
40 10.1875| 48 36 8 1.000 | 1.000| 15 355 | 46.1 | 263 | 141 132
41 10.1875| 48 36 10 | 1.250 |1.125| 15 440 | 539 | 2.70 | 142 162
42 10.1875| 48 32 9 0.375 [ 0.625| 15 23.0 | 332 | 0.77 | 143 | 843
43 10.1644| 32 48 10 | 0.500 |0.750| 15 215 | 324 | 080 | 1.19 119
44 10.1644| 36 48 9 0.375 [ 0.625| 15 185 | 329 | 0.63 | 1.11 100
45 10.1644| 36 48 10 | 0.500 |0.750| 15 23.0 | 33.7 | 0.87 | 1.15 112
46 |0.1644| 36 48 12 |1 1.000 | 1.125 15 36.0 | 501 | 275 | 1.41 190
47 10.1644| 36 48 16 | 1.250 |1.250| 15 470 | 618 | 3.03 | 152 246
48 10.1644| 48 48 9 0.375 [ 0.625| 15 21.0 | 36.3 | 0.71 | 1.01 | 86.3
49 10.1644| 48 48 10 | 0.500 |0.750| 15 265 | 375 | 1.02 | 1.07 | 976
50 |0.1644| 48 48 12 1 1.000 | 1.125 15 425 | 56.1 | 2.62 | 1.37 165
51 |0.1644| 48 48 16 | 1.250 |1.250| 15 555 | 69.0 | 275 | 141 212
52 |0.1644| 48 36 5 |0.375|0.625| 15 185 | 306 | 0.64 | 1.36 | 69.9
53 10.1644| 48 36 10 | 0.375(0.625| 15 220 | 303 | 0.65 | 1.09 | 74.9
54 10.1644| 48 36 12 | 0.750 [ 1.000| 15 370 | 39.2 | 237 | 1.26 114
55 10.1644| 48 36 14 | 1.000 |1.125| 15 46.5 | 46.5 | 252 | 132 141
56 |0.1644| 48 32 8 0.375 [ 0.625| 15 215 | 28.0 | 0.68 | 1.29 | 69.2
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6.1.2 Analytical Results for Sub-studies

The remainder of this Section will summarize the FEA results for the four sub-studies of

prototype gable frame joints.

6.1.2.1 Sub-study on Column and Rafter Lengths, and Use of Tapered Sections
First a comparison between three models will be presented, then the results of all of the

analyses in this substudy will be presented and conclusions made.

Figure 6-8 shows the deformed shape and the effective plastic strain contours obtained at
the end of the analysis for Model #10, Model #10MP (which has the same configuration as Model
#10 except that the lengths of column and rafter are different), and Model #10MT (which has the
same configuration as Model #10MP except that tapered sections are used). The maximum
effective plastic strain for Model #10 is 0.3698, for Model #10MP 0.3930, and for Model #10MT
0.3723. The deformed shape and plastic strain contours of the panel region for the three models

are similar to each other.

Figure 6-9 shows the applied force-displacement curve for Model #10, Model #10MP, and
Model #10MT. Softening occurs after the applied force reaches the peak value. For Model #10,
the maximum applied force is 39.9 Kips, obtained at a drift ratio of 1.19%, and the yield
displacement is 2.55 in. For Model #10MP, the maximum applied force is 42.35 kips, obtained at
a drift ratio of 1.11%, and the yield displacement is 2.33 in. For Model #10MT, the maximum
applied force is 44.89 kips, obtained at a drift ratio of 1.63%, and the yield displacement is 2.98 in.
It is observed that the force-displacement responses for the three models are close to each other,
indicating a negligible impact of different column and rafter lengths, and the use of tapered section

versus prismatic section, on the strength of panel zone knee joints.
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Effective Plastic Strain
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Figure 6-8 Deformed shapes and effective plastic strain contours at the maximum applied
displacements for Model #10, Model #10MP, and Model #10MT

45



Models 10, 10MP, and 10MT: Applied Force vs. Applied Disp.
Model 10 -eeeeeee Model 10MP - - - - Model 10MT

0 2 4 6 8 10
Applied Disp. (in)

Figure 6-9 Applied force-displacement curves for Model #10, Model #10MP, and Model #10MT

Table 6-3 summarizes the FEA results of the 15 models for this sub-study. Further
information of the results is given in Appendix C. For each triad of models in the sub-study (e.g.,
models 8, 8MP and 8MT), the configurations are similar to those of the main study, apart from the
use of either different column and rafter lengths or prismatic member sections. The panel zone
(P.Z.) shear strength for the three models in each set is very close to each other (with an average
difference of 7% relative to the shear strength of configurations with tapered sections), i.e.,
different column and rafter lengths and the use of tapered sections have a negligible impact on the
shear strength of the panel zone. It can also be concluded that idealization of member length and

prismatic sections led to slightly conservative (smaller) values of shear strength.

Table 6-3 FEA Results of the Substudy — Column and Rafter Lengths,
Tapered Section versus Prismatic Section (15 models)

Web | Panel | Panel | Panel | Panel | End- Rafter Max | Story vield P.Z
Model thick- | web | web |flange| flange | plate | Column lenath applied | drift dis shear | Ratio
4 ness | height | width | width | thick- | thick- | length I¢ |g force at 5p. strength |  of
r y

b .hr _hc .bf ness | ness (ft) () Frax | Fmax (in) Veem | Veem *
(in) | (in) | (in) | (in.)) | t(in.) |ty (in.) (kips) | (%) (Kips)

8 025 | 36 36 10 |1.0000(1.125| 15.00 | 34.50 | 56.9 |3.30 |1.71| 217 | 94%
8MP | 0.25 | 36 36 10 (1.0000(1.125| 28.75 | 23.24 | 445 |4.49|214| 221 | 95%
8MT | 0.25 | 36 36 10 |1.0000(1.125| 28.75 | 23.24 | 46.6 |4.47|2.01| 231 |100%

10 | 0.25 | 36 27 6 (0.3125/0.750| 15.00 | 1850 | 39.9 |1.19|255| 126 | 95%
10MP| 0.25 | 36 27 6 (0.3125/0.750| 14.72 | 16.61 | 424 |1.11|233| 125 | 94%
10MT| 0.25 | 36 27 6 (0.3125|0.750| 14.72 | 16.61 | 449 |1.63|2.98| 133 |[100%
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Table 6-3 (Continued) FEA Results of the Substudy — Column and Rafter Lengths,
Tapered Section versus Prismatic Section (15 models)

End-
\r/]\_/eli) Panel | Panel fITaneI 1I:’Ianel plate | Column | Rafter M?_x Stqry Yield Fr’].Z. _
Model thick- vv_eb V\_/eb ange| flange| ..\ - length | length applied| drift disp shear | Ratio
ness |height|width|width | thick- force | at " Istrength| of
# ness lc Iy dy *
tW hl’ hC bf ness t (ft) (ft) Fmax Fmax (In ) VFEM VFEM
(in.) | (in) | (in) | (in.) |t (in.) (ir‘;) (kips) | (%) 7| (Kips)

23 |0.2500| 48 | 48 | 16 |1.500 [1.375| 15.00 | 62.50 | 106.1 | 1.19 | 2.55| 331 | 89%
23MP [0.2500| 48 | 48 | 16 |1.500 (1.375| 26.83 | 30.36 | 85.9 | 4.40|1.58 | 347 | 94%
23MT|0.2500| 48 | 48 | 16 |1.500 |1.375| 26.83 | 30.36 | 91.7 |4.46|1.96| 370 |100%

28 |0.2500| 48 | 32 6 |0.500|0.875| 15.00 | 26.00 | 50.2 |1.08 |2.22 | 133 | 92%
28MP|0.2500| 48 | 32 6 |0.500|0.875| 19.75 | 2254 | 444 | 138|270 | 134 | 92%
28MT [0.2500| 48 | 32 6 |0.500(0.875| 19.75 | 22.54 | 48.0 |1.99|3.93| 144 |100%

8
8

29 |0.1875| 32 | 48 0.625 |{0.875| 15.00 | 22.50 | 39.4 |1.16 |1.43| 146 | 92%
29MP 0.1875| 32 | 48 0.625 (0.875| 15.30 | 15.77 | 45.7 | 0.72 |1.08 | 145 | 91%
29MT (0.1875| 32 | 48 8 |0.625|0.875| 15.30 | 15.77 | 50.2 |0.82 |1.18 | 160 |100%
“: Ratios are relative to the shear strength of the corresponding configuration with tapered section.

6.1.2.2 Sub-study on Flange Flexural Strength Parameter

Table 6-4 provides the FEA results of the 24 models for this substudy. The deformed shapes
of the models are similar to those with similar configurations in the parametric study, and thus are
not provided here. All the models have flange flexural strength parameters smaller than 0.05, and
a softening post-peak behavior is obtained in the corresponding force-displacement curves. It is
also noted that the panel shear strength is almost the same for each pair of models (e.g., models
1A and 1B), with an average difference of less than 1%. More detailed information on the FEA
results is presented in Appendix C.

Table 6-4 FEA Results of the Substudy — Flange Flexural Strength Parameter (24 models)

Web | Panel Panel Panel | Panel | Panel | End- Column! Rafter Max storv | Yield P.Z.
thick- | web flange | flange| flange | plate applied | ;. y| shear |Ratio
Model . web | . . - length | length drift at| disp.
ness |height| . width | thick- | thick- | thick- force strength | of
# width le Ir Frax | dy .
tw hr he (in.) br |nessteu| nesstp |ness tp (f0) (f) Frmax @) | (in) Veem  [Veem
(in) | (in) [ Y] (in) | (in) | (in) | (in) (kips) 7| (kips)

1A 10.2500] 27 | 36 8 ]0.375|0.500|0.750| 15 |17.0| 434 | 093|193 | 174 |100%
1B 10.2500] 27 | 36 0.500| 0.375|0.750| 15 |17.0| 433 | 086|178 | 173 |99%
2A 10.2500] 36 | 36 0.375/0.500 |0.750] 15 | 205 | 48.2 |0.85]185| 157 |100%
2B |0.2500] 36 | 36 0.500/0.375|0.750] 15 | 205 | 48.2 | 083|178 | 156 |100%
3A |0.2500, 36 | 27 0.313|0.500 |0.750| 15 | 185 | 404 | 099|221 | 128 |100%
3B 10.2500] 36 | 27 0.500| 0.313 |0.750| 15 |185| 405 | 111|234 | 127 |99%
4A 10.2500] 36 | 48 0.500/0.750 |0.875| 15 |23.0| 59.8 | 096|182 | 199 |100%
4B 10.2500] 36 | 48 0.750/0.500 |0.875] 15 | 23.0| 59.6 | 086|161 | 197 |99%

00 (0O |[OY|O> (0O (0O |00
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Table 6-4 (Continued) FEA Results of the Substudy — Flange Flexural Strength Parameter (24 models)

Web Panel | Panel | Panel | Panel | Panel | End- Column! Rafter Ma_x Stqry Yield P.Z _
Model thick- | web | web flange| flange) flange | plate length |length applied | drift disp. shear |Ratio
4 | Ness height | width | width | thick- | thick- | thick- L L force | at 5 strength| of X
_tw .hr _hc _bf ness tn ness tp ness tp (f) (f) Frmax | Fmax (iny) Veem  Meewm

(in) | (in) | (in) | (in) | (in) | (in.) | (in.) (kips) | (%) 7| (Kips)
5A |0.2500, 48 | 48 8 |0.500|0.750|0.875| 15 |27.5| 66.8 | 0.86|1.66| 176 |100%
5B [0.2500] 48 | 48 | 8 |0.750|0.500|0.875| 15 |275| 66.7 |0.80|155| 175 |99%
6A |0.2500, 48 | 36 8 ]0.375/0.500|0.750|] 15 | 245 | 545 | 086 |185| 141 |100%
6B |0.2500 48 | 36 8 |0.500|0.375]|0.750| 15 | 245 | 553 |0.90|1.98| 143 |101%
Z7A |0.1875 36 | 48 6 |0.500|0.750|0.750|] 15 | 195 | 411 |0.73|139| 127 |100%
7B |0.1875 36 | 48 6 |0.750|0.500|0.750| 15 | 195 | 410 |0.71 126 | 126 | 99%
8A 0.1875 48 48 6 |0.500|0.750 |0.750( 15 | 225 | 457 |0.70|1.25| 112 |100%
8B |0.1875| 48 | 48 6 |0.750|0.500 |0.750| 15 | 225 | 456 |0.80|1.34| 111 |99%
9A |0.1875 48 | 36 6 |0.375|0.500|0.750|] 15 |21.0| 36.7 | 0.69|1.43| 89.0 |100%
9B |0.1875] 48 | 36 6 |0.500|0.375|0.750( 15 |21.0| 36.8 |0.70 | 1.46 | 88.9 [100%
10A |0.1644| 36 | 48 | 10 |0.375]|0.500|0.750| 15 |23.0| 31.2 [0.76 | 1.23 | 104 |100%
10B |0.1644| 36 | 48 | 10 |0.500|0.375|0.750( 15 |23.0| 314 |0.78 |1.13 | 105 |100%
11A |0.1644| 48 | 48 | 10 |0.375]|0.500|0.750| 15 |26.5| 35.0 [0.82 | 111 | 91.3 |100%
11B |0.1644) 48 | 48 | 10 |0.500|0.375[0.750] 15 |26.5| 354 | 092|107 | 922 |101%
12A 10.1644| 48 | 36 | 10 |0.250|0.375|0.625| 15 |22.0| 281 |0.97|183| 69.8 |100%
12B 10.1644) 48 | 36 | 10 |0.375|0.250 |0.625| 15 |22.0| 284 | 052|118 | 703 |101%

“: Ratios are relative to the shear strength of the first model of each pair.

6.1.2.3 Sub-study on Orientation of End-Plate Connection

Figure 6-10 shows the deformed shapes and the effective plastic strain contours at the
maximum applied displacement for Models #6, #6H, and #6S, which corresponds to different
orientations of the end-plate connection. Table 6-5 summarizes the FEA results for this sub-study.
For each triad of models, the highest panel shear strength is obtained for a vertical end-plate
connection. The side of the panel zone with the end-plate is generally stiffer than the other three
sides of the panel zone. While the reason for the variation in shear strength with different end-
plate orientation is not well understood, it is hypothesized that the difference may be related to
whether the side subjected to larger axial forces is the stiffer end-plate side or may be related to
the length of the stiffer end-plate side. It is noted that the rafters evaluated in this study were
subjected to axial tension and in general, the axial force in the rafter was larger than that in the
column because the rafter was longer than the column and the model was loaded like a knee joint
test. The average difference relative to the shear strength of the strongest configuration in each
triad is 8%. For horizontal or sloped end-plate connections where the rafter experiences larger

axial forces than the column, it may be necessary to reduce panel zone shear strength. The
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accuracy of the prediction equation to capture these configurations will be evaluated in the next
section and modifications for end-plate orientation will be discussed. Further information on the
results of this sub-study is given in Appendix C.

Effective Plastic Strain
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Figure 6-10 Deformed shapes and effective plastic strain contours at the maximum applied
displacement for Model #6, Model #6H, and Model #6S
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Table 6-5 FEA Results of the Substudy — Orientation of End-Plate Connection (4 models)

Web | Panel | Panel | Panel | Panel | End- Column| Rafter| End Max  |story Yield P.Z

thick- | web | web |flange |flange| plate applied| drift | ,. shear |Ratio
Model ness |height| width | width | thick- | thick- length | length plate force | at disp. strength| of
# I I, |orient- dy .
tw hr he br | ness tfness tp . Frax | Fmax | Veem [Vrem
) ) . . . . (f) | (ft) |ation |, . o) | D) | s
(in.) | (in.) | (in.) | (in.) | (in.) | (in.) (kips) | (%) (kips)

6 | 025 ] 36 36 8 10375]0.750| 15 | 20.5 | Vert. | 48.0 |0.90|1.96| 156 |100%
6H | 025 | 36 36 0.375/0.750| 15 | 205 |Horz.| 43.5 |0.99|190| 141 |91%
6S | 025 | 36 36 0.375]0.750| 15 | 20.5 |Sloped| 44.4 11.29/1.90| 144 |93%
25 | 025 | 48 36 0.625|0.875| 15 | 275 | Vert. | 54.6 [1.083|1.97| 146 [100%
25H | 0.25 | 48 36 0.625/0.875| 15 | 275 |Horz.| 49.5 [154]199] 133 | 91%
255 | 0.25 | 48 36 6 106250875 15 | 27.5 |Sloped| 50.6 |1.53|[1.90| 135 |93%

6.1.2.4": Ratios are relative to the shear strength of the model with vertical end-plate. Sub-study on Roof

o |O) |00 |00

Slope

Figure 6-11 shows the deformed shapes and the effective plastic strain contours at the end
of the analysis for Models #6C and #6D. Table 6-6 summarizes the results for the sub-study
focusing on the effect of roof-slope. It is noted that the highest panel shear strength is obtained for
a zero roof slope. This is probably due to the fact that the resistance of the end-plate connection to
shear deformation is maximized when forces from the rafter flanges are perpendicular to the end-
plate connection. Detailed information of the FEA results of this sub-study is given in Appendix
C.

Effective Plastic Strain
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Figure 6-11 Deformed shape and effective plastic strain contours at the maximum applied
displacement for Model #6C and Model #6D
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Model #6D
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Figure 6-11 (Continued) Deformed shapes and effective plastic strain contours at the maximum
applied displacement for Model #6C and Model #6D

Table 6-6 FEA Results of the Substudy — Roof Slope (4 models)

F\’zzgl Panel | Panel ::2;; ;Z?}ZL End-plate| Column|Rafter apl)\g?i);d S:jtrc:g/ Yield s%ezér
Model|,, . height| width | . : thickness| length |length| Roof disp.
thickness width [thickness force | at strength
# o .hr _hc br t _tp Ie Ir |slope Fooe | Frnax _5y Veen
ny | @[ F Gy |y | M) | () kips) | @) | "™ | ips)
6 0.25 36 | 36 8 0.375 | 0.750 15 205 | 2:12 | 48.0 [0.90|1.96 | 156
6C 0.25 36 | 36 8 0.375 | 0.750 15 205 | 0:12 | 47.0 [1.07|230| 171
6D 0.25 36 | 36 8 0.375 | 0.750 15 205 | 4:12 | 499 |(0.86|1.68| 142
25 0.25 48 36 6 0.625 0.875 15 275|212 | 546 |1.03|1.97| 146
25C | 0.25 48 | 36 6 0.625 | 0.875 15 275 | 0:12 | 52.3 |1.09|2.24| 157
25D | 0.25 48 | 36 6 0.625 | 0.875 15 275 | 4:12| 58.7 [0.99|1.75| 138

6.2 Validation and Modification of Theoretical Model

In this section, the proposed theoretical model is first validated against available test data.

Then the FEA results of the parametric study and the sub-studies are used to further validate and

modify the theoretical model.

6.2.1 Validation against Test Data

Table 6-7 shows the test data and shear strength calculations of the two test specimens

(Young and Murray 1997) used to validate the FE modeling approach. The predicted shear strength

from the derived equations agrees well with the one obtained from the test results. However, only

two test specimens are used for validation, and the derived equations overpredict the shear strength
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by 14% for one of them. Further validation and modification of the theoretical model are therefore

necessary.

Table 6-7 Validation of Theoretical Model against Test Data (Young and Murray 1997)

P.Z. shear P. Z. shear V
Specimen max(hc’hr) hhe | M strength K C c. | Viea | Vo |strength from) Yz
# ritle P from test v Y| (kips) | (kips) | derived eqgns o
" Vexp (Kips) Vpz (Kips)
188 2.17 | 0.036 43.2 6.19 | 052 | 058 | 11.7 | 374 49.1 114%
204 2.00 |0.028 46.8 6.34 | 0.39 | 0.69 | 13.6 | 319 45.5 97%

6.2.2 Parametric Study

6.2.1.1 Validation of Derived Equations

The capability of the theoretical model described in Chapter 3 to predict the panel zone
shear strength was checked by comparing the panel shear strength obtained from the 56 finite
element models to the value obtained using Egs. (3-1), (3-2), and (3-26), as shown in Table 6-8.
The ratios of the shear strength obtained with the theoretical model and finite element analyses are
also provided. The panel zone shear strength obtained from the FEA results is divided by a factor
of 1.08 to obtain the expected “actual” panel zone shear strength. This modification is conducted
because the validation analyses for the modeling scheme in Section 5.3 were found to overestimate

the peak strength by an average 8%.

Table 6-8 Evaluating Preliminary Derived Equations - BEFORE MODIFICATION

P.Z P.Z
shear shear
strengt strength
Mode! mex(h.h,) he/he | Mer™ | Mey® ntom| K | o | o | Ve | Ve | Soom |——Yer
t, FEA (kips) | (kips) derived | Veem /1.08
VEem eqns
(Kips) Vez (Kips)
1 144 0.67 [ 0.011]0.011| 189 16.0 | 0.64 | 041 | 43.7 | 182 226 129%
2 144 0.75 | 0.005|0.005| 172 135 | 054 | 051 | 327 | 154 186 117%
3 144 0.75 [ 0.011]0.011| 180 135 | 054 | 051 | 46.8 | 154 200 120%
4 144 0.75 | 0.046 | 0.046 | 250 135 | 054 | 051 | 941 | 154 248 107%
5 144 0.75 [ 0.101]0.101| 319 135 | 054 | 051 | 136 | 154 289 98%
6 144 1.00 | 0.005|0.005| 156 9.34 | 0.37 | 0.66 | 33.1 | 106 139 96%
7 144 1.00 | 0.011|0.011| 162 9.34 | 0.37 | 0.66 | 475 | 106 154 103%
8 144 1.00 | 0.046 | 0.046 | 217 9.34 | 0.37 | 0.66 | 96.1 | 106 202 101%
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Table 6-8 (Continued) Evaluating Preliminary Equations - BEFORE MODIFICATION

P.Z P.Z

shear shear

strengt strength

MO;EI max(f.h) he/Ne | Mes™ | Mey" hfrogm K | c | c || Ve from |~
t, FEA (kips) | (kips) derived | Veem /1.08

VEem eqns

(Kips) Vez (Kips)
9 144 1.00 {0.101|0.101| 276 | 9.34 | 0.37 | 0.66 | 139 | 106 246 96%
10 144 1.33 | 0.005|0.005| 126 759 | 054 | 051 | 17.8 | 115 133 114%
11 144 1.33 | 0.010|0.010| 129 759 | 054 | 0.51 | 26.0 | 115 141 118%
12 144 1.33 | 0.046 | 0.046 | 158 759 | 054 | 0.51 | 53.6 | 115 169 115%
13 144 1.33 {0.099|0.099| 195 | 759 | 054 | 0.51 | 76.9 | 115 192 106%
14 144 1.50 | 0.009 | 0.009 | 120 712 | 064 | 041 | 17.7 | 121 139 126%
15 192 0.67 | 0.010 | 0.010 | 218 16.0 | 0.36 | 0.69 | 73.4 | 137 210 104%
16 192 0.75 | 0.005|0.005| 194 135 | 030 | 0.73 | 52.6 | 115 168 93%
17 192 0.75 | 0.010 | 0.010 | 207 135 | 030 | 0.73 | 73.0 | 115 188 98%
18 192 0.75 1 0.049 | 0.049 | 309 135 | 030 | 0.73 | 156 | 115 271 95%
19 192 0.75 |1 0.094 | 0.094 | 383 135 | 0.30 | 0.73 | 213 | 115 328 92%
20 192 1.00 | 0.005|0.005| 172 9.34 | 0.21 | 0.81 | 49.0 | 79.7 129 81%
21 192 1.00 | 0.010|0.010| 183 9.34 | 0.21 | 0.81 | 68.2 | 79.7 148 87%
22 192 1.00 | 0.049|0.049 | 270 9.34 | 0.21 | 0.81 | 147 | 79.7 226 91%
23 192 1.00 {0.094|0.094| 331 | 9.34 | 0.21 | 0.81 | 200 | 79.7 280 91%
24 192 1.33 | 0.005|0.005| 141 7.59 | 0.30 | 0.73 | 29.7 | 86.3 116 89%
25 192 133 {0.011|0.011| 146 | 759 | 0.30 | 0.73 | 42.6 | 86.3 129 95%
26 192 1.33 | 0.046 | 0.046 | 187 759 | 0.30 | 0.73 | 86.6 | 86.3 173 100%
27 192 133 {0.101|0.101| 233 | 7.59 | 0.30 | 0.73 | 126 | 86.3 212 99%
28 192 1.50 | 0.009 | 0.009 | 133 7.12 | 0.36 | 0.69 | 30.6 | 91.1 122 99%
29 256 0.67 | 0.011|0.011| 146 16.0 | 0.20 | 0.83 | 625 | 57.7 120 89%
30 256 0.75 | 0.005|0.005| 124 135 | 0.17 | 0.85 | 42.6 | 48.6 91.1 79%
31 256 0.75 |1 0.011 | 0.011| 138 135 | 0.17 | 0.85 | 61.1 | 48.6 110 86%
32 256 0.75 1 0.049 | 0.049 | 222 135 | 0.17 | 0.85 | 126 | 48.6 175 85%
33 256 0.75 | 0.109 | 0.109 | 298 135 | 0.17 | 0.85 | 186 | 48.6 234 85%
34 256 1.00 | 0.005|0.005| 109 9.34 | 0.12 | 0.90 | 38.6 | 33.6 72.2 2%
35 256 1.00 {0.011|0.011| 122 | 9.34 | 0.12 | 0.90 | 55.5 | 33.6 89.1 79%
36 256 1.00 | 0.049|0.049 | 192 9.34 | 0.12 | 0.90 | 115 | 33.6 149 84%
37 256 1.00 {0.109|0.109| 255 | 9.34 | 0.12 | 0.90 | 170 | 33.6 204 86%
38 256 1.33 |0.005|0.005| 875 | 759 | 0.17 | 0.85 | 24.0 | 364 60.5 5%
39 256 1.33 {0.009|0.009| 9266 | 759 | 0.17 | 0.85 | 31.9 | 364 68.4 80%
40 256 1.33 |0.049|0.049 | 132 759 | 0.17 | 0.85 | 724 | 364 109 89%
41 256 1.33 {0.096|0.096| 162 | 7.59 | 0.17 | 0.85 | 99.9 | 364 136 91%
42 256 150 |0.010|0.010| 84.3 | 7.12 | 0.20 | 0.83 | 26.7 | 38.4 65.2 84%
43 292 0.67 | 0.010 | 0.010 | 119 16.0 | 0.16 | 0.87 | 53.7 | 38.9 92.6 84%
44 292 0.75 1 0.005|0.005| 100 135 | 013 | 0.89 | 374 | 32.7 70.1 76%
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Table 6-8 (Continued) Evaluating Preliminary Equations - BEFORE MODIFICATION

P.Z P.Z.
shear shear
strengt strength
Moge' max(hy fi) he/he | Mes™ | Mpy" nfrom| K c | G (\k/:;;‘) (k\ilgs) from vV—P/Zlos
w FEA derived | "FEM/—*
VEem eqns
(Kips) Vez (Kips)
45 292 0.75 | 0.010|0.010| 112 | 135 | 0.13 | 0.89 | 52.2 | 32.7 85.0 82%
46 292 0.75 | 0.048|0.048| 190 | 135 | 0.13 | 0.89 | 112 | 32.7 145 82%
47 292 0.75 [ 0.099|0.099| 246 | 135 | 0.13 | 0.89 | 159 | 32.7 191 84%
48 292 1.00 [ 0.005|0.005| 86.3 | 9.34 | 0.09 | 0.92 | 33.7 | 22.7 56.3 71%
49 292 1.00 [0.010|0.010| 97.6 | 9.34 | 0.09 | 0.92 | 47.1 | 22.7 69.8 77%
50 292 1.00 [ 0.0480.048| 165 | 9.34 | 0.09 | 0.92 | 101 | 22.7 124 81%
51 292 1.00 [0.099 [0.099 | 212 | 934 | 0.09 | 0.92 | 144 | 22.7 167 85%
52 292 1.33 |0.005[0.005| 69.9 | 7.59 | 0.13 | 0.89 | 21.0 | 24.6 455 70%
53 292 1.33 {0.010|0.010| 749 | 759 | 0.13 | 0.89 | 29.5 | 24.6 54.1 78%
54 292 1.33 10.0480.048| 114 | 759 | 0.13 | 0.89 | 63.6 | 24.6 88.2 83%
55 292 1.33 10.099 (0.099| 141 | 759 | 0.13 | 0.89 | 90.4 | 24.6 115 88%
56 292 150 [0.010|0.010| 69.2 | 7.12 | 0.16 | 0.87 | 24.2 | 25.9 50.1 78%
Average: 92%
Standard deviation: 14%
Percentage of models with 20% difference or less: 75%
Percentage of models with 10% difference or less: 34%

The theoretical model equations were found to produce panel zone shear strength that were
smaller than the shear strengths from the FE models by 8% on average. However, the standard
deviation of this difference is large (14%) and there are cases where the prediction equations
produce unconservative (larger) shear strength than the models. This is attributed to several
idealized assumptions made during the formulation of the theoretical model, e.g., that the panel web
plate is simply supported in the out-of-plane direction and rigidly anchored to resist in-plane
deformation at the edges connected to the column and rafter, that the stress distribution across the

tension field strip is uniform, and that the geometry of the panel zone is a rectangle as well.

Figure 6-12 shows that the accuracy of the panel zone shear strength prediction equation
varies depending on the three primary design variables, and are rather scattered above and below
the strength from FEA. For example, the ratio of predicted to FEA strength decreases as the panel
web slenderness increases, and increases as the aspect ratio, max(hr, he)/min(hr, he), increases.

This dependency and variations can be attributed to the idealized boundary conditions.
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6.2.1.2 Modification of Theoretical Model

To improve the accuracy of the predicted panel zone shear strength with the theoretical
model, a modification to the buckling strength is calibrated to account for boundary conditions.
Specifically, the shear buckling coefficient, Cyv, is modified to account for the limited accuracy of
the idealized assumptions mentioned in Section 6.2.1.1. A modification with a first-order linear

equation is made to Cy as follows:
C: =CC, +C, (6-1)

where Ci1 and C: are constant coefficients determined by solving an optimization problem. The
objective function for the optimization is set to the root mean square (RMS) of the differences
between the Vpz / (Vrem /1.08) ratios and 1.0, which is desired to be minimum for optimized
solution. A Generalized Reduced Gradient (GRG) nonlinear solving method (Lasdon et al. 1978)
is adopted for the solution of the optimization problem and the optimal values of C1 and C2 were

found to be equal to 0.50 and 0.17, respectively.

Table 6-9 shows the results for the 56 models calculated with the modified theoretical
model compared to those obtained with the original equations of Chapter 3. The accuracy of the
modified theoretical model is found to be significantly improved, and the error is less than 10%

for all cases considered.

Table 6-9 Comparison of Results Calculated with Original and Modified Derived Equations —
Parametric Study

Original Equations Modified Equations

P.Z. P.Z.

oo Sha shea
Moﬁ | from Vien | Ve | SUENO v, | Vaea | Ve St;fgr%th Ve,

FEA | & (ips) | (kips) | oM Voo /108 | O | (kips) | (kips) | derived | Vo, /1.08

Veew erived eqns

(kips) eans Vpz

Vpz (Kips) (Kips)
1 189 0.64 43.7 182 226 129% 0.49 | 51.3 | 140 191 109%
2 172 0.54 32.7 154 186 117% 0.44 | 35.7 | 125 161 101%
3 180 0.54 46.8 154 200 120% 044 | 51.2 | 125 177 106%
4 250 0.54 94.1 154 248 107% 0.44 | 103 125 228 99%
5 319 0.54 136 154 289 98% 0.44 | 149 | 125 274 93%
6 156 0.37 33.1 106 139 96% 0.36 | 335 | 102 135 94%
7 162 0.37 47.5 106 154 103% 0.36 | 48.1 | 102 150 100%
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Table 6-9 (Continued) Comparison of Results Calculated with Original and Modified Derived
Equations — Parametric Study

Original Equations

Modified Equations

P.Z.
shear P.Z. P.Z
Model strength shear shear

. EET\ N Viea | Ve st;regg]th V., o | Vi | Ve st][tregrg]th Vo,

Vien (kips) | (Kips) derived | Veem /1.08 (kips) | (Kips) derived | Vrem /1.08

(kips) eqns egns

Vpz (klpS) Vp; (klpS)

8 217 0.37 96.1 106 202 101% 0.36 | 97.3 | 102 199 99%
9 276 0.37 139 106 246 96% 0.36 | 141 | 102 243 95%
10 126 0.54 17.8 115 133 114% 044 | 194 | 94.0 113 97%
11 129 0.54 26.0 115 141 118% 044 | 284 | 94.0 122 102%
12 158 0.54 53.6 115 169 115% 0.44 | 58.7 | 94.0 153 104%
13 195 0.54 76.9 115 192 106% 044 | 84.4 | 94.0 178 99%
14 120 0.64 17.7 121 139 126% 049 | 20.8 | 93.1 114 103%
15 218 0.36 73.4 137 210 104% 035] 739 | 133 207 102%
16 194 0.30 52.6 115 168 93% 032 | 519 | 122 174 97%
17 207 0.30 73.0 115 188 98% 032 | 722 | 122 194 102%
18 309 0.30 156 115 271 95% 032 | 154 122 277 97%
19 383 0.30 213 115 328 92% 0.32 | 210 | 122 332 94%
20 172 0.21 49.0 79.7 129 81% 0.27 | 47.2 | 105 152 95%
21 183 0.21 68.2 79.7 148 87% 0.27 | 65.6 | 105 170 100%
22 270 0.21 147 79.7 226 91% 0.27 | 141 105 245 98%
23 331 0.21 200 79.7 280 91% 0.27 | 192 105 297 97%
24 141 0.30 29.7 86.3 116 89% 032 | 29.3 | 91.8 121 93%
25 146 0.30 42.6 86.3 129 95% 032 | 421 | 918 134 99%
26 187 0.30 86.6 86.3 173 100% 0.32 | 855 | 91.8 177 102%
27 233 0.30 126 86.3 212 99% 032 | 124 | 918 216 100%
28 133 0.36 30.6 91.1 122 99% 0.35 | 30.8 | 88.7 120 97%
29 146 0.20 62.5 57.7 120 89% 0.27 | 60.1 | 774 138 102%
30 124 0.17 42.6 48.6 91.1 79% 0.25 | 40.6 | 72.9 113 98%
31 138 0.17 61.1 48.6 110 86% 0.25| 58.2 | 72.9 131 102%
32 222 0.17 126 48.6 175 85% 0.25 | 120 | 72.9 193 94%
33 298 0.17 186 48.6 234 85% 0.25| 177 | 729 249 91%
34 109 0.12 38.6 33.6 72.2 2% 0.23 | 364 | 65.4 102 101%
35 122 0.12 55.5 33.6 89.1 79% 0.23 | 52.2 | 654 118 104%
36 192 0.12 115 33.6 149 84% 0.23 | 108 | 65.4 174 98%
37 255 0.12 170 33.6 204 86% 0.23 | 160 | 654 225 95%
38 87.5 0.17 24.0 36.4 60.5 75% 0.25 | 229 | 54.7 77.6 96%
39 92.6 0.17 31.9 36.4 68.4 80% 0.25| 304 | 54.7 85.1 99%
40 132 0.17 72.4 36.4 109 89% 0.25 | 69.0 | 54.7 124 101%
41 162 0.17 99.9 36.4 136 91% 0.25| 95.2 | 54.7 150 100%
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Table 6-9 (Continued) Comparison of Results Calculated with Original and Modified Derived
Equations — Parametric Study

Original Equations

Modified Equations

P.Z
shear Pz st
strength strength
MO#? ° ];:rgz c Vrea Ver St][?glglth Ves o Vrea | Vor frc_)r% Vez
Ve, Y1 (kips) | (Kips) derived | Veewm /1.08| | (kips) | (kips) digxgd Vegy /1.08
Kips eqns
(ps) Vez (Kips) (l:’lzzs )
42 84.3 020 | 26.7 38.4 65.2 84% 0.27 | 25.7 | 51.6 77.3 99%
43 119 0.16 | 53.7 38.9 92.6 84% 0.25 | 51.1 | 620 113 103%
44 100 013 | 374 | 327 70.1 76% 0.24 | 35.3 | 59.0 94.3 102%
45 112 0.13 | 522 32.7 85.0 82% 0.24 | 49.4 | 59.0 108 104%
46 190 0.13 112 32.7 145 82% 0.24 | 106 | 59.0 165 94%
47 246 0.13 159 32.7 191 84% 0.24 | 150 | 59.0 209 91%
48 86.3 0.09 33.7 22.7 56.3 71% 0.22 | 315 | 539 85.5 107%
49 97.6 0.09 | 471 22.7 69.8 77% 022 | 44.1 | 539 98.0 108%
50 165 0.09 101 22.7 124 81% 0.22 | 94.8 | 539 149 97%
51 212 0.09 144 22.7 167 85% 0.22 | 135 | 539 188 96%
52 69.9 0.13 | 21.0 | 246 455 70% 0.24 | 19.8 | 44.2 64.0 99%
53 74.9 0.13 | 295 | 24.6 54.1 78% 024 | 279 | 44.2 72.1 104%
54 114 0.13 | 63.6 | 24.6 88.2 83% 0.24 | 60.1 | 44.2 104 99%
55 141 0.13 | 90.4 | 24.6 115 88% 0.24 | 853 | 44.2 130 99%
56 69.2 016 | 24.2 25.9 50.1 78% 025 | 23.0 | 414 64.4 100%
Average: 92% Average: 99%
Standard deviation: 14% Standard deviation: 4%
Per;%r;tagg of models with 7504 Percentagg of models with 100%
% difference or less: 20% difference or less:
Percentage of models with 34% Percentage of models with 100%

10% difference or less:

10% difference or less:

The improvement of accuracy after modification is also reflected in Figure 6-13, which

presents the relation of the panel zone shear strength values (obtained with the theoretical model

and the finite element analyses) to the three design parameters. After modification, the ratios of

predicted strength to the FEA results remain almost constant and equal to 1.0 as the three design

variables are varied, as shown in Figure 6-13. Similar observations (regarding the beneficial effect

of modification) are reached through Figure 6-14, which presents the relation between the panel

shear strength ratio and the FE prediction of panel shear strength.

58




Vos [ (Vegy 11.08) vs. max(h,, h)/t,

100% i. ................. ‘ ......................... ‘ ............. ‘

100 125 150 175 200 225 250 275 300
max(h,, h,) /t,

Ve ! (Vegy /1.08) vs. max(h,,hy)/min(h,, h,)

3
=

0.90 1.00 1.10 1.20 1.30 1.40 1.50
max(h,, hy)/min(h,, h,)

Vo, ! (Vegy /1.08) vs. Mp*
120%
100% s ...... ’% .................. § ....... ‘:
80%
60%
40%

Vez! (Veem /1.08)

20%

0%
0.00 0.01 0.10
Mp"

Figure 6-13 Ratios of predicted strength to FE strength after modification

325

1.60

1.00

59



400

350

300

250

200

150

100

a
o

Panel Zone Shear Strength from Eqns, V;; (Kips)

50
Panel Zone Shear Strength from Model, V), /1.08 (Kips)

100

150

200

250

300

e Unmodified

+ Modified

350

400

Figure 6-14 Evaluating Panel Zone Shear Strength Equations as Compared to FEA Results

Table 6-10 shows the shear strength calculations of the two test specimens (Young and

Murray 1997) using the modified equations. The predicted shear strength from the modified

equations agrees reasonably well with the one obtained from the test results, and average error of

the prediction is also reduced.

Table 6-10 Validation of Theoretical Model against Test Data

P.Z. shear P. Z. shear
Specimen max(hc'hr) h/he | Mo strength K cr | ¢ | Vrea | Ve |strength from Ve,
# rie P from test v ' | (kips) | (kips) | derived eqns | \/_
" Vexp (Kips) Vpz (Kips) P
1 188 2.17 | 0.036 43.2 6.19 | 043 | 0.66 | 125 | 31.0 43.5 101%
2 204 2.00 |0.028 46.8 6.34 | 0.37 | 0.71 | 13.8 | 29.8 43.6 93%
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6.2.3 Sub-studies

This section presents the comparison between the results of the modified theoretical model

and the FEA results, for each one of the four sub-studies.

6.2.2.1 Sub-study on Column and Rafter Lengths, and Use of Tapered Sections

Table 6-11 shows the results for the 15 models of the sub-study calculated with the
theoretical model. It is observed that the predicted strength agrees well with the strength from the
FEA. Almost all the 15 models have a difference less than 10% between the predicted shear
strength using the modified theoretical equations and strength from FEA. Also, since the ratios of
predicted strength to FE model strength are generally less than 100%, the predicted panel zone
shear strength is considered conservative. It is noted, however, that the variation in rafter and
column lengths for the MP models used shorter rafters and longer columns. As the ratio of rafter
length to column length increases, the axial force in the rafter will increase and the panel zone
shear strength will decrease. If the ratio of rafter length to column length increases significantly

above the values used in this study, the prediction equation may become unconservative.

Table 6-11 Validation of the Modified Derived Equations — Substudy
(Column and Rafter Lengths, Tapered Section versus Prismatic Section)

oy P.Z
shear stength
Model M b | Mor® | Moo™ st;ength kK | cr | ¢ | Viea | Ve | from Ve
# t rMe | My Me2 ,:T:_)? v * | (kips) | (kips) | derived |V, /1.08
VEem e\(/]:ZS
(kips) (Kips)
8 144 1.00 [0.046(0.046| 217 |9.34|036|068| 973 | 102 | 199 99%
8MP 144 1.00 [0.046]0.046| 221 |9.34|036|068| 973 | 102 | 199 97%
8MT 144 1.00 [0.046]0.046| 231 |9.34|036|068| 973 | 102 | 199 93%
10 144 1.33 [0.005]0.005| 126 | 759|044 | 061 194 | 940 | 113 97%
10MP 144 1.33 [0.005]0.005| 125 | 759|044 | 061 194 | 940 | 113 98%
10MT 144 1.33 [0.005]0.005| 133 | 759|044 | 061 ] 194 | 940 | 113 92%
23 192 1.00 [0.094[0.004| 331 |9.34|027|075| 192 | 105 | 297 97%
23MP 192 1.00 [0.094]0.004| 347 | 934|027 ]075] 192 | 105 | 297 92%
23MT 192 1.00 [0.094[0.004| 370 |9.34|027]075] 192 | 105 | 297 87%
28 192 150 [0.009]0.009| 133 |7.12|035|070]| 30.8 | 887 | 120 97%
28MP 192 150 [0.009]0.009| 134 |7.12|035|070] 30.8 | 887 | 120 97%
28MT 192 150 [0.009]0.009| 144 |7.12|035|070] 308 | 887 | 120 89%
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Table 6-11 (Continued) Validation of the Modified Derived Equations — Substudy
(Column and Rafter Lengths, Tapered Section versus Prismatic Section)

P.. Eﬁeir
shear
strength strength
Model max(hcvhr) he/he | Mor® | Moo from K Cr C V1A Ver from VPZ
# t rifle | IPL ] P2 FEA v " | (kips) | (kips) | derived |V,.,, /1.08
v eqns

Veem Vg
(Kips) (Kips)

29 256 150 |0.011|0.011| 146 | 16.0|0.27 | 0.77 | 60.1 | 77.4 138 102%
29MP 256 1.50 |0.011|0.011| 145 | 16.0|0.27 | 0.77 | 60.1 | 77.4 138 102%
29MT 256 150 |0.011|0.011| 160 | 16.0|0.27 | 0.77 | 60.1 | 77.4 138 93%

Average: 96%

Standard deviation: 4%
Percentage of models with 20% difference or less:  100%
Percentage of models with 10% difference or less:  87%

6.2.2.2 Sub-study on Flange Flexural Strength Parameter

Table 6-12 shows the results for the 24 models of the substudy calculated with the modified
theoretical equations. It is observed that the predicted strength agrees well with the strength from
the FEA, and the difference between the two values is less than 10% for almost all cases considered.
It is also noted that switching the flange strength from strong flange on the panel zone side and
weak flange on the panel zone top to strong flange on top and weak flange on the side had
negligible effect on the panel zone shear strength and negligible effect on the predicted strength.
This implies that simpler equations using a flange strength equal to the average of the two flange
strengths can be used with equal accuracy.

Table 6-12 Validation of the Modified Derived Equations — Substudy
(Flange Flexural Strength Parameter)

P.Z. P.Z.
shear shear
max(h_,h strength strength V
M‘fe' max(h,.h) hehe | Mo | Moo | from | K | ¢ | (\k’iTFg) (k\i/”s) from | —"4 o2
t, FEA P P derived rem /1.

VEEM eqgns

(Kips) Vpz (Kips)
1A 144 0.75 | 0.005 | 0.009 174 135 | 0.44 | 0.61 | 385 | 125 164 101%
1B 144 0.75 |0.009|0.005| 173 135 | 0.44 | 0.61 | 39.4 | 125 165 103%
2A 144 1.00 | 0.005 | 0.009 157 9.34 | 0.36 | 0.68 | 36.2 | 102 138 95%
2B 144 1.00 {0.009(0.005| 156 9.34 | 0.36 | 0.68 | 36.8 | 102 139 96%
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Table 6-12 (Continued) Validation of the Modified Derived Equations — Substudy
(Flange Flexural Strength Parameter)

P.Z P.Z
shear shear
strength strength
MO#?EI max(h ) he/he | Mp1™ | Mpz" fom | K ol | e || Ve from | Ve
Ty FEA (kips) | (kips) derived Veew /1.08
VEem egns
(Kips) Vpz (Kips)
3A 144 1.33 |0.005|0.012| 128 759 | 0.44 | 0.61 | 22.4 | 94.0 116 98%
3B 144 1.33 10.012|0.005| 127 759 | 044 | 0.61 | 23.1 | 94.0 117 99%
4A 192 0.75 |0.005(0.012| 199 1351032 | 0.72 | 58.2 | 122 181 98%
4B 192 0.75 |0.012|0.005| 197 1351032 | 0.72 | 60.1 | 122 182 100%
5A 192 1.00 | 0.005|0.012| 176 9.34 | 0.27 | 0.75 | 53.0 | 105 158 97%
5B 192 1.00 {0.012|0.005| 175 9.34 | 0.27 | 0.75 | 54.4 | 105 159 98%
6A 192 1.33 10.005|0.009| 141 759|032 |0.72 | 317|918 123 95%
6B 192 1.33 |{0.009|0.005| 143 759 1032|072 322|918 124 94%
TA 256 0.75 |0.005|0.012| 127 1351025 | 0.78 | 455 | 72.9 118 100%
7B 256 0.75 |0.012{0.005| 126 135 ] 0.25 | 0.78 | 47.0 | 72.9 120 102%
8A 256 1.00 |0.005|0.012| 112 9.34 |1 0.23 | 0.80 | 40.9 | 65.4 106 103%
8B 256 1.00 | 0.012|0.005| 111 9.34 |1 0.23 | 0.80 | 42.0 | 654 107 105%
9A 256 1.33 {0.005|0.009| 89.0 759 | 0.25 | 0.78 | 24.8 | 54.7 79.4 96%
9B 256 1.33 {0.009|0.005| 88.9 759 | 0.25| 0.78 | 25.2 | 54.7 79.8 97%
10A 292 0.75 |0.006 {0.010| 104 135 | 0.24 | 0.80 | 40.2 | 59.0 99.1 103%
10B 292 0.75 |0.010({0.006| 105 135 ] 0.24 | 0.80 | 41.0 | 59.0 100 103%
11A 292 1.00 | 0.006|0.010| 91.3 |9.34|0.22 | 0.81 | 359 | 53.9 89.8 106%
11B 292 1.00 {0.010|0.006| 922 |9.34|0.22|0.81 | 36.5 | 53.9 90.5 106%
12A 292 1.33 {0.004|0.010| 69.8 759 | 0.24 | 0.80 | 21.1 | 44.2 65.3 101%
12B 292 1.33 {0.010|0.004| 70.3 759 | 0.24 | 0.80 | 21.5 | 44.2 65.7 101%
Average:  100%
Standard deviation: 4%
Percentage of models with 20% difference or less: ~ 100%
Percentage of models with 10% difference or less: ~ 100%

6.2.2.3 Sub-study on Orientation of End-Plate Connection

Table 6-13 shows the results for the 6 models of the specific sub-study calculated with the

modified theoretical model. The agreement with the results of the FEA is satisfactory, and the error

is less than 10% for all cases considered. That being said, there is a trend that the prediction equations

produced panel zone shear strengths that were an average of 6% unconservative as compared to the

FEA results for horizontal end-plates and an average of 4% unconservative as compared to the FEA

results for sloped end-plates. Based on this limited sub-study, a reduction in panel zone shear strength
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may be appropriate for knee joint configurations with horizontal and sloped end-plates. As described
above in section 6.1.2.3, it is hypothesized that the variation in panel zone shear strength may be
related to rafter axial force and therefore rafter axial forces that are significantly different from those

assumed in this study may produce different results.

Table 6-13 Validation of the Calibrated Derived Equations — Substudy
(Orientation of End-Plate Connection)

P.Z. P.Z.
shear shear
max(h_,h strength strength V.
Mo;el —( < r) he/he | Mp1™ | Mpy" | from K | ¢ | G (\liiTFg) (k\i/“s) from V—le 08
t, FEA P P derived rem /1.
VEEm eqgns
(Kips) Vpz (Kips)
6 144 1.00 {0.005|0.005| 156 9.34 | 0.36 | 0.68 | 33.5 | 102 135 94%
6H 144 1.00 {0.005|0.005| 141 9.34 | 0.36 | 0.68 | 33.5 | 102 135 103%
6S 144 1.00 {0.005|0.005| 144 9.34 | 0.36 | 0.68 | 33.5 | 102 135 101%
25 192 1.33 |0.011|0.011| 146 759 | 0.32 | 0.72 | 42.1 | 918 134 99%
25H 192 1.33 {0.011]0.011| 133 759 | 032 | 0.72 | 42.1 | 91.8 134 109%
25S 192 1.33 |0.011|0.011| 135 759 | 0.32 | 0.72 | 42.1 | 918 134 107%

Average: 105%

Standard deviation: 4%
Percentage of models with 20% difference or less: ~ 100%
Percentage of models with 10% difference or less: ~ 100%

6.2.2.4 Sub-study on Roof Slope

The modified theoretical model gives very good estimates of the panel strength as compared
to FEA results for the six models of this sub-study, as presented in Table 6-14. For roof slopes equal
to 4:12, the prediction equation was unconservative by an average of 4% as compared to the FEA

results. For roof slopes greater than 4:12, the prediction equation may not be appropriate.
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Table 6-14 Validation of the Calibrated Derived Equations — Substudy (Roof Slope)

P.Z. P. Z
shear shear
strength strength
Moﬁel maX(hC,hr‘) he/he | Mp1"™ | Mp2" fror?w K C' | C Viea || Yor fror% i
Ly FEA (kips) | (kips) derived Veew /1.08
VEem eqgns
(Kips) Vpz (Kips)
6 144 1.00 {0.005(0.005| 156 9.34 | 0.36 | 0.68 | 33.5 | 102 135 94%
6C 144 1.00 {0.005(0.005| 171 9.34 | 0.36 | 0.68 | 33.5 | 102 135 85%
6D 144 1.00 {0.005(0.005| 142 9.34 | 0.36 | 0.68 | 33.5 | 102 135 103%
25 192 1.33 {0.011{0.011| 146 759 | 032|072 |421| 918 134 99%
25C 192 1.33 {0.011{0.011| 157 759 | 032072421 | 918 134 92%
25D 192 1.33 {0.011{0.011| 138 759 | 032|072 |421| 918 134 105%
Average: 96%
Standard deviation: 9%
Percentage of models with 20% difference or less:  100%
Percentage of models with 10% difference or less: 75%

6.2.4 Summary

Table 6-15 provides a summary of the results obtained in this chapter for the prototype

knee joint configurations. For the range of parameter values considered in this study, the modified

prediction equations of the theoretical model can accurately predict the panel zone shear strength.

Table 6-15 Summary of the Computational Study

Total number of models 98

Panel web thickness (in.) 0.164 - 0.250
Panel web height (in.) 24 - 48

Panel web width (in.) 24 - 48

Panel flange width (in.) 5-16

Panel flange thickness (in.) 0.25-15
Panel web slenderness max(hc, hr)/tw 144 — 292
Panel web aspect ratio h,/hc 0.67 -1.50
Panel flange flexural strength parameter Mp;" 0.005-0.1
Panel flange flexural strength parameter Mp," 0.005-0.1

Colum and rafter sectional property

Prismatic, tapered

Orientation of end-plate connection

Vertical, horizontal, sloped

Roof slope 0:12,2:12, 4:12
Average of Vpz/ (Vrem/1.08) 99%

Standard deviation of Vpz/ (Vrem/1.08) 4%

Percentage of models with 20% difference or less | 100%
Percentage of models with 10% difference or less | 99%
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6.3 Use of Panel Zone for Energy Dissipation

An additional topic that is deemed worthy of a preliminary investigation is the use of the
panel zone for dissipating seismic energy in metal building gable frames. The present study
pursues a preliminary finite element analysis of a typical knee joint configuration, to examine the
feasibility of appropriately detailing the panel zone to ensure a stable hysteretic energy dissipation
under cyclic loading. The panel zone thickness is selected to ensure that inelastic deformations
will occur in the panel rather than the rafter or column. The selected panel web thickness also
corresponds to an adequate relative stiffness of the panel flanges to ensure a hardening force-
displacement response, in accordance with the discussion in Section 6.1.1. Furthermore, the panel
zone is provided with circular cut-outs to control the yielding behavior, as such cut-outs have been
shown (Koppal and Eatherton 2013) to delay the occurrence of extensive buckling-induced

deformations and prevent the premature strength degradation under cyclic shear loading.

The dimensions of the knee-joint considered are provided in Table 6-16. The analysis
is conducted for the same material properties as those used in the parametric study. The circular
cutouts of the panel zone are designed per Section 7a of ANSI/AISC 341-16 (AISC 2016b). The
panel zone is subjected to a cyclic displacement loading protocol, which is determined according
to ANSI/AISC 341-16 (AISC 2016b) and shown in Figure 6-15.

Table 6-16 Knee Joint Configuration with Panel Zone Cut-outs

Panel web | Panel | Panel |Panel flange|Panel flange| End-plate |Column| Rafter | Diameter | Spacing

thickness | height | width width thickness | thickness | length | length |of cut-outs|of cut-outs
tw (in.) [hr (in.)|hc (in.)| b (in.) tr (in.) tp (in.) lc(ft) | I.(ft) | D(in.) s (in.)
0.5 36 36 8 0.625 0.75 15 20.5 6 3x4.5"

“: Clear distance of cut-outs is 3 inches parallel to the column and 4.5 inches perpendicular to the column.

Applied Displacement (in.)

[ERN
o1

10

Loading Protocol

Time

Figure 6-15 Cyclic loading protocol
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Figure 6-16 shows the contours of the VVon Mises stress and the effective plastic strain of
the FE model after the first cycle with a drift ratio of 2%. A major portion of the panel zone yields
at this level of story drift, and the relatively large values of effective plastic strain (as obtained
from the corresponding contour plot) indicate that fracture due to ultra-low-cycle fatigue is
probable. The force-displacement response of the model, shown in Figure 6-17, includes a stable
hysteretic loop shape, thus demonstrating the suitability and effectiveness of a panel zone with cut-

outs for seismic energy dissipation.

Effective Stress (v-m)
5.500e+01
4.950e+01 ]
4.400e+01 _|

3.850e+01 _
3.300e+01 _
2.750e+01 _
2.200e+01 _
1.650e+01 _
1.100e+01

5.500e+00 :I

0.000e+00

Effective Plastic Strain
2.000e-01
1.800e-01 _§
1.600e-01 _1
1.400e-01 _
1.200e-01 _
1.000e-01 _
8.000e-02 _
6.000e-02 _
4.000e-02
2.000e-02 :I
0.000e+00

Figure 6-16 Contours of Von Mises stress and effective plastic strain at 2% story drift
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Knee Joint Configuration with Cut-outs in Panel Zone
100

In.)

-15 15

-100
Applied Disp. (in)

Figure 6-17 Hysteretic response for knee joint configuration with cut-outs in panel zone,
subjected to cyclic loading.

6.4 Further Discussion

Several issues which have hitherto not been discussed warrant examination. Specifically,
the fact that the analyses of several knee joints have led to a softening post-peak response (i.e.,
involving strength degradation), may imply that a mechanism depending on the post-buckling
resistance of the panel regions may lead to a sudden (brittle) system failure, especially under load-
control scenarios (i.e., the structure is subjected to prescribed forces, which do not change with
increasing deformations). Furthermore, the analyses of prototype knee-joint configurations have
neglected the potential impact of several details which are common in industry practice. The
present section briefly touches upon these issues, by means of additional analyses or arguments

and suggestions for future work.

6.4.1 Investigate Impact of Softening for Joints under Positive Bending for Frame Response
The parametric FE study has led to the observation that softening occurs in the post yielding
response of a knee joint with the panel flange flexural strength parameter, M; , equal to 0.005 or

0.01. Section 6.1.1 identified two reasons to be cautious in the design of a panel zone joint that

has softening behavior: 1) the cumulative plastic strains were larger than the models with
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hardening behavior and thus softening joints may be more prone to fracture, and 2) the panel zone
shear strength is expected to be more sensitive to initial imperfections and residual stresses.

A third concern is examined in this section. For a full building frame, the ultimate failure
mode associated with softening behavior in the knee joints could lead to sudden instability if the
loading is force-controlled (e.g. constant wind pressure as opposed to earthquake loading which is
more like an applied displacement). To elucidate the implications of softening joint response on
the system-level failure mode, an FE model for a full frame was analyzed, using the same modeling
approach as that employed in the parametric study.

The frame model, shown in Figure 6-18, uses the knee joint configuration of Model #6 in
the parametric study. The specific knee joint configuration has a value of M; equal to 0.005 and

exhibits softening post-yielding behavior. The total length of two rafters of the frame is taken as
four times the rafter length of the knee joint. To obtain the global lateral force-displacement
response of the frame, the finite element model is subjected to a monotonically increasing lateral
displacement. The corresponding lateral global force is equal to the horizontal reaction of the frame.
Horizontal displacements are applied on the panel flange level with the mid-height of the panel

N g .

Figure 6-18 FE model for a full frame

Figure 6-19 shows the global lateral force-displacement curve for the full frame analysis.
The post-yield global response of the frame is found to be dominated by hardening, rather than
softening. This is attributed to the fact that one of the two knee joints is bound to be subjected to
negative bending for which tension field action fully develops. It is also demonstrated in Figure 6-
20 that softening response occurs at the knee joint under positive bending, while hardening
response occurs at the knee joint under negative bending. The analysis indicates that for this
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symmetric gable frame, the softening shear-force-versus-deformation behavior of a single knee

joint with small values of M; did not lead to softening system-level response. Thus a ductile

post-yield response is expected for this symmetric frame.

Full Frame: Applied Force vs. Applied Disp.

—

/|

/

/

/

4

6

Applied Disp. (in)

10

Figure 6-19 Applied force-displacement curve for full frame model

Moment at Knee Joint
Normailzed by Yield Moment

15

0.5

Response of the Two Knee Joints in Full Frame Analysis

Drift Ratio (%)

- - - - Knee Joint
under
Positive
Bending

.......... Knee Joint
under
Negative
Bending

Figure 6-20 Normalized moment-drift ratio curves for the two knee joints of the full frame model

It is concluded that although sudden instability was avoided for this frame, the increased

fracture potential and added uncertainty in panel zone shear strength warrant further testing of

configurations with softening behavior. With further study, it may be possible to develop an

appropriate resistance factor based on experimental tests and reliability analysis that can account

for these potential issues.
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6.4.2 Effects of Eave Bracket

Eave brackets, as schematically shown in Figure 6-21, are commonly used at the exterior

corner of gable frames in practice to support the eave strut. Such brackets have not been included

in the computational models of the present study. To investigate the effects of eave brackets, a

further FE analysis is conducted for Model #6 of the parametric study, for three different sizes of

eave bracket (with leg length of 2", 4", and 8" respectively). The results of the additional analyses

are summarized in Table 6-17 and Figure 6-22. The presence of eave brackets is found to very

slightly increase the peak strength of the knee joint. However, the difference is negligible, which

is also reflected by the nearly identical force-versus displacement curves obtained for the three

analyses in Figure 6-22.

Figure 6-21 Typical configuration of eave bracket

Table 6-17 Maximum Applied Force for Knee Joints with Different Sizes of Eave Bracket

Knee Joint Configuration F o (KIDS) Ratio”
No eave bracket 47.96 100.0%
2" eave bracket 48.01 100.1%
4" eave bracket 48.70 101.5%
8" eave bracket 48.29 100.7%

“: Ratios are relative to the maximum applied force of the knee joint without eave bracket.
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Figure 6-22 Applied force-displacement curves for knee joints with different sizes of eave bracket

6.4.3 Effects of Rod Bracing

Rod bracing is another issue that was not considered in this study. Figure 6-23 shows a
typical configuration of rod bracing for metal buildings. Having a bracing rod connected to the
panel zone web plate is expected to have two counteracting effects on the behavior of a panel zone.

Specifically:

1) Rod bracing can stabilize the panel web by providing lateral support when the web buckles
in such a way that the tensile force of the rod increases. In such a case, the rod bracing will
increase the buckling strength of the web and the shear strength of the knee joint.

2) Rod bracing can also destabilize the panel web by introducing lateral forces, decreasing
the web buckling strength and thus the shear strength of the knee joint. This destabilizing
effect will occur when buckling of the web reduces the tensile elongation on the rod, and
will be significant when the axial force in the bracing is sufficiently large to affect the
buckling shape of the joint panel. Determining the exact conditions under which rod

bracing has an effect on the buckling mode and strength is outside the focus of this report.
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Figure 6-23 Typical configuration of rod bracing

Based on the above, the axial force in the bracing rods will decide whether rod bracing has
a beneficial or detrimental effect on the knee joint strength of real-life structures. It is

recommended that full-scale tests be conducted to further investigate this issue.

6.4.4 Effects of Welds on Exterior Corner of Panel Zone Flanges

Feedback provided from industry members during the course of this study has made the
authors aware of the fact that fillet welds on the exterior corner of the panel zone flanges (see
Figure 6-24) may not be stiff or strong enough for the flanges to develop a plastic hinge. The
present computational study is calibrated to match the tests by Young and Murray (1997). The
specimens in the tests by Young and Murray (1997), which used knee joints produced by a metal
building company, led to deformation patterns that indicated fixity (i.e. moment transfer) between
the flanges at the exterior corner. However, detailed information on the exterior corner weld of the

specific specimens was unavailable.

The theoretical model assumes a plastic hinge in the weaker of the two flanges at the
exterior corner of the panel zone and the computational model assumes rotational fixity between
the flanges at the exterior corner. These assumptions produce results that match the deformed
shape and panel zone shear strength of the models by Young and Murray (1997). Further testing

with well-documented welds at the exterior corner are recommended to determine if the tests by
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Young and Murray (1997) are representative of metal building knee connections. If not, the
assumptions in the theoretical and computational models should be adjusted. Also, whether the
welds of the panel zone web to the flanges are only on one side or on both sides would affect the

behavior as well, and should be included in any further studies.

,£ —

Figure 6-24 Welds on the exterior corner of panel zone flanges
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CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

This study formulated a theoretical model based on plastic analysis to predict the post-
buckling shear strength of knee joint panel zones subjected to positive bending (bottom flange of
rafter in tension) including partially developed tension field action. An equation was derived to
estimate the panel zone shear strength associated with the tension field action. The strength value
was found to primarily depend on three design parameters, namely, flange flexural strength, panel
aspect ratio, and panel slenderness. A parametric computational study involving 56 models
corresponding to different values of the three parameters was conducted to validate and modify
the proposed equations. Several substudies were also performed to investigate the application of
the proposed equations for predicting shear strength of knee joint configurations with different
member lengths, section types (prismatic or tapered) of column and rafter, different flexural
strength for the panel flanges, different orientations of end-plate connections, and different roof

slopes.

Two types of load-displacement response were obtained, some that experienced hardening
(i.e. increasing in strength) after the mechanism formed, and others that experienced softening
associated with larger flange deformations. It was found that configurations with normalized
flange flexural strength less than 0.05 exhibited softening. There are three reasons to be cautious
with configurations that produce softening response including: 1) the cumulative plastic strains
were larger than the models with hardening behavior and thus softening joints may be more prone
to fracture, 2) the panel zone shear strength is expected to be more sensitive to initial imperfections
and residual stresses, and 3) the consequences of reaching this limit state are worse because it is a
brittle failure mode. For these reasons, the use of TFA in positive bending is not recommended for
configurations that will produce softening (normalized flange flexural strength less than 0.05),

until further testing is conducted.

The results of the computational study show that, for the range of parameters considered
in this study (as provided in Table 6-15), the modified prediction equations below can predict the
panel zone shear strength with an average error of 1% and standard deviation of the error equal to
4%.
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One of the sub-studies suggests that the prediction equations may produce unconservative
results if the ratio of rafter length to column length is larger than the values considered in this
study. Another substudy found that the panel zone shear strength from the prediction equation
was approximately 6% unconservative when the end-plate was oriented horizontally. Based on
that limited sub-study, a reduction in panel zone shear strength of 6% may be appropriate for knee
joints with horizontal end-plates and 4% for knee joints with sloped end-plates. A limited sub-
study on roof slope showed that the prediction equations were an average of 4% unconservative
for roof slopes of 4:12. The provided prediction equations may not be appropriate for roof slopes

larger than 4:12.

The final proposed equations for panel zone shear strength, Vpz, in knee joints subjected to

positive bending including consideration of tension field action when m is greater than or equal

to 0.05 are given as follows:
Vo, =V +Viga (7-1)

where V, =Az, =dt,Cio,, / J3 (7-2)

M., —M, —I\/I*min IC < m - :
VTFA:|: P1 6t;;0 Pmin | cos@ ?t(\/MpleMp’mm+\/|\/|P2+|V|p,min)}hctwayw (7-3)

7z27 2
Cj:ﬁK /% [N 017 (7-4)
2 |12(1- ) |Lh,
hY h
53d+4| = for =<1.0
hr hr
K = ) (7-5)
h h
534/ | 44  for £>10
h, h,
Jacsin2o | (C) ((3sin20Y
SIn v SIn
Co=— o [l [( : j—3} (7-6)
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0= arctan% (7-7)

C

\ 3b,,t2
M, = Mg, _Pn leo-yf (7-8)
M 2t,h o,

y

- Mg, 3itizoy (7-9)

P2 2
M, 2th°c,

:’,min =min(M;1,M;2) (7-10)
where

V., = shear strength of panel zone considering tension field action

V., = shear strength of panel zone at shear buckling of the web plate

Vi, = shear strength of panel zone developed by tension field action

M., = plastic bending moment of panel zone flange along the top of column

M., = plastic bending moment of panel zone flange along the exterior side of column
M y = yield moment of the panel web cross section along the top of the column

O, = Yield stress of the panel web plate material

O =yield stress of the panel flange material

5]

o = critical shear stress at buckling

K = shear buckling coefficient

*

, = modified web shear coefficient

O O

. = tensile stress coefficient

M;1 = normalized flexural strength parameter for panel zone flange along the top of column
|\/|:,2 = normalized flexural strength parameter for panel flange along the exterior side of column
A, = overall area of the panel web plate cross section along the top of column = d, xt,

dC = full depth of the panel zone along the top of column

|’1C = height of the panel web plate along the top of column

|’1r = height of the panel web plate along the rafter face
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t,, = thickness of panel zone web plate

b;; = width of the panel flange along the top of column

b, = width of the panel flange along the exterior flange of column
t;, = thickness of the panel flange along the top of column

t;, = thickness of the panel flange along the exterior flange of column

6 = angle between the panel web diagonal and the column face of panel zone

7.2 Recommendations for Future Work

The authors strongly recommend additional large-scale experimental tests to further
validate the refined computational models and design-oriented equations. The work described in
this report is based on using finite element analyses to extrapolate from the results of four
experimental tests (Young and Murray 1997). The FE models are not capable of capturing fracture
and it is possible that fracture could limit the panel zone shear strength or that special detailing
(e.g. stronger welds around the panel zone) would be needed to reach the panel zone shear strengths
given by the proposed equations. Also, the fracture resistance and variability in strength should
be experimentally evaluated for configurations expected to produce softening load-deformation

response (configurations with m, less than 0.05).
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APPENDIX A INDUSTRY SURVEY

Al Questionnaire

RETURN TO:

MBMA

ATTN: Eva Brunk

1300 Sumner Avenue
Cleveland, OH 44115
E-MAIL: ebrunk@mbma.com

FAX: 216-241-0105

SUBJECT:  Panel Zone Project - Industry Survey
MBMA BULLETIN NO. 010-17 (E)

The panel zone project scope includes Phase 2, Developing Study Parameters. In this phase,
the researchers will determine the parameters to be investigated in the computational study,
relying on their literature review and on input from MBMA. This survey will provide the
MBMA input.

Please provide the information requested below. In addition, provide drawings of panel zone
details. Any company identification on the information provided will be removed prior to
sending it to the researchers.

Panel Zone:
e Material, such as ASTM Specification, and grade, if applicable

e Panel web thickness:

o Minimum inches
0o Maximum inches
o Typical inches (provide a range if applicable)
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e Panel dimensions:

0 Height:
=  Minimum
=  Maximum
= Typical

o Width:
= Minimum
=  Maximum
= Typical

inches
inches

inches (provide a range if applicable)

inches
inches

inches (provide a range if applicable)

e Panel aspect ratios (height-to-width):

o Minimum
0o Maximum

o Typical

e Panel zone flange dimensions:

o Width
=  Minimum
=  Maximum
= Typical

0 Thickness
= Minimum
= Maximum
=  Typical

e Additional information:

Panel Zone Web Options:

inches
inches

inches (provide a range if applicable)

inches
inches

inches (provide a range if applicable)
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Part of one of the connected frame members, same thickness: [ ]Yes [ ]No

Inserted plate, thickness can differ from connected frame members: [ ] Yes [ ] No

Doubler plate is permitted, when needed: [ 1Yes [ INo

Additional information:

Panel Zone Flange Options:

e Part of one of the connected frame members, same dimensions: [_]Yes [ ] No

e Both flanges, vertical and top, same dimensions: [ ]Yes [ ]No

e Additional information:

Panel Zone Stiffeners (stiffeners that cross the panel zone):

For continuity plates on the perimeter of the panel zone, see the following section.

e Material, such as ASTM Specification, and grade, if applicable
e Used in approximately what percent of your buildings: %
e Orientation:
o Horizontal [ ]
o Vertical []
o Diagonal []
e Stiffener location:
o Oneside []
o Bothsides [ ]
e Stiffener welding:

0 Long edge fillet welds:
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= Continuous [_]
» Intermittent [_]

0 Short edges welded:

= Oneedge [ ]
= Both edges[ ]
o Other []

e Standard details of panel zone stiffeners attached: [ ] Yes [ ]No

e Additional information:

Continuity Plates (stiffeners in the column at the level of the rafter bottom flange or stiffeners

in the rafter aligned with the interior column flange):

e Material, such as ASTM Specification, and grade, if applicable

e Aligned with beam bottom flange or horizontal? [ ] Aligned [ ] Horizontal
e Aligned with column flange or vertical? [ ] Aligned [ ] Vertical

e How often are they partial depth?

e How often are they full depth?

e Standard details of continuity plates attached: [ ]Yes [ ]No

Additional information:

Column-Rafter Bolted End-Plate Connection Orientation:

e Orientation varies? [ ]Yes [ ]No

e Orientations used:

o Horizontal [] %
o Vertical [] %
o0 Sloped (perpendicular to roof slope) [] %
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o Other

Additional information:

Columns Adjacent to the Panel Zone:

Material, such as ASTM Specification, and grade, if applicable

Depth:
0 Minimum
0 Maximum
o Typical
Web thickness:
0 Minimum
0 Maximum
o Typical
Flange width:
0 Minimum
0 Maximum
o Typical
Flange thickness
0 Minimum
0 Maximum

o Typical

Additional information:

inches
inches

inches

inches
inches

inches

inches
inches

inches

inches
inches

inches

Rafters Adjacent to the Panel Zone:

%
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e Material, such as ASTM Specification, and grade, if applicable

e Depth:
0 Minimum inches
0 Maximum inches
o Typical inches

e \Web thickness:

o Minimum inches
0o Maximum inches
o Typical inches

e Flange width:

o Minimum inches
0o Maximum inches
o Typical inches

e Flange thickness:

o Minimum inches
0o Maximum inches
o Typical inches

e Additional information:

Roof Slope:

Roof slope, from the horizontal. For the typical values, provide a range of slopes that are used
in 90% of your buildings.

e Minimum degrees

e Typical minimum degrees

e Maximum degrees

e Typical maximum degrees
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e Additional information:

Additional Information:

e Standard details of panel zone attached: [ ] Yes [ ]No

e Additional information:

Name:

Company:

PLEASE RETURN TO ebrunk@mbma.com AT THE MBMA OFFICE

BY NO LATER THAN WEDNESDAY, JANUARY 18, 2017
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A2 Responses

Table A-1 Industry Survey Responses

o lcompa”y Aperson 5 Company B Company C Company D Company E Company F Company G Company H
A1011 SS (or
HSLAS CI 1)
. Cr.55 <= 316" | A572 Gr. 55, AL011, A572, | AS572, A529, AA150212>l<§rr5555 AL011, AS72,
Material thick, ﬁ572 G.r‘.55 A1011 Gr. 55 NA Gr. 55 SS A529, Gr.55 AL011, GF.55 NA A572 Gr 55 and Ab529, A1018,
3/16" to 3/8", Gr.50 Gr.55
A572 Gr.50 >
3/8"
panel web Min (in.) 0.134 0.134 0.1345 0.1345 0.125 0.1345 0.1345 0.125 0.125
thickness Max (in.) 0.625 1 0.625 0.75 0.625 0.625 0.75 0.5 0.5
Typical (in.) 0.134-0.3125 0.156-0.875 0.25 0.1345-0.5 0.1875-0.3125 0.1345-0.25 0.1345-0.375 0.1345-0.3125 0.15-0.3125
Min (in.) 10 10 7 12 10 6 8 7 12
Panel height Max (in.) 70 62 120 72 60 72 72 60 60
Panel Zone Typical (in.) 24-48 18 12-48 18, 24, 36, 48 20-40 12-60 8-50 12-48 20-48
Min (in.) 10 10 7 12 8 6 8 7 8
Panel width Max (in.) 70 62 120 60 60 72 72 60 60
Typical (in.) 24-48 18 12-72 18, 24, 36, 48 20-40 8-60 8-50 12-36 12-48
Panel aspect Min no spec. limit 0.5 dependent 0.5 0.75 None 0.5 0.25 NA
ratios Max no spec. limit 1.5 on loading 2 2.5 None 5 3 NA
Typical ~1.0 1 and span 0.8-1.25 1 0.8-1.2 1.0-2.0 0.75-1.5 (~1.0) 0.5-3.0 (~1)
panel zone Min (in.) 5 5 5 5 6 5 5 5 5
. Max (in.) 12 20 22 16 14 20 15 14 12
flange width - -
Typical (in.) 6-10 6-18 5-8 6,8, 10 6-10 5-10 5-8 6-12 6-10
Panel zone Min (in.) 0.25 0.25 0.25 0.1345 0.25 0.25 0.1875 0.1875 0.1875
flange Max (in.) 1 2 1.5 1.5 1.25 15 15 15 1
thickness Typical (in.) 0.25-0.75 0.375-1.50 0.375 0.25-1.0 0.25-0.5 0.25-0.75 0.1875-0.75 0.25-1 0.25-0.625
Part of one of the connected
frame members, same Yes Yes Yes Yes Yes No Yes Yes Yes
thickness.
Panel Zone Inserted plate, thickness can
Web Options | differ from connected frame Yes Yes Yes Yes Yes Yes Yes Yes Yes
members.
Doubler plate is permitted, No No No No No No No Yes No
when needed.
Part of one of the connected
Panel Zone frame members, same No Yes Yes Yes Yes Yes Yes Yes Yes
Flange thickness.
Options | Both f's*’:rgisdlvn‘;;ﬁf‘;ri“d top. No No No No No No No No No
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Table A-1 (Continued) Industry Survey Responses

Company A
Person 1 Person 2 Company B Company C Company D Company E Company F Company G Company H
_ A572. A529 A572 Gr.50 and
Material NA A572 Gr. 55 NA Same as standard NA ! . A572 Gr.55 Gr.55, A529 | A36, A529 Gr.55
A1011, Gr.55
Gr.50 and Gr.55
Used in approx. what percent 0% 10% 75% 50% 0% 1% 10% Low 25%
Panel Zone of your buildings?
Stiffeners Horizontal N N N N N N J
(stiffeners | Orientation Vertical v v v
that cross the Diagnal v v v V y
panel zone) Stiffener location One side Both sides One/both side(s) One/both side(s) One side One/both side(s) | One/both side(s)
Stiffener Long edge Continuous Continuous Intermittent Intermittent %?:rtg:tl?eft Continuous
welding Short edges Both edges One/both edge(s) Both edges Both edges One edge One/both edge(s)
Other
A572 Gr.50 and
Material ASTM A572 ASTM A572 NA Same as frame Same as panel A572, A529, A572 Gr. 55 Gr.55, A520 | A36, A529 Gr.55
Gr.50 or 55 Gr.55 material zone A1011, Gr. 55
Gr.50 and Gr.55
Aligned with be_alm bottom Horizontal All_gned, All_gned, All_gned, Horizontal Horizontal Horizontal Horizontal Horizontal
flange or horizontal? Horizontal Horizontal Horizontal
Continuity Aligned m\t/t;:;ti);:;r?m flange or Vertical Vertical Aligned, Vertical Aligned Vertical Aligned, Vertical Vertical NA NA
Flates How often are they partial Sometimes, .At Ta“ers with
depth? Rarely Never ne.ec!ed_ to Never Never interior colurTms, 10% Never Never
minimize always partial
Always when At rafter bottom
How often are they full depth? | Almost always Always using tension field Always Always flange, always full 90% Always Always
Column- Orientation varies? No Yes Yes Yes Yes Yes Yes No Yes
Rafter Bolted Horizontal 0% 0% 0% 50% 0% 1% 0% 0% 90%
. . Vertical 100% 98% 15% 25% 30% 19% 50% 100% 0%
End-Plate | Orientation Sloping (Perp. to
Comnection | used r‘z)m?slopg 0% 1% 85% 25% 70% 80% 50% 0% 10%
Orientation Other 0% 1% (diagnal) 0% 0% 0% 0% 0% 0% 0%
For webs see PZ.
Material similar to PZ A572 Gr.55 NA Same as frame Same as PZ AS72, AS29, A572 Gr. 55 For flanges see A529 Gr.55
material A1011, Gr.55 o
Continuity Plates.
Min (in.) 10 8 7 12 8 6 8 7 8
Depth Max (in.) 70 60 120 60 60 72 72 60 60
Columns Typ.ical. (in.) 24-48 24 12-36 18, 24, 36, 48 20-40 8-48 8-50 12-36 NA
Adjacent to Web Min (|.n.) 0.134 0.134 0.1345 0.1345 0.125 0.1345 0.1345 0.125 0.125
the Panel thickness ng (|n_.) 0.625 1 15 0.75 0.375 0.625 0.75 0.5 0.375
Zone Typical (in.) 0.134-0.315 0.156- 0.875 0.25 0.1345-0.5 0.156-0.25 0.1345-0.25 0.1345-0.375 0.1345-0.3125 NA
Min (in.) 5 5 5 5 6 5 5 5 5
Flange width Max (in.) 12 20 22 16 14 20 15 14 12
Typical (in.) 6-10 6-18 6-8 6,8, 10 6-10 5-10 5-10 6-12 NA
Flange Min (i_n.) 0.25 0.25 0.25 0.1345 0.25 0.25 0.1875 0.1875 0.1875
thickness Max (in.) 1 2 1.5 1.5 1.5 15 15 15 1
Typical (in.) 0.25-0.75 0.375-1.50 0.375 0.25-1.0 0.25-0.5 0.25-0.75 0.1875-0.75 0.25-1.0 NA
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Table A-1 (Continued) Industry Survey Responses

Company A

Person 1 Person 2 Company B Company C Company D Company E Company F Company G Company H
For webs see PZ.
Material similar to PZ same as PZ NA Same as frame | o, 0 2 pz AST2, AS29, A572Gr.55 | Forflangessee | AS529 Gr.55
material A1011, Gr.55 -
Continuity Plates.
Min (in.) 10 10 7 12 10 6 8 7 8
Depth Max (in.) 70 62 120 72 60 72 72 60 60
Typical (in.) 24-48 18 12-36 18, 24, 36, 48 20-40 12-60 8-50 12-48 NA
Rafters Web Min (in.) 0.134 0.134 0.1345 0.1345 0.125 0.1345 0.1375 0.125 0.125
Adjacent to thickness Max (in.) 0.625 1 0.5 0.75 0.375 0.625 0.75 0.5 0.375
the Panel Typical (in.) 0.134-0.315 0.156-0.875 0.25 0.1345-0.5 0.1875-0.3125 0.1345-0.25 0.1345-0.375 0.1345-0.3125 NA
Zone Min (in.) 5 5 5 5 6 5 5 5 5
Flange width Max (in.) 12 20 22 16 14 20 15 14 12
Typical (in.) 6-10 6.8, llg 1182 14, 6-8 6, 8, 10 6-10 5-10 5-10 6-12 NA
Flange Min (i.n.) 0.25 0.25 0.25 0.1345 0.25 0.25 0.1875 0.1875 0.1875
thickness Max (in.) 1 2 1.5 1.5 1.5 15 1.5 1.5 1
Typical (in.) 0.25-0.75 0.375-1.50 0.375 0.25-1.0 0.25-0.5 0.25-0.75 0.1875-0.75 0.25-1.0 NA
Min (deg.) 1.19 1.19 1.19 0 1.2 1.19 1.19 0 0
Roof Slope Typical min (90%) (deg.) 1.19 4.76 4.76 1.1 2.4 1.19-9.46 2.386 1.2 2.4
Max (deg.) 26.565 26.565 45 45 45 None 36.87 26.6 20
Typical max (90%) (deg.) 14.036 18.435 18.435 10 20 None 26.565 18.4 18
Standard details of panel zone attached? Yes No No Yes Yes Yes No Yes No
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Figure A-1 Drawings of panel zone details from Company A
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AZ25 BOLTS
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Figure A-2 Drawings of panel zone details from Company C
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Figure A-2 (Continued) Drawings of panel zone details from Company C



*

Shop Mote

Refer to the following Key Plans as required for welding
slandards,

'WS-1 for wab washer and gusset welds
WS-8 for XC1A welds.

Note: AllXC1A walds = XC1AH

328 TIE"

119 5/8°

191 58" 263 58"

LF1
ﬂ QF10 W_L e

o
5
&
i)
@
240" -
MARK onT|  DESCRIPTION WEIGHT - |
|wata + | ozt ssneaar 241 b : 0218
WB15 1 0,219"47" 081 34" 2490 ol
oF1D 1| anmears 1 78,1 N
OF11 1 %0755 1118 474
Fio 1| zareet 14 3258 T
e 1| amarwe 138 —
e 1| s s ] 7958 & —
Fir) 2 | a5 250 3 TiiE
£s1 1 Ut 4z 8 Mh—\“*—\__
XAETT |z 25 TTT—
CLEL L3 [ e s e 102 _E\I
Weight Sum ez

ABOVE MEMBER TABLE FOR DRAFTING USE ONLY. |

Figure A-3 Drawings of panel zone details from Company D
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Shop Note ST PN [ EPWE P — 0 ETH
Rafer to the following Key Plans as required for welding e /H' YT [0 © = Va2 Ve
standards. I r— ﬁq:m- ==l 13 Fﬁ;
* WS-1 for web washer and gusset welds. 268 o Z ,_L
* WS-6 for XG1A weids. "
I
m

Mote: All XC1A welds = XC1A-H l
+*
e

144753 31 THET PL EREES 1P i rana AW 3 PL

FABLEN=  202'
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[ ABOVE MEMBER TABLE FOR DRAFTING USE ONLY. |

Figure A-3 (Continued) Drawings of panel zone details from Company D



! Shop Note
Refer to the following Key Flans as required for waiding
standards.
* WE-1 for web washer and gusset welds.
* WS- for XC1A welds.

Mote: Al XC1A welds = XC1A-H
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Figure A-3 (Continued) Drawings of panel zone details from Company D
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Figure A-3 (Continued) Drawings of panel zone details from Company D

98



standards.

Shop Note
Refer lo the following Key Plans as required for welding

*  WS-1 for web washer and gusset welds.
* WS-8 for XC1A welds.

Note: All XC1A weids = XC1A-H
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Figure A-3 (Continued) Drawings of panel zone details from Company D
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Figure A-4 Drawings of panel zone details from Company E

100



END-PLATES V4

CAP PLATE 'l__#_ __},ﬂ_ni: LS
t -
6, M
P \l
\ _____ ) 4.1_- )
R Vi

OUTER A ~1

FLANGE fy

=
[

TIFFENER ( -

te- iy

Tote /-

%P
M ~ ¥ i up

; i
e'—\i. ‘) F tee

By

Not Top flange and cap plate
can be perpendicular to
the end-plate (0 slope).
In this case, 8, =6,=0.
Examples include:

1) Portal Frames
2) Rigid Frames with

DIAGONAL PANEL ZONE
STIFFENERS FOR NEGATIVE
MOMENT (DASHED FOR T]

COLUMN —]

= POSITIVE MOMENT | —————
'y
dw
/ Fy dw
HORIZONTAL INTERIOR a
PANEL ZONE o
STIFFENER(S) L :
:1 —— esl | f/
S | —¥
< h=dhe i ffset
* 4+— offse
/ " h = dwe '||
STIFFENERS
:
9 i o
ALIGN § OF STIFFENER
UP WITH ¢ OF FLANGE
RAFTER FLANGE

e e e =

INTERIOR COLUMN
(WIDE FLANGE / BUILT-UP)

Figure A-5 Drawings of panel zone details from Company G
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Figure A-5 (Continued) Drawings of panel zone details from Company G
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APPENDIX B DESIGNS FROM METAL BUILDING SOFTWARE, INC.

SPLICE PLATE & BOLT TABLE WMEMBER _TABLE ] ‘
Oty Mark Weight Length ‘-‘:ieibdD%mg _n:'u'eE PLIc1teth Qutsuq_%kF\onLge th \pswde_rhﬁ!qngf th
1 : wi . " ' Start/En ic eng W x Leng Wox % leng
Mark  |Top Bot Int Type Dia Length | Width Thick Length RFT—T | 2991 | 314176 B.0/19.6 [0.250] 11.8053 % 17 % 51 0 x 1" x 25.4623
SP—1 4 4 2 A325 1.000 3.25 w1t o 3'-9 5/8” 19.6/36.0 |0.250 | 20.0000 10 x 17 x 3.8090
SP—2 4 4 0 A325 0.8251.75 1y 3/87 2-11/27 RF1-2 2133 | 21.4375 | 36.0/20.5 |0.250 | 18.8358 10 x 1" x 21.3218 10 x 1" x 21.8813
S5P=3 4 4 0 A325 0.625 2.25 10 5/8" 2'-1 3/4 20.5/18.0 |0.250 | 3.0000
RF1-3 2180 | 25.3448 | 18.0/18.0 |0.250 | 20.000C 10 x 1" x 25.2468 10 x 1" x 24.9830
. 18.0/18.0 |0.250| 5.2469
““FLANGE BRACES: Both Sides(U.N.)
FBxxA{1): xx=length(in}
A — L2x2x14G
o o
12 12
. = A .
w | | ‘w
X | | _|
[fe] ‘ | w
N 5 H —
(i) | I‘. . | | Cly
© It Nl ol ©
- N . i o H :
o7 I B 5%
| e e e ool
1 .:.'l' e} | o) —
B I oo oo il 5
,I | | ] | ‘I
© 1N ! ©
i [pRs or
: ot
o ) — —r REE— L
8 1/4 ‘ |3'—2" 92'-3 1/2" 3—2“| | 1/4"
CLEAR +/—
100'=0" OUT—TO—QUT OF STEEL
'/'{\' e’g‘\
e ~

RIGID FRAME ELEVATION: FRAME LINE 2 3

PESHITON: RIGID FRAME ELEVATION

CUSTONER:  MEMA Ressarch [ PRosECT: VA Tech

LOCATION:

DRN. BY KD BY DATE SCALE REV. QUOTATION NG, SHEET NOw
6/26/17 | NT.5. | 00 oF

Figure B-1 Design drawings for Model #8
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Figure B-2 Design drawings for Model #10
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Figure B-3 Design drawings for Model #23
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Figure B-4 Design drawings for Model #28
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Figure B-5 Design drawings for Model #29
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APPENDIX C DETAILED RESULTS OF FE STUDY

C1 Parametric Study

Maximum applied force: 40.42 Kips

Story drift at maximum applied force: 1.16%

Yield displacement dy: 2.14 in.

Maximum out-of-plane displacement of panel zone: 2.15 in.

Model 1: Applied Force vs. Applied Disp.
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Maximum applied force: 42.83 kips

Story drift at maximum applied force: 0.95%

Yield displacement dy: 2.00 in.

Maximum out-of-plane displacement of panel zone: 2.22 in.

Model 2: Applied Force vs. Applied Disp.
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Maximum applied force: 42.38 kips

Story drift at maximum applied force: 1.11%

Yield displacement dy: 2.04 in.

Maximum out-of-plane displacement of panel zone: 2.23 in.

Model 3: Applied Force vs. Applied Disp.
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Maximum applied force: 51.22 kips

Story drift at maximum applied force: 3.57%

Yield displacement dy: 1.84 in.

Maximum out-of-plane displacement of panel zone: 1.82 in.

Model 4: Applied Force vs. Applied Disp.

\

P—

Applied Force (Kips)
8 &

SN
o o
N

o

0 2 4 6 8 10
Applied Disp. (in)

Maximum applied force: 61.78 Kips

Story drift at maximum applied force: 3.64%

Yield displacement dy: 1.82 in.

Maximum out-of-plane displacement of panel zone: 1.50 in.

Model 5: Applied Force vs. Applied Disp.
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Maximum applied force: 47.96 Kips

Story drift at maximum applied force: 0.90%

Yield displacement dy: 1.96 in.

Maximum out-of-plane displacement of panel zone: 2.50 in.

Model 6: Applied Force vs. Applied Disp.
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Maximum applied force: 47.78 kips

Story drift at maximum applied force: 1.02%

Yield displacement dy: 1.94 in.

Maximum out-of-plane displacement of panel zone: 2.51 in.

Model 7: Applied Force vs. Applied Disp.
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Maximum applied force: 56.92 kips

Story drift at maximum applied force: 3.30%

Yield displacement 3y: 1.71 in.

Maximum out-of-plane displacement of panel zone: 2.09 in.

Model 8: Applied Force vs. Applied Disp.
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Maximum applied force: 68.71 Kips

Story drift at maximum applied force: 3.25%

Yield displacement dy: 1.65 in.

Maximum out-of-plane displacement of panel zone: 1.96 in.

Model 9: Applied Force vs. Applied Disp.
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Maximum applied force: 39.86 kips

Story drift at maximum applied force: 1.19%

Yield displacement dy: 2.55 in.

Maximum out-of-plane displacement of panel zone: 2.53 in.

Model 10: Applied Force vs. Applied Disp.
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Maximum applied force: 38.33 kips

Story drift at maximum applied force: 0.96%

Yield displacement dy: 2.07 in.

Maximum out-of-plane displacement of panel zone: 2.42 in.

Model 11: Applied Force vs. Applied Disp.
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Maximum applied force: 41.85 kips

Story drift at maximum applied force: 3.39%

Yield displacement dy: 1.79 in.

Maximum out-of-plane displacement of panel zone: 1.96 in.

Model 12: Applied Force vs. Applied Disp.
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Maximum applied force: 49.28 kips

Story drift at maximum applied force: 3.28%

Yield displacement dy: 1.69 in.

Maximum out-of-plane displacement of panel zone: 1.72 in.

Model 13: Applied Force vs. Applied Disp.
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Maximum applied force: 36.04 kips

Story drift at maximum applied force: 1.27%

Yield displacement dy: 2.72 in.

Maximum out-of-plane displacement of panel zone: 2.45 in.

Model 14: Applied Force vs. Applied Disp.
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Maximum applied force: 55.66 kips

Story drift at maximum applied force: 1.11%

Yield displacement dy: 1.86 in.

Maximum out-of-plane displacement of panel zone: 2.58 in.

Model 15: Applied Force vs. Applied Disp.
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Maximum applied force: 58.37 kips

Story drift at maximum applied force: 1.01%

Yield displacement dy: 1.88 in.

Maximum out-of-plane displacement of panel zone: 2.49 in.

Model 16: Applied Force vs. Applied Disp.
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Maximum applied force: 58.37 Kips

Story drift at maximum applied force: 1.03%

Yield displacement dy: 1.76 in.

Maximum out-of-plane displacement of panel zone: 2.65 in.

Model 17: Applied Force vs. Applied Disp.
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Maximum applied force: 79.58 kips

Story drift at maximum applied force: 3.52%

Yield displacement dy: 1.78 in.

Maximum out-of-plane displacement of panel zone: 2.14 in.

Model 18: Applied Force vs. Applied Disp.
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Maximum applied force: 94.93 kips

Story drift at maximum applied force: 3.54%

Yield displacement dy: 1.76 in.

Maximum out-of-plane displacement of panel zone: 2.07 in.

Model 19: Applied Force vs. Applied Disp.
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Maximum applied force: 65.29 kips

Story drift at maximum applied force: 0.82%

Yield displacement 3y: 1.75 in.

Maximum out-of-plane displacement of panel zone: 2.96 in.
Model 20: Applied Force vs. Applied Disp.
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Maximum applied force: 65.72 Kips

Story drift at maximum applied force: 0.94%

Yield displacement dy: 1.63 in.

Maximum out-of-plane displacement of panel zone: 2.99 in.

Model 21: Applied Force vs. Applied Disp.
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Maximum applied force: 89.37 kips

Story drift at maximum applied force: 3.18%

Yield displacement dy: 1.64 in.

Maximum out-of-plane displacement of panel zone: 2.45 in.

Model 22: Applied Force vs. Applied Disp.
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Maximum applied force: 106.10 kips

Story drift at maximum applied force: 3.16%

Yield displacement dy: 1.61 in.

Maximum out-of-plane displacement of panel zone: 2.40 in.

Model 23: Applied Force vs. Applied Disp.
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Maximum applied force: 54.61 kips

Story drift at maximum applied force: 0.93%

Yield displacement dy: 2.01 in.

Maximum out-of-plane displacement of panel zone: 2.83 in.

Model 24: Applied Force vs. Applied Disp.
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Maximum applied force: 54.56 Kips

Story drift at maximum applied force: 1.03%

Yield displacement dy: 1.97 in.

Maximum out-of-plane displacement of panel zone: 2.51 in.

Model 25: Applied Force vs. Applied Disp.
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Maximum applied force: 63.14 Kips

Story drift at maximum applied force: 3.17%

Yield displacement dy: 1.67 in.

Maximum out-of-plane displacement of panel zone: 2.30 in.

Model 26: Applied Force vs. Applied Disp.
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Maximum applied force: 74.92 kips

Story drift at maximum applied force: 3.01%

Yield displacement dy: 1.55 in.

Maximum out-of-plane displacement of panel zone: 2.28 in.

Model 27: Applied Force vs. Applied Disp.
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Maximum applied force: 50.21 kips

Story drift at maximum applied force: 1.08%

Yield displacement dy: 2.22 in.

Maximum out-of-plane displacement of panel zone: 2.21 in.

Model 28: Applied Force vs. Applied Disp.
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Maximum applied force: 39.37 Kips

Story drift at maximum applied force: 0.85%

Yield displacement dy: 1.43 in.

Maximum out-of-plane displacement of panel zone: 2.14 in.

Model 29: Applied Force vs. Applied Disp.

e N

S
o

\\

N

I~

Applied Force (kips)
S
\

0 2 4 6 8 10
Applied Disp. (in)

Maximum applied force: 40.12 Kips

Story drift at maximum applied force: 0.75%

Yield displacement dy: 1.43 in.

Maximum out-of-plane displacement of panel zone: 2.59 in.

Model 30: Applied Force vs. Applied Disp.
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Maximum applied force: 40.99 kips

Story drift at maximum applied force: 0.84%

Yield displacement dy: 1.36 in.

Maximum out-of-plane displacement of panel zone: 2.26 in.

Model 31: Applied Force vs. Applied Disp.
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Maximum applied force: 57.19 kips

Story drift at maximum applied force: 2.93%

Yield displacement dy: 1.49 in.

Maximum out-of-plane displacement of panel zone: 2.02 in.

Model 32: Applied Force vs. Applied Disp.
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Maximum applied force: 74.76 Kips

Story drift at maximum applied force: 3.24%

Yield displacement dy: 1.62 in.

Maximum out-of-plane displacement of panel zone: 1.96 in.

Model 33: Applied Force vs. Applied Disp.
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Maximum applied force: 44.60 kips

Story drift at maximum applied force: 0.68%

Yield displacement dy: 1.31 in.

Maximum out-of-plane displacement of panel zone: 2.72 in.

Model 34: Applied Force vs. Applied Disp.
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Maximum applied force: 45.97 kips

Story drift at maximum applied force: 0.85%

Yield displacement dy: 1.26 in.

Maximum out-of-plane displacement of panel zone: 2.72 in.

Model 35: Applied Force vs. Applied Disp.
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Maximum applied force: 64.08 kips

Story drift at maximum applied force: 2.67%

Yield displacement dy: 1.38 in.

Maximum out-of-plane displacement of panel zone: 2.51 in.

Model 36: Applied Force vs. Applied Disp.
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Maximum applied force: 82.87 kips

Story drift at maximum applied force: 2.95%

Yield displacement dy: 1.51 in.

Maximum out-of-plane displacement of panel zone: 2.23 in.

Model 37: Applied Force vs. Applied Disp.
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Maximum applied force: 36.08 kips

Story drift at maximum applied force: 0.74%

Yield displacement dy: 1.53 in.

Maximum out-of-plane displacement of panel zone: 2.74 in.

Model 38: Applied Force vs. Applied Disp.
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Maximum applied force: 36.82 kips

Story drift at maximum applied force: 0.75%

Yield displacement dy: 1.46 in.

Maximum out-of-plane displacement of panel zone: 2.37 in.

Model 39: Applied Force vs. Applied Disp.
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Maximum applied force: 46.13 kips

Story drift at maximum applied force: 2.63%

Yield displacement dy: 1.41 in.

Maximum out-of-plane displacement of panel zone: 2.10 in.

Model 40: Applied Force vs. Applied Disp.
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Maximum applied force: 53.94 Kips

Story drift at maximum applied force: 2.70%

Yield displacement dy: 1.42 in.

Maximum out-of-plane displacement of panel zone: 2.18 in.

Model 41: Applied Force vs. Applied Disp.
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Maximum applied force: 33.18 kips

Story drift at maximum applied force: 0.77%

Yield displacement dy: 1.43 in.

Maximum out-of-plane displacement of panel zone: 2.21 in.

Model 42: Applied Force vs. Applied Disp.
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Maximum applied force: 32.37 kips

Story drift at maximum applied force: 0.80%

Yield displacement dy: 1.19 in.

Maximum out-of-plane displacement of panel zone: 2.38 in.

Model 43: Applied Force vs. Applied Disp.
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Maximum applied force: 32.94 kips

Story drift at maximum applied force: 0.63%

Yield displacement 3y: 1.11 in.

Maximum out-of-plane displacement of panel zone: 2.59 in.

Model 44: Applied Force vs. Applied Disp.
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Maximum applied force: 33.67 Kips

Story drift at maximum applied force: 0.87%

Yield displacement dy: 1.15 in.

Maximum out-of-plane displacement of panel zone: 2.42 in.

Model 45: Applied Force vs. Applied Disp.
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Maximum applied force: 50.05 Kips

Story drift at maximum applied force: 2.75%

Yield displacement dy: 1.41 in.

Maximum out-of-plane displacement of panel zone: 1.98 in.

Model 46: Applied Force vs. Applied Disp.

/

Applied Force (Kips)
w
o

0 2 4 6 8 10
Applied Disp. (in)

119



Maximum applied force: 61.76 kips

Story drift at maximum applied force: 3.03%

Yield displacement dy: 1.52 in.

Maximum out-of-plane displacement of panel zone: 1.93 in.

Model 47: Applied Force vs. Applied Disp.
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Maximum applied force: 36.33 kips

Story drift at maximum applied force: 0.71%

Yield displacement dy: 1.01 in.

Maximum out-of-plane displacement of panel zone: 3.03 in.

Model 48: Applied Force vs. Applied Disp.
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Maximum applied force: 37.50 Kips

Story drift at maximum applied force: 1.02%

Yield displacement dy: 1.07 in.

Maximum out-of-plane displacement of panel zone: 3.03 in.

Model 49: Applied Force vs. Applied Disp.
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Maximum applied force: 56.13 Kips

Story drift at maximum applied force: 2.62%

Yield displacement dy: 1.37 in.

Maximum out-of-plane displacement of panel zone: 3.46 in.

Model 50: Applied Force vs. Applied Disp.
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Maximum applied force: 68.97 kips

Story drift at maximum applied force: 2.75%

Yield displacement dy: 1.41 in.

Maximum out-of-plane displacement of panel zone: 3.07 in.

Model 51: Applied Force vs. Applied Disp.
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Maximum applied force: 30.63 kips

Story drift at maximum applied force: 0.64%

Yield displacement 3y: 1.36 in.

Maximum out-of-plane displacement of panel zone: 3.07 in.

Model 52: Applied Force vs. Applied Disp.
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Maximum applied force: 30.26 Kips

Story drift at maximum applied force: 0.65%

Yield displacement dy: 1.09 in.

Maximum out-of-plane displacement of panel zone: 2.52 in.

Model 53: Applied Force vs. Applied Disp.
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Maximum applied force: 39.19 Kips

Story drift at maximum applied force: 2.37%

Yield displacement dy: 1.26 in.

Maximum out-of-plane displacement of panel zone: 2.03 in.

Model 54: Applied Force vs. Applied Disp.
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Maximum applied force: 46.45 kips

Story drift at maximum applied force: 2.52%

Yield displacement dy: 1.32 in.

Maximum out-of-plane displacement of panel zone: 2.12 in.

Model 55: Applied Force vs. Applied Disp.
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Maximum applied force: 28.03 kips

Story drift at maximum applied force: 0.68%

Yield displacement dy: 1.29 in.

Maximum out-of-plane displacement of panel zone: 2.55 in.

Model 56: Applied Force vs. Applied Disp.
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C2 Sub-studies

Maximum applied force: 43.94 kips

Story drift at maximum applied force: 3.84%

Yield displacement dy: 2.14 in.

Maximum out-of-plane displacement of panel zone: 1.81 in.

Model 8P: Applied Force vs. Applied Disp.
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C2.1 Sub-study on Column and Rafter Lengths, Tapered Section versus Prismatic Section

Maximum applied force: 42.35 kips

Story drift at maximum applied force: 1.11%

Yield displacement dy: 2.33 in.

Maximum out-of-plane displacement of panel zone: 2.66 in.

Model 10P: Applied Force vs. Applied Disp.
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Maximum applied force: 79.80 kips

Story drift at maximum applied force: 2.82%

Yield displacement dy: 1.58 in.

Maximum out-of-plane displacement of panel zone: 2.19 in.

Model 23P: Applied Force vs. Applied Disp.
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Maximum applied force: 44.38 kips

Story drift at maximum applied force: 1.38%

Yield displacement dy: 2.70 in.

Maximum out-of-plane displacement of panel zone: 2.23 in.

Model 28P: Applied Force vs. Applied Disp.
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Maximum applied force: 45.70 Kips

Story drift at maximum applied force: 0.72%

Yield displacement dy: 1.08 in.

Maximum out-of-plane displacement of panel zone: 2.52 in.

Model 29P: Applied Force vs. Applied Disp.
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Maximum applied force: 46.63 Kips

Story drift at maximum applied force: 4.47%

Yield displacement dy: 2.01 in.

Maximum out-of-plane displacement of panel zone: 1.75 in.

Model 8T: Applied Force vs. Applied Disp.
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Maximum applied force: 44.89 kips
Story drift at maximum applied force: 1.63%
Yield displacement dy: 2.98 in.

Maximum out-of-plane displacement of panel zone: 2.52 in.

Model 10T: Applied Force vs. Applied Disp.
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Maximum applied force: 87.34 kips

Story drift at maximum applied force: 3.51%

Yield displacement 3y: 1.96 in.

Maximum out-of-plane displacement of panel zone: 2.16 in.

Model 23T: Applied Force vs. Applied Disp.
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Maximum applied force: 47.98 Kips
Story drift at maximum applied force: 1.99%
Yield displacement dy: 3.93 in.

Maximum out-of-plane displacement of panel zone: 2.10 in.

Model 28T: Applied Force vs. Applied Disp.
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Maximum applied force: 50.24 Kips

Story drift at maximum applied force: 0.82%

Yield displacement dy: 1.18 in.

Maximum out-of-plane displacement of panel zone: 2.69 in.

Model 29T: Applied Force vs. Applied Disp.
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C2.2 Sub-study on Flange Flexural Strength Parameter

Maximum applied force: 43.39 kips

Story drift at maximum applied force: 0.93%

Yield displacement dy: 1.93 in.

Maximum out-of-plane displacement of panel zone: 2.30 in.

Model 1A: Applied Force vs. Applied Disp.
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Maximum applied force: 43.29 kips

Story drift at maximum applied force: 0.86%

Yield displacement dy: 1.78 in.

Maximum out-of-plane displacement of panel zone: 2.42 in.

Model 1B: Applied Force vs. Applied Disp.
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Maximum applied force: 48.19 kips

Story drift at maximum applied force: 0.85%

Yield displacement dy: 1.85 in.

Maximum out-of-plane displacement of panel zone: 2.50 in.

Model 2A: Applied Force vs. Applied Disp.
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Maximum applied force: 48.19 kips

Story drift at maximum applied force: 0.83%

Yield displacement 3y: 1.78 in.

Maximum out-of-plane displacement of panel zone: 2.67 in.

Model 2B: Applied Force vs. Applied Disp.
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Maximum applied force: 40.43 Kips

Story drift at maximum applied force: 0.99%

Yield displacement dy: 2.21 in.

Maximum out-of-plane displacement of panel zone: 2.88 in.

Model 3A: Applied Force vs. Applied Disp.
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Maximum applied force: 40.53 kips

Story drift at maximum applied force: 1.11%

Yield displacement dy: 2.34 in.

Maximum out-of-plane displacement of panel zone: 3.00 in.

Model 3B: Applied Force vs. Applied Disp.
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Maximum applied force: 59.82 kips

Story drift at maximum applied force: 0.96%

Yield displacement dy: 1.82 in.

Maximum out-of-plane displacement of panel zone: 2.62 in.

Model 4A: Applied Force vs. Applied Disp.
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Maximum applied force: 59.64 kips

Story drift at maximum applied force: 0.86%

Yield displacement dy: 1.61 in.

Maximum out-of-plane displacement of panel zone: 2.78 in.

Model 4B: Applied Force vs. Applied Disp.
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Maximum applied force: 66.83 Kips

Story drift at maximum applied force: 0.86%

Yield displacement dy: 1.66 in.

Maximum out-of-plane displacement of panel zone: 2.92 in.

Model 5A: Applied Force vs. Applied Disp.
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Maximum applied force: 66.69 Kips

Story drift at maximum applied force: 0.80%

Yield displacement dy: 1.55 in.

Maximum out-of-plane displacement of panel zone: 3.07 in.

Model 5B: Applied Force vs. Applied Disp.
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Maximum applied force: 54.54 kips

Story drift at maximum applied force: 0.86%

Yield displacement dy: 1.85 in.

Maximum out-of-plane displacement of panel zone: 2.71 in.

Model 6A: Applied Force vs. Applied Disp.
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Maximum applied force: 55.30 kips

Story drift at maximum applied force: 0.90%

Yield displacement 3y: 1.98 in.

Maximum out-of-plane displacement of panel zone: 2.88 in.

Model 6B: Applied Force vs. Applied Disp.
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Maximum applied force: 41.05 Kips

Story drift at maximum applied force: 0.73%

Yield displacement dy: 1.39 in.

Maximum out-of-plane displacement of panel zone: 2.51 in.

Model 7A: Applied Force vs. Applied Disp.
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Maximum applied force: 41.01 Kips

Story drift at maximum applied force: 0.71%

Yield displacement dy: 1.26 in.

Maximum out-of-plane displacement of panel zone: 2.40 in.

Model 7B: Applied Force vs. Applied Disp.
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Maximum applied force: 45.73 kips

Story drift at maximum applied force: 0.70%

Yield displacement dy: 1.25 in.

Maximum out-of-plane displacement of panel zone: 2.69 in.

Model 8A: Applied Force vs. Applied Disp.
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Maximum applied force: 45.62 kips

Story drift at maximum applied force: 0.80%

Yield displacement dy: 1.34 in.

Maximum out-of-plane displacement of panel zone: 2.72 in.

Model 8B: Applied Force vs. Applied Disp.
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Maximum applied force: 36.71 Kips

Story drift at maximum applied force: 0.69%

Yield displacement dy: 1.43 in.

Maximum out-of-plane displacement of panel zone: 2.14 in.

Model 9A: Applied Force vs. Applied Disp.
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Maximum applied force: 36.77 Kips

Story drift at maximum applied force: 0.70%

Yield displacement dy: 1.46 in.

Maximum out-of-plane displacement of panel zone: 2.58 in.

Model 9B: Applied Force vs. Applied Disp.
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Maximum applied force: 31.23 kips

Story drift at maximum applied force: 0.76%

Yield displacement dy: 1.23 in.

Maximum out-of-plane displacement of panel zone: 2.46 in.

Model 10A: Applied Force vs. Applied Disp.
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Maximum applied force: 31.38 kips

Story drift at maximum applied force: 0.78%

Yield displacement dy: 1.13 in.

Maximum out-of-plane displacement of panel zone: 2.29 in.

Model 10B: Applied Force vs. Applied Disp.
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Maximum applied force: 35.00 Kips

Story drift at maximum applied force: 0.82%

Yield displacement dy: 1.11 in.

Maximum out-of-plane displacement of panel zone: 2.55 in.

Model 11A: Applied Force vs. Applied Disp.

40
— o
2 30 / I —
2 T
8 /
S 20 /
o
2
310
<
0 L L L L L
0 2 4 6 8 10

Applied Disp. (in)

Maximum applied force: 35.42 Kips

Story drift at maximum applied force: 0.92%

Yield displacement dy: 1.07 in.

Maximum out-of-plane displacement of panel zone: 3.54 in.

Model 11B: Applied Force vs. Applied Disp.

40
—_~ _\
=
8 /
S 20 /
o
2
g10 .
<
0 L L L L L
0 2 4 6 8 10

Applied Disp. (in)

131



Maximum applied force: 28.11 kips
Story drift at maximum applied force: 0.60%
Yield displacement dy: 1.14 in.

Maximum out-of-plane displacement of panel zone: 2.48 in.

Model 12A: Applied Force vs. Applied Disp.
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Maximum applied force: 28.38 kips

Story drift at maximum applied force: 0.52%

Yield displacement dy: 1.18 in.

Maximum out-of-plane displacement of panel zone: 2.77 in.

Model 12B: Applied Force vs. Applied Disp.
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C2.3 Sub-study on Orientation of End-Plate Connection

Maximum applied force: 43.46 Kips

Story drift at maximum applied force: 0.99%

Yield displacement dy: 1.90 in.

Maximum out-of-plane displacement of panel zone: 2.40 in.

Model 6H: Applied Force vs. Applied Disp.
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Story drift at maximum applied force: 1.29%

Yield displacement dy: 1.90 in.

Maximum out-of-plane displacement of panel zone: 2.28 in.

Model 6S: Applied Force vs. Applied Disp.
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C2.4 Sub-study on Roof Slope

Maximum applied force: 46.99 Kips

Story drift at maximum applied force: 1.07%

Yield displacement dy: 2.30 in.

Maximum out-of-plane displacement of panel zone: 2.64 in.

Model 6C: Applied Force vs. Applied Disp.

a1
o

N
o

N

Applied Force (kips)
N w
o o

o

0 2 4 6 8 10
Applied Disp. (in)

Maximum applied force: 49.89 kips

Story drift at maximum applied force: 0.86%

Yield displacement dy: 1.68 in.

Maximum out-of-plane displacement of panel zone: 2.25 in.

Model 6D: Applied Force vs. Applied Disp.
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Maximum applied force: 52.25 kips

Story drift at maximum applied force: 1.09%

Yield displacement dy: 2.24 in.

Maximum out-of-plane displacement of panel zone: 2.73 in.

Model 25C: Applied Force vs. Applied Disp.
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Maximum applied force: 58.72 kips

Story drift at maximum applied force: 0.99%

Yield displacement dy: 1.75 in.

Maximum out-of-plane displacement of panel zone: 2.35 in.

Model 25D: Applied Force vs. Applied Disp.
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