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Bulldings In the Unlted States, dealgned and constructed in the late 1860's and
sarly 1960's In accordance with prevalent standards, are often found to be Inadequate 1o
withstand major earthquakes. Gravity loading was tha primary concemn In the design of
these bulidings, and as a result, they may not possess adequaie lateral strength and
ductiiity, Addition of Infill walls s a widely-used scheme for selsmic retrofit of non-ductile
reinforced concrate momant-resisting rames (ACMAF) which have beon identifled as a type
of structural system thai poses significant potential hazard to life safety and may result In
major financlal loss.

The curren! expermantal study locussed on lssues associated with selsmic retrofit
ol non-ductiie RACMAF using Inflled walls. lssues Investigated were: (1) retrofit techniques
for strengthening column lap splices which may control the performance of retrofitted
RCMAF; and {2) the shear transfar mechanism across frama-wall interfaces.

investigation of retrofit techniques for column lap splices Involved strangthening
column-splice specimens using a varety of selected rotrofllt techniques and testing the
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parformance of retrofitted splices in terma of splice tenalla strength and ductility. The retrofit
technlques used Included: conlinemaent of the splice reglon with stesl angles and straps or
reinforeing bar tles; and welding of spliced bars. Thoy were Intended 1o supplemaent
ponfinamant In the splice reglon to dolay/prevant splitting of concrote caver in the splice
reglon of o provide continulty betweaen spliced bars. Retrofitted column-splice specimans
wore subjected 1o axial lond reversals simulating the action of selsmic forces on the
boundary slamonts (columna) of a frame-wall system. Providing confinamaent of ontinuity
improved splice tonslle strength and ductllity In most cases.

Tha study of the shear transfor mechanism across a frame-wall interface Involved
oonstructing test spacimens that were representative of a portion of the frame-wall interfaca
and subjecting the specimen Interface 1o different load patterns in direct shear. Variables
investigated In the test program Included: type of shear loading (reversed ecyclic va
manatanic), level of axternal compression across the speciman inerface, number of dowels
{tho dowsls ware not anchored to develop yleld) as shear connectors across the spacimaen
intorface, strength of concrete In the framae segmant of the test specimen, and procedure
used for construction of the specimen interace. Test resulta provided Information for
astablishing (1) the benafit of eyellc compreaslon across frame-wall Interfaces resulting from
selsmic loads, (2) the number of dowels that must be provided across the Interface for
satlstactory pardormancs, (3) the Influenca of strength of concrate In the existing frame, and
{4) the strength to be assigned to grouted (dry-packed) frame-wall joints. Test results were
used to verty and extand the application of shear-friction provisions currently incorporated
In Sect. 11.7 of ACI 318-80,
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CHAPTER 1
INTRODUCTION

1.1 GENERAL

Bulldings in the Unltad States, deaigned and constructed In the 50's and B80's in
accordance with pravalent siandards, are often found to be Inadequate to withstand major
sarthquakes. Gravity loading was the primary concem In the design of these bulldings and,
as a fesull, they may not possess adequate lateral strangth and ductility,

Mon-ductile reinforced concrete moment-resisting frames (RCMRAF) are identified
as one of tha types of structural systems that poses significant potential hazard to life safoty
and may result In major financlal loss. Strengthening of such frames typlcally Involves
(1) addition of infil walis, (2) use of steel bracing, (3) jacketing of frame elements, or (4) a
combination of these techniques. Selection of a rehabllitation technlgue I based on
sorrecting the deficlencles in the structure as well as satistying other factors Including
deslred performance level, economy, aesthetics, and construction feasibility.

Addition of infill walls is a widely-used schoma for seismic retrofit of non-ductile
RCMRAF. In using tha schama, two spoachic lssues must be given due considaration. Ona,
the existing weak links in the frame must be eliminated so thatl the performance
roquiremaents of retrafitted RCMAF can be reallzed. One waak link In an existing frame may
be the tensile capacity of eolumn lap splices, originally designed for little of no flexure In
combination with axial comprassion, Tha short lap splices are typically located at the base
ol the columns just above a construction jolnt, and column ties in the splice reglon are
often widely-spaced. In the retrofitted structure, existing columns act as boundary elemants
for the new walls, As & reault, some columna may be subjected to large, axial tenslle forces
{Fig. 1.1} and Inelastic deformations, Tho performance of a retrolitted RCMRF may therelara
ba limited by the premature fallure of column splices unless they are strengthened to
davalop tha tanslle strength of column reinforcemant and significant inslastic deformation.
Experimantal studies by Gaynor [13], Shah [33], and Jimenez [17] verify the significance
of strengthening column splices to anable the retrofitted frames to perform adequately
during major earthquakes. Also, analytical studies by Bouadi [11), Jordan [18], and




Pinchelra [30] show the role of Inadequate column splices in limiting the banefits of diffarant
strongihaning procedures.

Twao, monolithic behavior between the existing frame and the newly added Infill wall
musi ba achleved. Monalithio bahavior of a frama-wall system demands alfective shear
transfer between the existing frame and the new infill wall, Typically, infill walls are
intagrated with the existing framas by sandblasting frama-wall interface In the frame, drilling
and cloaning holés in the exisling concriste, aalling dowals as shaar connactions by grouting
them using a sultable materlal such as epoxy, and connecting the wall reinforcemant to the
dowals. The infill wall can be cast In place or shotcreted. The following lssues need
investigation In order 1o ensure eflective ahear transler across irame-wall Interiaces and also

achlave economy:

{1} Compression across frame-wall interfaces. Compression across frame-wall
interfaces from gravity loads, and selsmic forees (Fig. 1.2) would Improve the interface
shear capaclty so thal a shoar can be transferred with a minimum number of dowels
crossing the Interface. In retroflt schemes, a reduction In the number of dowels as shear
connactors may result in significant savings In retrofit costs since installation of dowels may
ba labor Intensive and exponsive. Extonalve tests were conducted by Bass [7, 8, 9] on
shear trangler strangth of concrote-to-concrete Interfaces. The roles of reinforcing bar
dowals as interface shear reinforcement and different procedures for roughening the
Inteiface were studled In detall. However, the influsnce of exiermnal compression on the
interface shonr transfer strength was nol investigated in the study. As a resull, the relative
influances of shear relnforcamant and extornal compression on shear transfer strength
could not be established from tho study.

(2) Dowels. Dowaels Installed as shear connoctors acroas frama-wall interfaces
must be anchored on both sides of the shear plane to develop tenslle yield, Code
provisions for estimating connection shear capacity are based on developing the tensile
yield strength of shearfriction reinforcement across the shear plana [3]. However,
smbaedment lengths Inadequate to develop tenslle yield are typlcal In retrofit schemes where
It la not possible 1o anchor the dowals Into the existing frama to develop yield strength. In
asome cases, tho dificullies arse from congestion of reinlorcemont in the oxisting structural




slaments. it ls therefore Important 1o study the behavior of shear planes that have dowels
with Inadequate embadmant 1o develop yleld strength.

{3) Sirength of concrote in the existing frame. Frames constructed more than
30 years ago may hava concrote of very low compressive strength [16]. Very litle is known
about Interface shear transfer in low strength concrote materials.

(#) Grouted top frame-wall connections. In some cases, the top frame-wall
connections are constructad by dry-packing the gap between tha top of the infill and the
bottom of the frmme element with a sultable grout. Since it may be difficult to cast concreto
directly against the bottom of the beam, a gap I8 left. Performance of such grouted
eonnections nesds (o be investigatad.

1.2 ARESEARCH OBJECTIVES

1.2.1 Retrofitting of Column Splices. The major objective of the first phase of
tha axperimental siudy was to develop, and test technigues that would improve the tenslle
sirangih and dalormation capacity (ductility) of short lap splices present in the coluimng.

1.22 Shear Transler Across Frame-Wall Interfaces. The objective of the
second phase of the experimantal Investigation was to study the role of the following factors
of the shear transter machanism in frame-wall interfaces: extomal compression across the
interface, dowels not anchored sufficlently to develop tenslle yield, concrete of differant
{law) comprassive strangth in the existing frame, and dry-packed grout at the gap betwaean
tha frame and the top of the infill wall.

The test resulls were used (o verlfy and extond the application of shearfriction
provislons currently Incorporated In Seet. 11.7 of ACI 318-80 [3].




1.3 RESEARCH SCOPE

1.3.1 Raetrofitling of Column Splices, Twelve two-thirds scale specimens with
column splice detalls typical of ordinary momaent-resisting frames were consiructed. Eleven
of tham were sirengthenad using two approaches. The first consisted of supplemanting
confinamant in the column splice reglon to improve bond along the spliced bars. The
sacond Involved making spliced bars continuoius so that foroes could be transferred directly
without relying on surrounding concrete and confinemant to develop bond batween apliced
bars. The strengthening procedures included confinement of the splice reglon with steel
plomants auch as angles and straps, addition of steel reinforsing bar ties exiermally or
intarnally In the splice regian, and welding of spliced bars. Thay were Intendad 1o confine
the bars to pravent splitting of concrete cover in the splice reglon or to provide continuity,
Rotrofit schemas deslgned 1o supplemant confinemant axternally wore studiad with different
grouting conditions between column faces and extermally confining steel slemaents. This was
done to determing the Influence of grout on the effectiveness of retrofit schomes.

All test specimans wore subjected to repaated cycles of axial load reversals that
would be predominant in boundary slements of frme-wall systems subjected 1o selsmic
loads. The performance of retrofited specimans was evaluated based on the capacity of
column splices to enable tha column longltudinal reinforcing bars to develop the tensile
yield strength, and parmit significant inelastic delormation In the column reglon.

1.3.2 Shear Transier Across Frame-Wall Interfaces. Seventoan test specimaons
ware constructed. The test specimen was designed 1o represent a segment of a frmme-wall
interface, Reinforcement detalls in the frama and wall segments were kept similar in all test
specimens. Varlables Investigated In the test program Included; pattern of loading in shear
(reversed cyclic va monotonic), level of external compression across the speciman
intorface, number of dowels with Inadequate anchorage 1o develop yleld as shear
connactors across the specimen interface, strangth of concrate In the frame asgmant of est
specimaen, and procedure used for the construction of specimen interface.

All 188t specimens wefe subjectad 1o eithar reversed cyclic or monotonic loading
in direct shear. Loading histories conslsted of reversed cycles of Increasing magniiude. The
eyclos wara load-controlled until the test specimans reachaed the peak shear capacity and




wire displacemaent-controlled thersafter, The parformance of tast spacimans was ovaluated
basad on three major criterla; shear sirength, shear stiffness, and residual shear capacity

(post-fallure capacity).
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CHAPTER 2
RESEARCH BACKGROUND AND LITERATURE REVIEW

2.1 RESEARCH BACKGROUND

During the past decade a variaty of techniques for repairing and retrofitting non-
duetile relnforced concreto moment-reslsting frames (RCMAF) have bean [nvastigated ot
University of Texas at Austin, Techniques investigated included addition of Infill walls,
jacketing of frama slemants, and addition of stesl bracing.

An experimantal Investigation invalving the addition of shotcretad Infill walls to
strengthan non-ductile RCMRF was carried out by Gaynor [13]. In the study, three two-
thircds scale singlo-story, single-bay frames represantative of late 1950's and sarly 1960's
gonsiniction were designed and constructed. Tha frame had typlcal detalls of that pariad
such as short lap splices at the base of the columng and minimal ties along the column
including the splice reglon. The column aplices wore 24 bar diamaters long and the tle
spacing was 12 inches. These detalls conform to ACI 318-58 [1] and ACI 318-83 [2]. The
framas ware strengthened using shoterete infill walls. One frame-wall specimen had a solid
infill wall, the sacond had an infill with a door opaning centared in the frame, and the third
had an infil with a window opening centered In the frame (Fig. 2.1). The frame-wall
spacimans ware subjected 1o cyelic reversals of in-plane lateral loads simulating the effects
ol sarthquake ground motions. The strength of test specimens which had a solid infill and
an inflll with a door opening was controlled by anchorage faillure of column splices in
tenslon. The specimen which had an infill with a window opening falled In shoar, The
arivelopes of load ve diift plots of all three spacimens are shown In Fig. 2.2. Although the
addition of Infill walls did improve the lateral force resistance of the frmmas, the benaefit of
strangthening two of the thiee framas was limited by tensile fallure of the column splices
resulting from overtuming forces on the framé-wall spacimana,

Also during construction of the walls, the shoterete procedure did not complataly
fill the Interface between the frame and the top of the wall (Fig. 2.3). The shotcrote
raboundaed off the bottom of the beam and the plywood used to form the back surface of
aach wall. The flaw at tho top of sach wall ranged in slze from a &mall separation to o
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sizeablo vold. An apoxy grout was Injected to fll the small separations and used to pateh
the volds (Fig. 2.4), The repaired intarface did not axhibit any distress during the tests.

Shah [33] retrofitied a two-thirds scale frame specimaen that was similar in details
as the frame specimens constructed by Gaynor [13]. The frameé was strengthanad by
infilling with a cast-in-place wall with a door opening. The weak column splice in the test
spaciman was supplemantod by adding continuous stoal in the wall near the columna {Fig.
2 8), Tha pardormance of the ratrofitted frama was batter than that of the frama apaciman
strengthenad by Gaynor [13] using a shoterete infill wall with a door opening {Fig. 2.6).

Jimanaz [17] Investigated retrofitting a frame using an aceentric wall and column
jackets. Tha two-thirds scale frame was similar in detall to the frame specimana constructad
by Gaynor [13] and Shah [33]. The wall was connected to the concrete framae through
epoxy-grouted dowels and relnforced concrete jackets around the frama columna (Fig, 2.7),
Tha sccentric wall was cast in plnce. The column jackels improved the behavior of wank
column splices, allowing stesl strains wall bayond yield without falling. The vertical wall and
column relnforcamant at the base was well into tha yield range and the load-deflection
curve was nearly flal Indicating that the ultimate load In lexure was almost reached. The
pardormance of the retrofitted specimen and the specimen strengthened by Gaynor [13]
using a shoterate Infill wall are comparsd in Fig. 2.8,

2.2 UTERATURE REVIEW
2.2.1 Column Lapped Splices

An analytical investigation was performed by Jordan [19] 1o evaluate the
offoctiveness of different retrofit schemes for existing non-ducille RCMAF, In the
investigation, a low-risa and a medium-rise bullding representative of Amarican deslgn and
congtruction In the 1950's and 60's were analyzed. The siudy revealed thal a shor
compression lap splice, Inadequate to permit tenslle yielding of column longitudinal
rainforcemant, was one of the major weak links In the existing buldings. The schomas
considered for retrofitting both structures were addition of Infill walls and jacketing of frama
olemants (beams and columns), The study showed the importance of strengthaning column




gplices, In the strengthened and unstrengthened frames of the bulldings, to enable the
ratrofiited structures to perform adequately during major sarthquakes (Figs. 2.9 and 10).

Pinchalra [30] investigated analytically ihe performance of post-tensioned bracing
system as an alternate retrofit technique for strengthening RCMAF, Varlables considered in
the study were bullding characieristica (low and medium rise), soll conditions (soft and
firm), and varous ground molion records representing major earthquakes, The study
ravealed that the lateral strength of low-rise, unatrengthenad bullding was Inadequate 1o
withstand major earthquakes and was controlled by the fallure of shon lap splices in the
axisting columns (Fig. 2.11).

Ongoing resaarch by Boundl [11] on the use of slesl sccentrically braced fmmas
(EBFs) for selsmic retroft of RCMRF shows the vulnerability of shor column splices In
controlling the lateral strength of RCMAF In existing low-rise buildings and leading to their
total collapse during major earthquakes (Fig. 2.12).

A sorles of experimantal investigations was carrled out at Comall University. In one
ol the studias, the performance of column lap splices subjoctad to repeated, reversed cyclic
loads was Investigaled by Lukose [22]. Splices in fourteen full-scale specimens wore
subjected to a combination of bending and shear force. The relationship batween splice
lsngth and the spacing of confining reinforcemant (ties) was studied in some detall. The
study also Included, but to a lesser extent, concrote cover affects, and compression splice
behavior, Sivakumar [34, 38] continued the study and Investigated transverse steal
requiremaents for specimans with mora than two splices in a layer, effects of offsats In
spliced bars, effect of concrete strength on splice strength and bahavior, and strength of
spoxy-rapaired splices. The extended study consisted of ten full-scale and three small-scale
test specimens. Panahshahi [27] investigated the behavior of lap splices exparimantally and
analytically, Incorporating additional parameters such as splice bar diameter and yleld
strength, and tha splice spacing. Investigations by Sagan [32] focussed on studying the
bahavior of noncontact lap splices, and formulating sultable design guidalines.

Orangun [26] developad an equation for calculating the splice lengths of deformed
bars based on tha bond strength batween tha bars and the surrounding concrete. The
equation considers the effects of concrete cover, splice bar dlamater; splice length; size,
spacing, and ylald strangth of tranaversa (confining) reinforcomaent; and strangth of concrete
surrsunding the splice. The equation is given balow:

e
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= S if.’_ < 3 (2-2)

m 5005d,

and U, = bond strangth of single longltudinal bar In psl,
Uy - band strangth contributed by surrounding concrete In psl,
iy, - bond strength contributed by transverse (confining)
relrfarcamant n pal,
L = smaller of clear concrate cover or ona-half of clear spacing
batwaen splices In Inchas,
dy - splice bar diameter in inches,
I, - splice length In Inches,
A, - nrea of transverse relnforcemant, defined as total area of
transverse relnforcement crossing the fallure (aplitling
crack) plane divided by the number ol splices in g, In,,
= ylald strangth of transverse relnfarcement In pal,

8 - spacing of transverse relnforcemant in inches, and
. - compressive sirength of concrate aurrounding the splice
in pal

The upper limit of 3 In Egn. (2-2) I8 based on the maximum effectivenass of
confinement, afforded by the transverse reinforcement to the splice region. Equation (2-2)
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iy used In the current study to design retrofit schemes (presantad In Appendix A) to
supplemant confinement in the splice region through additional transverse reinforoement.

Sugano [37] developed guidelines for Improving confinement In the existing
columns. An axperimental study by Suleiman [38] focussed on the behavior of jacketed
reinforeed concrete columns subjected to combined axial load and bending. The reinforced
goncrete jackets ware intended to improve the strength and ductility of the existing

columna.

2.2.2 Direct Shear Transler

A comprahanalve axparimantal study was conducted by Hofbeck [15] and
Mattock [24, 25] at Univarsity of Washington at Seattle. In the study, shear transfer across
planes in reinforced concrete was Investigated in detall. Variables studied In the test
program wara: alfect of precracking along the shear plane; effect of size, spacing, and yield
astrength of shear reinforcement across the shear plane; effect of concrote strength;
contribution of dowel actlon to shear transfer strength; and Influence of net compression
across the shear plane. The contribution of shaar reinforcamaent provided at an angle to the
shoar plane was also Investigated. Eighty nine test spacimens were constructed and the
shaar planes In all specimans were subjected to monotonic loading In direct shear untl
fallure. Based on the study, design equations were developed to agroe with the test data
(Fig. 2.13).

Paulay [28, 20) conducted tests at the University of Canterbury, New Zealand to
investigate shear transfor across concrote-to-concrote interfaces (Fig. 2.14). The test
progmm conslsted of eighty test specimens, Varables considared In the study were:
amaunt ol shear relnforcemant across the interface; surface preparation techniques used
typlcally to produce a rough and Irregular Interface; and contribution of dowel action and
aggregate interlock to interface shear transfer strength. The PCI design handbook [31]
provides specifications for designing concrete-to-concrate and concrate-to-steel interfaces
for direct shear transfer. The recommendations are based on the shaaririction theory
(axplained in An. 8.1) and are similar to the shear-friction provisions In ACI 316-80 [3].
Gambarova [12] developed models for the response of concrale-1o-concrale and concrata-
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to-stoal Interfaces that can be used in finte eloment analysis of reinforced concrate
giructuras.

Experimental studies by Andarson [5], Hanson [14], and Mast (23] focussed on
investigating shear transfer across connections bitwean precast and cast-in-place concrats.,
Birkaland [10] formulated design equations based on the test data obtained from thasa
studios (Fig. 2.18). Kriz [21] invostigated experimentally, the influence of steel reinforcemant
on the shear transfer strongth of the interface betweon the columns and the corbols.
Jimenaz [18] and White [40] conducted experimental and analytical studies on shear
translor In eracked thick-walled reinforced concreta structures subjected 1o selamic lorces.
The contributlon of dowels to shaar transfer strangth was Investigated in datall by Vintzaleou
[39]. Design recommendations were proposed based on the axparimantal data.
Exporimantal studies by Kosaki [20] and Bakhoum [6] focussed on shear strangth of jolnls
In precast segmontal bridges.

Altin [4] Investigated experimentally the selsmic behavior of reinforced concrate
frames, strangthened by cast-in-place Infill walls. The effect of various types of connections,
betwaan the frame and the wall, on the performance of retrofitted frame was considered In
tha study. Yamada [41, 42] investigated experimentally and analytically, the seismic
bohavior of reinforced concrate framaea retrofitted with infill walls, The study Iincluded the
sifoct of opanings in the Infll walls,
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Figure 2.2 Performance of frames retrofitted by Gaynor [13]
with shoterete inflll walls




15

Figure 2.4 Finished epoxied interface (joint)




16

T |
sapome
l 1 | |i'r!|u 1 l o
S i i : J
M1 J|I “ \
IO T I TR o+ |

Figure 2.5 Reinforcement ut for test specimen retrofitted by
Shah [33] with cast-in-place wall and supplementary tensile
reinforcemeant in boundary element region




17

==
-

ad

s

Shotorete infill with door - Spiice fliure

Lateral Ioad in kips
g

[i] b2 0.4 ﬂ'.'E 0.8
Dt (%)

Figure 2.8 Performance of test spacimens by Shah [33] and Gaynor [13]




18

Figure 2.7 Wall and encasing reinforcement for frame
retrofittad by Jimanaz [17]
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CHAPTER 3
RETROFITTING OF COLUMN SPLICES
EXPERIMENTAL PROGRAM

3.1 INTRODUCTION

Tha first phase of the exparimantal program focussed on (1) developing techniques
ihat would Improve the tanslle strength and the deformation capacity (ductiiity) of short lap
splices prasant in the columns, and (2) testing the performance of strengthened column
apecimans to verify the effectivenass of selectad retrofit schemes. Retrofit schamaes wore
soloctod based on sase of construction, minimal construction costs and minlmum changos

to column dimenslons,

3.2 RETROFITTING TECHNIQUES

3.2.1 Refrofitling Methodology. Two approaches lor retrofitting column lap
splices ware examinad. The first consisted of supplomanting confinemant In the column
splica reglon to improve bond along the spliced bars. Tha second Involved making spliced
bars continuous so that lorces could be transferred directly without relying on surrcunding
concrote and confinement to develop bond batween spliced bars.

3122 Techniques for Supplementing Confinemaent in the Splice Reglon. Threa
diffgront schamaes wore selected for improving confinement n the splioe reglon: (1) addition
of steal angles along the column comars over tha splice reglon with stesl strapa cannecting
tha angles, (2} addition of external steel relnforcing bar tles, and (3) placemant of additional
Intarnal ties in the splice reglon. For the first two schames, different grouting conditions
{botwoon oxdamal confining alemants and oxisting concrote) were studied in order 1o
datermine the influence of grout on the effectiveness of axternal confinement.
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3.2.3 Technigue for Making Spliced Bars Continuous.  Lapped bars were
waolded togethar to provide a direct load path for transfer of forces. Splices In the two
column spacimens strengthenad using walded splices were constructed as non-contact
splices (Fig. 3.1). This was dona In order to simulate adverse field conditions where spliced
bars are not in contact after construction Is completaed.

3.3 TEST SPECIMENS

3.3.1 Existing {(Unstrengthened) Column Specimen. The prototype membar
aplacted for study was an 18 ¥ 18 in. reinforced concrate column with 4 #8 longltudinal

bars and #3 ties. Twelve test spocimons were consiructed. The lost specimens wore
two-thirds scale models of the prototype column, and were designed and detalled 1o
represent 1950's construction. Typilcal detalls of lest specimans were a column compression
splioa length of 24 longitudinal bar diameters and te spacing of 12 Inehas which conform
to ACI 318-56 [1] and ACI 318-83 [2] provisions. Ties were labricated with 80 degree hooks,
typical of 16850's construction. A schamatic of a ftyplcal specimen with existing
(unatrengthened) lap splices ts shown In Fig. 3.2. Splices were located at mid-haight of the
tesl specimens. The reinforcing cage for & column specimen with contact lap splices ls
shown In Fig. 3.3,

3.3.2 Retrofitted Column Specimens. Ona of the twalve column specimens was
nat sirengthened to provide a bench mark. Splice reglons In the other eleven spacimans
ware retrofitted using the diferent schemes describad aarier,

3.3.2.7 Namaencisture for Column Specimens. Tesl specimen notation was
based on splice datalls, ratrofit schama selected, grouting details of strengthaning slemants,
and speciman numbor whan the samo general retrofiling scheme & used. The column
spocimens and thalr notations are summarized in Table 3.1.
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3.3.2.2 Column Specimens Retrofitted Using Steel Angles and Straps. Thiea
gpecimens (U-856-UG-1, U-886-UG-2 and U-386-UG-3) were strengthened using sieal
angles (2 X 2 x 1/4 in) and straps (12 x 1 x 1/4 In.). Column comers were chipped 1o
permit a batter fit of the steel angles 1o the column, and stedl straps (spaced @ 8 In. c/c)
waore welded to the angles (Fig. 3.4), Care was laken 1o ensure that the angles it tightly
agalnst existing concrete. Two more spacimens (U-558-G-4 and U-556-G-5) were
strangthanod with similar dotals but with grout placed batweaen the existing column and the
stool angles and straps. The angles were fixed along the column comers with 1/4 In.
spacers batwean the concrete and each steal angle, and then straps were welded to the
angles. A dry-pack cemantitious grout (non-shrink and non-comrosive grout mixed with a
minimal amount of water) was placed and compacted in the gap between the exdsting
enlumn and steol slomanta (Fig. 3.5). Design detalls of the schama aro presented in An. A2
of Appandbx A

3.3.2.3 Column Specimaens Retrofitied Using External Reinforcing Bar Ties.
Threa specimens (U-E53-G-1, U-E53-UG-2 and U-E53-PG-3) ware confined with external
ties mada of U-shapad #4 reinforcing bars. The ties wera placed @ 3 In. ¢/o spacing and
thelr overlapping logs were walded together (Fig, 3.6). Specimen U-ES3.UG-2 was lalt
ungrouted (Fig. 3.7a). Tles In specimen U-ES3-G-1 were grouted with a very fluid mix
forming 1 In. covar over the axisting concrate (Fig. 3.7s). The grout cover was cast by
uging a form around the column and a fluld cement grout. Specimen U-ES3-PG-3 was
partially grouted; a dry-pack cemantitious grout was applied by hand to fll the gap batweaen
the ties and the existing column and to cover the exposed tles (Fig. 3.7¢). Tha partially-
grouted schame was Intended to ensure that the extemal tles were in contact with the
axisting eolumn. Dealgn details for this schoma are presented in Ant. A3 of Appandix A,

3.3.2.4 Column Speciman Retrofitted Using Additional Internal Ties.  Test
specimen U-ATB-1 was provided with three additional #3 internal tles at 8 In. spacing after
the existing concrete cover was removed at each tle location. The intant was to remove as
little cover as possible. As a resull, the tie spacing did not meet current specifications. The
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tios consisted of U-shaped reinforcing bars with overapplng legs which were walded
togathor (Fig. 3.8). Tha removed conorete cover was replaced with a nan-shrink comaint

grout after the tles ware placed. Dﬂlﬂh detalls for this reiralll achama are presantad in A
A4 of Appendix A,

3.3.2.8 Column Specimens Retrofitted with Walded Splices. In
specimens 5-WS-1 and S-W5-2, concrala cover along the column cormars was remavied
aver the splice reglon and the non-contact lap-spliced bars were welded together with a #3
relnforcing bar serving as a filer. The removed concrele cover was replaced by a
non=shrink comant grout after the lap spliced bars ware waslded [ogothor. Spacimen S-W5-2
was provided with a #3 tho noar the end of the cuter apliced bar (Fig. 3.9). Thiz was dona
in order 1o restraln the outward thrust produced by eccentricity batween the spliced bars.
Dasign of this specimen was based on recommandations of Section 12.14.3.2 of ACI 318-89
[] and *Structural Welding Code - Relnforcing Steel® (AWS D1.4) [36]. Design detalls are
presanted In Art. A5 of Appendix A

3.3.3 Characteristics of Materials

3.3.3.7 Conerete. Concrote was supplied by a local ready-mix plant. The 28-day
design compreasive strangth was 3000 pal (typlcal of 1850's construction), It utiized 3/8
In. coarse aggregate (2/3 scale of 5/8 In. coarse aggregate used for the prolotype column)
and 5 in. slump. Tha comprassive strength of concrete at different ages is listed In
Tabla 3.2. All column spacimens ware tested at an age of 45 days or later.

3.3.3.2 Steel

{a) Relnforcing bars. Grade G0 relnforcing bars were used for all purposos due
to tho lack of avallabilty of Grade 40 reinforcing steal which was used in 1850'a
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construction. The measured yield strength of reliforclng bars of all &lzed mngoed batwaan
B0 and 71 ksl

(b) Strengthening steal. Grade A3G steol was used for steel angles and straps.
The measured yield strength of steel angles and straps was 53 ksl

3.3.3.3 Cemant Grout. The cement grout, commarclally khown as,
*SikaGrout 212° (manufactured by Sika Corpomtion, New Jorsoy) was used for all grouting
procadures. It is a non-shrink and non-corrosive grout which can be mixed with varying
quantities of water to obtaln different lovels of consistency (plastic 1o fluid states) depending
on the purpose to be served.

2334 Walds. Based on the recommandations ol Sectlon 12.14.32 ol
ACI 218-86 3] and *Structural Walding Code - Reinforcing Steel® (AWS D1.4) [36], slectrade
typo "AWS ES018-M" was used 1o weld lap splices of Grade 60 relnforcing bars.

3.4 TEST SETUP AND TESTING PROCEDURE

3.4.1 Test Selup. The test frame (Fig. 3.10) was designed to subject column
spacimaens to alternating axial tenalle and compressive forces, These are the primary forces
axporienced by boundary elemants of a frame-infill wall system that is subjected to reversed
cyclic lateral loads resulting from selsmic actlon. Tenslon was applied 1o apecimana through
a 1.5 in. diamater rod embedded in each test specimen (Fig. 2.2). Specimens were
subjected to axial tenslon and compression by activating the top ram (tenslon actuator) and
tha bottom ram (compression actuator) alternately.

3.4.2 Loading History. All test specimens were subjected to repeated cycles of
load reveraals. The load cycles consisted of a half oycle of tension load followed by a half

P




oycle of comprassion load of equal magnitude. The proposed loading pattern (Fig. 3.11)
incorporated one cycle with a peak load of 80 K , followed by palrs of cycles with peak
londs of 90 K, 120 K and 150 K each. This load history was modifled slightly during the tests
basad on the obsarved bahavior of test speacimans.

3.4.3 Instrumentation.  Two load colls, sach placed under tension and
compression actuators, monltored the applisd load. This load was verified by a pressure
tranaducer. Two displacement transducers were Inatalled on opposhe faces of the tost
specimen to measure axial elongation over the splice reglon (Fig. 3.12). Strain gages were
monted al critical locations In sach spocimen 1o maasure steel straina.

3.4.4 Daia Acquisition System. The datn acquisition system consisted of an
analog-to-dighal corverter, usually reforred to as a “scanner” Load cells, pressure
tranasducers, displacemant transducers, and strain gages were monftored.
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Table 3.1 Test specimen nomeanclature

Grouting

Base aplice (B)
{unstrengthanad)
2 U Steal angles & strapa | Ungroutad U-856-UG-1
@ 6 In. (858) {ua)
3 U SE6 uG U-556-UG-2
4 u 558 UG U-556-UG-3
6 u 588 Grouted (G) U-556-G-4
G u £56 G U-556-G-5
7 u External robar tles @ G U-ES53-G-1
3 in. (ES3)
8 u ES3 ua U-ES3-UG-2
8 u E53 Partlally U-ES3-PG-a
grouted
(PG)
10 u Additional intornal ties - U-ATB-1
i@ 8 in. (ATH)
11 Nan- Walded aplicos - 5-WE-1
eontact (ws)
(3)
12 s WS - 5-Ws5-2

with an additional tle
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Table 3.2 Compressive strength of concrete at different ages

Ago (days) Concrole cylinder sirength In compresslon (psl)
7 2080
a510

B & |8
g
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1 In. covar

- Sirain gages

___1.5In. diameter
~ high strength rod

4—— 2 tias @ 2 In. spacing

_~— Nt plate assambly

— #G longitudinal bara

— #2 tles @ 12 In. spacing

__Lap splice of 18 in. length
(24 longitudinal bar diameters)

E,
A

Standard hook and
extansion

Figure 3.2 Test specimen with existing (unstrengthenad) splice details
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Figure 3.4 Welding of steel straps to angles




=
=

(sdens g seifiue) sjuewweys jeajs
PUE 808} ULIND ueemieq noub juewsn g eunbiy




i]

sef

reqe) pwape pegnosbury 5.'g eanbiy




42

sef) e feuoippy 8°¢ eunibid

sai] Jeqad [ewepe panob-fgeney o2-g eunbiy




43

« Additional tia

- Welded
L - gplice

Figure 3.8 Walded splices with an additional tie
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__ Displacement
tranaducer

Figure 3.12 Measurement of axial deformation In
splica region using a displacement transducer
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CHAPTER 4
RETROFITTING OF COLUMN SPLICES
TEST RESULTS

4.1 EXISTING {UNSTRENGTHENED) COLUMN SPECIMEN

4,1.1 Column Specimen U-B-1. Splitting cracks Initiated near the location of
golumn ties In the splice reglon and progressed along the splices untll & splitting tenslle
fallure occurred during the third load cycle at a load level of 80 K (Fig. 4.1). The fallure was
brittie. A skatch of the crack paftem in the specimen at fallure is shown in Fig. 4.2
Parformance of column specimen U-B-1 and its load history are shown in Fig. 4.3.

4.2 COLUMN SPECIMENS RETROFITTED USING STEEL ANGLES AND STRAPS

4.2.1 Column Specimen U-8S6-UG-1. Cracks inltlated near the ends of the
splice reglon and betwean steel straps over the splice zone (Fig. 4.4). The test spaciman
fallod during the third cycle at a load levael of B0 K due to concrete spliting paraliel to the
splicas. The fallure zone In speciman U-558-UG-1 | shown In Fig. 4.5, Tha performance
and load history are shown In Fig. 4.6,

4.2.2 Column Specimen U-586-UG-2.  Behavior was different from that of
spocimen U-588-UG-1 In that the tmnsvarse splitting cracks which developed over thi
splice region did not progress as much along the splices as in tho case of spaciman
U-588-UG-1 (Fig. 4.7). Howaver, tesling could not ba continued bayond the third load oycle
because hooks In one of the end connactions began to fall at a load level of 120 K. The
crack pattern in specimen U-556-UG-2 at end-connection fallure is shown schematically in
Fig. 4.7. Tha performance and load history for spacimen U-856-LG-2 ara shown in Fig. 4.0,
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4.2.3 Column Specimen U-558-UG-3. Behavior was similar o that of spaciman
U-856-UG-2. Testing was discontinued during the third load cycle because of an end
connaéction fallure. The column speciman was subjected to a maximum load of 120 K. The
pﬂﬂmnm and load history of specimén U-856-UG-3 are shown in Fig. 4.8,

Column ends in test spocimeons that followed were confined using sfoal channals
and mild stool rods (Fig. 4.10). This was done in order to provent end connsction fallures.
Such fallures would not ooour in reallty since the hooks (in end connactions) would nat

gxiat In a prototype column.

4.2.4 Column Specimen U-886-G-4. Behavior of this specimaen was satisfactory,
The tes! apecimen was subjectad to alx load cycles with load levels as high as 150 K.
Column bars yislded outside the splice reglon and as a result large cracks were abiserved
as shown In Fig. 4.11, No cracks were observed In the splice reglon until the final load
stagos. The splice zone did not show any algn of distress or fallure during testing. The
skotch of crack pattern for apacimen U-556-G-4 at complation of testing s shown in Fig.
4,12, Performance and load history for the test specimen are lllustrated in Fig. 4.13.

4.2.5 Column Specimen U-556-G-5. Behavior of specimen U-336-G-6 was
similar to that of the companion spacimen, U-556-G-4. The test specimen was subjected
to sevan load cycles with load levels as high as 140 K. No sign Indicating imminent fallure
of splices was obsarved during the test. The parformance and load history of speciman
U-588-G-5 are shown In Fig. 4.14,

4.3 COLUMN SPECIMENS RETROFITTED USING EXTERNAL REINFORCING BAR TIES

4.3.1 Column Specimen U-ES3-G-1. Tha spaciman continued to deform wall
past the polnt at which ylelding of column bars was reached. Splitting cracks developad at
carly load stages followed by yielding of column bars In the splice reglon. The lap splicos
talled In tension during the elghth load cycle at a load level of 145 K (Fig. 4.15). The sketch
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ol crack patlam for specimen U-ES3-G-1 at fallure s shown In Fig, 4.168. Performance and
joad history for the specimen are shown In Fig, 4.17.

4.3.2 Column Specimen U-ES3-UG-2, Specimen U-ES3-UG-2 performed no
batter than the unstrengthened specimen, U-B-1, Cracks Initiated In the splice reglon at
garly load stages and the column splicas falled In tanalon during the fourth load cycle at
a load lovel of 80 K (Fig. 4.18). The sketch of crack patiern at fallure Is shown in Fig, 4,18,
Parformance and load history for the test specimen are llustrated In Fig. 4.20.

4.3.3 Column Specimen U-ES3-PG-3. Perdormance of U-ESJ-PG-1 was closor
io that of specimen U-ES3-G-1 than that of specimen U-E53-UG-2. Cracks Inltiated near
tha ends of the splice reglon at early load stages followed by ylelding of column bars in the
splice reglon. Column splices falled In tension during the sixth load cycle al a load level of
135 K (Fig. 4.21). The sketch of crack patterm for specimen U-ES3-PG-3 at fallure ia shown
in Fig. 4.22. Performance and load history for the speciman are shown In Fig. 4.23,

4.4 COLUMN SPECIMEN RETROFITTED USING ADDITIONAL INTERNAL TIES

4.4.1 Column Bpecimen U-ATB=1. Tha bahavior of specimen U-ATB-1 was nal
satisfactory, Cracka doveloped In ragions of newly added ties and at the ends of the splice
fagion at early load stages (Fig. 4.24). Splices In tho test spacimen falled In tenaion during
the fourth load cycle at a load level of 115 K (Fig. 4.25). Grout placed In the grooves
appearsd 1o adhare with the existing concrote cover (Fig. 4.28), Performance and |oad
higtary for the test specimen are shown In Fig, 4.27.
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4.5 COLUMN SPECIMENS RETROFITTED WITH WELDED SPLICES

4.5.1 Column Specimen 5-W8-1. Speciman 5-WS-1 reached load lovels bayond
the tansile yield capacity of the column bars. However, cracks developed near the ands of
ouiter spliced bars at early load stages and progressed along the splice reglon (Fig. 4.28),
The concrale eover alang the column comars spalled dus 1o the outward thrust produced
by the eccentricity botween the spliced bars (Fig. 4.28). The axisting tie npar the end of the
outor spliced bars ylelded In tenslon and the 80 degree hook opened at the onsel of
gpalling of concrato (Fig. 4.30). Figure 4.31 shows tha prying action of the outer spliced bar
produced by the eccentricity between the apliced bars. The spacimen was subjecled 1o
sovon load cycles with load levels as high as 131 K Behavior of the column spacimen
during lis final stages was charcterized by significant loss of membar stiffness and energy
absorbing capacity (Fig. 4.32). No visible distress could be observed In the welds.
Padormanca and load history for the test specimaen are shown in Fig, 4.32.

4.5.2 Column Specimen 5-W8-2. The performance of specimen 3-W5-2 was
satisfactory, Mot only did the column sustain yield capacity but it also maintained s
siiffnoas and exhiblied relatively stabla hysteresls loops (Fig. 4.23). Cracks initiated noar the
ond of tho outer spliced bars as soon as the added tie reached yield In tension (Fig. 4.34),
Algo, the concrete cover over thi offseta in spliced bars cracked (Fig. 4.35) and spallad
{Fig. 4.36) due 1o tha forces produced by tha eccentricity in the bars. The column spacimen
wiid subjected to eight load cycles with load levels as high as 145 K. The sketch of crack
pattern for spocimen 5-WS-2 is shown In Fig. 4.37,

A summary of test results for all test specimens is provided In Table 4.1
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Table 4.1 Summary of test results
T ——
Spociman Datalls of Maximum | Fraction of Fallure mode
Indax splice load aciual
airengthening (K) tonsilo
capacity
{f, = 121 K)
T U-8-1 mmmm B0 0.66 splice fallure
U-556-UG-1 | stoal angles & straps 80 0.66 splice fallure
(ungrouted)
U-556-UG-2 | steal angles & straps 120 0.88 and connection
{ungrouted) i fallure
U-886-UG-3 | steol angles & straps 120 0.60 end connection
(ungrouted) fallure
U-556-G4 | steol angles & straps 150 1.24 large deforma-
(grouted) tions outside the
splice reglon
U-S58-G5 | steel angles & straps 140 1.18 large deforma-
(grouted) tlons outside tha
1= splice ragion
U-ES3-G-1 oxtornal ties 145 1.20 splice fallure
(grouted)
U-EB3-UG-2 gtemal tias a0 0.74 splice fallure
I (ungrouted)
U-ES3-PG-3 wxdtomal tes 135 112 splice failura
(partially grouted)
U-AT8-1 additional internal 115 0.85 splice fallure
tleg
5-W5-1 walded splice 131 1.08 axtensively dam-
. aged specimen
8.WS-2 wolded splice with 145 1.20 yielding of addl-
an additional the tional tie I
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Figure 4.1 Column spacimen U-B-1 at fallure
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Figure 4.5 Column specimen U-S56-UG-1 at fallure




57

0.3Ts

Axial displacement in the splice region in inches

3
st

g-Li g3

.13 — N

I

|

|

|

|

|
0.125

sdpj U peoj [epy

Figure 4.6 Performance of column specimen U-SS6-UG-1




Load history

— End connection failure

'y

Splice ragion

-

¥
“‘:Z\E
v

Ungrouted steel angles & straps

Figure 4.7 Crack pattern in specimen U-858-UG-2




59

2-DN-9SS-N uswpads LN J0 soUBLLIONed g% eunbiy

sayou) Uy uoibel sonds ey u) Jwewsdedsip fERCY
210 0 m..m“ :
- T m
-]
o T —i 0l m‘
B
I - — | - o m,
f 5
| / 5
e — _ ¥ s »
_ ﬂa /|
o _— —_—— _ Ll .....I L SN |
- _ .-II-.I----II------E----P.IL.\NM':I.:: ....... = =
d 2
st 3




60

E-DN-9SS-N uswioads UWINO jo soUBLLONed 6 eunbiy

s8Lou} Uy uoibes eagds ay) U JuelLscRds|p FERCY

5210 1] =L

o -

sdpj uj proj [eXy




61

SpOJ |96iS Pl
PUE S{SULIBLD |991S YIIM SPUS ULUNCO JO JUSLUSURuoD) 0} enbiy




62

Figure 4.11 Large cracks outside the splice region
demonstrating ylelding of column reinforcing bars
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Figure 4,12 Crack pattern in specimen U-S56-G-4




#-5-98S-N uswpads ULINOD JO BOUBULIONSY €} 8unbi4

s@yu) Ul uojbes eopds By Ul juswededsip ey

SIED

= 8in ] =

B8RSR

sdp| uj pEO| EXY




LE2s

sdpy uj peo) [Bjxy

Axial displacement in the splice region in inches

Figure 4,14 Performance of column specimen U-SS6-G-5
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Figure 4.15 Column specimen U-ES3-G-1 at fallure
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Figure 4,16 Crack pattern in specimen U-ES3-G-1 at failure
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Figure 4.19 Crack pattern in spacimen U-ES3-UG-2 at failure
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Figure 4,22 Crack pattemn in specimen U-ES3-PG-3 at fallure
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Axial displacement in the splice region in inches
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Additional internal ties

Figure 4.24 Crack pattern in specimen U-ATB-1 at failure
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Figure 4.26 Monolithic behavior between existing concrete and replacing
cemant grout in spacimen U-AT8-1
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Figure 4.27 Performance of column specimen U-AT8-1
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Figure 4,28 Crack pattem In specimen S-WS-1
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Figure 4.31 Prying action of outer spliced bar in
spocimen S-WS5-1

_




edpy uj peo| [EXY

Axdal displacement in the splice region in inches

Figure 4.32 Periormance of column specimen S-WS-1
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Figure 4.36 Spalled cover in specimen 5-WS-2 produced
by offsat forces In spliced bars




Walded splices with an additional tie

Figure 4,37 Crack pattern In specimen S-WS-2




CHAPTER 5
RETROFITTING OF COLUMHN SPLICES
DISCUSSION OF TEST RESULTS AND THEIR IMPLICATIONS
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

§.1 EXISTING (UNSTRENGTHENED) COLUMN SPECIMEN

Splicas In column speciman U-B-1 did not have adequate spliting reststance 1o
gnable tha column bars to yleld In tension. The lack of confinemant In the splice reglon
limitect the splice strength and was not sufficlent to provent a brittle fallure,

Tha radial outward forces produced by reinforcing bar lugs on the surrounding
concreta could not be realsted by concrete cover alone, These forces have to ba reslsted
by tanslon. For Instance, mara tles with closer spacing would have helped resist tha radially
acting splitting forces and dolay fallure in the splice region. This In tum would have
improved the tenslle strength and deformation (enaergy dissipation) capacity of the splices.

5.2 CONFINEMENT WITH STEEL ELEMENTS (ANGLES & STRAPS)

Tha “anglas & straps® schama Improved the splice strength and column deformation
capacity significantly, The schema supplemented significant amount of confinement to the
splice reglon against cover splitting. Most of the inslastic deformations took place outside
the strangthened reglon making the schamae ideal lor splice strengthening.

Howaver, the different bahavior of column specimens strengthened with ungrouted
steal angles and straps Indicated the necessity of grouting the steel slamants 1o the existing
concrete surface. The Inherent difficulty In the use of ungrouted steel angles & straps lles
in matching the new stesl elements with an existing concrete surface. The steel elements
must tharafore ba grouted In order to eflectively confing the splice reglon.

Figure 8.1 shows the eyclic performance and envelopes of tension cycles for
ratrofitted column specimens with and without grout. It may be observed from Fig. 5.1b that
ﬂfﬂlﬂing of externally confining steal alamants resulted In significant improvement in spllce
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wpralie strangth and column enargy dissipation capacity, Although It appears from Fig. 516
that the column specimen retrofitted with ungrouted steel angles and straps sustained larger
daformations than the specimen strengthened with grouted steel elemants, the fact s that
the use of grouting forced ylelding 1o take place outside the splice region (axial
displacements were measured only over the splice region).

5.3 CONFINEMENT WITH EXTERNAL REINFORCING BAR TIES

External ties Improved splice strength and column deformation capacity. Even
though this approach supplemented confinement that was avallablo in the existing splice
reglon, the observed uniform distribution of inelastic deformations within and outside the
sirengtheniad reglon signified the absence of continuous retlstince over the splice reglan
against tranaverse spliiting that was aflorded by the grouted steel angles In the previous
achoma.

Cyclie performance and envelopes of lenslon cycles for retrofitlad specimens with
differant grouting conditlons (grouted, ungrouted, and partlally grouted) are shown In Fig.
5.2. The influence of grouting on the effectiveness of externally confining steel reinforcing
bar tlos |a claary shown. Ties must be wall-grouted to affectivaly confine the splica reglon.

5.4 CONFINEMENT WITH ADDITIONAL INTERNAL TIES

Addition of intemal tios alone to the splice reglon did not result in satlsfactory
Improvement in the splice strength and column deformation capacity, The removal of
concrale cover apparently caused microcmcking of the concrete core and its replacemant
with non-shrink grout reduced the elfectiveness of concrete cover, Even though the grout
placed in grooves appoared to perform manolithically with the existing cover, It was stil not
#ffoctives in confining the splice zone and reslsting aplitting forces. Tha loss in splitiing
fesistance was groater than the gain in confinement afforded by the added ties.




5.6 CONTINUITY USING WELDED SPLICES

Waldod splicos afforded an altérmate load path for the transfer of forces batwaan
the lap-splicad bars. However, test results and observations indicated that the outward
thrust produced by the prying action of the outer spliced bar (resulting from the eccentricity
petwaen spliced bars) must be controlled by adding ties intemally near the end of the outer
splced bars

Figure 5.3 shows the cyclle padormance and envelopes of tension cyclaes for
ratrofitted column specimens with and without an additional tie. It may be observed from
Fig. 5.3a that the addition of an internal tie near the outer spliced bar made the column
splice zone stiffer and stronger than the specimen without an additional tie. Figure 5.3
indicatas that tha column spaciman without an additional tie experioncod large deformations
with no increase In axal load during the final stages of loading.

Bohavior of specimen 8-WS-2 approached that of specimen 8-WS-1 once the
additional tie ylelded. This indicated the need for providing stronger additional ties to resist
the outward thiust without yielding.

5.0 SUMMARY AND CONCLUSIDNS

The study focussed on (1) developing techniques to improve the tenalle strength
and the deformation capacity (ductility) of short lap splices present in the columns, and (2)
lesting the parformance of strengthened column specimens to verlfy the effectivenass of
solactad ratrofit schomes. Retrofit schomes ware solected based on ease of construction,
minimal construction costs, and minimum changes to column dimensions. The following
gonclusions are made based on the study;

(1) Columna constructed with short lap splices designed for litthe or no flexure In
combination with axial comprassion alona cannot develop large tenslla forces or parmit
Inelastic deformations when subjected 1o reversed cyclic loads resulting from selsmic
Ovants. As a result, the benefit of strengthoning non-ductiie RCMAF using inflll walls may
be limited by the premature fallure of splices In the existing columns.
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(2) Extemnal relnforcemaent (steel elements or tes) around the splice region
significantly Improved confinement and splice tenslle strength. The external reinforcement
must ba grouted In order to parmit it to effectively confine the splice reglon.

{3) Addition of intermal ties alona {o the splice region was not an effective method
for strengthening column splices because romoval ol concrote cover resulted In
migrocracking of tha concrate core and reduction In elfectiveness of concrate cover which
recduced tha aplice strongth more than the additional tles Improved It

(4) Providing continulty In the splice reglon by welding the longltudinal bars
enabled the columns to yield In tenslon under reversed eyelic loads. However, it was
nacassary 1o add tles internally (by removing the concrote cover) 1o restraln the outward
thrust produced by the eccentriclty batween spliced bara.

5.7 RECOMMENDATIONS BASED ON TEST RESULTS

5.7.1 Proa and Cons of Schemes Investigated and Final Cholce. In Fig. 5.4,
tha behavior of column splice zones exhibiiing the best perdormance for each of the
different strengthening schemas, is compared with that of the splice region In the
unstrangthened (existing) specimen. It must be boma in mind that the plots show only the
displacements that ware sustained within the splice region. They do nal, therefore, give an
account of tha total deformation capacity of the column specimens. For xample, the
specimon with grouted angles and straps yielded outside of the splice region and the
instrumentation was used 1o measure deformations In the splice region only,

Grouted "angles and straps” schame offers an ideal retrofit for column splices based
o performanca. The scheme provides continuous resistance over the splice reglon against
Cover spliting. As a result, the deformations are concentrated outside the splice reglon. The
schoma tharefore keaps the splice zone intact even though significant energy is dissipated
by the column. However, external confining steel slemants must be grouted In arder to
engure the effectiveness of the scheme. Grouting of angles and straps may be labor
Intenalve. Difficulty of construction may therefore make the scheme less attractive. Also,
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assthatics of columna ratrofitted using angles and straps and limitations on changes to
solumn dimensions must be taken Into consideration.

*Exiemal tios® schama significantly improves confinemant In the splice reglon
provided that the ties are grouted adequately to the existing concrete surface. This
approach offers reslstance agalnst cover spliting thereby improving the splice tenslle
pahavior In terms of ts strangth and ductility. However, tha schema falls 1o offer continuous
raslstance against transverse splitting that was provided by steel angles In the pravious
schamae. The scheme Is easier 1o construct and is cost-effeciive 8o long as there are no
iimitations on changes to column dimonsions. Aesthetics of the scheme must again be
gonaidered In the choice of a final scheme.

Addition of internal ties to the splice region is not a reliable retrofit scheme. While
improving confinement in the splice reglon, the schema aggravates transverse splitting
through microcracking of the concrete core and reduces the effectiveness of concrote
cover. Any schemae that would damage the concrate cone and reduce the effectiveness of
goncreie covar must ba eliminated from conalderation &s an alternate, unless the axisting
load path {(bond strength batween spliced bars and surrounding concrete) Is changed by
tha selocted schome.

“Wolded splices” may be considered a sultable scheme In situations where any
changes to column dimensions must be avolded. Quallty control of the walding must ba
maintained in order to allow this approach to perform proparly. Also, additional ties must
be provided Internally over the splice reglon 1o control tha outward thrust produced by
sccantricity batwean spliced bars.

The final cholce of a retrofit schema for column lap splices should be based on
desired performance lovel, ease and feasiblity of construction, limitations on changes to
golumn dimenalons, construction costs, and aesthetics.

§.7.2 Recommanded Features for Additional Confinement Schemes. Figure
55 shows the force transfer mechanism in lap-spliced bars and the forces initlating
trangverse splitting of concrete cover. Whila Fig, 5,5a deplots the forces on relnforcing bars
il & splice, Fig. 5.50 Uustrates forces induced by the reinforcing bar lugs on he
Surrounding eoncrate at a splice.
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Forces inducod by relnforcing bar lugs normal 1o the reliroraing bar axds will inltiate
cover splitting along the splice reglon unless there is adequate transverse reinforcement to
rasist those tenslle forces (Fig. 5.5¢). The transverse reinforcoment so provided to control
gover splitting must be distributed at smallar spacings for effective confinament of thi splice
reglon. Test results show that the steel angles and straps offered more resistance against
covar splitting than exdemal reinforcing bar tles. This Is because the steel angles provided
gontinuous support over the splice reglon while tho extemal reinforcing bar ties ware
distributed at 3 In. ¢/¢ spacing. Distributlon of transverse relnlorcement at closer spacings
demands that the supplementary confining relinforcemant be provided extemnally rathar than
interndlly. This Is due to the fact that provision of transverse relnforcemant at amaller
spacings Internally would result In, as verifled by tests, extensive damage to the existing
concrote core and less effective concrote cover. The supplementary transvorse
ralnforcemant shodld therefore be provided extermnally over the splice reglon. Howaver, the
axternally confining elemaents must ba well-intagrated with the existing concrete surface by
using a sultable scheme such as grouting to onsure the effectivensss ol external
conflnement. This was demonstrated by currant tests,

6.7.3 Offsets in Spliced Bars. Offsets In minforcing bars are widely used In
column lap splices. Thelr use helps 1o limkt varations In column dimensions (unlass
demanded by structural requirements) in tall bulldings and facllitatos reuse of forms
resulting In considerable savings In construction costs. However, equilibrium of forces at
the offset requires that the horlzontal force component be resisted by a sultable material.
Figure 6.6 shows the forces produced by offsets in lap spliced bars. Zons A becomes
critical when the column is subjected to mdal compression. It has to be provided with an
adequate amount of tansverse reinforcement 1o sustaln the outward horizontal force
companent since the resulting outward thrust cannot be resisted by concrete cover alone.
Lkewise, when the column is under axial tension zone B noads ties to sustain the outward
thrust resulting from column bar forces al offsets.
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5.0 SUGGESTIONS FOR FURTHER RESEARCH

The short lap splices in test specimens investigated during the current phase of
gxporimantal study ware located at column comars, hereafter referred 1o as the “cormer
splices.” Thore are situations whore columns with larger dimonsions have lap splices located

along tha column faces, hereafter referred to as the “middle splices.”
Retrofit schemes selected for currant study to supplomant confinemant in the splice

reglon may not provide as much confinement to tha middle splices as thay did to the
comer splices. Because, the externally confining steel elements are more rigkd at column
gamars than along column faces. Retralit of middle splices is of special concem whaen thay
are located along the longer faces of large, rectangular columins.

Welding of lap spliced bars to provide continulty in load path may not be a feasible
retrofit solution for middle spllces due to access limitatlons.

it Is therefore essentlal to explore techniques for retrofitiing middle splices and

varify these technigques experimentally,
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Force balanced by
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Figure 5.6 Forces produced by offsets in lap spliced bars




CHAPTER 6
SHEAR TRANSFER ACROSS FRAME-WALL INTERFACES
EXPERIMENTAL PROGRAM

81 INTRODUCTION

The second phase of the experimental program focussed on Investigating shoar
wransfer mechanisms across frame-wall interfaces. The investigation involved constructing
tesl specimens that represented segments from a frame-wall interface, subjecting the
specimans to difforent load patterns, and making design recommandatlons for interiace
ghaar transfor.

8.2 TEST VARIABLES

Varlablos investigated In the test program included: shear loading pattern (reversed
gycllc vs monatonlc), compressive stress level across the spaciman interface, number of
dowels across the specimen Interface, concrete strength In the test spacimen segmanl
representing the existing struciure, and the consiruction procedure for the specimen
interface. For some spacimens, concrale was cast directly agalnst the roughened surface
of the existing framo segment (typlcal In the construction of bottom and side frame-wall
Intarfaces, Fig. 6.1). For othar specimens, a sultable cemantitious dry-pack material was
usad o flll the gap at the top of the Infill wall where It is difficult to cast concrete (Fig, 8.1).

6.3 TEST SPECIMENS AND MATERIALS
Seventoen test specimens were consiructed. Each test specimen was designed to
feprasent a portion of the frame-wall interface. Relnforcoment detalls in the frame and wall

ibgmants were similar in all specimend. Test specimen detalls are shown In Fig. 8.2. Note
that the cross section was reduced at the frame-wall Intorface. This was done due to the
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jmitations in the capacity of actuators avallable at the laboratory, Figure 6.3 shows the
wdsting frama (beam or column) reinforcement cage Inside a woodan form. Frama
gagments wero cast In the verical position (Fig. 6.4). The surface of each existing framo
gagmant whore a wall eloment was later attached was sandblasted o produce a rough
guriace (Fig. 6.5). Six Inch desp holes (B bar diamatars) ware drilled In frame segmants (Fig.
5.8) and were cleaned using stiif brushes and a vacuum cleaner, The sandblasted interface
was cleanad using a matal wire brush and vacuum cleaner, Dowels (#6 bars) were sel into
holes using a quick-setting epoxy gel.

Wall reinforcement cages were alther tled to the dowaels (Fig. 6.7) or supported by
chairs In the absence of dowels (Fig. 6.8). Wall segments were cast In place as shown In
Fig. 6.9. For the two spacimens designaed 1o represent the top frame-wall interface, a 1.5
ifi. gap was left batween the frame and wall segments (Fig. 8.10). Wall segments for the two
specimens wara cast In tha overhead position (Inverted from what Is shown In Fig. 6,10)
and the frame elements with dowels wera lowered Into position from above so that the
dowals wore embedded In the wall segment. This was done to simulate prototype
construction of top frame-wall interface whare the wall would be cast in the overhaad
position. The gap between the frame and wall segmenis was later dry-packed with a
non-shrink, non-maetallic cement grout. Test specimens wera cured In the labomatory
snvironmant for 28-days. A completed speciman I8 shown In Fig. 6.11. Test spaciman
detalls are summarized in Table &.1.

Frame segments were cast from two concrete mixes having different 28-day
compressive strengths. Mb: B had a 28-day compressive strength of 3500 psl (typlcal of
congtruction In the 18508 and 60s), and Mix A had a very low compressive sirength of 1750
psl, rapresentative of an even earier vintage concrote. Moaasured 28-day comprassive
strangths for wall segments were G000 psl for Mix B and 5100 pal for Mix A. Maximum
coarse aggregale size was three-quarters of an inch. Grade 80 reinforcing bars were used
for both framae and wall segmonts. The measured yisld strength of #8 dowels used as shoar
Connectors across the Interface was 69 ksl The epoxy gel was manufactured by HILTI
Corporation, USA. Non-shrink, non-matalllc cement grout (28-day nominal compressive
strangth = 8000 pal), commarcially known as MASTERFLOW 628, was supplied by Master
Bullders, USA,
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g4 TEST SETUP AND TESTING PROCEDURE

Tha test setup shown In Fig. 6,12 was designed to subject the interface 1o elther
revarsed eyclic or monotanle loading In direct shear, The wall segment In each test
gpeciman along with the rigid loading head could bo pushad in either direction using one
of tha two 400-kip capacity actuators connected to the test frmme ends. The frame segmant
of aach tost speciman was clampad In tha test frmme. External compressive stress was
applied on the Interface by a sell-squilibrating vertical loading system which consisted of
two steel tubes bengath the frmme element, two bult-up girders made up of channel
sactions above tha wall alamant, four high-strangth rods that connected the top and boltom
stool sections, and four 60-kip actuators that applied load to the four fods. Loads applied
o sach tost specimon are shown schematically In Fig. 6.13.

Tast spacimons wors subjocted 1o alther reversad cyclic or monotonie loading in
direct shear. Loading historles for specimens subjected 1o load reversals, conalsted of
eycies of Increasing load or displacement magnitude. Cycles ware load-controlled unill the
test speciman reached peak shear capacity, and were displacement-controlled thereafter,
Cyclle load histordes are shawn In Fig. 6,14 and were modified alightly depending on actual
behavior of test specimens. Load history for specimen B8, which was subjected to cyclic
compreasive stress, was established based on the perfformance of specimen BS, which was
sibjected 1o constant compressive stress, A linear relationship was assumod between
applied interface shear and normal compressive stress to establish the cyclic comprassive
stress higtory for specimen BS, as shown In Fig. 6.15, Applled shear and normal
compressive load were monitored using pressure transducers and pressure gages. Interface
#lip and uplit wore moasured with displacemant tranaducers at multiplo locations, as
denated in Fig. 6.18 by prefixes HD (horizontal) and VD (vertical).

11
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Figure 6.1 Frame-wall interfaces
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Figure 6.2 Test spacimen detalls

105




106

wwoy uepoom epesul ebeo Juswsaiopwes ewely g9 eunby




107

Figure 8.4 Casting of frame segments
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Figure 6.9 Casting of wall segments
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Figure 6.14 Load histories for test specimens (contd.)
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CHAPTER 7
SHEAR TRANSFER ACROSS FRAME-WALL INTERFACES
TEST RESULTS - MEASUREMENTS AND
SPECIMEN BEHAVIORS

7.1 INTRODUCTION

The current chapler presents measurements taken during Interace shear transfer
tpsts and uses those measuremants to esinbllsh overall bohavior of test specimons,
including fallure modes. Peak shear strength, comesponding slip measuremant, and fallure
moda for aach test specimen are summarized in Table 7.1.

7.2 LOAD AND DEFORMATION MEASUREMENTS

7.2.1 Shear Stresses. Shear stresses transferred across the specimen interface
were ablained by dividing measured ahear loads by the interface area. All test specimans
had the same interface area of 128 In® (32 In. by 4 In.).

7.2.2 Interface Slipa. Relative displacoments betweon the frame and wall
elemants In the direction of applied shear (interface slip) were measured at skx locatlons (on
bath sides of the ends and middle of each specimen) as shown in Fig. 6.16,

Shoar strogses are plotied against maasured interace allp values lor both sides
(oast and west) of specimen A2 in Fig. 7.1. The average of the sast and west values at each
and and the middie of the specimen are also plotted in Fig. 7.1. Nole that the differance In
slip valups measured on cast and west sides of the interface was insignificant. For
consistency, the average of slip values measured on both sides (oast and west) of the
Interface are reported for remalning specimens. Figure 7.2 presents shear slresses versus
Mmaasured Interface slip at the middie and ends of specimen AZ. Thore was no significant
difference between the slip measured at the ends and the middie of the interface. Slip
Moasurad at the middie of the interface could therefore be considered reprasentative of all
Intorface siips. The shear stress vs slip relationship for all test specimens was established
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uaing the average of alip values measured al the middle of the interface (at locationa HDJ
and HD4 In Fig. 6.16). For all purposes hereafter, the average slip calculated at the middle
of the Interface is referred 1o as the ‘interface slip.” Shear stress vs Interface slip
relationships for all test spacimans are provided In Appendlx B,

7.2.3 Interface Uplifis. Displacemants measured across the frmme-wall interface
and perpandicular to the direction of applled shear (interface uplift) provided Information
on tha lormation of horizontal cracks and thelr progression during testing. Uplit was
moasured at four locatlons (on both sides of the test specimen at each end) as shown In
Fig. 6.16.

Figure 7.3 prosonts the shear stress versus intertace uplift response on both sides
{oat and west) of specimen A2 in addition to the average response at each end of the
framae-wall interface. Because displacemant transducers measuring uplift on the east and
wast sides of the specimen Interface (displacemaent transducer palrs VD7 and VD8, and VDS
and VD10 In Fig. 6.16) were equl-distant from sides of the Interface, an average of
measured uplit was considered representative of actual interface uplift. For all purposes
hereafter, the average of uplift measured on both sides (east and west) of the Interface Is
refarred to as “interface uplift.® Shoear stress ve Interface uplift relationships for all test
spocimans aro provided in Appondix B.

7.3 BEHAVIOR OF TEST SPECIMENS

The behavior of test specimens was studied and compared In terms of the peak
shaar strongth, peak-to-peak shoar stiffness, and residual shear capachy (post-fallure
capacity) which are llustrated in Fig, 7.4, Peak shoar strength was defined as the maximum
sirangth possessed by a test speciman. Peak-to-peak shear stiffness was taken as the slopo
ol the straight line connecting tha peak positive and negative response for the shear stress
vé slip cycle with a maximum Interface allp responas of approximately 0.1 inch. Resldual
shear capacity was defined as the resistance malntained by a test specimen alter fallure,

Tha overall bahavior of test specimons was Influenced by such factors as the
loading patiem (reversed cyclic vas monotonic), level of compressiva stress across specimen
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jntorface, number of dowels across the specimen interface, strength of conerete In the
portion of lost specimen reprosenting the existing structure, and procedure used for
gonatruction of the speciman interface. Not only did many of these lactors alfect spaciman
peak shear strangth but they also Influenced peak-to-peak shear stifingss and residual shear

capacity. Peak shoar strength of test specimens was conirolled by the following fallure
maodes which ware established based on instrumant maeasuraments and visual observations:

7.3.1 Pull Qut Fallure of Dowels. Anchorage or pull out fallure of embedded
dowels occurs whan tenslon In dowels exceeds anchorage capacity. Shear strength of an
interface Is Initlally provided by adhesion batween the existing frame material and new
goncreto in the wall. Whan shear exceeds the adhesive bond a crack forms and the wall
begina to slide along the crack, Howevar, iregularities in the cracked surface forca the wall
and existing frame to sepamte as sliding occurs, Separation Is reslsted by tenslle forces in
dowels that cross the interface. Tenslon In the dowels results in a compressive clamping
force mcross the interface and Improved shoar capacity.

Figure 7.5 demonstrates that pull out fallure of dowels (provided as shear
reinforcemant across the interface) controlled the peak shear strength of specimen B1.
Strength of specimen B1 dropped abruptly when pull out of dowsls occurred as denoted
by tho symbol x In Fig. 7.5s and b. Dowel pull out could also be established visually
because a wide crack (0,05 In) appeared along the specimen Interface (Fig. 7.6) at the
sama tima an abrupt drop In measured shear reslstance was observed. Becauss dowels
continued 1o pull out with Increasing slip levels, the loss in residual tension In dowels
resulted In strength and stifness reduction In tha speciman during successiva load cycles.

7.3.2 Aggregate Interiock Fallure., Aggrogate Interock is a combination of
friction between surfaces on each side of a crack and reslstance against shearing off of
protrusions on these surfaces, Aggregate interlock failure is caused by shearing off these
protrusions along the cracked Interface.

Figure 7.7 Hlusirates the behavior ol specimen B3 which was consistent with
aggrogate Interlock fallure. External compression was the only clamping lorce across the
Intorface because no reinforcoment was provided across the interface. Fallure was
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characterized by an abrupt and significant drop In measured shear strangth (Fig. 7.7s) and
grushed concrale around the falled interlace (Fig. 7.8). No formation of eracks could be
abservied along tha interface through maasured upliits (Fig. 7.76) or visual obsorvations until
the tost spaciman reached its paak shear strength. An uncracked Iinterface untll fallure and
grushed concrete around the interface Immediately after fallure supported the argumant that
poak shear strength of specimen B3 was conirolled by aggregata Interlock fallure,

7.3.3 Fallure Due to Disintegration of Conerete or Grout Around the Dowels,
This type of fallure may control shear capacity when disintegration of concraete (usually In
ihe slomant having lowor strength) or dry-packed grout (used for construction of Interface
in the top frame-wall eonnection) occurs around the dowels. Such a fallure may be
considared undeslrablo but must be anticipated In repalr and rotrofit schames whare
goncreta In existing structural slements Is low In strength or grout Is not of high quality.

Figure 7.9 demonstrates the behavior of a specimen (A4) which was limited by
disintagration of concrete (in the frame segment) around the dowels. Compressive strength
of concrete In the frame segmant of specimen A4 was only 1750 psl. A reduction in
maasured shoar capacity was observed at fallure as denoted by X in Fig. 7.8s. However, the
obsarved reduction was nalther abrupt nor significant. No Increase in measured crack width
was noticed upon fallure of apecimen A4 (Fig. 7.6). Figure 7.9a shows that peak strengths
ol tha loading cycle In which the test specimen falled (denoted by x and x') were similar,
Examination of Fig. 7.5a indicates that the maximum strength in the negative direction
{denated by x') for apecimen B1 {falled due to pull out of dowels) was significantly less than
the peak strength in the positive direction (denoted by x), These obsarvations halped In
reaching the conclusion thai peak shear sirengih of specimen A4 was conirolled by
disintegration of concrete (in the frame segmaent) around the dowels and not by pull out
tllurs of dowels. It may, however, be abserved from Figs. 7.6s and Bo that dowels began
16 pull out with Increasing slip levels and, as a result, shear strength and silifiness of
spoeciman A4 were significantly reduced during successive inelastic cycles.

Tha fallure mechanism lor speciman B (whose interface was dry-packed using a
comentitious grout) was established based on the load-displacement behavior shawn In Fig,
7.10, Strangth of the test specimen Increassd with Increasing slip levels up 1o 0.18 in, of
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Wﬂﬂlphnh-uuntndmpmnmmduplm“lﬂﬂ nagative (dencted by x in
fig. 7.10v), No deterioration of grout was observed visually around the specimen Interface.
Measured negathve uplift (that means grout in the Interface crushed and comprossad undar
normal load) and absence of external damage to grout supported tha argument that paak
ghaar sirength af spacimen B8 was contralled by disintegration of grout around the dowels.
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Figure 7.6 Appearance of interface upon pull out failure of dowels
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Figure 7.7 Peak strength of specimen B3 controlled by
aggregate imerlock fallure
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Figure 7.8 Appearancs of interface upon failure of aggregate interlock
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CHAPTER 8
SHEAR TRANSFER ACROSS FRAME-WALL INTERFACES
DISCUSSION OF TEST RESULTS AND THEIR IMPLICATIONS,
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

g1 INTRODUCTION

Tha effects of the variables investigated on the overall behavior of test specimens
aro compared using the test results. Variables Investigatod ware shear loading pattern
(roversed cyclic va monotonic), compressive stress across specimaen Intartace, number of
dewsls across the specimen Interface, strength of concrete In sagment of test specimen
representing the existing structure, and procedure used for construction of the spacimen
interface. Practical implications of the test results are discussed. Discussions also Include
ths intaraction of difforant variables studied in the test program. Data from selected lasts
wil be presented horo 1o describa typlcal response. However, data from all tests are
included In Appendix B.

8.2 DISCUSSION OF TEST RESULTS AND IMPLICATIONS
8.2.1 influence of Loading Pattern in Shear

Parormance of speciman A2 (subjected to reversed cyclic loading) is
compared with that of specimen A3 (subjected to monotonic loading) In Fig, B.1. The
mmwmmmmmmuummkmmmmnm
monotonically-loaded test specimen bu at a slightly larger slip level (0.015 in. va 0.011 In),
The shear stress vs slip plot for specimen A3 formed an envalope for the hysteresis loops
ol specimen A,

The behavior of specimen A8 (subjected to reversed cyclic loading) I8 comparad
with that of specimen AS (subjected o monatonic loading) In Figure 8.2. Interface in both
W8t specimens had consiant compressive siress. Peak shear strengths of both test
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spacimens and corresponding sllp lovals ware identical. Paak polnts In the hysteresls loops
ol spaciman A8 did not reach the envelope reprasented by the shoar stress va slip plot of
specimen AS. The shoar capacity of specimen A8 was 35% less than that of speciman AS
at a slip level of 0.1% The reduced strength during Inslastie cycles ean be attfibited to tha
damage that oceurmad during reversed cycling of speciman AB.

Discussion: Peak shear strengths and corresponding slip levels were identical for
cyclicallydoaded and monatonicallyloaded test specimens whaether or not the specimen
imerface was sublected to mdemal compression Reskdusl shear capachies of
gyclically-loaded and monotonically-loaded test specimans were howaver similar for test
specimans with no compression across the interface and wore different for test specimons
with compression across the interface.

For the eyclically-loaded test specimen that had no extermal comprassion across
the Interface (specimen A2), separation of the interface occurred when dowels across the
interface began 1o pull out after fallure of the test speciman (Figs. B.2, and 3 In Appandix
B). With extermal compression across the interface, separation of the interface was less than
that with no compression across the interface (Fig. B.20, and 21 in Appandix B), Tha loas
in aggregate intedock due to inelastic cyclle reversals in direct shear was therefore more
savare for tha 10a! apeciman that had extemnal compression across the interface (speciman
AB) and consequently ts residual shear capacity was not as much as that of the companion
speciman which was loaded monotonlcally {specimen AS).

8.2.2 Influence of External Compression Across Specimen Interlace

8.2.2.7 Laval of Compression. Figures 8.3, 4, and 5 show the performance of
test spacimens under different lovels of compressive stress; Fig. 8.3 includes test specimens
with dowels across tha interface, Fig. 8.4 Includes test specimens with no dowels across
tha Intarface, and Fig. 8.5 includes test specimans with frame segments having low-strength
concrote (f, = 1750 psl). Note that the presence of external compressive stress across the
Inerface of test specimens improved thelr performance. Tha higher the level of
tompfeasion, the better were the peak shear strength, peak-io-peak shear stifiness, and




residual shoar capacity of test specimens. Figure 8.6 shows that the residual shear capacity
did not incrense exactly In the same proportion as tha peak shear strangth for higher lovels
ol compressive stress. The deterloration of aggregate Interdock (at fallure) may have
becoma mora and more extenalve with the increase In level of compression and as a result
tha realdual shoar capacity decreased. Residunl strengtha of tost spacimens even at alip
levels as large as 0.2 In. were about the same or more than the magniiude of permanent
nel compresaion across the shear plane (Figs. 8.3a, 4a, and 5a),

8.2.2.2 Pattern of Compression (Constant v Cyelic). Tha effect of diferant
pattemna of compressive stress across the Interface on the parformanca of test spacimans
ia shown In Fig. 8.7, Specimens BS (conatant level of compression) and B8 (cyclic pattem
ol compresalon shown In Fig. 8.15) wore chamcterized by kdentical behaviors untll thay
reached thelr peak shear strengtha (Fig. 8.7¢). However the inelastic behaviors of both
specimens differed significantly. Resldual shear capacity of specimen B9, particulardy at
smaller slip lovels, was significantly less than that of specimen BS, Such a drastlc drop In
rasidunl shoar capacity may be attributed to the cydic pattern of extermnal comprassion
aince the shear capaclty was dependont of the external compression, Tha role of dowels
prasant across tho Interface of spociman B9 bacame significant after the specimen's failure.
Bacausa, the dowals pulled out dua to anchorage fallure (Figs. B.47 and 48 in Appondix B).

Discussion: Tesl results show that tha behavior of “new concrete - 1o - axisting
concrete” cannections is influenced significantly by the level of external compression thai
existed across the interdface. The higher the level of comprossion acrogs the interace, the
battar wara peak shear strength, peak-lo-peik shear siffness, and reaidunl shear eapacity
of test specimens. Improvemant in residual shear capacity, however, depended on the
pattarn of such compression (whether it was constant of cyclic) and was affected (reduced)
fignificantly whon the pattern was oydlic.

In a frame-wall system, the benefit of exiemal compresalon can be conaidered In
dosign of frame-wall connections by estimating the selsmic lateral loads that are expectad
to act on the frame-wall system and by determining the geometric properiies of the framo-
wall system such as its aspect ratio. The magnitude of external compression that results
across tha interface from selsmic foroes |5 a functicn of the strul angle (farmed In the nlilled
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wall) which In tum I8 governed by the frame-wall aspect mtlo. It must, however, be
remambarad that comprassion across a frame-wall Intarface resulting from selamie loads
Is cyclic. Cyclic compression as esiablished by behavior of specimen BB reduced the
residual shoear capacity significantly, Better residual shear capacity of frame-wall
connections must be achieved since frame-wall connactions that have falled In a major
parthquake may be subjoected io other sarihquakes and/or aftershocks baefore the
connections can ba repaired. Also, the possiblity of a pre-axisting potentlal crack along the
ghear planes caused by laciors unrelated to shear such as tenslon forces caused by
restrained shrinkage, tempaerature deformations, accidental damage, etc must be taken Into
consideration. Tha prasence of pre-axisting cracka along the shaar plane whose overall
behavior In shear may be inelastic can affect the shear strength and stiffniess of
connections. Caution must therefore be exercised In considering the benefit of cydlic

comproasion.

B.2.3 Influence of Dowals Across the Specimen Interface

Parformance of spacimen B1 (3 #6 dowels) |s compared with that of
spacimen B2 (6 #8 dowels) in Fig. B.8. Peak shear strangth of speciman B2 was 18 parcent
higher than that of specimen B1, Peak-lo-peak shear stifiness of specimen B2 was also
better than that of specimen B1 (Fig. 8.8s). Rosidual shear capacities of both test
specimens dropped significantly (Figs. 8.8a and Bb) because peak shear strengths ware
limited by pull out fallure of dowels.

Tha performance of speciman BS (3 #6 dowels) is compared with that of speciman
B& (5 #8 dowels) in Fig. 8.9, Both test specimens had external compreasion across the
Intarface. Peak shear strongths and peak-to-poak shear stifinesses of both test specimens
ware identical (Fig, 8.95), Uplifts measured across the intaerface remained negative (Figs.
B35, 38, 38, and 39 In Appandi< B) untl the test specimens reached thelr peak shear
strengtha. Measured identical peak shear strongths and nagative uplifts until fallure indicated
that the dowels present across the interface did not contribute to the peak shear strengths
significantly. Residual shear capacity of specimen BE at larger slip lavels was howover
slightly higher than that of specimen B5 (Fig. 8.8a) since specimen B8 had 6 #6 dowels
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Instead of 3 #6 dowela In specimen BS. Peak shear strength of both test spacimens was
controlled by fallure of aggregate Intedock which resulted In a significant drop (more than

40 percent) in residual shear capacity,

Discussion. Tha Influance of different numbaer of dowals across the interface on
overall performance (peak shear strength, peak-to-peak shear stiffness, and residual shoar
capacity) of test specimens depanded on whather or not there was compressive stress
across tha Intarface. In the absence of compressive stross, more dowels Improved the paak
shoar strength, peak-to-peak shear stiffness, and residual shear capacity of et spacimans.
Whoreas, dowels In test specimans with extarnal compression across the interface did not
contribute 1o peak shear strength. The contribution of dowels to resldual shear capacity
thraugh pure dowel action was minimal even at larger slip levels. Becauss, specimaen B8
with 8 #8 dowels across the Interface had residual shear strength only slightly higher than
that of specimen BS which had 3 #6 dowels across the interface. Tha pull out of dowals
at fallure of specimen B9 (which was subjected to cyclic compression as shown In Fig.
i5,18) verified the imporanca of thelr presence whan the external compression is cyclic and
showad the necessity of anchoring the dowels adequately to avold premature pull out
fallures (Figs. B.46, 47, and 48 In Appandix B),

Frama-wall connactions subjected to selsmic lateral loads can ba designed In two
different ways; (1) by accounting for the compression that would result from selsmic forces
across tha Interface and by neglecting the presence of dowels, or (2) by accounting for the
presence of dowels across the interface and by neglecting the benefit of compressive
stress. Bonefit by both, Le. presence of dowels and external compression, should not be
combined because both cannot bs mobllized at the same time. Test results indicate that
shear capachies (peak strengih and residual capacity) of test specimens with conatant
comprossive stross across the interface wera much batter than those of test specimens with
only dowels across the Interface. Howavar, In view of the cyclic nature of compressive
sirasses, which would reduce the residual shear capacity significantly and would also alfect
the shoar strongth and stiffness of Interfaces that are already cracked due to factors
unrelated to shear, connections should be designed conservatively based on the Influence
of dowels. Also, dowols provided across the Interface must be anchored (if possible) to
yield In tenslon (since design equations on estimation of connection shear capacity are
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usunlly based on the nominal tenslle yield strength of dowels) or more dowels should be
provided to account for promature pull out fallure of dowels.

8.2.4 [nfluence of Strength of Concrete In the Frame Segment

Perlormance of specimen AZ (frame 1, = 1750 pal) is compared with that
of speciman B1 (frama 1, = 3500 psl) In Fig. 8.10. Peak shear strangth of spaciman B1 was
about 50 percent higher than that of specimen A2. Peak shear strengths of both test
specimans were controlled by different fallure modes; while peak shear strength of
spociman A2 was controlled by disintegration of concrete around dowels (which pulled out
ot Inrger slip lovels as shown In Figs, 8.2 and 3 In Appendlx B) In tha frame ssgmant, paak
ahear strength of specimen B1 was controlled by pull out fallure of dowela. Simple pull out
tests (refor to Appendix C) conducted on frame segmants of two diffarent strengths showed
that the average puil out strength of dowels embedded in frama segmanta of lower strength
concrote (I, = 1750 psl) was about 13 percent less than that of dowels embedded in frame
segments of higher strength concrete (I, = 3800 pal). Lower pesak shear strength of
specimen A2 {about 33 percent less than that of specimen B1) ean be atiributed to the
differant tallure mode (since disintegration of lower strength concrota in the frame segmant
ol specimen A2 praceded pull out fallure of dowels which controllad the peak shear
strength of specimen B1) and the weaker aggrogate Interock (due to lower strength
concrote In the frame segment). As evidenced In Fig. B.10b, the peak-to-peak stiffness of
spacimen B1 was better than that of specimen A2 due to the stranger aggregate Interock,
Rasidual shaar eapacity of speciman B1 was battor than that of specimen A2 at smaller slip
lovels and was almost similar at larger slip lovels (slips > 0.2 In). Pull out of dowels at
larger slip levels caused separation of the Interface In the frame and wall segmants thereby
resulting In loss of aggregate interdock and identical residual shear capacities.

In Fig. 8.11, the perdformance ol specimen A8 (fmma 1, = 1750 psl) s compared
with that of specimen BS (frama I, = 3500 pal), Both test specimens had external
tompression across the Interface. Feak shear strength of specimon BS was about 45
parcant higher than that of specimen AB. Tha peak shear strengths of both test specimens
wore controlled by fallure of aggregate intedock which was apparently stronger In spacimaen
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B5, Maasured negathve upliits untll or sven after fallure of spacimena AS and BS (Figs. B.14,
15, 38, and 38 In Appendix B) indicated that dowels across the Interface did not contribute
to poak shear strangths of test specimons, Peak-to-peak shear stitfness of specimen BS was
bottar than thal of specimen AB (Fig. B.11b). Resldual shear capacities of both tost

specimans did nat differ significantly (Figs. 8.11a).

Discussion. The strength of concrate In tha frame sagments Influanced the
parformance of test specimens whather or not there was compressive stress across the
Interface. The higher the strength of conerate in the frama segmant, the batter ware peak
ghear strength and peak-to-peak shear stifiness of test specimens. While peak shoar
strongths of test specimens that had no external compreasion across the Intorface were
controlled by disintegration of frama concrets around dowels or dowel pull out, paak shaar
strongtha of lest specimens thal had external compression across the Interface were
controlled by fallure of aggregate interock.

Frama-wall shaar connaections with relatively weaker fmma slomants (having low-
cancrate strength) must be provided with more dowels since thelr shear strength may be
governad by disintegration of frame concrote around the dowala.

8.2.5 influence of Procedures Used for interface Construction

Perfarmance of specimen B1 (concrote was cast directly against the
sandblasted interface of the framae sagmaent) s comparad with that of speciman B7 (gap
between frame and wall segmanis was dry-packed with cementliious grout) In Fig. 8.12,
Poak shear strength of specimen BY was about 84 percent lags than that of spacimen B1,
Intértace in specimen B slipped extenalvely (aboul seven times the slip level comesponding
to poak strength of specimen B1) before reaching its peak strength {Fig. 8.125). The dry-
packed grout in specimen B7 was apparently fiol as strohg as the concrete in tha Intarlace
ol specimen B1, The strength of the grouted Interface In specimen BY was also impalred
by the absence of coarse aggregate that provided intefock in the interface of spacimen B1,
Dowel action was the major contributor 1o shear strength of grouted interface in spaciman
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BY. Paak shaar strengths of both test spacimana ware limited by pull out fallure of dowels.
Peak-to-paak shaear stiffness of specimen B7 waa less than that of specimen B1 (Fig. 8.12s).

In Fig. 8.13, the performance of apacimen BS (concrote was cast diroectly against
the sandblasted Interface of frame segmont) s compared with that of specimen B8 (gap
between frame and wall segments was dry-packed with comentitious grout). Bath test
specimens had external compression across the interface. Peak shear strength of speciman
Ba was about 80 percant less than that of spsciman B5, Slip lavels corresponding to paak
sirangtha of specimans BA and BS had a ratlo of about 8 (Fig. 8.13a). Absence ol aggregate
interiock and presence of dry-packed grout in the interface reduced the shear strength and
siiffness of specimen BA. Dowel actlon was the major contributor 1o shear strength of
grouted interface in specimen B8, While paak shoar strength of specimen BS was controlled
by fallure of aggregata Interock, the paak shoar strangth of specimen B8 was limited by
disintegrailon of dry-packed grout around the dowals.

Discussion. Strangth and stiffness of grouted (dry-packed) interfaces were much
less than those of Interfaces consiructed by casting concrete difectly against tha
sandblasted surlace of frame segments. Absonce of aggregate Interdock and presence of
dry-pack material In the interface resulted In significant reduction In strengths and
stiinesses of grouted Interfaces. Dowel action was the major contributor to shear strangth
of grouted Interfaces. It must be remembered that slip levels at which specimens with
grouted Interfaces developed thelr peak shear strengths may not be within tha useful slip
levels that would typlcally aecur In a frame-wall interface. Tests conducted by Gaynor [13]
and Shah [23] showed that measured maximum slips (frmme-wall interface displacements)
ware In the order of 0.01 o 0.08 Inches.

Grouting of frame-wall interface (typlcally the top frame-wall interface) must be
avolded as far as possible. Suhable methods that would enable this interface type 1o be
constructed to enable aggregate interdock and better confinement must be explofed and
resonad 1o,
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8.3 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

The study focussed on Investigating shear transfer mechanisms across frame-wall
intarfaces. Tha Invastigation Involved constructing test spacimens that would raprosent a
portion of a frame-wall Interface, subjecting the spacimens 1o different load pattamns, and
making recommandations based on the test results. The performance of the test spacimans
was evaluated using three major critoria; shear strength, shear stiffness, and residual shoar
capacity (post-fallure capacity), The following conclusions were arrived at based on the lest
results:

{1) Peak shear strengths and coresponding alip levels were similar for
eyclically-loaded (reversed cyclic) and monotonically-loaded tost specimans whether or not
the specimen Iintorface was subjected to extemal comprassion.

Residual shear capacities of cyclicallydoaded and monotonically-loaded last
spoecimens wore howover similar for test specimens with no compression across the
intarface and wera different for test spacimana with comprasalon ncross the interface. Test
speciman subjected to reversed oyelic loading with compreasion across the interface
possessed less residual capacity duo to the Incroased loss In aggregate interock that
occumed during cyclic roversals.

(2) Presence of external compression across interfaces improved the parformance
of test specimens significantly, The higher the level of compression, the better wore poak
shaar strangth, paak-to-peak shoar stiffness, and residual shear capacity, However, residual
shear capacity was reduced significantly when external compression was cyclic,

The benefit of cycllc compression, which reduces the residual shear capachy
significantly and also affects the shear strength of interfaces that are already cracked due
10 tactors unrelated to shear, that results across frame-wall interfaces from selamic forces
shall ba neglected conservativaly and an adequate number of dowels shall ba provided
noross the interface so as to translor design shear forces effectively. The number of dowels
shall be determined based on the shear-friction provisions as proposed by ACI 318-89 [3].

Even though the role of dowals was insignificant (under the presence ol extermal
compression across the Interface) until the test specimens reached the peak shear strangth,
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thalr contribution (under cyclic compression) 1o residual shear capacity through dowel
tenslon verifled the Importance of thelr presence.

{3) The Influence of the number of dowals across the Interface on the overall
performance (poak shear strength, peak-to-peak shear siiffness, and residual shear
capacity) of test specimons depended on whather or not there was extermal compression
across the Interiace. In the absence of external comprassion, more dowels improved the
poak shear strangth, peak{o-poak shoar stifness, and residual shear capacity of lest
specimens.

The contribution of dowel action to peak shear sirengih was minimal (whather or
nat the Interface was subjocted to external compression) because test specimans reached
ihe peak shoar capacity at relatively smaller slip levala.

Dowals provided scross the Interface must be anchored 1o yield in tension (f
possible) or more dowels should be provided to account for premature pull out fallures.

(4) Strength of concrete in segment of test specimen representing tha axisting
structure (framae) Inflienced the performance of test specimans whather or not there was
external compression across the interface. Tha higher the strength of concreta In the frmma
segment, the better were the shear sirength and stifiness of test specimens.

Frama-wall shear connections with relatively weoaker frames {having low-strangth
concrete) must be provided with more dowels since thelr strength may be govemad by
disintegration of frame concrete around the dowels.

{(5) Strength and stiffness of grouted (dry-packed) Interfaces were much lass than
that of interfaces constructed by casting concrets directly against the sandblasted surface
ol frame segments. Absence of aggregate Interlock and presence of dry-packed grout in
the Interface resulted In significant reduction in shear strength and stiffness of groutad
Intarfaces. Tha slip levels at which specimens with grouted Interfaces developed peak shear
strongth ware not within the useful slip levels that would typically occur in & frame-wall
Intorface,

Grouting of a frame-wall interface (typlcally the top frame-wall interface) must be
avoldod as far as poasible. Sultabls methods that would enable such an interface o be
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constructed enabling aggregate Interlock and batter confinement must be explored and
resorted to. In cases where the infill walls are shotcreted, the separations and volds near
the battam of the baam can be patched up using epoxy injection (Figs. 2. & 4), For cast.
in-place walls, top frame-wall jolnt construction will depend on feasibility of eanstruction,
The walls can also be cast sccontrically with the frame as shown In Fig. 2.7.

8.4 SUGGESTIONS FOR FURTHER RESEARCH

(1) Efiect of direct tensile stresses aciing transverse io the shear plane. The
curront study focussed on investigating the influence of direct comprossive stressos acting
transvarsa to the shear plane. Pattern of extamal compression applied across the shoar
plane was elther of constant magnitude or cyclic nature.

Shear planes such as frama-wall interfaces are usually subjected to reversad cyclic
transverse stresses (compressive and tenslle strosses) under the action of salamic forces.
It may therefore be of Interest to study tha Influence of such reversed cyclic transverse
strosses (acting across the shear plane) on direct ahear transfer capacity. If some of tenalle
capacity Is already utllized by "tenslon® across Interface, "rest® may be avallable for shear
transfor.

(2) Effect of pre-existing cracks formed by factors unrolsted to shear. Tost
results from the current study showed that the post-fallure capacity of the shear plane was
radiiced significantly when external compression acting acroas the shoar plana was cyclic,

it Is consldered that the presence of pre-exlsting potential cracks along a shear
plane caused by factors unrelated 1o shoar such as restrained shrinkage, temparature
deformations, accidental damage, etc may Influsnce the shear strength and stiffness of
shear planes significantly, espaclally when the compression resulting across the shear plane
will ba of eyclic nature, Since the compresslon resultlng across shear planas irom selamic
forces Is of cyclic nature, a study on the effect of these pre-existing cracks on shear
strength and stiffinass of shear planas will be of use and intorest.
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Figure 8.13 Performance of test specimens with compressive stress for
ﬁmm—waﬂﬁ&ﬂmmnshﬂndtﬁmﬁﬁw&ntpmdm (contd.)
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CHAPTER 9
A REVIEW ON SHEAR-FRICTION PROVISIONS
IN SECTION 11.7 OF ACI 318-80

8.1 INTRODUCTION

Section 11.7 of ACI 318-89 [3] dofines dasign values for conditions where direct
shear transfer through shear-riction shouid be cansidered. Such condltions Include an
intarface betwaen concretes cast at different times, and an Interface between concrete and
stoel.

WMHMMWHMMIMWMMIMMMIHI
MMMMIMMIMNMMmMHmHﬂIMHH
MlﬂmhtMiﬂHIdhﬂlﬂHnﬂlﬂmuhmﬁ.ﬁmmmhﬂmlﬂﬂﬂhﬂﬂ
l:l'l:lrhwﬂlplﬂhﬂhrlInﬂ:lhr.ﬂlhlmukhmmmuﬂhlnﬂhﬁglhﬂ this slip |s
mmhynmmuwmmhmmwuummﬂmhmm
mmhulmmmﬂumﬂmhmmmmmm
Fmﬁdﬂnﬂlmphqfmun,[,tuﬂmlﬂhﬂumqhhnHﬁHiMmIrﬂm
across the interface, and f; s the specified yleld strength of shear-friction reinforcomarit)
-mmmnhmmm.wmhmﬂmmwmmmmm
lwmu.hymﬂtanﬁtuthnﬂwhnuﬂﬂmmhmlhu crack faces, and by dowel

action of the reinforcement crossing the cracks,
mtmmmudwmmcm.ﬂmmnmﬂmﬂmammm

shear-friction (refer to Appendlx D). Relevant sections of the code presented below are for
comparison with test rosults:

11.7.4.1

Whaen shear-friction reinforcement is perpendicular ta shear
plane, shear strength V, shall be compuied by,

Vi = A lu (11.26)
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11.7.4.3

11.7.5

L2z

11.7.8

whare, p /& coefficient of friction in sccordance with
11.72.4.3. Differant coefficients of friction are recommended
for varfous cases so that the calculsted shear strengths will be
in reasonable apresmant with fest results,

The coefficient of friction p in Eg. (11-26] shall be

Concrete placed monolithically ................... ; F.44

Concrote placed againgt hardoned
concrate with surface intentionally
mwhm" #"fmm 1’l ?l# AR R ETRRRTNETLY ’-m

Concrete placed againzt hardenad
eonciaté Aot inténtionally roughened .......... 0,64

Concrete anchared to as-rolfed
struciural stesl by headed studs
or by reinforcing bars (see 11,770 .ceevinnns 0.74

whare A = 1.0 for normal weight concrete, 0.85 for “sand-
lightwaight " concrete and 0,75 for "all lightwaight * concrete.
Linaar intérpolation is permitted whan partial sand raplacemant

{5 used.

Shear strongth V, shall not be taken preater than 0.2 f, A, nor
800 A, in pounds, where A, is sros of conciéle section

resisting shear transfer.

Net tenslon across shear plane shall be resisted by additional
rainforcemant. Permanent net compression across shear plane
may bé taken as additive fo the force in the shear-friction
refnforcement A, f, when calculating required A,

Shear-friction reinforcement shall be appropriately placed along
the shear plane and shalf be anchored to develop the specified
yield strength on both sides by embedment, hooks, or welding
o special devices.



11.7.9 For the purpose of 11.7, when concrete /s placed apainst
préviously hardened concrete, the interface for shear fransfer
ghalf be clean and free of isftance, If y /s sssumed egual to
1.04, interface shall be roughened to a full amplitude of
approximately 1/4 in.

The ACI 318 shear-riction provisions are reviewed from two points of view; naw
construction and rotraffl

8.2 EVALUATION OF ACI SHEAR-FRICTION PROVISIONS USING CURRENT TEST
RESULTS

Toal results from the current study are utllized to review the validity of shear-Iriction
provigions In the ACI code. Variations botween test data and code-predicted resistances are
discussed and sultable modifications are proposed. Measured and estimated shoar
trangths for all test apecimens are presentad In Table 8.1, Estimated shear strengths under
column *(1)" refer 1o strengths estimated using the shear-friction equation V, = A, {, i as
ghven in Section 11.7.4.1 of ACI 318-80 [3]. Those under column *(2)* refer to strengths
estimated using the shear-friction equation V, = 0.8 A, f, + A_ K, as given In Section
R11.7.3 of the ACl 318 commentary [3]. Values under column *(3)® are based on the
spacified upper limit of 0.2 1, A, or B0 A, whichever Is less, as given In Section 11,75 of
tha code.

Tha shear-friction equations presanted In the ACI code are based on the specified
yiald strength of shear-friction relnforcement (1,). The assumption behind the use of 1, Is that
the shear-friction reinforcement Is anchored to develop the specified yield strength on both
sides of the interface as required by Section 11.7.8 of the ACI code. The #6 dowels
provided as shear-frictlon reinforcement across the inferface In the current siudy had an
embedmaont depth of 6 Inches. Such embadmant lengths are typlcal In retrofit schemes
whara It ls not possible to anchor the reinforcamaent into the existing framae to dovelop yield
strength. In somae cases, difficulties arlse from congestion of rainforcement in the existing
structural elomants, For #8 dowels with 8 In, ambadmant In congrote having compressive
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follows:

in Saction 12.2.3.6 of ACI 318-89 [3], basic development langth Is given as,

003 d, f,

Iy = 7

in arder to obiain the pull cut strongth of reinforcement, the above equation may
ba rewritton as,

Il lfF
L o,
whara 1, - stross developed In reinforcemant prior to pull out
In psl,
I, = embadmant langth In Inches,
fo = compressive strength of concrata in psi, and
d, = reinforcing bar diameter in inches.

For #6 dowoels with 6 In. embedmant In cancreta having f, = 1750 pal,
1, - 11.2 ksl
- 0.191, where 1, = spacified yleld strength of shear-
friction reinforcemant = 60 ksl

For #8 dowels with 6 In, smbedmant In concrete having f, = 3500 psl,
1, - 15.8 ksl
- 0.261,

Howaver, simple pull out tests (presented in Appendix C) showed that average
tonsilo (pull out) strongths of epoxy-grouted #6 dowels embedded In concrete having



comprassive strengths of 1750 and 3500 pal were 42 (0.7 1) and 482 (0.8 1) kal
respoctively. Better tensile strangths for epoxy-groutad #6 dowaels can bo attributed to the
increased bond Interface because bond lallures occurred typically at the interface between
the epaxy grout and surrounding concrate (Fig. C.2 In Appendix C). In addition, it Is likely
that anchorfage capacity does nat Increass linsary with embadmant length oven though not
implied by development provislons in the code. Because tonslle strosses In dowels must
have been below yield at the onset of fallure in direct shear tests, the specified yield
strength of dowels In shear-friction equations (1) was replaced by the actual tensile (pull
out) stress In bars () as established from simple pull out tests. In the following sections,
various issuos related 1o tha AC! code provisions and test results from the current study are

discussed.

8.2.1 Shear-Friction Hypothosls In Ssetion 11.7.7 of ACI Code

As provided In Section 11.7.7, parmanent net compression across the shaar
plana was added 1o the tenslla strength of shear-riction reinforcement for the calculations
In eolumna *(1)" and *(2)* of Table 8.1, The addition of N and A, I, Is justifisd Iin the code
bocauss it s assumad that shear-riction reinforcemant would yield in tension whather or
not thare was permanent net compreasion across the interface. However, test results from
tha currant study do not conflrm this hypothesls.

Specimans A8, AB, and A7 had tha same magnitude of permanent net compression
but had different numbers of dowels across the Interface; specimen A8 had no dowels,
specimen AS had 3-#6 dowels, and specimen A7 had 6-#6 dowels. Estimated shear
sirengths were 128, 183, and 238 Kips for specimans A8, AS, and A7, respoectively,
Maasured shear strengths were 201, 182, and 213 Kips, respectively. Measured shaar
sirongths of specimens AS (3-#6 dowels) and A7 (6-#6 dowals) did not differ significantly
from the measured shear strength of specimen Al which contained no shear-friction
reinfarcement across the interface. Also, for specimens B3 (no dowels), BS (3-#6 dowals),
and B (B-#86 dowels) which had the sama magnitude of parmanent not comprossion
across the Interface, the estimated shear strengths wore 128, 181, and 285 kips,
respectively, The measured shear strengths were 254, 264, and 274 kips, respoctivoly.
Dowaels did not have an appreciable Influence on shaar strangth whan thore was pormanant
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nat compression of 128 Kips (0.57 f, for specimons A8, AB, and A7 and 0.29 _ for
gpecimens B3, BE, and BE) across the intedaco (also rafer to discussion In A B.2.3).
These sbd tests Indicato that consideration of cumLlative contribution of parmanant nat
comprassion and shear-friction reinforcemant across the interface, as specified by the ACI
eode, would ba inacourata.

Two axireme cases llustrate the problem with current provisions. Specimens B1
and B2, which had only shear-friction relnforcement and no permanant net comprasslon,
wore govemed by tensle strength of sheardriction reinforcement (fallure modes of
specimens B1 and B2 In Tabla 7.1). For specimens BS and B8, parmanant net comprassion
of 0.26 {, controlled shear strangth through direct shear fallure, desplte the presence of
shear-friction relnforcement across the interface. The contribution of sheardriction
ralnforcamant 1o shear strength of each test spacimen, as observed from test results, was
inslgnificant. In transition batwean the two extremas, tho shoar strength of an Interface may
be coniributed by compression and shearriction relnforcemant. That s, cracks can
davelop along the interface and stress the shear-friction reinforcemaent despite the existonce
ol soma lowdevel compression. For axampls, tha shear strength of spacimaen B10, which
had a net compresaion of 0.1 1, f, refers to concrete strength of weaker concrete) across
tha intarface, was controlled by pull out fallure of dowels; cracks developed desphe the
axistonca of compression across tha intorface (Figs. B.50 and 51 In Appendix B).

Using the avallable test data, It was not possible to determine the transition polnt
whara the contribution of shear-Iriction reinforcament becomes Insignificant due to the
presence of parmanaent nel compression across the Interface. However, it |s evident that the
strangth of specimen B10 was contributed by bath compresaion on the interface and shear-
friction reinforcement, with the magnitude of the formar baing 0.1 1., In light of the current
test data, the following modification to the shear-iriciion provisions ls proposed:

v, - Ay f,+ N)p (11-26-A)
¥, = N when N = 800 A, {11-26-B)
whata, ¥, - nominal ghear capachy of connactlon In pounds,

A, - araa of shear-iriction reinforcemant across the shear plane
I“ l'q. hli
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f - spocified yield strength of shear-friction relnforcemaent In
pil,

M = permanent net compresalon across the shear plane
In pounds,

i = coefficient of friction In accordance with Section
11.7.4.3 of ACI 318-80 (3], and

A, - area ol concrete section reslsting shear transfer In sq. In,

it may also be observed from Table 8,1 that specimen B8 with a cemantitious dry-
pack Intarface reached anly 40 parcent of the shear strength of speciman BS in which the
interface was cast directly againat the hardenad concrete. Both test specimens had similar
detalls; 3 #8 dowels and 1000 psl parmanent net compression. It ks therelore recommandaed
that tha presence of permanant net compresalon be neglected In calculating the estimated
shear strengths of connections whose Interfaces are grouted using cementiious dry-pack
matarials.

8.2.2 Friction Coefficlonts # Specified in ACI Code

Section 11.7.4.3 of AC! code specifies different friction coafficiants u for
various Interface construction methods. The code Is not clear on u values for Inlerfaces
tormed with dry-packed cementilious groul. For specimens B7 and B8, Interfaces of
hardened conerete in both (est specimons were roughonad In accordance with Section
11,78 ol ACI code bolore dry-packing was carred out A value of g = 10 4
soomixi appropriate and was used In calculating the estimated shear strengths
of specimens B7 and B8 In column °(1)° of Table 9.1. However, current lest
results show that dowel action was the major contributor to shear strengths of
both tesi specimens (refer o discussion In Al B825). The code spacifies a
4 = 0.8 A for concrate placed against hardened concrote with the Interface not
foughened Intentionally. Speclfication of 4 = 08 A for such a case is
afiributed 1o dowel action which |8 assumed to be a major contributor to shear
strength. Since dowel action was Indeed the major contribitor 1o shear
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girangth of Intefaces which were grouted using & cementitious dry-pack
matorial, 4 = 06 A should ba more appropriate whaether or not the interface in
hardened concrete was roughened intentionally, Concrotes of different
girength and age with the Interface gQrouted using cementitious dry-pack
matarlals can be Included In Section 11.743 of ACI code with a friction
coofficlont of 4 = 0.6 A specified for such a case.

9.2.3 Upper Limi on Shear Strength Specified by ACI Code

Section 11.7.6 of ACI code specilies an uppar limit on the shear strength
of connectlons. According to tha spacifications, ahaar strength of a connection shall not ba
taken greatar than 0.2 f, A, nor 800 A, In pounds, where A, Is area of concrete ssction
reslsting shoar transfer. Current test results show that the limit Is overdy conservative
espocially whan the shear planas are subjected to parmanent net compression. In Fig. 8.1,
tha maasured shear sirengths of test specimens and the code-specified uppar limit on shoar
strangth of connections are compared. Measured shear strengths are plotied agalnst the
mmummmmmw.uwﬂmmﬂﬁmm
across the shear plane (as currently specified by Section 11.7.7 of ACI code). It may be
seen from tha figure that the shear strongths of test specimens with permanent net
compression were much better than the code-estimated strengths which ware always
controllod by this upper limit. Table 9.1 also shows that the estimated shear strangths of
tast specimens were In most cases controlled by this upper limit, The specified upper limit
should be modifled 1o reflect test resulis.

Modifled upper limits are proposed for tha shear strengths which are estimated
using the modified equations proposed In Art. 8.2.1.

Case 1: For ¥, = {d, f,+ N)u a8 proposed In Eqn. (11-26-A).
The ratios of measured 1o estimated shaar strongths (using a limit af 0.2
f. A, or BDO A, whichever is less) of apecimens A2, A3, A4, B2, and B10
ranged from 1,45 1o 2.05 (refer to Table 9.1). If the upper limit is modified
as 0.25 {, A, or 800 A,, whichever Is less, the milos of measured 1o
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estimaled shaar strengiths would range from 1.27 1o 1.64 for the test
specimens under consideration (refer to Table 9.3). Based on the
discussion, it may be recommaended that shear strength ¥V, not be taken
greater than 0.25 1, A_ nor 800 A, In pounds, whare A, is area of concrale
saciion resisting shoar transfer.

For ¥, = N i when N > 500 A, as proposed In

Eqn.(11-28-8),
it may ba seen from Tabla 8.1 that the upper limits apecified by the current
AC| code were overly conservative when N > 800 A,. Tho mtios of
measured to estimated shear strengths of specimens A5, AB, A7, A8, B3,
B4, BS, and B6 ranged from 2,88 1o 4.84, It must be noted that the
estimated shear strongths of all test specimans under consideration ware
controlled by the code-specified upper limit.

In Table 9.2 the measured shear strengtha of test specimens with
compression greater than 800 A, across the interface are compared with
the shear strengths estimated using the modified shearfriction equation
proposed In Eqgn. (11-26-B) of Ar. 8.2.1. It may be noted that the ratios of
measured to estimated shear strengtha mnged from 1.42 to 2.14. The code-
spacified upper limit must therelore ba selected in such a way that it wolld
not make strength In this rmnge even more conaarvative than it s by using
Eqn. {11-26-B), Specimen AB had no shear-riction relnforcement bit had
pormanent net compression of about 0.8 1, A, (1000 A) across its
intarface, Comprassive strangth of concrete in tha weakar segmant of test
specimen was only 1750 psl. Specimen A8 developed shear strength 57 %
highar than the strangth estimated using Eqn. (11-26-B). It must be noted
that the estimated shear strength of specimen AR (about 0.6 1, A,) was as
much as the magniiude of permaneni nel compression across the
spocimen Interface since the value of u was equal to 1 for this case.
Thorelore, the measured shear strength of specimen AB was 67 % highor
than the magnitude of parmanent not compression across fts interface.
Slnce specimen All can ba considered as the worst case In the curmant laat
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serles, 0.8 1, A, Is recommanded as an upper limit on shoar strengths
estimated by the modified shear-friction equation (Egn. 11-28-B). It must
however bo noted that 0.6 f, A, may not be a conservative upper limit for
concrates of higher comprassive strangths. Maximum comprassiva strangth
ol conarete (In the weaker segmant of lest specimens) used In the current
study was 3500 psl. For concrete of 3500 psl comprassive strength, 0.6 1,
A_ would ba 2100 A, pounds. It may ba asen from Tablo 9.2 that specimens
B3, BS, and B& with compression of 0.20 1, A, (1000 A} had measured
shear strengths of 1984 A, 2062 A, and 2140 A, pounds respectively.
Using Eqn. (11-26-B), the estimated shear strongths wera only 1000 A,
pounds and therefore conservative, Also specimen B4 which had
compression of 0.43 1, A, (1500 A.) reached a shear strongth of 2273 A,
pounds whila estimated shear strength was 1500 A_ pounds. Since test
specimens with 0.20 and 0.43 1, {I. = 3500 pal) compression measured
shaar strangths close to 0.6 1, A_ (= 2100 A ) pounds, an upper limit of
2100 A, pounds |s considered appropriate for concrates with 1, equal or
graatar than 3500 pal. Any ingreasa in tho limit of 2100 A, musi be verifliad
by tests on specimens with I, of weaker concrete greatar than 3500 pal.
Based on the discussion, It may be recommended that shear strength V,,
not ba taken greator than 0.6 1, A_ nor 2100 A, In pounds, where A, is area
of concrete section realsting shear transfer.

For concrates of differant strength and age with the Interface dry-packed using
cementitious grouts or other special materials, 1, to be used In the upper limits shall be the
f, of woaker concrete or grout material, whichever ls less.

§.2.4 Useful Upper Limit on Amount of Shear-Friction Relnforoement
Section 11.7 of AC1 318-89 [3] on shear-friction does not specify any upper

limit on the amount of shear-friction reinforeemaent, A ;. Tests from current study show that
the improvement In shear strength was not In proporiion with the Increase In amourt of
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shaar-riction relnforcamant across the shoar plane. For example, specimen B2 (p = 0.02)
which contalned twice the amount of shear-friction reinforcemant In spacimen B1 (p =
0.01), reached a strangth only 156 percent higher than that of specimen B1 (refer to Table
g.1). In ardar to prevent over-astimation of Interface shaar strangth, it is iImportant to define
an upper limit on the amount of shear-irction relnfarcamant.

Figure 9.2 shows the measured ullimate shear siresses against different amounts
of shear-friction reinforcemaent across the shear plane. Test results from a study by Hofbeck
[15] were used to develop Fig, 9.2 since strengths of lest specimens used In the study ware
controlied by tenslle yielding of shear4riction reinforcemeant and not by pull out fallure of
shaar-friction relnforcamant as observed In cufrent tests.

it may be observed from Fig. 8.2 thai the shear strength of test specimens with
initlally-uncracked shear planes improved significantly with the increase in the amount of
shear-friction reinforcemaent up 1o a limit of g 1, = 900 psl (p = 0.015 for 60 ksl steal).
Howaver, the improvemant in shear sirength of test specimens which had initially-cracked
shear planes was significant up 1o a limit of p 1, = 1200 psl (p = 0.02 for 60 ksi steel). Also,
reduction In strenglh dus to the presence of pre-axisting cracks along the shear planes
decreased with the Increase in g 1, and became almost insignificant beyond g I, = 1200 pal
(o = 0.02 for 60 ksl stedl).

In view of the possiblity of pro-axisting cracks (lormed by factors unrelated 1o
shear) along the shear planes, an upper limit of 1200 psi on g I, (p = 0.02 for 60 ksl steal)
seems appropriats. However, It must ba remambared that the maximum value of o 1,
allowed by tha ACI code |s 800 psi. Therefore, no limit on g f, needs 1o be specified In the
cadae,
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#.3 MODIFIED SHEAR-FRICTION PROVISIONS FOR SECTION 11.7 OF ACI 118-89

#.3.1 Introduction

Tha modifications proposed in Art. 8.2 are Incorporated into the current
ACI 318-89 [3] provislons for shaar-friction, The code format ls malintained here to facilitate
sany follow-up of the proposed modilications. The current ACI shear-riction provisions are
presanted In Appandbt D. Major modifications to the code are ftalicized and minor changes
are bolded and lalicired, Some of the words proposed for remaoval fram the current ACH
codlo aro airdak-ou,



MODIFIED SHEAR-FRICTION PROVISIONS FOR
SECTION 11.7 OF ACI 318-89

11.0 Notation (tarma to ba addad or changad)

N = permanant nét compression across the shear plane, pounds

y# = coefficient of friction, Seas 77.7.4.4

11.7 - Shaar-friction

11.7.1 - Provisions of 11.7 are to ba
applied whare it s appropriate 1o
consider shear tranifar across a glven
plane, such as: an existing or potential
crack, an interface batween dissimilar
materials or an interface batween two
concrates cast ai diferont timas.

11.7.2 - Dasign of cross sections
subject to shaar transfor as described
in 11.7.1 shall be bazed on Eqg. (11=1],
whara V., I8 caiculated in accordance
with provisions of-3H7-3-a¢ 11.7.4.

11.7.3 - A crack shall be assumed to
occur along the ahasr plane considered.
The required area of shear-Iriction
fainforcamont A, across the shear

R11.7 - Shear-friction

R11.7.1 - With the exception of 11,7,
virtually all provisions rogarding shoar
ara intended to prevent diagonal
tension fallures rathar than direct shaar-
tranafor fallures. The purpose of 11.7
is to provide design mathods for
conditions whera shear transfer should
ba eonsldored: an intarface betwaean
concrites cast at different times, an
interface between concrote and stoel,
reinforcing details for precast concrate
structures, and other situations whara
it is considerad appropriatea to
investigate shear transfer scross a
plane in structural concrete. (See
Roforonces 11.23 and 11.24).

R11.7.3 - Although uncrackad concrato
ig ralativaly strong in direct shear there
is always tha possibllity that a crack
will form in an unfavorable location,



plane shall be designed using either
11.7.4 or any other shear transfer
dasign mathoads that result in prediction
af strength in substantial agreament
with resulis of comprehensive tests,

11.7.3.1 - Provislons of 11.7.5
through 77.7.8 shall apply for all
calculations of shoar transfer strangth.

11.7.4 - Shear-friction design method

Shear strangth V. ghall be calculated in
dccordance with provisionsef 11,7.4.1
through 11.7.4.4,

11.7.4.1 - Shear strength V,
fal If the zhear-friction

feinforcement is perpendicular to the
shear plane,

The shear friction concept assumes
that such a crack will form, and that
rainforcament must be provided across
the crack to resist relative displacomant
along it. Whan shear acts along a
crack, one crack face slips relative to
the othor. If tho crack facas are rough
and Irregular, this alip is accompanied
by separation of the crack faces. At
ultimate, the separation is sufficient to
stress the reinforcement crossing the
crack to its vield point. Thae
reinforcement provides a clamping
force A, across the erack faces. Tha
applind shear is then resisted by friction
batwieen the crack faces, by rosistance
to the shearing off of protrusions on
the erack faces, and by dowel action of
the reinforcoment crossing the crack,
Successful application of 11,7 depends
on propar selection of the location of
an assumed crack, "' 1142

The direct shear-transfer strength of a
zhoar plane can be determined using
various relationships. Eq. (11-26),
{11-27), and (77-28) of 11.7.4 are
based on the shear-friction modal. This
gives a conservative prediction of
shear-transfer strength. Othar
ralmionships which give a closor
estimate of shear-transfer strength'"'*
38 N3 aan be used under the
provisions of 11.7.3.

R11.7.4 - Shear-friction design method

Experimantal studies'"* '"** indicate
that when a resultent compressivie
force acts permanently across a shoar
plane, the shear transfer strength is a
function of the sum of the resuitant
compressive force N, and the lorce
A f, in the shear-friction
reinforcement. Recent tests'"™ show
that contribution of shear-friction
rainforcemant becomes ingipnificant
when N is greater than 800 A, In
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fh} if the shear-friction
rafnforcemant {5 inclined fo the shear
plane, such that the shear force
produces fension in  shear-friction

riinforcemant,
¥, -M{#‘Illr scoray) + Nu (11-27)

whare o, /5 angle between shear-friction
rainforcemant and shaar plane.

fe) V.fromEq. (11-26)or(11-27)
shall not be rtaken preater than
028(¢,A, nor 800A, in pounds,
whare f, /s the smallest of the
concratalsl or grout materialis) at the
interface.

11.7.4.2 - Shear strength V., , whan
N> 800A,

¥, = N {7128}

V, fram Eq. (11-28) shall not be taken
preater than 0.6 F, A, nor 2100 A, in
pounds, where [, is the smallest of the
concrete(s) or grout materialfs) at the
interface.

design, advantage may be taken of the
presence pf permanent net
compression across the shear plane to
reduce the amount eof shear-friciion
ripinforcement reguired. In cases, where
no shear-friction reinforcement s
needed due fo the presence of
permanant net compression, siructisal
integrity reinforcement must stilf be
provided acrogs the shear plane.

Whon the shear-friction reinforcamant
is inclined to tha shear plane, such that
the component of the shear force
parallel to the reinforcemant tends to
produce tension in the reinforcement,
as shown in Fig. 11.7.4, part of the
shear is resisted by the componant
parallal 1o the shear plane of the
tenslon force In tha relnforcemant.’'*
Eq. (11-27) must be used only whan
tha ghaar force componant parallel to

Fig. 11.7.4 - Shaar-friction

rainforecement at an angle to assumad
crack

the reinforcoment produces tension in
tha reinforcemant, as shown in Fig.
11.7.4. When g, is greater than 90
dog, the relative movement of the



71.7.4.3 - N shall be faken 85 réro in
Fg. (11-26) and (11-27] when the
interface is grouted using cementitious
dry-pack materials, Eg. (171-28) shaif
not be valid for this case.

11.7.4.4 - The coefficlant of friction
g In Eg. {11-28), 111-27), and Eq.
{17-28) shall ba

Concreta placed monolithically 1.44

Concrote placed against

hardenad concrate with

surface intentionally fﬂuﬂhll’llﬁ

as specified in 72.7.8 ..... 1.04

Concrate placed against
hardenad concrata not
intantionally roughanad
or interface betwean two

hardemed concretes grouted

uzing cemantitious dry-pack
materdals . .......000... 0,84

Concrata anghaored 1o as-rolled
structural steal by headed studs
of by reinforcing bars

surfaces tonds 1o comprass the bar and
Eg. (11-27} Is not valid,

Upper limits on shear strength V, are
specified because, experimental
data' "2 VI AR 1148 ool shar Eg,
f11-264, {(11-27), and (11-28] becoma
pnconsarvative if V, has & pgraater
value, The upper imit of O.6F A, or
2100 A,, whichever Is less, /s
considerod appropriate for V, calculated
from Egq. (11-28). Tests'™* 1'% ghow
that concrete-to-concrate interfaces
hﬂﬁ'?g permanant nél camprézzion N
preater than 800 A, have much better
resistance fo shear than those with N
fess than or egual o 800 A, pounds,

R11.7.4.3 - It has been verified
experimentally’'™* that the presence of
permanant nef compression Scross tha
shear plana did not resuft in substantial
improvament in shear transfer strength
of interfaces, which were prouted vsing
comentitious dry-pack materials.

A11.7.44 - In tha shear-friction
maothod of calculation, it is assumed
that all the shoar resistance is due to
tha fricilon betwean the crack facas. It
is, therefors, necessary 1o use
artificially high values of the cosfficient
of friction in the shear-friction
oquations, 8o that the calculated shear
strength will be in reagonable
agrasmant with test results. For the
case of concrete cast against hardened
concrote not roughaned in accordanca
with 771.7.8, shear resistance is
primarily dua to dowal action of tha
rainforcement and tasts''? indicate
that roduced value of g = 0.64
specified for this case s appropriate.
Recent tests''** on interfaces prouted
uging cementitious dry-pack materials
show that the resistance by
cementitious prout fo direct shear
deteriorated rapidiy. A vajuve of p =
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whare A = 1.0 for normal welght
concrate, 0.85 for "zand-lightwelght”
concrote and 0.76 for ®all-lightwaight"
concrats. Linear Interpolation s
permitted when partisl sand
replacemaent Is used.

17.7.5 - Dosign yiold strongth of shaar-
friction reinforcament shall not exceed
60,000 pai.

77.7.6 - Not wension across shear plane
shall be resisted by additional
reinforcament.

0.64 is considered appropriate for this

cage since shoear rasistance is primarily
dué to dowel action,

Tho valuo of y spaocified for concratl
placed against as-rolled structural steel
rolatas to the design of connactions
batwean pracast concroto mambarg, of
between structural stesl members and
structural concrete membaers. The
shaar-transfor reinforcemant may ba
gither reinforcing bars or hoaded stud
shoar connectors; also, fiald walding to
stoel plates after casting of concrote is
common, Tha design of shear
connectors for composita action of
concrote slabs and steel beams s not
covered by these provisions, but should
ba in accordanca with Raferance
11.28,

R11.7.6 - 1 a resultant tenslle force
acts across a shear plane,
rainforcomant to carry that tension
miust ba provided in addition to that
provided for shear transfer. Tension
may be caused by restraint of
deformations dus 1o temperature
change, creep and shrinkage. Such
wonsile forces have caused fallures,
particularly in beam bearings.

When moment acts on shear plane, the
flaxural tension stresses and flaxural
comprassion strasaas are in equilibrium.
There Is no change in the resultant
compression A f, acting across the
shear plane and the shear-transfer
strength is not ehanged. It is therafora
not necessary to provide additonal
minforcement to reslst the flaxural
tension stresses, unless the required
flexural tension reinforcemant axcoeds



11.2.7 - Shear-friction rainforcement
shall be appropriately placed along the
shaar plane and shall be anchorad to
doevalop the specified yield strength on
both sides by embadmant, hooks, or
wilding to spocial devices,

the amount of shear-transfer
reinforcemant provided in tha flexural
tanglon zone. This has baen
demonstrated experimentally.’’ ™

A11.7.7 - If no momant acts across the
ghoar plane, reinforcemant should ba
uniformly distributed along the shear
plane to minimize crack widths. If a
momant acts across the shear plana, it
is desirable to distribute the shear-
transfar reinforcemant primarily in the
flexural tension zone.

Since the shear-friction reinforcemant
acts in tonslon, it must have full tensile
anchorage on both sides of the shear
plane. Further, tha shear-friction
reinforcement anchorage must engage
the primary reinforcomant, otharwisa a
potential crack may pass batween the
shaar-friction reinforcement and the
bady of tha concrota. This requiremant
applies particularly 10 welded headed
gtuds used with steel inserts for
connactions In precast and cast-in-
place concrete. Anchorage may be
doveloped by bond, by a welded
maechanical anchorage, or by threaded
dowels and scrow inseris. Space
limitations often require a welded
machanical anchorage. For anchorage
of headed studs in concrete see
Reference 11.13.

in situations where the shear-friction
fainforcament {8 npof  anchored o
develop the specified yield strength en
both sides of the shear plane, f, shail
be replaced by f, which may be
(1) calcuiated as the ratio of the
anchorage length provided for the
shear-friction reinforcement to  the
code-specified development length
times f, or (2) determined from sctual
tests. Actual tesiz are recommended
whenever possible. Algo, for post-



71.7.8 - For tha purpose of 11.7, whan
concrete is placed against previously
hardened concrote, the Intarface for
shaar transfer shall be clean and froe of
iaitance. If i is assumad equal to 1.04,
intarface shall be roughanad to a full
amplitude of approximataly 1/4 in.

717.7.9 - When shear Is transferred
batwaan as-rolled steal and concrote
using headed studs or waelded
reinforcing bars, steal shall be clean
and froe of paint.

instailed anchors, f, can be determined
from actial tests.

References (to bo added)

71.48, HMofbeck, J.A., Ibrahim, 1.0.,
and Mattock, A.H., "Shear Transfer in
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11.49. Valluvan, R., “lssues Involved
in Seismic Retrofit of Reinforced
Concrete Frames Using Infifled Walls, ”
Ph.D, dissertation, University of Texas
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9.4 COMPARISON OF TEST RESULTS FROM CURRENT AND PREVIOUS RESEARCH
WITH MODIFIED SHEAR-FRICTION PROVISIONS

in thia sectlon, test results from current and pravious exparimantal studios are
compared against the modifled shear-friction provisions. The objective is to ensure that the
modified shaarriction provisions are conservative for all avallable, relevant test data.

(1) Experimantal data from current tests are compared against modified shear-
friction provisions In Table 9.3 and Fig. 9.3. It may be seen that the modified shear-friction
provisions yield conservative values for nominal shear strangths of tast spacimens. Figure
9.4 Is a histogram that compares current ACI code and modified code provisions (on shaear-
friction} based on current tost results. The modified shearfriction provisions offer
conservative predictions while conaldering the significant benafit afforded by parmanant net

comprossion across shear plane.

{2) Extensive tesis were conducted by Hofbeck [16] and Mattock [25] on direct
shear transfer. All test specimans used In the study were cast monolithically. Most of the
tost specimens wore procracked along the shear plane in order to study the effect of
pre-existing cracks on shear transfer,

Figure 8.5 shows the distribution of test data with respect to the modified shear-
friction provisions, Tha modified provisions offer conservative estimates on shear strengths
of test specimens used In the study, A histogram of test results by Mattock [25] based on
surrent and modifisd code provisions Is shown In Fig. 8.6, All test specimens Included in
the histogram had shear-friction reinforcement and permanant net compression across their
shoar planes. It may be observed that the modified sheardriction provisions ghve
consgrvative strength valués for test specimaens which had permanent net compression
acroas thelr shear plane.

(3) Test results from experimantal study by Bass [7, 8, 9] are compared with
madified sheardriction provisions in Fig, 8.7, The study Included test specimaens with
diffarent amounts of shearriction reinforcement across shear plane. It can be spen from



tha figure that the modified code provisions offer conservative estimates on nominal shoar
strengtha of test specimens used in the study,

Tha modified sheardriction provisions produce conservative but more accurate
strength eatimates of all test data avallable to date.

8.8 USE OF MODIFIED FRICTION COEFFICIENTS y AND MODIFIED STRENGTH
UPPER LIMITS FOR RETROFIT SCHEMES

Sheardriction provislons presented In Sectlon 11.7 of ACI 318-89 [3] are Intended
to be consorvative, The purpose of having conservative provisions is to provent direct shaar
tallures from being the weak links in a structura. Proviglon of shear-friction relnforcement
across shear planes I8 inexpensive for new conatruction aince the shear reinforcement can
be easlly placed durdng casting. However In retroft schemes, the shear-riction
reinforcoment must be anchored across the shear plane between existing structural
elomonts and new sirengthening elements. Anchoring tha reinforcement may be labor
intensive and costlier since holes have to be drilled in the existing elements 1o place tho
shear-friction relinforcemant, Also, the shear-friction reinforcement has io be set Info the
holss using a strong grout such as epoxy. In view of the overall costs Involved In retrofit
schomaes, it is desirable 1o design shear planes 1o be safe bul not overly conservative.

In eiirrent test serios, t™wo kinds of shear planes were Investigated; (1) concrete
placed directly against roughened interface of hardened concrete, and (2) concreles of
differant strength and age with the interface grouted using cemaentitious dry-pack material.
The two cases are typlcal In retrofit schemes. The modified sheardriction provisions
recommend 4 values of 1.0 4 and 0.6 A for both cases respectively. It may be seen
from Fig. 9.8 that the modified shear-iriction provisions with modified »
values of 1.4 A and 0.8 A respoctively yield safe values of nominal strengths for
shear planes. Nt may thorefore be recommended that madified friction
coofficienis ol 1.4 A and 08 A be used for retroft schomes. Also, an Incroase
In strength uppaer limits; from 0,25 1, A, or B00 A,, whichever s loss 1o 0.3 1, A, or
1000 A, whichaver is less would stlll result in safe strength estimates (Fig. 9.8). Therelore,



for retrofit schamaes, the upper limit on shear strongth V,, (calculated using Eqn. 11-26-A in
Art. 8.2.1) shall be recommended as 0.3 f, A, or 1000 A,, whichaver is less.

9.6 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

Currant ACI code provisions for shaar-friction are reviewed. Disagreements between
tost data and code values are ldentified and sultable modifications to the code are
proposed. Test values from current and previous research are utilized to verify the sultabllity
ol modified provisions. The followlng conclusions and recommandations are made based

on tha study;

(1) Sheardriction provisions in Section 11.7 of ACI 318-80 [3] do not reflect test
results especlally when there Is permanent net compresalon across the shear plane. The
modified provisions produce conservative but more accurate strength estimates for all
avallable, rolovant test daia to data,

(2) Code mssumptions regarding cumulative contribution of shear-friction
relinforcement and permanent not compression across the shear plane to shear transfor
strength are not justified In all cases. The modified provisions presant 8 more accurate
representation on contribution of shear relnforcemant and compression.

{3) Ewen though code upper limiis on shear strength are generlly consarvative,
they bacoma overly conservative when there ia permanant compression across the shear
plane, The upper limits proposed In modified provisions take the benefit of comprassion Into
account.

(4) The modified provisions present friction coefficients for grouted shear planes.

(5) Modified sheardriction provisions offer & bettor tool for estimating shoar
transfar strangths.

(6) Different (less conservative) friction coefficients and strength upper limits may
ba specified for ratrofit purposas.
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Upper limt of 0.2 ¢ for ;= 3500 ps

m-- Sl

Uppor fimi of 0.2y for g = 1750 psi

0 Hﬂ 1000 15;111 Mﬂ 2500
(n + pt) In psl

n = parmanent net compression across the shear plane
pt, = tensile strength of shear-friction reinforcement across shear plane

Figure 9.1 Comparison of test results with ACI recommended
upper limits for nominal shear stress




0 300 600 800 1200 1500
ply In psi

ply = yield strength of shear-friction reinforcement across shear plana

Figure 8.2 Influence of amount of shear-friction reinforcement on
interface shear transfer as established from tests by Hofbeck [15]
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ninpsl whenn > 800 psi

n = parmanent net compression across the shear plane
pl, = tensile strangth of shear-friction reinforcement across shear plane

Measured ultimate shear stress, v, in psi

Figura 9.3 Comparison of current test results with modified
shear-friction provisions
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Figure 8.7 Comparison of test results by Bass [7, 8, 9] with

modified shear-friction provisions
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Figure 9.8 Comparison of current test results with modified u
and modified strength upper limits for retrofit purposes




CHAPTER 10
CONCLUSIONS AND RECOMMENDATIONS

The current exparimental investigation focussed on the lssues involved in aslamic
ratrofit of non-ductlle, mament-resiasting reinforced concrete frames using Infilled walls.
Izsuos Investigated were: (1) retrofit tachniquas for strangthening shor, compression lap
splioas In the existing columns 1o enable column longitudinal reinforcemant 1o develop the
tanslle strangth and the column to sustain significant inelastic deformations; and (2) the
direct shear transfer mechanism across frame-wall interfaces. In the first phase of the study,
column-splice specimens were strongthened using a variaty of selected retrofit techniques
and were lestad 1o Investigate the selsmic performance of retrofitted column splices. For
the second phase, test specimens representative of a portion of a framea-wall Intorface were
constructad and the mechanism of reversed, cyclic shear transfer directly across the
spacimen interface was studied In detall, Test results from the second phase were used 10
verify and extend the application of shear-friction provisions currently Incorporated in Sect.
11.7 al ACI 318-80 [3]. Tha conclusions and recommendations presented below are based
on the study.

(1) Retrofitiing of Column Splices

(8) Column lap splices designed for axial compression and litle or no flexure
cannat develop the tansile strength of column longltudinal reinforcemaent and do not permit
significant Inelastic deformations In the column reglon when the structure Is subjected 1o
latoral selsmic loads.

(b) Non-ductia RCMRF retrofitted for seismic forces using an Infill wall may not
astlsty parformance goals due to the prematura fallufe of lap spices in the existing columna.

{c) Extornal reinforcement (steel elemaents or tles) around the splice region
significantly improved confinement resuling In substantlal Increases in splice lenslle
strangth and ductity, External relnforcemant must be grouted to ensure effoctive
tonfinemant of the splice region.
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{d) Addition of only Internal tles to the splice region was not an elfective technique
for strengthening column splices. Aemoval of concrete cover resulted In microcracking of
the concrate core and reduction in effectiveness of concrete cover which reduced the gains
In splice strongth and ductility provided by the added ties,

(e) Providing continulty In the splice reglon by welding the spliced bars enabled
column reinforcemant to yield In tenalon and improved column ductility. However, it was
necessary to add Inlemal tes 1o restrain the outward thrust produced by the sccentricity
botwoen spliced bars.

(2) Shear Transfer Across Frame-Wall Interface

(a) Permananinatcompression across aninterface improved significantly intorface
performance for direct shear transfer. The higher the level of compression, the betler were
peak shear strength, peak-to-peak shear stiffness, and residual shear capachty of the
Interface.

{b) Cydlic compression resulting across an Interface from such forces as selamic
loads may not ba considered for calculating direct shear transfer capacity because s
influence on interface performance fof difect shaar trangler was not substantial.

(c) Dowaels provided as shear connectors across an interface must be anchored
on bath skdes of the interface to develop tenalle yleld strength or more dowels should be
provided to account for promatire pull out fallures.

({d) Frame-wall interfaces with frames having low-strength concrate should be
provided with more dowels since thair strangth will be governed by disintegration of the
lew-strangth concrete around the dowels.

{e) Grouting of frame-wall Interfaces using cementitious dry-pack materials should
be aveided if possible. Dry-pack grout interfaces will not develop aggregale interock. Better
maans for closing the gap batwean Interfaces should be explored and resorted 1o,
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{3) Modifications for Shear-Friction Provisions In Seetlon 11.7 of ACI 318-89 (3]

(a) Sheardriction provisions In Section 11.7 of ACI 318-80 [3] do not reflect the
bahavior of tost spacimans, espacially whan thara ls permanant not comprassion across the
shear plana, The modified provisions presented In chapter 9 produce conservative but more
accurate strongth estimates for all avallable, relevant test data to date.

(b) Code assumptions regarding ocumulative contribution of shear-friction
reinforcement and permanant net compression across the shear plane to shear tranafoer
atrangth are not justified in all cosos. The modified provisions present a mare accuralo
represantation of the contribution of shoar relnforcament and comprassian.

{e) Even though code upper limits on shear strengih are generally conservative,
thay become overy conservative when there ls permanent comprassion across the shear
plana. Tha upper limits proposed In modifled provislons take into account the banaflit of

comprassion,
(d) The modified provisions presant Iriction coefficlents for grouted shear planas.
(8) The modified shear-friction provisions olfer a betier tool for estimating shoar
transfor strengths.

(h Different Joss conservative) friction coefficlents and strength uppar limits, as
presented In chapter 8, may be specifled for retrofit purposes.
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APPENDIX A
RETROFITTING OF COLUMN SPLICES
DESIGN OF RETROFIT SCHEMES

A.1 DESIGN CRITERIA

Dasign of retrofit schemaes providing additional confinamant in tha splica reglon was
based primarily on the transverse reinforcamant requiremants for lap splices as proposed
by Orangun [26]. One of the schemes, beskles baing designed to comply with Omngun’s
recommandations, was also designed to meet the transversa reinforcemaent requiremants
as specified by chapter 21 of ACI 318-89 [3] for boundary elamants of structural walls. The
schama that pravided continuity batwaon lap spliced bars was designed to transfer the load
by shear.

A.2 STEEL ANGLES AND STRAPS

The technlque was used widaly In Maxico City following the 18085 santhquake. s
parformance was however not verifled through expaermaental studies. Design of steel angles
and straps scheme was based on Orangun's equation, which specifies a limiting factor that
represents the confinement In the splice region. The equation recommands that,

AL 1
mﬁ, = 3 (A-1)

A - area of transversa reinforcemaent across the splitting plans
divided by the number of splices In sg. In,,

i - yleld strangth of transverse reinforcomant in pal,

8 = spacing of transversa relnforcemant In Inches, and

d, - splice bar diameter in inchos
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In order to ensure adequate confinemant, the factor given In Egn, (A-1) must be groater
than 3.

A,
'ﬁlﬁizj

A, % 36000 = 3 % 500 x 6 % 0.75

A 2 0.188 in}?

. Straps of 1" % 1/4" cross soction (area = 0.28 In’) were used.

Steel angles were designed 10 enable the straps to yield in tenalon. From Fig. Ale,

W = V2P

V2 (g £

V2 (0.25 x 36,000)
12,728 lbs.

Assuming that tha racially outward stresses, produced by reinforeing bar lugs, wore
uniform along the splice reglon, the steel angle would be subjected 1o & uniformly
distributed load of W divided by tha strap spacing, 8. Also, the angle-strap connaclions
could be assumed as rigid, With the assumptions mada,

i

Maximum flexural moment on the angle = ﬂ'ﬁ-}-‘—’
(12.728K / 6in.) x (6in.)®
12 '

= 6,36 K~in.



Choosing 1. 2 % 2 x 1/4 from LRFD (p. 1-38), 5 . = 0.17 in.?

S
.. Factor of safety against ylelding = 2=
S roguired
= 0.17/0.17
= 1.0
Tharalom, O, K
Summary: Angles - 2'x 2'x 1/4" AJ6 Gradle
Straps = 12'x 1" x 1/4° A36 Grade

A3 EXTERANAL REINFORCING BAR TIES

*Extarmal reinforcing bar tles" schame was designed to provide the splice reglon
with additional transversa relnforcemant that would comply with tha requiremants of Chapter

21 of ACI 318-89 [3] for boundary elements of structural walls. While the tle spacing was
governad by code requiremants, Its size was determined using Orangun's equation,

From Section 21.4.4.6 of ACI 31889 [3],

Tia spacing = Smaller of sb¢ timas the diamater of the
column longliudinal bar or @ in.



= Smaller of 8 x 0.75 In. (#6 bar) = 45 In,

of 6 in.
= 4.5 In.
Therelore, tia spacing of 3 in. was chosan,
Using Orangun’s equation,
ALy
= 13
500sd,
A, X 70000 = 3 x50 x3 X075
A = 0.048 in?

Providing #4 tles, A, = 0.20 In" and therefore, O. K.

Summary: § #4 tes were provided at 3 In. spacing over the splice reglon.

A.4 ADDITIONAL INTERNAL TIES

The scheme was selected as it would nol change the column dimensions. Such a
schama might be resorted to In shuations, where changes to column dimenslons must ba
strictly avolded,

Spacing of additional Internal ties could not be selected in compliance with tha
transverse reinforcement requiremants of ACI 318-88 [3] for boundary elemaents of structural
walls. Closer spacing of tles would have required removal of significant amount of concrete
eover and caused exiensive damage to concrete core, and hence a tie spacing of 8 In.
{wider than the code requirement) was selected as an optimum spacing conaidering the
practical Implications.

Since #2 tles (at 12 In. spacing) were existing in the splice region, the available
confinermant was estimated using Orangun’s equatlon as,



AL, _ 0,049 x 71,000
mﬁ, 500 x 12 % 0.75

- 0,77
ALy
7 LT = 3-077
[5 b ) roquived
= 2.2
A, required = 2,23 % 500 x 8 x 0.75

70,000
= 0.1in?

Providing #3 ties, A, = 0.11 In and therefore, O. K.

Summary: 3 #3 ties wore provided at 8 In. spacing over the splice region.

A.5 WELDED SPLICES

Tha schamae was designed to provide continulty betwasen lap spliced bars through
shaar, It faclitates direct transfor of forces without relying on the bond strength between
spliced bars and surrounding concrate. Reinforcing bars of #3 size had to be used as fillors
batwean lap spliced bars, since the splices wore constructed as non-contact splices (with
1/4 In. gap batwean them) to represant flakd conditions wharo the lap spliced bara are not
In ponlact with each other afler construction & complotod,

Lap spliced bars, whon walded together and loaded, produces an outward thrust
of tha surrounding concrele due 1o the sccantricity between them. As a result, the concrote
cover surrounding the splice reglon would be subjected to extensive damage. The
nof-contact aplices were constructad 1o simulate the increased outward thrust produced

by larger eccentriclty botween the splice bars.



From Fig. A2e, throat thickness of weld, a

Maasured yleld strength of a column bar -
Strangth of wald -
whara,
i@ = under strength factor,

0.4 x Migr bar dinmatsr
0,15 In

Bar area x moasured yield
slross

0.44 x 68

0.4 kips

@ % a &1 ¥ ahoar strongth
of wild

o - throat thickness of wald In Inehas, and

—
]

For a safe design, strangth of weld =
g1/ =
i =

Wald of 8 in. langth was used.

Summary: Wald langth - & in.
Wald alectrode ypa = AWS Edo18-M

length of the weld in Inches

D016 %/ x
(0.6 x 80)
g1

Measured yleld strangth
of a column bar

30.4

B Im,




S Py
)
(a) Saction A-A
Py

i R (c) Forces in steel straps and angle
Lo} 1| '|||| | [
I
|||| I:. |. fie ETEBIIH‘H]MII
Ll unl[ 8 in. spacing

i
i

.qnu ‘unygj .f“"

AR 3/18° E70 weld

A Jlfhﬂ'!. |l ] i
A o i

AT L 12°%1" % 1/4"

SR A38 plate

R " 2% 2" x1/4"

[ s A36 angle

T (d) Angle-strap connection

i IP. i

T e A L

(b) Lap splica region retrofitted with
steel angles and straps

Figure A.1 Detalls of retrofit scheme with steel angles and straps
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#3 rebar as flllar
-+— bétwaan non-contact
splica bars

(b) Column cross section with welded splices

> - #6 splice bars

Lap length = 18°
A
3
a = throat thickness of wald
(c) Section A-A
(a) Walded lap splices

Figure A.2 Detalls of welded lap splices
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APPENDIX B
SHEAR TRANSFER ACROSS FRAME-WALL INTERFACES
LOAD-DEFORMATION RELATIONSHIPS
FOR ALL TEST SPECIMENS
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APPENDIX C
SHEAR TRANSFER ACROSS FRAME-WALL INTERFACES
PULL OUT TEST RESULTS

C.1 PULL OUT TESTS

Simple pull out testa were proposed and conducted on the unused faces of frama
segmants of shoar tost specimens. Holes wera drlled In the frame sagmaents of spoclmens
A4, A5 AR, B1, B2, and BS pnd wore cloanod with stiff brushes and & vacuum cloanar.
Robar dowals of #6 size waro sal into the cleanad & in. (8 bar diamaetars) deep holés using
tha sama epoxy that was used to embed the dowels (as interface shear connectors) In tha

frame segments of shear test spacimens.
Tast setup shown In Fig. *.1 was used to determine tha pullout strengths of dowels.

Tenslon on the dowels was applled using a 60 kKips capacity hydraiulie ram. Applied load
was monkored by a pressurs transducer and a pressure gage. Displacemont iransducen
maasured tha slip In dowels.

C.2 PULL OUT TEST RESULTS

Dowels in all test specimens pulled out and falled prematurely withaut reaching thair
naminal (60 ks) or measured (89 ksl) yield strengths. Fallure patterns (see Fig. *.2)
conalsted of difforent fallure interfaces; (1) inlerface between robar surface and epoxy, (2)
intarface batween opoxy and surmounding concreta, and (3) conlcal fallure of conorels
surrounding the dowels, Pull out strengths as established by the fests are presented in
Tabla *.1.

278




Table C.1 Summary of pull out test results

8l | Specimen | Framet, Pull out Ratio of pull out strength to
no, | Index (o) atrangih
inkips | in ksl | nominal yield | measured yleld
strangth strangth
(60 ksi) (69 ksl)
— . —
i Add 1760 i7.0 a8 0.64 0.58
2 AS 1750 184 | 418 0.70 0.61
3 AB 1750 201 45,7 0.76 0.66
4 Bi A500 8.8 d45.2 0.78 0.66
5 B2 3800 - 2.7 0.ea 0.76
l G BS a0 | 205 | 468 0.78 0.68
* - -

Dowels were of #0 robars (area = 0.44 h."]
Dowel eambadmaent depth = & In, (8 bar dlamotars)
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#6 robar dowel
ambadmant depth = 6 in.

Rabar grips _ Displacemart
‘ r‘_ transducer
Aam
Rigid plale
Rigid fing

Frame segmaent

Figure C.1 Pull out test setup
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(b) Fallure pattem of dowel in test specimen B2

Figure C.2 Pull out failure patterna of dowels (contd.)



(c) Failure pattem of dowl in test specimen B5
Figure C.2 Pull out failure pattemns of dowals




APPENDIX D
SHEAR-FRICTION PROVISIONS IN
SECTION 11.7 OF ACI 318-89

D.1 INTRODUCTION

Thia ACI coda provisions on shear-frictlon are presented here without making
any changaos in section numbers as spacifisd by the code. The intention s 10 facllitate

gasy follow-up of discussions made in chaptar a9.

11.7 - Shear-friction

11.7.1 - Provisions of 11.7 are 10 ba
applied whera It s appropriata 1o
consider shear transfer across a given
plana, such as: an existing or potontial
crack, an interface batween dissimilar
matarials or an intarface betweon two
concrates cast at different timas.

11,7.2 - Design of cross sections
subject to shear transfer as describad
in 11.7.1 shall be based on Eq. (1 -1l
where V. is calculated in nocofdancs
with provisions of 11.7.3 of 11.7.4,

11.7.3 - A crack shall ba assumad 10
oceur along the shaar plane considered,
The roquired area of shearfriction
rainforcement A, across the shear

283

R11.7 - Shear-friction

B11.7.1 - With the exceptien of 11.7,
virtually all provisions regarding shear
are Intended to prevent diagonal
tension fallures rather than direct shaar-
wranster faillures. The purpose of 11.7
is to provide design mathods for
conditions whare shear transfer should
ba considered: an Interface batween
concrotes cast at differant times, an
interface betwean concrets and steal,
reinforcing detalls for precast concrote
structuras, and other situations whare
it is considered appropriate 10
investigata shear transfer across a
plane in structural concrete. (S0
References 11.23 and 11.24).

R11.7.3 - Although uncracked concrate
is relatively strong In direct shear thare
is always the possibllity that a crack
will form in an unfavorable logation.




plana shall be designed using eithar
11.7.4 or any other shear transfer
dasign mothads that result in prediction
of strength in substantial agreemant
with reaults of comprahanalve tests.

11.7.3.1 - Provislons of 11.7.5
through 11.7.10 ahall apply for all
caleulations of shear transfer strength.

—

The shear friction concept assumes
that such a crack will form, and that
rainforcement must ba provided across
the erack 1o resist relative displacement
plong it. When shear a@cts along a
erack, ona crack face slips relative 1o
tha othar. If the crack faces are rough
and irragular, this slip is sccompanied
by separation of the crack faces. At
ultimate, the separation ls sufficient to
strass tha reinforcemant crossing the
crack to its3 vyleld point The
reinforcement provides a clamping
force A.f, across the crack faces. The
applied shear is than resisted by friction
batwaan the crack faces, by resistance
to the shearing off of protrusions on
tha crack faces, and by dowel action of
the reinforcement crossing the crack,
Successful application of 11,7 depends
on proper selection of the location of
i I“l,il‘l'lld llf.'l'IGH."'“' 11.20

The relationship betwean shaar-transfer
strangth and the reinforcemant crossing
the shear planeé can be expressed in
various ways. Eq. (11-26) and {11-27)
of 11.7.4 are based on tha shoar-
frictlon model. This gives a
consarvative prediction of shear-
transfer strength. Other relationships
which give a closer sstimate of shear-
trangfer strength'™'» 1'#% "** can be
used under the provisions of 11.7.3.
For sxample, when the shear-friction
reinforcamant |s perpendicular 1o the
ghear plane, the shear strongth V, s
given by "% 1

V,=084,f, +AK, (b

whare A, Is the area of concrote
section resisting shear transfer (sq. In.)
and K, = 400 psi for normal waight
concrote, 200 psi for “all lightweight”
concrete, and 280 psi for “sand
lightweight™ concrata. Those values of



11.7.4 - Bhear-friction design method

11.74.1 - Whan shear-friction
roinforcamant s parpendicular to shaar
plane, shear strength V, shall be
computad by

V,=A fp (1126

where g Is coofficlent of friction in
accordance with 11.7.4.3.

”f apply to bath monalithically cast
concrote and 1o concrotaé cast against
hardenad concrete with a rough
surface, ns defined In 11.7.8.

In this equation, the first torm
reprasents the contribution of friction
to shearstransfer resistance (0.8
reprosenting tha coefficient of friction).
The second term ropresents the sum
of: (1) the resistance to shearing of
protrusions on the crack faces, and (2)
tha dowal action of the reinforcemant.

When the shear-friction reinfarcemant
i# inclifned 1o the shear plana, such that
the shear force produces tanslon In that
reinforcemant, the shear strength V, is
givan by

V,= Aﬂjj‘, (0.8 ﬂ""f + cosa,)
+ A, K, sin'a,

whare a; i8 the angle betwaeen tha
shaar-friction reinforcament and tho

shear plane, (lLe. 0 < o < 80 deg).

Whan using the modified shear-friction
method, the terms (A f,/A) or
(A,./, sina,/A4,) must fot be los
than .'iﬂ'ﬂ pli fnr the dasign sgquations

to ba valid.
R11.7.4 - Bhear-friction design method
R11.7.4.1 - Tha required area of

shear-transfer reinforcomant A, s
computed using

het wu

Tha gpocified upper lmit on shear
strength must also be observed,



11.74.2 = Whon ahear-friction
rainfarcemant is inclined 1o shear plana,
such that the shear force producos
tonslon in shaar-friction relnforcemant,
shaar strangth V, shall be computaed by

V, = A, f,(ksine, +cosa) (11-27)

whare a,is angle betwean shear-friction
rainforcement and shear plane.

11.7.4.3 - The coefficiont of friction
A in Eq. (11-28) and Eq. (11-27) shall
ba

Concrte placed monalithically 1.44

R11.7.4.2 - Whan the shaar-friction
rainforceamant (s inclined to the shoar
plane, such that the component of the
ghaar force parallal té the
rainforcamant tends to produce tangion
in the reinforcement, as shown in Fig.

11.7.4, part

Aswumad crack
and shaar plana

If/mmwu
4% Shaar friction

'____,.f"' rainforcemant,
Ay

ﬁ,r fl,?,l = m
roinforcemant at an angle o assumod
crack

of the shear I8 rmesisted by the
component parallel to the shear plane
of the tension force In the
reinforcement.'' ™ Eq. (11-27) must be
usad only whan the shear force
componant parallel to the reinforcemant
produces tension in the reinforcement,
as shown in Fig. 11.7.4. When o; is
greater than 950 deg, the relative
movement of the surfaces tends to
comprass the bar and Eg. (11-27) Is
not valid,

R11.7.4.3 - In tha shear-friction
method of calculation, it iz azsumad
that all tha shear resistance is due to
the friction batween tha crack faces, It
Is, therefore, necessary 10 usé
artificially high values of the cosfficient
of friction in the shear-friction
equations, so that the calculated shear
strongth will ba in reasonable



Concrate placed against

hardened concrate with

surface intentionally reughened

as spocified in 11.7.9 ..... 1.04

Concrate placed against
hardanad concrate not
intantionally roughenad . ... 0.84

Concrota anchored to as-rolled
structural steal by headed studs

ar by reinforcing bars

(g0 11.7.90) .. coviieess 074

whora A = 7.0 for nomal welght
goncrete, 0.88 for "sand-lightwelght”
concrote and 0,75 for “all light-waight®
concrate. Linear Interpolation |8
parmitted when partial sand
replacemant i used.

11.7.5 - Shear strangth 'In'",, shall not be
taken groater than .2 f. Jlr nor 800
A, in pounds, where A, is area of
concrets section resisting  shoar
transfar,

11.7.6 - Dosign yiald strength of shaar-
friction rainforcement shall not exceed
60,000 psi.

11.7.7 - Not tension acroas shear plana
ghali be resisted by additional
rainforcement. FParmanent net
compression across shear plana may be
taken as additive to the force in the
shear-friction  reinforcement A, 1,
when calculating required A .

agrosment with tast results, For the
case of concrete cast against hardenad
concrata not roughonad in accordance
with 11.7.9, shear resistance Is
primarily due to dowal action of the
relnforcemant and tests''® Indicate
that roduced value of # = O.64
specified for this case |8 appropriate,

Tha valus of y specifled for concrate
placed against as-rolled structural steel
rolateg to the design of connections
batween precast concrate mambars, of
batween structural steel mambers and
structural concrate mambers. Thae
shear-trangfor reinforcemant may be
gither relnfercing bars or headed stud
shear connectors; also, field walding 1o
steel plates after casting of concrete is
common. Tha design of shear
connectors for composite action of
concrete alabs and steel beams (s not
covered by thase provisions, but should
bs in accordance with Reference
11.28.

R11.7.8 - This upper limit on shear
strength is specified because Eq. (11~
26) and (11-27) become
unconservative if V, has & greater
valua.

R11.7.7 = It & resuftant tensile force
acts wsoroged @& shear plana,
reinforcemant to carry that tension
must be provided in addition to that
provided for shear transfer, Tension
may ba coused by restraint of
doformations dus 1o tomporature
change, creep and shrinkage. Such
tensile forces have caused fallures,
particularly in beam bearings.




11.7.8 - Shear-friction reinforcement
shall ba appropriately plaged along the
shear plana and shall ba anchoraed to
dovelop the specified yleld gtrangih on
both sides by embadmant, hooks, or
walding to special davices.

Whan momaent acts on ghear plane, the
floxural tansion stresses and flexural
compression stresses are in aquilibrium.
There is no change In the resultant
comprassion A, f, acting across the
shear plans and the shear-transfer
strangth |s not changed. It is therefore
not nocossary to provide additional
rainforcement 1o resist the flexural
tangion stresses, unless the required
flaxural tension relnforcemant axcoods
the amount of shear-transfer
reinforeamant provided In tha flaxural
tension zone. This has been
demonstrated experimantally,'' ™

it has also besn demonstrated
sxperimantally ''** that if a resultant
compressiva force acts acrogs a shoar
plane, the shear-transfer strangth is a
function of the sum of the resultant
compressive force and the force A, 7,
ifn thae shoar-friction reinforcement. In
design, advantage should be taken of
tho existence of a comprassive force
acroas the shear plane to reduce tha
amaunt of shear-friction relnforcement
roquired, only if it is absolutely cortain
that the compressive force |8
parmanant.

A11.7.8 - If no momant acts across the
shear plane, reinforcamant should be
uniformly distributed along the shaar
plane to minimize crack widths, it a
moment acts across tha shear plane, it
is desirable 1o distribute the shear
ransfer reinforcemant primarily in the
floxural tension zong.

Since tha shear-friction reinforcement
acts in tension, It must have full tensile
anchorage on both sides of the shear
plana, Further, the shaar-friction
rainforcemant anchorage must engage
tha primary reinforcement, othorwita &
potential crack may pass botwenn the
ghoar-friction reinforcement and the
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body of the concrats, This requiremant
applies particularly to walded headed
stude uged with stesl inseris for
connections in precast and cast-in-
place concrete. Anchorage may be
devaloped by bond, by 8 waelded
mechanical anchorage, or by threadad
dowals and screw Inseris, Space
limitations often requira & waldad
mechanical anchorage. For anchorage
ol hoaded studs in concroté  RaD
Referance 11.13.

11.7.9 - For the purpose of 11.7, whan
concrote is placed against praviously
hardensd concrote, the intorface for
shaar trangfer shall be clean and froe of
laltance. If & iz assumed equal to 7.04,
intarface shall be roughenad to a full
amplituda of approximataly 1/4 in.

11.7.10 - When shear Is transferred
batwean as-rolled stesl and concrote
using headed studs or walded
rainforcing bars, stesl shall ba clean
and free of paint.
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