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EXECUTIVE SUMMARY

A new Section 5.13—a provision for the design of anchors—has been added to
an updated 2016 AASHTO Bridge Design Specification. This new section
borrowed the same specification from ACI 318-14, Chapter 17, which addresses
typical anchoring to concrete including adhesive anchors used for standard metal
pedestrian/bicycle railings in Florida. Despite being more conservative, this new
Section 5.13 will be eventually adopted by the Florida Department of
Transportation (FDOT) replacing the current FDOT criteria for the design of
adhesive anchors specified in the Structures Manual, Volume 1 (SDG) Section
1.6.

One major criticism of the new Section 5.13 is the ACI 318-14 design criteria
assume direct tension. However, in many column-to-foundation connections
including the connection for standard metal pedestrian/bicycle railings, the
loading is not strictly tension but rather a bending moment—a moment couple of
a tensile force in the adhesive anchor and a compressive force from the
baseplates in the concrete breakout cone. This confinement effect has shown by
previous research to increase the adhesive anchor breakout resistance
significantly.

This research project addresses the following primary objectives:

1. Review and identify the effect of confinement of metal railing narrow
baseplates on adhesive anchors breakout resistance;

2. Determine the failure mechanism and appropriate confinement
modification factor of adhesive anchors used in metal railing;

3. Develop designs for standard metal railings with reduced edge distance
and embedment for sidewalks and gravity walls;

4. Develop recommendation for general design procedure modifications to
be expanded for other structural applications.

The following tasks were conducted as part of this research project: 1) Literature
search on the confinement effect of metal baseplate on adhesive anchor
breakout resistance; 2) Development of an experimental program to evaluate the
confinement effect of narrow baseplate on adhesive anchors; 3) Fabricate and
test concrete block and gravity wall specimens; 4) Develop and propose new
confinement modification factor to increase the adhesive anchor resistance; 5)
Edit and modify the current design standard with smaller embedment length; and
6) Provide recommendation for general design procedure to be expanded for
other structural applications.

The experimental program was divided into three testing schemes. Scheme 1
and 2 were developed to evaluate the confinement effect and embedment length
on adhesive anchor resistance. The different between the two schemes was the
specimen type, where rectangular concrete blocks representing concrete
pavement were used in Scheme 1 and 3 ft gravity walls were used in Scheme 2.



Scheme 3 was developed to evaluate the confinement effect, embedment length
and reduced edge distance on adhesive anchor resistance. Rectangular blocks
were also used in Scheme 3.

Results indicated that the confinement effect in narrow metal baseplate
increased the adhesive anchor breakout resistance by as much 182% when
comparing to the ACI 318-14 design criteria. This was especially true for
specimens with reduced edge distances, which is often the case in practice. The
observed failure mechanism for the concrete block specimen (concrete
pavement) resembled a pry-out failure with shear and tension cracks, whereas a
concrete cone failure was observed for gravity wall specimens. Overall, the
adhesive breakout capacity had a closer match with the ACI 318-14 nominal
concrete breakout capacity. A new confinement modification factor (Wm) was
developed and proposed to be used with the ACI 318-14 concrete breakout
capacity when designing adhesive anchors.

The following recommendations and conclusions could be made:

1. The failure mode of adhesive anchors installed in pedestrian railing with
narrow baseplates closely matched the concrete breakout failure mode, and
therefore, the concrete breakout failure resistance equation provided by ACI
should be used when computing the adhesive anchor resistance.

2. Other than the gravity wall with 12-inch anchor embedment length, no
adhesive failure had been observed despite all equations using both SDG
and ACI procedures predicted adhesive failure mode. This observation was
made even with the use of the lowest strength adhesive that is FDOT
approved. Thus, both equations are too conservative and should be omitted
when evaluating adhesive anchor with confinement effect provided that the
adhesive has an uncharacteristic strength of 940 psi or higher.

3. Itisrecommended that FDOT modifies the Design Standard, Index 852 & 862
(now Standards Plans Index 515-052 & 515-062) to allow for a reduced
embedment length of 6 inches for sidewalk and 9 inches for gravity wall. This
would provide significant cost saving and possibly improve quality as large
embedment length is challenging and time consuming to install in the field.

4. Itis also recommended that FDOT adopts the proposed confinement
modification factor, ¥m, that can be applied to either the current SDG
adhesive bond resistance or ACI concrete breakout resistance to improve the
accuracy of the design for adhesive anchor with confinement effect.

5. Itis also recommended that FDOT develop a pool fund with AASHTO to
investigate the validity of the concrete splitting modification factor, Wcp, as this
factor significantly reduces the concrete breakout and adhesive bond
resistances by as much as 50% which does not seem to be supported by the
limited test results in this study.

6. As the scope of this research project is limited to Simpson Strong Tie ET-HP
epoxy adhesive, more research is needed to investigate other FDOT
approved products that do not meet ICC-ES certification, i.e., products that

Vi



met FDOT Method of Test FM-5-568 considering that these products will not
meet the new AASHTO specification.

. Itis possible that the proposed general design procedure can also be used in
screw anchors. Using screw anchors can further reduce the installation cost
and time as there is no additional adhesive cost and no need to wait for the

adhesive to harden.

Vil



TABLE OF CONTENT

DISCLAIMER PAGE ......ciiitiisiscmmssssssssssssssssssssssssssssssss s sssas s s st sas s sssasas e I
APPROXIMATE CONVERSIONS TO SIUNITS.....ccccommsmmmnmsmmsmsmssssmsssssssssssssssssssssssssssssssssssssssesnss I
ACKNOWLEDGEMENTS ....couiiiimsmsssssssssssssssssssssssssssssssssssssssssssss s ssssssssssssssssssssassssssssssssassssssssssns IV
EXECUTIVE SUMMARY ...cociiiimmsnisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnens \
1. CHAPTER ONE - INTRODUCTION ....cociimmsmsmssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssens 1
1.1 INTRODUCTION .coorrerrerermmssssseesssmssesssessssssssssssssssssnns 1
1.2 PROBLEM STATEMENT ....oomeeeeerirrnereennnns 1
SN 010 & OSSN 3
1.4 OBJECTIVES....eeeeeeseseeesssssssssesssssssssssessssssssseses 3

2. CHAPTER 2 - BACKGROUND.....cccstmtimmmsmmsmssssssssssssssssssssssssssssssssssssssssssssassssssssssssassssssssssssassssssens 3
2.1 INTRODUCTION ..ooureerrrmmsmseseesssmsssessesssssssssssssssssssneeees 3
2.2 FAILURE MECHANISM.....oomeeeeerrmmrrnesrenenns 3
2.2.1 Concrete Cone Failure 4
2.2.2 Pullout Failure 7
2.2.3 Steel Failure 10

2.3 CONFINEMENT EFFECT.....oosvveunereersesnenns 10
2.4. EDGE DISTANCE ....ooeveerereererrereennnne 14
2.5 SUMMARY ..oorrrerrmmmmmessessssssssssssssssssssssssssssssssses 16

3. CHAPTER THREE - RESEARCH METHODOLOGY ....cccooummmmmmmmmmmmmmmsmmsnmsssssss 17
3.1 INTRODUCTION ..oosmrrrrrremmssssssssssssssssssssssssssssssssssnsanes 17
3.2 EXPERIMENTAL PARAMETERS.......cccoommuummnmrnnan 17
3.3 TEST SETUP..vrrrrsrissssssssssssssssssssssssssssses 18
3.4 MATERIALS PROPERTIES AND SPECIFICATIONS 20
3.5 CONCRETE SPECIMENS FABRICATION 20

4. CHAPTER FOUR - EXPERIMENTAL RESULTS .....coounnmmmmmmmmmsmsmssmsssmssssssssssssssssssssssnns 23
4.1 SCHEMES 1 TEST RESULTS ....conrrerrrirrnssrennnns 23
4.2 SCHEME 2 TEST RESULTS....ccommreermrunnsnrensnes 24
4.3 SCHEME 3 TEST RESULTS....ccommrreumrennssrenanes 26
4.4 IMPACT OF SHORTER EMBEDMENT LENGTH 27

5. CHAPTER FIVE - DEVELOPMENT OF NEW DESIGN STANDARD FOR METAL RAILINGS
............................................................................................................................. 29

5.1 CONFINEMENT MODIFICATION FACTOR, Y¥u 29
5.2 PROPOSED DESIGN PROCEDURE 30
5.2.1 Load Analysis 31

5.2.2 Design Methodology 31

5.3 DESIGN EXAMPLES.......ommmrrerrrennns 35
5.3.1 Unreinforced Concrete Sidewalk 35

35

5.3.2 Reinforced Concrete Gravity Wall 37

5.4 PROPOSED DESIGN STANDARD 38

6. CHAPTER SIX - OTHER APPLICATIONS .....cocitinimmmsmsmssssssssssssssssssssssssssssssssssssssssssssssssssnas 40
6.1 POTENTIAL EXPANDED USE......cinnersennnns 40
6.2 PROPOSED TESTING PROCEDURE 40

viii



7. CHAPTER SEVEN - RECOMMENDATION AND CONCLUSIONS.......ccousmmmmmmmsmsnmnisnassnsans 41
8. REFERENCES ......ciiiiimmmminsnsmsinissssssss s s s s s s sss s st s sasssssm s s sassmsn s sasnnsnnns 42

LIST OF TABLES
Table 1- Characteristic Bond Strength for Uncracked Concrete of FDOT

Approved Products with ICC-ES certification............cccceveevvvviiiieeeeeeeeeiiiinnn 5
Table 2: List of experimental parameters ... 18
Table 3: Test Results of Schemes L and 2. 24
Table 4: Scheme 3 TeSt RESUITS .......coooeviiieeee 27
Table 5: Confinement Modification Factor EQuations..............cccceeeeeiieiieeee. 29
Table 6-Modified embedment length.............oooo 39
Table 7: List of experimental parameters ... 41

LIST OF FIGURES

Figure 1—Typical section on concrete sidewalks from Design Standard Index

852 sheet 8 0f 8 (FDOT, FY2016-2017) ....cccveveveeeereeereeeeteeeeeeeensieesseeenenneenns 1
Figure 2—Effect of moment on standard metal pedestrian/bicycle railings
connections as adopted from Eligehausen et al (2014) .........cccvvvveeviveeeeeennnne. 2

Figure 3—Failure mechanism of adhesive anchor systems (Cook et al, 1998) ....4
Figure 4—Examples of various concrete breakout failure projected area for single

and group anchors (ACI 318, 2014).......ciiiieeeiieeeeiieee e e e e e eaaaeees 6
Figure 5—Shear stress development along concrete/adhesive interface (McVay
L= L L TG USSP 8
Figure 6—Modeling bond behavior using a) Hyperbolic tangential stress
distribution and b) uniform stress distribution (Davis, 2012) .............ccevvvvenees 9
Figure 7—Projected influence area associate to bond strength for adhesive
ANCHOT (ACH 318, 2014) .oveeiiii et e e e e et e e e e e e e e eennanns 9

Figure 8—Testing schematic for groups with four and nine headed anchors under
tension force, bending moment and shear force in one direction (Zhao,
LS 1S ) PP PRPPPRRPPR 11
Figure 9— Testing schematic for groups with six headed anchors under tension
force and bending moment in one direction (Varga and Eligehausen,

1995,1996).....uueeiiieeeeee e ittt e e e e e e s ra e e e e e e a i raaaaaaaaaaas 12
Figure 10—Test setup for groups with four and nine headed anchors subjected to
tension force and bending moment in one direction (Fichtner, 2011) .......... 13

Figure 11—Factor Wm as a function of z/he ratio from Eligehausen et al (2014) 14
Figure 12—Projected concrete cone failure surface for a single anchor a) away

from the edge and b) close to the edge (Eligehausen et al, 2006)............... 15
Figure 13—Stress distribution in the concrete anchorage zone a) away from the

edge and b) close to the edge (Eligehausen et al, 2006).................ccceeeennee 15
Figure 14—Influence of edge distance on concrete cone failure (Eligehausen et

=2 0101 ) PP 16
Figure 15 — Schemes 1 and 3 teSt SEtUPS......ccuvuiiiiiiiiiiiiiiieei e 19



Figure 16: Gravity Wall TeSting Setup ........ccevriiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeee 19

Figure 17: Concrete block dimMENSIONS.........covviiiiiiiiiiiiiiiiiieieieeeeeeeeeeeeeeeeeee e 21
Figure 18: Drawing of the Gravity Wall ... 22
Figure 19: Typical Concrete Breakout/Pry-Out Failures Found in Concrete Block
SPECIMENS ... 23
Figure 20: Adhesive Bond Failure in Gravity Wall with12-inch Adhesive Anchor
EMDEAMENT ... 25
Figure 21: Typical Concrete Breakout Failure Found in Gravity Wall Specimens
..................................................................................................................... 26
Figure 22: Failure Modes of Adhesive Anchor with 6-, 4.5-, and 3-inch Edge
5] 7= 1 Lo 28
Figure 23: Factor Wm as a function of z/hef ratio...........ccevvvvviiiiiiiiiiiiiiiiiiiiiiiiieeee, 30
Figure 24—Effect of moment on standard metal pedestrian/bicycle railings
connections as adopted from Eligehausen et al (2014) ..........covvvvveevvverennee. 32
Figure 25—Examples of concrete breakout failure projected area for a single
aNChor (ACH 318, 2014) ...cooiviieiiiiieieeeeeeeeeeee ettt eeeees 34
Figure 26-Modified Concrete Pavement Slab details.............cvvvviiiiiiiiiiiiiinnnnnee. 39



1. CHAPTER ONE = INTRODUCTION

The Florida Department of Transportation (FDOT) uses adhesive anchor systems to
fasten standard metal pedestrian/bicycle railings onto concrete sidewalks, bridges,
curbs, and retaining wall copings. Typically, a single “/s-inch diameter anchor with an
embedment length of 9 inches is used to secure an 8-inch X 6-inch base plate. To
accommodate the 9 inches embedment, the 4-inch sidewalk needs to be deepened by
tapering the slab at 45 degrees to create a 12-inch X 9-inch (thick X width) edge
beam. Figure 1 illustrates the cross section of the sidewalk with installed metal railings.
Furthermore, the current specified edge distance of 6 inches also requires the edge
beams to be at least 9 inches wide. Therefore, there would be significant cost saving in
the materials and construction if these two requirements could be reduced.

o -—-—-
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Figure 1—Typical section on concrete sidewalks from Design Standard Index 852 sheet
8 of 8 (FDOT, FY2016-2017)

An updated AASHTO Bridge Design Specification introduces a new provision for the
design of anchors as described in section 5.13. (AASHTO, 2016) This new provision will
eventually replace the FDOT design guidelines for adhesive anchor systems that are
specified in the Structural Manual, Volume 1 (SDG), Section 1.6 [FDOT, 2017]. The
problem with the new AASHTO provision is that it borrows the same specification from
Chapter 17 of the ACI 318-14 Building Code Requirements for Structural Concrete (ACI
318, 2014).

Unfortunately, this would significantly impact FDOT should the new AASHTO be
adopted as FDOT will need to make significant changes to the current-state-of-the-



practice. Unlike other States, Florida has its own design (SDG 1.6) and material (FDOT
Standard Specification, Section 937) specifications, as well as testing method (FM-5-
568) for product qualification for adhesive anchors that were developed as part of two
major research initiatives between FDOT and the University of Florida under the
direction of Prof. Cook [Cook et al, 1996 and 2002]. Furthermore, ACI 318-14 is more
conservative than the design guidelines for adhesive anchor systems provided in the
SDG. Therefore, there is a need to investigate the impact of the new provision on
adhesive breakout resistance as a pedestrian railing fastening system.

Moreover, although the ACI 318-14 design criteria reflects the failure mechanisms of
adhesive anchor systems, it ignores the compression confinement in the concrete cone
breakout area provided by the metal railings’ base plate. In many column-to-foundation
connections, the loading is not strictly tension but rather a bending moment. The
bending moment at the connection transfers both the bending compressive force from
the base plate to the concrete foundation and the tensile force through the adhesive
anchor as illustrated in Figure 2. In the figure, z is the internal moment arm calculated in
accordance with elastic theory and hes is the anchor embedment length. This
compression confinement has been shown to increase the concrete cone breakout
capacities and could potentially increase the design capacity for adhesive anchor
systems, which would permit a shorter embedment length (Zhao, 1993).

Figure 2—Effect of moment on standard metal pedestrian/bicycle railings connections
as adopted from Eligehausen et al (2014)

The SDG addresses the confinement effect by multiplying the design tensile bond
strength for adhesive anchor with a concrete breakout strength modification factor, Wm.
The factor Wm corresponds to the experimental moment capacity divided by the
calculated moment capacity based on concrete breakout capacity, which was first
introduced by Zhao (1993). The factor ¥m specified in the SDG is based on a non linear
equation proposed by Fichtner (2011) and recommended by Eligehausen et al (2006),
and ranges from 1.0 to 2.5 depending on the z/hes ratio (the moment arm to the anchor
embedment length ratio). The smaller the z/hes ratio is, the higher value factor ¥m



becomes. Standard metal railings have narrow base plates; therefore, the z/he ratio
would not exceed 0.33 and Wm = 1.875 for an embedment length of 9 inches. This is in
a significant increase in design tensile bond strength for adhesive anchor base plate
system.

The scope of this research project is limited to the investigation of the performance of /s
in adhesive anchors embedded in non-structural (Class NS) concrete. The investigation
included two types of concrete structures, namely concrete pavement and gravity wall.
Only a 42-inch steel pedestrian railing that was fabricated in accordance with FDOT
Design Standard, Index 852 (now Standard Plans Index 515-052) were used in this
investigation [FDOT, 2019]. The adhesive is also limited to Simpson Strong Tie ET-HP
epoxy adhesive as it is the lowest-strength product on the FDOT Approved Products list
with ICC-ES certification to also satisfy ACI 355.4 criteria for adhesive anchors.

Four primary objectives were identified for this research project:

1. Review and identify the effect of confinement of metal railing narrow baseplates
on adhesive anchors breakout resistance;

2. Determine the failure mechanism and appropriate confinement modification
factor of adhesive anchors used in metal railing;

3. Develop designs for standard metal railings with reduced edge distance and
embedment for sidewalks and gravity walls;

4. Develop recommendation for general design procedure modifications to be
expanded for other structural applications.

2. CHAPTER 2 - BACKGROUND

An overview of the behavior of adhesive anchor systems, particularly their failure
mechanism and the effect of confinement of connection base plate on post-installed
adhesive anchors breakout resistance are presented in this section. Section 2.2
describes a review of the three main failure mechanisms of adhesive anchor systems. A
summary of ACI 318-14 design criteria for different failure mechanisms are also
provided in this section. Section 2.3 of the report examines the effect of the
compression confinement on the concrete breakout resistance. Several confinement
modification factor equations are also presented here. Section 2.4 gives a background
on the effects of edge distance on adhesive anchor breakout resistance and how these
effects are accounted for in ACI 318-14. Finally, a summary of the literature review on
adhesive anchor systems is provided in Section 2.5.

There are three main failure mechanisms for single adhesive anchors loaded in tension.
These three failure mechanisms consist of 1) concrete cone failure, 2) pullout failure,
and 3) steel failure. The pullout failure could also be further broken into three



subcategories of failure modes consisting of i) bond failure in the concrete, ii) bond
failure in the adhesive, and iii) mixed bond failure in the concrete and adhesive. Figure 3
illustrates a summary of all possible failure mechanisms of single adhesive anchor
systems loaded in tension.
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Figure 3—Failure mechanism of adhesive anchor systems (Cook et al, 1998)

2.2.1 Concrete Cone Failure

The concrete cone failure is typically found in adhesive anchor systems loaded in
tension with small embedment lengths defined as between 3 and 5 times the diameters
of the anchoring rods (Eligehausen et al, 2006). It is characterized by a cone-shaped
concrete breakout originating from the anchor base propagating at approximately 35
degrees slope with respect to the concrete surface. For larger embedment length the
failure mode transitions into mixed failure mode of adhesive bond and concrete
breakout, which is the most common type of failure in adhesive anchor systems (Cook
et al, 1998).

While pure concrete cone failure may not be typical mode of failure in adhesive anchor
systems, it does serve as an upper bound for the design (Cook et al, 1998; Zamora et
al, 2003; Eligehausen et al, 2004, 2006). This is especially true when low strength
concrete (f¢ < 3,000 psi), large anchor diameter, and high characteristic bond strength

adhesive (tuncr> 1800 psi) are used. Table 1 summaries a list of FDOT approved
adhesives and their characteristic bond strength for “/s-inch diameter anchors used with
uncracked concrete at normal temperature range. From this list, only the Simpson
Strong Tie ET-HP epoxy adhesive, which has the lowest characteristic bond strength,
was investigated. It should be noted that the SDG does not take the concrete cone
failure into the design consideration but the ACI 318-14 does.

The ACI 318-14 concrete cone breakout model is based on a model proposed by Fuchs
et al (1995) for cast-in-place and post-installed mechanical anchor systems. This model
is based on a k-factor (denoted as kc in ACI 318-14) multiply by the square root of the
concrete compressive strength and embedment length raised to a power. According to
ACI 318-14, the concrete breakout capacity for single cast-in-place and post-installed
mechanical anchors in uncracked concrete is given by the following equation:



Ny = ke [fIRE? Eq. 1

where Aa is the modification factor to reflect the reduced mechanical properties of
lightweight concrete, fc is the concrete compressive strength, and hes is the embedment
length. The k¢ is a constant depending on whether cast-in-place or post-installed
mechanical anchors are used as the cast-in-place anchors produce failure loads
approximately 15% higher than those of post-installed anchors. The k¢ values
recommended by Fuchs et al (1995) were based on the mean concrete breakout
capacity whereas the values adopted by ACI 318-14 were based on 5% fractile of the
concrete breakout capacity using a coefficient of variation of 0.15 and 0.20 for cast-in-
place and post-installed mechanical anchors, respectively. As a result, there is a
significant difference between the mean k¢ values and the values provided by ACI 318-
14, i.e., for post-installed mechanical anchors, the mean k. is 35 whereas 17 is specified
by the ACI 318-14. However, ACI 318-14 does permit a higher k¢ value but limits it to a
maximum value of 24 for post-installed mechanical anchors. The reason for ACI 318-14
choosing 5% fractile for the design of anchor systems is to account for several
influencing factors on anchor performance such as the variability in the installation
procedures, increased temperature, and long-term behaviors.

Currently, the assumption is that the k¢ value for adhesive anchors would match the
value used for post-installed mechanical anchors considering that there is not a
significant different between the concrete cone failure loads between torque-controlled
expansion anchors and drop-in anchors (Eligehausen et al, 2006). Analysis of existing
data indicated that the failure load is either slightly below or equal to the mean concrete
breakout capacity proposed by Fuchs et al (1995) using the mean k¢ value. The
guestion is whether this assumption is also true for adhesive anchor systems.
Furthermore, another question is if the 5% fractile value could be increase to 24 or even
higher to allow for lower embedment length and shorter edge distance considering that
FDOT has stricter material specification than ACI 318-14. These questions need to be
further investigated but are beyond the scope of this project as this would require
significant amount of data (possibly from the manufacturers and published and
unpublished reports) and/or a more comprehensive experimental program.

Table 1- Characteristic Bond Strength for Uncracked Concrete of FDOT Approved
Products with ICC-ES certification

Tuncr (p3|)
ESR# | Product Names 7/8" rod
3372 | Simpson ET-HP (Type HV & HSHV) 940
1137 | ITW Red Head G5 1155
3187 | Hilti HIT-HY 200-R 1560
3829 | Hilti HIT-RE 100 1124
3814 | Hilti HIT-RE 500 V3 2040
3298 | Dewalt-Powers Purel00+ 1567
3576 | Dewalt-Powers Pure50+ 1357




To make the ACI 318-14 even more conservative, despite the model using the 5%
fractile concrete breakout strength to obtain ke, other factors including the effects of
multiple anchors, spacing of anchors, and edge distance on the concrete breakout
capacity are also included by applying modification factors Anc/Anco, WedN, YN, Pepn.
As a result, the nominal concrete breakout capacity for single anchor becomes:

A
Nep = e LIJed,Nlpc,Nlpcp,NNb Eq. 2

ANco

where the Anc/Ancois a ratio of the total projected area of the anchor to the maximum
projected area for single anchor as illustrated in Figure 4. Weqn is @ modification factor
to account for the edge distance, W¢n and Wcpn are modification factors to account for

concrete cracking and the potential for concrete splitting failure prior to concrete
breakout failure.
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2.2.2 Pullout Failure

As stated earlier there are three subcategories of failure modes within the pullout failure.
These modes make it difficult to predict the pullout failure loads since the load transfer
mechanism at the bond interfaces between the adhesive/concrete, steel/adhesive, and
the mixed failure interfaces are different. There are many influential factors such as
concrete compressive strength, adhesive bond strength, hole preparations, and
concrete temperature, which all play important roles in the pullout capacity of the
adhesive anchor systems. However, their relationships with the pullout failure loads may
not be directly proportional.

For example, earlier pullout capacity models related the pullout failure loads with the
square root of the concrete compressive strength (Eligehausen et al, 1984; Cook,
1993). This seems logical considering that higher concrete compressive strength would
also increases the bond strength, however, as the concrete strength increases, the
sides of the drilled holes also become smoother resulting in no net gain in pullout
capacity. The pullout capacity also depends on the hole’s preparation. Failure to remove
drilling dust and concrete fragment could reduce the pullout capacity up to 80%
(Meszaros, 1999). The type of adhesive also plays an important role since some
adhesive bond strengths fluctuate with temperature variation and anchor’s diameter
(Cook et al, 1998). A complete overview of all factors contributing to pullout capacity
can be found in Davis’s Ph.D. thesis (Davis, 2012). All these factors make the pullout
behavior difficult to model and predict.

The actual stress distribution along the embedment length of the anchor rod is nonlinear
(Eligehausen et al, 2004). As illustrated in Figure 5, the shear stress distribution varies
significantly along the embedment length. However, to simplify the model either
hyperbolic tangential or uniform stress distribution is used as respectively illustrated in
Figures 6a and 6b. For the hyperbolic tangential stress distribution model, the maximum
bond stress is used, whereas, the mean bond stress is used in the uniform stress
distribution model.

McVay et al (1996) examined two pullout models for the design of adhesive anchors.
The first was the elastic bond-stress model proposed by Cook at al (1993), which
appears to be appropriate for large embedment lengths. The second model uses
uniform bond stress, which is simpler to apply while providing good correlation between
the predicted and measured pullout capacities. ACI 318-14 adopted the uniform bond
stress model, which is also the model currently specified in the SDG (see Eq. 1-4 in the
SDG). The uniform bond stress model is given by ACI 318-14 as:

Npq = Aafuncrndahef Eq. 3

where A, is the modification factor to reflect the reduced mechanical properties of
lightweight concrete, tuncr is the characteristic bond strength of the adhesives in
uncracked concrete using 5% fractile bond strength in accordance with ACI 355.4, dais
the anchor diameter, and hes is the anchor embedment length.



Although for design purpose using 5% fractile bond strength is appropriate to account
for various variables affecting bond strength, using the mean adhesive bond strength
would be more appropriate in later task to investigate the confinement effect from the
metal railing base plate. It is important that if new models or modification factors were to
be developed, models reflecting actual behaviors of the adhesive anchor breakout
resistance should be used. The 5% fractile could be applied later to ensure that the
proposed model would satisfy ACI 318-14 and ACI 355.4 safety criteria.

There are also other pullout models for adhesive anchor that are summarized in Cook
(1993), Cook et al (1998), and Eligehausen et al (2006). Some of these models are
more complex and not suited for design so they are not discussed here. Furthermore,
proposing new models for pull out failure is beyond the scope of the project. The project
will focus on developing new or proposing existing modification factors (i.e., factor ¥m
and cna) that would permit the design of adhesive anchor systems with a smaller
embedment length and edge distance.
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Figure 5—Shear stress development along concrete/adhesive interface (McVay et al,
1996)

To determine the nominal pullout capacity, Eq. 3 is multiplied by various modification
factors to account for the influence of anchor spacing and edge distance, influence
area, and concrete cracking. The nominal pullout capacity is given by:

ANa
N, = N LIJed,Nalpcp,NaNba Eq. 4

ANao

where the Ana/AnaoiS a ratio of the total projected influence area associate with bond
strength of the adhesive anchor group to the projected influence area associate with
bond strength of a single adhesive anchor as illustrated in Figure 7. Wedna iS @
modification factor to account for the edge distance, and W¢pn is a modification factor to
account for cracked concrete.



=
-

(a) (b)

hes

BUIDSIIEE IR IETT] eomnd)

d{ -

Figure 6—Modeling bond behavior using a) Hyperbolic tangential stress distribution and
b) uniform stress distribution (Davis, 2012)

¥ l P
s &
&
o~
+ ' i
]
& 2
)
Avao '
o ome | o |
S Plan view
n 2
Anso = (2Cp,) Apa = (Cna* 59+ Ca1)(Cna*+ 82+ Ca) I
N Ca1 8N Cy2 < Cng N
syand s; < 2cy,

S~ Change in
stress pattem
with increasing
embedment

Section through anchor Section through anchor group
showing pnincipal stress trajectories showing principal stress trajectories

(a) Single adhesive anchor away (b) Group of four adhesive anchors
from edges and other anchors located near a comer

Figure 7—Projected influence area associate to bond strength for adhesive anchor (ACI
318, 2014)



It should be noted that the cnain Figure 7 is not the same as 8d (8 times the anchor
diameter) currently specified in the SDG and given as:

Tuncr
cya = 10d ’m Eqg. 5

Considering that with the exception of Simpson ET-HP, the projected influence area
associate to bond strength for a single anchor would be much higher using ACI 318-14
than SDG, which would result in a higher reduction in nominal pullout capacity using the
equation provided by ACI 318-14.

2.2.3 Steel Failure

Steel failure is based on the rupture of the anchor rod, where the ultimate load can be
calculated from the stressed cross-sectional area and ultimate tensile strength of steel.
The ACI 318-14 steel rupture equation is given by the following equation:

Nsq = Ase,Nfuta Eq. 6

where fua is the ultimate tensile strength of the anchor rod but should not exceed either
1.9 times its yield strength or 125,000 psi. These limits were imposed on fua to ensure
that under service load condition, the stress in the anchor would not exceed the yield
strength. Asen is the effective cross-sectional area specified by the manufacturers or
defined by ASME B1.1 (ASME, 2003) for threaded rod as:

2
0.9743] Eq. 7

Asen = % [da T
where da is the gross diameter of the threaded rod and n: is the number of threads per
inch. Equations 6 and 7 are slightly different than the current SDG that defines steel
failure as the yielding of the anchor rods and the effective cross-sectional area is
defined as 75% of the gross area of the threaded rod. Considering the different failure
criteria, the SDG specifies a value of 0.9 for the resistance factor whereas the ACI 318-
14 uses 0.75. Despite their differences between the SDG and ACI 318-14, for shallow
embedment length (as the project aims to decrease the embedment length) the steel
failure mode will never control the design loads.

According to Zhao (1993) the confinement effect on concrete breakout resistance
depends on the internal moment arm, z, between the resultant tension and compressive
forces as illustrated in Figure 2. If z is smaller than 1.5h¢ (i.e., the resultant compressive
force is acting within the projected cone failure area) then the resultant compressive
force on the railing base plate will increase the concrete breakout capacity. However, if
z were greater than 1.5hef then there would not be any influence on the confinement on
the concrete breakout resistance. The internal moment arm, z, is calculated according
to elastic theory assuming stiff base plates.
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The increase in the concrete breakout strength is addressed by applying a modification
factor, Wm, which correspond to the experimental moment capacity divided by the
calculated moment capacity based on concrete breakout capacity. This modification
factor is applied to Eq. 2. The factor Wn is based on experimental tests of groups with
four and nine headed anchors under tension force, bending moment and shear force in
one direction performed by Zhao (1993). Figure 8 illustrates the test schematic used by
Zhao (1993) who also proposed an equation to represent factor W as follows:

L for0 <—<15 Eq. 8a
Z hef
y,=1 forhief > 1.5 Eq. 8b
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Figure 8—Testing schematic for groups with four and nine headed anchors under
tension force, bending moment and shear force in one direction (Zhao, 1993)

To improve the model for factor Wm, more tests were conducted by Varga and
Eligehausen (1995, 1996) for groups with four, six, and nine headed anchors but under
tension force and bending moment in one direction as well as under tension force and
bending moment in two directions (i.e., biaxial bending moment) as illustrated in Figure
9. Additionally, Bruckner et al (2001) developed a nonlinear finite element model to
analyze the behavior of groups with four anchors under bending moment in one
direction and proposed a more conservative factor ¥ as follows:

y o =2-= for0 <= <1.0 Eq. 9a
Ref hef
yo=1 forhi > 1.0 Eq. 9b
ef
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Figure 9— Testing schematic for groups with six headed anchors under tension force
and bending moment in one direction (Varga and Eligehausen, 1995,1996)

More tests were then carried out by Eligehausen et al (2008) on groups with 4, 6, and 9
headed anchors under tension and bending moment in one and two directions using
similar test setup as Varga and Eligehausen (1995, 1996) but with more modern
instrumentation as shown in Figure 10.

Using all these test results, Fichtner (2011) proposed two equations for the factor Wm,
one of which is currently being used in the SDG as shown in equations 10a and 10b,
and another linear equation shown in equations 11a and 11b.

__ 25 Z
v, = yw for0 < he; <15 Eq. 10a
ef
yo=1 forhief > 1.5 Eq. 10b
y =22 for0 <2 <15 Eq. 11a
3hef hef
yo=1 forhi > 1.5 Eq. 11b
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Figure 10—Test setup for groups with four and nine headed anchors subjected to
tension force and bending moment in one direction (Fichtner, 2011)

Additionally, Herzog (2015) studied the bond and concrete behavior in the anchorage
zone of connections between concrete walls and strip foundation and between concrete
columns and spread foundations. These connections were cast-in and post-installed
reinforcing bars that transfer the tension force from the structural members to the
foundation elements. The test setup used by him is illustrated in Figure 11. He also
validated the bond and concrete behavior using nonlinear finite element. Herzog (2015)
proposed another equation for factor ¥m, which are shown below:

y o =25-2 for0 <-=—<15 Eq. 12a
hef Ref
y, =1 forhi > 1.5 Eq. 12b
ef

All these equations and test results are illustrated in Figure 11. From the figure, it could
be observed that there is no test data representing connections with z/hef < 0.33, which
is the range for the narrow base plate on metal pedestrian/bicycle railings. Therefore,
there is a need to investigate the validity of the available equations for factor Wm. It is
important to point out that even though the factor Wm has been developed for concrete
breakout failure, Eligehausen et al (2014) have applied this factor to the bond failure as

13



well but more research is needed to verify the applicability of using the factor ¥m with
anchor pull out capacity.

Oa Zhao (1991)
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Figure 11—Factor Wm as a function of z/he ratio from Eligehausen et al (2014)
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As stated earlier, both the concrete cone and adhesive anchor pullout capacities need
to be reduced if the projected influence area as shown in Figures 4 and 7 for a single
anchor is reduced due to shorter edge distance. Figure 12 illustrates the influence of
edge distance on the shape of the concrete cone failure surface. The reduction in the
projected influence area is accounted for in both equations 2 and 4 by taking the ratio of
the reduced projected influence area (i.e., area shown in figure 12b) by the projected
influence area of a single anchor (i.e., area shown in figure 12a). Additionally, these
capacities are further reduced by the factor Weq to account for disruption in the
rotationally symmetric stress condition with the reduced area as illustrated in Figures
13a and 13b. The general factor Weq is given as:

c

Yoq = 0.7 + 0.3

<10 Eq. 13

Ccr,N

where c is the smallest edge distance and ccrnis 1.5hef for concrete cone failure or cna
for pullout failure, which is shown in Eg. 5. Equation 5 is based on the recommendation
of Eligehausen et al (2005). It should be noted that as there is a wide scatter in the data
to develop Eg. 13 as illustrated in Figure 14, several researchers recommended various
guantities for cern for pullout failure. Kunz et al (1998) recommended cern = 0.875hef,
while Lehr (2003) suggested cq,n = 8d (8 times the anchor diameter), which is also the
specified value in the SDG. Although, one of the objectives for this project is to reduce
the edge distance, developing new cq,n equation is beyond the scope of this project.
Considering that ACI 318-14 will be adopted by FDOT, Eqg. 5 will be used in the
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investigation rather than the current cc,n = 8d specified in the SDG. The research will
put more emphasis on determining the factor ¥nm.

Figure 12—Projected concrete cone failure surface for a single anchor a) away from the
edge and b) close to the edge (Eligehausen et al, 2006)

Figure 13—Stress distribution in the concrete anchorage zone a) away from the edge
and b) close to the edge (Eligehausen et al, 2006)
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Figure 14—Influence of edge distance on concrete cone failure (Eligehausen et al,
2006)

The failure mechanisms of adhesive anchor system are highly complex and very difficult
to predict. For anchor subjected to tensile force, the failure mechanisms consist of
concrete cone failure, pullout failure, and steel rupture. The BDS, which borrows the
specification on adhesive anchor from ACI 318-14, does address these failure
mechanisms. However, for column-to-foundation connections including the connection
for standard metal pedestrian/bicycle railings, the loading involves bending moment.
The bending moment confines the concrete cone breakout area by generating a
compressive force under the steel base plate in addition to the tensile force in the
anchor. As a result, the confinement increases the adhesive anchor breakout
resistance. Hence, the models in the AASHTO would be conservative, as they do not
reflect the actual behaviors found in metal railings.

To account for the confinement effect, the factor ¥m has been proposed by various
researchers and one was also adopted by the SDG. However, the validity of these
models for factor ¥m on metal railing needs to be further examined since no test data
representing connections with z/hes < 0.33 was used in developing these models.
Furthermore, the factor ¥m was developed as a modification factor for the concrete
breakout failure, which may not govern the design if pullout failure controls. Thus, there
is a need to determine if the factor Wn is also applicable for the pullout failure mode as
well. All these questions will be answered later in this project through an experimental
program.
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3. CHAPTER THREE — RESEARCH METHODOLOGY

To address the project objectives, an experimental program was developed and divided
into three testing schemes. Scheme 1 was used to evaluate the confinement effect of
metal railing narrow baseplates on adhesive anchor breakout resistance without the
influence of edge distance. Scheme 2 consisted of testing the performance of post-
install adhesive anchors influence by edge effects on a 3-feet tall narrow top gravity
wall. Scheme 3 was to evaluate the combined effect of reduced-edge distance and
confinement effect on adhesive anchor breakout resistance.

There are three main experimental parameters that were evaluated: 1) the embedment
depth, 2) the edge distance and 3) the longitudinal reinforcement spacing in the gravity
wall.

For Scheme 1, the concrete block samples were sized to accommodate the theoretical
breakout area of 9her, where her is the embedment length. Three embedment lengths of
4, 6 and 9-inches, were evaluated. The 9-inch embedment depth represents the
standard embedment depth as specified by the FDOT Design Standards, Index 852 &
862 (now Standard Plans Index 515-052 & 515-062). The 6- and 4-inch are reduced
embedment depths. Although the 4-inch embedment depth will not be used in practice,
it is included in the experimental program to provide additional data points to help
formulate an equation for the confinement modification factor, Wm. Three test specimens
were used for each embedment length, totaling nine pullout tests. These embedment
lengths were chosen to capture different z/hef ratios, where z is the internal moment arm
between the tension anchor and baseplate compressive reaction resultant, assumed to
be 2.5 inches for the FDOT standard 6-inch wide center-bolted railing baseplate. These
z/het ratios were chosen to help in the evaluation of the confinement modification factor,
Ymthat is currently used in the SDG but omitted from the ACI318-14, Chapter 17.

For Scheme 2, the testing of the performance of post-install adhesive anchors influence
by the gravity wall was evaluated using a standard embedment length of 12 inches and
a reduced embedment length of 9 inches. Additionally, the effect of the longitudinal
reinforcement restraint in the gravity wall was also evaluated by reducing the center-to-
center spacing of the longitudinal reinforcement from standard 18 inches to 12 inches.
This was only done on the specimens with reduced adhesive anchor embedment length
of 9 inches. As a result of the size of these test specimens, only two test samples were
used for each test case.

For Scheme 3, the same test setup as the Scheme 1 was used but with a reduced-edge
distances. The evaluated edge distances were the standard 6 inches in accordance with
the FDOT Design Standards, Index 852 & 862 (now Standard Plans Index 515-052 &
515-062), 4.5-inches (25% reduction) and 3 inches (50% reduction). The 3-inch edge
distance represented the condition when the side of the baseplate is flush against the
edge of the concrete slab, and is therefore, the practical minimum edged distance that
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could be used for FDOT metal railings. Table 2 provides a summary of the list of
experimental parameters. A total of 33 specimens were fabricated and tested in this
project.

Table 2: List of experimental parameters

Scheme 1 Scheme 2
ID S9 S6 S4 W12 W9 W9-X
Embedment (in) 9 6 4 12 9 9
z/hes 0.28 0.42 0.63 0.28 0.42 0.42
Edge Distance (in) 15 10.50 | 7.50 | 4.00 4.00 4.00
No. of Specimens 3 3 3 2 2 2
Scheme 3
ID S9-6 | S9-4.5 | S9-3 | S6-6 | S6-4.5 | S6-3
Embedment (in) 9 9 9 6 6 6
z/hes 0.28 | 0.28 | 0.28 | 0.42 0.42 0.42
Edge Distance (in) 6 4.5 3 6 4.5 3
No. of Specimens 3 3 3 3 3 3

The test setup involved the application of a lateral force to the top of a metal post using
a hydraulic jack such that a moment couple is generated at the baseplate. For Schemes
1 and 3, a self-reacting steel frame, illustrated in Figure 15, was used. The concrete
specimen was fastened to the steel frame using steel tubing to prevent the concrete
slab from overturning. A load cell was used to record the lateral force exerted by the
hydraulic jack to the top of the metal post. The tension force in the adhesive anchors
was computed by using elastic theory by dividing the bending moment at the baseplate
by z (the internal moment arm between the tension anchor and baseplate compressive
reaction resultant).

Similar test setup was used for Scheme 2 testing but rather than using a self-reacting
frame, the test setup involved a reaction frame that was tied down to a strong floor. This
test was conducted at the FDOT Structural Research Center. Figure 16 illustrates
Scheme 2 test setup.
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Figure 16: Gravity Wall Testing Setup
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Concrete Material: Class NS concrete was obtained from two ready-mix concrete
producers, Titan America and Argos in Melbourne and Tallahassee, respectively. The
Titan America ready-mix concrete had an average compressive strength of 3,258 psi
and was used for constructing the concrete blocks for the testing in Schemes 1 and 3.
Argos ready-mix concrete had an average compressive strength of 3,711 psi and was
used for the construction of the 3 ft gravity wall for the testing in Scheme 2.

Pedestrian Railing: The pedestrian railing was fabricated by Mahoney Supply, LLC in
accordance with FDOT Design Standards, Index 852 (now Standard Plans Index 515-
052). The pedestrian railing consisted of a 42 inches built-up section of two HSS
21/,x1/,x/g rectangular tubes that were connected at the top with an NSP 2%/, inches
(Sch. 10) pipe and the bottom using an 8x6x°/g-inch steel plate.

Adhesive: Simpson Strong Tie ET-HP epoxy adhesive was used with a characteristic
bond strength, tkuncr, of 940 psi for 7/s inches threaded rod. This adhesive was chosen
because it represented the lowest possible characteristic bond strength among the
adhesives that are listed on the FDOT Approved Products with an ICC-ES certification.
It should be noted that other FDOT approved adhesives without ICC-ES certification
only provide the average bond strengths that are much higher than the characteristic
bond strength listed in the ICC-ES certification.

Anchor Bolt: The anchor bolt consisted of “/s inches threaded rod, flat washer and hex
nut that were all made with galvanized steel conforming to ASTM F1554 Grade 55,
ASTM F436 and ASTM A194.

Bearing Pad: The bearing pad consisted of a /s inches thick neoprene pad with a
durometer hardness of 60.

Concrete Block: A total of 27 concrete blocks were fabricated using ready-mix concrete
and wood forms. There was no steel reinforcement inside the concrete blocks. Figure
17 illustrates the concrete block dimensions.

Gravity Wall: A total of 6 gravity walls were fabricated at the FDOT Structure Research
Center. All gravity walls were 3 feet tall and 3 feet long. The top width was 8 inches and
the bottom width was 2 feet-3 inches. Four gravity walls had two No. 4 vertical bars
spaced at 1-foot-6-inches center-to-center, while two gravity walls had four No, 4
vertical bars spaced at 1-foot center-to-center. Figure 18 illustrates the reinforcement
detail of the two gravity wall types.
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Figure 17: Concrete block dimensions

Adhesive Anchor Installation: The adhesive anchors were installed approximately 28
days after casting the concrete specimens in accordance with the manufacturer’'s
installation instructions. First, a 1-inch hole was drilled to a specified depth using a
rotary hammer drill. The dust from the hole was removed using a combination of oil-free
compressed air at a pressure of 80 psi and a 1-/g inch nylon brush. Once the hole was
free of dust, it was filled with the adhesive to approximately 2/5 full followed by the
anchor rod. The anchor rod was left undisturbed until the adhesive was fully cured (this
depends on the ambient condition which is specified in the manufacturer’s data sheet).

Pedestrian Railing Installation: The pedestrian railing was installed on the day of testing.

A /g inches thick neoprene pad was placed in between the pedestrian railing base plate
and concrete specimen. The hex nut was hand tightened using a wrench.
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4. CHAPTER FOUR — EXPERIMENTAL RESULTS

Schemes 1 test was used to evaluate the confinement effect of metal railing narrow
baseplates without the influence of edge distance. Table 3 provides a summary of the
test results and corresponding calculations of adhesive breakout resistance using SDG
and ACI procedures. It should be noted that the calculated values represented the
nominal strengths rather than the design strength (i.e., load factor was not used).
Furthermore, the confinement modification factor, ¥m was also not applied. As
expected, the nominal tensile strength of the anchor bolt did not control the design but
rather the nominal adhesive bond strength for both SDG and ACI procedures. However,
no samples had an adhesive bond failure but rather a pry-out failure with concrete
tension and shear cracks visibly observed on all tested samples, as illustrated in Figure
19.

When comparing the experimental breakout capacity to the nominal strengths using ACI
and SDG procedures, the nominal concrete breakout strength using the ACI procedure
closely matched the experimental results with an average percentage difference of
31.3%. The bond strength equations yielded higher average percentage differences of
72.8% and 56.8% using ACIl and SDG procedures, respectively. Thus, itis
recommended that the nominal concrete breakout strength be used in analyzing
adhesive anchor breakout resistance for metal railings with narrow baseplates,
considering that there is no standard for pry-out failure mode.

Figure 19: Typical Concrete Breakout/Pry-Out Failures Found in Concrete Block
Specimens
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Table 3: Test Results of Schemes 1 and 2

Scheme 1 Scheme 2
No. S9 S6 S4 w12 w9 W9-X*
Embedment, het(in) 9.00 6.00 4.00 12.00 9.00 9.00
Edge Distance, Ca1 (in) 15.00 10.50 7.50 4.00 4.00 4.00
Loading Point, L (in) 37.50 37.50 37.50 32.50 32.50 32.50
Concrete Strength (psi) 3258 3711
Experimental Test Results 39525 23295 14096 40950 37700 33800
(Ibs) 42525 24750 15734 40300 40430 36400
36405 21750 16866
Average (lbs) 39485 23265 15566 40625 39065 35100
SDG Procedure (lbs)
Tensile Strength, Ns 27059 27059 27059 27059 27059 27059
Adhesive Bond, No 23256 15504 10336 21231 15923 15923
ACI Procedure (lbs)
Tensile Strength, Nsa 34630 34630 34630 34630 34630 34630
Adhesive Bond, N, 19459 14396 10110 13583 13583 13583
Concrete Breakout, Ncp 30948 18695 10959 28476 20185 20185

*Specimens with four vertical rebars

Scheme 2 test was used for evaluating the performance of adhesive anchor embedded
in the gravity wall. The results of Scheme 2 are also summarized in Table 3. Overall, the
primary failure mode in these specimens was the concrete breakout, which also
matched well with the nominal concrete breakout resistance using the ACI procedure.
There was only a slight increase of 3.99% in capacity between the specimens with 12-
inch and 9-inch anchor bolt embedment length. This could be attributed to the shifting in
failure mode from the concrete breakout to the adhesive bond failure found in gravity
wall with 12-inch adhesive anchor embedment as illustrated in Figure 20.

Surprisingly, specimens with the two additional vertical rebars (W9-X) did not perform
as well as the specimens with standard vertical rebars (W9). The reason for this could
be attributed to the fact that the additional rebars forced the concrete breakout cone to
be isolated between the two additional rebars spaced 1 foot apart opposed to the 1 foot-

6 inch spacing used in standard reinforcement configuration. As a result, the W9-X

samples ended up with a smaller breakout area and a reduction in breakout capacity.
Figure 21 illustrates this in the top and bottom left photos showing narrower breakout
cone confined within the 1-foot spacing as opposed to a much larger breakout cone

observed in gravity wall with standard reinforcement configuration as displayed on the
top and bottom right of Figure 21.
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Figure 20: Adhesive Bond Failure in ravity Wall with12-inch Adhesive Anchor
Embedment

However, unlike the concrete block tested in Scheme 1, the nominal concrete breakout
strengths are extremely conservative, with an average percentage difference of 70.0%.
It should also be noted that this percentage difference does not include the strength
reduction factor, ¢ = 0.75, which would further increase the average percentage
difference to 93.3%. It is suspected that the addition of steel reinforcement in the gravity
wall helped prevent concrete from splitting, and therefore, increased the breakout
capacity in the gravity wall to be much higher than the concrete block without
reinforcement.

Another important note is how conservative the ACI procedure is when computing the
nominal adhesive bond strength that governs the design criteria. In fact, if the ACI
procedure is used, it would make it impossible to use a single adhesive anchor in
gravity wall as the embedment length would no longer impact the design capacity.
Although this was also observed in the experiment, the average percentage difference
between the experimental test result and nominal adhesive bond using the ACI
procedure was 182%. Therefore, it is recommended that the nominal adhesive bond
strength not be used in determining the breakout resistance of adhesive anchor with the
confinement effect.
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4.3 SCHEME 3 TEST RESULTS

Scheme 3 test was used to evaluate the impact of edge distance on adhesive breakout
capacity. Table 4 summarizes the test results along with the nominal adhesive anchor
breakout resistances using SDG and ACI procedures. Similar to the block concrete
testing in scheme 1, the mode of failure was a splitting failure mode, as illustrated in
Figure 22. The splitting is more severe with smaller edge distances. It is suspected that
if additional reinforcement is provided to control splitting the breakout capacity would be
much larger, similar to the gravity wall specimens. It should be noted that the ACI
procedure does address the splitting failure mode using a modification factor, Wep.
However, it seems that the computation of Wcp is very conservative resulting in more
significant reduction in nominal resistance as compared to experimental results. As a
result, the nominal breakout resistance using ACI is slightly more conservative than the
nominal adhesive bond resistance using SDG procedure.

Nevertheless, considering the observed failure mode is the concrete breakout, the
nominal concrete breakout resistance using ACI procedure will still be used as the
baseline for the analysis and should be recommended for determining the design
strength.
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Table 4: Scheme 3 Test Results

Scheme 3
Sample S9-6 S9-4.5 S9-3 S6-6 S6-4.5 S6-3
Embedment, het(in) 9.00 9.00 9.00 6.00 6.00 6.00
Edge Distance, Ca1 (in) 6.00 4.50 3.00 6.00 4.50 3.00
Loading Point, L (in) 37.50 37.50 37.50 37.50 37.50 37.50
Concrete Strength (psi) 3258
. 29579 24032 21740 21879 20949 13500
Experimental Test
Results (Ibs) 27705 26431 25320 18155 21870 14580
26895 24756 19760 24867 18450 12750
Average 28060 25073 22273 21634 20423 13610
SDG Procedure
Tensile Strength, Ns 27059 27059 27059 27059 27059 27059
Adhesive Bond, No 20669 17056 13764 13779 11371 9176
ACI Procedure
Tensile Strength, Nsa 34630 34630 34630 34630 34630 34630
Adhesive Bond, N, 9680 9096 8513 10231 9614 8997
Concrete Breakout, Ncp 16764 14855 13050 12018 10216 8546

According to AASHTO LRFD, pedestrian railings are subjected to a design live load, w

= 0.0050 KIf. In addition, each longitudinal element (post) is also subjected to a

concentrated load of 0.2 kips. For a post spacing of 8 feet, the ultimate lateral load can

be calculated as follows:

PuL = 0.20+0.050(8) = 0.60 kips
Py = 1.75(0.60) = 1.05 kips

or
Py = 1.6(0.60) = 0.96 k

ips

(SDG procedure)

(ACI procedure)

To determine the corresponding tension force on the adhesive anchor, the ultimate

lateral load is multiplied by a moment arm, L, of 41 inches for a 42-inch pedestrian rail

and divided by the distance between the adhesive anchor and reaction on the base

plate of 2.5 inches. Assuming a strength reduction factor of 0.85 for SDG procedure and

0.75 for the ACI procedure, the required nominal resistance is:

. P. L
required N,, = E” X-=

. P. L
required N,, = E” X~

1.05
0.85

0.96
0.75

41

X 22 = 20.26 kip

2.5

41
2.5

= 2% 2L = 20.99 kip
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Comparing these two required nominal strengths to experimental results summarized in
Tables 3 and 4, it could be deduced that a reduced embedment length of 6 inches could
be used in sidewalk provided that edge distance is at least 4.5 inches. Furthermore, the
embedment length in gravity wall could be reduced to 9 inches. Further reduction in
embedment length in gravity wall may be possible considering that there are
reinforcements in the gravity wall to control splitting of the concrete. When comparing
the results of W9 to S9-4.5, W9 has much higher resistance with a percentage
difference of 55.9%.

6-in from Edge [ [ - . 22 4.5-in from Edge

« NN

ar d_‘3-in'C'h Edge Distance.

4

Figure 22: Failure Modes of Adhesive Anchor with 6
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5. CHAPTER FIVE — DEVELOPMENT OF NEW DESIGN
STANDARD FOR METAL RAILINGS

In order to develop a design procedure for FDOT to account for the confinement effect
on adhesive anchor breakout resistance, several confinement modification factor
equations were evaluated with the experimental results and other results from other
literature. To do this, the confinement modification factor was computed from
experimental results by taking the average breakout capacity divided by the nominal
concrete breakout resistance obtained from the ACI procedure, i.e., ¥,, = % Table 5

cb
summarizes the confinement modification factor equations from the literature.

Table 5: Confinement Modification Factor Equations

No. Equation References
1 g, = 200 for0 < <15 Zhao (1993)
zZ - ef - '
y,o=1 forhi > 1.5
ef
2 o =2-= for0 <-—=—<1.0 Bruckner (2001)
hef hef
po=1 forhi > 1.0
ef
3 T——— foro<-2<15 Fichtner (2011)
Yher fef Parabolic Equations
Adopted in SDG
yo=1 forhi > 1.5
ef
4 p =22 for0 <2 <15 Fichtner (2011)
Shes hef Linear Equations
y o= for = > 1.5
hef
5 Y =25-2 for0 <-=<1.5 Herzog (2015)
hes hef
yo=1 for = > 1.5
hef

The experimental results along with other data and equations are plotted in Figure 23. It
is observed that out of the 5 equations, the Fichtner (2011) linear equation seems to
provide the best approximation of the confinement effect on the adhesive anchor
breakout resistance. However, the equation seems to provide an upper bound that may
work well when the edge distance plays a role, which would be the case for FDOT
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pedestrian railing. Nevertheless, a slightly more conservative linear equation is
proposed as follow:

zZ

Y, =1.75—

for0 <—<1.5 Eq. 14
Zhef hef

y,o=1 forhi > 1.5 Eqg. 15
ef

It is recommended that FDOT adopt the proposed equations that should be applied to

the concrete breakout resistance using the ACI procedure.

3

\ Zhao 1 (1993)

\ Varga (1995) 1 directign
2.5. e Varga (1996) 2 direction
* \ Eligehausen et al (2008)

\ . \\ s Suksawang (NE)
\ «.  Suksawang (Wall)
\ ‘ . 4 Szksa(w%ngg?)()ED)
. ", = nao (1
‘}‘\_ \ ", \ ----- Bruckner (2001)
4 . . - = Fichtner (2011)
«»== Fichtner (2011) Linear
--------- Herzog (2015)
Suksawang

0.5
0 0.5 1 1.5 2 2.5 3

2/h,

Figure 23: Factor Wm as a function of z/hes ratio

5.2 PROPOSED DESIGN PROCEDURE

Based on the experimental results, the concrete cone breakout capacity from ACI318-
14, Chapter 17 provides the most accurate model for predicting the adhesive anchor
resistance. As a result, the ACI approach was used as a basis for developing the
proposed design procedure.
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5.2.1 Load Analysis

In many column-to-foundation connections including the connection for standard metal
pedestrian/bicycle railings, the loading is not strictly tension but rather a moment couple
of a tensile force in the adhesive anchor and a compressive force from the baseplates in
the concrete breakout cone as shown in Figure 24, where the moment couple (My) and
the ultimate tensile force (Ny) could be computed as follows,

M, =P, XL, Eq. 16
Mu

N,=0C, = = Eq. 17

B, =y,(0.050S + 0.200) Eq. 18

where, Le is the distance between the center of the top rail to the concrete sidewalk (in);
Cu is the compressive force acting on the concrete sidewalk that is caused by the
moment couple (kips); Z is the center-to-center distance between Nu and Cy (in); and S
is the center-to-center spacing of the post (ft). y.is the load factor for live load and can
be taken as 1.60 in accordance with ACI. A y.of 1.75 could also be used but it should
be noted that it would be overly conservative if the y_of 1.75 is used with ACI strength
reduction factor (¢-factor).

The distance Z could be approximate for narrow baseplate with a single adhesive
anchor in the center, as:

Z=>/1,w Eq. 19

where, w is the width of the baseplate. Z can also be taken as the center-to-center
distance of two anchors that are perpendicular to the loading direction for narrow
baseplate with four adhesive anchors.

5.2.2 Design Methodology

To design, ACI provides three main limit states: (1) steel strength in tension, (2)
concrete breakout strength in tension, and (3) bond strength of adhesive anchor in
tension for post-installed adhesive anchors. However, based on experimental results,
only the first two limit states are proposed for designing adhesive anchors on a
pedestrian railing with a narrow metal baseplate. Additionally, a new confinement
medication factor is also proposed.

Steel Strength in Tension
The limit state of steel strength in tension is:

$Nsq 2 Ny Eq. 20
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The design tensile strength for the adhesive anchor steel is given as:

(nsza = ¢saAsefuta Eq 21

where ¢sa IS the strength reduction factor and can be taken as 0.75. fua is the anchor
steel ultimate strength and should be limited to 1.9 times the yield strength or 125 ksi.
For threaded rods and headed bolt anchors, the effective anchor area can be computed
using ASME B1.1 as:

Ay = (d, - 272" Eq. 22

ng

where, da and n; are the diameter and number of threads per inch of the anchor rod,
respectively.

A e
A W Pu
L
Le
—»| [+—<Z
Cut [I] Ny
v
4 ~ My -
~ o //
hef ~ -~
~ -
v S
- Wr

Figure 24—Effect of moment on standard metal pedestrian/bicycle railings connections
as adopted from Eligehausen et al (2014)

Concrete Breakout Strength
The limit state of concrete breakout strength in tension is:

$Nep 2 Ny Eq. 23
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The design concrete breakout strength in tension is given as:

ANc
$Nep = Pep KNcolpedlpcplpmNb Eq. 24
and
Ny = kc/la\/ﬁh;'fs Eq. 25

where ¢cb is the strength reduction factor and can be taken as 0.65; k. is the coefficient
for basic concrete breakout strength in tension that can be taken as 241, L4is the
modification factor to reflect the reduced mechanical properties of lightweight concrete
in certain anchorage application. For pedestrian railing, this factor can be taken as 1
since normal weight concrete is used. fc is the specified 28-day compressive strength of
concrete and het is the embedment length.

Anco IS the projected concrete failure area of a single anchor with an edge distance
equal to or greater than 1.5he and can be taken as:

ANCO = 9hgf Eq 26
Anc is the actual projected concrete failure area that is approximated as the base of the
rectilinear geometrical figure that results from projecting the failure surface outward

1.5hef from the centerline of the anchor as illustrated in figure 25.

Additionally, for anchor loaded in tension and spaced closer than 1.5he, a reduction
factor for edge effects, Wed, given by Equation 27 must be applied. For anchor spacing
equal and greater than 1.5hef, Weqis taken as 1.

Camin
You =07+ 0.3Thef Eq. 27

where, Camin IS the minimum edge distance.

11t should be noted that ACI recommends k¢ = 17. However, this value is multiplied with
a modification factor, ¥, that is omitted from Equation 24. This factor can be taken as
1.4 for uncracked concrete under service load resulting in the factors to be Wcke = 24.
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T Ane=(Car + 1.5hy)(2 X 1.5hyy)
if Ca1 < 1-5ho!

Figure 25—Examples of concrete breakout failure projected area for a single anchor
(ACI 318, 2014)

For plain concrete (e.g. concrete sidewalk) without supplementary reinforcement to
control splitting failure in the concrete, a modification factor, W, was introduced in ACI
and can be computed as:

If Ca,min > Cac, then chp =1.0 Eq 30

If Ca’min < Cac, then lpcp = Ca'ﬂ Eq 31

Cac

but Wcp cannot be taken less than 1.5hef/Cac, Where cac is the critical edge distance that
can be taken as 2hef or the recommended value from ICC-ES evaluation report of the
adhesive. If 2hes is used, then W¢p = 0.75, which seems to be overly conservative
considering that this factor was developed for expansion and undercut anchors. In fact,
the NCHRP Report 757 on Long-Term Performance of Epoxy Adhesive Anchor System
by Cook, Douglas, Davis, and Liu (2013) do not recommend the use of this factor at all,
which seems to agree to the testing result performed in this study. Therefore, it is
recommended that W¢p, = 1.0 should be used in lieu of Equations 30 and 31.

For anchors loaded in tension with the metal baseplate provide confinement effect, the
modification factor, ¥m given in Equations 14 and 15 can also be used.
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5.3.1 Unreinforced Concrete Sidewalk

Given:
’Is in ASTM F1554 Grade 55 threaded rod
with 9 tread/in

o (7 0.9743

Ase =713 9

2
> = 0.462 in®
Fytq = 75 ksi .

Embedment Length of 6 in.
hef = 61in

For a 6 x 8 in base plate 6in

A
N

5 .
Z—EX6—2.511’1

Anchor is located 6 in from nearest edge
Camin = 61N

Class | Concrete with a design strength of 4,000 psi?
f{ = 4,000 psi

42 in pedestrian rail post with 2%/,” NPS top rail and %/s” neoprene pad

1 2.875
L, =42 +§_T: 40.69 = 41 in

Design Loads:
Determine the horizontal load acting on the post of the pedestrian railing assuming a
center-to-center spacing of 8 ft.

P, = 1.6 x (0.050 x 8 + 0.2) = 0.96 kips

Determine the tensile load on the anchor from the moment of a couple.
M, = 0.96 x 41 = 39.36 kip-in

2 Although FDOT specifies the minimum 28-day strength of Class | concrete to be 3,000
psi, it needs to be increased to 4,000 psi in this example to ensure that an embedment
length of 6 can be used. It should be noted that if 3,000 psi concrete is used, the
embedment would have to be increased to 7 in. Considering that there is no significant
cost difference for higher strength concrete, it was decided that higher strength concrete
be used.
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39.36 _
Nu = ? = 15.74 klpS

Steel Strength in Tension:
Comparing the design strength due to anchor tension failure with the design load.
¢N;, = 0.75 x 0.462 x 75 = 26.0 kips > 15.74 kips [OK]

Concrete Breakout Strength:
Calculate the nominal resistance due to concrete breakout failure

Ny = =24 X 1 X /4000 X 65 = 22.31 kips

Determine the projected influence area with and without the influence of edge effects.
Aye = (6+1.5%6)(2X% 1.5 % 6) =270 in?
Anco = 9 X 62 = 324 in?

Calculate the modification factor for edge effects
Since cgmin < 1.5h,¢

Y,; =0.7+03 = 0.90

1.5x6

Assume there is no splitting effects
Y., =1.0
Calculate the modification factor for confinement effects

Y =1.75 2:5 = 1.54
mo 2X6

Comparing the design resistance due to concrete breakout failure with the design load.

270
PNep = 0.65 X - x 0.90 X 1.0 X 1.54 x 2231 = 16.75 kips > 15.74 [0K]
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5.3.2 Reinforced Concrete Gravity Wall

Given:
Is in ASTM F1554 Grade 55 threaded rod with
9 tread/in -
4 n(7 0.9743)2 0462 in?
se =4\g”~ g ) TUAbem
Fyutq = 75 ksi .
Embedment Length of 8 in.
hef = 8in
For a 6 x 8 in base plate
5 _ —/ T/
Z=-—X6=25in < P>
12 4in '"4in

Anchor is located 4 in from nearest edge
Ca,min =4in

Class | Concrete with a design strength of 3,000 psi
f{ = 3,000 psi

42 in pedestrian rail post with 2%/,” NPS top rail and */s” neoprene pad

1 2.875
L, =42 +§_T= 40.69 = 41 in

Design Loads:
Determine the horizontal load acting on the post of the pedestrian railing assuming a
center-to-center spacing of 8 ft.

P, = 1.6 x (0.050 x 8 + 0.2) = 0.96 kips

Determine the tensile load on the anchor from the moment of a couple.
M, = 0.96 x 41 = 39.36 kip-in

39.36 _
Nu = W = 15.74 klpS

Steel Strength in Tension:
Comparing the design strength due to anchor tension failure with the design load.
N, = 0.75 X 0.462 x 75 = 26.0 kips > 15.74 kips [OK]
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Concrete Breakout Strenqgth:
Calculate the nominal resistance due to concrete breakout failure

N, = ——24 x 1 X /3,000 x 815 = 29.74 kips

~ 1000

Determine the projected influence area with and without the influence of edge effects.
Although the influence area should be calculated using the top surface area of the
gravity wall, a larger influence area is used based on experimental observation. The
same influence area equation as the sidewalk, i.e., Ayc = (camin + 1.5her)(2 X 1.5hef),
is used here.

Aye = (4 +1.5%x8)(2 X 1.5 x 8) = 384 in?

Ayco = 9 X 82 = 576in?

Calculate the modification factor for edge effects

Since cgmin < 1.5h,¢

Y,; =0.7+03 = 0.80

1.5x 8

Assume reinforcement controls splitting in concrete.
Yo = 1.0
Calculate the modification factor for confinement effects

Y =1.75 2:5 = 1.59
mo 2x8

Comparing the design resistance due to concrete breakout failure with the design load.

384
PNep = 0.65 X = x 0.80 X 1.0 X 1.59 x 29.74 = 16.39 kips > 15.74 [0K]

The proposed design standard drawing of metal railing with adhesive anchor is provided
in Appendix A. Figure 26 illustrates new sidewalk pavement details and Table 6
provides the proposed modification to the embedment length. It should be noted that
this table is based on structural concrete (i.e., Class | Concrete) and not Class NS.
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Figure 26-Modified Concrete Pavement Slab details
Table 6-Modified embedment length
ANCHOR BOLT TABLE
ANCHOR
DIMENSIONS LENGTH
CASE | STRUCTURAL TYPE
A B C C-1-P HEX Head Adhesive | ANCHOR
Edge Dist. Edge Dist. Embedment Bolt Anchor SIZE
Unreinforced n 1 n n n n n
Concrete 6 1'-2 6 71/2 8 7/8" @
Reinforced n n n n n n
F] Concrete 4 4 8 91/2 10 7/8" @
Gravity Wall " 31/2" " " " "
Ib Index 400-011 41/2 @ top 8 91/2 10 7/8" @
Il Step Cheekwall 41/2" 41/2" 8" 91/2" 10" 7/8" @
A Varies 5" 5" 5" 61/2" 7" 7/16" @
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6. CHAPTER SIX — OTHER APPLICATIONS

The proposed confinement modification factor can be used to all post-installed anchors
as it is applied to the concrete breakout strength. It could also be applied to other failure
modes, but more testing would be needed to confirm its applicability. Considering the
increase in concrete breakout strength for other mechanical post-installed anchors,
particularly a screw anchor. It is possible that with the proposed modification factor,
these anchor systems could be used instead of an adhesive anchor for pedestrian
railing. The current design concrete breakout strength of the screw anchor is
approximately 9,800 — 15,000 Ibs depending on concrete compressive strength so if
modification factor of ¥m = 1.5 is applied, the design concrete breakout capacity could
increase to 14,700 to 22,500 Ibs, which meet the required strength of 15,600 Ibs if
higher concrete strength concrete is used. However, the design pullout strength would
have to be evaluated to determine the governed failure mode.

Using post-installed mechanical anchors can further reduce the installation cost and
time as there is no additional adhesive cost and no need to wait for the adhesive to
harden, which takes between 24 — 72 hours depending on the ambient temperature.

To determine the failure mode and the applicability of the confinement modification
factor, two testing schemes are proposed. The first scheme consists of nine
unreinforced concrete blocks to evaluate various screw anchor embedment lengths, i.e.,
9, 6, and 4 inches. All tests should be performed with 6-inch edge distance to evaluate
the failure mechanism of the screw anchor and determine the critical embedment length
which shifts the failure mode from concrete breakout failure to screw pullout failure. The
same test setup is proposed using a reaction frame to push or pull the top rail of a
single pedestrian rail post as illustrated in Figure 15.

The second testing scheme consists of testing nine 3-ft gravity wall sample at FDOT
structure lab using the same setup as the one performed for adhesive anchors. Figure
16 illustrates the test setup used previously in this project. This testing scheme provides
the smallest edge distance, as well as failure mechanism, different than the one in
unreinforced concrete block. The reinforcement in the gravity wall provides additional
strength from concrete side-face blowout and splitting. The shape and reinforcement of
the gravity wall also provided a much larger critical concrete breakout area beyond the
surface area at the top of the gravity wall. As observed in Figure 21, the concrete
breakout cone extended at least 6 inches below the top surface; and because of the
gravity shape there is an increase in the surface area. Due to the limitation of the length
of the screw anchor, the same embedment length, i.e., 9, 6, and 4 inches will also be
evaluated. Table 7 provides a summary of a list of parameters and sample size of the
two testing schemes.
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Table 7: List of experimental parameters

Scheme 1 Scheme 2
ID UR-9 ‘ UR-6 UR-4 RGW-9 RGW-6 RGW-4
Sample Size 30x20x12-in 3x3x2.25 ft
Embedment (in) 9 6 4 9 6 4
2/het 0.28 0.42 0.63 0.28 0.42 0.63
Edge Distance 6.0 6.0 6.0 4.0 4.0 4.0
(in)
No. of 3 3 3 3 3 3
Specimens

/7. CHAPTER SEVEN - RECOMMENDATION AND
CONCLUSIONS

The following conclusions and recommendations are made:

1.

The failure mode of adhesive anchors installed in pedestrian railing with narrow
baseplates closely matched the concrete breakout failure mode, and therefore, the
concrete breakout failure resistance equation provided by ACI should be used when
computing the adhesive anchor resistance.

Other than the gravity wall with 12-inch anchor embedment length, no adhesive
failure was observed despite the fact that all equations using both SDG and ACI
procedures predicted adhesive failure mode. This observation was made even with
the use of the lowest strength adhesive that is FDOT approved. Thus, both
equations are too conservative and should be omitted when evaluating adhesive
anchor with confinement effect provided that the adhesive has an uncharacteristic
strength of 940 psi or higher.

It is recommended that FDOT modifies the Design Standard, Index 852 & 862 (now
Standard Plans Index 515-052 & 515-062) to allow for a reduced embedment length
of 6 inches for sidewalk and 9 inches for gravity wall. This would provide significant
cost saving and possibly improve quality as large embedment length is challenging
and time-consuming to install in the field.

It is also recommended that FDOT adopts the proposed confinement modification
factor, Wm, that can be applied to either the current SDG adhesive bond resistance
or ACI concrete breakout resistance to improve the accuracy of the design for
adhesive anchor with confinement effect.

It is also recommended that FDOT develop a pool fund with AASHTO to investigate
the validity of the concrete splitting modification factor, Wep, as this factor significantly
reduces the concrete breakout and adhesive bond resistances by as much as 50%
which does not seem to be supported by the limited test results in this study.

As the scope of this research project is limited to Simpson Strong Tie ET-HP epoxy
adhesive, more research is needed to investigate other FDOT approved products
that do not meet ICC-ES certification, i.e., products that met FDOT Method of Test
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FM-5-568 considering that these products will not meet the new AASHTO
specification.

. Considering there could be further potential cost saving using screw anchor as well
as the potential conflict with adhesive products not meeting ICC-ES certification, it is
recommended that screw anchor as described in Chapter 6 be investigated.
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