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PREFACE 

Many structural details in current use by the Texas Sta.te Department of Highways and 
Public 'l3ansporta.tion (SDHPT) involve the use of anchor bolts, sometimes in retrofit applications. 
Examples are attqa.chment of traffic barriers to  structures: attachment of bridge girders to bearing 
blocks, attachment of end fixtures to  precast concrete components, and a.ttachment of steel members 
t o  existing concrete. Anchors are of different types: cast,-in-place, grouted, adhesive, expansion, or  
undercut. These anchors are now designed using procedures wllich are outdated and often erroneous. 
Recent investigations ha.ve suggested that various Texas SnI iPT designs involving anchor bolts are 
inconsistent and possibly unconserva.tive. 

In developing more rational design procedures for such connections, i t  was necessary t o  
study the behavior of multiple-anchor connections involving flexible as well as rigid baseplates. This 
report describes such a study. Based on the results of this study, recomnlendations are given for the 
design of ductile multiple-anchor connections to concrete. 
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SUMMARY 

The connection of steel members to concrete is a common structural feaiure, 
with applications in both highway and building construction. A typical steel-to-concrete 
connection includes the follomring: a steel attachment cor~sistillg of a basepla~~e welded to 
the attached member; the allchors tha.t actually do the connecting; and an embedment of 
the anchors into the concrete. The behavior and design of these connections is not well 
defined by existing design standards. Steel-to-concrete connections can be divided into two 
categories: connections whose strength is controlled by the strength of the anchor steel; 
and connections whose strength is controlled by the strength of the embedment. 

Based on experimental research conducted at the University of Texas at  Austin, 
the behavior and design of steel-to-concrete connections whose strength is controlled by the 
strength of the anchor steel is addressed. An analytical model for calculating the strength 
of these connections is presented. The model is developed from experimental results and is 
based on limit design theory. Experimental results are reported for 44 friction tests and 46 
ultimate-load tests of multiple-anchor steel-to-concrete connections loaded monotonically 
by various combinations of moment and shear. Test specimens included steel attachments 
with rigid and flexible baseplates, connected to concrete with threaded cast-in-place or 
retrofit (undercut and adhesive) anchors. The results of this study are incorporated into a 
Design Guide for Steel-to-Concrete Connections. 
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IMPLEMENTATION 

This report concerns a study of the behavio~ ai.ld design of ductile multiple-ancl~or steel- 
to-concrete connections. The results oi this report 1la.ve already been incorporated into the draft of 
Resea.rc11 Report 1126-4F (Design Guide). Tha t  Design Guide should be used by the Texas SDHPT 
for design, qualification, and evaluation of connections involving short anchor bolts. 

vii 
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1.1 General 

The connection of steel members to concrete is a common structural feature, with applica- 
tions in both highway and building construction. A typical steel-to-concrete connection includes a 
steel attachment consisting of a baseplate welded to the attached member, the anchors that actually 
do the connecting, and an embedment of the anchors into the concret,e. Figure 1.1 shows a trypi- 
cal steel-to-concrete connection. The anchors used in the connection can be either cast-in-place or 
retrofit. A typical cast-in-place anchor is a headed anchor installed in position before the concrete is 
placed. Retrofit anchors are installed after the concrete has hardened, and can be either undercut, 
adhesive, grouted, or expansion. Figure 1.2 shows typical types of anchors. 

The procedures currently used by the Texas State Department of I'lighwa3rs and Public 
Transl-~ortation (SDHPT) and other organizations for the design of steel-to-concrete connections are 
varied and inconsistent. A consistent, rational design procedure for steel-to-concrete connections 
that covers both cast-in-place and retrofit anchors is needed. 

1.2 Scope 

To determine the ultimate strength of a steel-to-concrete connection, two separate 
strengths must be considered: 

1) The strength of the steel 

2) The strength of the embedment 

The lesser of these two strengths represents the ultimate strength of the connection. In 
the simple case of a single cast-in-place headed anchor loaded in tendon, the strength of the steel is 
the tensile strength of the anchor itself; the strength of the embedment is related to the embedded 
length of the anchor and the tensile strength of the concrete. If the anchor is embedded far enough 
into the concrete, the strength of the steel controls, and the anchor can be described as ductile. 

For the purposes of this study, ductility is defined as the ability of a structural component 
to undergo significant inelastic deformation at predictable loads, and without significant loss of 
strength. A connection to concrete is ductile if its ultimate strength is controlled by the strength of 
the steel. A ductile connection to concrete fails by yielding and fracture of the anchors. A connection 
to concrete is non-ductile if its ultimate strength is controlled by the strength of the embedment. 
Non-ductile connections fail by brittle fracture of the concrete in tension, and by unpredictable 
concrete- related failure modes such as  anchor slip without steel fracture. 

methods must be developed for calculating the strength of the steel and of the embedment. 

This study is part of the Texas SDHPT Project 1126, "Design Guide for Short Anchor 
Bolts." The purpose of Project 1126 was to develop a design guide covering all aspects of design for 
steel-to-concrete connections using both cast-in-place and retrofit anchors. The project was divided 
into four parts: 



Steel A t t a c h m e n \ :  
Attached hllember 

Figure 1.1 Typical Steel-teConcrete Connection 

Cast- in-Place Undercu t  Adhesive G r o u t e d  Expansion 

Figure 1.2 Types of Anchors 



1) Behavior of single cast-in-place and retrofit anchors in tension [I]. 

2) Behavior and design of single and multiple adhesive anchors in tension [2]. 

3) Behavior and design of ductile multiple-anchor connections to concrete under combined 
loads. 

4) Design guide for steel-to-concrete connections [3]. 

The first part of the project [I] dealt with defining what types of single anchors are capable 
of ductile behavior. Cast-in-place and retrofit anchors were embedded based on existing design 
procedures for cast-in-place headed anchors [4,5]. The results of the first part of the project indicated 
that cast-in-place, grouted, undercut, and some adhesive and expansion anchors could be considered 
ductile, but that existing design procedures for calculating the strength of the embedment for cast- 
in-place headed anchors were not applicable t o  adhesive anchors. 

The second part of the project [2] concerned the tensile behavior of both single and multiple 
adhesive anchors. The results of that study provided methods for evaluating the strength of the 
embedment for adhesive anchors. 

This part of the project dealt with the behavior and design of ductile multiple-anchor con- 
nections to concrete under combined loads. In this study, only ductile (ultimate strength controlled 
by the strength of the steel) multiple-anchor connections to concrete were considered. All non-ductile 
failure modes were precluded based on existing design procedures for cast-in-place multiple-anchor 
connections [4,5], and on information obtained from the first part of the project [I]. 

The fourth and final part of the project 131 incorporated the results of the first three 
parts, plus information from other design documents [4,5,6], into a design guide for steel-to-concrete 
connections using cast-in-place or retrofit anchors. 

1.3 OBJECTIVES 

The overall objectives of this study were: 

1) To determine the characteristic behavior of ductile multiple- anchor connections to con- 
crete. 

2) To develop a rational design procedure for calculating the strength of the steel in multiple- 
anchor connections to concrete. 

For single-anchor connections in tension, the strength of the steel is simply the tensile 
strength of the anchor. In a multiple-anchor connection subjected to combined loads the strength 
of the steel is dependent on many variables, such as the following, each of which was considered in 

study 

loading (axia1,moment ,shear) 

size of the steel attachment 

size, number, location, and type of anchors 

coefficient of friction between the baseplate and the concrete 



tension/shear interaction for an anchor 

distribution of shear among the anchors 

distribution of tension among the anchors 

flexibility of the baseplate 

1.4 Historical  Development 

Historically, the design of steel-to-concrete connections has occupied a "no-man's lazd" 
between steel design codes and concrete design codes. Although steel-to-concrete connections occur 
in many types of construction, attempts to define rational design procedures did not begin until 
about 1960. Prior to 1960 the main research dealing with steel-to-concrete connections was a study 
conducted by Abrams [7] in 1913 which involved embedded length requirements for plain reinforcing 
bars anchored with threaded nuts. 

During the 1960's the majority of the research on steel-to-concrete connections dealt with 
connections using welded studs [a-111. Design procedures developed from this research were included 
in the 1971 Prestressed Concrete Institute (PCI) Design Handbook [12], the 1973 PC1 Afanual on 
Design of Connections [13], and in a 1971 report by KSM Welding Systems 1141. Other research 
performed during the 1960's on steel-to-concrete connections [15-171 dealt with various types of 
cast-in-place anchors loaded in tension and shear. 

In the early 197OYs, further research [18,19] on steel-to-concrete connections using welded 
studs led to more comprehensive design procedures. These were published in ,1974 in the form of 
a design report by TRW Nelson Division [20]. Most of the design provisions in this report were 
incorporated into later PC1 design documents [21,22]. These design provisions are still in use today 
for steel-to-concrete connections using welded studs, and are given in the 1985 PC1 Design Handbook 

[231- 

By the mid 197OYs, steel-to-concrete connections utilizing various types of cast-in-place 
and expansion anchors were being used extensively in critical applications at nuclear power facili- 
ties. Safety concerns a t  these facilities led to research [24,25] into the behavior of steel-to-concrete 
connections using various types of threaded anchors. Two design documents were issued as a result 
of this research and of the previous research on welded studs. In 1975 the Tennessee Valley Authority 
(TVA) issued a design guide, TTN DS- C6.1 [26], for connections to concrete. In 1979 a supplement 
to A C I  349- 76 [27] was issued which contained an appendix for the design of connections to con- 
crete (ACI 349 Appendix B). Each of these documents covered cast- in-place and expansion anchors. 
Both documents recognized the fact that ductile failure modes were preferred, although non-ductile 
failure modes were acceptable if high factors of safety were used in the design. A modified version of 
ACI 349-76 (Appendix B) for non-nuclear applications was published as a "Guide to the Design of 
Anchor Bolts and 0 ther Steel Embedments" [2S] in the July 1981 edition of Concrete International. 

Most of the research conducted prior to 1980 [a-11,15-19,24,25,29- 311 dealt with single- 
anchor and mult.i~!c-d~~i:~cir t,-n2ect.ions loaded in pure tension, in pure shear, or combined tension 
and shear. Two papers by Klingner and Mendonca [32,93], pzblished in 1982, compared the strength 
formulas for tension and shear in the existing design documents [20,2ll22,'i6 ,BTj IT i tii aiisa! f,csf 



results from much of the previous research [&10,18,19,24,25;29,31]. They concluded that the best 
procedures for calculating the strength of the steel were those found in the 1977 PC1 Manual for 
Structural Design [21] while the strength of the embedment could best be calculated from the 
procedures in ACI349-76 [27]. 

Since the late 1970's additional types of retrofit anchors have been introduced, most. no- 
ticeably undercut anchors, adhesive anchors, and improved expansion anchors. Additional research 
[34-461 has been performed on cast-in- place, undercut, and expansion anchors loaded in tension, 
shear, and combined tension and shear. Some of the results of this research led to revisions of both 
TVA DS-C6.1 [26] and ACI 349-76 [27]. The current revisions of these documents are 'i'l.3 DS- 
(71.7.1 [5] and ACI 349-85 [4]. Both of these documents were developed for application in nuclear 
facilities where environmental concerns preclude the use of adhesive anchors. Neither document 
addresses this type of anchor. Recent research [1,2] has shown that adhesive anchors are suita.ble 
for steel-to-concrete connections. Adhesive anchors have applications in both highway and building 
construction. 

During the late 1970's and 1980's several research projects [47-561 dealt with multiple- 
anchor steel-to-concrete connections subjected to moment and shear, or moment and axial load. The 
significant aspect of these studies was their deviation from the pure tension, pure shear, and combined 
tension and shear loadings of previous research. This research considered either connections between 
concrete and a steel cantilever beam with an eccentric shear load at a large eccentricity and no axial 
load 147-511, or connections between concrete and a steel column with an eccentric axial compression 
load and no shear [52,53]. Two of the research programs studied both types of connection [54,55]. 
A notable exception to these two types of connection was tested in a research project conducted by 
Hawkins, Mitchell, and Roeder [56]. This project studied welded stud connections between concrete 
and a cantilever steel beam, loaded by an eccentric shear acting at various eccentricities. 

Two papers discussing the behavior and design of steel-tuconcrete connections were pub- 
lished in the mid 1980's. In 1985 Marsh and Burdette [57] published a paper which discussed the 
behavior and design of single-anchor steel- to-concrete connections. In 1967 DeWolf [58] published 
a paper which discussed the behavior and design of steel column-to-concrete connections. 
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2. BACKGROUND: BEHAVIOR AND DESIGN OF DUCTILE CONNECTIONS 

2.1 Introduction 

The strength of a ductile connection is controlled by the strength of the steel. In this 
chapter, previous research and current design procedures dealing with the strength of the steel 
in steel-to-concrete connections are discussed. Background information related to the embedment 
requirements for ductile connections is presented in Chapter 3.  

2.2 Ductile Single-Anchor Connections 

In this section; the failure mechanisms, average strengths, and design strengths of the steel 
for single-anchor connections are discussed. The design strengths presented in this section are taken 
from AC1349-85 [4], TVA DS-C6.1 [26], the 1985 PC1 Design Handbook [23], and the AISC .LRFD 
Specification 161. These specifications are based on ultimate strength design procedures, sometimes 
referred to  as strength design, or as load and resistance factor design. 

2.2.1 Single-Anchor Connections in Tension. The steel failure mechanism for single- 
anchor connections in tension is usually characterized by yielding and fracture of the threaded 
portion of the anchor. Fig. 2.1 shows the deformed shape of an anchor that has yielded in tension. 
Anchors without threads (such as  welded studs) and anchors with upset threads typically fail in the 
shank of the anchor. 

t " 

Figure 2.1 Anchor Yielded in Tension 

7 



The average tensile strength of the steel for single-anchor connections is dependent on the 
effective stress area of the anchor and the tensile strength of the type of steel used for the anchor: 

where: Tui = average tensile strength of the steel 

A, = effective stress area of the anchor 

Fut = average tensile strength of the type of steel used for the anchor 

The effective stress area of the anchor is the gross area of the anchor shank for welded 
studs and anchors with upset threads. The effective stress area for threaded anchors is the tensile 
stress area as defined by Slaughter [59] and adopted by the American National Standards Iilstitute 
(ANSI) in AArSI B1.l. The tensile stress area is based on a mean area using the average of the root, 
and pitch diameters of the threads. The tensile stress area for threaded anchors as given in AATSI 
B1.1 is: 

Tensile stress area = 0.7854(db - 0.9743/n)~ (2 - 2) 

where: db = nominal anchor diameter 

n = number of threads per inch 

I t  should be noted that there were slight changes in the basic root and pitch diameters of 
threads between ANSI B1.l-1960 and AArSI B1.l-1974. The tensile stress area as given in Eq. (2-2) 
is no longer exactly equal to an average area based on the mean of the root and piich diameters, 
but the difference is insignificant. 

The average tensile strength of steel exceeds the minimum specified tensile strength given 
in the applicable American Society for Testing and Materials (ASTM) Specifications. Kulak, Fisher, 
and Struik [60] report that for ASTM A325 bolts (1/2- through 1-inch diameter) the average tensile 
strength exceeds the minimum specified tensile strength by 18%, with a standard deviation of 4.5%. 
They also report that for ASTM A490 bolts the average tensile strength esceeds the minimum 
specified tensile strength by 10%) with a standard deviation of 3.5%. The ASTM A490 bolts have a 
smaIIer difference between the minimum specified strength and the average tensile strength than the 
ASTM A325 bolts, since the ASTM A490 specification includes a masimum as  well as a minimum 
limit on tensile strength. Tests results reported by Collins and Klingner [I] and Doerr and Klingner 
[2] indicate that for 5/S-inch ASTM A193-B7 threaded rods the average tensile strength exceeds the 
minimum specified tensile strength by lo%, with a standard deviation of 3.0%. 



Table 2.1 Summary of Procedures for Calculating the Design Tensile Strength of the Steel 

I t 

Crushed Concrete 

Figure 2.2 Anchor Yielded in Shear 

Strength 
Reduction 
Factor & 

1 .OO 

0.90 

0.90 
0.75 

Reference 

PCP 1231 

ACI [4] 

TVA[26] 
AISC4 [6] 

Current procedures to  determine the design tensile strength of the steel, 4 Tnl using 
ultimate strength design are summarized in Table 2.1. 

plane due to kinking and bending. Local crushing of the concrete occurs but does not limit the 
strength of the anchor. Fig. 2.2 shows the deformed shape of an anchor, with threads in the shear 

TY pe 
of 

Anchor 
Stud 

Threaded 
or Stud 

Threaded 
o r s tud  

Threaded 

plane, that has yielded in shear. 

Nominal 
Strength12 

T n  

0.9 A, Fy 

A, Fy 

A d  FV 
A, F" 



Welded studs and threaded anchors behave differently from one another in shear. Fig. 
2.3 shows the  differences in deformations for threaded anchors and welded studs. The difference in 
behavior is due to  the fixity provided by the weld between the stud and the baseplate. 

Table 2.2 provides a summary of previous experimental results for tile avera.ge shear 
strength of the steel, I&. The average shear strength of the steel, may be expressed as: 

Table 2.2 Summary of Previous Experimental Results for Average Shear Strength of the Steel 

Note: 1. The average shear strength given in this table is based on the area of the anchor in the 

shear plane. For the shear plane in the shank this is the gross area o f  the anchor. For 

the shear plane in  the threads this is the tensile stress area as given in ANSI Bl.1. 

2. FUt is the average tensile strength of the anchor steel. 

Test 
~ e t h o d ~  

Stud 
Steel/Conc. 

Stud 
SteellConc. 

Steel/Conc. 
Steel/Steel 

A325 
A354 BD 

Steel/Steel 
Steel/ 

Grout/Conc. 
SteellConc. 

Undercut Anc. 

3. Steel/Conc. represents tests with the shear plane between a steel plate and con- 

crete. Steel/Steel represents tests with the shear plane between two steel plates. 

Steel/Grout/Conc. represents tests with a grout layer between the steel plate and 

concrete. 

Average 
~trength'' 

vu, 

A, F u i  

A, F u i  

0.75 A, Fui 

0.64 A, Fut 

0.55 A, F u i  

0.62 A, Fut 

0.53 A, Put 

0.65 A, Fui 

Reference 

Shoup, 
et al. 1111 
McMackin, 
et al. [I91 
Klingner, 
et al. [31] 

Chesson, 
et al. [61] 
Kulak, 
et al. [60] 

TVA [24] 
Burdette, 
et al. [42] 
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Shank 

Shank 

Shank 

Threads 
Threads 

Threads 

Unknown 

Threads 



Concrete 

Concrete 

THREAD 

Figure 2.3 Deformations of Welded Studs and Threaded Anchors in Shear 



As indicated by Table 2.2, the ratio, 7, of the average shear strengih of the steel, \/,I, t80 
tile a,vera.ge tensile strength of the steel, TUi, has been reported as 1.0 for welded studs, 0.75 for 
threaded anchors with the shear plane in the shank, and 0.55 to 0.65 for threa.ded anchors with the 
shear plane in the threads. 

Two design approaches exist for shear transfer in single-anchor connections (Fig. 2.4): 

1) Shear Transfer by Bearing on ihe An.ch.0~ This approach is based on the assumption tl1a.t 
shear is transferred directly by bearing on the anchor (sometimes called "dowel action"). 
This approach is used by TTrA DS-(26.1 [26], the 1965 PC1 Design Handbook [23], and the 
AISC LRFD Specification [6]. 

Shear Transfer hy Shear Fricdion: This approach is based on the assumption that shear is 
transferred by a frictional force which develops between the steel plate and the concrete 
surface. The frictional force is caused by the anchor pushing a spalled wedge of concrete 
upward against the steel plate. This upward movement causes tension in the anchor, ulhich 
produces a compressive force and therefore a frictional force at the wedgelplate interface. 
The frictional force is equal to the tensile force in the anchor multiplied by the shear- 
friction coefficient. The anchor is assumed to carry tension only. This approach is used by 
ACI 349-85 [4]. 

The shear-friction mechanism, as described above, has not been observed in experimental 
studies of steel-to-concrete connections with anchors. Klingner, Mendonca, and Malik [31] found 
that  the plate rotated away from the concrete and prevented the confinement required for the shear- 
friction mechanism as described above. 

The reason for this discrepancy is apparent when the basis for the shear- friction coefficients 
used by ACI 349-85 [4] is considered. The shear- friction design approach was developed by Birkeland 
and Birkeland [62] as a design aid for precast concrete connections, such as corbels and ledger beam 
bearings. Hofbeck, Ibrahim, and Mattock [63] and Mattock and IIawkins [64] performed several tests 
of concrete specimens with cracked and uncracked concrete in the shear plane. Reinforcement was 
provided normal t o  the shear plane. The shear-friction coefficient was determined by dividing the 
shear strength of the specimen by the yield strength of the reinforcement. No separation of frictional 
shear resistance and shear resistance by dowel action was attempted. The resulting shear-friction 
coefficient determined by these tests is an "apparent" coefficient of fricaion that includes the effects 
both of dowel action and frictional resistance. 

The shear-friction coefficients used by ACI 349-85 [4] were determined in this manner. 
They are not the same as the coefficient of friction between two materials. Both experimental 
studies [63,64] indicate that dowel action is significant for pre-existing cracks in the shear plane. 
This would be especially true when the pre-existing crack is between a steel plate and hardened 
concrete. In this case dowel action is dominant, and the apparent coefficient of friction is really a 
measure of the shear strength of the anchors. 

Current procedures to determine the design shear strength of the steel, 4 I$, using ultimate 
strength design are summarized in Table 2.3. 

2.2.3 Single-Anchor Connections with Tension and Shear. The steel failure mechanism 
for single-anchor connections in combined tension and shear is characterized by yielding and fracture 
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SHEAR TIUNSFER BY BEARING ON THE ANCHOR 

Figure 2.4 Design Approaches for Shear 'Transfer 



Table 2.3 Summary of Procedures for Calculating the Design Shear Strength of the Steel 

Crushed and Spalled 
Concrete 

Figure 2.5 Anchor Sielded by Combined Tension and Shear 

of the anchor due to tension, kinking, and bending. Fig. 2.5 shows a typical deformed shape for a 
threaded anchor in tension and shear. 

where: T = the tension load on the anchor 



V = the shear load on the anchor 

Tut = the average tensile strength of the anchor 

I/,t = the average shear strength of the anchor 

n = an empirically determined exponent, equal to 1 for linear interaction, and 2 for 
elliptical interaction. 

For welded studs, McMackin, Slutter, and Fisher 1191 found that an interaction equation 
between linear and elliptical (n = 5/3) provided the best fit to the test data. For anchors tested 
in steel-to-steel connections, Chesson, Faustino, and Munse [61] and Kulak, Fisher, and Struik [60] 
determined that an elliptical interaction equation (n = 2) was appropriate. For anchors tested in 
steel-to-concrete connections, TVA CEB 75-32 [24] and Burdette 1361 found that a linear interaction 
(n = 1) produced a conservative fit to the test data. 

Fig. 2.6 shows the curves of Eq. (2-4) for n = 1, 5/3, and 2. 

Linear Interaction 

n= 2 Elliptical 
Interaction 

Shear Strength,  V 

Current procedures for evaluating the design strength of the steel for single-anchor con- 

except that the design strengths for tension, $ T,, and for shear, $ V,, are used in place of the 
average strengths, Tut and VUt. The design procedures are: 

1) 1985 PCI Design Handbook [2$]: For welded studs in steel- to-concrete connections an 
elliptical tension/shear interaction (n = 2) is used. 



2) ACI 349-85 [o For welded studs and threaded anchors in steel-to-concrete connections a 
linear tension/shear interaction (n = 1) is used. 

3) TI'A DS-C6.1 [26]: For welded studs and threaded anchors in steel-teconcrete connectiolls 
a linear tension/shear interaction (n = 1) is used. 

4) AISC LRFD Specification [6]: For threaded anchors in steel-to-steel connections, an ellip- 
tical tension/shear interaction (n = 2) provides the basis for the tri-linear design provisio~ls 
given in the Specification. 

2.3 Duct i le  Mult iple-Anchor Connections 

In this section, various procedures for calculating the strength of the steel in multiple- 
anchor connections are discussed. Several procedures have been proposed, but few experimental 
results are available to verify the procedures. The purpose of this study was to obtain experimental 
results that would define the behavior of ductile multiple-anchor connections, and which could be 
used to develop design guidelines for calculating the strength of the steel in this type of connection. 

2.3.1 Multiple-Anchor Connections with hfoment and Axial Load. This deals with eval- 
uating the forces normal to the steel/concrete interface. The most important part of the normal 
force evaluation is to determine the tensile forces in the anchors. The tensile forces in the anchors 
are dependent on the location of the compressive reaction due to the applied moment and axial load. 
In connections with more than one row of tension anchors, the tensile forces in the anchors are also 
dependent on the distribution of tension among the rows. Several procedures have been proposed: 

1) Procedure Based on Working-Stress Concrete Beam Design: This procedure assumes a. 
linear variation of stress and strain at the steel/concrete interface. This is shown schemat- 
ically in Fig. 2.7 for the case of moment only. This procedure has been proposed by 
Blodgett [65]. In experimental work on cantilever beams, Hawkins, Mitchell, and Roeder 
[56] found that this procedure is likely to overestimate the tensile forces in the anchors a t  
failure. This procedure can be applied to connections with more than one row of tension 
anchors. 

Procedure Based on Linear Compressive Stress Distribution with an Assumed Maximum 
Compressive Stress: This procedure assumes a linear compressive stress distribution, with 
the compressive stress at  the toe of the baseplate equal to the allowable compressive stress. 
This is shown schematically in Fig. 2.8 for the case of moment only. This procedure has 
been proposed by Gaylord and Gaylord 1661, Tall et al. [67], and Miatra [66]. In experi- 
mental work on eccentrically loaded columns, DeWolf and Sarisley [52] and Thambiratnam 
and Paramasivam [53] found that this procedure produced conservative results in the work- 
ing load range. DeMrolf and Sarisley [52], who tested their specimens to failure of either 

design procedure for calculating the ultimate strength of the connection. I t  is not clear 
how to apply this procedure to connections with more than one row of tension anchors. 

3) Procedure Based on Linear Compressive Stress Distribution with Compressive Reaction at 
the Centroid of the Compression Elements of the Attach.ed hfember. This procedure is 
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Figure 2.7 Procedure based on Working - Stress Concrete Beam Design 

Figure 2.8 Procedure based on Linear Compressive Stress Distribution with an Assumed Max- 
imum Compressive Stress 
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Figure 2.9 Procedure Based on Linear Compressive Stress Distribution with Compressive Re- 
action a t  the Centroid of the compression Elements of the Attached Member 

based on the assumption that the compressive reaction is located at  the centroid of the 
compression elements of the attached member. This is shown schematically in Fig. 2.9 for 
the case of moment only. This procedure has been proposed by Blodgett [65], Salmon and 
Johnson [69], and Shipp and Haninger [TO]. No experimental work has been correlated 
with this procedure. I t  is not clear how to apply this procedure to connections with more 
than one row of tension anchors. 

4) Procedure Based on Uliimate Strength Concrete Beam Design: This procedure is based on 
the assumption of a linear variation of strain with a compressive stress distribution, the 
same as that used for the ultimate-strength design of reinforced concrete. This is shown 
schematically in Fig. 2.10 for the case of moment only. This procedure has been proposed 
by Gaylord and Gaylord [66] and Armstrong, Klingner, and Steves [51]. This procedure 
is suggested by some current design standards including ACI 3.19-85 [4] and the 1965 PC1 
Design Handbook [23]. In experimental work on cantilever beams, Picard and Beaulieu 
[55] found that this procedure produced conservative results. In experimental work on 
eccentrically loaded columns, DeTVolf and Sarisley 1521 found that this procedure provided 
reasonable results for ultimate load prediction if the assumed bearing stress is not limited 
to  0.85 fi when the baseplate is away from a free edge of the concrete. They suggest 



r lgure L.LU r roceuure  Daseu on ulurrlace acreugul uullueer ucalll ucaigrl 
..; . 
>. that the effects of concrete confinement be included in the design. This procedure can be 

applied to connections with more than one row of tension anchors. 

5 )  Procedure Based on Baseplate Thickness: In this procedure, the compressive reaction is 
located based on the flexibility of the baseplate. This procedure has been proposed by 
- T I .  r r -  . A  r - 7  7 ,  .- . I 1  I .1 1 m T T A  f l l 7 T )  7 0  O'I I VA [ ~ ~ , ~ Y , s u J  as a result 01 experimental worl; on cantilever Deams. I v n  b5o I o-A 

[48] provides a detailed equation based on elastic behavior of the anchors and the portions 
of the baseplate extending past the attached member. The concrete and portion of the 
baseplate welded to  the attached member are considered to be rigid in this formulation. 
T h e  enrratinn ir nnt snnlir2hle if the anrhnrc nr hacpnlatp vipld TVA ( I E R  7.9-18 r4Q1 and .LYU Y ~ U U U A Y A L  IY Y V U  U ~ ~ A L U U Y L I  LA Y A ~ U  VYI I - V A  ,, YLUIyIYI-. A-s-.. - ,-- --- . - -- L - - J  --- 

TVA CEB 80-1 [50] locate the compressive reaction 2 plate thicknesses from the edge of 
the compression element of the attached member. This is an empirical procedure based 
on tests of cantilever beams with flexible baseplates. This procedure is suggested by TVA 
DS-C1.7.1 151. The procedure is shown schematically in Fig. 2.11 for the case of moment 
only. It is not clear how to apply this procedure to connections with more than one row 
of tension anchors. 

All of the procedures listed above require that equilibrium conditions be satisfied at the 
steel/concrete interface. None of these procedures are theoretically correct since the exact strain 
compatibility relationship a t  the steel/concrete interface is not satisfied. The procedure proposed by 
TVA CEB 78-21 [48] does make an attempt at satisfying the strain compatibility relationship at the 
steel/concrete interface, but the procedure is limited to elastic behavior and is based on simplified 
assumptions. The other procedures either ignore the actual strain compatibility relationship at the 
1 1 t  4 " "  . .. 1 t  : :  ; +  , h a m  t a n  Sin,-p 
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Figure 2.11 Procedure Based on Baseplate Thickness 

plane sections do not necessarily remain plane at  the steeljconcrete interface, and since the relative 
stiffnesses of the anchors, baseplate, and concrete are highly indeterminate, the assumption of a 
linear strain distribution as predicted by beam theory for both working stress design and ultimate 
strength design is not justifiable. 

One important aspect of the these procedures is the assumed location of the compressive 
reaction, since this directly affects the calculated tensile forces in the anchors. The actual compres- 
sive stress distribution is unimportant and impossible to determine analytically, due to unlino~vn 
variations of the actual contact surface at  the steel/concrete interface caused by the finish of the 
concrete and the warping of the baseplate. The compressive reaction should be located in a conser- 
vative manner based on the flexibility of the baseplate. Fig. 2.12 shows the likely locations of the 
compressive reaction for a rigid baseplate and a flexible baseplate. 

2.3.2 Mu1 tiple-Anchor Connections in Shear. The results of tests on four-anchor con- 
nections in pure shear, reported in TVA CEB 75-32 [24] show that  shear forces redistribute in the 
connection prior to failure. These results indicate that sufficient inelastic deformation occurs in 
these connections so that each anchor achieves its single-anchor connection shear strength. These 
tests were performed on connections with welded studs, and on connections with threaded anchors. 

in  a ductile multiple-anchor connection with moment and shear is not obvious. Present design 
procedures do not adequately address this problem. Fig. 2.13 shows the possible forces on a 
multiple-anchor connection with one row of anchors in the tension zone loaded in moment, M, and 
shear, V. In Fig. 2.13 the tensile force, T I ,  and the compressive force, C, result from the internal 
couple required to resist the applied moment, M. The frictional force, VP, is equal to the compressive 
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Figure 2.12 Probable Locations of the Compressive Reaction 

force, C, multiplied by the coefficient of friction between steel and concrete, p.  The anchor shear 
forces, Vl and Vz, may or may not be present depending on the magnitude of the frictional force, 
V, and the applied shear, V. 

Table 2.4 provides a summary of the published values for the coefficient of friction between 
steel and concrete, p. Results of the 27 tests cited in Table 2.4 show that the coefficient of friction 
between steel and concrete, p ,  ranges from about 0.35 to about 0.65, with a mean of 0.50. 

Extensive testing has previously been conducted on multiple-anchor connections having 
one row of anchors in the tension zone and subjected to eccentric shear loads at  high eccentricities 

lingner, and Steves 
[51], Hilti [54], and Picard and Beaulieu [55] have performed studies for this type of connection and 
loading. In this situation, the compressive reaction from the internal couple is so large that the 
frictional shear strength, V,, exceeds the applied shear, V. In this situation the anchors transfer no 
shear load; tha t  is Vl and V2, as shown in Fig. 2.13, are zero. 



Figure 2.13 Possible Forces on Multiple-Anchor Connections with One Row of Anchors in 
the Tension Zone 

The only previous study involving multiple-anchor connections subjected to eccentric shear 
loads a t  various eccentricities was a study by Hawkins, Mitchell, and Fbeder 1561. This study 
investigated the behavior of multiple-anchor connections with welded studs and one row of anchors 
in the tension zone. As a result of that study, the following behavioral model was proposed: 

1) If the shear strength provided by anchors in the compression zone, I$, exceeds the applied 
shear, V, the anchors in the tension zone can be assumed to develop their full tensile 
strength for moment resistance. 

applied shear, V, the anchors in the tension zone can be assumed to transfer the excess 
shear load. The shear strength of the anchors in the tension zone, Vl is limited by the 
strength of the anchors in combined tension and shear. The tension zone anchors contribute 
to both moment resistance and shear resistance. 



Table 2.4 Summary of Published Values for the Coefficient of Friction between Steel and Concrete 

Hawkins, Mitchell, and Roeder [56] call this the "plastic distribution" method and found 
that i t  provided the best fit to test data. This method assumes that sufficient inelastic deformation 
occurs in the connection so that each anchor achieves its single-anchor connection strength. For 
anchors in combined tension and shear an interaction equation lying between linear and elliptical 
was proposed (n = 5/3 in Eq. 2-3). 

Reference 

TVA DS-C1.7.1 [5] 
AISC [6] 
KSM 1141 
PC1 [23] 
Hilti [54] 
Holmes, et al. [71] 
TVA CEB 77-46 [72] 

Rabbat, et alb3 [73] 

The study by Hawkins, Mitchell, and Roeder [56] did not consider the contribution of the 
frictional force between the baseplate and the concrete, V,. This may have led to an overestimation 
of the shear forces in the anchors, and in the amount of shear redistribution at  failure. Their study 
did not include multiple-anchor connections with more than one row of anchors in tension. 

2.3.4 Multiple-Anchor Connections with Moment, Axial Load, and Shear. No experi- 
mental results or published design procedures are available for this type of loading. It  is generally 
believed that this loading condition is an extension of the moment and shear loading condition. In 
practice, a designer normally uses one of the procedures in Subsection 2.3.1 for moment and axial 
load design, and then adds a sufficient number of anchors to transfer the applied shear. 

2.4 Des ign  Requi rements  for Baseplates 

Basis 

Unknown 
Unknown 
Unknown 
Unknown 
4 Tests 

Unknown 
7 Tests 
4 Tests 
3 Tests 
9 Tests 

Surface 
Condition1 

Unknown 
Unknown 

Dry 
Dry 
Dry 

Unknown 
Dry 
Wet 
Dry 
Wet 

In this section, the design requirements for baseplates in ductile multiple-anchor connec- 

Coefficient 
of Eiction 

P 
0.50 
0.702 
0.40 
0.40 
0.54 
0.30 
0.34 
0.39 
0.57 
0.65 

tions are discussed. The design requirements given in this section are based on ultimate strength 
design. 

2.4.1 Baseplate Flexure. Baseplates should be of a sufficient thickness so that prying 
action a t  the tension anchors is precluded. 

As noted by TVA CEB 78-21 [48], prying action is not as critical in steel-tc-concrete 
connections as it is in steel-to-steel connections. This is principally due to the differences in flexibility 



between an anchor in a steel-to-steel connection and an anchor in a steel-to-concrete connection. 
The anchors in steel-to-c0ncret.t- connect~uns are more flexible since they are usually longer and their 
flexibility is a function of the combined effect of the properties of the concrete and the anchor steel. 
The increased flexibilit;~' of the anchors helps prevent prying action. In tests on baseplates which 
were flexible enough to develop some prying action, Malloney and Burdette [47] found tha.t pryil~g 
a.ction was lost when the tension anchors began to  yield. 

A general guideline for the prevention of prying action in baseplates is to design the 
baseplate with enough flexural strength to prevent the formation of a plastic hinge in the baseplate 
between the tension anchors and tlie attached member. This is shown schematically in Fig. 2.14. 
This goal can be accomplished using the design provisions of the AISC LRFD Specifications [GI: 

Figure 2.14 Typical Deformed Shape of "Reasonably" Flexible Baseplate to Prevent Prying 

where: q5 = strength reduction factor for baseplate steel in flexure (equal to 0.90) 

= nominal flexural capacity per unit width, of a baseplate, based on the plastic 
section modulus 

mUt = maximum moment per unit width induced in a baseplate by the tension anchors, 
based on the average tensile strength, TUt, of the tension anchors 

Several methods are available in steel design texts for evaluating mUt in baseplates. These 
procedures include yield line analysis, which is appropriate for baseplate design in steel-to-concrete 



connections given the myriad of anchor patterns that a designer could elect to use. Any rational 
design procedure could be used to evaluate mut .  

By equating the design moment capacity, 4 m,,, to the maximum moment induced in the 
baseplate by the tension anchors, mui, the minimum required plate thickness, t ,  for flexure can be 
calculated: 

where: Fy = specified minimum yield strength of baseplate steel 

2.4.2 Baseplate Shear. To prevent the development of prying action, the formation of a 
shear hinge between the tension anchors and the attached member should also be prevented. This 
can be accomplished using the design provisions of the AISC LRFD Specifications [6]: 

where: (P = strength reduction factor for baseplate steel in shear (equal to 0.90) 

vn = nominal shear strength per unit width, of a baseplate 

vut = maximum shear per unit width induced in a baseplate by the tension anchors, 
based on Tut of the anchors 

Any rational design procedure could be used to evaluate vut. 

By equating the design shear strength, 4 vn, to the maximum shear induced in the base- 
plate by the tension-anchors, vUtl the minimum required plate thickness, t ,  for shear can be calcu- 
lated: 

t 2 vut/(4 0.6 Fy) 

where: Fy = specified minimum yield strength of baseplate steel 



2.4.3 Anchor/Baseplate Bearing. The following design requirement is based on the pro- 
visions of the AISC LRFD Specification [6]: 

The design bearing strength of an anchor hole in the basepla.t.e, m P,, should exceed the 
average shear strength of an anchor, V,,: 

The design bearing strength of an anchor hole in the baseplate, 4 P,, is given by: 

where: 4 = strength reduction factor for baseplate steel in bearing (equal to 0.75) 

db = nominal diameter of an anchor 

t = thickness of baseplate 

Fu = specified minimum tensile strength of basep1at.c ~ t e e l  

By equating the design bearing strength, 4 P,,, to the average shear strength of an anchor, 
Vuf, the minimum required baseplate thickness, t ,  for bearing can be calculated: 

2.4.4 Anchor Holes. The following design requirements are based on the provisions of the 
AISC LRFD Specification [6]: 

1) Anchor hole oversize should not exceed 3/16 inch for anchors 716 inch and less in diameter, 
1/4 inch for 1-inch diameter anchors, and 5/16" for larger anchors. 

2) The minimum edge distance from the centerline of an anchor hole to the edge of the 
baseplate should not be less than 1.75 times the anchor diameter for baseplates with 
sheared edges, and 1.25 times the anchor diameter for other baseplates. 

3) The center-to-center distance between anchor holes should not be less than 3 times the 
anchor diameter. 



3. BACKGROUND: 
EMBEDMENT REQUIREMENTS FOR DUCTILE CONNECTIONS 

3.1 In t roduct ion  

In this chapter, embedment design criteria for ductile connections, embedment failure 
mechanisms, and recommended procedures for evaluating the strength of the embedment are dis- 
cussed. The recommended procedures for evaluating the strength of the embedment are based on 
the provisions of ACI 349-85 [4] and TT'A DS-CI .7.1 [5], and on the recommendations of Doerr and 
Klingner [2]. 

This chapter is not meant to provide an extensive review of the results from previous 
experimental studies dealing with the strength of embedments. The evaluation of the strength of 
the embedment was not the objective of this study. Previous experimental studies dealing with the 
strength of the embedment are noted in this chapter, but specific results are not discussed. 

3.2 Embedmen t  Design Cr i t e r i a  for Ducti le  Connections 

A ductile connection is a connection that is sufficiently embedded so that failure occurs 
by yielding and fracture of the steel. Although existing design documents [4,5] agree with this 
statement, specific embedment design criteria for ductile connections are not well defined. 

In this study, the embedment design criterion for ductile connections is to require that the 
design strength of the embedment exceed the average strength of the steel. 

For a single-anchor connection in tension this criterion is represented by: 

where: 4 = strength reduction factor applied to the nominal strength of the embedment 

T, = nominal tensile strength of the embedment, as defined in Section 3.3 

T U t  = A, Fut, average tensile strength of the steel as defined by Eq. (2-1) 

For a single-anchor connection in shear this criterion is represented by: 

Ve = nominal shear strength of the embedment as defined in Section 3.4 

Vui = r A, Fut, average shear strength of the steel as defined by Eq. (2-3) 

For a multiple-anchor connection subjected to moment, axial load, and shear the appli- 
cation of embedment design criteria for ductile connections is not obvious. The embedment design 



criteria represented by Eq. (3-1) and Eq. (3-2) can be applied to both single-anchor and multiple- 
anchor connections if anchors are separated into two categories: 

1) Ten.sion-Anch.ors: A tension-anchor is any anchor that is assumed to transfer tensile forces 
from the steel to the concrete. 

2) Sh.ear-An.chors: A shear-anchor is any anchor that is assumed to transfer shear forces from 
the steel to the concrete. 

An individual anchor in a connection can be a tension-anchor, a shear-anchor, or both. 
This applies to both single-anchor connections and multiple-anchor connections. 

The embedment design criterion for ductile connections with tension, as represented by Eq. 
(3-I), can be applied to both single-anchor and multiple- anchor connections if the nominal tensile 
strength of the embedment, T,, and the average tensile strength of the steel, Tur, are computed 
based on all the tension-anchors in the connection. 

The embedment design criterion for ductile connections with shear, as represented by Eq. 
(3-2), can be applied to both single-anchor and multiple- anchor connections if the nominal shear 
strength of the embedment, V', and the average tensile strength of the steel, Vut, are computed 
based on all the shear-anchors in the connection. 

Section 3.3 details the procedures for calculating the nominal tensile strength of the em- 
bedment for both single-anchor and multiple-anchor connections. Section 3.4 details the procedures 
for calculating the nominal shear strength of the embedment for both single-anchor and multiple- 
anchor connections. The average strength of the steel is determined by Eq. (2-1) and Eq. (2-3) 
based on the number of tension-anchors and shear-anchors in the connection. 

The embedment design criteria for ductile connections as represented by Eq. (3-1) and 
Eq. (3-2) ensures steel failure prior to embedment failure. As discussed in Section 1.2, steel failure 
is preferred since it permits load redistribution and energy absorption prior to failure. 

3.3 Tensile Strength of the Embedment 

The following subsections describe the failure modes and recommended procedures for 
evaluating the nominal tensile strength of the embedment for connections with different types of 
tension-anchors. 

3.3.1 Cast-in-Place Anchors. Two embedment failure mechanisms are possible for con- 
nections with cast-in-place tension-anchors: 

1) Pulloui-Cone Failure: This embedment failure mechanism is characterized by pullout of a 



Figure 3.1 Pullout-Cone Failure 
. ~ 

tensile strength of the concrete cone. Fig. 3.1 shows a typical pullout-cone failure for a 
connection with a single cast-in-place tension-anchor. 

2) Blowout-Cone Failure: This embedment failure mechanism is characterized by blowout of 
a cone of concrete radiating from the embedded head of the anchor to the free edge of 
the concrete. The blowout-cone failure occurs when the radial bursting forces developed 
at the embedded anchor head exceed the lateral resistance of the concrete, bursting or 
splitting the concrete adjacent to the embedded head of the anchor. Fig. 3.2 shows a 
typical blowout- cone failure for a connection with a single cast-in-place tension-anchor. 

Pullout-Cone Failure 

Previous experimental studies of the pullout failure mode for cast- in-place anchors include 
Nelson Stud Welding Company [S-101, Shoup and Singleton [ I l l ,  Ollgaard, Slutter, and Fisher [IS], 
McMackin, Slutter, and Fisher [19], TVA CEB 75-32 [24], Bode and Roik [40], and Hawkins [45]. 

For design purposes the apex of the pullout cone is taken as the intersection of the anchor 
centerline with the far side of the anchor head. Fig. 3.3 shows the design pullout cone for a 

nnection with a single cast-in-place tension-anchor. The nominal tensile strength of the embedment 
is determined by applying a nominal concrete tensile strength to the projected area, Ap, of the pullout 
cone at  the surface of the concrete. The area of the anchor head is not subtracted from the projected 
area of the cone unless its area exceeds the area of a standard bolt head as given in ANSI B16.2.1, 
or of a standard nut as given in AhTSI B18.2.2. The projected area of the pullout cone is limited by 
thee intersection of the cone with any free edge of concrete. Fig. 3.3 and Fig. 3.4 show projected 
areas of the design pullout cone for a connection with a single tension-anchor. 



Figure 3.2 Blowoute-Cone Failure 

Figure 3.3 Design Pullout Cone for Cast-in-Place Anchors 
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Figure 3.4 Design Pullout Cone Limited by Free Edge 

The base angle, 0, of the pullout cone is given by: 

O = 45' for I ,  > Sinches 

@ = 28" + (3.41,)' for I ,  < 5inches 

where: I ,  = embedded length of the anchor; distance from concrete surface to bearing surface 
of anchor head 

For pullout failure of a group of cast-in-place tension-anchors the projected area of the 
failure surface, Ap, is limited by the overlap of individual tension-anchor pullout cones, by the 
intersection of the individual tension-anchor pullout cones with any free edge of concrete, and by 
the overall thickness of the concrete. Fig. 3.5 shows projected areas for overlapping cones. Fig. 3.6 
shows the projected area as limited by the concrete thickness. 

An exact calculation of the projected area of the pullout failure surface for overlapping 
ailure cones is difficult, tedious, and not justified given the inexact nature of other parameters in the 

embedment design. Marsh and Burdette [74] and Siddiqui and Beseler [75] provide design aids for 
calculating the projected area for overlapping failure cones. Appendix A provides an approximate 
method for calculating the projected area for overlapping failure cones. 

The nominal tensile strength of the embedment, T,, for connections with cast-in-place 
tension-anchors as governed by pullout-cone failure is given by: 



Figure 3.5 Projected Areas for Overlapping Cones 

Figure 3.6 Projected Areas as Limited by Concrete Thickness 



where: 

f l= square root of specified compressive strength of concrete, psi 

Ap = projected area of the failure surface as described above 

Blowout-Cone Failure 

Previous experimental studies of the blowout failure mode include Breen [15], Lee and 
Breen [16], Bailey and Burdette [25], and Hasselwander, Jirsa, and Breen [44]. 

For design purposes the apex of the blou~out cone is taken as the intersectiori of the anchor 
centerline and the bearing surface of the anchor head. The base angle, 0, of the blowout cone is 
taken as 45'. Fig. 3.7 shows the design blowout cone for a connection with a single cast-in-pla~e 
tension-anchor. The ratio of the lateral blowout force to  the applied tensile force in the anchor is 
assumed to be the same as the ratio of the lateral strain in the concrete to the longitudinal strain 
in the concrete. The ratio of lateral force to  longitudinal force is conservatively taken as 0.25. The 
nominal tensile strength of the embedment is determined by applying a nominal concrete tensile 
strength to  the projected area, A,, of the blowout cone on the free-edge surface of the concrete. 

Figure 3.7 Design Blowout Cone 
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Figure 3.8 Design Pullout Cone for Undercut Anchors 

For blowout failure of a group of cast-in-place tension-anchors the projected area, Ap, of 
the failure surface is limited by the overlap of individual tension-anchor blowout cones and by the 
intersection of the individual tension-anchor blowout cones with any free edge of concrete. 

The nominal tensile strength of the embedment, Te, for a connection with cast-in-place 
tension-anchors as governed by blowout-cone failure is given by: 

where: fi= square root of specified compressive strength of concrete, psi 

Ap = projected area of the failure surface as described above 

3.3.2 Undercut Anchors. Previous experimental studies of undercut anchbrs in tension 
include Collins and Klingner [I], TVA CEB 80-64 [34], Stethen and Burdette [35], Burdette [3G], 
and Burdette, Perry, and Funk [42]. 

The embedment failure mechanisms for connections with undercut tension-anchors are the 
same as for connections with cast-in-place tension- anchors. For design purposes the apex of the 
pullout cone for undercut anchors is taken as the intersection of the anchor centerline with the far 
side of the expansion device. Fig. 3.8 shows the design pullout cone for a connection with a single 
undercut tension-anchor. The provisions of Subsection 3.3.1 are used to determine the nominal 
tensile strength of the embedment for connections with undercut tension-anchors. 



3.3.3 Adhesive Anchors. Previous experimental studies of adhesive anchors in tension 
include Collins. and Klingner [I], Doerr and Klingner [2], TVA CEB 80-64 1341, and Stethen and 
Burdette [35]. 

Two embedmeni failure mechanisms are possible for connections with adhesive tension- 
anchors: 

1) Plug/Cone-Pullout Failure: For fully bonded anchors the embedment failure mechanism is 
characterized by pullout of an adhesive plug with a shallow concrete cone. A fully bonded 
anchor is bonded along the entire embedded length of the anchor. Fig. 3.9 shows a typical 
plug/cone-pullout failure for a connection with a single adhesive tension-anchor. 

Figure 3.9 Plug/Cone-Pullout Failure 

2) Plug-Pullout Failure: For partially bonded anchors the embedment failure mechanism is 
characterized by pullout of an adhesive plug. A partially bonded anchor is intentionally 
debonded a t  the top portion of its embedded length (usually over a length of about 2"). 
This type of failure can also occur when the adhesive is improperly mixed or cured. If 
proper adhesive preparation is ensured by field testing and inspection, a plug-pullout failure 

for a connection with a single adhesive tension-anchor. 

There is virtually no difference between the strength of a fully bonded anchor failing by 
plug/cone-pullout, and that  of a partially bonded anchor of the same embedment depth failing by 
plug-pullou t. 



Figure 3.10 Plug-Pullout Failure 

The nominal tensile strength of the embedment, Te, for a connection with adhesive tension- 
anchors spaced greater than or equal to 6 inches apart is given by: 

Te = n(?r d;.' uo / A') t a n h ( A 1  ( I ,  - 2) / a) 
where: n = number of adhesive tension-anchors in the connection 

dh = nominal diameter of the hole 

uo = specified bond strength of adhesive, psi 

A' = specified elastic property of adhesive, psi. 

1, = embedded length of the anchor 

NOTE: For s < 8", T, = 85% of that given by Eq. (3-5) 

3.3.4 Grouted Anchors. Previous experimental studies of grouted anchors in tension 
include Collins and Klingner [I], Conrad 1171, Cones 1371, and Elfgren, Broms, Cederwall, and 
Gylltoft [39]. 

Four embedment failure mechanisms are possible for connections with grouted tension- 
anchors: 

1) Pullout of a concrete cone, as with a pullout-cone failure of a connection with cast-in-place 
tension-anchors. 



2) Blowout of a concrete cone, as with s blowout-cone failure of a connection with cast-in- 
place tension-anchors. 

3) Pullout of a grout plug and shallow cone of concrete, as with a plug/cone-pullout failure 
of a connection with adhesive tension-anchors. 

4) Pullout of the grout plug, as with a plug-pullout failure of a connection with adhesive 
tension-anchors. 

The provisions of Subsection 3.3.1 and Subsection 3.3.3 are used to determine the nomi~~al  
tensile strength of the embedment for connections with grouted tension-anchors. 

. 3.3.5 Expansion Anchors. Previous experimental studies of expansion anchors in tension 
include Collins and Klingner [I], TVA CEB 75-32 [24], TVA CEB 80-64 [34], Stethen and Burdette 
[35], Ghodsi and Breen [38], Schwartz [41], Eligehausen [43], and Dusel and Harrington [46]. A paper 
by Meinheit and Heidbrink [76] provides a. general discussion of the behavior of expansion anchors. 

Three embedment failure mechanisms are possible for connections with expansion tension- 
anchors: 

1) Pullout of a concrete cone, as with a pullout-cone failure of a connection with undercut 
tension-anchors. 

2) Blowout of a concrete cone, as with a blowout-cone failure of a connection with cast-in- 
place tension-anchors. 

3) Excessive slip of the ancho; followed by pullout of a shallow cone of concrete. Fig. 3.11 
shows a typical slip/cone failure for a connection with a single expansion tension-anchor. 
Excessive slip of the anchor is defined as a slip greater than 5% of the embedded length 
after installation. A slip greater than 5% reduces the pullout-cone strength as defined in 
Subsection 3.3.1 by more than 10% 

All expansion anchors must be tested to determine the governing embedment failure mecha- 
nism. Only those expansion anchors which can be shown to fail by pullout-cone failure are acceptable 
for use in ductile connections. 

For expansion anchors which can be shown to fail by pullout-cone failure, the nominal 
tensile strength of the embedment is calculated by the methods of Subsection 3.3.1 using the same 
design pullout cone as for an undercut tension-anchor. 

3.4 Shear Strength of the Embedment 

The shear strength of the embedment is determined in the same manner for all types of 
anchors. Two embedment failure mechanisms are possible for connections with shear-anchors: 

1) Pryout-Cone Failure: This embedment failure mechanism occurs when anchors are loaded 
in shear away from a free edge of concrete. This embedment failure mechanism is charac- 
terized by prying loose a cone of concrete on the side of the anchor away from the load. 
Fig. 3.12 shows a typical pryout- cone failure for a connection with a single shear-anchor. 



Figure 3.11 Excessive Slip Failure with Shallow Pullout Cone 

Figure 3.12 Pryout Cone Failure 



2) Pushout-Cone Failure: This embedment failure mechanism occurs when anchors are loaded 
in shear near a free edge of concrete. This embedment failure mechanism is characterized 
by pushout of a cone of concrete radiating from the centerline of the anchor a t  the surface 
of the concrete t o  the free edge. Fig. 3.13 shows a typical pushout-cone failure for a 
connection with a single shear-anchor. 

Figure 3.13 Pushout Cone Failure 

Pryout-Cone Fai lure  

Previous experimental studies of the pryout-cone failure mechanism include Shoup and 
Singleton [I l l ,  Ollgaard, Slutter, and Fisher 1181, McMackin, Slutter, and Fisher [19], TVA CEB 
75-32 [24], and Hawkins [35]. 

The  nominal shear strength of the embedment, V,, as governed by pryout-cone failure, is 
assumed t o  equal the nominal tensile strength of the embedment, T,, as determined by Eq. (3-3) or 
Eq. (3-5) as applicable: 



Pushout-Cone Fai lure  

Previous esperimental studies of the pushout-cone failure mechanism include Bailey and 
Burdette [25], Swirsky, Dusel, Crozier, Stoker, and Nordlin [29], Klingner, hIendonca, and hlalili 
[31], and Armstrong, Klingner, and Steves [51]. 

For design purposes the apex of the pushout cone is taken as the intersection of the anchor 
centerline with the surface of the concrete. The base angle, 0, oi the pushout cone is taken as 45". 
Fig. 3.14 shows the design pushout cone for a single shear-anchor near a free edge. The no~;.inal 
shear strength of the embedment is determined by applying a nominal concrete tensilc streng:ll to 
the projected area, A,, of the pushout cone at the free- edge surface of the concrete. The projected 
area of the pushout cone is limited by the intersection of the cone with any other free edges of the 
concrete. 

Figure 3.14 Design Pushout Cone 

For pushout failure of a group of shear-anchors the projected area, Ap, of the failure surface 
is limited by the overlap of individual anchor pushout cones and by the intersection of the individual 
anchor pushout cones with any free edge of concrete. 

The nominal shear strength of the embedment, V,, for connections with shear-anchors as 

where: f l= square root of specified compressive strength of concrete, psi 

A, = projected area of the failure surface as described above 



3.5 Bearing Strength of the Embedment 

The bearing strength of the embedment refers to the bearing strength of the concrete. It  
can be divided into two categories: 

1) Anchor Bea7in.g: This includes bearing of the embedded hea.d of the anchor a.gahst the 
surrounding concrete, and bearing of the anchor shank against the concrete near the surface 
of the concrete for anchors in shear. Anchor bearing is discussed in Subsection 3.5.1. 

2)  Baseplate Bearing: This involves the bearing of the baseplate on the surface of the concrete 
due to moment and axial load. Baseplate bearing is discussed in Subsection 3.5.2. 

3.5.1 Anchor Bearing. The results of numerous experimental studies have shown that 
bearing at the embedded head of an anchor is not a design consideration if the size of the anchor 
head is no less than that of a standard bolt head as given in AATSI B18.2.1 or standard nut as given 
in ANSI B18.2.2. The effect of concrete confinement allows very high bearing forces to develop with 
no adverse affect on the strength of the anchor. 

Experimental studies of anchors in shear have shown that beading failure of the embedment 
(concrete) near the surface of the concrete occurs but does not limit the shear strength of the anchor. 
As noted by Marsh and Burdette [74] bearing failure of the concrete is confined to a depth of roughly 
one-fourth the anchor diameter. The bearing failure is characterized by crushing and spalling of the 
concrete within this linited depth. Fig. 2.2 shows this type of bearing failure in the concrete. The 
shear force in the anchor is transferred to the embedment below the zone of crushed and spalled 
concrete. 

3.5.2 Baseplate Bearing. Bearing of the baseplate on the s~rface of the concrete should 
not cause failure of the supporting concrete. For maintaining the overall bearing integrity of the 
supporting concrete, the actual distribution of bearing stress is much less important than the re- 
quirement that the compressive reaction not cause splitting failure of unconfined concrete. Current 
design procedures do not adequately address this failure mode for steel- to-concrete connections with 
moment or moment and axial load. 

Although experimental results from tests on baseplates with moment or moment and axial 
load are available [47-561, very little correlation of the results with the bearing strength of the 
embedment have been made. DeWolf and Sarisley [52], who did investigate bearing, conclude that 
the effects of concrete confinement and baseplate flexibility are important but that further research 
is necessary. 

ACI349-85 [4] and the AISC LRPD Specification [6] use the same procedure for evaluating 
bearing strength of the embedment for baseplates. This procedure was developed for checking 
bearing of axially loaded column baseplates on piers. The design bearing strength of the embedment 

where: 



4 = strength reduction factor for concrete in bearing 

f: = specified compressive strength of concrete, psi 

A1 = loaded area 

A2 = maximum area of the portion of the supporting surface that is geometrically 
similar t o  and concentric with the loaded area 

For connections with moment or moment and axial load the loa,ded area, A1, is not ex- 
plicitly defined. Currently, the designer must use judgment in evaluating the bearing strength of 
the embedment ior these connections. This study did not specifically address this problem but test 
results are correlated with Eq. (3-8). 

T h e  tests performed in this study were developed t o  ~reclude any type of failure in the 
supporting concrete, including failure modes associated with baseplate bearing. 



4. D E V E L O P M E N T  OF E X P E R I M E N T A L  P R O G R A M  

4.1 Objectives of Exper imenta l  P rog ram 

The behavior of a ductile multiple-anchor connection to concrete depends on a number of 
variables, including the following: 

loading (axial load, moment, shear) 

r size of the steel attachment 

size, number, location, and type of anchors 

coefficient of friction between the baseplate and the concrete 

tensionlshear interaction for a single anchor 

distribution of shear among the anchors 

distribution of tension among the anchors 

flexibility of the baseplate 

In a typical design situation only the loading is known. The job of the designer is to 
determine the size of the steel attachment and the size, number, location, and type of anchors. In 
order to complete this task, the designer must consider the effects of the last five variables. Present 
design standards [4,5,23] do not adequately address these variables. The purpose of the experimental 
program was to quantify and define these five variables for multiple-anchor connections to concrete. 

The objectives of the experimental program were: 

1) To determine the coefficient of friction between a surface mounted steel baseplate and 
hardened concrete in multiple- anchor connections. 

2) To determine tensionlshear interaction relationships for cast- in-place anchors, undercut 
anchors, and adhesive anchors in multiple-anchor connections. 

3) To determine the distribution of shear forces among anchors in multiple-anchor connec- 
tions. 

4) To determine the distribution of tension forces among anchors in multiple-anchor connec- 
tions. 

5) To determine the effect of baseplate flexibility on the behavior and design of multiple- 
anchor connections. 



4.2 Scope 

To complete the objectives of the experi 
variables not being investigated. The loading, the 
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ments were made of the eccentric shear load, V,  th 
anchor tension, T, the baseplate slip, S h ,  and the b 
connection failure was defined as  the fracture of a1 

4.3 Development of Friction Tes t s  

The purpose of the friction tests was to ( 
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shear until slip occurred. In this procedure the exte 
and the only frictional force is that existing betwee 
of friction is calculated as the shear load which pi 
force. 
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preload and/or by the forces developed to resist thc 
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n all tests. Since each of the variables being 
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r connections subjected to moment and shear 
: shear load to several types of multiple-anchor 

lowing types of tests: 
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sed for all types of tests. In each test, measure- 
eccentricity of the shear load, e, the individual 
eplate rotation, 0. For the-ultimate load tests, 
anchor. 

;ermine the coefficient of friction, p,  between a 
.-anchor connection. 

:ient of friction was evaluated by applying a 
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a1 compressive load moves with the attachment 
the baseplate and the concrete. The coefficient 
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ered from the procedure used in the previous 
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and then pulling on the attachment with an 
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e to slip between the washers under the anchor 
s applied. 



Figure 4.1 Typical loading condition and measured values - < 

In this test procedure, the total shear resistance comes from two frictional forces, shown 
' in Fig. 4.2. One frictional force occurs between the washers and the baseplate, and is equal to the 

coefficient of friction between the washer and the baseplate, p,, multipIied by the total tensile force 
in all the anchors, CT. The other frictional force develops between the baseplate and the concrete, 
and is equal to the coefficient of friction between the baseplate and the concrete, p, multiplied by 
the total compressive force across the steel/concrete interface. 

The basic principle behind the test procedure is that knowing the tension force in the 
anchors, CT, then the total compression force, C, across the steel/concrete interface is also known 
regardless of the eccentricity of the applied shear load. The condition of normal force equilibrium is 
given by: 

Substituting Eq. (4-1) gives: 



(b) Frcc Body Dingnm of B r u p L c  wib Anchor 

Figure 4.2 Frictional ic~rces on the baseplate prior to anchor bearing 

where: p = coefficient of friction between the baseplate and the concrete 

p, = coefficient of friction between the washers and the baseplate 

The coefficient of friction between the baseplate and the concrete, p ,  was determined by 
using a material with a known coefficient of friction between the washer and the baseplate, p,, in 
the friction tests. 

The coefficient of friction between the baseplate and the concrete, p, is applicable to 
connections where the anchors bear against the baseplate. 

In this situation the anchors displace with the baseplate and the only frictional force is 
between the baseplate and the concrete 

The anchors begin to bear on the baseplate when the applied shear load exceeds the 
effective frictional force of the connection. The ultimate load tests were all in this category. To 
analyze this type of connection the coefficien; of friction for steel on concrete, p, must be evaluated. 

A friction test was conducted before every ultimate load test so that a unique coefficient 
of friction could be determined for each ultimate load test. 



4.4 Developnlent of U l t i m a t e  Load Tests  

4.4.1 TweAnchor Rigid Baseplate Tests. The purpose of the two-anchor rigid baseplate 
tests was to determine the tensionlshear interaction relationship for various types of anchors. Fig. 
4.3 shows a free-body diagram of a typical tweanchor rigid baseplate specimen. i 

Figure 4.3 Free body diagram of a tweanchor rigid baseplate specimen 

Using the coefficient of friction determined by the friction test, p ,  the anchor tension, Ti, 
and applied shear, V, the amount carried by the anchors, Vl, is calculated as: 

= v - (p T I )  (4 - 3) 

where: ,u TI 5 V 

By loading at different eccentricities, several combinations of anchor tension and anchor 
shear were recorded. The results were used to determine the tension/shear interaction relationship 

anchor 



Figure 4.4 Free body diagram of a four-anchor rigid baseplate specimen 

4.4.2 Four-Anchor Rigid Baseplate Tests. The four-anchor rigid baseplate tests were 
developed to determine the distribution of shear among anchors. Fig. 4.4 shows a free-body diagram 
of a typical four-anchor rigid baseplate specimen. 

The difference between the two-anchor tests and the four-anchor tests is the contribution 
of the shear strength of the anchors on the compression side of the steel attachment. 

Individual anchor shear was not measured. By using the coefficient of friction from the 
friction test, the tension/shear interaction relationship developed from the two-anchor tests, and the 
measured values of anchor tension, the amount of shear redistribution in the connection at  failure 
can be evaluated. 

For example: If the total applied shear load at  failure is equal to the sum of the frictional 
force between the concrete and the steei: plus the pure shear strength of the anchors on the com- 
pression side of the connection, plus the residual shear strength of the t,ension-side anchors based on 
their tension/shear interaction, then full redistribution of shear has occurred in the connection. 

4.4.3 Six-Anchor Rigid Baseplate Tests. The six-anchor rigid baseplate tests were devel- 
oped to  determine the distribution of tension among the anchors, and to verify if the method of shear 
distribution determined from the four-anchor tests could be extended to a six-anchor configuration. 
Fig. 4.5 shows a free body diagram of a typical six-anchor rigid baseplate specimen. 

The difference between the six-anchor tests and the four-anchor tests was the addition of 
a middle row of anchors. From a design viewpoint this is a very inefficient location for additional 
anchors. For additional moment capacity the anchors should be placed toward the tension side of the 



Figure 4.5 Free body diagram of a six-anchor rigid baseplate specimen 

of the connection. Because the purpose of these tests was to determine the distribution of tension 
and shear in an extreme situation, the anchors were placed at the centerline of the connection. Since 
the anchor tension was measured for all anchors, the distribution of tensile forces in the connection 
was known throughout the test. 

4.4.4 Six-Anchor Flexible Baseplate Tests. The primary purpose of the six-anchor flexible 
baseplate tests was to evaluate the effects of baseplate flexibility on the location of the compressive 
resultant. A secondary purpose was to determine if the methods of predicting shear and tension 
distribution developed in the rigid baseplate tests could be extended to connections with flesible 
baseplates. 

In a rigid baseplate test there is no flexibility in the steel attachment, and the compressive 
reaction from applied moment is located at  the leading edge of the plate. In a flexible baseplate 
loaded with applied moment, the portion of the baseplate extending beyond the attached member 
bends and causes the compressive reaction to shift inward from the leading edge. Fig. 4.6 shows a 
free-body diagram of a typical six-anchor flexible baseplate specimen. Since the applied moment, 



Figure 4.6 Free body diagram of a six-anchor flexible baseplate test 

The location of the compressive reaction, as determined by Eq. (4-4), can be compared 
to what would be predicted by the various procedures given in Subsection 2.3.1. The appropriate 
method of analysis for determining the internal moment arm and the location of the compressive 
resultant for flexible baseplates can then be determined. 

4.5 Development of Test Specimens 

To study the behavior of ductile multiple-anchor connections, the test specimens were 
developed so that steel failure would occur. Anchors tested in this study included cast-in-place 
anchors, undercut anchors, and six types of adhesive anchors. Anchor material, anchor diameter, 
anchor patterns, and baseplate size were consistent with what might typically be used to connect 
a W12 steel beam to concrete. Embedment failure was precluded by using the embedment design 
provisions of ACI 349-85 [4] for cast-in-place and undercut anchors, and the results of the study by 
Collins and Klingner [l] for adhesive anchors. The provisions of ACI 349-85 [4] were also used to 
prevent flexural or shear failure of the test blocks. 

n the following subsections, information is presented on the materials, anchor patterns, 
embedment design basis, test block design basis, and baseplate design basis used in the experimental 
program. 

4.5.1 Akterials. The design basis for selecting the particular anchor material, baseplate 
material, and concrete used in this study are given below: 



1) Anchors: To produce a probable worst-case condition for redistribution of shear and ten- 
sion, the anchor material chosen was a high-strength steel wit-h no yield pla~eau. The 
material used for all types of anchors conformed to ASTM A193-B7. This material is 
commonly used by retrofit anchor manufacturers, and is mechanically equivalent to other 
high- strength steels used for connecting steel members, such as ASTM A325 and ASThll 
A354. All anchors were 518-inch diameter. 

The minimum specified tensile strength of the anchor material is 125 ksi, the minimum 
specified yield strength determined at a 0.2% oofset is 105 ksi, and the minimun~ specified 
elongation in 2 inches is 16%. The average tensile strength of the material as determined 
from 24 tests by Collins and Klingner [I] and Doerr and Klingner [2] is 31.0 kips, or 137.2 
ksi on the tensile stres, area. 

2) Baseplaies: The baseplate material for the rigid baseplate tests was ASTM A572 Grade 
50. The baseplate material for the flexible baseplate tests was ASTM A36. Both of these 
materials are commonly specified for baseplates. The important aspect of the baseplates 
was the surface condition of the bottom of the plates. To produce a probable lower bound 
to the coefficient of friction between the baseplates and the concrete, the bottom surface 
of the plates was chosen to be clean mill scale. 

3) Concrete: The concrete chosen for the experimental program was a ready-mix concrete 
designed to meet Texas SDHPT Specifications for Class C concrete. Mininlum design 
compressive strength was 3600 psi at  28 days, and minimum tensile strength (midpoint 
modulus of rupture) was 600 psi at 7 days for moist-cured specimens. 

4.5.2 Anchor Pattern. The anchor pattern chosen for the experimental study was consis- 
tent with what is required to develop the plastic moment capacity of a W12 steel beam with a yield 
strength of 36 ksi using 5/6- inch diameter ASTM A193-B7 anchors. 

The anchor patterns and baseplate dimensions were developed to ~rovide adequate clear- 
ance for a wrench or tensioning device, and to meet the minimum edge distance requirements of the 
AISC LRFD Specification [6]. The minimum distance between the steel member and the centerline 
of the 5/8-inch diameter anchors was taken as 2 inches based on the clearance requirements for 
wrenches and tensioning devices. The minimum edge distance required for 516- inch diameter an- 
chors by the AISC LRFD Specification [6] is 7/8 inch; 1 inch was used. The edge distances between 
the centerline of the anchors and the edge of the baseplate were differed slightly for the rigid base- 
plate tests and flexible baseplate tests. Fig. 4.7 shows the general anchor pattern and dimensions 
of the rigid and flexible baseplate with a W12 steel beam. 

The maximum design moment capacity of the six-anchor rigid baseplate (Fig. 4.5), as 
limited by the strength of the anchor steel, was determined using the following assumptions: 

lied moment was assumed to be at the toe of the 
plate. 

2) The tensile forces, T3, in the anchors on the compression side of the plate were assumed 
to be zero. 

3) The tensile forces in the extreme tension anchors, TI, and the middle row of anchors, Tz, 
were assumed to be at their design tensile strength. 
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Figure 4.7 General anchor pattern and baseplate dimensions (all dimensions in inches 

4) The design tensile strength of the anchors was determined using the procedures of the 
AISC LRFD Specification as given in Table 2.1. 

The maximum design moment capacity of the connection as limited by the strength of the 
anchor steel was calculated as: 

This design moment capacity is sufficient to develop the plastic moment capacity of a 
W12x22 steel beam. 



4.5.3 Embedment, Design Basis. The embedded length of the anchors was determined 
using the provisions of ACI 349-85 [4] for cast,- in-place and un~.!+rcut anchors, and using the results 
of the study by Collins and Klingner [I] for adhesive anchors. 

For the cast-in-place and undercut anchors, the required embedded length necessa.ry to 
develop the six-anchor pattern was determined to be 11 inches by the procedures of ACI 349-85 141. 

The required embedded length for adhesive anchors was determined by applying a capacit8j~ 
reduction factor, 4 ,  of 0.65 to the embedded length which typically failed the steel for single 5/S-i1~ch 
diameter ASTM A193-I37 adhesive anchors in the tests reported by Collins and Klingner [I]. Tlie 
corresponding required embedded length was determined to be 11 inches. 

Therefore an 11 inch embedded length was used for all types of anchors in all types of 
tests. 

4.5.4 Test BJock Design Basis. As shown in Fig. 4.8, a typical test block was 42 inches 
wide by 56 inches long by 24 inches deep, and was reinforced with 7-#6 bars in both the top and 
bottom face, and 12-#4 U- shaped stirrups. Cast-in-place and retrofit anchors were installed in the 
blocks on the top surface for some of the tests, and on the bottom surface for other tests. The 
anchor pattern centerline coincided with the centerline of the block. 

The blocks were designed to satisfy the minimum edge distance requirements of the anchors 
as determined by the provisions of ACI349-85 [4]. The blocks were also designed to transfer load from 
the steel attachment to the test frame and tie-down anchors in the laboratory floor. The procedures 
of ACI 349-85 [4] were used to evaluate the flexural and shear reinforcement requirements for the 
blocks. PVC sleeves were cast into the ends of the block to accommodate the tie-down anchors. 

4.5.5 Rigid Baseplate Design Basis. Although the anchor patterns ,were developed to be 
consistent with connecting a W12 steel beam, i t  was not possible, using a Wr12 member, to obtain 
rigid baseplate behavior, and also provide an adequate interface with the test frame. TO provide a 
steel attachment that would rotate as a rigid body, the attached member  as constructed of two 1 
inch plates separated by 3-1/4 inches, extending the full length of the baseplate, and welded to the 
baseplate with full-~enetration welds. The plate separation was required for attaching the horizontal 
loading arm of the test frame. Fig. 4.9 shows the steel attachment used for the rigid baseplate tests. 
The eccentricities shown in Fig. 4.9 are discussed in Subsection 4.6.2. 

The overall thickness of the baseplate was 2 inches, sufficient to prevent yielding of the 
baseplate near the attached member. The baseplate was counterbored 112 inch deep by 2-114-inches 
diameter around the anchor hole centerlines, reducing the baseplate thickness to 1-112 inches at  the 
anchors. This provided a reasonable projected anchor length above the surface of the concrete. 

The anchor holes were 7/6-inches diameter. This corresponded to a 114 inch oversize hole 
for the 516-inch diameter anchors, which is larger than the 3/16 inch oversize permitted bg the 
AISC LRFD Specification [6 ] .  The large oversize was to accommodate construction tolerances and 
to provide a probable worst case for redistribution of shear in the connection. 

4.5.6 Flexible Baseplate Design Basis. The flexible baseplate was designed to yield on the 
compression side of the baseplate, and be at  or just above yield on the tension side of the baseplate 
at  anchor failure. The particular design chosen was meant to represent a reasonable limit on plate 
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Figure 4.8 Typical test  block 
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Figure 4.9 Steel attachment for rigid baseplate tests 



flexibility. If the plate were more flexible (thinner), a plastic hinge would form on the tension side 
of the baseplate, possibly causing prying forces in the anchors. 

The six-anchor flexible baseplate dimensions were chosen based on using a 12 inch deep 
member on a 20 inch deep baseplate with the same anchor pattern as the rigid baseplate tests. The 
flexible baseplate was 2 inches longer than the rigid baseplate. The extra 2 inches in length was 
provided to increase the flexibility of the baseplate. The attached member was constructed using 
two 12 inch channel sections separated by 5-1/4 inches. The channeI separation was required for two 
1 inch plates and the horizontal loading arm of the test frame. Fig. 4.10 shows the steel attachment 
used for the flexible baseplate tests. The eccentricity shown in Fig. 4.10 is discussed in Subsection 
4.6.2. 

20" 4 rz" Dia. Hole. 
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Figure 4.10 Steel attachment for flexible baseplate tests 

The plate thickness was determined by assuming that at  ultimate a force equal to the 
yield strength of the outer row of tension anchors would be applied to the baseplate at the tension 
anchor holes. The baseplate, acting as a tip-loaded cantilever, would have to be thick enough to  
avoid the formation of a plastic hinge at  the edge of the tension flange of the attached member. The 
ffecrive width of the cantilever was taken as the plate width, b .  The design flexural strength of the . 

baseplate, $M,, was determined using the provisions of the AISC LRFD Specification [GI. Fig. 4.11 



Figure 4.11 Design basis for flexible baseplate tests 

shows the design basis for determining the thickness of the flexible baseplate. The flexible baseplate 
thickness was determined as: 

(P AJp 2 2 A, Fy d' 

Since the actual tensile forces in the anchors were expected to exceed the yield strength 
of the anchors it was considered likely that yielding would occur on the tension side of the plate for 
the 1-inch plate thickness. If prying forces did not develop for this case, then baseplate thicknesses 
determined using the method described in Subsection 2.4.1 (based on the average strength of the 
anchors rather than the yield strength), could be considered sufficient to prevent significant prying 
forces. 



Since the compressive resultant in the six-anchor test would be equal to the load in the 
four tension anchors, the 4 inch portion of the plate projecting past the compression flange was 
expected to yield. This compression- side yielding was not expected to degrade the performance of 
the attachment. As verified in the test program, this was in fact the case. 

4.6 Developnlent of Test S e t u p  

The test setup was developed to apply shear loads to the steel attachment at various 
eccentricities, and to be capable of failing the anchors at all eccentricities. 

4.6.1 Description of Test Setup. The test setup is shown schematically in Fig. 4.12. The 
test setup consisted of the following components: 

r Stccl Atkachmcnl Tor Rigid Bascplnlc Tcsu  

Loading Arm with Load Ccll 

Vertical Loading Beam 
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0 
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(Re~racts 10 Load Anchors) 
0 
0 

I I 
I 

I I 

I I 
I I \ 

\'///// 
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Figure 4.12 Schematic Diagram of Test Setup 

1) A test block, held in place by tie-down anchors in the lab floor and by the reaction block. 

2) A steel attachment, connected to the test block by the anchors to be tested. The steel 
attachment contained holes (for hardened steel pins) at  the desired shear load eccentricities. 
The holes used in this study were located over the toe of the baseplate. 

3) A concrete and steel reaction block, fixed to the laboratory floor., The reaction block 
prevented the test block from slipping, and provided a pinned-end reaction point for the 
vertical loading beam. 



4) A vertical loading beam, attached to the reaction block a t  the bottom of the beam and the 
inclined hydraulic ram at  the top of the beam by pinned-end connections. Several holes 
were provided in the vertical loading beam at the elevations corresponding to the desired 
shear load eccentricities. 

5) An inclined hydraulic ram, connected between the top of the vertical loading beam and a 
clevis on the laboratory floor by pinned-end connections. 

6) A horizontal loading arm, connected bet,ween the vertical loading beam and the steel 
attachment by pinned-end connections. The horizontal loading arm could be moved up 
or down to  provide the desired shear load eccentricity on the connection. The horizontal 
loading arm contained a load cell. 

Loads were applied to the connection by retracting the inclined hydraulic ram using dis- 
placement control. 

4.6.2 Shear Load Eccentricities. The shear load eccentricities chosen were based on the 
behavioral model for ductile multiple anchor connections presented in Chapter 6. 

The shear load eccentricities used for the test setup were developed to cover the range of 
connection behavior that is least understood. In this range of shear load eccentricities, the frictional 
shear resistance of the connection, p C, is smaller than the applied shear, and the anchors are 
utilized for shear transfer. The range of eccentricities in which the frictional shear resistance of the 
connection, exceeds the applied shear was not of interest, since the anchors in the tension zone fail 
in pure tension in such cases. 

To determine the range of shear load eccentricities in which shear is transferred by the 
anchors, it was necessary to assume a value for the coefficient of friction, p,  between steel and 
concrete. The value of the coefficient of friction, p,  was taken as 0.50. As noted in Subsection 2.3.3, 
this value represents the mean of previous test results. 

The maximum eccentricity for testing was determined by Eq. (8-7) as: 

where: e' = the minimum eccentricity for multiple- anchor connections without shear an- 
chors, i.e. the maximum eccentricity for testing 

p = the assumed value for the coefficient of friction between steel and concrete (taken 

d = the distance from the compressive reaction to the centroid of the anchors in the 
tension zone, d = 17 inches for the two-anchor and four-anchor rigid baseplate 
tests, d = (17 + 9) / 2 = 13 inches for the six-anchor rigid baseplate tests 

For the rigid baseplate, the minimum shear load eccentricity for no shear transfer in the 
anchors was determined to be around 34 inches for the two- anchor and four-anchor tests, and 26 
inches for the six-anchor tests. 



The maximum shear load eccentricity for the rigid baseplate tests was taken as 36 inches. 
Intermediate eccentricities were taken at 6 inch increments as limited by the hole spacing in the 
attachment loading plates. 

The possible shear load eccentricities for the rigid basepla.te tests were 6 inches, 12 inches, 
18 inches, 24 inches, 30 inches, and 36 inches. 

For the six-anchor flexible baseplate tests only one eccentricity was considered. The eccen- 
tricity was chosen so that all the anchors would contribute to the shear strength of the connection. 
Tliis eccentricity was determined by using an eccentricity slightly less than the minimum eccentricity, 
el1, given by Eq. (6-10). This ensured that all anchors would contributed to the shear strength of the 
connection. The ratio of the shear strength of the anchor to the tensile strength of the anchor, r ,  was 
taken as 0.65. As shown in Table 2.2, this is the largest value determined by previous experimental 
results. 

The eccentricity, e", was determined by Eq. (6-10) as: 

where: e" = the minimum eccentricity for multiple- anchor connections without combined 
tension and shear in the anchors 

n = the number of rows of anchors in the tension zone equal to 1 for the four-anchor 
pattern, and to 2 for the six- anchor pattern 

p = assumed value for the coefficient of friction between steel and concrete (taken as 
0.50) 

T = assumed value for the ratio of the shear strength of the anchor to the tensile 
strength of the anchor (taken as 0.65) 

d = the distance from the compressive reaction to the centroid of the tension anchors. 
For the six-anchor flexible baseplate this was taken as the same distance as for 
the six-anchor rigid baseplate: d = (17 + 9) / 2 = 13 inches 

For the flexible baseplate, the minimum shear load eccentricity, e", for which the anchors 
in the tension zone can be assumed to be at  their full tensile strength was determined to be around 
15  inches. A shear load eccentricity of 12 inches was used in the flexible baseplate tests to ensure 
that all anchors would contribute to the shear strength of the connection. 

4.6.3 Test Frame and Loading System. The test frame and loading system were developed - 
to transfer sufficient horizontal loads to the steel attachment to cause anchor failure for all types of 
connections. The six- anchor pattern was used as the design basis for the test frame and loading 
system. 

The eccentric shear load required to fail the six-anchor connection was taken as the lesser 
of the load necessary to cause shear failure of all the anchors in the connection, or the load neces- 
sary to cause flexural failure of the connection with all the anchors in the tension zone attaining 



their maximum tensile strength. The load necessary to cause shear failure of the connection was 
determined by using the maximum shear strength of threaded anchors as reported in previous exper- 
imental studies. The load necessary to cause shear failure of a six-anchor connection was determined 
as: 

The load necessary to cause flexural failure of a six-anchor connection was determined 
using the behavioral model for ductile multiple anchor connections presented in Chapter 9. The 
load was determined using Eq. (9-4), with e substituted for e', as: 

V = 1612 / e (in - kips) 

The design loads for the test frame and loading system were taken as the lesser of Eq. 
(45)  or Eq. ( 4 6 )  multiplied by a load factor of 1.3. The design loads, including the load factor of 
1.3, are shown in Table 4.1. The test frame was designed using the loads in Table 4.1 with the AISC 
LRFD Specification [6]. 

Table 4.1 Design Loads for Test Frame and Loading System 



An important requirement of the test setup was to maintain the horizontal orientation of 
the load acting on the steel attachment. This was accomplished by locating the pivot points of the 
test frame and steel attachment to minimize the differential vertical displacement between the two 
ends of the horizontal loading arm. The maximum theoretical deviation of the horizontal loading 
arm from horizontal was limited to less than 0 . 1 ~ .  This corresponds to a vertical load component 
less than 0.2% of the horizontal load. This is insignificant. 

4.7 Development of Test Ins t rumenta t ion  

In order to evaluate the behavior of the multiple-anchor connections it was necessary to  
develop means of measuring the eccentric shear load, V, the eccentricity of the shear load, el the 
individual anchor tension, T, the baseplate slip, 6, and the baseplate rotation, 0. 

The eccentricity of the shear load, e, could vary from 6 inch through 36 inch eccentricities 
in 6 inch increnients, because of the hole spacing. 

The deviation of the shear load eccentricities from theoretical was kept to a minimum 
by specifying q 1/32 inch tolerances on the hole locations in the steel attachment and the vertical 
loading beam. 

4.7.1 Load Measurement. The eccentric shear load, V ,  was measured by a commercially 
manufactured load cell installed in the horizontal loading arm. 

The individual anchor tension loads were measured by specially constructed anchor load 
cells and anchor load cell adapters. The overall objective in the development of the anchor load 
cells and anchor load cell adapters was to measure the anchor tension without interfering with the 
anchor behavior. 

Strain gages applied directly to the anchors were not considered since they would only give 
relative values for anchor tension and since their installation would reduce the net cross section of 
the anchor. 

Fig. 4.13 shows a schematic diagram of an anchor load cell and anchor load cell adapter. 
The anchor load cells used in the experimental program were the same as those used by Armstrong, 
Klingner, and Steves [51] in their study of highway impact barriers. The anchor load cells were 2 
inch high sections of high-strength steel tubing with a 1-inch inside diameter and a l/&inch wall 
thickness. 

The anchor load cell adapters were developed to meet the following objectives: 

1) Maintain the effective anchor projection above the surface of the concrete to what might 
be expected in a connection without load cells. 

2) Provide the same restraint at the surface of the ided by a standard nut.  

3) Provide a means for preloading the anchors with a center-hole ram so that the residual 
preload could be measured by the anchor load cells in the friction tests. 

As shown in Fig. 4.13 the anchor load cell adapters were developed to fit inside the load 
cells. The outside diameter of the anchor load cell adapters was slightly less than the inside diameter 
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first set of male threads accepted a standard 1-inch nut which bore on the load cell. The second 
set of male threads was 5/8-inches diameter and extended above the first. These threads provided 
a means of preloading the anchors with a center-hole ram in the friction tests. 

The anchor load cell adapters limited the required projection of the anchors above the 
surface of the concrete. For the rigid baseplate tests, the eflective projection of the anchors between 
the surface of the concrete and the base of the anchor load cell adapter was about 1-5/8-inches. For 
the flexible baseplate tests, the effective projection was about 1-1/8-inches. These effective anchor 
projections are what would be expected in a connection without the anchor load cells. 

The anchor load cell adapters allowed the anchors to deform as in a connection without 
the anchor load cells. 

4.7.2 Displacement and Rotation Measurement. Measurement of the baseplate slip, 6 h ,  

was required for all tests. The important slip measurement was slip relative to the surface of the 
concrete. This is shown schematically in Fig. 4.14. 

Figure 4.14 Schematic diagram of slip measurement 

Baseplate rotation, 0, for the rigid baseplate could be evaluated by measuring a single 
displacement since the plate was assumed to rotate as a rigid body on the concrete. This is shown 
schematically in Fig. 4.15. The plate rotation, 0, could be evaluated as: 



Figure 4.15 Schematic diagram of rotation measurement for rigid baseplate tests 

Baseplate rotation, 0,  for the flexible baseplate was not measured directly. Instead, the 
vertical displacement along the centerline of the baseplate was measured at several locations. This 
is shown schematically in Fig. 4.16. 
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Figure 4.16 Schematic diagram of vertical displacement measurement for flexible baseplate tests 



5. IMPLEMENTATION OF EXPERIMENTAL PROGRAM 

5.1 In t roduct ion  

All tests were conducted on the testing floor of the Ferguson Structural Engineering Labo- 
ratory at  the Balcones Research Center of the University of Texas at  Austin. This chapter contains 
a discussion of the test matrix and test designations, the concrete casting procedures, the material 
properties, the anchor installation procedures, the testing equipment, and the testing procedures. 

5.2 Test  Ma t r ix  and Test Designations 

5.2.1 Test Matrix. The test matrix is shown in Table 5.1. Three types of anchors were 
tested: cast-in-place (CIP); undercut (MI); and adhesive (Al-A6). Six different adhesives were 
included in the testing program: three epoxies (Al,  A5, A6); two polyesters (A3, A4); and one 
vinylester (A2). The specific brand names of the undercut and adhesive anchors are shown in Table 
5.1. The test matrix was developed to assess the behavior of all types of anchors, in the range of 
shear load eccentricities where connection behavior is least understood. 

One epoxy adhesive and one polyester adhesive were tested for all the anchor patterns. 
The other four adhesives were tested only in the six-anchor pattern a t  12 inch eccentricity with the 
rigid baseplate. This pattern and eccentricity were chosen to permit comparison of results for the 

., - six adhesives. 

5.2.2 Test Designations. Each rigid baseplate test was designated by the number of 
anchors in the pattern, the type of anchor, and the eccentricity of the applied shear load. For 
example: Test 6 CIP 12 refers to a six-anchor rigid baseplate test with cast-in-place anchors, loaded 
at  a 12 inch eccentricity. Test 4 A4 6 refers to a four-anchor rigid baseplate test with type A4 
adhesive anchors, loaded at  a 6 inch eccentricity. 

The test number for a flexible baseplate test is followed by an "x". For example: Test 
6 M1 12x refers to a six-anchor flexible baseplate test with undercut anchors, loaded at  a 12 inch 
eccentricity. 

5.3 Concre te  Cas t ing  

All test blocks were cast outdoors using ready-mix: concrete (Fig. 5.1). Concrete was 
placed in three lifts, each consolidated with a mechanical vibrator. After the final lift, the surface 
was screeded, trowelled, and covered with polyethylene sheets to aid in curing. Cylinders were 
cured beside the formwork and under the same conditions as the test specimens. The formwork was 
stripped and the test blocks were moved within 7 days after casting. The blocks were not tested 
until a t  least 28 days after casting. Three test blocks were cast in each of nine separate concrete 
pours. 

A form release agent was used on the forms but care was taken not to apply the release 
agent to the central portion of the bottom of the forms. This prevented contamination of the bottom 
surface of the test block in the area where the baseplate was to  be attached. 



Table 5.1 Test Matrix 

p#T?%ast4n-place anchors 
M 1  = undercut anchor by Drillco MAXIBOLT) 
A1  = adhesive anchor bv Ramset I EPCON'I 
A2 = adhesive anchor b'y Hilti HI?) 
A3 = adhesive anchor by Hilti [HvA 
A4 = adhesive anchor by Kelken K 2 LI-GROUT) 
A5 = adhesive anchor by Sika S h  GEL) 
A6 = adhesive anchor by Sika [SIKA INJECTION) 

5.4 Materials 

crete designed to meet Texas SDHPT Specifications for Class C concrete. The compressive strengths 
of 6-inch diameter x 12 inch cylinders are shown in Table 5.2. Since the three test blocks from each 
concrete pour were tested on different dates, the compressive strength at  the time of testing is shown 
as  a range in Table 5.2. 



Figure 5.1 Test Block and Forms 

Table 5.2 Concrete Cylinder Strengths 

TM 
A193-I37 threaded rod. Cast-in-place anchors were fabricated from 518-inch diameter ASTM A193- 
B7 plain rod, threaded on each end. Heavy hex nuts were used meeting the requirements of ASTM 
A563 Grade DH. Hardened steel washers meeting the requirements of ASTM F436 were used between 
the anchor load cells and the baseplate. Anchor and nut threads were in accordance with ANSI Bl8.1, 
and had Class 2A and 2B tolerances. 



As noted in Subsection 2.2.1, the average tensile strength of 5/8- inch diameter ASTM 
A193-B7 threaded anchors, as determined from 24 tests by Collins and Klingner [I] and Doerr and 
Klingner [2], is 31.0 kips with a standard deviation of 3%. In this study, ten anchors were tested 
to failure in tension, using a 60-kip universal testing machine. The results are shown in Table 5.3. 
The average tensile strength of the ten anchors was 31.2 kips, within 1% of the average tensile 
strength determined from previous studies [1,2]. As indicated by Table 5.3, there was no appreciable - - 

diflerence in tensile strength among the three types of anchors. The average tensile strength for all 
types of anchors was taken as 31.0 kips. 

Table 5.3 Anchor Tensile Strength from Universal Testing Machine. 

I Mean I 31.7 31.9 30.6 I 

TYPE OF ANCHOR or TENSILE STRENGTH (kips) 

Note: Mean for all ten tests = 31.2 kips 
Standard deviation = 3% 

5.5 Anchor  Installation 

Adhesive 
31.4 
31.0 
29.7 
31.1 
29.6 

Cast- ln-Place I Undercut 

Templates were used to install all anchors. For cast-in-place anchors, a metal template 
with holes 1/32-inch larger than the anchors was used to hold the anchors in proper position during 
concrete placement. For retrofit anchors, a drilling template constructed of two pieces of 3/4-inch 
plywood separated by two 2x6's turned edgewise was used to keep the drill in the proper position 

32.3 
31.1 

- 

and to  ensure that the hole centerlines v;ere perpendicular to the surface of the block. The holes in 
the template were slightly larger than the drill bit. 

32.5 
31.9 
31.3 

5.5.1 Cast-in-Place Anchors. Before casting, the cast- in-place anchors were placed in - 

the forms. The anchors were held in the proper position at  the proper embedded length by metal 
templates and wood bracing attached to the top of the forms (Fig. 5.2). The anchors were secured 
to the template by nuts on each side of the template, ensuring alignment of the anchor centerlines 
after the concrete u7as placed. The metal template was 1-112 inches above the surface of the concrete 
and was removed prior to final finishing of the concrete. 

5.5.2 Undercut Anchors. Undercut anchors were placed as specified by the manufacturer 
using special drilling and anchor tensioning equipment. The procedure was to drill a 1-inch diameter 
hole, which was slightly larger than the sleeve of the 5/8-inch diameter undercut anchor, and then 
too create the undercut bearing surface using a special drilling tool furnished by the manufacturer. 
The anchor was then installed in the hole, and was tensioned with an hydraulic ram to force the 



Figure 5.2 Template and Bracing for Cast-in-Place Specimens 

c a -  expansion device into the undercut hole. The hydraulic ram was then removed and the baseplate 
installed. 

5.5.3 Adhesive Anchors. Adhesive anchors were placed using procedures specified by the 
manufacturer. The following procedure was used for installation of the adhesive anchors: 

1) Anchor Preparation: Threaded rods were cut to the desired length, wire-brushed, and 
immersed in a solvent, usually methyl-ethyl-ketone. The rods were then wiped clean to 
remove any residue. 

2) Hole Prepamdion: Unless otherwise specified by the manufacturers, all holes were drilled 
with a 3/4inch bit. This hole diameter adheres to recommendations by several manu- 
facturers that the optimum hole diameter should be onIy l/&inch larger than the anchor 
diameter. A rotary hammer drill was used to drill all holes. 

All holes were cleaned using a stiff brush and a vacuum cleaner. This procedure follours 
recommendations from previous research [I]. The walls of the holes were brushed using a 
stiff bottle brush to loosen as much dust as possible. The holes were then vacuumed using 
an industrial vacuum cleaner. A long, 114 inch diameter nozzle was used to remove dust 
from the sides and bottom of hole. This procedure was continued until a gloved finger 
rubbed on the walls came out dust-free. 

3) Prepamdion of Adhesives: Temperatures in the laboratory were often high. To assure that 
the adhesives were placed under favorable conditions, the adhesives were refrigerated prior 
to preparation. The adhesives were supplied in three forms of packaging: 



a) Automatic "gun" type applicators 

b) Two-component systems, mixed by hand 

c) Glass capsules 

The  epoxy adhesives came either in the "gun" type applicator, or with the resin and cata- 
lyst in separate containers. The vinylester adhesive also came in a "gun" type applicator. 
Those adhesives which were supplied with a "gun" applicator. did not require careful pro- 
portioning and mixing. Care was taken, however, to  discard the first part of each package 
by pumping adhesive onto a paper towel until an even mixture was noted. When hand 
mixing was required, the two component systems were carefully measured according to 
manufacturers recommendations. Once proportioned, the components were mixed using a 
"Jiffy Paint Mixcr," turned by a rotary drill a t  the rate and for the time specified by the 
adhesive manufzcturer. 

Tile polyester adhesives were supplied either in the form of asglass capsule, or as a two- 
component resin and catalyst system. No preparation of adhesive was necessary with the 
glass capsules. The two-componen t system contained a premeasured package of catalyst 
and a can of resin. The entire package of catalyst was added to a full can of resin and 
,mixed by hand. 

4) Placenzent of Anchors: All anchors were placed vertically. The adhesive was placed in the 
hole, and the threaded rod was inserted into the adhesive filled hole. Mixed adhesive was 
poured into the hole, filling it about 1/3 to 1/2 full. The "gun" type adhesives were placed 
by starting at  the bottom of the hole and slowly moving the gun upward until the hole 
was 112 to 113 full. Threaded rods were slowly pushed into the adhesive filled hole while 
being rotated. Excess adhesive was removed from the concrete surface. 

To place anchors with the glass capsule adhesive, the glass capsule was inserted into the 
hole. The threaded rod, having an angled tip, was forced into the hole with a rotary drill 
t o  break the capsule and mix the resin and catalyst components. Mixing and instaIlation 
were complete when the anchor touched the bottom of the hole. 

5) Curing: All adhesive anchors were cured at  room temperature for 7 days before testing, 
except when a shorter curing time was requested by the manufacturer. 

5.6 Test Equipment 

5.6.1 Test Setup. The test setup for a typical rigid baseplate test is shown in Fig. 5.3. 

The  hydraulic loading system is shown schematically in Fig. 5.4. Loads were applied 
sing a 8-inch bore Miller hydraulic ram, powered at 3000 psi by hydraulic fluid, a 3-gpm pump, a 

line tamer, and a servovalve. The servovalve was controlled by a Pegasus 5100 Series Mini Servo- 
controller, operated manually under displacement control, using a 12 inch linear potentiometer 
attached t o  the inclined hydraulic ram. Tests were conducted under displacement control t o  permit 
evaluation of descending-branch behavior. 



Figure 5.3 Test Setup for a Typical Rigid Baseplate Test 
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Figure 5.4 Schematic Diagram of Hydraulic Loading System 



5.6.2 Instrumentation. The eccentric shear load was measured with a Lebow 150-kip load 
cell, installed a t  the center of the horizontal loading arm, and placed in tension for all tests. The 
load cell was calibrated in a 600-kip universal testing machine. At a 99% confidence interval the 
load cell was accurate to within rt 0.5 kips at  the rated load capacity. 

The anchor tension was measured by the anchor load cells (Fig. 5.5). Each anchor load 
cell consisted of four strain gages connected to form a full bridge and mounted on high-strength 
mechanical tubing. The anchor load cells were calibrated frequently during the testing program 
total of 16 calibration tests were performed on each of the six anchor load cells. In each test 
load cells were subjected to a maximum load of 33 kips in four loading steps. A t  a 95% confide 

val the load cells were accurate to within f 1.8 kips a t  the maximum load, a t  a 99% con 
val they were accurate to within f 2.5 kips a t  the maximum load. 

fide 
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Figure 5.5 Anchor Load Cell and Adapter 

Displacements were recorded using linear potentiometers (Fig. 5.6 and -Fig. 5.7). All 
potentiometers were calibrated for 2 inches of travel except for the potentiometer used for vertical 
displacement in the rigid baseplate tests which was calibrated for 6 inches of travel. All potentiometer 
calibrations were verified at the start of each test. 

5.6.3 Data Acquisition and Reduction. The loads and displacements for all tests were 
recorded using a Hewlett-Packard data acquisition system, and then converted to engineering units 
and stored using a program developed at the Ferguson Structural Engineering Laboratory and an 
IBM PGAT compatible microcomputer. Data recorded by this system was obtained immediately 



Figure 5.6 Instrumentation used for rigid-baseplate tests 

Figure 5.7 Instrumentation used for flexible baseplate tests 



(less than 1 second), 
acquisition system is 

after an displacement increment was imposed on the attachment. This data 
referred to as "HP DAS" in the following chapters. 

For some tests, data was also recorded continuously (three readings per second). These 
data were recorded by either one or two Hewlett-Packard 7090 Plotters, and were transferred to an 
IBM PC-AT compatible microcomputer. This data acquisition system is referred to as "HP Plotter" 
in the following chapters. 

Microcomputer data files from both acquisition systems were reduced and plotted using 
the SuperCalc4 spreadsheet program with an IBM PGAT compatible microcomputer. 

5.7 Test  Procedures  

The test procedures described in this section are typical. The same rigid baseplate at- 
tachment was used for all the rigid baseplate tests. Individual flexible baseplate attachments were 
fabricated for the three flexible baseplate tests. 

5.7.1 Friction Tests. Two types of friction tests were performed: 

1) Tests with the compressive force spread over the baseplate. This was accomplished by 
preloading the corner anchors and loading the connection at a low eccentricity (6-inch). 
This type of test is referred to as an "All" test in the following chapters. 

2) Tests with the compressive force concentrated on the leading edge, or toe, of the baseplate. 
This was accomplished by two methods: 

a) Preloading only the corner anchors near the toe of the baseplate and loading the 
connection at  a low eccentricity (6-inch). This is referred to as a "Toe" test in 
the following chapters. 

b) Loading the connection at a high eccentricity (30 inch or 36 inch) with no preload 
in the anchors. This is referred to  as a LLToe+" test in the following chapters. 
This type of test provided an upper limit on the coefficient of friction rather 
than an absolute value since the tensile forces in the anchors were dependent on 
the applied moment. If the connection slipped a t  a certain eccentricity then the 
actual coefficient must be lower than that determined by p = V / CT. 

A typical friction test involved the following steps: 

1) Install the steel attachment so that the maximum possible slip, could be obtained during 
the test. This was accomplished by installing the attachment so that the anchors contacted 
the side of the anchor holes toward the applied load. Misalignment of the anchors in some 
of the specimens limited the maximum possible slip. The anchors in two specimens were 
so poorly aligned that no slip was possible, and a friction test was not performe 

2) Install 1/32-inch thick teflon washers or lubricated washers over the 518-inch anchors. 
Teflon washers were used for the fist 31 friction tests. These washers had a specified 
coefficient of friction of p, = 0.04. Lubricated washers were used in the last 13 friction tests. 
The lubricant used was a special anti-seize lubricant for bolting materials manufactured 



by Pel-Pro Incorporated of Skokie, Illinois. The lubricant had a specified coefficient of 
friction of p, = 0.10. 

3) Install the anchor load cell adapters, anchor load cells, and 1-inch nuts. Record the zero- 
load values for the anchor load cells. 

4) Preload the anchors as required for the type of friction test being performed, using a center- 
hole hydraulic ram. This was accomplished by using an adapter with a female 518-inch 
diameter thread which fit through the center-hole ram and screwed onto the male 518- 
inch diameter thread of the anchor load cell adapter. The hydraulic ram was supported 
partially by the baseplate and partially by the concrete. The anchors were tensioned to 
about 80% of specified minimum yield. The 1-inch nuts were finger-tightened against 
the load cells, and the preload provided by the hydraulic ram was released. The residual 
preload in the anchors was recorded. The residual preload in the anchors was between 40% 
and 70% of the applied preload. Most of the preload loss appeared to be due to rocking 
of the baseplate on the surface oi the concrete. Undercut anchors retained more preload 
than cast-in-place or adhesive anchors, due to their longer unrestrained length and more 
uniform cross section. 

5) Install the horizontal displa.cement potentiometer and the horizontal loading arm with the 
main load cell. The horizontal loading arm was typically installed at the 6-inch eccentricity. 
Record the zero-displacement and zero-load values for the potentiometer and the main load 
cell. 

6) Apply displacements increments to the attachment by retracting the inclined hydraulic 
ram. The eccentric shear load, the slip, and the anchor tension were measured continuously 
and/or immediately after each displacement increment. 

7) Remove the horizontal loading arm, the anchor preload, the anchor load cells, and the 
anchor load cell adapters. 

5.7.2 Ultimate Load Tests. A typical ultimate load test, with either a rigid baseplate or 
a flexible baseplate, involved the following steps: 

1) Position the baseplate so that the anchors would contact the sides of the anchor holes away 
from the applied load. This ensured that some of the anchors would be in bearing at the 
start of the test. 

2) Install the anchor load cell adapters, the anchor load cells, the 1-inch nuts, the horizontal 
loading arm, and the displacement potentiometers. Finger-tighten the 1-inch nuts. Record 
the zero-load and zero-displacement values for all load cells and potentiometers. 

3) Apply displacement increments to the attachment by retracting the inclined hydraulic 
ram until an anchor fractured. The eccentric shear load, the anchor tension, and the 
horizontal and rotational displacements of the baseplate were measured immediately (less 
than 1 second), after each displacement increment. The displacement was incremented 
about every 30 seconds. Displacement increments were kept fairly constant throughout 
the test. A total of 40 to 50 displacement increments were applied in each test. In the 
latter portion of each test, the eccentric shear load was measured continuously as well a s  



after each displacement increment. Anchor failure was determined audibly, visually, and 
instrumentally. 

4) Remove the horizontal loading arm, the anchor load cells, the anchor load cell adapters, 
the potentiometers, and the steel attachment. 

5) Inspect the concrete surface and anchors. The concrete surface was inspected ior spalling 
and crushing around the anchors and for the contact area between the baseplate and t h ~  
.concrete. The anchors which did not fracture were inspected for signs of yielding. A 
written and photographic record was made of each ultimate load test. 



6. TEST RESULTS 

6.1 In t roduct ion  

In this chapter, tabular summaries of test results, typical graphical results, and test ob- 
servations for all tests are presented. 

6.2 Frict ion Tests 

Test results presented in this section are for the coefficient of friction, p ,  between a steel 
baseplate and hardened concrete. Test results for the coefficient of friction, p ,  were determined by 
the method discussed in Section 4.3. 

Table 6.1 shows the maximum values of the coefficient of friction recorded by the HP 
Plotter and the HP DAS for tests in which both data acquisition systems were used. Fig. 6.1 shows 
typical results for the coefficient of friction plotted against baseplate slip as recorded by the two 
data acquisition systems. As shown in Table 6.1 and Fig. 6.1, there was essentially no difference 
in the results recorded by the two systems. The results recorded by the HP DAS are used in the 
remainder of this section, and in the discussion of friction test results in Chapter 7. 

The results of the 44 friction tests performed in this study are shown in Table 6.2. Fig. 
6.2 shows typical high and low results for the coefficient of friction plotted against baseplate slip 
(Mu-vs-Slip diagram). Mu-vs-Slip diagrams for other friction tests are presented in Appendix B. 

The maximum, mean, and minimum values of the coefficient of friction shown in Table 6.2 
are based on the following: 

1) The maximum value of the coefficient of friction is the peak value recorded during the 
friction test. 

2) The "mean" value of the coefficient of friction is the average of all the data points after 
the first significant slip occurred. The first significant slip was defined as the point where 
the slope of the Mu-vs-Slip diagram became less than 5 /inch. This data point is circled in 
the Mu- vs-Slip diagrams of Fig. 6.2 and Appendix B. This somewhat arbitrary definition 
of first slip was necessary since several tests did not exhibit a distinct point of first slip. 
The "mean" value is not the average of the maximum and minimum values. 

3) The minimum value of the coefficient of friction is the lowest value recorded after the first 

he type of friction 
test. The effects of these variables are discussed in Chapter 7. 

In all types of friction tests, application of the eccentric shear load forced the centroid of 
the compressive force toward the leading edge, or toe, of the baseplate. This was especially true for 
friction tests where the compressive force was intentionally concentrated toward the leading edge 
prior to applying the shear load (the "toe" and "toe*" tests as described in Subsection 5.7.1). 



Table 6.1 
Allaximum Coefficent of Friction Recorded on Separate 

Data Acquisition Systems 

Maximum Recaded Coefficient of Friction 

2 A4 36 .23 .22 .O1 

4 CIP 6 .48 .48 .OO 
4 CIP 12 .45 .44 .01 
4 A1 12  .41 .40 .O1 
4 A4 12 -51 .51 .DO 
4 M I  12 .66 .63 .03 
4 CIP 18  .36 .36 .OO 
4 A1  18 .59 .58 .O1 
4 A4 18 .36 .36 .OO 
4 CIP 24 .59 .61 .02 

6 CIP 12 .51 .51 .OO 
6 A4 12 .63 .62 .O l  
6 A5 12 .37 .37 .OO 

2 M I 1 2  
2 CIP 18  
2 A1  18  
2 A4 24 
2 CIP 30 
2 CIP 36 

6.3 Ul t ima te  Load Tests 

.38 

.43 

.40 

.55 

.48 

.40 

6 CIP 18 

6 A1 12X 
6 A4 12X 

All ultimate-load specimens failed by yielding and fracture of the anchors. The strength 
of the connection was limited by the strength of the steel in all tests. 

able 6.3 shows the maximum values of the applied shear load recorded by the HP Plotter 
and the HP DAS for those tests in which both data acquisition systems were used. As shown in 
Table 6.3, the maximum shear loads recorded by the HP Plotter were slightly higher than those 
recorded by the HP DAS (6% in one test and less than 2% in the others). The loads recorded by the 
H P  Plotter better represent the maximum shear load carried by the connections since this s!aLem 
recorded data continuously (3 readings per second) during the last displacement increment. For 
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(a) Results Recorded by HP DAS 
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(b) Results Recorded by HP Plotter 

Figure 6.1 Typical Results for Mu-vs-Slip Recorded by the HP DAS and by the HP Plotter Data 
Acquisition Systems 



Table 6.2 Summary of Friction Tests 

I SUMMARY O F  FRICTION T E S T S  I 

Test No. 

2 CIP 6 
2 A 1  6 
2 M I  6 
2 CIP 12 
2 A1 12 
2 A4 12 
2 M 1  12 
2 CIP 18 
2 Al 18 
2 M 1  18 
2 CIP 24 
2 A4 24 

2 M I  24 
2 CIP 30 
2 MI 30 
2 CIP 36 
2 A4 36 
2 M I  36 

4 CIP 6 

4 A1 6 
4 A4 6 
4 MI 6 
4 CIP 12 
4 A1 12 
4 A4 12 
4 MI  12 
4 CIP 18 
4 A l  18 
4 A4 I8 
4 M I  18 
4 CIP 24 

6 CIP 6 
6 M I  6 
6 CIP 12 
6 A1 12 
6 A2 12 
6 A3 12 
6 A4 12 
6 A5 12 
6 A6 12 
6 M I  12 
6 CIP 18 
6 MI 18 
6 A1 12): 
6 A4 12X 
6 M I  12X 

Total  Number 
Friction Tests 

Note: "All" represents tests with all the  corner anchors preloaded, "Toe" represents tests with only the anchors on 

t h e  leading edge preloaded, " ~ o e * "  rcpresentr tests at high eccentricities without preload, and a relcrcnce to  
a n o t h e r  test means tha t  both tests were conductcd on the same suriace of the same block. 

Seq. 
Test  
No. 

8 
24 
28 
3 
25 
26 
27 
I4 
12 
37 
1 
29 
30 
38 
2 

4 
23 

9 

10 
7 
32 
31 
15 
6 
20 
33 
13 
11 
21 
34 
5 

36 
41 
17 
35 

22 
19 
18 
40 
16 
39 

of 
= 44 

Test 

Test 
Block 
Surf. 

TO P 
Bt m 
B t m  

TOP 
Btrn 
B t m  
Btrn 

TOP 
Bt m 
Btm 

TOP 
Bt rn 
Btrn 
B t m  

TOP 
B t m  

TOP 
TOP 
Btrn 

TO P 
TO P 
TOP 
TOP 
B t m  

TOP 
TOP 
TO P 
Btm 

TOP 
B t m  

To P 
B t m  

TO P 

TOP 
Btm 

Top 
TOP 
TOP 
TOP 
TOP 
B t m  
Btm 
Btrn 

Top 
B t m  

TOP 
B t m  

TOP 

Variable6 

Comp. 
Force 
kips 

18 
18 
28 
18 
16 
16 
25 
11 
9 

39 
16 
16 
31 
36 
17 

18 
18 

20 
15 
23 
20 
28 
29 
31 
20 
40 
29 
22 
26 
34 
24 

40 
27 
22 
40 

30 
15 
16 
40 
20 
29 
18 

16 
40 

Type 

Teal Of 

All 
A11 
All 
All 
All 
All 
All 
All 
All 
Toe 
All 
All 
Toe 
~ o e *  
All 

6 MI 18 
All 
All 

4 M I  18 

All 
~ o e *  
All 
Toe 
Toe 
All 
All 
All 
Toe 
All 
All 
A11 
Toe 
All 

All 
Toe 
All 
All 

No Test 
No Test 

All 
All 
All 
Toe 
All 
Toe 
All 
All 
All 

Average 
Std. Dev. 

Cocfiicient 

mean 

.46 

.36 

.36 

.38 

.3C 

.4:1 

.3P 

.311 

.96 

.4? 

.36 

.50 

.43 

.48 

.47 

.37 
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.37 
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.35 

.41 

.37 

.47 
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.34 
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.32 
.57 
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.27 
-57 
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.31 

.58 

.36 

.49 

.58 

.44 

.4 i 
.48 

.33 

.30 

.43 
.09 

max ' 

.50 

.39 

.42 

.41 

.38 

.49 

.37 

.43 

.38 

.42 

.39 

.55 

.43 
4 
.48 

.39 

.22 

.48 

.41 

.41 

.57 

.37 

.44 

.40 

.51 

.63 

.36 

.58 

.36 

.62 

.61 

.32 

.61 

.51 

.33 

.62 

.37 

.52 

.60 

.47 
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.50 
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.32 

.46 
.I0 
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Figure 6.2 Typical High and Low Values for the Coefficient of Friction 



Table 6.3 
Maximum Recorded Applied Load on Separate Data Acquisition Systems 

tests in which both systems were used, the maximum shear loads recorded by the HP Plotter are 
used in the remainder of this section and in succeeding chapters. The maximum shear load for other 
tests, the anchor tensile forces, and displacements were recorded with the HP DAS. 

r 

Test No. 

r 

2 M 1 6  
2 CIP 12 
2 A1  12 
2 M I  12 
2 A1 18 
2 M I  18 
2 M I  24 
2 A4 36 
2 M I 3 6  
4 CIP 6 
4 A4 6 
4 M 1  6 
4 A4 12 
4 M I 1 2  
4 CIP 18 
4 A4 18 
4 M I  18 
6 CIP 6 
6 M 1 6  
6 CIP 12 
6 A 1  12 
6 A2 12 
6 A3 12 
6 A4 12 
6 A5 12 
6 A6 12 
6 M I  12 
6 CIP 18 
6 A 1  12X 
6 A4 12X 
6 M I  12X 

Load-vs-Displacement diagrams are presented in this section and in Appendix C. Their 
only purpose is to show the ductile behavior of connections dominated by anchor shear and also by 
anchor tension. The displacement shown in those diagrams is the total displacement at the location 
of the outer row of tension anchors. The total displacement was determined as the square root of the 
sum of the squares of the horizontal slip, 6*, and the vertical displacement, 6,, at the location of the 
outer row of tension anchors. This particular displacement was chosen since it w e  applicable to all 
tests. The applied shear load shown in those diagrams is the actual applied shear load, divided by 

Maximum Recwded Applied Load, \I (kipsIf 

Difference 

0.1 
0.3 
0.0 
0.1 
0.9 
0.3 
0.3 
0.0 
0.0 
4.4 
0.5 
0.3 
0.5 
0.2 
0.4 
0.2 
0.6 
0.6 
0.7 
0.1 
1.0 
2.3 
0.8 
1.0 
0.2 
0.1 
0.7 
0.4 
2.2 
1.0 
0.7 

HP Plotte- 

49.1 
41.1 
52.2 
55.5 
47.1 
53.9 
44.9 
29.2 
31.1 
74.4 
81.8 
86.9 
77.1 
85.9 
58.3 
58.3 
63.9 
107.8 
137.0 
123.6 
110.6 
118.6 
125.3 
120.7 
104.7 
113.8 
130.5 
86.8 
107.7 
104.8 
110.4 

HP DAS 

49.0 
40.8 
52.2 
55.4 
46.2 
53.6 
44.6 
29.2 
31.1 
70.0 
81.3 
86.6 
76.6 
85.7 
57.9 
58.1 
63.3 
107.2 
136.3 
123.5 
109.6 
116.3 
124.5 
119.7 
104.5 
113.7 
129.8 
86.4 
105.5 
103.8 
109.7 



the number of anchors in the connection. The anchor tensile forces shown those diagrams represent, 
the average tensile force in a row of anchors. 

The most important observation from the ultimate load tests that the anchors under- 
went significant inelastic deformation. Fig. 6.3 shows typical anchor deformations for cast-in-place, 
adhesive, and undercut anchors. 

As is also evident from the anchor deformations shown in Fig. 6.3, the ultimate load 
tests demonstrated that anchors transfer shear primarily by bearing. The shear-friction mechanism 
discussed in Subsection 2.2.2 was not observed. The shear friction mechanism requires that a spalled 
wedge of concrete be confined by the baseplate. The anchors on the tension side of the attachment 
did form a surface spall, but the baseplate rotated away from the spall and prevented the confinement 
required for the shear friction mechanism. The anchors on the compression side of the attachment 
did not form a surface spall. 

The anchors on the tension side of the attachment spalled the concrete to depths ranging 
from 1/4 to 1-112 inches. For cast-in-place and adhesive anchors, the spall was caused by a combined 
tensile and bearing failure of the concrete a t  the surface of the concrete. For these anchors, the 
combination of the tensile force (transferred to the concrete by the embedded anchor threads near 
the surface of the concrete), plus the bearing force of the anchor against the concrete, caused a 
shallow (112 to 1-1/2 inches), wide surface spall. The most severe case of spalling observed is shown 
in Fig. 6.4. For undercut anchors, the spall was shallow (114 to 112 inch) and was due to the anchor 
bearing force. Typical surface spalling for an undercut anchor is shown in Fig. 6.5. 

(a) Cast-in-Place Anchor 
Figure 6.3 Typical Anchor Deformations for Multiple-Anchor Baseplate Tests 



Adhesive Anchor 

(c) Undercut Anchor 
Figure 6.3 - continued 



Figure 6.4 Severe Surface Spalling for Adhesive Anchors 

In all test, the anchors on the compression side of the attachment crushed the concrete 
to a depth of 1/4 to 1/2 inch, Fig. 6.6 shows the sleeves from two undercut anchors which failed 
in shear on the compression side of the attachment. As indicated by Fig. 6.6, the applied shear 
was transferred from the anchors to the concrete by bearing, at  a depth of about 1 inch below the 
surface of the concrete. 

As expected, in the rigid baseplate tests, the compressive reaction was concentrated at  
the toe of the baseplate. The contact zone at  the toe of the plate was typically a strip 114 to 112 
inch wide, extending the full width of the baseplate. The area of the contact zone was not affected 
by the number of anchors used in the connection. In the contact zone, the surface of the concrete 
was reduced to dusty grit to a depth of about 1/32 inch. The contact zone is indicated by areas of 
lighter concrete in Figs. 6.4-6.6. The areas of lighter concrete appear wider than 114 to 112 inch 
since they include a zone of scraped concrete caused by slip of the baseplate. 

as the baseplate slipped, due to the axial restraint provided by the anchor load cell. As shown in 
the following tables, these tensile forces are insignificant. They are somewhat suspect as well, due 
to observed inaccuracy of the anchor load cells at  low tensile loads. 

6.3.1 Two-Anchor Rigid Baseplate Tests. Table 6.4 shows values of shear load, V, anchor 
tensile forces, TI, and Tla,  horizontal slip, S h ,  and vertical displacement, 5, (at the location of the 



Figure 6.5 Typical Surface Spalling for Undercut Anchors 

tension anchors), corresponding to the ultimate shear load. The anchor tensile forces shown in bold 
face type in Table 6.4 correspond to  the anchor or anchors which failed. 

Fig. 6.7 shows a typical Load-vs-Displacement diagram for a two-anchor rigid baseplate 
test in which failure was dominated by anchor shear. Fig. 6.8 shows a typical Load-vs-Displacement 
diagram for a two-anchor rigid baseplate test in which failure was dominated by anchor tension. - 

Load-irs- Displacement diagrams for other two-anchor rigid baseplate tests are shown in Appendix 
C. 

6.3.2 Four-Anchor Rigid Baseplate Tests. Table 6.5 shows values of shear load, V, anchor 
tensile forces, TI, and Tla and Tg, and Tsa, horizontal slip, hh,  and vertical displacement, 5, (at 
the location of the tension anchors), corresponding to the ultimate shear load. The anchor tensile 
forces shown in bold face type in Table 6.5 correspond to the anchor or anchors which failed. Table 
6.5 shows that of the 13 four- anchor rigid baseplate tests performed, 5 tests failed one anchor, 6 
tests failed two anchors simultaneously, y, and 1 test failed 

ripping the threads on an ancho 

Fig. 6.9 shows a typical Load-vs-Displacement diagram for a four-anchor rigid baseplate 
test in which failure was dominated by anchor shear. Fig. 6.10 shows a typical Load-vs-Displacement 
diagram for a four-anchor rigid baseplate test in which failure was dominated by anchor tension. 
Load- vs-Displacement diagrams for other four-anchor rigid baseplate tests are shown in Appendix 
P, 



(a) Undercut Anchors Failed in Shear 

(b) Sleeves from Failed Undercut Anchors Shown in (a) 

Figure 6.6 Sleeves from Undercut anchors Failing in Shear 



Table 6.4 T ~ O - ~ n c h o r  Rigid Baseplate Test Results 

2 CIP 6 37.0 11.4 12.1 .59 .06 
2 A 1  6 11.5 I 2 M i  6 / :::? 1 :::! 1 2 . 6  1 :! 1 :I: I 

ANCHOR TENSION AND DISPLACEMENTS AT ULTIMATE LOAD' 

2 CIP 12 
2 A 1  12 
2 A4 12 
2 M I  12 

2 CIP 18 
2 A 1  18 
2 M I 1 8  

2 CIP 24 
2 A4 24 
2 M I 2 4  

Displacements2 

ph 
in. 

1 6  ~ n .  
Test 
No. 

2 CIP 36 
2 A4  36 
2 M 1 3 6  

Ultimate Anchor Tension1 

fad Tlb 
ki ps kips 

Note: 

1) TI, and Tlb are the tensile forces in  the individual anchors. Anchor tensile forces shown in bold 

face type represent the anchor or anchors which failed. 

2) b6 is the horizontal slip, and 6, is the vertical displacement at the location of the anchors, TI. 

6.3.3 SLx-Anchor Rigid Baseplate Tests. Table 6.6 shows values of shear load, V; anchor 
tensile forces, TI, and Tia, TZ4 and Tzb, and Tga and Tsb; horizontal slip, bh; and vertical displace- 
ment, kv (at the location of the outer row of tension anchors); corresponding to the ultimate shear 
load. The anchor tensile forces shown in boldface type in Table 6.6 correspond to the anchor or an- 
chors which failed. Table 6.6 shows that of the 12 six-anchor rigid baseplate tests performed, 4 tests 
failed one anchor 6 tests failed two anchors simultaneously, 1 test failed four anchors simultaneously, 

Fig. 6.11 shows a typical Load-vs-Displacement diagram for a six-anchor rigid baseplate 
test in which failure was dominated by anchor shear. Fig. 6.12 shows a typical Load-vs-Displacement 
diagram for a six-anchor rigid baseplate test in which failure was dominated by anchor tension. 
Load-vs-Displacement diagrams for other six-anchor rigid baseplate tests are shown in Appendix C. 



LOAD/DISPLACEMENT DIAGRAM 
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Figure 6.7 Typical Load-Displacement Diagram for Two-Anchor Rigid Baseplate Test Domi- 
nated by Anchor Shear 
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Figure 6.8 Typical Load-Displacement Diagram for Two-Anchor Rigid Baseplate Test Domi- 
nated by Anchor Tension 



Table 6.5 Four-Anchor Rigid Baseplate Test Results 

Note: 

ANCHOR TENSION AND DISPLACEMENTS AT ULTIMATE LOAD 

1) TI, and Tlb are the tensile forces in the anchors in the tension zone. T3, and T Q ~  are the 
tensile forces in t h e  anchors in the compression zone. Anchor tensile forces shown in bold face 
type represent the anchor or anchors which failed. 

2) 6h is the horizontal slip, and 6, is the vertical displacement at the location of the anchors in 
the tension zone, TI. 

Test 
NO. 

4 CIP 6 
4 A1 6 
4 A4 6 
4 M16 

4 CIP 12 
4 A 1  12 
4 A4 12 
4 MI12 

4 CIP 18 
4 A1 18 
4 A4 18 
4 M1 18 

4 CIP 243 

3) Anchor failed by stripping o f  threads. 

Displ." 

6.3.4 Six-Anchor Flexible Baseplate Tests. Table 6.6 shows values of shear load, V; 
anchor tensile forces, TI, and Tla, T2, and Tzb, and Tso and TSb; horizontal slip, bh; and vertical 
displacement, 6, (at the location of the outer row of tension anchors); corresponding to the ultimate 
shear load. The anchor tensile forces shown in bold face type in Table 6.7 represent the anchor or 
anchors which failed. Table 6.7 shours that of the 3 six-anchor flexible baseplate tests performed, 2 
tests failed one anchor and 1 test failed two anchors simultaneously. 

Ultimate 

kad 
kips 

74.4 
75.2 
81.8 
86.9 

76.7 
80.5 
77.1 
85.9 

58.3 
59.9 
58.3 
63.9 

40.5 

6h 
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-23 
.47 
.60 
.24 

.30 

.49 

.34 

.37 

.24 
-21 
.26 
.21 

.07 

Fig. 6.13 shows a typical load-vs-displacement diagram for a six-anchor flexible baseplate 
test. Load-vs-Displacement diagrams for other six-anchor tests flexible baseplate tests are shorn  in 
Appendix C. 

6 ,  
In. 

.07 
.08 
.14 
.09 

.19 

.14 

.13 

.25 

.40 

.33 

.66 

.79 

.20 

Fig. 6.14 shows the vertical displacements along the centerline of the baseplate for a typical 
flexible baseplate test. As shorn by Fig. 6.14, the flexible baseplates rotated about a point very 
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Figure 6.9 Typical Load-Displacement Diagram for Four-Anchor Rigid Baseplate Test Domi- 
nated by Anchor Shear 
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Table 6.6 . Six-Anchor Rigid Baseplate Test Results 

Note: 

ANCHOR TENSION AND DISPLACEMENTS AT ULTIMATE LOAD 

1) Tla and Tlb are the tensile forces in the outer row of anchors in the tension zone. Tza and 
T2* are the tensile forces in the middle row o f  anchors. Tga and TBb are the tensile forces in 
the anchors in the compression zone. Anchor tensile forces shown in bold face type represent 
the anchor or anchors which failed. 

2) Sh is the horizontal slip, and S, is the vertical displacement at the location of the outer row of 
anchors in the tension zone, T1. 

3) Anchor failed by stripping o f  threads. 

Test 
No. 

6 CIP 6 
6 M 1 6  

6 CIP 1z3 
6 A 1  12 
6 A2 12 
6 A3 12 
6 A4 12 
6 A5 12 
6 A6 12 
6 M1 12 

6 CIP 18 
6 M I 1 8  

D i ~ ~ l . ~  

near the compression flange of the attached member (the compression flange was 4 inches from the 
leading edge). 

Ult. 
Load 
V 
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107.8 
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$11 
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.39 

.27 

.33 

.30 
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.40 

.41 

.35 

.22 
.29 

Anchor Tension1 

Fig. 6.15 shows a typical contact zone for the flexible baseplate tests. As indicated by Fig. 
6.15, the actual contact zone is dependent on surface irregularities in the concrete finish. 
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Table 6.7 Six-Anchor Flexible Baseplate Test.  result^. 

Note: 

1) TI, and Tla are the  tensile forces i n  the  outer row o f  anchors i n  t h e  tension zone. T2, and 
Tza are the  tensile forces i n  the middle row o f  anchors. Tg, and TS6 are the tensile forces i n  
t h e  anchors i n  the  compression zone. Anchor tensile forces shown i n  bo ld face type represent 
the  anchor or anchors which failed. 

2) hh is the horizontal slip, and 6, is t h e  vertical displacement a t  the locat ion o f  the outer row o f  
anchors i n  the tension zone, TI. 

Tota l  D i s p l a c e m e n t  at TI A n c h o r s  ( in)  

Figure 6.13 Typical Load-Displacement Diagram for Six-Anchor Flexible Easeplate Test 
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Figure 6.14 . Typical Vertical Displacements Along the Centerline of a Flexible Baseplate 
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Figure 6.15 Typical Contact Zone for Flexible Baseplate Test 
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7. DISCUSSION OF TEST RESULTS 

7.1 Introduction 

In this chapter, the results of the experimental program are discussed. The discussion is 
organized according to the objectives of the experimental program as described in Section 4.1: 

1) To determine the coefficient of friction between a surface mounted steel baseplate and 
hardened concrete in multiple- anchor connections. 

2) To determine tension/shear interaction relationships for cast- in-place anchors, undercut 
anchors, and adhesive anchors in multiple-anchor connections. 

3) To determine the distribution of tension and shear forces in multiple-anchor connections. 

4) To determine the effect of baseplate flexibility on the behavior and design of multiple- 
anchor connections. 

7.2 Coefficient of Friction 

The purpose of the friction tests was to determine the coefficient of friction, p ,  between a 
surface mounted steel baseplate and concrete. 

7.2.1 Comparison and Analysis of Test Results. The effective coefficient of friction for 
the connection is best represented by the "mean" coefficient of friction described in Section 6.2, for 
the following reasons: The maximum and minimum values are based on single data points, while 
the "mean" value is based on a series of data points recorded after the first significant slip of the 
baseplate. The "mean" value filters out the effects of abnormally high or low data points, and 
provides a means for evaluating the coefficient of friction for specimens that did not exhibit linear 
Mu-vs-Slip behavior. As shown in Table 6.2, there is less than 10% difference between the average 
"mean" value and the average maximum and minimum values. For the above reasons the "mean" 
coefficient of friction value of Table 6.2 is used in this section. 

The frequency distribution of the "mean" coefficient of friction for the 44 friction tests is 
shown in Fig. 7.1. As indicated in Table 6.2, the average "mean" value is 0.43 with a standard 
deviation of 0.09. 

The following test variables may have affected the friction test results: 

e top and bottom 
surface of the test blocks. The top surface was hand finished, while the bottom surface was 
cast against formwork. No significant difference was observed between the results obtained 
for the 24 tests on the top surface of the blocks (average coefficient of friction = 0.41), and 
the 20 tests performed on the bottom surface of the blocks (average coefficient of friction 
= 0.44). 

2) E f fec t  of t h e  Compressive Force: The compressive force applied in the friction tests 
ranged from 9 to 40 kips. Fig 7.2 shows that the magnitude of the compressive force had 
no discernable effect on the coefficient of friction. 
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Figure 7.1 Frequency Distribution for Friction Tests 
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Figure 7.2 Effect of Compressive Force on the Coefficient of Friction 



Effect  of Previous Testing: During the course of the testing program, the contact 
surface of the rigid baseplate showed signs of wear, particularly at the toe of the plate. 
Fig. 7.3 shows a slight increase in the coefficient of friction for the last 11 iriction tests 

' 

with the rigid baseplate. The average coefficient of iriction .u7as 0.42 for the first 30 tests 
with tlie rigid baseplate, increasing to 0.47 for the last 11 tests. As shown by Fig. 7.3, the 
overall effect is minimal. 

EFFECT O F  PREVIOUS TESTING ON M U  
Based on 41 Friction Tes ts  with t h e  Rigid Eioseplote 

-7 I 

1 to 10 11 to 20 21 to 30 31 to 41 

Sequential  Test Number  

Figure 7.3 Effect of Previous Testing on the Coefficient of Friction 

Effect  of Type of Fr ic t ion  Test: Of the 44 friction tests performed, 33 had the com- 
pressive force spread over the baseplate and 11 had the compressive force concentrated 
on the toe of the baseplate. The average coefficient of friction for the 33 tests with the 
compressive force spreadwer the baseplate was 0.41 with a standard deviation of 0.08. 
The average coefficient of friction for the 11 tests with the compressive force concentrated 
on the toe of the baseplate was 0.49 with a standard deviation of 0.09. 

However, in two cases (2 A4 24 and 4 CIP 6) in which both types of friction tests were 
performed prior to the ultimate load test, the coefficient of friction was less when the 
compressive force was concentrated on the toe of the plate. 

I t  is not clear whether the generally higher values recorded for the coefficient of friction 
in tests with the compressive force concentrated on the toe of the plate were due to the 
type of test or to the effect of previous testing with the rigid baseplate. Most (9 out of 11) 
of the tests with the compressive force concentrated on the toe of the plate were in the 
last 11 tests with the rigid baseplate. In either case the difference is rninimd, the average 



"mean" value of the coefficient of friction for each type of toest lies within one standard 
deviation of the "mean" value obtained in the other type of test. 

7.2.2 Summary: Coefficient of Friction. The coefficient of friction results of this testing 
program are in close agreement with previous test results for a steel plate installed on hardened 
concrete. As indicated by Table 2.4, the results of 15 previous friction tests [54,72] had an average 
value of 0.41 for the coefficient of friction for a steel plate installed on hardened concrete. The 
average "mean" coefficient of friction for the 44 friction tests conducted in this study was 0.43. 

The surface condition of the concrete and the magnitude of tile compressive force had no 
discernible effect on the coefficient of friction. 

The effect of the toe of the rigid baseplate digging into the concrete appears to be minimal 
(average "mean" coefficient of friction = 0.49 for I1 tests). The exact effect is inconclusive since most 
of the friction tests with the compressive force concentrated on the toe o i  the plate were periormed 
toward the end of the testing program, when the toe of the rigid baseplate showed signs of wear. In 
two cases in which both types of friction tests were performed prior to the ultimate load test, the 
measured value for the coefficient of friction was lower when the compressive force was concentrated 
on the toe of the plate. 

- For design purposes, the coefficient of friction, p,  should be taken as 0.40 with a strength 
reduction factor, 4, of 0.65. Based on the results of the 44 friction tests conducted in this study, the 
actual strength will then exceed the calculated design strength 98% of the time. This is considered 
acceptable. 

7.3 Tension/ Shea r  In t e rac t  ion Relationships 

The purpose of the twc-anchor rigid baseplate tests was to det.ermine the tensionlshear 
interaction relationship for various types of anchors in a multiple-anchor connection. 

7.3.1 Comparison and Analysis of Test Results. The results of the two-anchor rigid 
baseplate tests were used to construct tensionlshear interaction diagrams for the three types of 
anchors studied in the experimental program. The anchor tensile forces were measured directly. 
The anchor shear forces presented in this subsection were calculated by the procedure discussed in 
Subsection 4.4.1. 

As discussed in Subsection 4.4.1, the calculated anchor shear force is dependent on the coef- 
ficient of friction. In order to determine the most appropriate tension/shear interaction relationship, 
the following values for the coefficient of friction were considered: 

1) The actual "mean" coefficient of friction measured in the friction test which preceded the 
ultimate load test. 

2) The "mean" coefficient of friction for the friction tests with the compressive force concen- 
trated on the toe of the rigid baseplate ( p  = 0.49 = 0.50). This value of the coefficient of 
friction represents a upper-bound to the friction tests results. The use of the upper bound 
value for the coefficient of friction produces a minimum calculated value for the shear force 
transferred by the anchors. 



The combined anchor tensile and shear forces calculated using the different coefficients of 
friction are shown in Figs. 7.4-7.6. Figs. 7.4-7.6 also show how the test data compare an elliptical 
tensionlshear interaction relationship. The only test which indicates a significant underestimate 
of anchor strength using the upper bound coefficient of friction with an elliptical tensionlshear 
interaction is Test No. 2 CIP 24. This was the very first test performed with the rigid baseplate. 
For this test, the upper bound coefficient of friction does not seem appropriate since there was no 
wear on the leading edge of the baseplate. 

ANCHOR TENsIoN/SHEAR INTERACTION ANCHOR TENSION/SHElR INTERACTION 
Cosl-In-Plnce Anchors - gommn = 0.50 mu = tesl volue Cnsl-In-Place Anchors - gornmo = 0.50 mu = 0.50 

Figure 7.4 TensionIShear Interaction for Cast-in-Place Anchors 
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Figure' 7.5 TensionIShear Interaction for Adhesive Anchors 

As shown by Figs. 7.4-7.6, an elliptical tension/shear interaction relationsllip provides 
a reasonable and generally conservative fit to the test data. As discussed in Subsection 2.3.3, an 
elliptical tensionlshear interaction represents the most liberal tension/shear interaction established 
by previous research and existing design standards. 

For cast-in-place and adhesive anchors the ratio, y, between the shear strength and the 
tensile strength of an anchor should be taken as 0.50 in multiple-anchor connections. This value 
is slightly less than the corresponding value used in a steel-to-steel connection (y = 0.60 [6]) .  The 
lower value for y is due to the large flexural deformations which occur in steel-to-concrete anchors 
due to  surface spalls in the concrete (1/2 to 1-1/2 inches). Fig. 2.4 shows the effect of surface 
spalling on flexural deformations in the anchors due to shear forces. 

Undercut mechanical anchors show a marked increase in shear strength over cast-in-place 
and adhesive anchors of the same diameter. This is due to the embedded steel sleeve of the under- 
cut anchors, which helps prevent flexural deformations in the anchor and reduces concrete surface 
spalling (114 to 112 inch). Based on the results of this testing program, for undercut anchors, the 
ratio, y (shear strength to tensile strength), should be taken as 0.60, and might be even higher. Due 
to the limited test data, it is imprudent to assume a value of y higher than that given in existing 
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Figure 7.6 Tension/Shear Interaction for Undercut Anchors 

design standards for anchors in steel-to-steel connections (y = 0.60 [6]). Anchor flexural deforma- 
tions, which reduce the shear strength of an anchor, will always be more severe in a steel-teconcrete 
connection since some amount of concrete spalling or crushing occurs. 

7.3.2 Summary: Tension/Shear Lnteraction Relationships. The results of the two-anchor 
rigid baseplate tests indicate the following tension/shear interaction relationships as governed by 
steel failure. 

1) An elliptical tension/shear interaction relationship is justified. A linear tension/shear 
interaction relationship is conservative. 

2) The shear strength (steel failure) of cast-in-place and adhesive anchors are the same. The 
shear strength of these anchors in a multiple-anchor connection should be taken as 50% of 
the tensile strength (Vo/To = y = 0.50). 

3) The shear strength (steel failure) of undercut anchors in a multiple-anchor connection 
should be taken as 60% of the tensile strength (Vo/To = y = 0.60). 
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7.4 Dis t r ibut ion  of Tension and Shea r  among  Anchors 

The four-anchor rigid baseplate t.ests were developed to determine the distribution of 
shear forces in multiple-anchor connections. The six-anchor tests were developed to determine the 
distribution o i  both tension and shear forces in multiple-anchor connections. 

As discussed in Section 2.3, the distribution of tension and shear forces in multiple-anchor 
connections subjected to moment and shear is not adequately covered by existing design procedures. 
This section provides a general discussion o i  the distribution of t,ension and shear forces noted in 
the four-anchor and six-anchor tests. 

7.4.1 Comparison and Analysis of Results. Results of the four-anchor and six-anchor 
ultimate load tests indicated the following: 

1) Tension and shear forces redistributed among the anchors as required to maintain equilib- 
rium with the applied loading. 

a) At low eccentricities of the applied load (6 and 12 inches), the anchors near 
the toe of the baseplate underwent significant inelastic shear deformation, and 
the anchors away from the toe of the baseplate underwent significant inelastic 
deformation in combined tension and shear. 

b) At higher eccentricities of the applied load (18 and 24 inches), the anchors near 
the toe of the baseplate effectively stopped the connection from slipping, thereby 
allowing the anchors away from the toe to attain their full tensile strength. 

For connections with more than one row of anchors in tension the distribution of tension 
a t  the ultimate load varied considerably at low eccentricities of the applied load (6 and 
12 inches). However, this distribution had little effect on the ultimate strength of the 
connection. Table 7.1 shows the ratio, (T2/Tl), of the tensile force in the middle row of 
anchors, T2,  to the tensile force in the outer row of anchors, T1, at  the ultimate load for all 
the six-anchor tests. As shown in Table 7.1, the ratio of (Ta/T1) varied between 0.29 and 
1.00 a t  ultimate for tests at  the 6 and 12 inch eccentricities. The ultimate load for the test 
with (T2/T1) = 0.29 was 108 kips, and the ultimate load for the test with (T2/T1) = 1.00 
was 125 kips. An increase of 250% in the ratio (T2/T1) corresponded to an increase of 
only 16% in the ultimate load. This indicates that at low eccentricities of the applied load 
the ultimate strength of the connection is not very sensitive to the assumed distribution 
of tension. This seems reasonable, since connections loaded at low eccentricities (low M/V 
ratios) are dominated by the applied shear rather than by the applied moment. 

3) As the applied load was increased from zero to its ultimate value, the distribution of 
tensile forces among anchors varied, but this did not affect the ultimate strength of the 
connection. Fig. 7.7 shows a typical variation of the ratio of the tensile force in the middle 
row of anchors, Tz, to tensile force in the outer row of anchors, TI, as a function of the 
applied shear load, V. The tests of Fig. 7.7 were both conducted at  the same 12-inch load 
eccentricity, had essentially the same (T2/T1) ratio at  the ultimate load, and failed at  
nearly the same ultimate load. 



I Table 7.1 Maximum Anchor Tension in Six-Anchor Tests 

;-->, 

Note: 

1) TI is the total tensile force in the outer row of anchors in the tension zone at failure. Ta  is the total tensile 
force in the middle row of anchors at failure. 

; 

7.4.2 Summary: Distribution of Tension and Shear. The results of the testing program 
indicate that: 

7-2 / TI 

0.29 

0.61 

0.83 

0.96 

0.87 

1 .OO 

0.82 

0.57 

0.77 

0.90 

0.92 

1.02 

0.70 

0.75 

0.71 

Test No. 

6 CIP 6 

6 M 1 6  

6 CIP 12 

6 A1 12 

6 A2 12 

6 A3 12 

6 A4 12 

6 A5 12 

6 A6 12 

6 M 1  12 

6 CIP 18 

6 M I  18 

6 A1 12X 

6 A4 12X 

6 M I  12X 
I 

1) Tension and shear forces in the anchors redistribute inelastically as required to maintain 
equilibrium with the applied loading. 

2) For connections dominated by moment (high eccentricity of the applied load) the anchors 
away from the toe of the baseplate attain their full tensile strength. 

Anchor  ensi ion' (kips) 

3) For connections dominated by shear (low eccentricity of the applied load) the ultimate 
strength of the connection is not sensitive to the distribution of tension in the anchors. 

T1 
40.2 

40.2 

62.3 

53.7 

55.6 

54.8 

60.1 

57.9 

56.4 

60.6 

62.0 

65.8 

60.1 

56.5 

61.9 

4) The initial distribution of anchor tension (prior to inelastic redistribution) has no effect 
on the ultimate strength of the connection. 

T z  
11.5 

24.7 

51.5 

51.5 

48.5 

55.0 

49.1 

33.4 

43.7 

54.4 

57.1 

66.8 

42.1 

42.1 

44.2 

Based on these observations, a limit design approach appears to be appropriate for ductile 
multiple-anchor connections. Limit design requires that forces redistribute prior to failure and that 
the distribution of forces prior to redistribution not effect the ultimate strength. Chapter 8 presents 
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and assesses a behavioral model, based on limit design theory, for multiple-anchor connections to 
concrete. 

7.5 Effect of Baseplate Flexibility 

This section addresses the location of the compressive reaction, based on the results of the 
rigid baseplate tests and the flexible baseplate tests. As discussed in Section 2.3, the compressive 
reaction should be located in a conservative manner since it directly effects the calculated tensile 
forces in the anchors. 

7.5.1 Comparison and Analysis of Test Results. As noted in Section 6.3, for the rigid 
baseplate tests the compressive reaction was located at the toe of the baseplate. The contact zone 
was typically a 114- to 112-inch strip at the toe of the baseplate. There was no measurable difference 
in the width of the strip for the two-, four-, or six-anchor rigid baseplate tests. This behavior cannot 
be explained by any ofthe procedures discussed in Subsection 2.3.1, but does agree with the probable 
location of the compressive reaction for rigid baseplate rotation shown in Fig. 2.12. For the six- 
anchor rigid baseplate tests the bearing stress at the toe of the plate was between 4 and 8 times 
the 28-day compressive strength of the concrete. These high bearing stresses had no influence on 
the strength of the connection, since the baseplate was not close to any free edge of the supporting 
concrete. 

Fig. 7.8 shows the calculated location of the compressive reaction for the flexible baseplate 
tests over the entire load range of the tests. The location of the compressive reaction was determined 
by the condition of moment equilibrium as discussed in Subsection 4.4.4. As shown in Fig. 7.8, the 
calculated location of the compressive reaction changed during the course of the test. At low loads, it 
was near the toe of the plate; as the load increased, the reaction shifted inward from the toe until it 
was about 1/2 inch from the edge of the compression element of the attached member; with further 
increase in load, the reaction moved back toward the toe of the plate. In two of the flexible baseplate 
tests (6 A1 12x and 6 M1 12x), the compressive reaction moved back inward toward the edge of 
the compression element of the attached member with a further increase in load. This behavior 
cannot be explained by any of the procedures discussed in Subsection 2.3.1, but generally agrees 
with the probable location of the compressive reaction for a flexible baseplate shown in Fig. 2.12. 
As indicated by Fig. 6.15, for a flexible baseplate, the actual distribution and magnitude of bearing 
stresses is impossible to determine due to surface irregularities in the concrete finish. 

The effect of baseplate flexibility on the location of the compressive reaction can be ex- 
plained if the relative stiffnesses of the baseplate and the concrete are considered. For all practical 
purposes the concrete can be asumed to be rigid, as can that portion of the baseplate welded to the 
attached member. Any overhanging projection of the baseplate beyond the compression element of 
the attached member can be considered flexible. 

The overhanging projection of the plate is essentially a cantilever beam fixed at its intersec- 
tion with the compressive element of the attached member, and loaded with a movable concentrated 
load (the compressive reaction). The boundary conditions for this cantilever require that the fixed 
support rotate and displace. The free end can rotate but not displace if the compressive reaction 



LOCATION O F  COMPRESSIVE REACTION 

Distance of Reaction f rom Edge of Compression Flonga (in) 

MOMENT ARM FOR FLEXIBLE BASEPLATES 
6 A 4  12w 

125 

,100 
VI n. .- 
Y - 
E 75 .- 
d 

0 

E 
g so .- 
m rn 

% 
25 

U 

0 

MOMENT ARM FOR FLEXIBLE BASEPLATES 
6 M l  12% 

Diatoncm of Rmoction from Edpr of Comprasaion Flongs (in) - 

Figure 7.8 Calculated Location of the Compressive Reaction for Flexible Baseplate Tests 



Figure 7.9 Effect of Baseplate Flexibility on the Location of the Compressive Reaction 

< .  

is a t  the toe of the plate, and can neither rotate nor displace if the compressive reaction moves in 
from the toe of the baseplate. This is shown in Fig. 7.9. 

The behavior of a flexible baseplate can be described as follows: 

1) Initially, the baseplate rotates as a rigid body pivoting about the toe of the plate. 

2) As the compressive load increases, the portion of the baseplate adjacent to the compressive 
element of the attached member reaches the yield moment, My, of the baseplate. This 
causes the compressive reaction, C, to move inward toward the compression element. This 
inward movement, shown in Fig. 7.9, is required to prevent the formation of a hinge at the 
edge of the compression element of the attached member. If a hinge forms, the overhanging 
projection of the baseplate becomes a mechanism. 

3) Eventually, the compressive reaction moves as close to the compression element of the 
attached member as it can without exceeding the yield moment, My, of the plate adjacent 
to the compression element. The smallest distance, xmi,, between the compressive reaction 
and the compression element of the attached member can be determined by: 
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4) Miith a further increase in the compressive reaction, the baseplate begins to form a plastic 
hinge, Mp, and the compressive reaction, C, moves away from the compression element. 
The furthest distance that  the compressive reaction moves away from the support is de- 
termined by: 

5) At this point, the overhanging projection of the baseplate becomes a mechanism. MTith 
a further increase in the magnitude of the compressive reaction, the location of the reac- 
tion will again approach the compression element of the attached member. This shift is 
indicated by tests 6 A1 12x and 6 M1 12x in Fig. 7.8. 

The smallest distance, z,;,, between the compressive reaction and the compression ele- 
ment of the attached member, is given by Eq. (7-1). This will give a conservative location for the 
compressive reaction. For the flexible baseplate tests, %,in can be determined from Eq.(7-1) as: 

xmin = ( b  t2 Fy) / (6 CT) 

xmin = 0.58 inches 

This agrees with the test results shown in Fig.7.8. 

7.5.2 Summary: Effect of Baseplate Flexibility. The effect of baseplate flexibility on the 
location of the compressive reaction can be determined by considering the concrete to be a rigid 
bearing surface, and the portions of the baseplate projecting beyond the compression flange of the 
attached member to be flexible. T 

e considered to rotate as a rigid 

To locate the compressive reaction in a conservative manner, the reaction can be considered 
to  be at a distance, xmin, determined by Eq. (7-1) from the edge of the compression element of the 
attached member. 



8. THEORETICAL STRENGTH OF DUCTILE MULTIPLE-ANCHOR 
CONNECTIONS 

8.1 In t roduct ion  

In this chapter, a behavioral model developed to predict the strength of ductile multiple- 
anchor connections is presented and assessed. The behavioral model is based on limit design theory. 
Results of the ultimate load tests provide the basis for assessing the model. 

8.2 Behavioral  M o d e l  for  Ductile Multiple-Anchor Connections 

The behavioral model presented in this section is similar to the "plastic distribution" 
method proposed by Hawkins, Mitchell, and h d e r  [56] for connections with welded studs. However, 
it includes the contribution of 1.he frictional force between the baseplate and the concrete, and is 
applicable to connections with multiple rows of anchors. The model assumes that anchors transfer 
shear by bearing on the anchor, and that tensile and shear forces in the anchors redistribute prior 
to failure. 

Fig. 8.1 shows the forces on a typical multiple-anchor connection. The connection shown 
in Fig. 8.1 has one row of anchors in the compression zone and two rows of anchors in the tension 
zone. 

Figure 8.1 Possible Distribution of Forces on a Multiple-Anchor Connection 



The behavior of a ductile multiple-anchor connection can be separated into three distinct 
ranges: 

l j  If the shear strength provided by the frictional force (developed from the compressive 
reaction produced by the applied moment) is larger than the applied shear, then anchors 
are not required for shear. The anchors in the tension zone can be assumed to develop 
thcir full tensile strength for moment resistance. 

2) If the shear strength provided by the frictional force and by the anchors in the compression 
zone exceeds the applied shear, the anchors in the tension zone can be assumed to develop 
their full tensile strength for moment resistance. 

3) If the shear strength provided by the frictional force and by the anchors in the compression 
zone is less than the applied shear, the anchors in the tension zone must transfer the 
remaining shear load. The strength of the anchors in the tension zone is limited by their 
tensionlshear interaction. 

The transitions between these three ranges of behavior can be determined by considering 
two critical values of shear load eccentricity, e. The shear load eccentricity, el is equal to the moment 
to shear ratio, (A4/1'), of the applied loading at  the surface of the concrete. 

The first critical eccentricity, el, corresponds to the point a t  which the applied shear load 
is equal to the frictional force. For eccentricities larger than el, the connection does not slip and 
no shear anchors are required. For eccentricities smaller than el, the connection slips and shear 
anchors must be provided. The first critical eccentricity, el, represents the transition between Range 
1 behavior and Range 2 behavior as described above. 

The second critical eccentricity, el1, corresponds to the point a t  which the applied shear 
load is equal to the sum of the frictional force and the shear strength of the anchors in the compression 
zone. For eccentricities larger than el1, the anchors in the tension zone can be assumed to develop 
their full tensile strength for moment resistance. For eccentricities smaller than el1, the anchors in 
the tension zone carry both tension and shear. The second critical eccentricity, el1, represents the 
transition between Range 2 behavior and Range 3 behavior as described above. 

The three ranges of behavior are shown in Fig. 6.2. Note that if no anchors are provided 
in the compression zone, Range 2 behavior is not applicable, and el1 is the same as el. 

The strength of a ductile multiple-anchor connection can be summarized by considering 
two distinct areas of connection strength: 

1) Strength  Dominated by Moment: For e > el1, the strength of the connection is controlled 
by the tensile strength of the anchors in the tension zone. The connection has identical 
strength in Ranges 1 and 2. For connections without anchors in the compression zone, 
Range 2 does not exist, and the strength is dominated by moment when e r e'. 

2) Strength Dominated by Shear: For e < el1, the strength of the connection is controlled by 
the shear strength of the anchors in the compression zone and the combined tensile and 
shear strength of the anchors in the tension zone. For connections without anchors in the 
compression zone, Range 2 does not exist, and the strength is dominated by shear when e 
< el. 
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Figure 8.2 Ranges of Behavior for Ductile Multiple-Anchor Connections 

8.3 Analytical Development of the Behavioral Model 

In this section, the analytical development of the behavioral model is presented. 

The strength of connections dominated by shear is dependent on the tensionlshear interac- 
tion of the anchors. As noted in Chapter 7, an elliptical interaction curve best describes the strength 
of a single anchor in combined tension and shear. A linear interaction is more conservative. An 
elliptical tensionlshear interaction is used in the analytical development presented in this section. 
Since an elliptical interaction is difficult to apply in practice the corresponding linear formulations 
are also presented. The elliptical and linear tension/shear interactions are as  given below: 

1) For elliptical tensionlshear interaction, the anchor shear strength is given by: 

2) For the more conservative linear tension/shear interaction, the anchor shear strength is 
given by: 



2) For the more conservative linear tension/shear interaction, the anchor shear strength is 
given by: 

where: V = the shear strength of an anchor in combined tension and shear 

7 = the ratio of the shear strength o i  the anchor to the tensile strength of the anchor 

To = the tensile strength of the anchor 

T, = t,he tensile force in the anchor 

8.3.1 Critical Eccentricities. The critical eccentricities, el and el', can be determined by 
the conditions of equilibrium. Fig. 8.3 shows the forces on a typical multiple-anchor connection 
with a shear load eccentricity equal to el. Fig. 8.4 shows the forces on a typical multiple-anchor 
connection with the shear load eccentricity equal to el'. 
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Figure 8.4 Forces on a Multiple-Anchor Connection with Shear Load Eccentricity Equal to e" 

The following formulations for the critical eccentricities, e' and e", are applicable to con- 
nections with multiple rows of anchors if "8' is taken as the distance from the compressive reaction, 
C ,  to the centroid of the anchors in the tension zone, "n" is taken as the number of rows of anchors 
in the tension zone, "m" is taken as the number of rows of anchors in the compression zone, and 
"To7' is taken as the tensile strength of a row of anchors. 

The minimum eccentricity, el,  for multiple-anchor connections without shear anchors can 
be determined by the conditions of equilibrium when the applied shear load, V, is equal to the 
frictional force, p C, (Fig. 8.3): 

The condition of shear force equilibrium for the connection shown in Fig. 8.3 is given by: 

The condition of normal force equilibrium for the connection shown in Fig. 8.3 is given 

Substituting Eq. (8-3) into Eq. (8-4) yields the following: 



where: e' = the minimum eccentricity for multiple-anchor connections without shear anchors 

p = the coefficient of friction between steel and concrete 

d = the distance from the compressive reaction to the centroid of the anchors in the 
tension zone 

The minimum eccentricity, el', for multiple-anchor connections without combined tension 
and shear in the anchors can be determined by the conditions of equilibrium when the applied shear 
load, V,  is equal to the sum of the frict,ional force, p C, and the shear strength of the rows of anchors 
in the compression zone, m 7 To. Fig. 8.4 only shows one row of anchors in the compression zone, 
(m = I ) :  

The condition of shear force equilibrium for the connection shown in Fig. 8.4 is given by: 

V = p C  + m y T 0  (8 - 8) 

Since the equation for normal force equilibrium is not changed by this formulation, Eq. 
(8-4) can be substituted into Eq. (8-8): 

V = T o ( n p  + m 7 )  (8 - 9) 

Since the equation for moment equilibrium, Eq. (8-6), is not changed by this formulation 
(el' is substituted for el), Eq. (8-9) can be set equal to Eq. (8-6) and the eccentricity, e", can be 
determined as: 

where: e" = the minimum eccentricity for multiple-anchor connections without combined ten- 
sion and shear in the anchors 

n = the number of rows of anchors in the tension zone 

m = the number of rows of anchors in the compression zone 

he coeffi concrete 

7 = the ratio of the shear strength of the anchor to the tensile strength of the anchor 

d = the distance from the compressive reaction to the centroid of the tension anchors 

Note that e" reduces to e' when no anchors are provided in the compression zone. 

8.3.2 Distribution of Tension. As noted in Chapter 7, for connections with more than 
one row of anchors in the tension zone the distribution of tension cannot be adequately predicted 
by traditional design methods. In limit design theory, the assumed distribution of tensile forces has 



no effect on the actual strength of the connection. Whatever distribution is assumed represents a 
lower bound to the actual strength of the connection. As long as sufficient anchors are provided to 
satisfy the conditions of equilibrium, the connection will perform satisfactorily. 

In applying limit design theory, the issue of available inelastic deformation capacity must. 
be addressed. Limit design theory is based on the assumption that materials have infinite plastic 
deformation capacity after yield. This is not the case. In a connection with two or more rows of 
anchors, subjected to an applied moment (Fig. 8.5)) if the inner row of tension anchors is too close 
to the compressive reaction, anchors there will not be able to reach their tensile strength before the 
available deformation capacity is exceeded in the outer row of tension anchors. 

Figure 8.5 Limiting Location for Tension Anchors 

Anchor materials typically have a specified minimum elongation requirement of at  least 
10% in 2 inches. This represents an ultimate strain, c,, of 0.10 or greater. To ensure that the tensile 
force in the inner row of anchors reaches the minimum specified tensile strength of the anchors, the 
distance between the inner row of anchors and the compressive reaction, dS, should not be less than 
about 10% of the  distance from the outer row of anchors to the compressive reaction, dl (dl > 0.10 
dl in Fig. 8.5). The reason for this is as follows. When the inner row of anchors is so located, the 
tensile strain there, €2, will be at  least 0.01 when the tensile strain in the outer row of anchors, €1, 
reaches its maximum value, c,. Since a tensile strain of 0.01 is roughly two to five times the yield 
strain for typical anchor materials, both rows of anchors will have yielded. 

This somewhat arbitrary limit ensures that the innermost row of tension anchors will 
approach their tensile strength prior to tensile failure of the outermost row of tension anchors. This 



limit has little effect in a typical design situation, since greater flexural capacity of the connection 
is always achieved by locating the tension anchors as far as  possible from the compressive reaction. 

To properly assess the behavioral model, it was necessary to determine the assumed tension 
distribution which would give the highest predicted strength of the connection. This was accom- 
plished by considering a connection with two rows of anchors in the tension zone and no anchors 
in the compression zone. Fig. 8.6 shows the connection used to determint- the assumed tension 
distribution which produces the highest predicted strength. 

Figure 8.6 Example of Connection Used to Assess the Maximum Predicted Strength 

The type of connection shown in Fig. 8.6 covers both areas of connection strength. If 
the load eccentricity, e, is greater than or equal to e', the strength of the connection is dominated 
by moment and is controlled by the tensile strength of the anchors in the tension zone. For this 
condition i t  is obvious that the maximum predicted strength occurs when both rows of anchors reach 
their tensile strength, To. If the load eccentricity, e, is less than e', the strength of the connection is 
dominated by shear and is controlled by shear strength of the anchors in the compression zone and 
by the combined tensile and shear strength of the anchors in the tension zone. For this condition it is 
not obvious which distribution of tension in the anchors produces the maximum predicted strength. 

The distribution of tension which produces the maximum predicted strength in a shear- 
dominated connection was determined by the conditions of equilibrium: 

The moment equilibrium condition for the connection shown in Fig. 8.6 is given by: 



where: a = the ratio of the tensile force in the inner row of anchors, Tz, to the tensile force 
in the outer row of anchors, TI; 0 < a 5 1 

p = the ratio of the distance between the inner row of anchors and the compressive re- 
action, dz, to the distance between the outer row of anchors and the compressive 
reaction, dl; 0.10 < p < 1 

For a shear-dominated connection the tensile force in the outer row of anchors will be less 
than the tensile strength of the anchors, To: 

where: 6 = the ratio of the tensile force in the outer row of anchors, TI, to the tensile strength 
of a row of anchors, To; 0 < 6 1: 1 

Rearranging terms yields the following: 

The condition of normal force equilibrium for the connection shown in Fig. 6.6 is given 
by: 

C = TI (1 + a) (8 - 12) 

The condition of shear force equilibrium for the connection shown in Fig. 8.6 is given by: 

Substituting Eq. (8-12) and Eq. (8-1) for elliptical tensionlshear interaction into Eq. 
(8-13) gives: 

Substituting 6 To for Tl gives: 



Eq. (8-14), which represents the condition of force equilibrium for a connection with e < e' 
and with anchors having an elliptical tensionlshear interaction; and Eq. (8-11)) which represents the 
condition of moment equilibrium for the same connection, are interdependent. These two equations 
were solved by assuming values of 6 between zero and unity, which represents the range of application 
of Eq. (8-14), for various assumed values of (Y and P .  The value of (V/T,) determined from Eq. 
(8-14) was used in Eq. (8-11) to find the corresponding value of (e/dl). The results are shown in 
Fig. 8.7. 

To show continuity between the area of behavior dominated by shear, e < el ,  and the area 
of behavior dominated by moment, e 2 el; Fig. 8.7 includes the area of behavior dominated by 
moment for the assumed values of a and p. 
with 6 equal to unity, that is, TI = To: 

where: e > e' 

As shown by Fig. 8.7, the maximum predicted strength of the connection in the area 
dominated by shear, (e < e l ) ,  and the area of behavior dominated by moment, (e > e'), occurs when 
the tensile force in the inner row of anchors is equal to the tensile force in the outer row of anchors 
((Y = 1). Fig. 8.7 shows that this is true for various locations of the inner row of anchors (P = 0.25, 
0.50, and 0.75). 

For the more conservative assumption of a linear tension/shear interaction of anchor 
strength the condition of force equilibrium is given by: 

This equation was solved with Eq. (8-11) in the same manner as the elliptical formulation, 
and the results are shown in Fig. 8.8. As shown in that figure, the assumption of a linear ten- 
sion/shear interaction leads to predictions of higher strength in the shear-dominated region (e < d ) ,  
when the tensile force in the inner row of anchors is assumed to be zero ( a  = 0). This is inconsistent 
with the results of the elliptical formulation. Since a linear tension/shear interaction is conservative, 
and since the difference in maximum strength for a = 0 and a = 1, as shown in Fig. 8.8, is minimal; 
it is reasonable to assume that the maximum predicted strength for the Iinear interaction can be 
based on the tension in the inner row of anchors being equal to the tension in the outer row of 
anchors (a = 1). 

To summarize, the maximum predicted strength of a ductile connection with multiple rows 
of anchors in the tension zone can be determined by assuming equal tension i11 all the anchors in 
the tension zone. This is true for connections dominated by moment (e 2 el1), and connections 
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dominated by shear (e < eff). The assumption of equal tension also implies equal shear in all the 
anchors in the tension zone for connections dominated by shear. 

Analytically, the assumption of equal tension and shear in all the anchors in the tension 
zone is very convenient. The forces in all the anchors in the tension zone can be considered as a 
single force acting at  the centroid, d, of the anchors in the tension zone. This is shown in Fig. 8.9. 

8.3.3 Maximum Predicted Strength for Connections Dominated by Moment (e > elf). 

When the moment/shear ratio, e l  of the applied loading is greater than or equal to the critical 
eccentricity, e", the strength of the connection is controlled by the tensile strength of the anchors in 
the tension zone. 

The moment equilibrium condition for the typical connection of Fig. 8.9, with e > e" 

(T, = To), gives the strength of the connection as controlled by the tensile strength of the anchors 
in the tension zone: 
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where: Vut = the maximum predicted strength of the connection when the moment/shear ratio, 
el of the applied loading is greater than or equal to the critical eccentricity, el', 
given by Eq. (8-10) 

n = the number of rows of anchors in the tension zone 

To = the tensile strength of a row of anchors in the tension zone 

d = the distance from the compressive reaction to the centroid of the tension anchors 

6.3.4 Mm'mum Predicted Strength for Connections Dominated by Shear (e < e"). When 
the moment/shear ratio, e, of the applied loading is less than the critical eccentricity, el1, the strength 
of the connection is controlled by the shear strength of the anchors in the compression zone, and by 
the combined tensile and shear strength of the anchors in the tension zone. 

The condition of shear force equilibrium for the typical connection (shown in Fig. 8.9, 
with e < e") is given by: 

The condition of normal force equilibrium for that same connection with e < el1 is given 
by: 

Substituting Eq. (8-18) and Eq. (8-1) for elliptical tension/shear interaction into Eq. 
(8-18) yields the f~llowing: 

The condition of moment equilibrium for that same connection shown with e < en is given 
by: 

Substituting Eq. (8-21) into Eq. (8-20) and solving the resulting quadratic equation for 
Vui gives: 



where: Vut = the maximum predicted strength of the connection when the momentlshear ratio, 
e, of the applied loading is less than the critical eccentricity, el', given by Eq. 

(8-10) 

y = the ratio of the shear strength of the anchor to the tensile strength of the anchor 

To = the tensile strength of a row of anchors in the tension zone 

rr~ = the number of rows of anchors in the compression zone 

n = the number of rows of anchors in the tension zone 

a =  1 - y  

b =  = 
d 

p = the coefficient of friction between steel and concrete 

d = the distance from the compressive reaction to the centroid of the tension anchors 

For the more conservative assumption of linear tensionlshear interaction, the maximum 
predicted strength of the connection when e < el' is given by: 

8.3.5 Summary: Analytical Development of Behavioral Model. The maximum predicted 
strength of any ductile multiple-anchor connection is given by Eq. (8-17) for connections dominated 
by moment (e > el'); and by Eq. (8-22) for connections dominated by shear (e < e"). The 
critical eccentricity, e", is defined by Eq. (8-10). Eq. (8-22) is based on an elliptical tensionlshear 
interaction. The maximum predicted strength using the more conservative linear tension/shear 
interaction is given by Eq. (8-23). 

8.4 Assessment of Behavioral Model 

In this section, the results of the ultimate load tests are compared to the connection 
strengths predicted by the behavioral model. 

The ratio between the shear strength and the tensile strength of the anchor, y ,  used in 
calculating the predicted strengths is taken from Chapter 7 (7 = 0.50 for cast-in-place and adhesive 
anchors, y = 0.60 for undercut anchors). For both graphical and tabular comparisons of this section 
the coefficient of friction, p, used in calculating the predicted strengths, is the design value in 
Chapter 7 (p  = 0.40) . The tabular comparisons also include the predicted strengths calculated 
using a coefficient of friction, p ,  of 0.50. As discussed in Chapter 7, this value for the coefficient of 
friction represents an upper bound to the results of the friction tests. 

The predicted strength in the moment-dominated area of behavior (e 2 e") is given by 
Eq. (8-17) for all tests. The values of n and d used in Eq. (8-17) for the different types of tests 
are discussed in the following subsections. The compressive reaction is assumed to act at the toe of 
the baseplate for the rigid baseplate tests, and at the location recommended in Chapter 7 for the 
flexible baseplate tests. 



8.4.1 Two-Anchor Pattern. The two-anchor rigid baseplate tests did not require any 
redistribution of tension or shear among rows of anchors. In a sense, the comparison presented in 
this subsection represents the same results presented in Chapter 7 for the tensionlshear interaction 
relationship of the anchors. The comparison is presented in this subsection in order to show that 
the test results of the two-anchor tests conform to the elliptical interaction relationship described in 
the behavioral model. 

The two-anchor rigid baseplate specimens had no anchors in the compression zone (m = 
O), one row of anchors in the tension zone (n = I) ,  and a value of d equal to 17 inches. The critical 
eccentricity, el', given by Eq. (8-lo), reduces to el for this condition: 

Eq. (8-22), evaluated with n = 1 and m = 0, gives the predicted strength in the shear- 
dominated area of behavior: 

In Fig. 8.10, the predicted strengths for both elliptical and linear tensionlshear interaction 
are graphically compared to the test results for the two-anchor rigid baseplate specimens. In Table 
8.1, the predicted strengths for elliptical tension/shear interaction are numerically compared to the 
test results. 

As indicated by Fig. 8.10 and Table 8.1, the predicted strengths calculated using an 
elliptical tension/shear interaction with the recornnlended values of p and y are in close agreement 
with the test results. The only test which indicates a significant overestimate of the predicted 
strength calculated using the upper bound coefficient of friction is Test No. 2 CIP 24. As discussed 
in Chapter 7, this was the very first test performed with the rigid baseplate. For this test, the upper 
bound coefficient of friction is not appropriate. 

8.4.2 Four-Anchor Pattern. The four-anchor rigid baseplate specimens had one row of 
anchors in the compression zone (m = I), one row of anchors in the tension zone (n = I), and a 
value of d equal t o  17 inches. Eq. (8-10) gives the critical eccentricity, el1, for this condition: 

d = - 

Eq. (8-22), evaluated with n = 1 and m = 1, gives the predicted strength in the shear- 
dominated area of behavior: 

In Fig. 8.11, the predicted strengths for both elliptical and linear tensionlshear interaction 
are graphically compared to the test results for the four-anchor rigid baseplate specimens. In Table 
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Table 6.1 Test Results versus Predicted Strengths for Two- Anchor Specimens 

8.2, the predicted strengths for elliptical tension/shear interaction are numerically compared to the 
test results. 

Test 

No. 

2 CIP 6 
2 A1  6 
2 M I  6 

2 CIP 12 
2 A1  12 
2 A4 12 
2 M I  12 

2 CIP 18 
2 A1  18 
2 M 1  18 

2 CIP 24 
2 A4 24 
2 M 1  24 

2 CIP 30 
2 M 1  30 

2 CIP 36 
2 A4 36 
3 Ml 36 

As indicated by  Fig. 8.11 and Table 8.2, the predicted strengths calculated using an 
elliptical tension/shear interaction with the recommended values of y and p,  agree closely with the 
test results. The only test which indicates an overestimate of the predicted strength is Test NO. 4 
CIP 24. This test failed by stripping of the anchor threads. As shown b y  Table 8.2, the predicted 
strengths for the four-anchor pattern are not particularly se ed value of the 

coefficient of friction ( p  = 0.40 or p = 0.50) 

8.4.3 Six-Anchor Pattern. The  six-anchor rigid baseplate specimens had one row of an- 
chors in the compression zone (rn = I), two rows of anchors in the tension zone (n = 2), and a value 
of d equal to 13 inches. Eq. (8-10) gives the critical eccentricity, el1, for this condition: 
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Figure 8.11 Test Results Versus Predicted Strengths for Four-Anchor Rigid Baseplate Speci- 
mens 



Table 8.2 Test Results versus Predicted Strengths for Four- Anchor Specimens 

Eq. (8-22), evaluated with n = 2 and m = 1, gives the predicted strength in the shear- 
dominated area of behavior: 

In Fig. 8.12, the predicted strengths for both elliptical and linear tensionlshear interaction 
are graphically compared to the test results for the six-anchor rigid baseplate specimens. In Table 
8.3, the predicted strengths for elliptical tension/shear interaction are numerically compared to the 
test results for all six-anchor ultimate load tests. 

Test 

No. 

4 CIP 6 
4 A1 6 
4 A4 6 
4 M 1 6  

4 ClP 12 
4 A1 12 
4 A4 12 
4 M I  12 

4 CIP 18 
4 A1 18 
4 A4 18 
4 M l  18 

4 CIP 24 
I 

As indicated by Fig. 8.12 and Table 8.3, the predicted strengths calculated using an 
elliptical tension/shear interaction with the recommended values of y and p, agree closely with the 
test results. As shown by Table 8.3, the predicted strengths for the six-anchor pattern are not 
particularly sensitive to the assumed value of the coefficient of friction (p = 0.40 or p = 0.50). 

j p = 0.50 

8.4.4 Summary: Assessment of Behavioral Model. As shown by the figures and tables in 
this section, the connection strengths predicted by the behavioral model compare quite well to the 
ultimate load test results. For the 46 ultimate load tests, the average test strength was 9% higher 
than the strength predicted using an elliptical tensionlshear interaction with the recommended 
design values for the ratio of anchor shear strength to tensile strength (y = 0.50 for cast-in-place 
and adhesive anchors, y = 0.60 for undercut anchors) and using the recommended design value for 
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Figure 8.12 Test Results Versus Predicted Strengths for Six-Anchor Rigid Baseplate Specimens 



Table 8.3 Test Results versus Predicted Strengths for Six-Anchor Specimens 

Vtes t  

kips 

kips kips 

6 CIP 6 107.8 107.7 113.3 0.95 
6 M I  6 / 137.0 1 126.2 I 1 132.5 1 1.03 

6 CIP 12 
6 A1 12 
6 A2 12 
6 A3 12 
6 A4 12 
6 A5 12 
6 A6 12 
6 M I  12 

6 CIP 18 86.8 88.7 0.98 89.6 0.97 
6 M I  18 1 94.0 1 89.5 1 1.05 1 89.6 1 1.05 

the coefficient of friction (p = 0.40). Using the same elliptical tension/shear interaction relationship 
and the upper-bound value for the coefficient of friction (p = 0.50), the average test strength was 
4% higher than the predicted value. 

For the 28 four-anchor and six-anchor ultimate load tests, which required redistribution 
of tension and/or shear, the average test strength was 7% higher than the strength predicted using 
an elliptical tension/shear interaction with the recommended design values for the ratio of anchor 
shear strength to tensile strength (7 = 0.50 for cast-in-place and adhesive anchors, 7 = 0.60 for 
undercut anchors) and using the recommended design value for the coefficient of friction (p = 0.40). 
Iising the same elliptical tensionlshear interaction relationship and the upper-bound value for the 
coefEcient of friction ( p  = 0.50), the average test strength was 2% higher than the predicted valu 

In conclusion, the behavioral model presented in this chapter provides a viable method for 
assessing the strength of ductile multiple-anchor connections to concrete. 



9. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

9.1 Summary 

The overall objectives of this study were: 

1) To determine the characteristic behavior of ductile multiple-anchor steel-to-concrete con- 
nections. 

2) To develop a rational design procedure for calculating the strength of the steel in multiple- 
anchor steel-to-concrete connections. 

For the purposes of this study, ductility was defined as the ability of a structural component 
t o  undergo significant inelastic deformation at  predictable loads, and without significant loss of 
strength. A steel-to-concrete connection is ductile if its ultimate strength is controlled by the strength 
of the steel. A ductile connection to concrete fails by yielding and fracture of the anchors. A steel- 
to-concrete connection is non-ductile if its ultimate strength is controlled by the strength of the 
embedment. Non-ductile connections fail by brittle fracture of the concrete in tension, and by 
unpredictable concrete-related failure modes such as anchor slip without steel fracture. 

To evaluate the behavior of ductile multiple-anchor steel-to-concrete connections, tests 
were performed to quantify and define the following variables affecting the strength of these connec- 
tions: 

1) The coefficient of friction between a surface mounted steel baseplate and hardened concrete 
in multiple-anchor connections. 

2) The tension/shear interaction relationships for various types of anchors (cast-in-place, 
undercut, and adhesive) in multiple- anchor connections. 

3) The distribution of tensile and shear forces among anchors in multiple-anchor connections. 

4) The effect of baseplate flexibility on the behavior of multiple-anchor connections. 

The study described in this report involved 44 friction tests and 46 ultimate load tests 
on multiple-anchor steel-t-concrete connections. The ultimate load tests were conducted on the 
following types of specimens: 18 two-anchor, 13 four-anchor, and 12 six-anchor specimens with a 
rigid baseplate; and 3 sk-anchor specimens with a flexible baseplate. Test specimens were subjected 
t o  various combinations of moment and shear by applying an eccentric shear load to them at various 

The strength of the anchor steel controlled the strength of the connections. For connections with 
cast-in-place and undercut anchors, embedment failure modes were precluded by designing the con- 
nections in accordance with the embedment criteria of ACI 349-85 Appendix B [4]. For connections 
with adhesive anchors, embedment failure modes were precluded by designing the connections in 
accordance with test results reported by Collins and Klingner [I]. Other failure modes associated 
with the concrete (such as  bearing, flexural, or shear failure) were precluded by designing the test 
specimens in accordance with the criteria of ACI 349-85 [4]. 



The following general modes of behavior were observed in the testing program: 

1) The frictional force which developed between the baseplate and the concrete, due to the 
compressive reaction from the applied moment, made a significant contribution to the 
shear strength of the connections. 

2) Anchors transferred shear primarily by bearing. The shear- friction mechanism discussed 
in Subsection 2.2.2 was not observed. Anchors in shear failed by kinking and bending. 
Anchors in combined tension and shear failed by kinking, bending, and stretching. 

3) Tension and shear forces in the anchors redistributed inelastically as requir~d to maintain 
equilibrium with the applied loading. 

4) Flexibility in the portion of the baseplate extending past the outermost compression ele- 
ment of the attached member caused the compressive reaction from the applied moment 
to shift inward from the leading edge, or toe, of the baseplate toward the outer edge of the 
compression element. 

5) High bearing stresses between the baseplate and the concrete had no effect on the strength 
of the connections. For some tests with a rigid baseplate, the actual bearing stress a t  
the toe of the plate was 5 times higher than the maximum permissible stress given by 
current design procedures. For tests with a flexible baseplate, the actual distribution and 
magnitude o i  bearing stresses was impossible t o  determine due to  surface irregularities in 
the concrete finish. For these same tests, the actual location o i  the compressive reaction 
was not affected by the surface irregularities in the concrete finish. 

9.2 Conclusions 

9.2.1 Conclusions from Friction Tests. The purpose of the 44 friction tests  as to  deter- 
mine the coefficient of friction between a surface mounted steel baseplate and hardened concrete in 
multiple-anchor connections. 

Coeficient of Friction between a Surface Mounted Steel Baseplate and Hardened Concrete. 
The results of this testing program are in close agreement with previous test results for steel plates 
installed on hardened concrete. As indicated by Table 2.4, the results of 15 previous friction tests 
154,721 had an average value of 0.41 for the coefficient of friction for a steel plate installed on hardened 
concrete. The average coefficient of friction for the 44 friction tests conducted in this study was 0.43. 

For design purposes, the coefficient of friction, p, should be taken as 0.40 with a strength 
reduction factor, #J, of 0.65. Based on the results of the 44 friction tests conducted i i  this study, the 
actual strength will then exceed the calculated design strength 98% of the time. 

9.2.2 Conclusions from Ultimate-Load Tests. The 46 ultimate load tests served three 
purposes: 

1) To determine the tension/shear interaction relationship for the anchors in multiple-anchor 
connect ions. 

2) To determine the distribution of tensile and shear forces among anchors in multiple-anchor 
connections. 



3) To determine the effect of baseplate flexibility on the behavior of multiple-anchor connec- 
tions. 

Tension/Shear Interaciion for Anchors. The results of the two- anchor ultimate-load tests 
indicate that an elliptical tensionlshear interaction relationship is appropriate for anchors in steel- 
teconcrete connections. A linear tension/shear interaction relationship is conservative. This agrees 
with previous test results for anchors in steel-testeel connections 161. 

The shear strength of cast-in-place and adhesive anchors in a multiple-anchor connection 
should be taken as 50% of the tensile strength (%/To = 7 = 0.50). The shear strength of undercut 
anchors in a multiple-anchor connection should be taken as 60% of the tensile strength (Vi/To = 7 
= 0.60). 

Disiribuiion of Tensile and Shear Forces among Anchors. The results of the ultimate load 
tests indicate that a design procedure based on limit design theory is appropriate for ductile multiple- 
anchor steel-to-concrete connections. The application of limit design theory to multiple-anchor steel- 
to-concrete connections is presented and assessed in Chapter 8. 

Steel-to-concrete connections can be divided into two distinct areas of behavior depending 
on the moment-to-shear ratio of the applied loading: an area dominated by the applied moment; 
and an area dominated by the applied shear. The distinction between these two areas of behavior 
is presented in Chapter 8. 

.-- For connections in the moment-dominated area of behavior, the anchors in the tension 
i,. zone can be assumed to attain their tensile strength prior to failure of the connection. In this case, 

the combined shear strength provided by the frictional force at the steel/concrete interface (due to 
the compressive reaction from the applied moment) and by the shear strength of anchors in the 
compression zone, exceeds the applied shear. The strength of these connections is controlled by the 
tensile strength of the anchors in the tension zone. 

For connections in the shear-dominated area of behavior, the anchors in the tension zone 
can be assumed to act as a single composite anchor acting at the centroid of the anchors in the tension 
zone. The strength of this composite anchor is limited by the anchors' tension/shear interaction 
relationship. In this case, anchors in the compression zone can be assumed to be at their maximum 
shear strength. The strength of these connections is controlled by the shear strength of the anchors 
in the compression zone, coupled with the combined tensile and shear strength of the anchors in the 
tension zone. 

E8ec.l of Baseplate Flexibility. Baseplate flexibility affects the assumed location of the 
compressive reaction from the applied moment. The compressive reaction should be located in a 
conservative manner since i t  directly affects the calculated tensile forces in the anchors. 

The compressive reaction can be located in a conservative manner by considering the 
concrete surface to be rigid and the portion of the baseplate projecting beyond the outermost 
compression element of the attached member to be flexible. The portion of the baseplate welded to 
the attached member can be assumed to rotate as a rigid body. 

To locate the compressive reaction from the applied moment in a conservative manner, 
the reaction can be considered to be located at  a distance, z,i,, determined by Eq. (7-I), from 



the outer edge of the compression element of the attached member. If the baseplate thickness is 
unknown, it is conservative to consider the compressive reaction to be located directly under the 
outer edge of the outermost compression element of the attached member. 

9.3 Design Recommendat ions  

The design recommendations resulting from this study are incorporated into a Design 
Guide for Sieel-to-Con.crete Con.nections [3]. The Design Guide is the final report on Texas SDHPT 
Project 1126. 

9.4 Recommendations for Further Research 

The results of this study indicate that a limit design approach is appropriate for ductile 
multiple-anchor steel-to-concrete connections. The most important goal of future research should 
be to determine the limits of applicability of this design approach. A limit design approach requires 
the following: 

1) The strength of the connection must be controlled by the strength of the anchor steel. 
Non-ductile embedment failure modes associated with the concrete must not occur prior 
to failure of the anchor steel. 

2) Anchors must be able to undergo sufficient inelastic deformation in both shear and tension 
so that tensile and shear forces are redistributed to other anchors in the connection prior 
to failure of any one anchor. 

To ensure that these two requirements can be achieved in a multiple- anchor steel-to- 
concrete connection, the following additional research is recommended: 

1) Investigate and define the embedded length requirements for anchors in multiple-anchor 
steel-to-concrete connections. Although the embedment criteria used to determine the 
embedded length of the anchors in this study were sufficient to produce designs whose 
capacities were governed by anchor steel failure, more research is needed to determine the 
embedment requirements for groups of anchors in tension, shear, and combined tension 
and shear. This is particularly true for adhesive anchors. 

2) Investigate the bearing and shear strength of the supporting concrete for multiple-anchor 
steel-to-concrete connections (subjected to moment and shear, or to moment, shear, and 
axial load), as limited by free edges of the concrete. This should include rigid-baseplate 
tests with a single row of tension anchors and no anchors in the compression zone. The - 
toe of the baseplate should be located near a free edge of concrete. 

3) Investigate the flexural and shear strength of the supporting concrete for multiple-anchor 
steel-to-concrete connections (subjected to moment and shear, or to moment, shear, and 
axial load), as  limited by the thickness of the concrete. Current design procedures for 
combined flexure and "punching" shear, resulting from localized loadings on a concrete 
slab, are based on test results for concrete column-to-slab connections. These design 
procedures may not be appropriate for multiple-anchor steel-teconcrete connections. 



4) Investigate and define the maximum baseplate hole oversize that will permit redistribution 
of shear among the anchors in multiple-anchor steel-to-concrete connections. The baseplate 
hole oversize used in this study was 40% larger than the nominal diameter of the anchors. 
Studies should be performed on larger diameter anchors to determine if the proportionate 
hole oversize used in this study can be extrapolated to larger diameter anchors. 

5) Investigate the strength and behavior of ductile multiple-anchor steel-to-concrete connec- 
tions (subjected to moment and shear, or to moment, shear, and axial load), for reversible 
cyclic loads. 

The limited flexible baseplate test results of this study indicate that a relatively simple 
design approach can be used for flexible baseplates. Additional tests of ductile multiple-anchor 
steel-to-concrete connections using flexible baseplates should be performed to verify the proposed 
method for locating the compressive reaction given in this study and the Design Guide. 
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APPENDIX A 
APPROXIMATE METHOD FOR CALCULATING THE PROJECTED AREA 

WITH OVERLAPPING FAILURE CONES 



The exact calculation of the actual projected area for overlapping failure 

cones (shown in Fig. 3.5) is difficult and unjustifiable given the inexact nature of 

other parameters in the embedment design (such as the concrete tensile strength and 

the shape of the failure cones). Marsh and Burdette [74] and Siddiqui and Beseler 

[75] provide design aids for calculating the projected area for overlapping failure 

cones. 

The approximate method given here is generally conservative, and in the 

few situa.tions where it is unconservative the error is less than 2%. 

The a.pproximate method is based on connecting the overla.pping failure 

cones by tangents, calcula.ting the resulting approximate projected area, Apal by 

relatively simple formulas, and then modifying that projected area by a reduction 

factor, p. Fig. A.l  shows approximate projected areas, Apa, for overlapping cones. 

The reduction factor P is given by: 

Figure A.1 Approximate Projected Areas for Overlapping Cones 



where: cr = the ratio of the largest anchor spacing between adjacent anchors 

in a group of anchors with overlapping failure cones, to the radius 

of an individual failure cone. The factor cr will always be less 

than 2 for overlapping failure cones (when cr is greater than or 

equal to 2 the failure cones do not overlap). 

For design purposes the projected area for groups of anchors, A,, may be 

t alien as: 

The reduction factor, P, given by Eq. (A-I), was determined as follows: 

1) A conservative value for the reduction factor, ,B, can be determined by con- 

sidering a typical quadrant of overlap for the most widely spaced anchors in 

a group of anchors with overlapping failure cones. Fig. A.2 shows a typical 

quadrant of overlap for the simple case of two anchors with overlapping 

failure cones. 

2) The actual reduction factor, P, (which represents the ratio between the 

actud projected area and the approximate projected area) for the typical 

quadrant of overlap shown in Fig. A.2 was determined by geometry as 

follows: 

The actual projected area, A,, for the typical quadrant of overlap is given 

by: 

The approximate projected area, Apa, for the typical quadrant of overlap 

is given by: 



Typical Quadrant of Overlap 
(Shown exploded below) 

S < 2r Bounday of Apa 

(a) Actual and Approximate Projected Areas for Two Anchors with Overlapping Failure 
Cones 

/-- 
Boundary of Apa 

/ / Boundary of Ap 

a=s r 

(b) Typical Quadrant of Overlap 

Figure A.2 Typical Quadrant of Overlap for Closely Spaced Anchors 



The actual value of P is determined as: 

where: ar = the ratio of the anchor spacing, s, to the radius, r ,  of an individual 

failure cone 

3) An approximate value of the reduction factor, p, given by Eq. (A-1), was 

determined by fitting a parabolic curve to the actual value, given by Eq. 

(A-3). Fig. A.3 shows a graphical comparison of these two equations. 

Figure A.3 Reduction Factor for Overlapping Failure Cones 

4) For groups of anchors with overlapping failure cones a conservative value 

for the reduction factor, p, is determined by calculating a value for ar based 

on the largest anchor spacing in the group. 
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APPENDIX B: GRAPHICAL RESULTS FOR FRICTION TESTS 
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APPENDIX C: GRAPHICAL RESULTS FOR ULTIMATE-LOAD TESTS 
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