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ABSTRACT

The need to strengthen non-ductile reinforced concrete frames has been widely
recognized as an urgent problem in earthquake engineering. Attaching steel bracing systems
and/or steel jackets and plates to existing concrete structures are common approaches used
to rehabilitate non-ductile reinforced concrete frames. An effective transfer of forces
between the existing concrete members and the attached steel plates or sections is essential
for the success of these retrofitting techniques.

Thirty six specimens were tested to study the effect of different variables on the
behavior of single-anchor steel-to-concrete connections. The variables studied include:
clearance between the hole in the steel element and the anchor bolt, bolt preload, type of
filler material used in the void between the hole in the steel element and the anchor bolt,
type of material acting as an interface agent (non-shrink grout and epoxy), thickness of
interface material, surface treatment of the steel element, type of fastening method
(standard and spring washers), bolt inclination, and effect of reversed cyclic loads. Test
specimen behavior is presented in the form of load-slip relationships, maximum elastic and
utimate capacities, and load-slip envelopes. A comparison of the test results with
recommended design provisions is presented to provide guidelines for design of steel-to-
concrete attachments used in rehabilitation projects.
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CHAPTER 1
INTRODUCTION

1.1 Statement of Problem

1.2 Objective

The main objective of this study is to investigate the influence of several variables
on the load-interface slip response of single-anchor connections between existing concrete

1) Improve resistance prior to significant interface slip,

2) Reduce slip before reaching,_pgak__capacify, and

3) Improve connection toughness.

Results of tests are used in the development of basic design recommendations and to
identify areas where further research is needed.
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and the anchor bolt, or to act as interface agents between the concrete and steel element.
In addition, connections with different fastening components such as spring-loaded washers
were incorporated into the experimental program.

1.3 Project Background

This project is part of a National Science Foundation-sponsored research program
at The University of Texas at Austin, conducted in collaboration with engineers from H.J.
Degenkolb Associates and Englekirk and Sabol, Inc., investigating the use of external steel
jackets and plates for repair and strengthening of reinforced concrete frames. A separate
testing program involving full-scale tests of columns strengthened with a variety of steel
jacketing techniques is currently underway at The University of Texas.




CHAPTER 2
BACKGROUND

2.1 Repair and Strengthening of Structures

The seismic vulnerability and need for rehabilitation of some structures in the
nation’s inventory of reinforced concrete structures has been revealed by recent earthquakes
and improved knowledge in earthquake engineering.>> A large number of buildings
designed on the basis of previous codes are being strengthened to comply with all or part
of today’s standards. Strengthening may be thought of as the implementation of preventive
measures to change the response of undamaged structures so that they provide for life safety
by preventing collapse, and also limit structural and non-structural damage incurred during
future moderate earthquakes. Buildings suffering from previous damage may also require
repair and/or strengthening. A significant research effort is underway in the U.S. to develop
evaluation and design guidelines for repair and rehabilitation of inadequate structures.

The modified structure must satisfy strength, ductility, serviceability, and socioeco-
nomic requirements. Essential facilities such as hospitals, transportation systems, and power
plants must remain in operation following a severe ground shaking. Continuity of operations
is also essential for high-tech industrial facilities to prevent substantial economic losses.?
High regard should also be given to the building’s functional and aesthetic requirements.

Structures requiring seismic retrofit usually lack sufficient lateral strength and/or
stiffness and/or ductility. Selection of a strengthening system to effectively bypass the
existing "weak links" in the structure is therefore a challenging task. Current retrofitting
techniques include addition of wing or infill walls to moment-resisting frames, attachment
of steel bracing systems, and member jacketing. Successful implementation of all of these
techniques requires an effective force transfer between new and existing elements.

2.2 Retrofit Techniques Employing Steel Sections and Plates

________B_‘?E_Y_Q.ﬁﬁiﬂg__§)f§t§m§_ggn§_i,&ting__of_,ste.el..elements..attached«-»towt-he«eoneretewsftvructure, —
such as steel bracing or jacketing, are sometimes preferred over reinforced concrete
jacketing or infill walls for various reasons: 1) steel bracing systems are usually erected

from the exterior thereby reducing disruption of activities inside the building; 2) the steel
elements add a relatively insignificant amount of mass to the original structure; 3) lateral

force resistance may be distributed over the structure to reduce concentrations of shear

forces and to eliminate the need for foundation strengthening; 4) steel elements may be
prefabricated which reduces on-site labor; and 5) steel jackets offer a convenient means for
attaching steel braces when both systems are used in conjunction.




2.2.1 Steel Bracing. Steel bracing systems attached to existing concrete frames are
designed to carry the induced lateral inertia forces. This technique is recommended for
multistory frames with inadequacies at several floor levels.”® The stiffness of the bracing
system must be compatible with the existing concrete structure. A large portion of the load
should be carried by the strengthening system at all deflection levels to prevent damage of
the concrete frame. Because local deficiencies often necessitate modification of some frame
members, steel bracing may be used in combination with steel jacketing.

An effective transfer of forces through steel-to-concrete connections is essential for
sound hysteretic response of the strengthening scheme. Connections must ensure that
capacity is fully developed in the bracing cross members. Collector members are typically
attached to the existing structure to transfer forces from floor diaphragms to the steel braces
and from the braces to the frame columns at each floor level (Figure 2.1). Collector
members consist of steel plates or rolled shapes fastened to the structure with retrofit
anchor bolts.

N _¢{§7f_ COLUMN CHANNELS-—N
/ N~ AN

/. N

N N
/
\\//: A\

(AN

XN AN\
L \\- | /U

NN

RNz

BRACE

Figure 2.1 Steel bracing retrofit scheme.’

2.2.2 Steel Jacketing. The behavior of existing concrete members may be enhanced
by attaching steel elements or plates on their exterior.>? Steel jacketing creates a concrete-
steel composite section to increase the confinement, shear strength or flexural strength of
columns, or to increase the flexural strength of beams by using steel plates as external
longitudinal reinforcement. In addition, continuity of reinforcement and improved joint

behavior may be provided by connecting steel plates attached to beams to jackets on
columns.
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The most common approaches for improving strength and/or ductility of existing
concrete members include the following (See Figure 2.2):

1) Encasement of the member with steel plates or rolled shapes having non-shrink
mortar or grout placed between the member and strengthening element,

2) Placement of a skeleton of angles and straps around the member,

3) Attachment of plates to the members with adhesives and/or bolts.

Concrete Member

/ Concrete Member

Grout

crrrrrrres
[rremrezz)

k vy

»
LRI

v

ez

Steel jacket

Steel angles

Steel straps

(@) Encasement with steel plates (b) Steel jacketing using angles and straps
and expansive grout

Concrete member

Z

S

MY

/ Steel Channel

Epoxy Bonded plate

RLIRTRARY,

AN

A AN AN

AR

TS

NMniv

> Epoxy-grouted anchors

URAANANNY

N

N

R RARERRARARRRYY

7

R

AN

(c) Strengthening with steel plates or sections attached

with anchor bolts and/or structural epoxy

Figure 2.2 Steel jacketing techniques.



Conerete column Another important application
—F\/L/ consists of attaching a steel collar on
opposite sides of a joint as indicated in
Congrete slab R . .
~ Figure 2.3. This technique 1mproves
S P + 1— Joint confinement and capacity, and
enhances shear transfer with floor dia-
. phragms.
Steel collar Steel jacketing has been used
J—/\/-J— extensively in rehabilitation of rein-
Figure 2.3 Steel collar for moment transfer between forced concrete structures. HOWC‘_’CI’
column and floor. little data are available on its effective-

ness, particularly on the capacity and
behavior of the connections used to attach the jackets. Connections should be designed to
guarantee composite response. Ductile failure of the modified members should occur before
connection capacity is reached.

2.3 Steel-to-Concrete Connections

2.3.1 Retrofit Anchors. The most common approach to attach steel elements to
existing reinforced concrete members is through the use of retrofit anchors: wedge
(expansion or undercut), and epoxy anchors (Figure 2.4). Another approach to attach steel
plates to concrete members is adhesive bonding.

2.3.1.1 Expansion and Undercut Anchors. Load in expansion anchors is transferred
by friction. When torque is applied to the nut, the bottom sleeve expands against the sides
of the hole, creating a friction force between the bolt and the base material. Load in
undercut anchors is transferred from the anchor to the concrete by bearing on the undercut
portion of the hole.'

The behavior and capacity of wedge anchors for seismic applications is questionable
since manufacturers base their design capacity on static, monotonic tests.®’ Anchors. in

retrofitted structures are likely to experience combinations of repeated shear and tensile
forces during earthquakes. Data from
an experimental program conducted at
'The University of Texas on the behavior
of retrofit anchors showed stiffness
degradation of undercut and expansion
anchors subjected to impact tensile

11111}

I1Q<‘
W

loading due to increased slip. Adhesive
anchors exhibited no reduction in secant

1 L T L ST T O Y
s

<
e T T A

Expansion Undercut Epoxygrouted  stiffness up to yield level impact loads.!®
Figure 2.4 Types of retrofit anchors.
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2.3.1.2 Epoxy Anchors. Recent investigations have revealed good performance of
epoxy anchors for retrofit applications.*!"?2534 An epoxy anchor consists of a threaded
steel bolt bonded in place in a drilled hole in existing concrete by using a two-component
structural adhesive. Load is transferred from the anchor through the adhesive to the
concrete along the entire embedment length. Since bond between the adhesive and
concrete is essential for load transfer, proper hole cleaning is of foremost importance,'21:3245

2.3.1.3 Adhesive Bonding.

Advantages. The main advantages of bonding steel elements to existing concrete are:
1) bonded connections reduce stress concentrations by distributing the transfer of shear
forces throughout the connection; 2) bonded connections have shown high elastic
capacities;* and 3) the need for time-consuming close-tolerance machining might be
reduced. Experimental results of bonded plates providing bottom reinforcement to concrete
beams have shown satisfactory results for monotonically applied loads.”** However, the
response of such attachments to severe cyclic loading has not been demonstrated. Adhesives
used in combination with fasteners to distribute loads or "seal" voids might provide highly
reliable joints. Research at The University of Texas has shown superior behavior of bolted
steel-to-concrete connections incorporating adhesives over connections using mechanical
connectors alone.*’

Epoxy Grouts. Epoxy adhesives are made by mixing an epoxy resin and a curing
agent. Proper application and thorough mixing of the two components are very important,
Epoxy resins are thermosetting plastics requiring heat and exhibiting slight shrinkage while
curing. The resulting adhesives are subject to creep which increases with temperature and
humidity."**! Creep is generally not considered detrimental in seismic retrofit applications
since the material will be utilized only on a transient basis at the time of ground shaking.
However, creep of the epoxy in adhesive anchors may result in the loss of bolt preload.”!

Special surface preparation of both contact surfaces is essential. The most commonly
recommended method of surface preparation for both steel and concrete is sandblasting.*
It is advisable to bond the cleaned surfaces immediately or within eight hours of substrate
preparation.*

2.3.2 Behavior of Ductile Connections in Shear. As discussed above, the success of
strengthening programs using steel jackets and plates depends largely on the performance
of the connections between structural steel and reinforced concrete. Steel-to-concrete
connections should provide high stiffness at design loads, and adequate strength and ductility
at ultimate loads.

Ductility is defined as the ability of a structural component to sustain significant

inelastic deformation without considerable loss in strength. A single-anchor steel-to-concrete
connection will behave in a ductile manner if its ultimate strength is controlled by the

capacity of the steel. Alternatively, the ultimate strength of non-ductile single-anchor
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connections is controlled by the strength of the embedment.!* However, multiple-anchor
connections may suffer brittle failure if the most heavily loaded anchors fail before the
capacity of the other connectors is reached.

2.3.2.1 Single-Anchor Connections in Shear. Shear transfer across the interface of

single-anchor steel-to-concrete connections is explained by two behavioral mechanisms:
shear friction and dowel action (See Figure 2.5).

Shear Transfer by Dowel Action: This mechanism of shear transfer across a shear
plane is characterized by yielding and fracture of the dowels in bending, shear, or kinking.*
Shear is transmitted from the bolt to the concrete through bearing of the bolt at the exterior
surface of the concrete which causes failure of the concrete on the loaded side of the anchor
bolt. Concrete spalling may decrease the stiffness of the connection but does not limit its
strength.”>'*** The characteristics of the shear transfer mechanism may differ depending on
the fastening method used. For instance, as illustrated in Figure 2.6, the behavior of welded
studs is slightly different from the behavior of threaded rods because of the fixity provided
by the weld near the steel-concrete interface.

Voo = YT,
1] v
N —
st ? ‘\' Crushed Concrete
L Y,
s
L
SHEAR TRANSFER BY BEARING ON THE ANCHOR ) . SHEAR TRANSFER BY SHEAR FRICTION

Figure 2.5 Anchor bolt shear transfer mechanisms.'®
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LB ’ 'S I |
e
[ ‘ 4 |

i

R
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THREADED ANCHORS
WELDED STUDS

Figure 2.6 Deformations of welded studs and threaded anchors in shear.'®
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Shear Transfer by Friction: This approach assumes that shear is transferred by a
frictional force developed between the steel retrofit element and the concrete surface.
Bearing of the bolt against the concrete forms a concrete wedge of approximately 1/4 the
bolt diameter. Translation of the spalled concrete wedge under the shearing force produces
a vertical thrust which causes tension in the anchor and consequently a frictional force at
the wedge-plate interface (See Figure 2.5).5® This behavioral model is used by ACI 349-85,
which establishes that the capacity of a single-anchor steel-to-concrete connection is equal
to the tensile force developed in the anchor multiplied by the shear friction coefficient
between the two surfaces. This mechanism was not observed in Mendonca and Malik’s
tests,” because the plate slipped away from the concrete wedge preventing the confinement
required for the increase in friction to occur.

Shear Friction Versus Dowel Action: Experimental studies by Mattock et al. indicate
that dowel action controls the mechanism of shear transfer when there is a preexisting crack
in the interface plane.”>* Dowel action should therefore dominate behavior in the case of
a steel element placed against existing concrete where the presence of an interface
discontinuity is evident. This leads one to believe that the required coefficients of friction
in ACI 349-85 reflect "apparent" coefficients of friction which include the effects of both
frictional resistance and dowel action.!®

Shear Transfer as Described by Wiener: Based on multiple-fastener steel-to-concrete
connection tests at The University of Texas at Austin,*® Wiener suggested that the shear
transfer mechanism between steel and concrete was divided into three distinct stages:

1) Elastic stage: Shear transfer in this stage is characterized by friction (or adhesion if
the plate is bonded) between the steel element and the concrete surface.

2) Post slip stage: Shear transfer is dominated by bearing of the anchor bolt against the
surrounding concrete

3) Large deformation stage: Wiener observed an increase in frictional resistance near
failure attributed to an increase in friction on the loaded side of the connection due
to rotation of the anchor bolt which resulted in clamping of the nut and washer into

the steel section.

2.3.2.2 Single Anchor Connections in Combined Shear and Tension. Epoxy anchor

bolts used to attach steel elements to existing concrete may fail as the result of combined
shear and tension. The best fit to available data has been provided by a complex interaction
equation provided by McMackin et al.®® A more conservative linear interaction equation
has been proposed by Cannon.'?

2.3.2.3 Multiple-Anchor Connections in Shear. Long joints behave differently than
compact joints. Since load transfer is not distributed evenly-among several connectors, the

joint may suffer from sequential failure of the fasteners ("unbuttoning") before the retrofit
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plate attains its full strength.’®* This "long joint" effect is different depending on the section
properties of the material joined, on the individual load-deformation response of the anchor
bolts used, and on the spacing between connectors. To insure good performance of
multiple-anchor connections, each anchor should achieve its shear strength prior to
connection failure. Results reported on multiple-anchor steel-to-concrete connections have
shown that shear forces redistribute near ultimate.”* However, the ability to redistribute
the load depends largely on the deformation capacity of the bolts. According to Fisher and
Beedle, "deformation capacity, and not the departure from linearity, is the criterion that
governs failure in a long joint."?

2.3.3 Issues Regarding Performance of Bolted Connections.

2.3.3.1 Connection Relaxation. Besides transferring shear, the purpose of steel-to-
concrete connections in rehabilitation programs is to effectively clamp the steel plates and
sections to the existing concrete members. The clamping level of a connection is improved
by applying an initial preload to fasteners by torquing the nut. However, the difference
between initial preload and the tension in a bolt in service must be distinguished. After the
joint is assembled, the anchor bolt will suffer both short-term and long-term relaxation.

Short-term Relaxation: In general, short-term relaxation occurs in bolted connections
because some parts or components creep or flow after being loaded past their yield point.’®
Plastic deformation of high spots on the clamped surfaces (even if the bolt and components
are properly installed, interface surfaces are never perfectly flat), and on soft portions of the
threads induce short term relaxation.

Long-term Relaxation: Long term relaxation of connections is mainly caused by
corrosion, vibration, or creep.” In steel-to-concrete connections, long-term relaxation takes
place due to creep in the load-transfer mechanism of retrofit anchors. Tests performed at
the laboratories of Hilti, Inc.”* have demonstrated that retrofit (expansion) anchors may
lose over 50% of the initially applied clamping force over a two week period. The drop in
the pretensioning force observed in those experiments was attributed to creep of the
concrete in the zone where the expansion device is located.

- When designing a steel to concrete connection, the engineer must be able to estimate
the correct bolt loads through the life of the structure. Unfortunately, the author is not
aware of any significant body of data on long-term relaxation of epoxy anchors.

Effect of Bolt Inclination: In rehabilitation projects, it is very unlikely that all anchors
will be installed precisely perpendicular to the concrete surfaces. According to Bickford,’
if the bolts are inclined, it may take a greater amount of tension to generate the necessary
clamping force between joint elements, and as a result, relaxation will most likely be worse.
Furthermore, when the steel element and bottom of the nut are not paralle], the bolt will

not stretch uniformly and will bend as it is tightened. Bending alters the stress state within

the bolt which may cause more plastic flow in the threads, and hence, greater short-term
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relaxation. Minor differences in connection Spring loaded washer
geometry can result in substantial differenc- Conical spring

es in the state of stress in the bolt. /

Spring-Loaded Connections:  To
reduce connection relaxation, bolt preload
may be transferred from the nut to the
steel plate through a spring ("Beveled")
washer as illustrated in Figure 2.7. The
spring between the plate and the washer
controls the transfer of clamping force since Steel element

it has a very low stiffness as compared to Concrete block
the other connection components. Because _ _ _
of the spring’s low stiffness, a small defor- Figure 2.7 Spring-loaded connection.

mation in the bolt will not make an appre-

ciable difference in preload level. The disadvantages of using these components are that
they are expensive, and manufacturers often have difficulty controlling the stiffness of the
springs.’

23.3.2 Oversize Holes. Oversize holes are attractive for steel-to-concrete
connections because they reduce the need for strict tolerances, alleviate misalignment

problems, and allow for erection adjustments. However, the removal of plate material
around the bolt causes two important problems:

1) the amount of slip necessary to bring the connection into bearing is increased, and
2) slip resistance is reduced.

The reduction in slip resistance is attributed to a loss of clamping force between the
attached surfaces.’ Reduced contact area between the washer and base plate results in
dishing of the washer and reduced clamping force. Previous investigations on steel-to-steel
connections showed an average decrease of 17% in the slip coefficient for 5/16 in. (instead
of standard 1/16 in.) oversize holes.$

2.3.3.3 Prying Action. A further consideration in steel-to-concrete connections is
prying action. The prying action mechanism is quite complex, and research on the subject
is still being conducted.* Lift off of the steel strengthening elements due to tensile forces
results in additional prying forces in the fasteners which are not easily determined. In
addition, prying action may direct a large part of the total connection load to the most
heavily loaded connectors.12%

Plate stiffness and bolt preload have a strong influence on prying action. Preload has
a direct effect on the magnitude of load producing lift-off of the strengthening element from

the concrete. Prying action is also reduced if the steel plates to be connected are stiff. The
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effect of plate flexibility should be taken into consideration if the distance between anchor
bolts is greater than twice the thickness of the plate.”> An approach to reduce prying action
in steel jacketing rehabilitation projects is described in the next section.

2.4 Previous Research

An experimental investigation by Wiener at The University of Texas® studied the
cyclic behavior of steel-to-concrete connections using epoxy-grouted anchor bolts. Wiener’s
test specimens consisted of a steel element attached to one side of a reinforced concrete
block, simulating a portion of a concrete member (Figure 2.8). The variables considered
in this investigation included: number of fasteners, use or omission of epoxy at the steel-
concrete interface, surface preparation, and steel element cross section. Envelope curves
of load versus slip response of the six specimens tested by Wiener are shown in Figure 2.9.
As shown in the figure, epoxy at the interface improved elastic capacity by a factor of two,
and reduced the amount of slip before capacity was reached. Epoxy inadvertently extruded
into the void around each bolt formed a "bearing pad" which resulted in a more uniform
force distribution among bolts, and hence, higher connection strength. The improved
behavior of connections with epoxy is demonstrated in the envelope curve of average load
per bolt versus slip illustrated in Figure 2.10. Connection stiffness was clearly higher at all
displacement levels. Tests of connections without epoxy in the interface showed substantial
slip between steel and concrete. They also exhibited a greater non-uniformity of force
distribution among the anchor bolts.

STEEL CONCRETE COLUMN
STRENGTHENING . BASE BLOCK

ELEMENT
€4 x7.25 or C4x 4.5 \
1

AL S

Figure 2.8 Test setup used in previous research on steel-to-concrete connections.*®
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Following this investigation, Peeler studied the behavior of single-bolted connections
with oversize holes Incorporating epoxy adhesives to fill the void between the bolt and the
holes in the steel plate.”” Peeler tested seventeen specimens varying the hole clearance, the
rod position in the hole through the steel element, and bolt preload. Regarding the use of
epoxy fillers, Peeler concluded the following:

1) Adhesive fillers prevented major interface slip,

2) Connections with oversize holes filled with adhesive were stiffer, stronger, and more
ductile than standard connections with no adhesive filler,

3) Position of the rod in the hole had no effect on the behavior of oversize holes filled
with adhesive,

4) For connections filled with €poxy, as hole clearance increased, ultimate strength and
deformation capacity increased but connection stiffness decreased, and

5) Increased deformation capacity would result in a more uniform load distribution
among anchor bolts in long connections,

Peeler also recommended generous application of adhesive at the base of the rod to
completely fill the void.

In a research program investigating the performance of a steel jacketing scheme for
strengthening of a moment resisting concrete frame, Estrada reported excellent behavior of
the steel-to-concrete connections.”? Details of the strengthening scheme tested by Estrada
are shown in Figure 2.11. Shear was transferred from the existing concrete beam to the
bottom steel strap through nine 3/4 in. diameter anchor bolts. The steel strap force was
transferred through the column by the 2 in. diameter bolt which-was-anchored on the

£y

opposite face. A 1/2 in. thick layer of dry-packed non-shrink grout was placed between the
strap and the beam. The bracket welded to the bottom steel strap was provided for
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Results of tensile force distribution along the strap gave an indication of the loads
carried by each anchor bolt. As shown in Figure 2.12, in early stages (up to 1% story drift)
force transfer was distributed evenly, with each bolt carrying approximately 8.5 kips.
However, a larger portion of the load was transferred by anchor bolts 1 through 3 after the
strap yielded. The anchor bolts were able to sustain large deformations near failure in this
experimental program because the space provided by the 1/2 in. thick grout layer allowed
the bolts to bend in double curvature rather than deforming in direct shear across the
interface plane. ‘

20
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Figure 2.12 Load distribution in beam strengthening strap from test conducted by Estrada.??




CHAPTER 3
EXPERIMENTAL PROGRAM

3.1 Introduction

Thirty-six tests were performed to investigate the behavior of single-anchor steel-to-
concrete connections. The variables studied and the nomenclature used for test identifica-
tion are explained. Material properties, specimen construction and instrumentation are
described along with typical testing procedures.

3.2 Specimen Description

A schematic of a typical specimen is shown in Figure 3.1. The specimen consists of
a steel strengthening element fastened to a reinforced concrete block with a 3/4 in. epoxy-
grouted anchor bolt. This configuration is intended to represent the attachment of a new
steel member to existing reinforced concrete. The steel element was loaded in tension along
its longitudinal axis to examine the shear transfer characteristics of the connection.
Specimens were designed for failure of the anchor bolt, rather than failure by plate buckling
or substantial concrete damage.

3/4 in. ANCHOR BOLT

ag*

STEEL
STRENGTHENING

ELEMENT it Jf\/

Céx 10.5

22"
CONCRETE - \[\A Q
BASEBLOCK | }
AN, A
20 22
\Ai L/

Figure 3.1 Schematic of test specimen configuration.
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3.3 Test Variables

1)
2)

3)

4)
5)
6)
7
8)
9)

The variables studied in this project include:
Hole clearance between the anchor bolt and steel element,
Clamping force provided by the tightened anchor bolt,

Materials used to fill the annulus between the bolt and steel element (Figure 3.2)
and interface between the concrete block and steel element,

Surface treatment of the steel element,

Fastener components,

Anchor bolt inclination,

Bolt position in the hole through the steel element,
Thickness of interface material, and

Effect of reversed cyclic loads.

More details related to the test variables are provided in the following sub-sections.

Annulus

Anchor bolt

CLEARANCE= AMOUNT OF OVERSIZE= A-B
Where,

A = Diameter of hole in the steel element
B = Nominal diametsr of the,anchor bolt

Figure 3.2 Definition of "annulus," "clearance,” and "oversize.”
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3.3.1 Hole Clearance. Clearance refers to the difference in hole diameter in the
steel element and nominal diameter of the anchor bolt, as shown in Figure 3.2. Two hole
clearances were considered:

1) 3/16 in., and
2) 7/16 in.

A 3/16 in. clearance was used in previous research on steel-to-concrete attachments,
It is the maximum allowed by the AISC design specification for slip-resistant steel
connections with 3/4 in. diameter bolts.°

The use of holes with 7/16 in. clearance is appealing because it provides greater
tolerance for erecting steel after bolts have been installed.

3.3.2 Clamping Force. Three levels of clamping were studied:
1) 12 kips clamping (60% of yield in the anchor bolt),
2) 18 kips clamping (90% of yield in the anchor bolt), and
3) Minimal clamping, applied by hand tightening the nut.

Different levels were selected because the clamping force is so important in the
connection, and there is concern about long term anchor relaxation due to creep in the
epoxy and/or surrounding concrete. The effect of hand tightening was included to clarify
what happens if the clamping force is initially low, or if it is lost due to relaxation.

The force was estimated using a Skidmore machine which gives the bolt force for a
given torque applied to the nut, Using the average for three different fasteners, it was
determined that torques of 140 and 200 foot-pounds would yield clamping forces of 12 and
18 kips, respectively. No adjustments were made in the torque applied to the nuts in tests
with inclined anchor bolts. As a result, the magnitude of the applied clamping force is less

—certain-than for tests with a “straight" anchor.

3.3.3 Filler and Interface Materials. The following types of interface materials were
used in selected test specimens:

1) High modulus epoxy adhesive, and
2) Non-shrink grout.

The role of these materials in improving connection behavior was studied from two

perspectives:
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1) Role of the materials as a concrete-steel interface agent improving friction or
adhesion capacity, and

2) Ability of the material to completely fill the void between the anchor bolt and hole
in the steel element and improve the characteristics of load-slip response.

3.3.4 Surface Treatment. The effect of surface preparation for the steel on load at
first slip was studied. Behavior of specimens with surfaces prepared with light sandblasting
was compared with acetone-cleaned surfaces.

3.3.5 Fastener Components. Three methods were used hold the steel element in
place:

1) Hexagonal nut and mild steel washer,
2) Hexagonal nut with a spring-loaded washer assembly, and
3) Field welding the nut to the steel element.
Spring-loaded washers are attractive because they have the potential of reducing long
term relaxation effects in the connection. As seen in Figures 3.3 and 3.4, the spring-loaded

washer assembly is composed of two different parts: two flexible conical washers which act
as a spring between the nut and steel channel, and a stiff disc that fits between the conical

Figure 3.3 Spring-loaded washer components.



21

Stiff Disc

Spring
Properties

1.57in. Conical

1.80In. Washer

1
S —————3%
028In| IR Ny
|M' 0.16 in,
3.94in,

(@) Case A: 12 kips clamping force

g Stiff Disc

2.36in. Spring
Conical Properties
2.40in. Washer B ¢
0.35in. T
0.20in
4,92 in.
(b) Case B: 18 kips clamping force

Figure 3.4 Schematic of details and load-deformation relationships for spring-loaded washers {according
to manufacturer).

Figure 3.5 Nut welded to steel element.
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washers and the nut. Two different sets of conical washers were used in tests to provide
different clamping forces and to permit direct comparisons with results from specimens with
conventional fasteners having different bolt preloads (See Figure 3.4).

Behavior of steel-to-concrete connections was anticipated to be improved by welding
the nut to the steel element, as illustrated in Figure 3.5. Attaching the nut to the
strengthening element will preclude slip between the element and the anchor bolt and will
provide immediate engagement of the bolt, making connection behavior less dependent on
clamping force.

3.3.6 Bolt Inclination. Initial bolt inclination due to construction tolerances and
errors is a phenomenon commonly encountered in practice (See Figure 3.6). Three
monotonic tests were performed with the anchors inclined in different directions with
respect to the direction of loading (See Figure 3.7). A cyclic test with the bolt initially
positioned leaning backward was also performed. The inclination of the anchors with
respect to a plane normal to the concrete surface in this series of tests is indicated in Tables
3.1 and 3.2.

3.3.7 Bolt Position. Behavior of a specimen with an epoxy-filled annulus and with
the anchor bolt positioned on the side of the hole was compared to a companion specimen
with the bolt located at the center. Previous tests showed that bolt position does not affect
connection behavior if the annulus is filled with epoxy.”’ However, no tests in that series
were performed with the bolt located on the side of the hole.

3.3.8 Interface Thickness. All specimens, except one, incorporating non-shrink grout
had an interface thickness of 1/4 in. One specimen having a 1/2 in. thick interface was
included to study the differences in behavior introduced by this change. Varying thicknesses

are often encountered in practice due to mismatched surfaces. Furthermore, connections

ina previous steel Jacketing research project having an interface thickness of 1/2 in.
exhibited ductile behavior with the anchors deforming in a combination of shear and
bending.?

3.3.9 Repeated Cyclic Loading. Of the 36 specimens, 22 were loaded monotonically
until failure and 14 were tested cyclically. The effect of reversed cyclic loads on the load-

deformation relationship of the connections is obtained. Behavior during cyclic tests can be
compared with monotonic behavior through comparisons of response envelopes.




Figure 3.6 Anchor bolt with initial inclination.

Bolt inclined backward (iB) Bolt inclined forward (IF)

<4— Direction of loading

® Loading perpendicular to page
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Bolt inclined sideways (IS) () Testdesignation

Figure 3.7 Position of anchor bolts in inclined-anchor tests.
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3.4 Specimen Designation

Each specimen was identified as shown in Figure 3.8 by the following symbols: 1)
A letter corresponding to the type of test; 2) A single letter describing the type of filler
material and how it was applied; 3) A number identifying the hole clearance used; 4) A
letter identifying the clamping force applied; and 5) One or two letters, following a hyphen
indicating any other additional features.

Replicate tests are differentiated by a number immediately preceding the name of
the test and separated by a hyphen. For example 2-Me3t would indicate the second
monotonic test of a connection with a 3 /16 in. oversize hole, epoxy in the annulus, and the
nut tightened to a 140 foot-pound torque (to provide a 12 kip clamping force).

Designations and details of each test in the experimental program are listed in Tables
3.1 through 3.3.

Ce7T-SP

ADDITIONAL FEATURES

TYPE OF TEST -85: Steel channel sandblasted
) ; -3: Bolt located at side
g Ch;g,ri';’m"'c 15: Boltinclned sideways
-IB: boltinclined backward
-IF: bott inclined forward
-Ah: Thicker interface (1/2in.)
-5P: Spring loaded washer

FILLER MATERIAL -WN: Welded nut

G: Grout annulus & interface

E:-Epoxy-annulus &interface

e: Epoxy annulus

N: Nofiller
CLAMPING FORCE
T: 18 kip
HOLE CLEARANCE t 12kip
h: Hand-tightened
3: 3/16in.
7. 7116in.

Figure 3.8 Test designation key.
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Table 3.1 Description of specimens incorporating structural adhesive.

Base Block Steel Section Anchor bolt
TEST f'c @ test Surface Hole over- Surface Preload Inclination
date (psi) treatment size (in) treatment (kip) (degrees)
Me3h 4005 - 3/16 acetone snug tight -
ME3h 4005 --- 3/16 acetone snug tight ---
2-ME3h 4005 sandblast 3/16 acetone snug tight ---
Me3t 4130 - 3/16 acetone 12 -
Me3t-S 4130 --- 3/16 acetone 12 ---
Me7h 4130 --- 7/16 acetone 12 ---
Me7t 4130 - 7/16 acetone 12 ---
ME3h-SS 4130 sandblast 3/16 sandblast snug tight -
ME3t-SS 4130 sandblast 3/16 sandblast 12 ---
Me3t-1S 4670 - 3/16 acetone 12 4 -Side
Me3t-IB 4670 -—- 3/16 acetone 12 5 -Back
Me3t-IF 4670 -—- 3/16 acetone 12 5 -Front
Me3T 4700 - 3/16 acetone 18 -
Me7T 4700 --- 7/16 acetone 18 ---
Ce3t 4700 - 3/16 acetone 12 ---
Ce3T 4700 --- 3/16 acetone 18 ---
CeTt 4700 --- 7/16 acetone 12 -
Ce3t-SP 3470 - 3/16 acetone 12 ---
Ce7t-SP 3470 - 7/16 acetone 12 -
Ce3T-SP 3470 - 3/16 acetone 18 ---
Ce7T-SP 3470 - 7/16 acetone 18 -~-
2-Ce7t-SP 3470 --- 7/16 acetone 12 -
Ce3t-1B 3470 --- 3/16 acetone 12 5-Back
2-Me3t 3470 - 3/16 acetone 12 -

Table 3.2 Description of specimens incorporating non-shrink grout.

Base Block Steel Section Grout Interface Anchor bolt
TEST.Pc-@- test date | Hole oversae Surface Grout strength | Thickness |Preload (kip)
(psi) (in) treatment (psi) (in)

MG3t 4005 3/16 acetone 5480 1/4 12
MG3t-SS 4670 3/16 sandblast 7490 1/4 12
MG7t-SS 4670 7/16 sandblast 7490 1/4 12
MG3t-th 4670 3/16 acetone 7490 1/2 12
MGT7T-SS 3450 3/16 sandblast 7880 1/4 18
CG3t-SS 3450 3/16 sandblast 7880 1/4 12
CGT7t-SS 3450 7/16 sandblast 7880 1/4 12
CG3T-SS 3450 3/16 sandblast 7880 1/4 18
2-CG3T-SS 3450 3/16 sandblast 7880 1/4 18
CGT7T-SS 3450 7/16 sandblast 7880 1/4 18
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Table 3.3 Description of specimens without filler materials.

Base block Steel Section Anchor bolt
TEST fc @ test date (pst) Hole Oversize (in) [ Surface treatment Preload (kip)
MN3t 4005 3/16 acetone 12
CN3h-WN 3450 3/16 acetone snug tight
Table 3.4 Concrete mix proportions and strengths at 28 days.
Component Mix Quantities (pounds per cubic yard)
Mix A (08/27/91) Mix B (10/10/91) Mix C (12/16/91)
Cement 378 445 360
Coarse Aggregate 1880 1620 1890
Fine Aggregate 1442 1710 1498
Water 136 150 135
28-day Strength (psi) 3519 4436 3160

3.5 Materials

3.5.1 Concrete. Three casting operations were performed with six blocks being cast
at a time. The mix proportions were slightly different for each casting because concrete
batches were shared with other repair and strengthening projects in the laboratory. All
three proportions and average cylinder strengths at 28 days for each mix are given in Table
3.4. The concrete compressive strength for each specimen at the time of testing is included
in Tables 3.1 through 3.3.

3.5.2 Threaded Rod. Anchor bolts were cut from 3/4 in. diameter mild steel (ASTM
A36) threaded rod. An 18 in. long sample of the rod was used as a tensile coupon. The
load-deformation curve obtained for the 3 /4 in. diameter threaded rod is shown in Figure
3.9. Yield and fracture occurred at 59 ksi and 76 ksi respectively, based on the AISC tensile
stress area.5* '

3.5.3 Adhesive. The adhesive
used at the interface and/or in the
annulus was Sikadur 31 Hi-Mod Gel, a
2-component, solvent-free, moisture
insensitive, structural epoxy, with a
compressive modulus of elasticity of 830
ksi. It has a specified 7-day compressive
strength of 12000 psi and a 14-day shear
strength of 3400 psi at 70 degrees F.

@
(=]
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STRESS (ksi)
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20
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STRAIN (in.fin.)

Figure 3.9 Stress-strain curve for threaded rod. According to the manufacturer, this
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epoxy gains 75% of its ultimate strength after 16 hr. at 73 degrees F. The pot life of this

product is 30 minutes at 70 degrees F.

3.5.4 Non-Shrink Grout. The grout used at the interface and in the annulus of some
connections was a pre-mixed non-shrink grout meeting Corps of Engineering Specification
CRP-C 621 and ASTM C 1107. Grout compressive strength at the time of testing for each
specimen is shown in Table 3.2, and was estimated from the average of three 3 x 6 in.

cylinder tests.

3.6 Construction of Specimens

3.6.1 Base Block Construction.
All blocks were cubes measuring 22" on
each side, as shown in Figure 3.10. Two
test specimens were prepared from
opposite faces of each concrete block.

Block reinforcing details are
illustrated in Figure 3.10. Number 5
deformed steel bars at the corners were
tied by number 3 bars spaced at 16 in.
A minimum of 1 in. cover was provided
on all sides.

BV
#3

#5

. N

«— 220 —>

22"

K— 16" —>

<— 22" —>

(a) Block reinforcement

<— 22" —>

ISR

0

<— 22" —>

Formwork was constructed using 1
3/4 in. AC plywood with 2 x 4 in. brac- * 0 o]
ing. Forms were lacquered and oiled .
prior to assembly and then tied together il W 1|1 I l
with—3/8in. threaded rod and lag —H—7/——Eb Y
screws. Lifting iI.ISCI‘tS and PVC fubing 3/4" 1.D. PVC 3/4" TIE ROD
were embedded in each block (Figures TUBING

3.10-b and 3.11) to facilitate handling
and installation of the specimens into
the test frame. Completed formwork is
shown in Figure 3.12.

(b) Block insert detail

Figure 3.10 Base block reinforcement and insert details.
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Figure 3.12

Completed formwork.
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Figure 3.13 Schematic of steel element machining details.

3.6.2 Steel Strengthening Elements.
The strengthening elements used consisted
of A36 C6 x 10.5 steel channel sections.
Either a 15/16 or a 1-3/16 in. diameter
hole was drilled into the web of each chan-
nel to attach the steel element to the con-
crete member with the 3/4 in. anchor bolt.
Figure 3.13 shows typical machining details
for the steel sections used.

3.6.3 Anchor Bolts. Bolts were
brush cleaned prior to installation to ensure
good bond. The anchors were embedded
to a depth of 8 in. and extended a maxi-
mum of 2 in. above the concrete surface to
allow the use of a socket wrench when later
tightening the nut.

All holes were drilled after the

—specimens had been field cured for 28 days.

Holes were drilled with an electric rotary
percussion drill with a 27/32 in. diameter
bit. A wooden guide was used when the
anchor had to be perpendicular to the
concrete surface (See Figure 3.14). The
holes were brushed with a bottle brush and
vacuumed after drilling to remove loose
concrete particles.

=

Figure 3.14 Concrete drilling with wooden guide in
place.
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For specimens in which the effect of
anchor inclination was to be studied, holes

were drilled at a slight angle without the
use of a guide. Furthermore, the bolts
Epoxy anchor against top of hole

were pushed to the side of the hole as
shown in Figure 3.15 to enhance their
/S = inclination.

concrete block

\/ Total bolt inclination

Epoxy used to grout the anchor bolts
was supplied in a prepacked cartridge as
shown in Figure 3.16. The epoxy is a two
component bonding agent with a gel time

J of 4 min. at 68 degrees F, and a curing time
of 45 min. at 68 degrees F. The cartridge
is placed into an injector "gun" and the two
components mix in the nozzle as they are

Hole inc,maﬁg; | squeezed from the cartridge. Holes were

filled 40% with adhesive prior to bolt in-
stallation. The anchor bolt was set by
rotating it while pushing it into the hole to
ensure good coating with adhesive. Excess
epoxy was removed from the surface and
final alignment adjustments were made before the epoxy hardened. Figure 3.17 shows the
final product of this operation.

Figure 3.15 Schematic of components contributing
to bolt inclination.

3.6.4 Surface Preparation.

3.6.4.1 General. Excess epoxy around the threaded rod was chipped to minimize
surface irregularities. For all specimens, the concrete surface was cleared of dust and loose
material using oil-free compressed air before placing the steel element. Furthermore, the
surfaces of the channel sections were wiped clean with acetone.

3.6.4.2 Specimens Requiring Sandblasting. As indicated in Tables 3.1 through 3.3,

light sandblasting was applied to roughen the interface surface of each concrete block in
tests with interface epoxy or non-shrink grout (Figure 3.18). The contact surface of the steel
elements may or may not have been sandblasted. Sandblasting removed the fine aggregate
up to a depth of approximately 1/16 in. in the concrete, and removed the mill scale on the

steel sections;
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Figure 3.16 Two-component cartridge and nozzle in applicator.
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Figure 3.17 Bolt
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fre

Figure 3.19 Epoxy adhesive in place over concrete

surface,
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3.6.5 Adhesive Application.

3.6.5.1 Specimens with Interface Epoxy. Procedures recommended by the
manufacturer were closely followed during mixing and application. Epoxy was applied to
the concrete surface over an area of 6 x 12 in. (Figure 3.19). A bead of silicone caulk was
placed at the ends of the area to maintain the length of the interface contact surface. The
channel section was pushed over the epoxy interface and the fastener was installed and
tightened, which squeezed the interface epoxy to a thickness of 1/32 to 1/16 in. Excess
adhesive extruding along the sides of the channel was removed and each specimen was
allowed to cure for a minimum of seven days.

3.6.5.2 Specimens with Epoxy in the Annulus. Adhesive was generously applied to

the base of the anchor bolt and surrounding concrete (See Figure 3.20). This procedure
insured that the void between the bolt and the hole was completely filled when the channel
was placed (Figure 3.21). The steel section was held in the right position using wooden
wedges as illustrated in Figure 3.22. The washer was then placed on top of the extruded
epoxy and the nut was tightened. Epoxy on the threads did not interfere with the efficiency
of the tightening procedure. Some bonding at the interface due to extrusion of excess epoxy
was expected.

3.6.5.3 Specimens with a Spring-Loaded Washer. A similar procedure as for
specimens with epoxy in the annulus was followed, except that excess adhesive extruding out
of the hole was removed prior to placing the conical washers. Therefore, there was no
bonding between the spring loaded device and the steel channel. An installed spring-loaded
connection is shown in Figure 3.23.

3.6.6 Non-Shrink Grout Application. Non-shrink grout was prepared as recommend-
ed by the manufacturer. One and one-half gallons of water per 55 Ib. bag were mixed in
a paddle-type mortar mixer. Grout was applied over an area of 12 x 6 in. with a trowel
after the concrete block and steel surfaces were prepared. The length and thickness of the
grouted interface were controlled by placing plywood spacers of appropriate thickness at the
ends of the interface area. Excess grout extruded on the sides of the channel and through
the hole was removed after the steel section was positioned (Figures 3.24 and 3.25).
Specimens were allowed to cure for a minimum of fourteen days before testing. No special
curing procedures were implemented.

3.6.7 Anchor Bolt Tightening Procedure. All specimens with epoxy were tightened
immediately after placement of the steel section. The nuts were installed and tightened to
the required tension using a torque wrench. Hand-tightened bolts were simply "snugged"
using a 12 in. wrench.

All bolts in specimens with grout were carefully brush cleaned then tightened
fourteen days after grout application.
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Figure 3.22 Channel held in position with wooden wedges while curing

Figure 3.23 Spring-loaded washer assembly.
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Figure 3.24 Channel placed over applied grout.

Figure 3.25 Specimen during removal of excess grout at interface.
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3.6.8 Welded Nut Test. The nut used in this test was cut from a piece of 1/2 in. A36
steel plate and was machined as illustrated in Figure 3.26. The nut was hand-tightened and
then welded to the steel channel as shown in Figure 3.5.

3.7 Test Frame

The testing frame illustrated in Figures 3.27 through 3.30 was designed to insure
loading of the steel element in tension, parallel to the interface plane. The frame was
fabricated from two 12-in. channels with 1/2 in. stiffeners. The channels were spaced at 24
in., two inches more than the width of each specimen, for ease of installation and to allow
for imperfections. Two 10-in. deep restraining girders were positioned at each end of the
test specimen to prevent movement of the base block during testing. Hydraulic centerhole
rams, provided at the ends of the frame, were used to load the strengthening element. Rods
passing through the rams were attached to the steel element by adjustable hinged end
connections that directed the load through the channel’s neutral axis in order to minimize
out-of-plane bending. Furthermore, two pairs of tubes attached to the top and bottom of
the specimen prevented excessive uplift of the channel with respect to the concrete surface
at all load levels.

3/4" diam. threaded hole

—> 1" <«

Figure 3.26 Dimensions of weldable nut.
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(a) Elevation
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Figure 3.27 Plan view and elevation of test frame.

Figure 3.28 Overall view of test set-up with specimens ready for testing.
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Figure 3.29 Test frame for single-anchor steel-to-concrete connections.

Figure 3.30 Close up view of specimen ready for testing with instrumentation in place.
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3.8 Testing Procedures

3.8.1 Preparation for Testing. Figures 3.28 through 3.30 show prepared specimens
ready for testing. The restraining girders were pushed against the block after it was set in
place. To avoid large concentrations of compressive stress and to prevent movement of the
block during testing, voids between the girders and the specimen were filled with hydrastone
prior to tightening the bolts.

3.8.2 Testing. For all tests, loading was controlled using a hand pump and a pressure
dial gauge. Sufficient data were collected in monotonic tests to get accurate values of loads
at first slip and to describe non-linear response up to failure. All specimens in cyclic tests
were subjected to a total of eleven load cycles in the four different stages described in
Section 4.2.

3.9 Instrumentation and Data Acquisition

3.9.1 Measurement of Displacements and Deflections. All displacements and defor-
mations were measured using 2-in. linear potentiometers. The location of transducers was
the same in all tests and is illustrated in Figures 3.31 and 3.32. Potentiometers No. 1 and
No. 2 measured interface slip, while transducers No. 3 and No. 4 were used to calculate bolt
rotation. Four other potentiometers were placed on the steel element normal to the
interface plane to detect uplift of the channel.

LINEAR POTENTIOMETER

Figure 3.31 Schematic of linear potentiometer layout.
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Figure 3.32 Displacement transducers measuring uplift, interface slip, and bolt rotation.

3.9.2 Pressure Transducers. Load applied to the specimen was monitored using
pressure transducers connected in the hydraulic lines leading to each of the two 100 kip
rams. Both pressure transducers were calibrated before use with a static hydraulic pressure
testing machine.

3.9.3 Data Acquisition. The applied load-slip relationship was continuously
monitored using an X-Y plotter and was recorded using a computerized data acquisition
system. Load application was frequently interrupted to collect data. The number of read-
ings taken was typically above 30 for a monotonic test, and over 140 for a cyclic test. The
instrumentation channels were read and a hard copy of the readings was simultaneously
obtained in each scanning operation. Measurements were converted to engineering units,
stored in microcomputer discs, and reduced and plotted using spreadsheet programs.




CHAPTER 4
PRESENTATION OF EXPERIMENTAL RESULTS

4.1 Introduction

The results of the monotonic and cyclic steel-to-concrete connection tests are
presented in this chapter. Observations from the tests and comparisons between selected
specimen responses are made. Data are presented in graphical and tabular form. Load-slip
results of monotonic tests are organized according to the type of filler material used. Cyclic
tests are presented using both complete load-slip plots and envelopes of load-slip response.
Anchor bolt deformation data are discussed at the end of the chapter.

4.2 Load History
Connections tested monotonically were loaded in 0.5 kip increments until first slip
occurred. Following initial slip, loading was interrupted to collect data whenever significant

changes in stiffness occurred.

Specimens tested cyclically were subjected to eleven load cycles characterized by the
following stages (See Figure 4.1):

1) Elastic Stage: two cycles to a maximum load of -5 kips or until permanent slip
occurred,

2) Stage A: three cycles to a maximum interface slip of 0.01 in. in each direction,
3) Stage B: three cycles to a maximum interface slip of 0.05 in. in each direction,

4) Stage C: three cycles to an interface slip of 0.15 in., and

5) Failure Stage:  monotonic |,
loading until failure of the
connection occurred.

EewE] /)]

Test progress was monitored
using a continuous plot of the load °
versus interface slip response. The -«
applied load dropped during data .
recording, which resulted in slight
discrepancies between peak loads on

E
|
S e S G . ,
continuous plots and those captured > - ' " = "

Figure 4.1 Load stages performed in typical cyclic test.
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by the data acquisition system. Slight deviations from the displacement limits occurred in
some tests due to creep under sustained load while scanning, partial loss of instrumentation,
and small in plane rotations of the steel channel.

Interface slip was measured by linear potentiometers one and two shown in Figure
3.31. Slight discrepancies in measurements by these two transducers were observed due to
rotations of the steel section in the horizontal plane. Data obtained from both devices were
averaged to compensate for this difference. |

The average number of points recorded was approximately 30 for monotonic tests,
and 140 for cyclic tests. Recorded data were manipulated using spreadsheet programs.
Furthermore, a portion of the response for some specimens was truncated to facilitate
comparisons of results plotted with a common scale.

4.3 Connection Capacities

In Tables 4.1 and 4.2 the maximum load achieved for an interface slip of 0.01 in. or
less, the load at 0.05 in., and the peak strength of each test are presented. Cells in the
second column in Tables 4.1 and 4.2 contain the maximum value of load resisted before
significant slip occurred. For tests that did not exhibit a distinct point of first relative slip
(gradual transition from pre-slip to post-slip behavior), first slip was taken as 0.01 in. The
loads reached at an interface slip of 0.01 in. provide an indication of the friction or adhesion
capacity of each specimen. An examination of the difference between loads at 0.01 in. and
0.05 in. indicates post slip stiffness.

The resistance at 0.05 in. slip for tests with interface epoxy is not included in Table
4.1 for reasons explained in Sub-section 4.4.3.2. The peak load of specimen Ce7T-SP was
not obtained because the test was not carried out to failure. Loads resisted by specimen
Ce3t-IB in both loading directions (South and North) are reported in Table 4.2 since
behavior in each direction was substantially different.

4.4 Load Versus Interface Slip-Monotonic Tests

‘Twenty one specimens were tested monotonically. Load versus interface slip plots
for this series of tests are presented in Sub-sections 4.4.1 through 4.4.3. All specimens
exhibited very high stiffness until first slip occurred. The maximum load reached before first
slip was controlled by friction, adhesion, or a combination of both, and hence varied
depending on the specific details of each test. The transition from first slip to bearing of
the anchor bolt against the steel section varied as well.




Table 4.1 Load-response data-monotonic tests.
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Test Identification | Maximum Load Resisted for| Load Resisted @ 0.05 in. Peak Strength (kips)
sip < 0.01 in. (kips) (kips)
MN3t 6.2 6.1 17.8
MG3t 5.8 133 19.9
MG3t-SS 8.9 13.6 18.8
MG3t-th 7.0 13.5 159
MG7t-SS 7.5 13.0 19.6
MG7T-SS 8.6 12.8 21.1
Me3h 4.1 13.7 19.7
Me3t 12.7 184 19.5
2-Me3t 14.3 16.0 18.8
Me3t-S 16.0 173 204
ME3t-IB 6.1 14.9 20.4
Me3t-IS 10.9 14.8 203
Me3t-IF 6.0 153 20.0
Me3T 14.0 17.1 18.1
Me7h 6.3 14.2 211
MeT7t 83 15.2 213
Me7T 239 20.8 221
ME3h 8.0 14.8 19.2
2-ME3h 17.8 --- 203
ME3h-SS 321 - 226
ME3t-SS 44.6 - 20.8
Table 4.2 Load-response data-cyclic tests.
Test Identification Maximum Load Resisted Load Resisted @ 0.05 Peak Strength
for slip < 0.01in. (kips) in. (kips) (kips)
CG3t-SS 1.7 12.40 17.2
CG3T-8S 78 124 158
2-CG3T-SS 74 12.4 159
CGT7t-SS 6.7 11.4 18.5
CGT7T-SS 74 12.5 18.7
CN3h-WN 34 9.8 17.0
Ce3t 13.1 16.0 18.6
Ce3T 133 16.0 16.0
Ce3t-IB (South) 11.2 10.5 19.2
Ce3t-IB (North) 7.7 128
Cet 14.1 13.6 20.4
Ce3t-SP 13.4 13.7 174
Ce3T-SP 17.6 17.0 16.0
Ce7t-SP 6.2 83 -
2-Ce7t-SP 112 10.3 18.8
Ce7T-SP 12.2 154 18.7
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4.4.1 Test Without Interface Materials. A plain steel-to-concrete connection was
tested to establish a baseline to which specimens with €poxy or non-shrink grout could be
compared. The specimen had a hole with 3/16 in. clearance and was clamped with a force
of 12 kips.

The results of this test are plotted in Figure 4.2, This connection reached a load of
6.2 kips before first slip. After subsequent load application, the steel element slipped on
the concrete surface with no increase in load ("friction plateau") until it displaced sufficiently
to bear against the bolt. At this point, stiffness increased considerably, remaining fairly
constant until the anchor began to deform plastically.

* 4.4.2 Tests with Non-Shrink
Grout. Tests with grout in the annu-
lus and interface revealed a much
: greater stiffness after first slip than
FRICTION . . .

PLATEAU i the plain connection, as shown in
b R 72 B I' Figure 43. The cement grout was
: confined by the nut and washer and
= effectively filled the annulus. Thus
, : | Plain Connection the bolt was engaged at earlier

0 01 02 .3 1 1 7
TS o G O louting and e
Figure 4.2 Load-slip plot-test MN3t. more unifor mly. In ad dition, test
MG3t had a higher capacity than
: test MN3t. As others have indicat-
ed,* higher capacity is partly due to
increased slip resistance near failure.
Figure 4.4 illustrates how bending of
the connector assembly at large slip
TR levels'resul.ts in significant clamping
N- o filler forces applied by the nut and washer
| 5 S mertace & armuis | one side of the connector, Abra-
. || t -12Kp clamping foros sions due to frictional wear of the
’ " > ““ ¥ steel section against the base surface

[o%]
INTERFACE SLIP (IN) -
Figure 4.3 Effect of grout in the annulus and interface. were observed in most tests (See
Figures 4.5 and 4.6).

e NS MU AU

B

LOAD (KiPS)

LOAD (KIPS)

slip connection behavior. Nevertheless, the load in test MG3t-SS dropped by 1.3 kips after
frictional capacity was exceeded. This sudden decrease in load is likely the result of non-

uniform cement grout filling the annulus. Ope possibility is that the annulus was not
completely filled with grout.
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Figure 4.4 Anchor bolt rotation at large relative slip of the steel element.

Figure 4.5 Frictional wear on grout surface.
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Figure 4.6 Surface abrasion on steel section.

(MG3t (aéetone-cleanéd steel) ]

I

]

-
o

MG3t-SS (sandblasted steel)

LOAD (KiPS)

=
a
\.(\

M - monotonic

G - grout interface and annulus
3 - 3/16 hole clearance

t - 12 kip clamping force

SS - sandblasted steel

02 03
INTERFACE SLIP (IN)

0.4 05

Figure 4.7 Effect of surface roughening by sandblasting
(tests with grout in the annulus and interface).




The effect of clamping force
on two tests with cement grout is
illustrated in Figure 4.8. For these
two tests, first-slip capacity increased
proportionally to the difference in
applied clamping. Load at first slip
was approximately equal to 50% of
the initially applied clamping force
in both cases. As shown in the
figure, clamping level did not have
an important influence on post-slip
connection behavior.

Figure 4.9 shows a compari-
son of two tests with the same
clamping force but different hole
oversize. The post-slip behavior of
both specimens was similar up to an
interface displacement of 0.05 in.
However, the connection with 3/16
in. hole clearance reached its peak
capacity earlier than the connection
with 7/16 in. clearance.

The behavior of a connection
with a 1/2 in. thick interface is pre-
sented in Figure 4.10. After initial
slip, test MG3t-th behaved similar to
specimen MG3t up to a relative
displacement of .08 in. At this
point, the grout interface cracked, as
shown in Figures 4.11 and 4.12, and
the load dropped. With the inter-
face cracked, the anchor bolt was
able to deform in bending which
increased the ductility of the connec-
tion. Because the bolt was subjected
to a combination of shear and signif-
icantly more bending, the ultimate
capacity decreased. The specimen
failed at a load of 15.9 kips and
interface slip of 0.74 in.
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Figure 4.8 Effect of increased clamping force (tests with
grout in the annulus and interface).
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Figure 4.9 Effect of hole clearance (tests with grout in the
annulus and interface).
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Figure 4.10 Effect of interface thickness (tests with grout
in the annulus and interface).
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Figure 4.11 Cracking of grout interface in test MG3t-th.

Figure 4.12 Anchor bolt showing effect of permanent flexural deformations above condrete surface.




4.4.3 Tests with Epoxy

4.4.3.1 Tests with Epoxy-
Filled Annulus. For this series of
tests, epoxy was applied to the base
of the anchor bolt and surrounding
concrete as explained in Sub-section
3.6.5.2. Substantial adhesion was
observed in some tests. Most speci-
mens had a roughly circular bonded
surface area of 3 to 4 inches in
diameter (See Figures 4.18 through
4.20).

The post-slip response of
specimens with epoxy in the annulus
was satisfactory. As shown in Figure
4.13, hole oversize did not signifi-
cantly affect connection stiffness.
Furthermore, hand tightened con-
nections with epoxy behaved similar
to torqued connections with grout
after first slip (See Figure 4.14).
However, resistance to first slip was
low for hand-tightened specimens.

The effect of increased
clamping force on connections with
a hole clearance of 3/16 in. is illus-
trated in Figures 4.15 through 4.17.
Stiffness was greatly improved by
clamping force for specimens with
3/16 in. oversize holes. As shown in
Figure 4.15, tests with a clamping
force of 12 kips approached an ideal
elasto-plastic type of behavior. The
fact that the rod was located on the
side of the hole in specimen Me3t-S
did not adversely affect the response
(See Figure 4.16). An examination
of Figure 4.17 shows that an addi-
tional increase in clamping force to
18 kips did not improve connection
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Figure 4.13 Effect of hole clearance {hand-tightened
specimens with epoxy-filled annulus).

B

[MGat (grout,12 kip clamping force)|

A

v/

-

.....
o
O

e
/

-
&

{Me3h (epoxy, hand-tightened)|

LOAD (KIPS)

- monotonic

- 8poxy annulus

- grout interface and annulus
- 8/16 In. hole clearance

~ hand-lightened

- 12 kip clamping force

o

~Topezg

04 05

a2 03
INTERFACE SLIP (IN)

Figure 4.14 Comparison of hand-tightened test filled with
epoxy versus torqued connection with non-shrink grout.
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Figure 4.15 Effect of clamping force {specimens with
epoxy-filled annulus and 3/16 in. hole clearance).



52

[Me3ES (bokton side)]
20 -ue_'"-"-"%i

Me3t (bolt in centen]

LOAD (KIPS)

M - monotonic

8 -epoxy annulus

3 -3/16in. hale clearance
t - 12 kip clamping force

S - bolt on side of hole

0.4 05

02 03
INTERFACE SLIP (IN)

Figure 4.16 Effect of bolt positioned on the side of the hole
in the steel element (tests with epoxy-filled annulus).
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Figure 4.17 Effect of increased clamping force to 18 kips
(tests with epoxy-filled annulus and 3/16 in. hole clear-
ance).

Different modes of failure of
the epoxy extruded at the interface
caused slight differences in first-slip
behavior. For example, as shown in
Figures 4.18 and 4.19, failure of the
epoxy at the interface propagated

- through both the concrete and steel

surfaces for tests Me3t and Me3t-S.
These two tests showed a smooth
transition from elastic to post-slip
response. However, epoxy in test 2-
Me3t debonded completely from the
steel surface (See Figure 4.20). In
this case, the transition from elastic
to post slip behavior was character-
ized by a sudden drop in load and
increase in displacement. Results of
test 2-Me3t are used in following
comparisons because its post-slip
strength was less than test Me3t.

Results of tests with 7/16 in.
hole clearance and different levels
of clamping are shown in Figures
421 and 4.22. The difference in
behavior between a hand tightened

Figure 4.18 Epoxy bonded to both concrete and steel surfaces after failure — Test Me3t-S.
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lure of epoxy at both concrete and steel surfaces — Test Me3t.

Figure 4.19 Fa

Figure 4.20 Epoxy bonded to concrete surface only — Test 2-Me3t.
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Figure 4.21 Effect of clamping force
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Figure 4.22 Effect of additional clamping force and larger
extruded epoxy area (specimens with epoxy-filled annulus

and 3/16 in. hole clearance).

test and a connection with a clamp-
ing force of 12 kips was almost
negligible. Clamping force slightly
improved post-slip response but did
not increase load at first slip. Even
though higher elastic and ultimate
capacities were obtained for test
MeT7T, the improvement was mainly
attributed to the larger area of the
bonded interface associated with this
specimen. Whereas most specimens
had a circular bonded area with a
diameter of 3 to 4 inches, test Me7T
had an elliptical interface epoxy
area of about 7 in. by 6 in. (See
Figures 4.23 and 4.24).

Figure 4.25 illustrates the
effect of hole clearance for a level
of clamping of 12 kips. As shown in
the plots, increased hole clearance
considerably decreased post-slip
stiffness thereby increasing relative
slip between the steel element and
the concrete block. Consequently,
specimens with a 3/16 in. hole clear-
ance reached the peak capacity
earlier than specimens with a 7/16
in. hole clearance.

Figure 4.23 Bonded area in test Me3T — approximately 3 in. in diameter.




Figure 4.24 Bonded area in test Me7T

Behavior of tests with epoxy
in the annulus was altered by initial
bolt inclination. Figure 4.26 com-
pares the response of two connec-
tors having an inclination of S de-
grees with a properly installed ap-
chor bolt. The plot of test Me3t-IS is
presented separately in Figure 4.27
since its initial inclination was equal
to 4 degrees. All three tests with
inclined anchors demonstrated 2
lower first-slip capacity than the
straight connector. As discussed in
Sub-section 2.3.3, initial bolt inclina-
tion increases short term connection
relaxation due to a greater amount
of localized plastic deformations in
the fastener components. Post slip
behavior was also affected and var-
ied depending on the direction of
inclination with respect to the direc-
tion of loading (See Figure 4.28).
As the bolt deforms in a connection
with the bolt inclined backward
(away from the direction of loading),

&

LOAD (KIPs)

4

Figure 4.25 Effect of
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filled annulus and 12 kip clamping force).
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the direction of loading (specimens with epoxy-filled
annulus and 3/16 in. hole clearance).
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€ - epoxy annulus
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t -12kip clamping forca
IS - bolt inclined sideways

0 ot 05
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Figure 4.27 Effect of 4 degree bolt inclination perpendicu-
lar to the direction of loading (specimens with epoxy-filled
annulus and 3/16 in. hole clearance).

CLAMPING FORCE FRICTION CAPACITY
I8 LOST AS BOLT INCREASES AS NUT ROTATES
DEFORMS INTO STEEL SECTION

=/

BOLT INCLINED BACKWARD BOLT INCLINED FORWARD

Figure 4,28 Schematic of behavior of inclined anchors.
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Figure 4.29 Effect of interface epoxy (3/16 in. hole
clearance).
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the clamping force provided by the
anchor bolt is lost, and as a result,

the friction component of resistance /—:\— """""" i \
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other hand, in a connection with the s o-epoxyannds
anchor bolt leaning forward, the nut i b hand lghioned -+

o
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and washer are clamped and remain
INTERFACE SLIP (IN)

clamped against the steel element

from the onset of loadmg. Conse- Figure 4.30 Comparison of test with debonded epoxy
quently , test Me3t-IF re.ached peak interface and test with epoxy-filled annulus {hand-tightened
strength at a smaller displacement tests with 3/16 in. hole clearance).

than test Me3T-IB.

4.4.3.2 Tests with Interface Epoxy. Tests with interface epoxy exhibited a significant
increase in strength before first slip. Results of tests with an epoxy bonded interface of 6
in. by 12 in. are shown in Figure 4.29. For all three tests, slip did not occur until the elastic
strength was in excess of the predicted ultimate bolt shear capacity.

Roughening of the steel element increased the shear capacity of the bonded area by
a factor of two. As shown in Figures 4.31 and 4.32, the epoxy interface completely
debonded from the steel surface in test 2-ME3h, whereas interface failure propagated
through a portion of the concrete surface in test ME3h-SS,

Clamping force additionally increased strength before first slip for this test series. An
examination of Figure 4.29 and the values in Table 4.1, show that an applied clamping force
of 12 kips increased elastic strength by roughly the same amount (12 kips).

The large first-slip capacities obtained in these single-anchor connection tests with
interface epoxy are not reliable for design of steel-to-concrete connections. The exact
transition from pre-slip to post-slip behavior could not be recorded because failure of the
epoxy interface was very sudden. For this reason, the portion of the response curves
corresponding to the transition between the data recorded before and after the interface
debonded is indicated by dashed lines in Figure 4.29. In addition, values of resistance at
0.05 in. interface slip for this test series were not included in Table 4.1. As revealed by
Figure 4.29, the load dropped drastically and the steel channel slipped a large amount (from
0.04 in. to as much as 0.21 in.) upon failure of the epoxy interface. This drop in load and
increase in relative slip was more pronounced as the capacity of the epoxy interface
increased.
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Figure 4.31 Epoxy interface completely debonded from steel section — Test 2-ME3h.

Figure 4.32 Concrete bonded to steel section by epoxy — Test ME3h-SS.
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Figure 4.33 Cracking in tension of interface epoxy — Test ME3h-SS.

Plots after first slip for this set of tests do not reflect observed behavior of previously
tested multiple-anchor connections. The abrupt increases in displacement caused by the
sudden transfer of load from the bonded interface to the anchor-epoxy filler system, were
not observed in previous research by Wiener on multiple-anchor connections where load was
distributed among several bolts after first slip.s

Test ME3h was repeated because the interface debonded at an early stage due to
misalignment of the loading devices. Results of test ME3h are compared in Figure 4.30
with a specimen having epoxy in the annulus only. The only observed difference is that test
ME3h reached the peak load at a lower displacement than test Me3h. Interface €poxy may
have contributed to slightly increase post slip stiffness. Cracking of the interface €pOoxy near
the anchor bolt (Figure 4.33) indicates the ©poxy may have increased the stiffness of the
single-anchor connection.

4.5 Response to Cyclic Loading
4.5.1 Load Versus Interface Slip

4.5.1.1 Standard Connections. Nine specimens with standard nuts and washers were
loaded cyclically, as described in Section 4.2. Load versus interface slip responses for each
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l ENVELOPE STIFFNESS I
PORTION CONTROLLED
BY FRICTION

Figure 4.34 Events characterizing response to cyclic
loading of steel-to-concrete connections.

CONCRETE BLOCK

(8) Load transfer in steel-to-concrete connection

INCREASED FRICTION GENERATED BY
ROTATION OF NUT INTO STEEL ELEMENT,

CRUSHING OF EPOXY
AT BOLT HOLE AND
SURROUNDING CONCRETE|

(b) Behavior at large displacements

Figure 4.35 Schematics of behavior of steel-to-concrete
connections.

General characteristics of
connection behavior are illustrated
in Figure 4.34. As the steel element
slips over the concrete surface, load
is transferred from the steel element
to the bolt through the filler materi-
al, and, from the bolt to the con-
crete through the epoxy used to
attach the anchor bolt to the con-
crete member (See Figure 4.35-a).
Degradation observed in load stages
A and B (Figure 4.1) is likely the
result of some permanent damage in
the epoxy surrounding the anchor
bolt in the concrete block and the
material in the annulus (local crush-
ing of grout or plastic deformation
of the adhesive), perhaps some
crushing of the surrounding con-
crete. In load stage C, resistance
after load reversals is primarily
characterized by friction and flexural
stiffness of the anchor bolt. At large
displacements, most of the original
clamping force in connectors with
standard washers is lost since the
bolt has already deformed plasti-
cally. In addition, flexural stiffness
of the anchor bolt decreases as
concrete surrounding the anchor
crushes (See Figure 4.35-b). Stiff-
ness does not increase until the bolt
reaches the closing points denoted
in Figure 4.34, corresponding to
bearing against undamaged material.

Connections  incorporating
non-shrink grout and epoxy exhibit-
ed similar characteristics in their re-
sponse to cyclic loading. Clamping
force and bolt inclination did not

influence the rate of connection degradation. Howeve
tests with greater hole clearance. The greater the amo

1, more "softening" was observed for
unt of filler material participating in

connection resistance, the higher the stiffness degradation rate with repeated loading.
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Figure 4.38 Load-slip plot — Test CG3T-SS.
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Figure 4.41 Load-slip plot — Test Ce3t.
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Figure 4.44 Load-slip plot — Test Ce3t-IB.
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4.5.1.2 Spring-Loaded Con-

nections. Results of five cyclic tests

of connections with spring washers
are shown in Figures 4.45 through
4.49.  Spring washers helped in
maintaining the initially applied
clamping force throughout the dif-
ferent loading stages. As a result,
less pinching was observed after
load reversals. Furthermore, the
area surrounded by the pinched
loops was larger, which indicates
higher energy absorption capacity.
Hole clearance and clamping force
did not have a significant influence
on the rate of connection degrada-
tion for this test series.

Test Ce7t-SP was repeated
because its performance was unsatis-
factory as shown in Figure 4.49.
Unhardened portions of the filler
epoxy were observed upon removal
of the nut and washer after the test
was discontinued (See Figure 4.50).
Poor quality of the adhesive was
likely the result of improper mixing.
Since the epoxy in the annulus was
not able to carry much load, behav-
ior of this test approached the be-
havior of a plain spring-loaded con-
nection. Load stages A and B were
characterized by friction while bear-
ing is only apparent in load stage C.
Besides helping clarify connection
behavior, this construction error
emphasizes the importance of work-
manship in performance of steel-to-
concrete connections.
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Figure 4.48 Load-slip plot — Test Ce7T-SP.
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Figure 4.49 Load-slip plot — Test Ce7t-SP.

Figure 4.50 Unconfined, poor quality epoxy adhesive crushed under repeated cycles of loading — Test
Ce7t-SP.
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Figure 4.51 Load-slip plot — Test CN3h-WN.

CONNECTION STIFFNESS
DECREASES AS
CONCRETE CRUSHES

Figure 4.562 Schematic of behavior of welded nut connec-
tion.

4.5.1.3 Welded Nut Test.
The load-slip response of the welded
nut connection, shown in Figure
4.51, was different from all others.
Since the specimen was hand-tight-
ened and no filler materials were
included, connection stiffness in this
case corresponds approximately to
the stiffness of the anchor bolt fixed
at one end by the welded nut, and at
the other by the concrete. The fixity
provided by welding the nut forced
the anchor bolt to bend in double
curvature below the steel element,
as illustrated in Figure 4.52. Exami-
nation of the top portion of the bolt
after the test revealed that failure of
the anchor bolt was characterized by
kinking (See Figures 4.52, 4.56 and
4.57).

Stiffness degradation at large
displacements is mainly due to con-
crete damage under anchor bolt
bearing (See Figures 4.53 through
4.55). More crushing was observed

Figure 4.53 Crushing of concrete around bolt hole — Test CN3h-WN.
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f concrete after removal of loose material — Test CN3h-WN.

Figure 4.54 Crushing o

Test

on —

bolt deformat

ive

to annulus of steel element by excess

n
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in this test than in any other test,
hence performance of this detail
would be highly dependent on con-
crete quality. The concrete crushing
zone extended over a depth of 1/2
in. after loose material was re-
moved.

4.5.2 Envelopes of Response.
The peak loads obtained from load-
slip curves were used to construct
failure envelopes for cyclic tests.
Envelopes are helpful in comparing
stiffness of the different connections.
Furthermore, the effect of repeated
cycling on connection stiffness is
studied by overlaying envelopes of
response with load-slip plots from
monotonic tests.

4.5.2.1 Tests with Non-Shrink
Grout. An examination of Figures
4.58 and 4.59 shows that cyclic load-
ing had a detrimental effect on the
stiffness and capacity of connections
with grout. The reduction in stiff-
ness obtained in cyclic tests with
grout is attributed to crushing of
filler material with repeated cycling.
As shown in Figures 4.60 and 4.61,
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Figure 4.58 Comparison of response envelope & monotonic
load-slip plot for the effect of cyclic loading (tests with
non-shrink grout & 3/16 in. hole clearance).
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Figure 4.59 Comparison of response envelope & monotonic
load-slip plot for the effect of cyclic loading (tests with
non-shrink grout & 7/16 in. hole clearance).

Figure 4.60 Crushing of grout in annulus — Test CG7T-SS.
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Figure 4.61 Crushin‘g of grout in annulus after removal of loose material — Test CG7T-SS.
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Figure 4.62 Response envelopes for the effect of hole
clearance (tests with non-shrink grout and 12 kip clamping
force).

0 (A}

]
" |CGSt—SS (12 kips clamping)l
& . e rns e b
< o
2 iy f
o ,"' C - cyclic
~ . — G - grout Interface and annulus
[2-CG3T-SS (18 kips clamping)] 3 - 3/16In. hole clearance
s t.--12 Kp-clamping force
T - 18 kip clamping force
S8 - sandblasted steel
[}
] o1 02 03 04 05

INTERFACE SLIP-(IN)
Figure 4.63 Response envelopes for the effect of in-
creased clamping force (tests with non-shrink grout and
3/16 in. hole clearance).

significant crushing of the grout in
the annulus was observed after fail-
ure. The difference in stiffness
increases proportionally with hole
clearance since the amount of grout
participating in connection behavior
is greater (See Figure 4.62).

Figures 4.63 and 4.64 show
the influence of clamping force on
connection stiffness. Specimens with
3/16 in. hole clearance and different
levels of clamping behaved almost
the same. However, clamping force
increased connection capacity at all
displacement levels for connections
with 7/16 in. clearance. This is
perhaps the result of better confine-
ment of the grout filling the annulus
provided by the higher clamping
force.

The 1/4 in. thick grout inter-
face of specimens CG3T and CG7T
cracked, as shown in Figures 4.66
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Figure 4.64 Response envelopes for the effect of in-
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Figure 4.65 Response envelopes for the effect of grout
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Figure 4.66 Cracking of interface grout — Test CG3T-SS.
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2-CG3T-SS

Figure 4.67 Grout interface after failure — 2-Test CG3T-SS.

Figure 4.68 Crushing of grout around anchor bolt — Test 2-CG3T-SS.
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Figure 4.69 Interface cracking and grout crushing — Test CG3T-SS.

and 4.69. Test CG3T was repro-
duced and the cement grout inter-
face did not crack in the second test
(See Figures 4.67 and 4.68). An
examination of Figure 4.65 shows
that interface cracking did not have
an important influence on connec-
tion stiffness and capacity in this
case. However, grout cracking in-
creased the deformation capacity,
which coincides with results of test
MG3t-th.

4.52.2 Tests with Epoxy-
Filled Annulus-Standard Connec-
tions. Examination of Figures 4.70
and 4.71 confirms the superior be-
havior of connections with epoxy as
compared to similar connections
with cement grout. The strength of
specimens with an epoxy-filled annu-
lus was higher than the strength of
specimens with grout at all displace-
ment levels for both hole clearances
studied.
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Figure 4.70 Response envelope for test with epoxy-filled
annulus and test with non-shrink grout having similar
details (3/16 in. hole clearance).
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Figure 4.71 Response envelope for test with epoxy-filled
annulus and test with non-shrink grout having similar
details (7/16 in. hole clearance).
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Figure 4.72 Comparison of response envelope & monotonic
load-slip plot for the effect of cyclic loading (tests with
epoxy-filled annulus & 3/16 in. hole clearance).
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Figure 4.73 Comparison of response envelope & monotonic
load-slip plot for the effect of cyclic loading (tests with
epoxy-filled annuius & 7/16 in. hole clearance).
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Figure 4.74 Response envelopes for the effect of hole
clearance (tests with epoxy-filled annulus and 12 kip
clamping force).

The influence of cyclic load-
ing on connection stiffness is shown
in Figures 4.72 and 4.73. The differ-
ence in results from monotonic and
cyclic tests is almost negligible for
connections with 3/16 in. hole clear-
ance. However, post-slip stiffness
was reduced considerably by repeat-
ed cycling for connections with 7/16
in. hole clearance (See also Figure
4.74). The reduction in post slip
stiffness with increase in hole over-
size is attributed to the larger
amount of filler epoxy participating
in connection resistance. As illus-
trated in Figures 4.75 and 4.76,
epoxy inside the annulus deforms
plastically, allowing greater relative
displacements between the steel
element and the concrete member.

An increase in clamping force
from 12 kips to 18 kips provided no
improvement in the behavior of a
connection with 3/16 in. hole clear-
ance. As shown in Figure 4.77, the
strength of the connection with 12
kips clamping force was higher than
the strength of its companion with
18 kips clamping at all displace-
ments beyond 0.03 in. It is believed
that the reduced capacity of test
Ce3T is the result of a more severe
combination of shear and tension in
the bolt.

Initial bolt inclination affect-
ed connection stiffness at different
displacement levels. Figure 4.78
shows envelope curves of both sides
of the response of test Ce3t-IB. The
anchor bolt had an initial 5-degree
inclination towards the north and
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Figure 4.75 Plastic deformation of adhesive in annulus (anchor bolt originally in center).

Figure 4.76 Plastic deformation of adhesive in annulus (anchor bolt originally in center) — closeup
view.
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Figure 4.77 Response envelopes for the effect of in-
creased clamping force (tests with epoxy-filled annulus and
3/16 in. hole clearance).
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Figure 4.78 Response envelopes for the effect of bolt
inclination (tests with epoxy-filled annulus and 3/16 in. hole
clearance). '
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Figure 4.79 Response envelopes for tests with spring-
loaded washer and standard nut and washer (3/16 in. hole
clearance).

the specimen was initially loaded
towards the south. Examination of
Figure 4.78 shows that behavior of
connections with inclined anchors
varies depending on the direction of
loading, which agrees with results
discussed in Sub-section 4.4.3.1.

4523 Tests with Epoxy-

s Filled Annulus—Spring-I.oaded Con-

nections. The difference in behavior

between spring-loaded and standard
connections torqued to the same
level is illustrated in Figures 4.79
and 4.80. Spring-loaded specimens
exhibited less stiffness after first slip
than standard connections. This
difference was accentuated by in-
creased hole clearance. It is be-
lieved that the observed decrease in
post-slip stiffness is the result of
increased plastic deformations in the
epoxy filling the annulus. As indi-
cated in Figure 4.81, the spring
washer, being of conical shape, does
not confine the filler material like
the standard washer does.

However, it should be em-
phasized that this is a comparison of
standard and spring-loaded connec-
tions with the same level of clamp-
ing. Whereas the clamping force in
standard connections may relax
because of creep in the retrofit
anchors, spring-clamped connections
should maintain a nearly constant
clamping force with time.

As illustrated in Figures 4.82
and 4.83, behavior of spring-loaded
connections was considerably im-

proved by increasing the applied
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Figure 4.80 Response envelopes for tests with spring-
loaded washer and standard nut and washer (7/16 in. hole
clearance).
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Figure 4.81 Schematic of state of confinement of filler
with different washer types.
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Figure 4.82 Response envelopes for the effect of in-
creased clamping force (tests with spring-loaded washer
and 3/16 in. hole clearance).
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Figure 4.83 Response envelopes for the effect of in-
creased clamping force (tests with spring-loaded washer
and 7/16 in. hole clearance).
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Figure 4.84 Response envelope for welded detail and load-
slip plots for epoxy-filled and plain connections.

clamping force. This improvement
in response with increased clamping,
not observed in tests with standard
washers, is attributed primarily to
the more effective transfer of the
applied clamping force provided by
the spring washer.

4524 Welded Nut Test.
Figure 4.84 illustrates the perfor-
mance of the welded nut connection
as compared to the plain attach-
ment, and to a connection with filler
epoxy. The welding detail improved
post-slip behavior relative to the
connection without adhesive fillers
up to a displacement of 0.15 in.
Nonetheless, the response of the
attachment with filler epoxy re-
mained superior. As shown in Fig-
ure 4.84, test CN3h-WN had the
same capacity as test Me3h before
first slip since both connections were
hand tightened. The observed dif-
ference in stiffness between the
connection with epoxy and the weld-
ed connection, from first slip to 0.05
in., results primarily from the pres-
ence of adhesive in the annulus. It

is believed that the load-slip response of the welded connection flattened beyond 0.05 in.
slip due to concrete crushing and plastic deformation of the anchor bolt in reversed

curvature (See Figures 4.55 through 4.57).

4.6 Anchor Bolt Deformations

Bolt rotation above the steel element was monitored by two linear potentiometers
in contact with the bolt as shown in Figure 3.31. Rotation was calculated by dividing the
difference between readings from the two potentiometers by the distance between them.
Forces transferred to the bolt through the filler materials or by direct bearing against the
web of the steel channel caused the bolt to rotate. As discussed by Wiener,” a hinge
developed in the bolt near the steel/concrete interface when subjected to large deforma-
tions. Hinging extended below the concrete surface as epoxy in the anchor hole and

concrete crushed.
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Typical rotation versus slip
curves for monotonic and cyclic tests
are presented in Figures 4.85 and
4.86. Rotation-slip curves illustrate
the following aspects of behavior:

el

|Graut, 7/16 In. clearance
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/ - |_I\£lo filler|

/ / [ I <

/_ ..... ” - ’Plain and GrOUted SpeCimenS
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1) Anchor bolt participation in
response, and

%)

BOLT ROTATION (DEGREES)

=]

2) Nature of bolt deformations.
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Figure 4.85 Rotation-slip plots for monotonic tests (plain

A flat slope of the rotation- test and connections with grout).

slip curve indicates either that the
steel element is sliding relative to
the concrete member and/or that
the anchor bolt is deforming primar-
ily in reversed curvature. Steeper
rotation-slip curves indicate that the
anchor bolt is bending in single
curvature.

-t
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| 716 in. clearance | L

/
ey

| 3/16in. clearance |

rs

Bolt rotation data obtained
agree well with load-slip results.
The curve for test MN3t in Figure
4.85 exhibited a negligible amount
of rotation before the web of the
channel bore against the bolt at
approximately 0.1 in. slip. Results
of tests with filler materials show the
anchor bolt starts rotating before significant slip develops. All rotation-slip curves for
connections with filler materials have a higher slope at all stages than the plain connection
(more bending of bolt). In addition, increased hole clearance allowed for greater bolt
rotation, which coincides with the fact that connections with greater oversize generally
reached the peak load at larger displacements and had greater deformation capacity.
Rotation data for standard connections incorporating grout and epoxy showed similar
characteristics.
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Figure 4.86 Rotation-slip plots for monotonic tests (con-
nections with epoxy).

Figure 4.87 illustrates a sample rotation-slip curve for cyclic tests with standard a nut
and washer. Distinct events characterizing the rotation-slip behavior are indicated in the
figure. During the initial loading cycles, the bolts behave elastically giving a linear rotation-
slip relationship. At larger deformations, anchor bolt rotation becomes more severe and
permanent bending deformations become evident. Upon reversal of loading, the connectors
first exhibit some elastic recovery. This event is followed by a low slope portion controlled

by frictional slip. The last portion, showing increased bolt rotation, corresponds to bearing
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Figure 4.87 Typical rotation-slip plot for cyclic tests with steel elem%nt rf;.a tive to the '(I:(';lril-
standard washers — Test 2-Ce7t-SP. crete member (Figure 4.88). S

confirms earlier observations regard-
ing behavior of connections of this
type. Displacement is primarily
characterized by frictional slip of the
channel relative to the concrete
block while epoxy in the annulus
compresses. When the anchor bolt
comes into bearing, it is subjected to
a combination of shear and the
nearly constant tension applied by
, the conical washer all around the
[Spring-Loaded Connection] nut. It is believed that the tensile
02 » force applied to the anchor bolt by
the spring washer also contributes to
keep it from rotating.
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Figure 4.88 Typical rotation-slip plot for cyclic tests with
spring washers — Test 2-Ce7t-SP.




CHAPTER 5
EVALUATION OF RESULTS

5.1 Introduction

Test results obtained in this study are briefly evaluated as related to the design of
steel-to-concrete connections. Early sections provide comparisons of load-response results
with recommended design provisions. Recommended lower bound deformation capacities
for analysis and/or design of multiple-anchor connections are presented and discussed in
Section 5.3. Section 5.4 explains conceptually the behavior of a multiple-fastener connection
through the use of a simple example. The last section discusses design and further research
implications.

5.2 Capacity Before First Slip

5.2.1 Tests with Non-Shrink Grout. The first-slip capacity of steel-to-concrete
connections incorporating non-shrink grout in the interface is controlled by the frictional
capacity at the steel and grout surface. In a recent research study, Cook performed 44
friction tests on multiple-fastener steel-to-concrete connections, obtaining an average
coefficient of friction of 0.43."” Cook, Doerr and Klingner recommended a coefficient of
friction of 0.40 with a reduction factor of 0.65 in a Design Guide for Steel-to-Concrete
Connections issued by the Center for Transportation Research of The University of Texas.”
The value recommended by Cook et al. is compared with the results obtained in this study
to determine its applicability.

Examination of Figure 5.1
shows that all the specimens with [ Coefiicient of Friction-Grouted Interface and Annulus
grout had a coefficient of friction
(Load at first slip/Applied bolt
preload) higher than the 0.4 coeffi-
cient recommended in Reference 19.
A value of 0.4 for the coefficient of
friction for attachments with a
grouted interface is therefore con-
servative.

e o o
-~ E-3 -]
!

COEFFICIENT OF FRICTION (KIP/KIP)

a
[X]
.

The following variables were

examined separately to determine figure 5.1 Comparison of coefficient of friction obtained
their influence on frictional capaci- for tests with non-shrink grout with the coefficient of
ty: friction proposed by Cook et al.
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Effect of Bolt Preload: The level of clamping had a discernible influence on the
coefficient of friction. While tests with an applied clamping force of 12 kips had an average
coefficient of friction of 0.59, tests with a bolt preload of 18 kips had an average coefficient
of friction of 0.43.

Effect of Hole Oversize: No significant differences were observed between the results
obtained in tests with a 7/16 in. oversize (average coefficient of friction=0.52), and the tests
with a 3/16 in. oversize (average coefficient of friction=0.54).

5.2.2 Tests with Epoxy-Filled
Annulus. The capacity before first

x_hand tightened | Pre-Slip Capacities-Epoxy-Filled Annulus 3 . X
* Inclined anchor slip of connections with an epoxy-
1 T8 ks o filled annulus is controlled by a

combination of friction and adhe-
sion. Comparison of the measured
loads at first slip for tests with an
epoxy-filled annulus is shown in
Figure 5.2. The dotted line included
in the figure corresponds with the
capacity obtained using the coeffi-
cient of friction (0.4) used in the
previous sub-section. The first-slip

capacity of connections with epo
Figure 5.2 Comparison of first-slip capacities for tests pacity poxy

having epoxy in the annulus with the coefficient of friction Showed. more Val:lablhty than the
proposed by Cook et al. tests with non-shrink grout, and all

tests demonstrated a first-slip capac-
ity exceeding the calculated value.

LOAD (KiPS)

TEST DESIGNATION

The salient variables affecting the first-slip capacity of tests incorporating epoxy in
the annulus include:

Effect of Clamping Level: Figure 5.2 demonstrates that hand-tightening should be
avoided. The level of clamping imparted to the bolt is low and uncertain when the nut is
hand-tightened and hence the capacity before first slip is low. An applied clamping force
of 60% of the yield capacity of the anchor bolt increased first-slip capacity by a factor of at
least two for specimens with a 3/16 in. hole clearance, and by at least 30% for specimens
with a 7/16 in. hole clearance as compared with hand-tightened connections. For specimens
with standard washers and 3/16 in. hole clearance, an increase in clamping force above 60%
of the tensile yield strength of the bolt did not produce a discernible additional improve-
ment in first-slip capacity. However, the test with a spring washer and clamping force of 18
kips showed an increase of 26% as compared to the first-slip capacity of a similar
connection with a standard washer.
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Effect of Bolt Inclination: Besides hand-tightening, bolt inclination was the variable
which most adversely affected the first-slip capacity of connections with an epoxy-filled
annulus. The reduction in first-slip capacity was attributed primarily to an increase in short
term clamping force relaxation. The average capacity before first slip of three connections
with a 5 degree inclined anchor was equal to 6.6 kips (slip capacity was decreased by a
factor of at least two as compared to tests with straight anchors and otherwise similar
details).

Effect of Hole Clearance: The average first-slip capacity was reduced by 21% as the
hole clearance was increased from 3/16 in. to 7/16 in. for a clamping force of 12 kips. This
difference was mainly the result of an increase in short-term relaxation in the connections
with a larger hole oversize.

5.3 Ultimate Capacity of Individual Anchor Bolts

According to different authors,'®**** the failure load of single-anchor steel to
concrete connections controlled by failure of the anchor bolt depends on the bolt area and
strength multiplied by a shear strength reduction factor a, as follows:

Vy=aAf (5.1)

where V, = single-anchor connection nominal ultimate capacity,
A, = anchor bolt effective cross sectional area, and
f, = steel tensile strength.

Table 5.1 provides a summary of experimental results for the reduction factor o.
The American Concrete Institute Code Requirements for Nuclear Safety Related

Structures and Commentary (ACI 349-85 and ACI 349R-85), provide shear/friction require-
ments for steel-to-concrete connections. The shear capacity is given by the equation

V.=n(Af) (5.2)

which iS. based on the.shear friction Table 5.1 Summary of previously published shear reduction
mechanism explained in Sub-section factors.

2.3.2. :The_ shear Strength of the Reference Interface Average reduction
connection is therefore assumed to conditions factor (c)
be a function of the tensile capacity Kulak ot al.® steel/steel 0.62

of th.e. anchor (As f,), and of the TVA# steel/grout/concrete 0.53
coefficient of friction between steel |l Burdette et al.®° steel/concrete 0.65

and concrete (). Klingner et al.” | steel/concrete 0.75
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The coefficient of friction x, must be taken as follows:

coincidental with the concrete surface...

\.. u = 0.7 for concrete or grout against as-rolled steel with the contact plane

... o = 0.55 for grouted conditions with the contact plane between grout and
as-rolled steel exterior to the concrete surface... ."

A coefficient of friction of 0.55 would apply to all the tests performed with non-shrink
grout at the interface, and a value of 0.7 applies to all other tests. A reduction factor of
0.85 is recommended by ACI 349-85 if factored loads are used in the design.

* 18 Kip clamping force l Ultimate Capacity-Steel/Grout/Concrete
X 1/21n. thick Interface

TEST

=)}

ESIGNATION

Figure 5.3 Comparison of measured capacities for tests
with non-shrink grout and ACI 349-85 shear friction
strengths.

x 18 kip clamping force { Ultimate Capacity-Steel/Concrete
* spring washers
| # welded nut

LOAD (KIPS)

Figure 5.4 Comparison of measured capacities for tests
without grout at the interface and ACI _349-85 shear

friction strengths.

Since the u values proposed
by ACI 349-85 are generally higher
and less conservative than the aver-
age « values proposed by the au-
thors listed in Table 5.1, the results
obtained in this study are compared
with those predicted by ACI 349-85
in Figure 5.3. The peak capacity
reached by each specimen with non-
shrink grout exceeded the calculated
ACI 349-85 ultimate strength value.
However, as revealed in Figure 5.4,
two specimens with epoxy in the
annulus and a clamping force of 18
kips did not achieve the ACI 349-85
calculated strength. The ultimate
strength of connections having a
3/16 in. hole clearance and a bolt
preload of 18 kips was reduced by
15% for specimens with non-shrink
grout and by 19% for specimens
with an epoxy-filled annulus. The
use of an 18 kip clamping force is
not recommended because its appli-
cation reduced ultimate capacity and
generally did not improve other
aspects of connection performance.
Other variables having a clear influ-
ence on ultimate capacity include:

Interface Thickness: . The

ultimate strength of a specimen with
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a 1/2 in. thick grout interface was lower than the ultimate strength of all specimens with a
1/4 in. thick interface. The use of a 1/2 in. thick interface reduced ultimate capacity by as
much as 24%.

Type of Fastening Method: Spring-loaded connections had a slightly lower ultimate
capacity since the amount of tension in the bolt near failure was higher than for a
conventional nut and washer due to the presence of the spring washers. The higher tension
in combination with shear resulted in a lower connection strength. In addition, the shear
capacity of the welded fastener was reduced due to the more severe fixed condition
imparted by welding the nut against the steel section.

Hole Clearance: The peak strength of specimens with epoxy was slightly enhanced
by increased hole clearance (approximately 6% in the average). The larger hole oversize
allowed the bolts to flex and rotate more, resulting in increased clamping on one side of the
anchor bolt (due to the nut and washer rotating into the steel element) and an increase in
frictional resistance near failure.

5.4 Deformation Capacity

As explained in Subsection 2.3.2, deformation capacity of connections is important
when designing long joints. After reaching peak load, the highest loaded anchors must have
enough deformation capacity to allow for redistribution of forces to other connectors.

Table 5.2 presents the lower bound deformation capacity values obtained in this
study. Lower bound here refers to a value equal to or smaller than the lowest interface slip
recorded at failure for tests with the details specified in each column of the table. The
results are separated according to the type of filler material or fastening technique and the
hole clearance used. Deformation capacity was mainly affected by three variables:

1) Type of Filler Material: Connections with 3/16 in. hole clearance and with non-shrink .
grout at the interface exhibited a slightly higher deformation capacity than similar
specimens with an epoxy-filled annulus (See Table 5.2). Even though the test with
no filler materials showed a relatively large deformation capacity, the value is not

Table 5.2 Lower bound deformation capacities.

Hole clearance 3/16 in. 7/16 in.
[ Filler or interface | 1o epoxy | grout in annulus [grout in annulus| welded | epoxy grout in
conditions filler | annulus & 1/4 in. & 1/2in. detail | annulus |annulus & 1/4
interface interface in.interface

Lower bound
deformation 0.35 0.2 0.25 0.7 04 03 0.35

capacity (in.)
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2)

3)

very reliable since a large pdrtion of the relative slip occurred with no increase in

load ("friction plateau” in Figure 4.2).

Hole Clearance: Increased hole clearance significantly improved the deformation
capacity for both filler materials used. The lower bound deformation capacity was
increased by 50% for specimens with epoxy, and by 40% for specimens with grout
for the two hole clearances studied.

Interface Thickness: The factor providing the most beneficial influence on
deformation capacity was interface thickness. Anincrease in interface thickness from
1/4 in. to 1/2 in. improved the deformation capacity by a more than a factor of two.
Since a thick epoxy interface is impractical, a 1/2 in. thick non-shrink grout interface
is desirable when the design of a long steel to concrete joint is controlled by
deformation capacity.

5.5 Estimate of Multiple-Anchor Connection Behavior

The load-slip behavior of a multiple-anchor connection may be predicted given the

properties of the steel strengthening element, the spacing between connectors, and the
empirical load-deformation response of individual anchor bolts. Figure 5.5 illustrates the
response of connections with several anchor bolts. The deformation of the first bolt is
determined by the load it carries. However, the deformation of an interior connector

3 E: Modulus of elasticity of steel element
¥ } } _ .
A: Cross-sectional area of steel element

Q: Applied load

8 s Qi: Load carried by anchor i
Ai: Deformation of anchor i
Aij: Steel element elongation

StA12 S+A2s between anchors i and j

’\/’_\v/ S+A12 = A1+5-A2

or A2 = A1-A12
<4 @ Qi Qg similarly
‘ A3 = A2-A23
s [ S
Aij = ((Q-Qi)S)/(AE)
=>| < > &

.
Al S-A2 A2 S-A3 As

Figure 5.5 Schematic of distribution of deformations in multiple-anchor steel-to-concrete connection.



(anchor 2 or 3 in this example), is
equal to the deformation of the
preceding connector minus the steel
element elongation between the two
bolts. Hence, the more flexible the
plate, or the larger the spacing, the
greater the difference in load trans-
fer to bolts in a group. The distri-
bution of forces among the different
anchors can be determined for a
given applied force Q by iterating
assuming an initial value for the
load carried by the first connector
(Q,). The ultimate strength can be
found by setting the deformation of
the first connector to its ultimate
deformation.

Figure 5.6 shows the details
of two three-connector attachments
analyzed in this section for illustra-
tive purposes. Connection behavior
is predicted for both epoxy and non-
shrink grout assuming the tri-linear
single-anchor load-deformation rela-
tionships presented in the figure
based on the results obtained in this
study. The effect of localized bear-
ing deformations need not be includ-
ed since the thickness of the plates
(steel elements) used in the analysis
are equal to the web thickness of
the channel sections used in the
tests reported earlier.

87

A36 Steel plate

10in. 101n. Casel: 516" x5*
Casell: 516 x 3-1/4
< -
7 .

/ Concrete Member

(8/16 " hole clearance)
Technique A:
1/4" thick drypack filling all voids

Typical load-interface slip relationships

Technique B : Technique A Technique B
’ Slip (in.) [Load (kips) |Slip (in.) |Load (kips)

Epoxy filling voids between holes
in stesl element and anchor
bolt

0 6 0 7
0.022 11.4 0.013 13.6
0.18 18.0 0.25 18.0

Figure 5.6 Details of sample multiple-anchor steel-to-con-
crete connection.

CASE | : Failure controlled by anchor bolt fraciure

-1

"""" \| B: epoxy-filled annulus |

LOAD (KIPS)

[ A:_non-shrink grout in annulus & interface

o
0 01 0.2 03
INTERFACE SLIP (IN)

Figure 5.7 Load-interface slip response of analyzed multi-
ple-anchor connection (Case I).

Case I: In Case I, connection failure is controlled by failure of the first anchor bolt.
Even though ultimate capacity is higher for Case I as compared to Case II (See Figure 5.7
and 5.8), connection behavior is undesirable because the first connector fails before the steel
plate is able to develop its yield load. The estimated distribution of forces among the three
different anchor bolts for this case is shown in Figures 5.9 and 5.10. The results of load
distribution reveal that as deformations increase, the distribution of load among different
bolts becomes more uniform due to non-linear behavior of the anchor bolts. However, in
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the elastic range, bolt load distribu-
tion is clearly unequal. This poses a
serious question about behavior of Q
long steel-to-concrete connections:
how long could a connection be and
still transmit load to the last anchor
bolt?

- Ks: Load-elongation properties of steel element
Case II: As illustrated in

Figure 5.8, connection behavior in o _ali T

Case 11 is controlled by yielding of kI . Load-slip response of individual connectors
the strengthening element. The

load-slip plots obtained show that  pioire 6.11 Schematic of spring model for inelastic an-
connectors with epoxy-filled voids aiysis of steel-to-concrete connections.

would provide a more efficient

means of transferring shear to the strengthening plate at early stages. In this case, the plate
in the connection with non-shrink grout would have yielded at an interface slip three times
higher than the connection with epoxy. After yielding of the strengthening element, the
ductility of the connection is determined by the deformation capacity of the anchor bolts and
could be estimated by an inelastic analysis of the connection as illustrated in Figure 5.11,
using simplified single-anchor load-deformation relationships based on the results reported
herein and the load-elongation properties of the strengthening element. However, if the
thickness of the steel element is different than that used in this test series, the analysis
should also include the effect of localized bearing deformations (especially if the steel
section is thinner). Furthermore, the load-interface slip relationships obtained in this
program are only applicable for the two hole clearances and anchor bolt size considered.
For these reasons, the validity of any general analytical model should be verified by
experiments on long connections.

5.6 Design and Research Implications

The particular details of each steel-to-concrete connection should be selected by the
designer depending on the desired connection performance. For instance, collector or drag
elements require high stiffness of the steel-to-concrete connections to transfer load to the
bracing members with the least possible amount of slip. On the other hand, besides
stiffness, deformation capacity is usually important for flexural strengthening of beams since
the attached “teel jacket will most probably yield, subjecting the anchor bolts to large
deformations. .

The comparisons made in Section 5.2 indicate that first-slip capacity of steel-to-
concrete connections could be conservatively predicted by using a coefficient of friction of
- 0.4. However, the designer should not rely on first-slip connection capacity until the tension

in the anchor bolts in service can be adequately predicted. The results of this study show
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that the following aspects should be taken into consideration by the designer whenever first-
slip capacity is important:

1) Hand tightening the anchor bolts should be avoided,

2) The bolts should be aligned properly (no inclination). If inclination tolerances are
allowed in construction, they must be taken into consideration in design calculations,

3) Smaller hole clearances are preferable,

4) Interface epoxy in combination with clamping force and appropriate surface
preparation methods (sandblasting) substantially increase first-slip capacity, and

5) Spring washers may maintain the first-slip capacity with time by reducing long- term
anchor bolt relaxation.

If anchor bolts are expected to undergo significant inelastic deformations, the use of
a thick grout interface is recommended. The reduction in ultimate capacity and stiffness
associated with a thick interface should not be neglected by the designer. Large hole
clearance is another factor increasing deformation capacity. However, connection stiffness
degrades at a faster rate with reversed cyclic loads when greater hole clearances are used.

The ultimate capacity of single-anchor steel-to-concrete connections is adequately
predicted by the ACI 349-85 shear friction provisions. Applying a bolt preload beyond 60%
of the yield capacity of the anchor bolt should be avoided to be on the conservative side of
the ACI 349-85 shear friction equation. The number of anchor bolts required to develop
the yield strength of the strengthening steel section can be determined by dividing the yield
capacity of the strengthening element (multiplied by a factor of at least 1.25) by the nominal
shear capacity of a single anchor bolt as calculated using the ACI 349-85 provisions. The
recommended factor of 1.25 takes into consideration strain hardening and differences
between nominal and actual strength of the steel element, and should insure yielding of the
element prior to anchor bolt failure. Nevertheless, a simple and safe procedure for
proportioning the steel-to-concrete connections (selecting the steel element cross section and
bolt spacing) given the number of anchor bolts needed for shear transfer is not available.
The solution of the response of multiple-anchor connections by the equilibrium and
compatibility formulation presented in Section 5.5 is lengthy and obviously impractical for

design purposes.

The approach included in the AISC specification for design of long steel shear
connections consists of applying a reduction factor of 20 % in the design strength of bolts
when

"... splice tension members have a fastener pattern whose length, measured
parallel to the line of force, exceeds 50 in., ... ."S
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Furthermore, Kulak et al.** recommend a reduction in the understrength factor (@) from 0.8
to 0.64 for connections longer than 50 in.

More research is needed to determine the necessary reduction factor(s) for design
of long, multiple-anchor steel-to-concrete connections. A rational semi-empirical model,
subjected to experimental verification, for the calculation of the characteristics of load-
interface slip response of multiple-anchor connections seems to be the most promising
approach for detailing long steel-to-concrete connections.



CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary

An experimental program was implemented to determine the load-displacement
behavior of steel-to-concrete connections incorporating several test variables. The following
variables were studied in thirty six single-anchor steel-to-concrete connection tests: hole
clearance, bolt preload, type of material used to fill the void between the anchor bolt and
the steel element (non-shrink grout and epoxy), surface treatment, type of fastening method,
bolt position and inclination, interface thickness, and effect of reversed cyclic loads. The
test results consisted of load-slip relationships, maximum elastic and ultimate capacities, and
envelopes of response for cyclic tests. Maximum elastic and ultimate capacities were
compared with proposed design provisions to prov1de guidelines for design of steel-to-
concrete connections.

6.2 Conclusions

The conclusions drawn from the results of this study are presented in the following
subsections.

6.2.1 General. Regardless of the type of filler material used, the following
conclusions were obtained:

1) All of the techniques tested (filling the annulus with epoxy or non-shrink grout, welding
the nut to the steel element, use of spring washers with epoxy in the annulus), improved
post-slip connection stiffness compared to a standard connection with no filler materials.

2) Specimens with a smaller hole clearance reached connection capacity at smaller interface
slip.

3) An increase in clamping force beyond 60% of the yield capacity of the anchor bolt did
not improve the behavior of connections with standard washers for a hole clearance of
3/16 in.

4) In general, ultimate connection strength was reduced by increasing the clamping force
beyond 60% of yield in the anchor bolt (As much as 27% for specimens with standard
washers and as much as 9% for spring-loaded connections).

5) Bearing failure of the concrete and anchor epoxy did not influence connection strength
but affected connection stiffness.

93
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6) Connection stiffness decreased progressively with repeated cycles of loading. The
clamping force decreased during cyclic tests for connections with standard washers due
to anchor bolt elongation and crushing of the concrete and anchor epoxy near the top
of the anchor bolt embedment.

7) Stiffness degradation occurred faster with increased hole clearance.
6.2.2 Conclusions from Tests Incorporating Non-Shrink Grout.

1) Sandblasting of the steel contact surface improved first-slip connection capacity by at
least 22% and as much as 53%.

2) Load at first slip increased proportionally to the applied clamping force.

3) An increase in clamping force beyond 60% of the tensile yield capacity of the anchor
bolt decreased ultimate capacity and did not influence post-slip connection stiffness for
a 3/16 in. hole clearance.

4) The use of a 1/2 in. thick grout interface layer reduced ultimate strength by
approximately 15% but increased deformation capacity by a factor of two.

5) Cyclic loading had a detrimental effect on the stiffness of connections with non-shrink
grout.

6) Cracking of the 1/4 in. interface layer did not appreciably influence connection stiffness -
and ultimate strength but increased deformation capacity by approximately 40%.

6.2.3 Conclusions from Tests with Epoxy-Filled Annulus.

1) Position of the anchor bolt in the hole did not significantly influence the behavior of
connections with epoxy in the annulus.

2) Hand-tightened connections with an epoxy-filled annulus behaved similar to torqued
connections with grout after first slip. However, the first-slip capacity of hand-tightened
specimens may be too low to be of use in strengthening applications.

3) An applied bolt preload of 60% of the yield capacity of the anchor bolt significantly
enhanced first-slip capacity if the anchor was straight. First-slip capacity was increased
by at least 200% and 30% for connections with hole clearances of 3/16 in. and 7/16 in.
respectively, as compared with hand-tightened connections.

4) Connections with an epoxy-filled annulus and a clamping force of 12 kips (60% of
anchor bolt tensile yield capacity) were stiffer at all stages of loading than either hand-
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tightened connections with an epoxy-filled annulus or torqued connections incorporating
non-shrink grout.

The improvement in stiffness with clamping force was less pronounced for specimens
with a hole clearance of 7/16 in.

An initial five-degree bolt inclination reduced first-slip capacity by a factor of at least
two. Post-slip stiffness was reduced if the bolt was inclined away from the direction of
applied load.

6.2.4 Conclusions from Tests with Interface Epoxy.
Interface epoxy increased first-slip connection capacity by a factor of at least two.

Sandblasting of the steel element (removal of the mill scale) increased first-slip
connection capacity by a factor of 1.8 with respect to a companion test with an acetone-
cleaned steel channel.

Elastic capacity increased proportionally to the applied clamping force.

The post-slip behavior obtained for epoxy-bonded specimens cannot be easily
extrapolated to multiple-connection response.

6.2.5 Conclusions from Tests with Spring Washers.

The hysteretic behavior of steel-to-concrete connections was enhanced by the use of
spring-loaded washers.

Spring loaded connections had less stiffness after first slip than connections with standard
washers. The difference was accentuated by increased hole clearance around the anchor
bolt.

The first-slip capacity and energy absorption characteristics of the hysteresis loops for
spring loaded connections was improved by increasing the clamping force beyond 60%
of the yield strength of the anchor bolt (first-slip capacity increased by 21% in the
average for both hole clearances studied). This was not observed for tests with standard
washers.

The load-slip relationships obtained revealed that the clamping force was maintained
during repeated cycles of loading at different stages.

The quality of epoxy filling the annulus was more critical when using conical washers
since the material was not confined on the exterior surface of the steel element by the
washer.
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1)

2)

6.2.6 Conclusions from the Welded Nut Test.

The improvement in first-slip capacity and post-slip stiffness provided by welding the nut
to the steel element was less significant than the improvement provided by the other
fastening techniques implemented in combination with filler and interface materials.

The change in anchor bolt behavior introduced by fixing the nut to the steel element
produced a decrease of approximately 13% in ultimate capacity as compared with the
average from tests with an epoxy-filled annulus. Crushing of concrete surrounding the
anchor bolt was more extensive for this detail.

6.3 Design Recommendations

1Y)

2)

3)

4)

5)

The coefficient of friction proposed by Cook and Klingner was conservative for
predicting first-slip capacity of tests with a non-shrink grout interface or epoxy-filled
annulus. However, steel-to-concrete connections should still be designed for ultimate
strength as bearing connections since the tension of the anchor bolt in service can not
be accurately predicted. Recommendations included in Section 5.6 should be considered
whenever first-slip capacity is important.

The ACI 349-85 shear friction provisions provided a safe estimate of the ultimate
capacity of single anchor bolt connections like those tested. Increasing the clamping
force beyond 60% of the anchor bolt tensile yield strength is not recommended if the
ACIT 349-85 provisions are used.

The use of a 1/2 in. thick non-shrink grout interface layer is recommended for
connections where the anchor bolts are expected to undergo significant inelastic
deformations, such as flexural strengthening of beam elements.

Different understrength factors should be assigned to connections depending on the
application (bracing collector members, column jacketing, beam jacketing), predicted
connection participation, and type of behavior expected. Additional reduction factors
may be needed for long connections with large spacing between anchor bolts.

The quality of workmanship is of utmost importance for the performance of steel-to-
concrete connections. Thorough field inspection by a qualified engineer should be
performed. The designer should set ranges of tolerance for the initial inclination of the
anchor bolts. If these tolerances are violated, the original design should be revised.
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6.4 Further Research Needs

The following additional research is recommended in light of the results obtained in

this study:

1
2)

3)

4)

Investigate long-term preload relaxation of epoxy anchors,
Investigate the role of the following factors in affecting connection behavior:

a) Effect of initial bolt inclination greater than 5 degrees

b) Role of spring washers in reducing the effect of bolt inclination

¢) Use of hardened washers in combination with oversize holes

d) Use of higher strength anchor bolts

e) Effect of low concrete strength (ie. 2500 psi) on connection stiffness
f) Use of filler epoxy in combination with the welded nut detail

Investigate the distribution of forces to bolts in multiple-fastener connections to develop
a simple and safe analytical model for design of steel-to-concrete connections. The
validity of the analytical model(s) proposed should be confirmed by tests of long steel-to-
concrete connections including selected variables from this study and/or from those
suggested above. In addition, the effect of the following specific factors should be
determined:

a) Joint length

b) Spacing between connectors

c) Relative proportions between the net area of the steel element and the total bolt
area ’

d) Anchor bolt pattern (for instance two rows of connectors)

It is additionally recommended that the actual load-slip behavior of steel-to-concrete
connections be recorded in future testing of steel bracing or steel jacketing retrofit
systems.
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