
LOCAL BOW STRESS-SLIP RELATIONSHIPS OF DEFORMED BARS UNDER GENERALIZED 

EXCITATIONS 

I) II) , II) 
By R. El~qchausen I E. P . Popov I and V.V. Bertero 

The local bond stress-slip relationships of deformed bars embedded in con

fined concrete under monotonic and cyclic loading for var i ous bond conditions 

were investigated in an extensive expe rimental study. The results were used 

to deduce an analytical model of the bond behavior under random excitations. 

By evaluating experimental results of l ong anchorages. the model was exte nded 

to cover the bond conditions found in joints of RIc frames under severe 

seismic excitations. The model was s uccessfully used to predict the behavior 

of deformed bars anchored at interior joints and subjected to various loading 
histories. 

1. INTRODUCTION 

The behavior of bond between deformed bars and1concrete under severe 

seismic excitations, which highly influences the response of reinforced 

concrete structures /1,2/, is not yet well known /3/ . Ther9fore extensive 

experimental and analytical studies were carried out to obtain local bond 

stress-slip relationships under general excitations . 

2. ~ERIMENTAL PROGRAM 

The test specimens (Fig. 1) represented the confined region of a beam

column jOint. Only a short length (5~) of a grade 60 deformed bar was 

e~dded in concrete. Because cracking might influe nce the bond stress-slip 
behavior, the resistance against splitting was simulated as closely as pos

sible to that which might exist in a real s tructure. Therefore a thin plastic 

sheet was placed in the plane of the longitudinal axis of the bar (Fiq. 1) 
which limited the concrete splitting area to the desired value, depending on 

the assumed bar spacing. 

The test specimen was installed in a specially des iqned testing frame 

(Fiq. 2) and was loaded by a hydraulic servo controlled universal testing 

.achine. The tests were run under displacement control by subjecting the 

threaded loading end of the bar to the r equired force needed to induce the 
desired slip, which was measured at the unloaded bar end and was usually 

controlled ut a rate of 1.7 mm/mln. 

In the main test series * 8 (25,4 mm) bars were embedded in a concrete 
with f

c
' ... 30 N/mm1 

I the assumed spacing was 4 ':\, and the secondary rein

forcement consisted of , 4 (12,7 mm) bars. The influence of various slip 

h1stories on the bond stress-slip behavior was examined. In other test series 
the influence of the following parameters on the bond behavior under mono
tonic and cyclic loading was studied: Confining reinforcement, bar diameter, 
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concrete strength, bar spacing, transverse pressure and rate of slip lncrea5e. 
Usually 2 or l identical tests were carried out . Altoqether some 120 speci
mens were tested. 

3. EXPERIMENTAL RESULTS 

3.1 Monotonic Loading 

Typical test results are shown in Fig. 3 and summarized below: 

(a) The bond stress-slip relationship tor monotonic loading in tension vas 
almost identical to that in compression. This could be expected /S/'.ince 
the specimens were CAst with the bar. in a horizontal position. 

(b) The descending branch of the bond stress-slip curve levelled otf at a 
slip approximately equal to the clear di.tance between protruding lugs of 
the bar. This can be seen from Fig. lb . The clear distance between lugs was 
7,5 1ZIIl, 11,0 mID and 10,5 mID for bar. With~ ...... 19,25 and 32 CD respectively. 

(el Specimens vithout secondary reinforcement tailed by splitting of the 
concrete in the plane of the tested bar. Splitting cracks 'Were also observed 
in the other tests, however, their growth \fas controlled by the vertical 
bars. Failure was caused by pull-out well below yield stress. Restraining 
reinforcement increased the bond strength and significantly improved the 

overall behavior (Fig. 3c). 

(d) The bond resistance at given slip value. vas approximately proportional 

to 1["f7. 
(e) The bond behavior vas slightly improved by increaal.,nq the clear distance 
between bars (Fig. 3d). 

(f) With increasing pressure, applied transversely to the plane of splitting. 
maximum bond resistance and ultimate frictional bond resistance were 1ncreased 
(F1q. 3.). 

(g) The bond stress-slip relationship wa. influenced by the rate ot slip 
increase (Fig. 3d), however, slightly le •• than predicted in /l/. 

3.2 Cyclic Loadinq 

Typical resu~ts of the main teat aeries are shown in Pig. 4 and 
summ&rized belov: 

(a) When the bar was loaded monotonically to an arbitrary slip value. then 
cycled up to 10 times between this slip value and a slip value corresponding 
to a load equal to zero and after that loaded to increasing slip values. the 
monotonic envelope was, for all practical purposes, reached again and 
followed thereafter. 

(b) If the peak bond stress in tension and compression during cyclinq did 
not exceed 70-80 percent of the monotonic 'J:

max
' the enGuing bond .tress-slip 

relationship, at slip values larger than the one at which the specimen was 
cycled, was not significantly affected by up to 10 cycles (Yig. 4a). 
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(c) Loading to slip values inducing a r larger than 80 percent of the mono-
tonically obtained~ in either direction led to a degradation in the bond 

max ' 
stress-slip behavior ~n the reversed direction (Figs. 4b and 4c). The bond 
resistance at slip values larger than the peak value during previous cycles 
increasingly deteriorated with increasing peak slip s , increasing diffe
rence between the R~ak slip values between which the E:~ was cyclically 
loaded, and increasing number of cycles (Fig. 4b and 4c). The largest de

terioration was observed for full reversals of slip. 

(d) The frictional bond resistance, ~f' during cycling was dependent upon 
the value of the peak slip s • With repeated cycles ~f deteriorated rapidly. 

. max 

(e) The behavior of bond during cycling loading was not significantly ef

fected by the various parameters investigated, if the deterioration of bond 
resistance was related to the pertinent monotonic envelope. 

(f) The observed behavior i5 not well described by existing analytical 

models /3,6,7/. 

A detailed explanation of the observed behavior is given in /4/. 

4. ANALYTICAL LOCAL DONn STRESS-SLIP MODEL 

The test results were used to deduce an analytical model for the local 
bond stress-slip relationship valid for confined concrete under generalized 
excitations (Fig. 5). It was published in /7/ and extended in /4/ to cover 
different bond conditions and the variation of bond behavior along the em
bedment length. 

4.1 Confined concrete 

The main characteristics of the band model are described below by 
following a typical cycle (Fig. 5): 

When loading the first time, the assumed bond stress-slip relationship 
follows the "monotonic envelope" valid for monotonically increasing slip 

(paths OASCO or OA
1

B
1
C

1
0

l
). Imposing a slip reversal at an arbitrary slip 

value, a stiff "un oad ng branch" and the "friction branch" with ~ ~ ~ are 

followed succeSSively up to the intersection with the curve OAi (path tFGBI) • 
Then the "reduced envelope" (curve OAiBiCiDi) which is similar to the virgin 
monotonic curve but with reduced values oft is followed (path IA"J). When 
reversing the slip again at J, unloading branch, frictional brancA and "re
loading branch" (same stiffness as the unloading branch) are followed suc
cessively up to the intersection with the reduced envelope 0 A'B'C'D' (path 
JLNE'), which is followed thereafter (path E"B'C'). If instead of increasing 
the slip beyond point N more cycles between the slip ~a1ues corresponding to 
the points Nand K are imposed, the bond stress-slip relationship is like 
that of a rigid plastic model, but with decreasing frictional bond resistance 
AS the number of cycles increases. In the following details about the dif
ferent branches are given. 

(a) Monotonic Envelope 

The monotonic envelope consists of an initial non-linear relationship 

" • 't
l 

(s/sl)-<- valid for 5 5- s~, fo110 .... ed by . a plateau ~ "" ~1 for 51 ~ s ~ s2' 
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For 5 .z 8
2

, 1:- decreases linearly to the value of the ultimate 

resistance ~3 at a slip value of 8
3

, This value 9
3 

1s assumed 
to the clear distance between the lugs of the deformed bars . 

frictional bond 
to be equal 

With the values 9
1 

• 1,0 mID, 9
2

• 3,0 mm, s • 11,0 mID, ~1 • 13,5 N/mm', 

t ~ 5,0 N/mml and ~ • 0,4 the analytically obtaLned bond stress-slip rela
tlonshlp &qrees well with the average curve obtained 1n the main test series_ 
For bond conditions different from those 1n these tests, the information 
given in section 3.1 can be used to modify the characteristic values de
scribing the monotonic envelope. For more detailed information see /4/ . 

(b) Reduced envelopes 

Reduced envelopes are obtained from the monotonic envelope by reducing 
the characteris tic bond stresses ~1 and~ through a ~damage parameter- d . 
For no damage, d • 0, the reloading branc5 reaches the monotonic envelope. 
Por full damage, d • 1, bond 1s. completely destroyed ('t-. 0) . 

It is assumed that deterioration of bond stiffness and bond strength 
during cyclic loading is caused by damage of the concrete between lugs which 
in turn 1s a function of the dis.ipated energy . Fig. 6 illustrates the corre
lation between the measured Jamage factor d, for tests with full reversal of 
alip, as a function of the computed dimensionless dissipated energy fActor 
E/E . The proposed function for d is sho,,", .s well. In the computation of E 

o 
only 50 , of the enerqy dissipated by friction WAS taXen into account, be-
c~ use the other part appeared to be used to overcome the frietional .resi8tanc 

causing damage . 'nle normalizing energy Eo corresponds to the absorbed 
under monotonieally inereasing slip up to the value 8

3
, In this way, 

the influenee of various bond conditions ean easily be taken into aeeount . 

The assumption , that damage i3 related to the dissipated energy, is 
acceptable in the range of low cyele fatigue and allows an easy generaliza
tion of the bond model to random cyclie . 

(el Frictional Resi s tance 

The frict1ona! bond resistance after first unlading (~;_ in Fig. S) de
pends upon the peak value of slip,. , and is related to the value of tne 
ultimate frietional bond resistance ~tha corresponding reduced envelope 
(~; in Fig . S) . The relationship found in the tests 1s shown in Fiq . 7. The 
analytical function oabc is used only for the calculation of the frictiOntl 
resistance for the first slip reversal. For subsequent cycles ~f (e.g., ~f 
in Fig. 5) is deduced from this initial value by reducing it through an 
additional damage faetor d

f
, which depends on the energy dissipated by fr1c

tion alone. Fi J . 8 illustrates the eorrelation between the measured damage 
faetor d f as a function of the computed dimens ionless dissipated energy 
EflE f' The normalizing energy E

ot 
1s equal to the product 8

3
·'t

J 
and thus 

rela~ed to the monotonic envelope. If tOsts with small values ErIE f are 
neglected, the aqreement between analytical and experimental re8UI~. 8eems 
acceptable. 

(d) Unloading and Reloadinq Branch 

The sloDe X of the unloading and reloading branch is assumed as constant 
with X = 180 H/ mml, valid for f I = 30 N/mmJ 

• 

c 
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4.2 unconfined Concrete 

The bond conditions vary along the bar embedment length. For an interior 
jOint, three different regions have been identified /7/ (Fig. 9). Under mono
tonic loading, the bond behavior at the tensioned bar end in the unconf"ined 
regions 1 and 2 of the joint is rather inferior compared to the confined 
concrete because of the early formation of a concre te cone": The opposite ".s 
true at the compressed bar end because of external and internal pressure on 
the bar . Of course. there 15 a gradual variation in bond behavior when pro
ceeding from. the unconfined region 1 or 2 to the confined one (Fig. 10). 

Based on the results given in /7,9/ the following values describinq the 
monotonic envelope in the unconfined regions are proposed for 2S mm bArS and 
a concrete with f

c
' ~ 30 N/mml. Tensioned bar end: 51 ~ 52 ~ 0,3 mm, 53 -

1,0 mm, ~1 ·5 N/mm1
, 'V) .. 0,0( .. 0,4; compressed bar end: sl' 9

2
, 8

3
,,,, as 

in confined region, ~1 .. 20 N/mm1
, 'J::

3 
.. 7,5 N/mml . The lenqt.6. of the uncon

fined regions is taken as 2 ~. The middle part of the joint (a ~ x ~ I - a, 
with a • 0,25 I ~ 5 d and 1 .. embedment length) is considered as confined 

• D e 
and a linear variation of the bond behavior from yhe unconfined region to the 
confined one is assumed. 

During cycling loading more damage is induced at the tensiond bar end in 
the unconfined r egion compared to the confined one because the concrete is 
prone to early cone formation. It is reasonable to assume, that, once a cone 
has formed, not much bond resistance is left. On the contrary the mechanism 
of bond damage at the compressed bar end is not much different from those in 
the confined region. To take this behavior into account, the normali%ing 
cyclic parameters (Eo, Eof and 53) are related to the monotonic envelope of 
the compressed bar end ana the energy dissipated at the tensioned bar end is 
mul t iplied with an amplification factor . 

Due to the lack of proper experimental information the above proposals 
are rather crude and they should be checked by additional tests. However, 
when using them, a satisfactory agreement between analytically obtained and 
experimentally observed behavior of long anchorages was found 110/. 

S. COMPARISON OF ANALYTICAL PREDICTIONS OF LOCAL BOND STRESS-SLIP RELATION
SHIPS WITH EXPER~AL RESULTS 

The local bond stress-slip relationships, obtained using the model de
scribed in section 4.1, are compared in Fig. 4 with the experimental results 
obtained in some of the Berkeley testa. Aa can be SGan, except for the re
loading' curves near the values of the peak slip between which the specimen 
was cycled, the agreement 1s quite good. In general the model was successful 
in reproc1ucing most of the experimental results fpr the various bond con
ditions. 

6. CONCLUSIONS 

From the results obtained in this study the following main observations 

can be made: 

(1) During cycling loading the degradation of bond stre ngth and bond stiff
ness depends primarily on the maximum value of peak slip in either direction 
reached previously. Other significant parameters are the number of cycles and 
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the clifferenee beeveen the peak value. of the dip btltveen vhich the bar i. 
cyclically loaded. 

(2) cycling up to 10 U ... between dip values correspondinq to bond !ltresaea 
smaUer than approx1lwltely 80 percent of the aaxi1llUZD bond re.i.tance, ~ , 
ate.1ned under .onotonically 1ncrea.in~ alip, reduce. DOderately the bo~ 
resistance at the pe&k .lip value as the nuaber of cycle. increase , but doe. 

not .iq1nificantly effect the bond .tre •• -.lip behavior at larqer .lip value •• 

(3) Cyclinq bet"een .11p 11mJ.t. larqer thAn that corre.pond1nq to a bond 
.tre •• of 80 percent of't: produce. a pronounced deterioration of the bond 

.tiffne •• at slip values ~ll.r thAn the peak .Up value and h.a. a e!1atinct 
effect Oft the bone! .tr ••• -.lip behavior at larger slip value •• 

(4) The behavior of bond during cyclic loading i8 not .iqnificantly effected 
by the various par ... ter. inve.tiqated, if the deterioration of bond re.i.t
ance 1. ret.ted to the pertinent .:>notonic envelope. 

(5) The proposed model for the local boad .ue •• -.Up la" 18 very .!.apie 

eo.pared "1th the real behavior but provide. a .atisractory a~r . ... nt "ith 
expert.ental re.ult. under various .lip hi.torie. and various bond condition' 4 

~s 
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