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EXECUTIVE SUMMARY

During the 2004 hurricane season, the failure of several foundations of cantilever sign structures
occurred along Florida highways. These failures necessitated a review of the current design and

construction procedures for the foundations of cantilever sign structures.

The primary objectives of this research program were to:
e determine the cause of the failure of the cantilever sign structures and quantify what needs to
be considered in design to preclude this type of failure

e develop a repair/retrofit option for the foundation

In order to fulfill these objectives, a literature review, site investigation, and experimental
program were conducted. The findings of the literature review and site investigation were used
to develop the experimental program. The findings of the experimental program were applied in
the development of the repair/retrofit guidelines. In addition to the primary objectives,

alternative support systems were also identified for future consideration.

After a literature review, in conjunction with site investigation, and testing, it was determined
that the foundations failed as a result of an applied torsion from the wind loading which caused a
concrete breakout failure due to shear on the anchors directed parallel to the edge of the
foundation. This anchorage failure mode is detailed in ACI 318-05 Appendix D. This failure
mode has not previously been incorporated in the design of the cantilever sign foundations.
Cantilever sign foundations need to be designed for shear parallel to the edge on the anchor

resulting from torsion.

Additional testing was performed to determine an acceptable repair/retrofit option. It was

determined that applying a CFRP wrap to the foundation strengthens the foundation such that it
not only meets its initial concrete breakout capacity, but, also, exceeds the capacity. The results
of this test led to the development of guidelines for the evaluation and repair/retrofit of existing

foundations. The guidelines were based on the following:

vi



e Using either the torsional load from the design or, if not available, using the ACI nominal
torsional strength (ACI 318-05 Section 11.6.3.6), determine the torsional capacity of the

foundation.
e (alculate the concrete breakout strength in accordance with ACI Appendix D.

e If'the concrete breakout strength is less than the maximum of the nominal torsional strength

and design torsion, then the foundation is susceptible to failure.

e The amount of the carbon fabric required is calculated using the maximum of the nominal
torsional strength and the design torsion. The amount required is given in layers of the CFRP

wrap.

The guidelines may be used to evaluate and, if necessary, repair/retrofit existing foundations. It
is critical that such foundations be evaluated in order to determine the susceptibility to this type
of failure. Additionally, it is recommended that the alternative foundations identified be

considered for further investigation.

Implementation of the recommended design and repair/retrofit methods for foundations of
cantilever signal/sign structures should result in significantly less damage to these systems
during hurricanes. This will result in a more reliable post-storm traffic system that should

improve the time response for restoration of other critical services.
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CHAPTER 1
INTRODUCTION

During the 2004 hurricane season, the failure of several foundations of cantilever sign
structures occurred along Florida highways (Figure 1-1). These failures necessitated a review of
the current design and construction procedures for the foundations of cantilever sign structures.

The main objective of this research program was two-fold: to determine the cause of the
failure of the cantilever sign structures; and, to propose a retrofit option for the foundation. In
order to fulfill this objective, a thorough literature review, site investigation of a failed
foundation, and experimental program were conducted. The findings of the literature review and
site investigation were used to develop the experimental program. The findings of the
experimental program were applied in the development of the retrofit guidelines.

Furthermore, this project tested whether or not the ACI 318-05, ACI (2005) Appendix D

provisions for anchorage to concrete are applicable for circular foundations.

Figure 1-1. Failed cantilever sign structure



CHAPTER 2
BACKGROUND

While there have not been published reports detailing failures of sign structure
foundations, such as those being investigated in this study, information on the behavior of anchor
installations under various load conditions was found. The main subjects of much of the
literature were the effects of fatigue and wind load on overhead sign structures. Additionally,
there have been studies conducted on the failure modes of anchor installations, but these findings
were not based on circular foundations. In later sections, one of these anchorage failure modes
will be introduced for application in this research program.

This chapter presents the findings of the literature review, the conclusions drawn based on
a site investigation of a failed foundation, and applicable design equations for the determination
of the failure mode. The information presented in the chapter served as the base upon which the
experimental program was developed.

2.1 Literature Review

Keshavarzian (2003) explores the wind design requirements and safety factors for utility
poles and antenna monopoles from various specification manuals. It was found that the
procedure outlined in ASCE (1991), ASCE 74- Guidelines for Electrical Transmission Line
Structural Loading, resulted in the smallest factor of safety for the design. AASHTO (2001),
Standard Specifications for Structural Supports for Highway Signs, Luminaires and Traffic
Signals, was used as a part of the comparison for the design of the antenna monopole. The
design from this specification was compared to that from ASCE (2000), ASCE 7-98-Minimum
Design Loads for Buildings and Other Structures; TIA/EIA (1996), Structural Standards for
Steel Antenna Towers and Antenna Supporting Structures; and, ASCE 74. The wind forces at

the base were the same for ASCE 74, AASHTO, and ASCE 7-98. The forces using TIA/EIA



were higher because it requires that a 1.69 gust response factor be applied to the design.
Therefore, the pole designed using TIA/EIA would have between 30 and 40 percent extra
capacity. ASCE 7-98 and AASHTO resulted in the same margin of safety. The paper did not
include findings that were completely relative to this project, but it provided additional sources
for design of structures for comparative purposes.

Keshavarzian and Priebe (2002) compares the design standards specified in ASCE (2000),
ASCE 7-98, and IEEE (1997), NESC- National Electrical Safety Code. The NESC does not
require that utility poles measuring less than 60 feet in height be designed for extreme wind
conditions.  Short utility poles were designed to satisfy NESC specifications (i.e. without
extreme wind conditions). The poles were then evaluated according to the ASCE 7-98 wind load
requirements. It was found that the poles did not meet the ASCE 7-98 requirements. Therefore,
it was recommended that the exclusion for short utility poles in the NESC be reevaluated. The
paper also mentioned AASHTO (1994), Standard Specifications for Structural Supports for
Highway Signs, Luminaires and Traffic Signals. It outlined that in the AASHTO specification,
support structures exceeding 50 feet and overhead sign structures must be designed for a 50-year
mean recurrence interval, or extreme wind loading condition.

MacGregor and Ghoneim (1995) presents the background information for the formulation
of the thin-walled tube space truss analogy design method for torsion that was first adopted into
ACI (1995), ACI 318-95. The design methodology was adopted because it was simpler to use
than the previous method and was equally accurate. The basis for the derivation of the new
method was based on tests that were conducted in Switzerland. Both solid and hollow beams
were tested during that research. In comparing the data from both tests, it was discovered that

after cracking the concrete in the center had little effect on the torsional strength of the beam.



Therefore, the center of the cross-section could be ignored, and the beam could be idealized as a
hollow tube.

A space truss was formed by longitudinal bars in the corners, the vertical closed stirrups,
and compression diagonals. The compression diagonals were spiraled around the member and
extended between the torsion cracks. The paper also explained the shear stresses created by
torsion on the member.

In addition to the derivation of the equations for torsion and shear, the authors discussed
the limits for when torsion should be considered and the requirements for minimal torsional
reinforcement. The tests, conducted on both reinforced and prestressed concrete beams, showed
that there was acceptable agreement between the predicted strengths, as determined by the
derived equations, and the test results. This agreement was comparable to the design equations
from the ACI Code.

In addition to these papers, other reports reviewed include Lee and Breen (1966), Jirsa et
al. (1984), Hasselwander et al. (1977), and Breen (1964). These four studies focused on
important information regarding anchor bolt installations. Other reports that were examined for
relevance were from the National Cooperative Highway Research Program (NCHRP). These
are: Fouad et al. (1998), NCHRP Report 411; Kaczinski et al. (1998), NCHRP Report 412; and,
Fouad et al. (2003), NCHRP Report 494.

Fouad et al. (2003) details the findings of NCHRP Project 17-10(2). The authors stated
that AASHTO (2001) does not detail design requirements for anchorage to concrete. The ACI
anchor bolt design procedure was also reviewed. Based on their findings, they developed a
simplified design procedure. This procedure was based on the assumptions that the anchor bolts

are hooked or headed, both longitudinal steel and hoop steel are present in the foundation, the



anchor bolts are cast inside of the reinforcement, the reinforcement is uncoated, and, in the case
of hooked bolts, the length of the hook is at least 4.5 times the anchor bolt diameter. If these
assumptions did not apply, then the simplified procedure was invalid. The anchor bolt diameter
was determined based on the tensile force on the bolt, and the required length was based on fully
developing the longitudinal reinforcement between the embedded head of the anchor. The
authors further stated that shear loads were assumed to be negligible, and concrete breakout and
concrete side face blowout were controlled by adequate longitudinal and hoop steel. The design
procedure was developed based on tensile loading, and did not address the shear load on the
anchors directed parallel to the edge resulting from torsion.

Additionally, the authors presented the frequency of use of different foundation types by
the state Departments of Transportation, expressed in percentages of states reporting use.
According to the survey the most common foundation type used for overhead cantilever
structures was reinforced cast-in-place drilled shafts (67-100%) followed by spread footings (34-
66%) and steel screw-in foundations (1-33%). None of the states reported the use of directly
embedded poles or unreinforced cast-in-place drilled shafts.

ASCE (2006), ASCE/SEI 48-05, entitled Design of Steel Transmission Pole Structures was
obtained to gather information on the foundation design for transmission poles structures. The
intent was to determine whether or not the design of such foundations was relevant to the
evaluation of the foundations under examination in this research. In Section 9.0 of the standard,
the provisions for the structural members and connections used in foundations was presented.
Early in the section, the standard stated that the information in the section was not meant to be a
foundation design guide. The proper design of the foundation must be ensured by the owner

based on geotechnical principles. The section commented on the design of the anchor bolts. The



standard focused on the structural stability of the bolts in the foundation; it looked at bolts in
tension, bolts in shear, bolts in combined tension and shear, and the development length of such
bolts. The standard did not present provisions for failure of the concrete.

2.2 Site Investigation

A site investigation was conducted at the site of one failed overhead cantilever signal/sign
structure located at Exit 79 on Interstate 4 in Orlando (Figure 2-1). Figure 2-2 is the newly
installed foundation at the site. The failed foundation had the same anchor and spacing
specifications as the new foundation. This site visit coincided with the excavation of the failed
anchor embedment. During the course of the excavation the following information was
collected:

e The anchor bolts themselves did not fail. Rather, they were leaning in the foundation, which
was indicative of a torsional load on the foundation. While the integrity of the anchor bolts
held up during the wind loading, the concrete between the bolts and the surface of the
foundation was cracked extensively (Figure 2-3). The concrete was gravelized between the
anchors and the hoop steel. It should be noted that upon the removal and study of one anchor

bolt, it was evident that there was no deformation of the bolt itself.

e The hoop steel did not start at the top of the foundation. It started approximately 15 in. (381
mm) into the foundation.

The concrete was not evenly dispersed around the foundation. The hoop steel was exposed
at approximately three to four feet below grade. On the opposite side of the foundation there was
excess concrete. It was assumed that during the construction of the foundation, there was soil

failure allowing a portion of the side wall to displace the concrete.



Figure 2-2. New foundation installed at the site



Figure 2-3. Failed foundation during post-failure excavation
2.3 Applicable Code Provisions

The initial failure mode that was focused on in the background review was torsion.
However, based on the results of the site investigation, it was determined that the most likely
cause of failure was concrete breakout of an anchor (Figure 2-4). The equations for torsion are
presented in this section as they were used during the design of the experimental program to
prove that the concrete breakout failure will occur before the torsional failure. Torsion on the
concrete cross-section is discussed in Sections 2.3.1 through 2.3.3. The concrete breakout failure
of an anchor loaded in shear as displayed in Figure 2-4 is presented in Sections 2.3.4 through

2.3.5.



Figure 2-4. Concrete breakout of an anchor caused by shear directed parallel to the edge for a
circular foundation

2.3.1 Cracking and Threshold Torsion

In a circular section, such as the foundation under review, the resulting torsion is oriented
perpendicular to the radius or tangent to the edge. ACI 318-05 details the equation for the
cracking torsion of a nonprestressed member. In Section R11.6.1, the equation for the cracking
torsion, 7, is given (Equation 2-1). The equation was developed by assuming that the concrete

will crack at a stress of 4\/f e

T, =4\/7;{A”” ] (2-1)

pcp
Where
T, = cracking torsion (Ib.-in.)
fe = specified compressive strength of the concrete (psi)
Aep = area enclosed by the outside perimeter of the concrete cross-section (in.”)
= 72, for a circular section with radius 7 (in.)
Dep = outside perimeter of the concrete cross-section (in.)

= 2zr, for a circular section with radius 7 (in.)
This equation, when applied to a circular section, results in an equivalent value when
compared to the basic equation (Equation 2-2) for torsion noted in Roark and Young (1975).

The equality is a result of taking the shear stress as 4Vf"..

3
Trr

2

T (2-2)



Where

T = torsional moment (Ib.-in.)
T = shear stress, 4\f", (psi)
r = radius of concrete cross-section (in.)

ACI 318-05 Section 11.6.1(a) provides the threshold torsion for a nonprestressed member
(Equation 2-3). This is taken as one-quarter of the cracking torsion. If the factored ultimate
torsional moment, 7, exceeds this threshold torsion, then the effect of torsion on the member

must be considered in the design.

A 2
T=¢J7;[ i ] (2-3)

pcp

Where
0] = strength reduction factor

AASHTO (2004), AASHTO LRFD Bridge Design Specifications, also presents equations
for cracking torsion (Equation 2-4) and threshold torsion (Equation 2-5). Equation 2-4
corresponds with the AASHTO (2004) equation for cracking torsion with the exception of the
components of the equation related to prestressing. That portion of the equation was omitted
since the foundation was not prestressed. It must be noted that these equations are the same as

the ACI 318-05 equations.

A 2
T, =0.125,f —= (2-4)
P.
Where
T, = torsional cracking moment (kip-in.)
Aep = total area enclosed by outside perimeter of the concrete cross-section (in.%)
De = the length of the outside perimeter of the concrete section (in.)

AASHTO (2004) also specifies the same provision as ACI 318-05 regarding the threshold

torsion. In Section 5.8.2.1, it characterizes the threshold torsion as one-quarter of the cracking
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torsion multiplied by the reduction factor. Equation 2-5 corresponds with the threshold torsion
portion of AASHTO (2004) equation.

T =0.25¢4T, (2-5)

The above referenced equations considered the properties and dimensions of the concrete.
They did not take into consideration the added strength provided by the presence of
reinforcement in the member. For the purposes of this research, it was important to consider the
impact of the reinforcement on the strength of the concrete shaft.

2.3.2 Nominal Torsional Strength

ACI 318-05 Section 11.6.3.5 states that if the ultimate factored design torsion exceeds the
threshold torsion, then the design of the section must be based on the nominal torsional strength.
The nominal torsional strength (Equation 2-6) takes into account the contribution of the

reinforcement in the shaft.

T = 2A”—Atfy’cot 0 (2-6)
s

Where

T, = nominal torsional moment strength (in.-1b.)

A, = gross area enclosed by shear flow path (in.?)

A; = area of one leg of a closed stirrup resisting torsion with spacing s (in.?)
S = specified yield strength £, of transverse reinforcement (psi)

s = center-to-center spacing of transverse reinforcement (in.)

0 = angle between axis of strut, compression diagonal, or compression field and

the tension chord of the member
The angle, 0, is taken as 45°, if the member under consideration is nonprestressed. This
equation, rather than taking into account the properties of the concrete, takes into account the
properties of the reinforcement in the member. These inputs include the area enclosed by the
reinforcement, the area of the reinforcement, the yield strength of the reinforcement, and the
spacing of the reinforcement. For the purpose of this research, the reinforcement under

consideration was the hoop steel.
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AASHTO (2004) also outlines provisions for the nominal torsional resistance in Section
5.8.3.6.2. Equation 2-7 is the same equation that ACI 318-05 presents. The only difference is in

the presentation of the equations. The variables are represented by different notation.

- 24,4, f, cotd 2-7)
s
Where
T, = nominal torsional moment (kip-in.)
A, = area enclosed by the shear flow path, including any area of holes therein (in.?)
Ay = area of one leg of closed transverse torsion reinforcement (in.z)
% = angle of crack

As the above referenced equation evidences, the ACI 318-05 and the AASHTO (2004)
provisions for nominal torsional strength are the same. Based on the code provisions, the
nominal torsional strength represents the torsional strength of the cross-section.

2.3.3 Combined Shear and Torsion

Another area that had to be considered in this research was the effect of combined shear
and torsion. Both ACI 318-05 and AASHTO (2004) outline equations for the combined shear
and torsion. Since the foundation had a shear load applied to it, it had to be determined whether
the shear load was large enough to necessitate consideration. The ACI 318-05 equation
(Equation 2-8) and the AASHTO (2004) equation (Equation 2-9) are presented hereafter. The
ACI 318-05 equation is located in Section 11.6.3.1 of ACI 318-05, and the AASHTO (2004)
equation is presented in Section 5.8.3.6.2 of that specification. The ACI 318-05 equation is

presented with ¥V, substituted on the left-hand side.

2 2
vo< || Y| o] b (2-8)
b,d 1.74],

Where

V., = factored shear force at section (1b.)

b.d = area of section resisting shear, taken as 4, (in.z)

T, = factored torsional moment at section (in.-1b.)

Dh = perimeter of centerline of outermost closed transverse torsional reinforcement

(in.)

12



Aon = area enclosed by centerline of the outermost closed transverse torsional
reinforcement (in.?)

The AASHTO (2004) equation that is presented (Equation 2-9) is intended for the
calculation of the factored shear force. For the purpose of this project, the right-hand side of the

equation was considered.

2
v = \/ V24 (—0'917 s ] (2-9)
24,
Where
Va = factored shear force (kip)
Dh = perimeter of the centerline of the closed transverse reinforcement (in.)
T, = factored torsional moment (kip-in.)

The determination of whether or not shear had to be considered was made based on a
comparison of the magnitudes of the coefficients of these terms. This is investigated further in
Chapter 3.

2.3.4 ACI Concrete Breakout Strength for Anchors

In ACI 318-05 Appendix D, the concrete breakout strength is defined as, “the strength

corresponding to a volume of concrete surrounding the anchor or group of anchors
separating from the member.” A concrete breakout failure can result from either an applied
tension or an applied shear. In this report, the concrete breakout strength of an anchor in shear,
Section D.6.2, will be studied. The breakout strength for one anchor loaded by a shear force

directed perpendicular to a free edge (Figure 2-5) is given in Equation 2-10.

v, = 7[2j | Jd, Jflleq)” (2-10)

Where

Vi = basic concrete breakout strength in shear of a single anchor in cracked concrete
(Ib.)

le = load bearing length of anchor for shear (in.)

d, = outside diameter of anchor (in.)

Cal = distance from the center of an anchor shaft to the edge of concrete in one
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direction; taken in the direction of the applied shear (in.)

Concrete Edge

Figure 2-5. Concrete breakout failure for an anchor loaded in shear

The term /., is limited to 8d, according to Section D.6.2.2. The equations in ACI 318-05
were developed based on a 5% fractile and with the strength in uncracked concrete equal to 1.4
times the strength in cracked concrete. The mean concrete breakout strength in uncracked

concrete is provided in Fuchs et al. (1995) and given in Equation 2-11.

_13[ j\/_\/_ c., (2-11)

For a group of anchors, Equation 2-12 applies. This equation is the nominal concrete

breakout strength for a group of anchors loaded perpendicular to the edge in shear.

Virg =+ Vs (2-12)
AVco
Where
Vebg = nominal concrete breakout strength in shear of a group of anchors (1b.)
Ay, = projected concrete failure area of a single anchor or group of anchors, for
calculation of strength in shear (in.%)
Aveo = projected concrete failure area of a single anchor, for calculation of strength in

shear, if not limited by corner influences, spacing, or member thickness (in.?)
=4.5(ca;)’, based on an ~35° failure cone (Figure 2-6)
Weev = factor used to modify shear strength of anchors based on eccentricity of applied
loads, ACI 318-05 Section D.6.2.5
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Wweav = factor used to modify shear strength of anchors based on proximity to edges of
concrete member, ACI 318-05 Section D.6.2.6

Wey = factor used to modify shear strength of anchors based on presence or absence of
cracks in concrete and presence or absence of supplementary reinforcement,
ACI 318-05 Section D.6.2.7, accounted for in Equation 2-11

]
15Ca]_ 15Ca]_

1.5Ca]_

AVco:1-5Ca1'2(1-50a1)

Figure 2-6. Determination of 4., based on the =~35° failure cone

The resultant breakout strength is for a shear load directed perpendicular to the edge of the
concrete. Therefore, an adjustment had to be made to account for the shear load acting parallel
to the edge since this was the type of loading that resulted from torsion on the anchor group. In
Section D.5.2.1(c) a multiplication factor of two is prescribed to convert the value to a shear
directed parallel to the edge (Figure 2-7). Fuchs et al. (1995) notes that the multiplier is based on
tests, which indicated that the shear load that can be resisted when applied parallel to the edge is

approximately two times a shear load applied perpendicular to the edge.
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Figure 2-7. Shear load oriented (a) perpendicular to the edge and (b) parallel to the edge

In order to convert the breakout strength to a torsion, the dimensions of the test specimen
were considered to calculate what was called the nominal torsional moment based on the
concrete breakout strength, 7}, preakout-

2.3.5 Alternate Concrete Breakout Strength Provisions

In the book Anchorage in Concrete Construction, Eligehausen et al. (2006), the authors
presented a series of equations for the determination of the concrete strength based on a concrete
edge failure. These equations are presented in Chapter 4, Section 4.1.2.4 of the text. Equation 2-
13 is the average concrete breakout strength of a single anchor loaded in shear. It must be noted

that this equation is for uncracked concrete.

Vie=3.0-d; 07 fi5 -Cuf (2-13)

Where

7’ = concrete failure load of a near-edge shear loaded anchor (N)

d, = outside diameter of anchor (mm)

l, =effective load transfer length (mm)

fee200 = specified concrete compressive strength based on cube tests (N/mm?)
~1.18f

cq = edge distance, measured from the longitudinal axis of the anchor (mm)

g 0.5
; 01[]
Cal

0.5
s :o.l.(doj
Cal
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As was the case for the ACI 318-05 equations, the term 7, is limited to 8d,. Equation 2-14
accounts for the group effect of the anchors loaded concentrically. The authors stated that cases
where more than two anchors are present have not been extensively studied. They did, however,
state that the equation should be applicable as long as there is no slip between the anchor and the
base plate.

A
P (2-14)

u,c u,c
Veo

X}; erj projected area of failure surface for the anchorage as defined by the overlap
of individual idealized failure surfaces of adjacent anchors (mm?)
Ay, =projected area of the fully developed failure surface for a single anchor
idealized as a half-pyramid with height c,; and based lengths /.5¢,; and 3c¢,; (mm?)
ACI 318-05 specifies that, in order to convert the failure shear directed perpendicular to
the edge to the shear directed parallel to the edge, a multiplier of two be applied to the resultant
load. The provisions outlined in this text take a more in-depth approach to determining this
multiplier. The method for calculating this multiplier is detailed in Section 4.1.2.5 of
Eligehausen et al. (2006). The authors stated that, based on previous research, the concrete edge
breakout capacity for loading parallel to an edge is approximately two times the capacity for
loading perpendicular to the edge if the edge distance is constant. The authors further moved to
outline equations to calculate the multiplier based on the angle of loading. The first equation
(Equation 2-15) that is presented in the text is a generalized approach for calculating the
multiplier when the angle of loading is between 55° and 90° of the axis perpendicular to the

edge. For loading parallel to the edge the angle is classified as 90° (Figure 2-7).

1

cosa +0.5sinx
Where
w, v = factor to account for the angle between the shear load applied and the
direction perpendicular to the free edge of the concrete member

(2-15)

a,V
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a = angle of the shear load with respect to the perpendicular load

This equation results in a factor of two for loading parallel to the edge. Equation 2-16

provides the concrete breakout strength for shear directed parallel to the edge using .

Vuc,aV = l//aV ' Vu,c (2_ 1 6)

Where
Vue,av= concrete failure load for shear directed parallel to an edge based on , (N)

An alternate equation for calculating this factor is also presented in the Eligehausen et al.

(2006) text. This equation is only valid for loading parallel to the edge. This equation is based

on research proposing that the multiplier to calculate the concrete breakout capacity for loading

parallel to the edge based on the capacity for loading perpendicular to the edge is not constant.

Rather, it suggested that it is based on the concrete pressure generated by the anchor. The base

equation for the application of this factor is Equation 2-17.

(2-17)

Vu,c,pamllel =V paraliel Ve

Where

Vi, paratier= concrete failure load in the case of shear parallel to the edge (N)
Wparallet = factor to account for shear parallel to the edge

Vie = concrete failure load in the case of shear perpendicular to the edge (N)

Equation 2-18 is used for the determination of the conversion factor wy aer.

) 0.5
W paraier = 4Ky [M} (2-18)
VM,C
Where
ks = 1.0 for fastenings without hole clearance
0.75 for fastenings with hole clearance
n  =number of anchors loaded in shear
fee = specified compressive strength of the concrete (N/mm?®)
conversion to f’. as specified for Equation 2-13

The results of Equation 2-13 through Equation 2-18 are presented alongside the ACI 318-

05 equation results in Chapter 3. These are presented for comparative purposes only.
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2.3.6 ACI 318-05 vs. AASHTO LRFD Bridge Design Specifications

In Sections 2.3.1 through 2.3.3, both the applicable design equations in ACI 318-05 and
AASHTO (2004) were presented. As was shown, the ACI and AASHTO equations were the
same. Additionally, the provisions for the concrete breakout failure capacity are only provided
in ACI 318-05. AASHTO does not provide design guidelines for this failure. Therefore, the
ACI 318-05 equations were used throughout the course of this research program.

2.4 Alternative Foundation Designs

Another focus of this research study was the identification of alternative foundation
designs to be considered for future investigation. Four potential alternatives were identified.
This section overviews the failure mode, ease of constructability, durability, and inspection
considerations for each proposed foundation.

2.4.1 Reinforced Concrete Foundations

Three of the alternatives use reinforced concrete. The first alternative (Figure 2-8) is a
steel pipe with plates welded at four points that is cast into a circular concrete foundation.
Another alternative is shown in Figure 2-9 and incorporates a geometric hollow steel section,
displayed as an octagon, cast into concrete. The third reinforced concrete foundation alternative
(Figure 2-10) is a steel pipe with studs welded to the pipe. The foundation is shown with the
steel pipe, but can also be integrated with the octagonal section.

These foundations must be designed to resist all applied loads (e.g., wind load, dead load).
The failures modes that need to be considered for the reinforced concrete foundations are
torsional failure of the steel pipe, torsional failure of the concrete, flexural failure of the concrete,
and concrete breakout failure. For the foundation in Figure 2-8, the failure of the embedded

plates and the failure of the weld between the plates and the pipe must be evaluated.
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Additionally, for the foundation with the steel studs (Figure 2-10), the failure of the studs and the
failure of the weld between the studs and the pipe must be considered.

These foundations will not require the installation of anchor bolts or a grout pad, which
will simplify construction. However, the foundation will still require the use of reinforced
concrete. The pipes will be cast into concrete protecting them against corrosion. The surface of
the concrete should be routinely inspected for cracks indicative of a concrete breakout failure,
and the steel pipe should be inspected for indications of failure and for corrosion of the steel

where the pipe is exposed.

Figure 2-8. Alternate foundation: steel pipe with plates welded at four locations
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Figure 2-10. Alternate foundation: pipe with welded studs
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2.4.2 Helical Pipe

The fourth alternative is involves use of a helical pipes (Figure 2-11), which would be
screwed directly into the soil. For the helical pipes, the soil strength is of key importance along
with the structural capacity of the steel. As with the previous three alternatives, this alternative
will not require the installation of a grout pad or anchor bolts. In addition, the helical pipe
alternative will not require the use a reinforced concrete foundation, which makes it the most
construction-friendly of the three designs. However, care must be taken to ensure that the pipes
are not damaged during the installation process. The helical pipes should also be galvanized or
otherwise protected to guard against corrosion.

Inspection of the helical pipes below the surface of the soil will not be possible, which is
why galvanized steel or other corrosion protection should be used. In addition to inspecting the
steel above ground level, the deflection of structure should also need be routinely measured to
ensure that it is securely anchored in the ground. One method of doing so would be to measure
the rotation of the sign pole from the vertical plane. Geotechnical inspections in addition to

structural inspections may need to be conducted for this foundation.
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Figure 2-11. Alternate foundation: helical pipes
2.4.3 Summary

All of the proposed foundation designs are shown with annular base plates. An alternative
method for attaching the sign pole for the first three options would be to telescope the sign pole
over the foundation section. It is recommended that these alternative foundations be considered

for further investigation to determine their viability for use in new foundations.
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CHAPTER 3
DEVELOPMENT OF EXPERIMENTAL PROGRAM

After a thorough background investigation, it was determined that the most likely cause of

the failure was the concrete breakout of an anchor loaded by a shear force directed parallel to a

free edge. The shear force on the individual anchors was caused by torsion applied to the bolt

group from the sign post. Based on this determination, an experimental program was formulated

to determine if this was in fact the failure mode of the foundation. Therefore, it was of the

utmost importance to design the test apparatus to preclude other failure modes. This chapter

focuses on the development of the experimental program.

3.1 Description of Test Apparatus

The test apparatus was designed such that the field conditions could be closely modeled for

testing at the Florida Department of Transportation (FDOT) Structures Research Center. A

schematic of the test apparatus is shown in Figure 3-1. The test apparatus consisted of:

A 30” (762 mm) diameter concrete shaft that extended 3°-0” (914 mm) outward from the
concrete block

Twelve 377 (940 mm), 1.5” (38.1 mm) diameter F1554 Grade 105 anchor bolts embedded
into the concrete around a 20 (508 mm) diameter

A 16” (406 mm) diameter steel pipe assembly welded to a 24” (610 mm) diameter, 17 (25.4
mm) thick steel base plate with holes drilled for the anchor bolts to provide the connection

between the bolts and pipe assembly

A 6’-0”x 10’-0” x 2’-6” (1830 mm x 3050 mm x 762 mm) reinforced concrete block to
provide a fixed support at the base of the shaft

Two assemblies of C12x30 steel channels and plates to attach the block to the floor
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Figure 3-1. Schematic of test apparatus

The basis for the design of the various components of the test apparatus was one half of the
size of the failed foundation investigated during the site visit. The dimensions of the field
foundation are presented in Table 3-1. From that point, the elements of the test apparatus were
designed to preclude all failure modes other than the concrete breakout failure of the anchors.

Information pertaining to the design of the components of the apparatus is presented in the
following sections. Figures 3-2 through 3-4 are drawings of the test apparatus. For large scale

dimensioned drawings, reference Appendix A. Complete design calculations are located in

Appendix B.

Table 3-1. Field and test specimen dimensions

Component Field Dimension Test Specimen Dimension
Shaft Diameter 60 in. 30 in.
Hoop Steel Diameter 46 in 27 in.
Hoop Steel Size #5 #3
Longitudinal Steel #9 #4
Size

Anchor Bolt Diameter 2 in. 1 in.
Anchor Embedment 55 in. 26 in.
Bolt Spacing 36 in. 20 in.
Diameter

Base Plate Diameter 42 in. 24 in.
Base Plate Thickness 1% in. 1 in.
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Figure 3-2. Front elevation of test apparatus

Figure 3-3. Plan view of test apparatus
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Figure 3-4. Side elevation of test apparatus
3.2 Shaft Design

The starting point for the design of the concrete shaft was based on developing a test
specimen approximately one half of the size of the foundation that was investigated during the
site visit. From there, the various components of the shaft were designed the meet the ACI 318-
05 requirements, and to prevent failure before the concrete breakout strength was reached and
exceeded. All of the strengths were calculated using a concrete strength of 5500 psi (37.9 MPa),
which was the strength indicated on the FDOT standard drawings.

3.2.1 Torsion Design

The basic threshold torsional strength of the shaft, 24.6 kip-ft (33.4 kN-m) was calculated
using the ACI 318-05 torsional strength equation (Equation 2-3). This strength, however, did not
take into account the reinforcement in the shaft. Therefore, it was assumed that the threshold
torsion would be exceeded. As a result, the torsional strength of the shaft was based on the

nominal torsional strength.
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In order to calculate the torsional strength that the shaft would exhibit during testing, the
ACI nominal torsional strength equation was applied. Before the strength was calculated, the
minimum requirements for the shaft reinforcement were followed as outlined in ACI 318-05
Section 7.10.5.6 and Section 11.6.5.1. The nominal torsional strength (Equation 2-6) was then
calculated for the specimen. This value, 252 kip-ft (342 kN-m), was compared to the concrete
breakout strength. The spacing of the hoop steel in the shaft was altered until the nominal
torsional strength exceeded the concrete breakout strength. Hence, if the concrete breakout
failure was the correct failure mode, it would occur before the torsional capacity of the shaft was
exceeded during testing.

3.2.2 Longitudinal and Transverse Reinforcement

As was outlined in the previous section, the required amount of hoop steel to meet the ACI
318-05 specifications was determined using guidelines from Chapters 7 and 11 in the code. The
resultant longitudinal steel layout was twenty-four #4 bars spaced evenly around a 27 in. (686
mm) diameter circle. The transverse hoops were comprised of #3 bars at 2.5 in. (635 mm)
totaling fourteen #3 bar hoops. The required splice for the #3 bar was 12 in. (305 mm), and the
length required to develop the #4 bar into the concrete block was 8 in. (203 mm) with a 6 in.
(152 mm) hook. In the test setup, the #4 bars extended 27 in. (686 mm) into the block, which
exceeded the required length. This length was used for simplicity in design and construction of
the test setup. The #4 bars were tied into one of the cages of reinforcement in the concrete block.

3.2.3 Flexure

Due to the eccentric loading of the bolts, the flexural capacity of the shaft had to be
calculated. It had to be determined that the shaft would not fail in flexure under the load applied
during testing. The flexural reinforcement in the shaft was the longitudinal reinforcement, the #4

bars. The first step to determine the capacity was to assume the number of bars that would have
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yielded at the time of failure. From that point, the neutral axis of the shaft was located following
the ACI 318-05 concrete stress block methodology presented in Chapter 10 of the code. It was
then checked if the number of bars that had yielded was a good assumption. Once this was
verified, the nominal moment capacity of the shaft was calculated, and, then, compared to the
maximum flexural moment based on the concrete breakout capacity. The flexural capacity of the
shaft, 267 kip-ft (355 kN-m), exceeded the maximum flexural moment on the shaft, 60.6 kip-ft
(95.2 kN-m).

3.3 Anchor Design

3.3.1 Diameter of Anchor Bolts

The starting point for the diameter of the F1554 Grade 105 anchor bolts to be used in the
test apparatus was based on half the diameter of those in the field specimen. The size determined
using that methodology was 1 in. (25.4 mm). Once the concrete breakout strength capacity of
the anchors was determined, the corresponding shear load on each of the bolts was calculated.
The anchor bolt diameter was increased to 1.5 in. (38.1 mm) in order to ensure that the bolts
would not experience steel failure in flexure or shear. This resulted in the area of the anchors
used in the test being one half of those in the field specimen which is reasonable for a one-half
scale model where the area of the anchor is a critical parameter. The maximum flexure on the
bolts was calculated by taking the maximum shear applied to each bolt and calculating the
corresponding maximum flexural moment (Figure 3-5). The lever arm (Equation 3-1) for the

calculation of the capacity was defined in Eligehausen et al. (2006) Section 4.1.2.2 b.

[=e +a, (3-1)
Where:

/ = lever arm for the shear load (in.)

er = distance between the shear load and surface of concrete (in.)

asz = (.5-d,, without presence of a nut on surface of concrete, Figure 3-5 (in.)

0, with a nut on surface of concrete
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Figure 3-5. Lever arm for the calculation of bolt flexure

The base plate was restrained against rotation, and translation was only possible in the
direction of the applied shear load. The maximum applied moment for each bolt was calculated
based on these support conditions and the lever arm calculation. Full fixity occurred a distance
a;z into the shaft.

Using the section modulus of the bolts, the stress was then calculated and compared to the
yield strength of the bolts, 105 ksi (724 MPa). The shear strength of the bolts was calculated
using the provisions in Appendix D of ACI 318-05. In both cases it was determined that the
bolts had sufficient strength.

3.3.2 Concrete Breakout Strength of Anchor in Shear Parallel to a Free Edge

The breakout strength provisions outlined in ACI 318-05 Appendix D and the breakout
provisions introduced in Eligehausen et al. (2006) were applied to the design of the shaft.
Equation 2-11, from ACI 318-05, was used as the primary equation for the calculation of the
breakout strength. In order to apply the ACI provisions to the circular foundation a section of the

concrete was ignored (Figure 3-6). If the full cover, ¢, was used in the calculation, the failure
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region would have included area outside of the circle. Rather than extending beyond the edge of
the concrete, the =35 degree failure cone (Figure 2-6) was extended to the edge of the shaft as

shown in Figure 3-6. Equation 3-2 was developed to determine the adjusted cover, c,;.

2 2 2
. = \/rb +3.25(r v, ) 7, (32)
3.25
Where
r, = radius measured from the centerline of the bolt to the center of the foundation (in.)
(Figure 3-6)
r  =radius of circular foundation (in.)

As presented in Section 2.3.4, the projected concrete failure area for a single anchor, 4y,
is equivalent to 4.5(c,;)°. Figure 3-7 illustrates the development of the projected concrete failure
area for a group of anchors, Ay,, as a function of the number of bolts, n, the radius of the shaft, 7,
and the adjusted cover. The resultant concrete breakout strength using the adjusted cover

approach was conservative relative to assuming the full cover.

Figure 3-6. Adjusted cover based on a single anchor and ~35° failure cone
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Figure 3-7. Development of the projected failure area for the group of anchors around a circular
foundation

Equation 3-3 and Equation 3-4 are used to calculate the concrete breakout torsion,

T, breakous, and are based on the ACI provisions for shear parallel to the free edge.

1.5
For A< sin‘IL C“IJ

T

4
=22y, ., (3-3)

Veo

T

n,breakout

1.5
For 4> sin™ (JJ (i.e. no overlap of failure cones)
Ty

T

. breakout — 2-n-V,n (3-4)

Where

A = angle of circular sector for each bolt (deg) (Figure 3-7)

cqa; = adjusted cover (in.) (Equation 3-2)

r, = radius measured from the centerline of the bolt to the center of the foundation (in.)
(Figure 3-6)

Ay. = projected concrete failure area of a group of anchors (in.?) (Figure 3-7)

Ay, = projected concrete failure area of a single anchor (in.?) (Figure 3-6)
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Vi, = concrete breakout strength in shear for a single anchor calculated using Equation 2-
11 with ¢,; as calculated in Equation 3-2 (Ib.)

n  =number of bolts

During the analysis of the design equations, an issue arose regarding the calculation of the
factor Wpyuraner. The result of Equation 2-18 was 4.06 compared to the ACI 318-05 factor and y,
of 2.0. This prompted an investigation of the application of the multiplier to the circular
foundation in this research program.

The majority of the tests for the determination of V,, . (Equation 2-14) were for groups of
two bolts. Therefore, it was investigated how the 4y./4y., term is affected by the spacing
between the bolts and the number of bolts. Figure 3-8 shows that for spacing, s, of 3.0c,; or
greater there is no overlap of the breakout cones. In those cases the strength is the sum of the

single anchor strengths. Figure 3-9 illustrates the overlap of the breakout cones. The 4y./Ayc,

term is used to calculate the breakout strength for the case where the failure cones overlap.

15c,, | 15, | 1.5C, | 1.5C,

A
Ca1 W
A 4
5 N
«

s=3.0c,; |

Figure 3-8. Two anchor arrangement displays the minimum spacing such that no overlap of the
failure cones occurs

Ay

C

Figure 3-9. Overlap of failure cones
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Ay/Ayc, can be normalized by dividing by the number of bolts. An increase in the number
of bolts at the same spacing along a straight edge leads to a reduction in the normalized Ay./Ay.,
term. This reduction is illustrated in Figure 3-10. The contribution of the failure cone
outstanding “legs” at the ends of the group area, 4y, decreases as the number of bolts increases.
For a circular foundation, with s<3.0c,;, there is a constant overlap of the failure cones with no
outstanding “legs” (Figure 3-11). The equivalent number of bolts along a straight edge is taken
as infinity in order to represent a circular foundation (i.e. no outstanding “legs”). Therefore, the
normalized Ay./Ay., term for this case was calculated for an infinite number of bolts at the
prescribed spacing for the foundation. To convert these ratios into a multiplier for w,ararer, the
ratio of the normalized Ay./Ay., for an infinite number of bolts to the normalized term for two
bolts was calculated. That multiplier, 0.52, was applied to the y,qqe; term resulting in an
adjusted yparanes 0f 2.1. This resulting value agreed with the ACI 318-05 factor and the

Eligehausen et al. (2006) factor y, yof 2.0.

< AVC »
“Leg” “Leg”
Leg”, Leg”,
AVc

& »

“Le 2 “Leg |
Figure 3-10. The contribution of the “legs” of the failure cone to 4y, along a straight edge
decreases as the number of bolts increases
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Figure 3-11. Overlap of failure cones for a circular foundation

The resultant concrete breakout torsions, based on the Eligehausen et al. (2006) concrete
breakout strength (Equation 2-13), were 167 kip-ft (227 kN-m) using yparane 0f 2.1 in Equation
2-17, and 159 kip-ft (216 kN-m) using y,, of 2.0 in Equation 2-16. These torsions were
calculated using the same moment arm, 75, used in Equation 3-3 and Equation 3-4. These results,
in addition to the results of the other calculations, are summarized in Table 3-2.

Table 3-2. Summary of design calculations

Component Design Type Equation Reference Result
Shaft
Cracking Torsion (2-1) 131 kip-ft
Basic Torsion (2-2) 131 kip-ft
Threshold Torsion (2-3) 24.6 kip-ft
Nominal Torsion (2-4) 252 kip-ft
Anchor
ACI Concrete (2-12) 182 kip-ft
Breakout
Eligehausen et. al. (2-16) 159 kip-ft
Concrete Breakout
Eligehausen et. al. (2-17) 167 kip-ft
Concrete Breakout
Bolt Flexure 253 kip-ft
Bolt Shear 1756 kip-ft
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3.3.3 Development Length of the Bolts

Another key aspect of the shaft design was to ensure that the anchor bolts were fully
developed. As discussed in ACI 318-05 D.4.2.1 and RD.4.2.1, this can be accomplished by
providing reinforcement fully anchored on each side of the breakout plane. In the case of the
shaft, the breakout plane originates at the head of the anchors. In order to meet the code
requirements, the splice length between the #4 bars and anchor bolts was calculated using the
development length equations presented in ACI 318-05 Chapter 12. The bolts needed overlap
the #4 bars across 26.7 in. (678 mm), and in the test setup the overlap was 29 in. (737 mm).
Therefore, this requirement was met.

3.4 Steel Pipe Apparatus Design

The components of the steel pipe apparatus included the pipe, which was loaded during
testing, and the base plate. The pipe design was based on the interaction between torsion,
flexure, and shear as presented in AISC (2001), LRFD Manual of Steel Construction-LRFD
Specification for Steel Hollow Structural Sections. Each of the individual capacities was
calculated for various pipe diameters and thicknesses. The individual strengths were compared
to the projected failure loads for testing, the concrete breakout failure loads. In addition to
verifying that the capacity of the pipe exceeded those loads, the interaction of the three capacities
was verified. The purpose was to check that the sum of the squares of the ultimate loads divided
by the capacities was less than one. Based on this analysis, it was concluded that an HSS 16.000
x 0.500 pipe would provide sufficient strength.

In order to load the pipe, it needed to have a ninety degree bend in it. This was achieved
by welding two portions of pipe cut on forty-five degree angles to a steel plate. The weld size
for this connection was determined such that the effective throat thickness would equal the

thickness of the pipe, which was 0.50 in. (12.7 mm).
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The factors included in the design of the base plate were the diameter of the pipe, required
weld size, bolt hole diameter, and the required distance between the edge of the bolt hole and the
edge of the plate. The required width of the weld between the base plate and the pipe was
calculated such that the applied torsion could be transferred to the plate without failing the weld.
From that point, the bolt hole location diameter had to be checked to ensure that there was
sufficient clearance between the weld and the nuts. It was important that the nuts could be fully
tightened on the base plate. A 0.25 in. (6.35 mm) oversize was specified for the bolt hole
diameter. The oversize for the bolt hole diameter was based on the FDOT Standard Drawing No.
11310 for cantilever sign structures. Note 12 on the drawing specifies that the maximum
allowable oversize for anchor bolts is 0.50 in. (12.7 mm). The oversize dimension for the test
specimen was taken as one half of the size of the maximum allowable, 0.25 in. (6.35 mm).
Beyond that point, it was ensured that there would be sufficient cover distance between the bolt
hole and the edge of the plate.

The design of the components of the steel pipe apparatus was crucial because these pieces
had to operate efficiently in order to correctly apply load to the bolts. If the apparatus were to
fail during testing, the objective of the research could not be achieved. The weight of the pipe
apparatus was calculated in order to normalize the load during testing. The load applied to the
anchorage would be the load cell reading less the weight of the pipe apparatus.

3.5 Concrete Block Design

The design of the concrete block was based on several key factors to ensure that it served
its purpose as a fixed support at the base of the shaft. The amount of reinforcement required was
based on a strut-and-tie model of the block as outlined in ACI 318-05 Appendix A and, as an
alternate approach, beam theory to check the shear strength and flexural strength of the block.

For the flexural capacity calculations, the ACI 318-05 concrete stress block provisions were
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utilized. Based on the results of both approaches, it was determined that 3 #8 bars, each with a
12 in. (305 mm) hook on both ends, spaced across the top and the bottom of the block were
required. Additionally, two cages of #4 bars were placed in the block on the front and back faces
meeting the appropriate cover requirements to serve as supplementary reinforcement. The
purpose of reinforcing the block was to ensure structural stability of the block throughout the
testing process.

Two channel apparatuses were provided to tie the block to the floor of the laboratory to
resist overturning. The loads that had to be resisted by each tie-down were calculated such that
the floor capacity of 100 kips (445 kN) per tie-down would not be exceeded. The channels were
designed in accordance with the provisions set forth in the AISC (2001). In addition to assuring
that the concrete block system had sufficient capacity to resist the applied load, the bearing
strength of the concrete had to be calculated. This was done in order to verify that the concrete
would not fail in the region that was in contact with the steel channels. The bearing strength was
found to be sufficient. As a result, it was concluded that the concrete block system would
efficiently serve as a fixed connection

3.6 Combined Shear and Torsion

As was presented in Chapter 2, a calculation was made to ensure that shear did not need to
be considered in the design. Rather than inputting the values for the ultimate shear and ultimate
torsion into Equation 2-8, the coefficients of these terms were calculated. The base for doing so
was to input the torsion as a function of the shear. For the test specimen, the ultimate torsion, 7,
was taken as the moment arm multiplied by the ultimate shear, V;,. The moment arm for the load
was 9 ft. (2740 mm). As an alternate approach, the actual concrete breakout strength and the
corresponding shear could have been inputted into the equation rather than the generic variables.

The result of the calculation to determine the coefficients was that the coefficient for the shear
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term was 1 compared to a coefficient of 88 for the torsion term. This calculation sufficiently
verified that the shear contribution could be ignored in design.

3.7 Overview

The previous sections detailed the design of the various components of the experimental
program. It was of the utmost importance that the concrete block system and pipe apparatus
would not fail during testing. Furthermore, all other foundation failure modes had to be
eliminated. This ensured that if shear breakout failure in shear was the failure mode, it would be
observed during testing.

Figure 3-12 and Figure 3-13 show the fully assembled test specimen at the Florida

Department of Transportation Structures Research Center.

{

Figure 3-12. Assembled test specimen
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Figure 3-13. Shaft with pipe apparatus attached prior to instrumentation being attached
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CHAPTER 4
IMPLEMENTATION OF TESTING PROGRAM

In order to proceed with the testing of the specimen presented in Chapter 3, important
considerations had to be made. This chapter covers both materials and instrumentation. The
material considerations were the concrete strength, bolt strength, and carbon fiber reinforced
polymer (CFRP) wrap. The instrumentation used for testing were linear variable displacement
transducers (LVDTs) and strain gages.

4.1 Materials

4.1.1 Concrete Strength

The initial calculations for the design of the test setup were based on an assumed concrete
strength of 5500 psi (37.9 MPa). The concrete breakout strength was recalculated based on the
concrete strength at the time of testing. On the date of the test, the concrete strength was 6230
psi (43 MPa). This strength was determined from the average of three 6 in. (152 mm) x 12 in.
(305 mm) cylinder tests.

4.1.2 Bolt Strength

The yield strength of the F1554 Grade 105 anchor bolts was assumed to be 105 ksi (723.95
MPa). This was the strength used to calculate the flexural and shear strengths of the bolts.

4.1.3 Carbon Fiber Reinforced Polymer Wrap

The first test was stopped after significant cracking and the test specimen quit picking up
additional load. The loading was ceased before the specimen completely collapsed. This
allowed a second test to be performed on the specimen after it was retrofitted with a carbon fiber
reinforced polymer (CFRP) wrap. The second test verified that a CFRP wrap is an acceptable

means to retrofit the failed foundation.
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The amount of CFRP that was applied to the shaft was determined by calculating the
amount of CFRP required to bring the shaft back to its initial concrete breakout strength,

T, breakonr- The CFRP wrap that was used for the retrofit was SikaWrap Hex 230C. The property
specifications for the SikaWrap were based on the mean strength minus 2 standard deviations.
ACI 440.R-02 Section 3.3.1 specifies that the nominal strength to be used for design be based on
the mean strength less 3 standard deviations. Therefore, the design strength provided by Sika
was adjusted to ensure that the design met the ACI specifications.

Two methods were employed to determine the amount of the CFRP fabric that had to be
applied around the foundation to return it to the initial concrete breakout strength. The equations
were developed for a generic torsion, 7. The first method, Figure 4-1, for calculating the amount
of CFRP required was to convert the torsion to a shear load per bolt, Va1, Equation 4-1.

T

parallel = I"b n (4- 1 )
Where
Vyaraiet = shear load directed parallel to a free edge per bolt (kip)
T = torsion (kip-ft.)
rp = radius measured from the centerline of the bolt to the center of the foundation
(in.) (Figure 3-6)
n = number of bolts

The shear load, which was directed parallel to the edge, had to be converted to a load
perpendicular to the edge. In order to do this, the load was divided by the ACI multiplier of 2
specified in ACI 318-05 Section D.5.2.1(c), Equation 4-2. As previously stated, the factor of 2
was based on tests that indicated that the concrete breakout strength for a shear load directed
parallel to the edge is two times that of a shear load directed perpendicular to the edge.

V.
V _ parallel _ T (4_2)

erpendicular
perw 2 2r,n
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That load per bolt directed perpendicular to the edge, Vyerpendicuar» Was converted to a
pressure around the circumference of the shaft, p,, Equation 4-3.

B
2 Ay

(4-3)

p o Vperpendicular

The equivalent tension that had to be resisted by the CFRP wrap was then calculated.
Equation 4-4 is the simplified equation for this tension.

T

(4-4)

Feppp =P, 7=

4rr,

Oes. e &

v _ Vparallel

erpendicular —
perp 2

ACI 318-05 D.5.2.1(c)

A f 7 .

O« perpendicular. e

“y | y

Figure 4-1. Method for the determination of the tension, Fcrrp, that must be resisted by the
CFRP wrap using internal pressure
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An alternate method to calculate the tension that must be resisted by the CFRP wrap was

based on a strut-and-tie model, Figure 4-2.

Strut

V
paralli» @ Fs trut
© =0

CFRP
F bolt

Vertical
Component of

Figure 4-2. Alternate strut-and-tie method to calculate the tension, Fcrrp, that must be resisted by
the CFRP wrap

Compression struts were directed between the bolts and ties were formed at the bolt
location directed perpendicular to the edge. The forces were calculated using the angles formed
by the circular sector for the individual bolts. The compression strut force, F.;, was calculated
using Equation 4-5 with the shear force directed parallel to the edge, Vyuraner, as calculated using

Equation 4-1.

F — Vparallel — T (4_5)
oSOy 7,11COS Opppp
Where
180°
QCFRP =
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The force per bolt, Fy.y, directed normal to the edge was taken as a component of Fi.,

Equation 4-6.

SIN O ppp = i tan 6., (4-6)
b

Fo =F,

strut

The value of T¢rgp for this method was determined by cutting the section in half and
calculating the vertical components of F,; at each bolt location. Equation 4-7 is the simplified
equation for Fprp after the substitutions were made for the calculation of the vertical
components,

T
Feppp = 5 (4-7)
r,n

As previously mentioned, the concrete breakout strength, 7, preqkour, @s calculated in
Equations 3-3 and 3-4 was substituted for 7 in Equations 4-1 through 4-7 to determine the
amount of CFRP that needed to be applied to the foundation. The tension calculated using the
first method was 18.5 kip (82.1 kN) compared to a tension of 9.7 kip (43 kN) using the strut-and-
tie approach. The prompted an investigation into the two approaches. First, the tension that

must be resisted by the CFRP, Frrp, was plotted against the number of bolts, Figure 4-3.
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Figure 4-3. Comparison of methods for the calculation of Fegrp for T, preakout

The plot illustrates that for up to six bolts the strut-and-tie method provides the more
conservative result while beyond six bolts the edge pressure method provides the more
conservative result.

Note that both equations, Equations 4-4 and 4-7, contain the terms 7 and r,. A normalized
plot of the two equations was developed by dividing out the term 7/r, Figure 4-4. This plot
illustrates that the edge pressure method is constant as compared to the strut-and-tie method
which is inversely proportional to the number of bolts. Beyond six bolts (where overlap of the
failure cones begins), it is recommended that until further testing is performed the tension in the
CFRP be calculated using the edge pressure method. The strut-and-tie method is recommended

for use when the failure cones do not overlap.
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Figure 4-4. Normalized comparison of methods for the calculation of Frrp

Based on this analysis, the more conservative edge pressure method was used for the
determination of Fcrrp for the test specimen since there were twelve bolts in the foundation. It
should be noted that the strut-and-tie method is rationally based and in-fact may be the best
method for determining the tension in the CFRP for all numbers of anchors. Until further testing
is performed the edge pressure method was selected since it is more conservative when large
numbers of anchors are used. The value of Fcrrp used in the analysis was 18.5 kip (82.1 kN).

It was assumed that the full 12 in. (305mm) width of the CFRP wrap would not be
effective. Rather, the effective width was taken as the depth of the concrete breakout failure
cone, /.5-cover. The resultant effective width was 7.5 in. (191mm). Using the effective width,
two layers of the wrap were required to meet the ACI concrete breakout strength. Three layers

of the CFRP wrap were applied to the specimen. The addition of the extra layer exceeded the
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required strength, so it was deemed acceptable. Once the wrap was set, the retrofit test was
carried out. Calculations for the design of the CFRP wrap layout are located in Appendix B.
4.2 Instrumentation

4.2.1 Linear Variable Displacement Transducers

Linear Variable Displacement Transducers (LVDTs) were placed at the location of the
load cell, and at various points along the shaft and base plate. A total of ten LVDTs were
utilized in the project. Figure 4-5 is a schematic of the layout of the LVDTs on the base plate.
Figure 4-6 and Figure 4-7 show the location of the LVDTs on the shaft, and Figure 4-8 shows
the LVDT at the load location. The label for each of the LVDTs is also on the drawings. These
identification codes were used to denote the LVDTs during testing. The purpose of the LVDTs
along the shaft and base plate was to measure the rotation of the base plate during testing. The
LVDTs at the front and back of the shaft were to allow for the rotation to be measured relative to
the rotation of the shaft. The horizontal LVDT on the base plate was intended to indicate if there
was any horizontal movement of the base plate. The rotation of the base plate was calculated

using Equation 4-8.

[u] @)
gage

Where

R = base plate rotation (rad)

Dy = displacement of LVDT D1V (in.)

D; = displacement of LVDT D3 (in.)

Dgyee = distance between LVDTs D1V and D3 (in.)
Once the test apparatus was assembled, the distance D,,q. was measured. This distance

was 26.31 in. (668 mm). Figure 4-9 shows LVDTs D1V and D4 on the test specimen.
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Figure 4-5. Instrumentation layout on the base plate

Figure 4-6. Instrumentation layout on face of shaft
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Figure 4-7. Instrumentation layout on rear of shaft/face of concrete block

(T

Figure 4-8. Instrumentation layout of pipe at load location
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Figure 4-9. Location of LVDTs D1V, D4, and D7 on the test specimen.
4.2.2 Strain Gages

Strain gages were attached to the base plate on the outer surface adjacent to the bolt holes
in order to determine how may bolts were actively transferring load given the 1.75 in. (44.5 mm)
holes for the 1.5 in. (38.1 mm) anchors. In applying the ACI 318-05 equation for concrete
breakout strength of an anchor in shear directed parallel to an edge (Equation 2-12) it was of key
importance to know how many bolts were carrying the load. For instance, if two bolts were
carrying the load, the concrete would fail at a lower load than if all twelve bolts were carrying
the load. In addition to showing the placement of the LVDTs, Figure 4-5 also details the
location of the strain gages on the base plate. Figure 4-10 shows the denotation of the strain
gages relative to the bolt number, and Figure 4-11 shows a strain gage on the base plate of the
test specimen. Note that the bolt numbering starts at one at the top of the plate and increases as

you move clockwise around the base plate.
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Figure 4-11. Strain gage on base plate of test specimen
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CHAPTER 5
TEST RESULTS

Two tests were performed on the test specimen. The initial test was conducted to
determine whether the concrete breakout failure was the failure mode demonstrated in the field.
The verification of this was based on the crack pattern and the failure load recorded. If the
failure torsion was the concrete breakout failure torsion, then the hypothesized failure mode
would be verified. The retrofit test was performed on the same test specimen. This test was
completed to establish whether a CFRP wrap was an acceptable retrofit for the foundation.

5.1 Initial Test
5.1.1 Behavior of Specimen During Testing

The initial test on the foundation was carried out on 31 August 2006 at the Florida
Department of Transportation Structures Research Center. The test specimen was gradually
loaded during the testing. Throughout the test, the formation of cracks on the surface of the
concrete was monitored (Figures 5-1 and 5-2). At 90 kip-ft (122 kN-m), the first cracks began to
form. When 108 kip-ft (146 kN-m) was reached, it was observed that the cracks were not
extending further down the length of the shaft. Those cracks that had formed began to widen
slightly. These cracks, Figure 5-1, were characteristic of those that formed during the concrete
breakout failure. At 148 kip-ft (201 kN-m), cracks spanning between the bolts had formed
(Figure 5-3). The foundation continued to be loaded until the specimen stopped taking on more
load. The torsion load peaked at 200 kip-ft (271 kN-m). Loading ceased and was released when
the applied torsion fell to 190 kip-ft (258 kN-m). The predicted concrete breakout capacity of

the shaft at the time of testing was calculated as 193 kip-ft (262 kN-m) (Equation 3-3).
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Figure 5-1. Initial cracks on face of shaft

Figure 5-2. Initial cracks on face and side of shaft (alternate view of Figure 5-1)
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Figure 5-3. Face of test specimen after testing exhibits cracks between the bolts along with the
characteristic concrete breakout cracks

At failure, the foundation displayed the characteristic cracks that one would see in a
concrete breakout failure (Figure 5-4). As intended, the bolts did not yield, and the shaft did not
fail in torsion. Data was reduced to formulate applied torsion versus plate rotation and applied
torsion versus plate strain plots. The Applied Torsion vs. Plate Rotation plot (Figure 5-5) shows
that the bolts ceased taking on additional load after the noted concrete breakout failure due to the
shear parallel to the edge resulting from the applied torsion. It also exhibits slope changes at the
loads where crack development started or the existing cracks were altered. The first slope
change at 108 kip-ft (146 kN-m) coincided with the widening of the characteristic diagonal
cracks on the front face of the shaft. The second change occurred at 148 kip-ft (201 kN-m)

corresponding with the formation of cracks between the bolts.
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Figure 5-4. Crack pattern on face of shaft after testing depicts characteristic concrete breakout
failure cracks
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Figure 5-5. Applied Torsion vs. Plate Rotation Plot- Initial Test
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5.1.2 Behavior of Strain Gages During Testing

Figure 5-6 displays the Applied Torsion vs. Plate Strain plots for strain in the top of the
base plate for each bolt relative to its location on the foundation. The strain was a result of the
bolt carrying load. The first line on the plots in Figure 5-6 is 50 kip-ft (67.8 kN-m). At this
level, all of the bolts appear to be carrying load with the exception of bolts one, six, and eight.
At the next level, 100 kip-ft (136 kN-m) bolt one picked up load, but bolts six and eight

remained inactive.

Figure 5-6. Applied Torsion vs. Plate Strain Plots for each bolt at the appropriate location on the
base plate with Applied Torsion vs. Plate Rotation plot in center (full size plots in
Appendix C)
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It should be noted that, at 108 kip-ft (138 kN-m), which was the first slope change on the
Applied Torsion vs. Plate Rotation Plot, a redistribution of the loading occurred. This
redistribution is illustrated in Figure 5-7. As the cracks widened, those bolts that were
transferring the majority of the load were able to move more freely, and, therefore, the other
bolts became more active in transferring the load to the foundation. A similar redistribution to a
lesser degree occurred at approximately 148 kip-ft (201 kN-m), which coincided with the first

observation of cracks between the bolts.

250

200
Crack Formation /q/(\ W /
Between Bolts \
150 4= == _-_-_-_-_-_.‘_T- 7- =T == = e ==
100----------\\- -(-6-%------‘- R R

\ /
Cracks Begin to
50 \

Applied Torsion (kip-ft)

/ Widen

T
-750 -600 -450 -300 -150 0 150 300 450 600 750

Microstrain

Figure 5-7. Plate Strain Comparison Plot for Initial Test exhibits the redistribution of the load
coinciding with crack formations

As the various plots illustrate, some of the strain gages recorded negative strains, while
others recorded positive strains. This was most likely due to the bearing location of the bolt on
the base plate. To further explore this phenomenon, strain gages were placed on the bottom of

the base plate in addition to those on the top for the second test.
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5.1.3 Summary of Initial Test Results

The results of this test indicated that the concrete breakout failure was the failure mode
observed in the site investigation. The characteristic cracks and the structural integrity of the
bolts in the failed foundations, as observed during the site investigation, was the first step to
arriving at this failure mode. The percent difference between the failure torsion and the
predicted failure torsion (Equation 3-3) was 3.6%. Therefore, it was concluded that the
foundation failed at the failure torsion for the predicted failure mode. These results indicated
that the design methodology for cantilever sign foundations should include the concrete breakout
failure due to shear directed parallel to an edge resulting from torsional loading. All plots for the
first test are located in Appendix C.

5.2 CFRP Retrofit Test

After the results of the first test were reviewed, the need for a method to strengthen
existing foundations became apparent. Since the concrete breakout failure had not been
considered in the design of the cantilever sign structure foundations, a system had to be put in
place to evaluate whether or not those existing foundations would be susceptible to failure. One
economical method of retrofitting the existing foundations is the use of Carbon Fiber Reinforced
Polymer (CFRP) wraps.

At the conclusion of the first test, the bolts had not yielded, and the concrete was still
intact. This enabled a second test on the failed foundation to be carried out. The key focus of
this second test was to determine if the foundation could reach its initial concrete breakout
strength again. The foundation was retrofitted with three layers of 12 in. (305 mm) wide
SikaWrap Hex 230C (Figure 5-8). This amount of CFRP exceeded the amount required to attain
the concrete breakout strength, 193 kip-ft (262 kN-m). The torsional strength of the shaft with

the retrofit was calculated. The resultant strength based on the effective width, Section 4.1.3, of
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1.5-cover, or 7.5 in. (191 mm), was 229 kip-ft (310 kN-m). Since that effective depth was an
assumption for design, the strength based on the full width, 12 in. (305 mm), of the wrap, 367

kip-ft (498 kN-m), was also calculated for reference.

Figure 5-8. Shaft with the CFRP wrap applied prior to testing
5.2.1 Behavior of Specimen with CFRP Wrap During Testing

The second test was conducted on 13 September 2006. For this test, the concrete strength
was not a critical parameter, since the concrete had already failed. The containment provided by
the CFRP wrap, along with the anchor bolts, was the source of the strength of the foundation. As
the purpose of the second test was to learn how much load the foundation could take, and if that
load met or exceeded the concrete breakout strength, the load was not held for prolonged periods
at regular intervals during the test. Figure 5-9 is the Applied Torsion vs. Plate Rotation plot for
the second test. The foundation was closely monitored for crack formation along the shaft,

propagation of existing cracks, and failure of the CFRP wrap.
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Figure 5-9. Applied Torsion vs. Plate Rotation Plot- Retrofit Test

The strength of the foundation exceeded the predicted concrete breakout strength of 193
kip-ft (262 kN-m). It was not until the loading reached 257 kip-ft (348 kN-m) that the first pops
of the carbon fibers were heard. At that torsion load, the strength of the CFRP wrap based on the
effective depth, 229 kip-ft (310 kN-m), was exceeded. Therefore, the effective depth of the wrap
was a conservative assumption.

At approximately 288 kip-ft (390 kN-m) more pops within the CFRP wrap were heard.
However, the entire carbon fiber wrap did not fail. During the course of the test, characteristic
torsion cracks began to form along the shaft (Figure 5-10) and propagated to the base of the
shaft. This occurred because the ACI 318-05 nominal torsional strength (Equation 2-6) of 252
kip-ft (342 kN-m) was exceeded. Although these cracks had formed, the foundation still had not
failed. Another phenomenon that occurred was the yielding of the bolts. According to the

calculations for the yield strength of the bolts, the bolts yielded at approximately 253 kip-ft (343
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kN-m) of applied torsion. The strength was determined using the same methodology outlined in
Section 3.3.1. This was the within the range in which the yielding was observed (Figure 5-9).
The bolts were yielding, but they did not reach their ultimate strength. The test abruptly
concluded when the concrete block shifted out of place, causing the load cell to be dislodged

from its location on the pipe. This occurred at 323 kip-ft (438 kN-m).

Figure 5-10. Shaft exhibiting characteristic torsion cracks from face to base of shaft
5.2.3 Behavior of Strain Gages During Testing

For the retrofit test, strain gages were placed on the top and bottom of the base plate.
Figure 5-11 shows each of the Applied Torsion vs. Plate Strain plots at the appropriate bolt
locations. Note that as the loading increased, the bottom strain gages began to behave similarly
for all of the bolts. The strain was increasing at a higher rate. This illustrated that as the bolts
picked up load and began to bend, they were primarily in contact with the bottom of the base
plate (Figure 5-12). The strains recorded by the bottom gages indicate that all of the bolts

became active during the test.
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Figure 5-11. Applied Torsion vs. Plate Strain plots for the Retrofit Test at the appropriate bolt
location around the base plate with Applied Torsion vs. Plate Rotation plot in center
(full size plots in Appendix D)
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Figure 5-12. Bolt bearing on the bottom of the base plate during loading
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Similar to the behavior of the bolts throughout the initial test, Figure 5-13 illustrates the

changes in the plate strain data for the bottom gages corresponding with milestone loads during

the test.
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Figure 5-13. Plate Strain Comparison plot for the retrofit test exhibits slope changes at milestone
loads

5.2.4 Summary of Test Results

Upon removal of the pipe apparatus, the crack pattern illustrated the concrete breakout
failure, and torsional cracks in the center of the shaft verified that the concrete torsional capacity
was exceeded during testing (Figure 5-14). Figure 5-15 details the characteristic torsion cracks
on the side of the shaft after testing. The test proved that the CFRP wrap was an acceptable
method for retrofitting the foundation. It exceeded the concrete breakout strength. The success

of this retrofit test led to the development of guidelines for the evaluation of existing foundations
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and the guidelines for the retrofit of those foundations in need of repair. All plots for the retrofit

test are located in Appendix D.

Figure 5-14. Face of shaft after test illustrates yielding of bolts, concrete breakout cracks around
the perimeter, and torsion cracks in the center.

Figure 5-15. Torsion cracks along length of the shaft after the test
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CHAPTER 6
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

The purpose of this research program was to determine the cause of the failure of
foundations of cantilever sign structures during the 2004 hurricane season. After a thorough
literature review, in conjunction with the site investigation, and testing, it was determined that
the foundations failed as a result of an applied torsion which caused a concrete breakout failure
due to shear directed parallel to the edge on the anchors. This anchorage failure is detailed in
ACI 318-05 Appendix D. Previous to this experimental research, this failure mode was not
considered in the design of the cantilever sign foundations. Cantilever sign foundations need to
be designed for shear parallel to the edge on the anchor resulting from torsion.

Test results indicate that the failure of the foundations was caused by concrete breakout
due to shear directed parallel to the edge on the anchors. The test specimen failed at the torsion
predicted by the ACI 318-05 Appendix D design equations. Additionally, the crack pattern
matched the crack pattern exhibited in the field, and both foundations emulated the characteristic
crack pattern of the shear directed parallel to an edge for concrete breakout failure. It is
recommended that future tests be performed on circular foundations to further investigate the
concrete breakout failure for a shear load directed both parallel and perpendicular to an edge.

Additional testing was performed to determine an acceptable retrofit option. It was
determined that applying a CFRP wrap to the foundation strengthens the foundation such that it
not only meets its initial concrete breakout capacity, but, also, exceeds the capacity. The results
of this test led to the development of guidelines for the evaluation and repair of existing
foundations. The guidelines were based on the following:

e Using either the torsional load from the design or, if not available, using the ACI nominal

torsional strength (ACI 318-05 Section 11.6.3.6), determine the torsional capacity of the
foundation.
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e (alculate the concrete breakout strength in accordance with ACI Appendix D.

e If the concrete breakout strength is less than the maximum of the nominal torsional strength
and design torsion, then the foundation is susceptible to failure.

e The amount of the carbon fabric required is calculated using the maximum of the nominal
torsional strength and the design torsion. The amount required is given in layers of the CFRP
wrap.

These guidelines (Appendix E) were submitted to the Florida Department of
Transportation. The guidelines will be used to evaluate and, if necessary, repair the existing
foundations. It is critical that such foundations be evaluated in order to determine the
susceptibility to this type of failure. Additionally, it is recommended that the alternative
foundations in Section 2-4 be considered for further investigation. The proper use of the findings

of this research program will allow for future prevention of failures exhibited during the 2004

hurricane season.
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APPENDIX A
TEST APPARATUS DRAWINGS
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APPENDIX B

DESIGN CALCULATIONS
Design of Test Program

esign of Test Progra S o
Input
Shaft Bolts

dg == 30in Diameter of the Shaft dy = 1.5in Diameter of the Bolt

f,:= 5500psi Concrete Strength dy, := 20in Center-Center Diameter

of Bolts

Hoop Steel fy bolt == 105ksi

Hoop_Steel Area := (.11 in’ Hoop Steel Area No_Bolts := 12 Number of Bolts

Hoop_Steel Diameter := iin Hoop Steel Diameter CFRP Properties
8 toprp = 0.015in Thickness of Wrap

sp, '= 2.5in Spacing of Hoop Steel _ ‘
l'y[ = 60ksi Yield Strength of Hoop Steel f, crrp = 91.1ksi T(e:‘r}g;l; Strengthof
dy, := 27in Centerline Hoop Steel Diameter “CFRP *= . Width orCRETShet

Long Steel Area:= 0.20in” Longitudinal Steel Area

Long Steel Diameter:= 0.5in  Longitudinal Steel Diameter

For the field model, F1554 Grade 55 Anchor Bolts
were used.

Prorsion = 075 ACISISONOTeD
Iy bolt field = 33Ksi

Moment Arm := 91t
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Failure Equations

Torsion
Cracking Torsion

4\
Ap =T\ 5 Pepi= Tdy

2 -
fC . Acp (2-1)
Tep=4 | —psi
ps1 pcp

Basic Torsion

fc .
=4 ’—_-pm
psi
3
[ds]
T-TT-| —

Thocie i=
basic >
Threshold Torsion
T, Acp2
Tihreshold = ®torsion | St -
psi Pep
Nominal Torsional Strength
Ay= ﬁ.(dh - 2)2 Area enclosed by hoop steel
A = Hoop_Steel Area Area of hoop steel
6:-45 ACI318-05- 11.6.3.6 (a) Bpag = 0 —
a 180
2-A . At%n
O
Th torsion = 5 'C'Ot(e rad) (2-6)

74

.2
Acp=706.86 in

Pep = 9425 in

T, = 131.06 kip-ft

Thasic = 131.06 kip-ft

Tihreshold = 24-57 kip-t

Ay = 572.56 in”
A= 0.11in"

Orag = 0.79

B = 251.92 kip-ft

n_torsion



Combined Shear and Torsion on Foundation

2
Ay A, Agy = 572.56in

Tu(Vu) = V yMoment_Arm-kip
Pp = m-dy pp = 84.82in

v 2 .
V(Vy) = (o), |tpin i (2-8)

LG

If V= lkip Tu(vu V yMoment_Arm

Coefficient Shear :=

H
&

Coefficient Torsion :=

- ootz Unsion — 88.58 The coefficient for the torsion term 1s 88 times that of the shear

Coefficient Shear term. Therefore, shear will not be considered.
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Concrete Breakout Strength

Cover =

d, —d

OERCED)

Bolt Cover cover= 5in

i

dy,

2

j (-2) c.1 = 3.85in Cover for the calculation of

3.25

al
the anchor strength

360
A= ——deg
No Bolts
A =30deg
d
S A
chord group := 2-—-sin| —
p—r

chord group = 7.76in

3.0'Ca1
Amjn _group = 2-asin| dS

Anin oroup = 45.24 deg
If A 1s greater than A, oy, then
there is no group effect

. 2 2 .2
Ay/, = No_Bolts-chord_group-1.5-c,; Ays, = 337.55 in” Ay = 45051 Ayreo = 06.571n
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Check Group Effect:= |"Group Effect" if A <A group
"No Group Effect” if A> Ap., aroup

Check Group Effect= "Group Effect"

ACI 318-05-D.6.2
1e = 8-dO

| 02 a 7 15
Vi = 13 = o (e ffal) Ly Vi = 135k
PN [P P . (S B = 13.5ki
b dg in ) psi | in @2-11) b P

yoyi= 14  ACI318-05-D.62.7

1.0 for cracked concrete with no supplementary reinforcement or reinforcement
smaller than a No. 4 bar

1.2 for cracked concrete with edge reinforcement of a No.4 bar or greater

1.4 for uncracked concrete or with edge reinforcement of a No.4 bar or greater
enclosed within stirrups spaced no more than 4 in. apart

= 1.0 ACI318-05-D.6.2.5 = 1.0 ACI318-05-D.6.2.6

VecV - Wedv -

All anchors are loaded in shear in the same direction

Vcbg = |No_Boltsy 4y Vy, if A> Amin_group

Ave _ Vebg = 109.01 kip
A WeevWedv Vp if A< Aminigroup (2-12)
Veo
Vebg_parallel = 2" Vebg Vebg_parallel = 218.03 kip
T breakout ACT= Vebg _parallel'(db - 2) T breakout Ac1= 181.69 kip-ft

Calculation ofVcbg and T, ;.10 4cy are based on (3-3) and (3-4)
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Eligehausen et al. (2006) Concrete Breakout Provisions

f = 1.18F. 1.18 1s the conversion factor between
¢c200 C .
the cylinder test and cube test
0.5 0.5
dy d,
8. —— _
mm mm
a:= 01 B:=0.1
mm mm
o B 1.5
dy d, fec200 [ Ca1
Viei= 30| —| {8 — J = N (2-13)
mm mm N mim
Iﬂm2
A
Ve
Ve = A Vie 2-14)
“Veo
90- —
O = 90-—
v 180
1
Yy = (2-15)

Vi av= VueVav (2-16)

- ) -0.5
d f
0 ¢c200
No Bolts| — | - —
= ( mm] - ky = 0.75
]'[I_Il'l2
W parallel == 4ky v (2-18)

uc

— N —

Ve = 52682.62 N

V'ye = 11.84 kip

Vo = 42542027 N

Ve = 95.64 kip

Vv =2

\' = 191.28 kip

uc_aV

Wparallel = 4.06

Equation 2-18 was based on tests with two bolts with a straight edge. Therefore, the applicability
of the equation comes into question when there are more than two bolts being loaded. The
following analysis will determine the ratio of ¥, for 2 bolts and ¥, for arrangements of 2 or

more bolts.

Step 1: For 2 bolt arrangements, calculate ¥, as a function of spacing.s, and V7.

The spacing will be taken as a function of the cover

A_ will be the area of the group of anchors for a unit depth

A, will be the area of a single anchor for a unit depth
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cover
cover = 5in
sp := -y, + No_Bolts

Sy = 5.241in

A (e):=152.c Aj(c)—> 3.0.c  This value does not change as a result of changing
the spacing. The generic variable for the cover is c.

1.5¢,; | 1.5¢, 1.5¢,; | 1.5¢,,

Ca1

s=3.0c,;

For the case where $>=3.0c,;, there is no overlap.

3.0-¢c
15-¢c

s(c):=| 1.0-c Afc,s,m) == 2-(L.5-¢) + s(c)-(n— 1) n 1s the number of bolts
0.5-¢
0-c
For
n:=2 A(c,s,n) — 30-deg(c, function, 2)
1
0.75 The ratios are normalized by
Ayle,s.1) | os7 factorin out the number of bolts
A (¢)n B under consideration such that the
0 0.58 result may be compared to the
0.5 ratio for 2 or more bolts.
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For a circular foundation, n is considered equal to infinity because the bolts are continuous;
there is no end as there is for a straight edge

n:= 1-10% For n= mfinity
1
Ay(c,s,n) 0-3
— =033
A (c)n 017
0

Therefore, to calculate the reduction factor for the parallel conversion multiplier, the ratio of the
A, /A,,, terms for 2 bolts and an infinite number of bolts will be calculated considering the proper

ratio of s/¢c.

For the foundation under invesitgation,n is equal to infinity

b b
=1.05 s_ratio_test(c) := -C
cover cover
A(c,s_ratio_test,n) Af(c,s_ratio_test,2)
Group_Multiplier Infinity := Group_Multiplier 2 Bolts =
A e)n A(c)-2
Group Multiplier Infinity = 0.35 Group Multiplier 2 Bolts = 0.67

Group_Multiplier Infinity

— =052
Group_Multiplier 2 Bolts
v . __ Group_Multiplier_Infinity
GO LER L o5 Group_Multiplier_2_Bolts Vreduction s bolt = 0-52
Wparallel new “= Y parallel ¥ reduction s bolt Wparallel new = 21
Vur:]_:larallel = Wparallel_rlew'Vuc (2-17) Vucparallel = 893988.63 N
Vucparalle] = 200.98 kip
Ty breakout waV = Vuc_oN'(db - 2) T breakout wov = 1394 kip-ft
Th breakout wparallel = Vucparallel'(db + 2) Ty breakout wparallel = 167-5 kip-ft
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Summary of Failure Equations
T = 131.06 kip-ft

T — 131.06 kin-f According to ACI 318-05 11.6.3.5, assuming the ultimate
bagie™ Rt torsion exceeds the threshold torsion, the nominal torsional
Tihreshold = 24-57 kip-ft capacity 1s taken as the strength of the section.

T:]_lnrsion = 251.92 kip-ft
Tn_breakoui_z\(‘[ = 181.69 kip-ft
Tn_breakous_\pav = 1594 kip-f 'lﬂn_breakout_wparal]el = 16748 kip-ft

For the design of the various components of the test specimen, the ACI Concrete Breakout Strength

will be the maximum moment as it is the predicted failure mode. (T}, coxout Aci<In torsion)

Mpax = -[‘n_brcakoul_ACI M pax = 181.69 kip-ft

Vinax = Mpax + Moment Arm V. =20.19kip Failure Load
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Shaft Design

T =251.92kipft Myay chaf™ Vinax 3600 M

n torsion

maxishaft = 60.56 klpﬂ

Hoop_Steel Area=0.11 in2 Long_Steel Area = 0.2 in2 Hoop_Steel Diameter = 0.38 in
sp =25 fy = 60ks1 Long_Steel Diameter = 0.5 in

fyt = 60ks1

dh = 271n

Required splice for #3 bars
Y= 1.0 Yo i= 10 A=10 ACI 318-0512.2.2

WY Weh
Required Splice Hoop = fyT—e-(Hoop_Steel_Diameter) Required Splice Hoop = 12.14 in

’ f
25- —C‘-psi
psi

Required splice between #4 bars and anchor bolts
Y= 0.8 Use the simplification for the (chrKﬁ)/db term cb Ktr term := 2.5 ACI318-0512.2.3

3 & bolt field Yy Ve Vst

= -(d ly=26.71n
d 40 f cb Kitr term ( O) . d
—C-psi Note: The yield strength in the field was used to
psi determine the splice length to replicate the embedment in

the field for the test setup.
Development length of #4 bars

ACI 318-05 12.5

0.02-y -2
lgp = ——=——(Long_Steel Diameter) lgp = 8.091in
’ fo
—-psi
psi
Hook Length:= 12-(Long_Steel Diameter) Hook Length = 6in
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Flexural Capacity of Shaft Calculated using to ACI Stress Block

. . 2
Ri=d +2 R=15m Along_ste ] = Long_ Steel Area Along_steel =021
fy = 60ksi  number of bars:= 24  number bars yielded:= 17
number bars yielded: A .
Ay = long_steelTy A, = 43.64in°
0.85-f,
2 -h 2
chrcseg(h) = | R -acos — (R -h)+2-R-h-h"| - A,
h:= root(A jroseg(h) b, 0in, 15in) h=337in
Bl(fc) = |0.85 if £ <4000-psi ACI 10273 Bl(f'c) =078
0.65 if f,> 8000-psi h
Cli— c=435in
f, — 4000-psi B1(fo)
0.85-0.05| —
1000-ps1 002 ¢ ) 9i
= - — = . 1m
y 003 Y
T et . c=4.29in.
. ‘. y=2.86 in.

= 0.{;2

_' 17 Bars
. Below
Yield Line

The assumption was correct!

9.2502in Ajopo teel'2 + 12.0237inAjn steel + 15i0Ajgpo steel'2 -
+17.9763i0-Ajons speel:2 + 20.7498in- Ajgpo sheer2 + 23131400 Ao ree2 -
+25.0189in- Ao poer2 + 26.1677i0: Ay o peer2 + 26.5A 100 o)

dpyars =

17-Ajon g steel

dpars = 19-13in Oflexure = 90

) h :
M}, Shaft™= ?flexure Mumber_bars_y lelded'‘ﬂ‘long_steel'fy'(‘j]bars - 5) M, Shaft = 266-84 kip-ft

Check_Flexure_Shaft:= | "Sufficient Strength” if My, gpaf = Moy shaft

"Insufficient Strength” if M, ¢paf < Minax shaft

Check Flexure Shaft= "Sufficient Strength"
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Anchor Design

Check Bolt Flexure and Shear

- nv
M .S-do F 21n

v max M v

L m—
o |\:|Ol:=-

max_anchor -~ max_anchor *= Y max_anchor’ 5 Sholt =

—-No Bolts
)

: vy 2 o
Vmax_anchm' = 18.17 kip Mmax_anchm' = 24.98 kip-in Syl = 0-331in
3 o 2
foolt = Mmax_anchor * Sbolt fhor = 754 ksi Age polt = 1.4051n
buta = min(l'g‘fy_boll1 ]25ksi) futa = 125ksi Violt = Asc_boll'fula

Check Bolt Flexure := |"Sufficient Strength" if fiy j, < fy hali

"Insufficient Strength" if fi, ;> fy il

Check Bolt Flexure = "Sufficient Strength"

Check Bolt Shear := | "Sufficient Strength" if Vi 14 = Viax anchor

"Insufficient Strength" if V. < Vmax_anchor

Check_Bolt_Shear = "Sufficient Strength"

Calculate the load that will cause the bolts to yield
£ bolt Sbolt &' No_Bolts

MbOll yicld: 0.5-d_ + 2in
: (8]

Mpolt yield = 253-02 kip-ft

Pb()lt yleld Mboit }’161(.'1 - Momcnt Arm PbOlt yield 28.11 klp
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Pipe Apparatus Design
Based on AISC LRFD Manual of Steel Construction-

LRFD Specification for Steel Hollow Structural Sections
Pipe Properties-HSS 16.000 x 0.500

.2 Ibf _

tpipe = 0.465 Apipe = 22.71n D t:i=344 Wpipe = 82.8 ? ijipe = 42ks1

. 4 . 3 . . 3 .

Ipipe = 685m Spipe = 85.7m Thipe = 5.49m Zpipe = 112in Fulaipe = 58ksi
: o & .3 B :
Dpipe = l6m inpe = 1370m Cpipe = 171 E := 29000ksi1

Design of Short Section- Applied Shear, Torsion, and Flexure
Lghort Pipe = 15in Vipax = 20.19kip M .. = 181.69 kip-ftTorsion

MEiexure = Vmax Lshort Pipe Mg exure = 25.23 kip-ft

Design Flexural Strength

Oy = 0.90  Apine =Dt Ap pipe = 0-0714-E+Fy o
Ap pipe = 493 hpine = 344
Md_Short_Pipe = lf(lp_pipe = hpipe,(]Jb-Fy_pipe-Zp-lpe,"Equatlon Invahd")
My Short Pipe = 3328 kap-ft
Check Flexure Short Pipe := |"Sufficient Strength" if MdﬁShOITﬁPip e 2 MEplaxure

"Insufficient Strength" if My gport Pipe < Mrylexure

Check Flexure Short Pipe = "Sufficient Strength"

Design Shear Strength

b, =09

) 1.60-E 0.78E .
Fgp:= max 3 3 Fop = 575.22 ksi

LShDITfPipe D tI D t;
Dpipe

Fer:= min(0.6-Fy pine.Fer) Fo = 25.2ksi
Vcl_SthI*[_Pipe o q)V'Fcr"A"pipe +2 Vd_‘.:‘short_Pipe = 25742 kip
Check _Shear Short Pipe := | "Sufficient Strength" if V3 ghort Pipe = Vinax

"Insufficient Strength” if V4 gpopt Pipe < R

Check Shear Short Pipe = "Sufficient Strength"
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Design Torsional Strength

b= 0.90 Td_pipe = ¢T'Fcr'cpipe Td_pipe = 323.19 kip-fi
Check Torsion Short Pipe := | "Sufficient Strength" if Ty | pipe > Mpax
"Insufficient Strength" if Ty | pipe < M ax
Check Torsion Short Pipe = "Sufficient Strength"
Check Interaction
) 2
. . MFlexure Vmax Mmax
Interaction Short Pipe := +| = +
Md_Short_Pipe v d_Short_Pipe T4 | pipe
Interaction_Short Pipe = 0.48
Check Interaction Short Pipe := |"Sufficient Strength" if Interaction Short Pipe < 1

"Insufficient Strength" if Interaction Short Pipe > 1

Check Interaction Short Pipe = "Sufficient Strength"

Design of Long Section- Applied Shear and Flexure
LLong_Pipe =9t V.. .=2019kip M .= 18169 kip-ft
Design Flexural Strength

Z "Equation Invalid")

Md_Long_Pipe = if(7‘];)_pipe 2 Kpipe’q)b'Fy_pipe' pipe’
MdﬁLongiPipe = 3528 klpﬂ
Check Flexure Long Pipe:= |"Sufficient Strength" if My Long Pipe > M ax

"Insufficient Strength" if My Long Pipe < M, ax

Check Flexure Long Pipe = "Sufficient Strength"
Design Shear Strength

Vd_Long_Pipe = ®vFor Apipe * 2 Vd_Long_Pipe = 23742 kip

Check Shear Long Pipe := |"Sufficient Strength" if V4 Long_Pipe 2V ax

"Insufficient Strength" if V4 Long_Pipe < V nax

Check Shear Long Pipe = "Sufficient Strength"
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Check Interaction

\‘I A7 2
I a. max max
nteraction I on g P‘]I’)C F [ J L [ J

My Long Pipe Vd Long Pipe

Interaction Long Pipe= 0.52

Check Interaction Long Pipe:= |["Sufficient Strength" if Interaction Long Pipe< 1

"Insufficient Strength" if Interaction [ong Pipe> 1

Check Interaction Long Pipe= "Sufficient Strength"

Weight of Pipe Apparatus

bf (24in)> Ibf
WPiPU_aPP = WpipC'LSh(]l'l_PipC + WpipC'LLOHg_PipC + 490 —371:( 2 ) -lin + 26111'20111'0.5111'490'—;
ft ft
Base Plate Weld Plate
Wpipc app = 1.05 kip

This weight must be subtracted from the applied load to account for overcoming the weight of the
pipe before the bolts were loaded. Will be used to normalize the test results
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Reinforcement

Concrete Block Design

Two different methods were employed to check the reinforcement in the block:
A) Strut-and-Tie Model
B) Beam Theory

!R

(=0

12’]

STRUTS

H m i 1
Ny
A 1
TENSION
TIE
5°_07| 6°-0”

3’ 47 6 0 4.
= — e
. 9°_6” .‘
1{]3_0’5

A

L 4

A) Design by Strut-and-Tie Model ACI 318-05 Appendix A

Mmax

M ax = 181.69 kip-ft d:=6ft+8n R:= B R =2725kip

NODE A

|
~
“~

C

0 := ata L 6 =0.64
d-=ft

C:= R C =4542kip
Sin(G)

T:= Ccos(8) T=3634kip
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Check Reinforcement

No Bars Block Reinforcement := 3 Block Reinforcement Bar No := 8 fy Block Reinforcement = ©0Ksi

2
Block Reinforcement Bar No + SJ .2

= No_Bars_Block Reinforcement-nt ( 5 ‘in

ABlock Reinforcement °

.2
ABlockiReinforcement =2.36in

Check Reinforcement A := |"Sufficient Strength" if (ABlockiReinforcement'fyﬁBlockﬁReinforcement) =T

"Insufficient Strength” if Agjock Reinforcement'fy Block Reinforcement < T
Check Reinforcement A = "Sufficient Strength"

B) Beam Theory

3] - 3.0

= ferle———»
- 4.9 .
b 5°_(” .

Vilock = R Vipiock = 27.25kip M := R-(3ft + 4in) M = 90.84 kip-ft
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Check Shear

Check_Shear B := |"Sufficient Strength” if (ABlock_Re'mforcement'%/_Block_Reinforcemeut) = Vplock

"Insufficient Strength” if ABlock_Reinf01."cernen‘['fy_B10~::k_Reinforcernent < Vlock

Check_Shear B = "Sufficient Strength"

Check Flexure
—D | £,=0.003 0.85r
2 4 “
al <
c >
< b := 30in
h|d h:= 6ft
d:= 5.5ft
A, £ A,
h 4
- o0 ® >
A 4 /

Locate the neutral axis, ¢, such that (C=T)
T':= ABlock Reinforcement'fy Block Reinforcement T = 141.37 kip C(a) = 0.85--b-a

CT(a):=C(a) - T a:= root(CT(a),a,0,h) a=1.01in

By(fe):= |085 if f < 4000-psi

0.65 if f,> 8000-psi ACT10.2.7.3
f', — 4000-psi
0.85 - 005 ———
1000 -psi
By(fe) =078 B = By(f) B =078
e & ACI102.7.1 ¢ =16.141in
p
Calculate the nominal moment capacity, M,
Capacity Reduction Factor ACI9.3.2, ACI10.3.4, ACI10.9.3
a :
MII_B[OC]( = T-(d - E) Mn_Block =T771.6 klp-ﬂ
Check_Flexure B := |"Sufficient Strength" if M pjock 2 M
"Insufficient Strength" if M pock <M

Check Flexure B = "Sufficient Strength"
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Required Hook Length for a #8 Bar

Block Reinforcement Bar No.

5 m) ACIRI12.5

Hook No 8 := 12-(

Summary of Concrete Block Design Reinforcement
Block Remforcement Bar No = 8
No_Bars_Block Reinforcement = 3 3 bars on top and bottom
Check_Reinforcement A = "Sufficient Strength"
Check Shear B = "Sufficient Strength"
Check Flexure B = "Sufficient Strength"
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Tie-Down Design

7}_49’

R,

||||||||

IIIIIIII

||||||||

30”

:
>
< =
s
@ —
¥
r
| e L L}
| -
HHHHH@NHHH zz nnnnin I b
x 3
22| i
= o
== m h J r
s =
= ll e 2
= :
EmTT) e L
oYY
=5

Calculate the Load, R, that the tie-down must resist in this direction

Note: The weight of the pipe apparatus
was not accounted for because V-

W) = 22.5kip

(3oin)-(6ft)-(10ft)-150E
ft3

Wli

cancels 1t out. The test results will be
normalized to account for the weight of

the pipe.

W, = 2.21kip

3

Ibf
ft

-(36in)-150 —

2

dg
2

Sum of the Moments Around Point B

Ry = 41.4kip

+ 30111] + Wy-(15in) — V. ~(36in + 17.5in + 30in)
301n

2

361n
W2-
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99_09!

CENTERLINE

A A

Vmax

:

| OF SUPP%T‘

]

: 1
:

493 39_099 39_099 4!9

5 ’_05’ 5 9_0”

r Y
¥

Calculate the Load, R,, that the tie-down must resist in this direction

Vinax Oft + 3ft + 4in) — (W + Wy )-(3ft + 4in)
Ry = — ( ) R, = 24.99 kip
6ft + 8in

Total Load that each tie-down must resist
L]
R:= 7+R2 R:4569k]p
Check that the load is less than the capacity of the floor
Floor_Capacity := 100kip
Check Floor Capacity := if(Floor Capacity = R, "Capacity OK", "Capacity Exceeded")
Check _Floor Capacity = "Capacity OK"

Check Bearing Strength of Concrete
Assume the load bears on 1 in. of concrete across the length of the block
. 2

=120 m

= 10ftlin = 0.65

Apearing * Apearing Pbearing °
Bearing_Strength = ¢bearmg'0‘85'fc'AbeaImg Bearing_Strength = 364.65 kip
Check Bearing_Capacity := if(Bearing_Strength > 2-R, "Sufficient Strength", "Insufficient Strength")

Check Bearing Capacity = "Sufficient Strength"
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2 C12x30 Ch Is- 1.75" e bet = = i
L ) X annels space between Papp =R Papp 45.69 kip
. 4 .3 . Do 3 F. = 50ksi
Iy:=162m  §,:=1270m r1y:=42%9m Z,=33.8m y
A= 8_811'112 Iy:: 5.121'114 Iy = 0.762in x bar:= 0.674in  E:= 29000 ksi
, | ty = 0.510in bg:=3.17m  tgi= 0.50lin - h:= 12
 E——
P 72_4 o
6’-0”
] I: - :I ] Papp-Zﬁ
i B M hh Ry =——
i) HH i T oft
H 1 \ [] 1 1
oo ' i .
HRL 1 Papp ! E Ry = 1523 kip
h h i ! Rp=P . —R
H N I HH ST L
' ! i ! ! B .
'™ | [~ 407 | 207 - RR = 30.46 klp
" i
Papp-a-b _
a:= 4ft b:=2ft Mmaxﬁtiedown = —a s Mmaxﬁtiedown = 60.93 kip-ft
Flexural Capacity of Channels
Mp tiedown = Fy'(z'zx) My, tiedown = 281.67 kip-ft
Check Flexure Channels := if(Mn_tiedown > Mmax_tiedown’ "Capacity OK", "Capacity Exceeded")

Check Flexure Channels = "Capacity OK"

Buckling Check
Treat as 2 Separate Channels

Api=bp+ (2-tf) hp=3.16 Ly =h+ty L. = 23.53

hpf:: 0.38- ,E = Fy )'pf =915 pr = 3.76- /E = Fy hpw = 90.55

Check Flange Compact := if(hpf > Ag, "Flange is Compact”, "Flange is Not Compact")

Check Web Compact := if( pr > Ay "Web 1s Compact”, "Web is Not Compact")
Check Flange Compact = "Flange is Compact" Check Web Compact = "Web is Compact”
Bracing Check
Ly, = 2ft Lp = 1.76-ry- [E + Fy Lp =269 ft
Bracing_Check := 1‘['(Lp > Ly, "Braced", "Unbraced") Bracing_Check = "Braced"
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Treat as 1 unit

Iy unit= 2-{1y + A-[x_bar + (1.75in + 2)ﬂ Iy ynit= 52.52in"

Iy unit™™ Iy unit* 4 ty unit= 244in
Lo unit = 1761y ypit JE = Fy Ly unit = 862 ft

b ypiti= 2bg+ 175in b ypit= 8.09in

ty unit = 2ty + 17500 ty unit = 2771

M unit*= Of unit* (219) M ypit = 807

Pw unit™= D+ Ly unit Mw unit = 433

Check Flange Compact Unit:= if(l £> A unir Flange is Compact”, "Flange is Not Compact”)

Check Web Compact Unit := 1f(7x > A

pw > Mw _unit: "Web is Compact","Web is Not Compact")

Check Flange Compact Unit = "Flange is Compact”  Check Web Compact Unit = "Web is Compact”

Bracing_Check Unit:= 1t(Lp it > Lb,"Braced","Unbraced") Bracing_Check Unit = "Braced"

Weld Design
Viveld = maX(RL’RR weld = 30.46 kip This shear must be transferred from the plate through the
channels.
tplate = 0-510  Dpjape == 5in

Q= (tplate'bplate)'[(tplate +2) + (b= 2)—‘ Plate area multiplied by distance to the neutral axis

Q=15.62in°
Lweld = 2 Ix + 2’7( plate plate) Htplate B ) +(h+ 2)—‘ L : bplate plate }
Lyeld = 51942 in?
Required Load Per Foot:= M Required TLoad Per Foot= 11 @
Teld g

Use a 3/8" weld
. 3, . .
Weld_Size = gm Falectrode -= 70ksi Fo = 0.6-Folectrode Fw= 42ksi
Oweld:= 075  Throat := 0.707-Weld_Size

) Required T.oad Per Foot . '
Required Length Per Foot:= = Required Length Per Foot= 1.32E
¢)We1d'FW'ThI0E1t ft

Specifiy 2" per foot of weld
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Failure L.oad Calculation

dsfdb

f'o = 6230psi  cover :=

e

Bolt Cover  cover = 5in

3)
2] 69

cyq = 3.85in

Cover for the calculation of
the anchor strength

Q
hord = 2 sin 7

360
A= ——deg
No_Bolts
A =30deg
d
S A
chord group := 2-—-sin| —
E—

chord _group = 7.76 in

3_0'Ca1
Amin _eroup = 2-asin 9

S
Amin_group = 45.24 deg

If A is greater than A, ..., then

there is no group effect

.2 2 .2
Ay/, = No_Bolts-chord group-1.5-c,; Ay, =537.55m Ay = 4.5:c4) Ay = 66.571n
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Check Group Effect:= |"Group Effect" if A< A . group
"No Group Effect" if A> A .. group

Check Group Effect = "Group Effect"

ACI 318-05-D.6.2

1e = S-do

0.2 1.5
le dy [T [ cal
V=13 —| «|—|—|—]| -Ibf (2-11) Vi, = 1437 kip
d, mn 4 psi \_ in

yey= 14 ACI318-05-D.6.2.7

1.0 for cracked concrete with no supplementary reinforcement or reinforcement
smaller than a No. 4 bar
1.2 for cracked concrete with edge reinforcement of a No.4 bar or greater
1.4 for uncracked concrete or with edge reinforcement of a No.4 bar or greater
enclosed within stirrups spaced no more than 4 in. apart

Veey = 10 ACI318-05-D.6.2.5 Vegy = 1.0 ACI318-05-D.6.2.6

All anchors are loaded in shear in the same direction

Vcbg = |No Bolts-y 4y Vy 1if A> Amin_group

sl Vy if A<A

& VYecvVWedv Vb M 4= Smin grou 2-12

Aveo g (212) Vg = 116.02 kip
Vcbgj)arallel : ZIVCbg Vcbg _parallel = 232.04 kip
Tn_break()ut_ACI = Vc:bg _parallel'(db N 2) Tn_breakout_ ACT = 19337 kip-ft

Calculation of V7, o and7, , . . . arebased on (3-3) and (3-4)
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Retrofit Design

CFRP Properties
tcprp = 0.02in Thickness of Wrap
£, cprp = 91-1ksi Tensile Strength of
> CEFRP
WcERp = 1210 Width of CFRP Sheet

Consider the twelve inch roll i1s only effective down to 1.5*cover
Weff CFRP = 1-3-cover Woff CFRP = /-3 in

to a Pressure, F, . on the Edge of the Concrete

Method 1: Conversion of V. .cndicutar deer
L
Vparallel(Ti) T (-1
—-No_Bolts
2
, ) Vparallel(Ti) et
Vperpendioular(Ti) = >
No Bolts __
pr(Ti) = 7—d-\/ perpendicular(Ti) (4-3)
2.1'[._3
2
d
FCERP Method_1(Ti) = PT(Ti)'; (4-4)

FCFRP Method 1(Tn breakout Act) = 1847 kip
F =F T
CFRP Method 1 CFRPiMethodil( nﬁbreakoutﬁACI)
Method 2: Strut and Tie Approach

15

FCFRP Method 2(Ti) = e (4-7)
z.[

b
— |-No Bolts
> -

1:CFRP_Method_Z(Tn_breakout_ACI) = 9.67kip
FCFRP Method 2 = FCFRP Method_2(Tn_breakout_ACI)

Compare Results

FCFRP Method 1 = 18-47kip FCFRP Method 2 = 9-67kip

Ferrp = if(Check_Group_Effect = "Group EffECt"’FCFRPiMethodil ’FCFRPiMethod72)
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ypi= 0.95 ACI440.2R Table 10.1 ¢ := 0.75 ACI 318-059.3.2.3

Ferrp

Layers Wrap Required :=
tcFRP'Ih CFRPWCFRP V£

The amount required will be calculated based on the concrete breakout strength as the intent is to
return the speciment to that strength

Amount of CFRP to Apply := Layers Wrap Required

Amount of CFRP to Apply = 1.58

Layers_of CFRP to Apply = ceil(Amount_of CFRP to Apply)
Layers of CFRP to Apply = 2
Three layers of the Sika Wrap were applied to the specimen

Calculate the corresponding failure torsion
Layers CFRP := 3

CFRP_Eff Tensile Strength := Laycrs_(‘FRP-(tCFRP- ty CFRP Weff CFRP OV 1‘)
TI__ f‘f_(‘l"RI) = CFRP_E ff_TenSi]e_S treng‘h <2:9- db

If the full 12 inches of the wrap were considered effective, the maximum load would be:
Layers CFRP := 3
CFRP Max Tensile Strength = Laycrs_(‘.FRP-(tCFRp-f“ CFRP'WCFRP“b'wf)
'[‘Max_CFRP = CFRP_Max _Tensile Strength-2-7-dy,
TMax_CFRP = 367.05 kip-ft
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INITIAL TEST DATA

APPENDIX C
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Figure C-3. Applied Torsion vs. Strain Plots for each bolt location
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Bolt 3
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Bolt 7
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Bolt 11
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APPENDIX D
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APPENDIX E
SAMPLE GUIDELINES FOR EVALUATION

Guidelines for the Evaluation of Existing Foundations

The guidelines presented below are intendedonly to check the torsional capacity of the foundation.
[t assumes that all other components of the sign structure have been designed to meet acceptable
standards.

Input
Shaft Bolts
dg := 30in Diameter of the Shaft d,:= 1.5in Diameter of the Bolt
f, := 6230psi Concrete Strength dy, == 20in Center-Center Diameter
of Bolts
Hoop Steel fy_bolt := 105ksi
Hoop Steel Area:= 0.1 lin2 Hoop Steel Area No Bolts:= 12 Number of Bolts

Hoop_Steel Diameter ;= im Hoop Steel Diameter CFRP Properties
- 8 t := 0.015in  Thickness of Wra
CFRp = Y011 P

Sp = 2.5in Spacing of Hoop Steel
fy = 60ksi Yield Strength of Hoop Steel fh_crrp = 9L1ksi Tg;s&l; Strength of
d}, == 27in Centerline Hoop Steel Diameter * CFRP *~ 12in  Width of CFRP Sheet

Long_Steel Area:= 0.20in Longitudinal Steel Area

Long Steel Diameter:= 0.5in  Longitudinal Steel Diameter

If you have the factored loading, input it below. If you do not have it leave it as 0

T, = Okip-ft

Step 1: Calculate the design torsional strength

A= n.(dh = 2)2 Area enclosed by hoop steel A = 57256 in2

Ay := Hoop_Steel Area Area of hoop steel A =011 'm2

0:=45 ACI318-05-11.6.3.6 (a) 01ad = B-lﬁg B0 = 0.79

Ty torsion = %.cot(emd) ACT 318-05 (11-21) T) torsion = 2519 kip-f
drorsion = 075  ACI318-059.323

Td_tors.ion = d)torsi()n'Tn_torsi(m Td_torsion: 188.9 kip-ft
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Step 2: Calculate the design concrete breakout strength

~ dy
cover := 5 Bolt Cover | cover = 5Sin
2 2 2
dy dg dy dy
7)) P\2) 22
al = a1 = 3-85in Cover for the calculation o
3.25 the anchor strength
1 \/:I_.'\\‘\I
/ 1.5¢,; | 1.5¢,
c
© ©
r

360
A= ———deg
No Bolts
A = 30deg

ds (A
chord group:= 2-—-sin| —
PR

chord group = 7.761in

3.0 Cal
Amin_group = 2-asi )
S

Amin_group =45.24deg

If A is greater than A, ., then
there is no group effect

.2 2 . 2
Ayso = No_Bolts-chord_group-1.5-¢c,1 Ay =337.55m  Ayjo = 4.5:¢;] Ayo = 66.57m

115



Check Group Effect:= | "Group Effect” if A< A ., aroup

"No Group Effect” if A> A eroup
Check Group Effect= "Group Effect"

yeyi= 14 ACI318-05-D.62.7

1.0 for cracked concrete with no supplementary reinforcement or reinforcement
smaller than a No. 4 bar

1.2 for cracked concrete with edge reinforcement of a No.4 bar or greater

1.4 for uncracked concrete or with edge reinforcement of a No.4 bar or greater
enclosed within stirrups spaced no more than 4 in. apart

= 1.0 ACI318-05-D.6.2.5 = 1.0 ACI318-05-D.6.2.6

Weev - Vedv -

All anchors are loaded 1n shear in the same direction

ACI 318-05-D.6.2
le = 8-d0

0.2 1.5
le do fe (cal
Vp=7|—=| |—=[|—|—]| Ibf (D-24) Vy, = 7.74kip
d, in 4 psi \ in

Vepg = [No BoltsweqyWey Vi i A> Ay oroup (D-21)

A
Ve
Aves ecV' Wedv'VWev Vo Amin_group (D-22) Vopg = 87:46 kip

ACI 318-05-D.6.2.1

Vcbg_parallel = 2"Vcbg Vcbg_parallel = 174.93 kip

Th breakout = Vebg _parallel'(db - 2) T breakout = 14577 kip-ft

preakout = 0-75 ACI318-059.3.2.3

Tdﬁbre:akout = bpreakout Tnibreakout Tdﬁbrf:akou‘[ = 109.33 kip-ft

116



Step 3: Compare the concrete breakout strength to the torsional strength

Td_breakout = 109.33 kip-ft

T := if{ Ty = Okip- R, Tg torsion M2 Ty Tq torsion)) T = 188.94 kip-ft

Check Strength:= | "Retrofit Required” if Ty  eqiout < T

"Sufficient Strength” if T preatcout= T

Check Strength = "Retrofit Required"

Step 4: Determine the amount of CFRP Wrap Required

Consider the twelve inch roll is only effective down to 1.5*cover

Weff_CFRP:: 1.5-cover Weff_CFRP: 751in

. T T
Feprp = U] Check Group Effect= "Group Effect”, 3 )

b b
4.7-— 2-—-No Bolts
2 2 -

Tension calculated using a strut-and-tie model for cases where there is no

Femme— 60400 group effect and edge pressure method when there is a group effect.

wei= 095 ACI440.2R Table 10.1
o= 075 ACI318-059323

Fcrrp

Layers Wrap Required:=
tcrrpfh CERP Vet CFRP OV

Amount of CFRP to Apply:= |Layers Wrap Required if Check Strength = "Retrofit Required"

"CFRP not required" if Check Strength = "Sufficient Strength"

Amount of CFRP to Apply= 2.47

Round up to achieve a full layer
Layers of CFRP to Apply:= |ceil(Amount of CFRP to Apply if Check Strength= "Retrofit Required"

"CFRP not required" if Check Strength = "Sufficient Strength"

Layers of CFRP to Apply= 3
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