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SUMMARY

Stress-strain relations for reinforcing steel under repeated and
reversed cyclic loading simulating seismic conditions are reviewed. An
emphasis is made that these constitutive relations should provide the
prediction on the limit of deformability of reinforcing steel which will be
reached under any given loading cycles.

The prerequisite for a reinforced concrete member as a part of the
seismic structures is that it should develop enough ductility or rotation
capacity. Basic inelastic behaviors of reinforced concrete members are
discussed in association with the influence of the steel performance to the
ductility of the reinforced concrete members. Some comments on the
behavior of prestressing steel are included incidentally.

RESUME

On décrit d'abord les lois constitutives-de 1'acier sous 1'action des char
ges repetees et alternées de type sismique. On souligne & ce. propos 1' 1mportan—
ce d'une représentation fid&le des déformations atteintes aprés des histoires
de charges quelconques.

La proprieté fondamentale des &léments formant une structure asismique est
celle de posseder une bonne capacité de rotation plastique. Le comportement ing
lastique .des divers &léments en béton armé est discuté@ par rapport i la contri-
bution de 1'acier & la ductilité& résultante. Des observations marginales concer
nant le béton précontraint son aussi présentées.

1. INTRODUCTION

To study the behavior of reinforced concrete members under repeated
and reversed loadings such as earthquakes it is very important to have
basic information on the behavior of steel bars under such loadings. This
information must be organized to give the basis for the two major achieve-
ments. Firstly, it should be so formulated that it will lead to the
derivation of the moment-curvature diagrams of reinforced concrete members.
In performing the formulation, it should be kept inmind whether it will be
used in research or in design. In research, it should be accurate enough
to be compared with experimental results and be clear enough to explain the
physical mechanism involved. In design, with considerable variations
likely in the actual strengths of both concrete and steel, a solution
should provide only basic insight into the overall behavior of a structure,



and should be as simple as possible. Secondly, it should include the infor-
mation on the amount of plastic strain in steel bars accumulated by a given
load cycling so that it enables to predict the ultimate state of concrete
members determined by the ultimate deformation capacity of steel.

This paper first traces the available mathematical models for inelastic
cyclic behavior of reinforcing steel, including some comments on the accumu-
lated plastic strain in the reinforcing steel due to any given stress
cycles. Discussions on the deformability or the rotation capacity of rein-
"forced concrete members then follow. Although they do not go far enough to
evaluate under the cyclic loading conditions, clear understanding of the
influence of the steel performance to the deformability of the reinforced
concrete members under monotonic loading is prerequisite to proceed to the
study of cyclic behavior. Some comments on the behavior of prestressing
steel are included incidentally.

2. MONOTONIC UNIAXTIAL STRESS-STRAIN RELATIONSHIP

In any type of analysis of the hysteretic behavior of reinforcing
steels, it must be based on the accurate knowledge on the stress-strain
relationship for the monotonic loading up to the maximum stress point
through the strain-hardening range. Various grades of reinforcing steels
are categorized in Table 1, and the stress-strain curves for typical ones
representative for each grade are shown in Fig.l. 0-1, 0~2 are traditional

10T 1 kgf/mm? =9.807 MPa -
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FIG.1. Stress~Strain Relationship of Steel Bars

mild steel, which are structural carbon steel if grouped according to
metallurgical characteristics. I through V' are high strength steel, which
are high-strength low-alloy steels in metallurgical sense. Amoung these,
I1', I11', 1IV' and V' are cold-strained by twisting and/or stretching to
increase the yield strength. 1In Table 1, the term Yield Ratio is the ratio
of the yield strength to the tensile strength, and an alternative expres-—
sion of this characteristic is the tensile-yield ratio which is the inverse
of the yield ratio. The values of yield ratio listed in Table 1 are only
the nominal, the figures which will be obtained on the basis of the
actually market-supplied steels will be considerably higher. This ratio is
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an important parameter to assess the deformation capacity or the rotation
capacity of reinforced concrete members as will be discussed later. Gener-
ally speaking, the higher the yield strength, the higher the yield ratio
and the smaller the percentage elongation. These tendencies are visual-
ized in Table 1, and are especially remarkable for the pre-twisted and/or
pre-stretched bars (Torsteel, Tentorsteel).

3. HYSTERETIC UNIAXIAL STRESS~STRAIN RELATIONSHIP

The available formulations for stress-strain relations for cyclic
behavior can be classified into two groups. One of these groups is that
consider the history dependence in the material behavior though there are
considerable differences in their approaches. This group will be refered
to as history dependent formulations. The other group is based on general-
izations of Ramberg-Osgood equations (R-0 equations). 1In this approach,
history dependence is also taken into account, but not in a direct manner.
Details of these approaches follow.

3.1. History Dependent Formulations

Inelastic behavior of steel in cyclic loading is a strongly history
dependent process. In this section three procedures for obtaining cyclic
stress-strain relations based on a clearly recognized dependence on the
past history of loadings are discussed. The first procedure has been
developed by the writer and his associates [1],[2],[3], the second by Popov
et.al. [4]1,[5], and the third by Sozen et.al. [6].

On the basis of a series of tests which includes a) progressively.
increasing stress amplitude, b) stationally cyclic process, c) steadily
decreasing stress amplitude and d) random process, the writer and his
associates [1]1,[2],[3], demonstrated that any stress-strain relation under
repeated and reversed loading can be decomposed into three parts: skeleton
part, unloading part and softened part. In a cluster of cyclic hysteretic
loops such as shown in Fig.2, the bold lines are defined as the skeleton
parts which are the portions of the curves at
stresses of the same sign larger than the ones

during the previous cycle, fine straight lines 7
are the unloaded parts and the dashed lines are ] e T,
softened parts in which the Bauschinger effect : -
is dominant. The characteristics of these three 2
. : . 2

parts are described in the following; R
1) Skeleton Parts

Inter—connecting the skeleton lines end to s
start, either abov or below the horizontal axis §
gives curves as shown in Fig.3. Curves found a
from monotonic experiments for the same size §
and grade of specimens are shown by dashed lines
in the same figure, and it can be seen that
these two pairs of curves agree satisfactorily FIG.2. A Cluster of
each other except for the first yielding region Hysteretic Loops

in the compression side. Thus it can be con-
cluded that any skeleton line is always a part of the monotonic stress-
strain curve and that when the accumulated skeleton strains in either sign
attain the maximum strain €, found from the monotonic stress-strain re-
lationship, the specimen will attain its ultimate load carrying capacity.
2) Unloaded Parts

It was found any unloaded line can be approximated by the straight
line.
3) Softened Parts
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The behavior of a
softened part depends
strongly on the history
of the opposite sign of
stressing, and this
behavior was investi-

gated according to the 201

following two categories; c

(a) being unloaded from 104 é

a skeleton part and is 2

reloaded into the reverse 0 t ' L ! 1
side of skeleton part, % 001 002 003 004 005 &
(b) being unloaded from -103 2 o

a softened part, and | E Skeleton Curve
reloaded into the "20:0\ ------- Monotonic Curve
skeleton part of the N

opposj_te side. As "3-O'L_____:\ G C" Grade SS41. Steel
shown in Fig.4, cases o] G, Cz

(a') and (b') can be
considered as being
included in case (a) and
case (b) respectively.
Category(a): Experimen- FIG.3. Comparison of Predicted and
tal data for the softe- Experimental Curves

ned parts such as OA in
Fig.5 are plotted in
Fig.6 for a particular grade of steel SM58 for various stages of cycles in
nondimensional form where Og is the maximum skeleton part stress experienced
in the preceding loading history in the same sign and €p is the corre-
sponding strain, and numerals shown in the box are the number of cycles
hitherto experienced corresponding to each mark These plotts can be fitted
by a hyperbolic equation as

Cs, C3

(E; e - -

Iy
/

» 'l - ?

0’5_-0—4 O;.___._......_...__..
(a) (b)

FIG.4. Classification of Softened Parts
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The slope at the local origin 0 in Fig.6 is
d(c/og) 4o € 2

Haterepylo = Cae o5,

ng)o is the slope at the local origin 0 of the real softened d

is equal to the Young's modulus E since it shares the common tan
the elastic unloading line, and og/e
part and is denoted by Ep (see Fig.5

d(o/og)

—_—] = B
d(e/ep)

[ B

On the other hand, this term is led from eq.(l) as

d(o/os)

e = a
[aerep o

a

-1

From eqs.(3) and (4), the parameter a is determined as

=B
E"'EB
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The characteristics of the softened parts are strongly influenced by the
strain hysteresis in the opposite sign as mentioned earlier, and the
effect of this strain hysteresis can be represented by the sum of all
skeleton strains Agsi hitherto experimenced in the opposite side as shown
in Fig.5 for an example. This accumulated skeleton strain is denoted by
£g(Eg=llEgy). The extension of the softened part is represented by the
secant modulus Ep,on the other hand,and the relationship between Eg and og
were investigated on the experimental data. One of the results of this
investigation is shown in Fig.7. From a series of test results for the
various grades of steel, an
empirical Eg vs. €4 relation on E
the basis of the lower bound was 8
obtained as }/ 2 - o . |
cm o Tension

Ep = __lgilogl 10eq - (6) 500 v ® Compression

Eq.(6) is shown by the dashed ™~ o]
line in Fig.7. @ 3@
Thus the softened part in this ™ \é?)s ®
Zategory can be expressed by \boo o | @
gs.(1),(5) and (6). - ® o
Category(b): Depending on the ~ @ ®
preceding strain history, investi-
gation was carried out according 100
to the following sub-categories
on the experimental data obtained
from test series b) through ' 001 ES 005 01
d): i) Unloaded from a boundary
point between softened and
skeleton part, stressed into the
reverse side and unloaded again
at a intermediate point of this softened part followed by stressing into
the previous domain as is illustrated by BMB' - B'"™M'B in Fig.8(a), ii)
Unloaded from a skeleton part, stressed into the opposite domain and
unloaded again at a intermediate point of this softened part followed by
stressing into the previous domain as is illustrated by ALA" > A"L"A in
Fig.8(b) and iii) Cyclic excursion inside the softened part region as is
illustrated by A"L"B" - B"M"A".

For all of these sub~categories, it has been demonstrated that any
hysteresis curve for half-cycle (unloaded part plus softened part) could be
obtained by the following procedure; Find the half-cycle curve which
belongs to the category (a) experienced most recently to the curve in
question in either sign which can be predicted by eq.(1). Then if one
traces along this curve from the starting point of unloading to the
specified stress point, this will give the half-cycle in question. This
procedure is illustrated in Fig.8(c) and (d) for the cases of Fig.8(a) and
(b) respectively, demonstrating that curve BMB' and curve B'M'B are the
same shape and both are the part of the category (a) curve A'L'B.

These informations obtained above are sufficient enough to depict any
random response of a steel bar if the loading pattern is specified. An
example is shown in Fig.9, in which the prediction is compared with
experimental result showing a good correlation. :

FI1G.7. Epg Vv €g Relation

A totally computer oriented approach was developed by Peterson and
pPopov [5].  This approach was developed on the basis of the following
assumptions; a) The cyclic stress-strain curves tend to approach
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asymptotically a pair of limiting
or boundary lines [4] as shown

in Fig.10(a), b) In any unload-
ing process, linear portion is
2K, twice the yield strength
hight K, ¢) The experimental
stress~strain curve is appro-
ximated by Hermitian polinomials
to facilitate computer appli-
cation.,

In Fig.10, the elastic part
of the strain is removed for the
convenience of description. In
the monotonic virgin curve as
shown in Fig.10(b), AA'(2K) is
the elastic range. Points 1, 2,
1" and 2" for the purpose of
illustration only are so chosen
as to result in equal stress
increments AC for the different
strain increments €p1s €poo> and
these increments remain the same
in subsequent work. Suppose now
that at some point B such as
shown in Fig.1l0(c¢c), the stress
is unloaded. The segment BC ¢

(B"), (K

L
whose length is 2K represents (M')$ (M)
elastic range. If loading were . R
to continue beyond point C, it (L), amMy

is assumed that for the various

plastic strain increments such

as €p,, the vertical segment 11'

remains the same as in the virgin _—
curve (11' in Fig.10(b)). Then, A, (B),((B") A, (A7), (BY)
following to the same way as that
of the virgin curve, the deformed
point 1" is obtained as illust-
rated in Fig.10(c). Point 2" is
established similarly. Since this
construction makes use of the points B, 1, 2, etc. on the previous path of
deformation, this becomes a history dependent description of the material
behavior. If the load was again removed at point D such as shown in Fig.
10(d), the curve C2 (C2" in Fig.10(c)) determines the new locations of
points E, 1" and 2". 1In this manner the history dependence of the cyclic
process is brought in at each load reversal.

Since there is a good deal of difference in shapes between the initial
monctonic stress-strain diagram and the curve generated during advanced
stages of cycling, some modification of the curves for the advanced stages
of cycles reflecting the experimental results must be introduced into the
computer program.

FIG.8. Characteristics of
Softened Parts

A simple linear model was presented by Aktan, Karlsson and Sozen [6].
In this model, the strain-hardening slope or boundary curve and the
expansion of the loop at any stage of cyclic loading are given as the
functions of the plastic strain increment undergone in the preceding half-
cycle of excursion.

The process of constructing the hystresis curves is illustrated in

14



— Experimental
--- Predicted

FIG.9. Comparison of Predicted and Experimental Loops

Fig.1ll. The initial stress-strain relation is bi-linear with a strain-
hardening slope of 1,125,000 psi (791 kgf/mmz, 7,756 MPa) up to a stress
of +110,000 psi (77 kgf/mm”?, 758 MPa) in tension or compression.

At any reversal, if any plastic strain is obtained for the haif-cycle
before the reversal occurs, the boundary line after the reversal shifts
from the previous one (in the same side) further into reverse direction by
the stress increment Oy corresponding to the plastic strain increment
obtained before the reversal. At the first cycle, the virgin curve is
considered to be the previous boundary line as shown by dashed line in the
figure. The slope of this new boundary line is less than the previous
+ 110,000 - 04
+ 110,000 - op ’
the previous boundary line (in the same side), Op(psi) is the stress
measured from the strain axis to the intersection of the unloading line and
the previous boundary line, and 0 = o + 0,. For further reversal, the
plastic strain increment is defined as shown in the figure. If a plastic
strain increment in this sense is not obtained before the reversal, the
previous boundary line does not change. No information on the grade of
steel used for this research was given.

boundary line and is given by K, where K, 1is the slope of

3.2. Generalized Ramberg - Osgood Formulations
Originally Ramberg - Osgood equation (R-0 equation) was proposed to

15



give a general stress-strain
relationship of metallic materi-
als for monotonic loading [7].
What actually happened was that
the Ramberg Osgood equation
was used together with the
Massing hypothesis [8] published
earlier. The original Massing
hypothesis asserts that initial
monotonic curve such as given by
the R-0 equation, when magnified
by a factor of two, will define
the hysteretic loop shape of

any branch when the origin of
this new curve is placed at the
point of stress reversal as
illustrated in Fig. 12. Since
this loop shape is most directly
adaptable to the stationary
cyclic process, this approach
was successfully applied by a
number of investigators to study
the fatigue behavior of metals
[9]. However, to apply to the
non-stationary or random process
such as earthquake response of
structural members, a number of
modifications are necessary.
Among the researches intending
to accomodate to the non-
stationary process, those of Mg,

. 10,000-Gj,
171 0710,000 -Ong

K

| Plastic Strain

110,000 psi

]

(c)

of *n

Q
- ~N
N

110000 psi=77.3 kgf/mm? = 758 MPy

FIG.11.
Curve (6)

. -110000-
K= Ko —fi0,000 -

~110,000 PSi

Gi
O

Construction of Hysteretic
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R-0 Curve and
Masing Hypothesis



Bertero and Popov [10],[11], Aktan, Karlson and Sozen [6], Yokoo and
Nakamura [12] and Kent and Park [13] may be mentioned. 1In any approach, a
monotonic stress—strain curve well into the strain-hardening range must be
available.

Ma, Bertero, Popov's Method [10], [11]

Two possible cases of first stress reversals are shown in Fig.13(a);
one of them occurs in the plastic plateau range (Point A), the other in the
strain-hardening range (Point A'). For the latter case, upon unloading,
the stress is First reduced elastically from A' to A". The o-¢ relationship
between A and B or A" and B' is given by a R-O equation:

i}

€ = B(G + a|d|™ (7)

il

where, € (e - QA)/ZEY . o= (0 - OA)/ZOy

in which 0 and £ define a point on AB (or A"B'), and N and €, define point
A (or A™).

Three paraments o, B and n are varied depending on the magnitude of
the residual plastic strain €p.m> which would develop upon the release of
the previous loading as indicated in Fig.13(a). For the material used in
this investigation, o and B can be determined empirically by

o = 2.3Ep°m/€sh < 2.3

a A
ol 74
b
(a) (o) oy . .
€y Ean €
pl =0yf .
'Esh"gl P
el
C ay :
(C) (d) ! '
) ] .
gsh 2 E%zy/ Esn
48
AE
..g,L.

FIG.13. R-0 Model by Popov [10]
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= (1 +0.76. - 0.35 7/3) < 1.
B = ( 7€p 3€p ) 4

where €5 = g5 /(35 x 107%),

P p.m’ 11 1 . . - e s
For the two possible cases described above, n is 6 and 7 respectively.
Beyond points such as B or B', the o-¢ relationship is assumed to be given
by the translated monotonic strain-hardening curve.

If loading reverses a second time, similar to that shown at point E in
Fig.13(b), the 0-e relationship of the ascending curve EF is determined
from the shape of the previous descending curve AE. For example, the curve
EF is established by rotating the curve AE through 180° and translating it
so that point A coincides with E. This procedure is applicable provided
€p.m for point F is equal to or less than that for point A. For loading
beyond point F, the o-¢ relationship is assumed to follow the original
monotonic 0-€ curve.

For an accurate modeling of the initiation of cyclic strain-hardening
in the plastic plateau range, two cases are differentiated. The quantity
O.SIESh - €y| 1s used to separate the problem into the two cases. If the
loop width Xe is wider than this quantity, the strain-hardening curve CY
will be translated into the appropriate position as shown in Fig.13(c), if
the loop width is smaller, strain-hardening will be initiated at the same
strain value as that under monotonic loading as shown Fig.13(d). A computer
program, BAUSCH, incorporating the above rules, has been written.

Aktan, Karlson, Sozen's Method [6]

A R-0 function having the following form was used to describe the o-¢€
relationship for each half-cycle between two stress reversals such as curves
AB or BC in Fig.14. '

€E-€; 0-0; o - 04

o o (o]

e (8)

where 0j and €4 are the initial values o - AOLE) e
of the stress and strain at the be- ~~1C(q,, €,)
ginning of the half cycle (Gl, €, for
AB and 0,, €, for BC). The terms Ogs
€, and a are the three parameters of \ |
the R~0 equation.

An iterative process of least
squares curve fitting technique was
applied to determine the three para-
meters for each half-cycle of the test
data. The results of this analysis
indicated that the ratio 0,/e, can be
taken as the modulus of elagticity of
steel E (29,000,000 psi,20,400 kgf/mm?, v |
199,800 MPa). The number of parameters B(0;, &)
were thus reduced to two.

The Ramberg-0Osgood model, obtained
for the material used in this investi- FIG.14. R-0 Model by Sozen [6]
gation, was generalized in terms of the
yield stress of the coupons. The rules
to determine the model are summarized in the following;

a

Tension

(=]

-
(8]
<
&
y

Compression

1) o = Ee for ¢ < €y (elastic region)

18



2y o=o0 for g, < g < 4u2447€y = g4, (plastic plateau)

y y
3) g -9y (lzja for 4.2447e, < & (strain-hardening region)
€0 OO OO y

before the first reversal, where 0, = O.70y, €y = Og/E, o = 4.3

E—Ei O“Oi G—Oi
4) = + ¢ Y& for subsequent half cycles, where
€o %o %
0y5/€q = E,
O, = 47,628 + 0.51723 (Opax ~ Omin) for halffcycles starting from
compression.
Oy = 46,410 + 0.47989 (Opay — Opin) for half-cycles starting from

tension.

0 can be determined from the following relations;
o = 110,000 psi for €

= -110.000 psi for ¢

g +0.09 for ascending curve

o

4 — 0.09 for descending curve.

where
Oy = yield stress of the bar (psi)

= yield strain of the bar

o = maximum tensile stress reached prior to the half-cycle under
consideration (psi)

Opin = maximum compressive stress reached prior to the half-cycle
under consideration (psi)

For example, the curve AB in Fig.l4 is expressed as

g€ - € g - Ol g - Gl
= + ¢ &
€6 Jo 0o
where,
0y = 46,410 + 0.479890,
€ = Oo/E

o can be determined from the condition that
o = -110,000 psi. for € =€, - 0.09
and the curve BC is expressed as

eE-€, 0-0, o -0,

€0 0o ¢ 0o )

where,
Oy = 47,628 + 0.51723 (01 - 0,)

€ = Oo/E

0, can be determined from the condition that

g = 110,000 psi. for € = ¢, + 0.09
A comparison of this Ramberg-Osgood model with a test result is shown in
Fig.15.

Yokoo and Nakamura's Method [12]

In the foregoing analysis, it was seen that the parameters of R-0
equation were given as the function of the residual plastic strain €p.m in
Popov's method, while they were given as the function of the maximum stress

19



amplitude reached prior to the half-cycle under consideration in Sozen's

method. Yokoo and Nakamura's approach is similar to that of Sozen, but the

signigicance of their study may be said to consist in the following points;

1) Linear regression and correlation analyses have been carried out with
respect to the maximum stress amplitudes reached prior to the half-cycle
under consideration, and obtained the different parameter from that of
Sozen's.

2) The power o in the R-O equation has also been regarded as dependent upon
the previous maximum stress amplitudes.

3) A set of hysteretic 0-e£ relations was proposed in the form of two R-0
cquations, one applicable to a small plastic strain range and the other
to a moderate plastic strain range.

4. DUCTILITY AND ENERGY ABSORPTION

The most essential requirement for reinforced concrete structures
subject to earthquakes is to secure the sufficient ductility. 1In this
chapter, the important factors which influence the ductility of reinforced

O (ksi)

— Test
=== Ramberg-Osgood

1 ksi=68946 M Pg

FIG.15. Comparison of Predicted and Experimental Loops [6]
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concrete members such as reinforcing index, spread of plastic region,
strain rate and buckling of steel bars will be discussed in association
with the mechanical properties of the reinforcing steels.

4.1. Influence of The Strength of Steel Bars on the Failure Modes

For reinforced concrete members (nonprestressed) subject to bending,
to allow considerable inelastic rotation within a region of plastic
hinging, reinforcing bars should develop sufficient plastic elongation
before the local crushing of the concrete on the opposite side of the
member takes place. Because of its brittleness and low tensile strength,
nonprestressed concrete cracks early in the strain history and is not very
effective in absorbing energy before concrete crushing. Therefore, the
reinforcing steel in nonprestressed concrete receives a major portion of
the energy absorption.

It has been noted [14] that optimizing the steel energy-absorption
capacity involves using a low enough reinforcing index

- '
(p - p'fy
fe'

so that the steel will yield considerably before concrete crushing on the

other side of the member, but using a high enough reinforcing index so

that the steel will not rupture before the concrete crushes; p and p' are

the tension and compression steel percentages respectively, fy is the steel

yield strength and f.' is the concrete compressive strength (see Fig.16).
According to the parametric

study on the regular reinforced b 56353 b~
concrete beams [15] which have T‘ “e idémd 0851, '“4‘_
the properties that a) concrete Ag ;;7 o c=pbdfs
with f.' = 4,000 psi (27.6 MPa) d |- T PeAybd

and crushing strain of 0.3 l_ As 1 P=AS/bd |1=pbdts
percent, b) p' > 0.5p, o800 FE

¢) reinforcing bars are of Grade .

60 (f, = 60 ksi = 414 MPa) and cross section strain stress

the balanced-design steel
parcentage pp is computed to be
0.0285, more than 4% of steel
strains can be developed before
the concrete on the other side of the member begins to crush. On the
other hand, the results of reverse-loading tests on full-scale cross-
shaped specimens in which 40 Grade (f_ = 40 ksi = 276 MPa) and 60 Grade
reinforcing steels were used [16], [1¥], had shown that even with a
deflection ductility ratio of 5.0 induced in each specimen, the steel
strains measured by attached strain gages did not exceed about 4% in any
of the tests. ’

In this context, an upper limit on the as-furnished yield strength
of the reinforcing bars is desirable. If an actual yield strength of the
reinforcing bars are much higher than the specified value, the following
unexpected modes of failure may take place all of which will impaire the
ductility of the members; a) premature crushing of concrete on the other
side of the section, b) change of the failure mode from flexural to shear:
the increase of yield strength of the reinforcing bars brings the increase
of bending moment in the member and thus brings the greater shear and, as
a result, a premature-stirrup or diagonal tension failure may occur before
the moment capacity of the member is reached, ¢) in the actual steel
products, the increase of the yield strength is usually much higher than
that of tensile strength, which means that the yield ratio of steel is
apt to become higher than the nominal value. The higher yield ratio will

FIG.16. Calculation of Tensile-Steel
0 - £ condition
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reduce the rotation capacity of the member of which some comments will be
made later.

Reflecting these considerations, upper limit of the yield strength of
reinforcing bars which will be used in seismic structures was specified in
various specifications and codes [18][19]1[20][21] as, '"the actual yield
strength of the longitudinal reinforcements based on mill tests should not
exceed the specified minimum yield strength by more than 18,000 psi (124Mpa,
12.7 kgf/mm®)". TFig.1l7 shows the yield strength distributions of reinfocing
bars of various countries [15][22]([23], which indicates the above limitation
is generally met. But whether this limitation is the enough safeguard
against that premature failure or not is another question.

4.2. Rotation Capacity of Reinforced Concrete Members

In the reinforced concrete sections which meet the requirements de-
scribed in the preceding section and thus compressive concrete of which
will not crush until the longitudinal steel bars develop substantial
plastic elongation, the move of the neutral axis x from the initial yield
of tensile steel bars to the ultimate strength state is within the range
of x = 0.73d v 0.78d according to the calculation on the typical member
section such as shown in Fig.16, where d is the distance from the compre-
ssive extreme fibre to the tensile reinforcements. If it is assumed, for
simplicity, that the neutral axis remains constant x = 0.75d during this
inelastic excursion, the curvature ¢ can be expressed as

¢ = £5/0.75d

indicating that ¢ is proportional to the plastic strain of the tensile
steel bars €g. Also since it indicates that bending moment is simply
decided by the €5 (or o0g), and that the maximum bending moment M, can be
expressed as My = M&/Y (Y =0,/0p : the yield ratio of tensile steel bars),
the moment-curvature relationship (M-¢ relationship) can be depicted as
shown in Fig.18(b) corresponding to the 0-¢£ relationship of the tensile
steel bars as shown in Fig.18(a).

If o-¢ relation-
ship has a well defined

plastic plateau as - M =My Y
shown by the solid -O;—O-Y/Y - — Y //_/
line in Fig.18(a), the ~T T i
M-¢ relationship can o -~ M. Z£="
be written as yr Y '
0- 1 1 1 0 A 1 1
€y €sh  Em Py SPsh Pm
(a) 0-€ diagram (b)M -9 diagram

FiG.18. o0-e Diagram and M-¢ Diagram

M = My for ¢y <0< gy

(/Y - Dy 9
M=My+m(¢-¢sh) o > dgp

On the other hand, if the bending moment diagram of a beam of a rigid frame
subjected to earthquake loading is given as shown in Fig.19 at the ultimate
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state, and if the spread of the plastic region
along the span length is denoted by 1% at this
ultimate stage, T is expressed as

41 AN
=l-—— =1-Y (10) {

T

Note that T is only the function of the yield

ratio of the material and independent of the

span of the beam and the moment gradient.

Taking a local coordinate x from the point of

initial yield A, the moment at x is expressed

as FI1G.19. Moment Diagram
of a Beam

M= My + X (11)

From eqs.(9) through (11), and introducing the relation of T = €/0.75d, the
curvature ¢ is expressed as

N _ 1 ®m ~ Egp
¢ =y" = 5753 | (1 - )%

X + Esh].

Then the rotation 6, developed in the plastic region is

€m+€s

754 )1 -1 (12)

TR
0, = Q pdx = (
For defferent 0-€£ relationships such as bi-linear (dashed line in Fig.18(a))
and round-house (dashed and dotted line in Fig.18(a)), the corresponding

rotations can be obtained similarly as
For bi-linear 0-€ relationship:

€q T Ey
62 = (“1'3“—) (l - Y)QI (13)

For round-house 0-€ relationship:

m+€y
= (e’ - > . 14
8, = (7)1 -DL, a>1 (14)
From eqs.(12),(13),(14), it can be seen that a plastic plateau type of o-¢
curve is preferable to a round-house type of 0-£ curve for maximizing the
plastic-hinge rotation capacity. But it should be noted that plastic

k4
plateau will disapear when the beam is subjecte

1 + -
to cyclic or hysteretic

CL

loading due to the Bauschinger effect.

The most important is the fact that the rotation capacity is directly
and heavily influenced by the yield ratio of the steel material Y. The
rotation capacity will be much impaired if the yield ratio is excessively
high.

In this connection, the A.T.C. of U.S.A.[20] requires that '"the ratio
of the actual ultimate tensile stress to the actual yield stress (the
inverse of the yield ratio) should not be less than 1.25 (or Y should not
larger than 0.8)'", and the SEAOC [18] and the Uniform Building Code [19]
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of U.S.A. specify the ratio as 1.33 (0.75 in terms of Y) rather conserva-
tively.

4.3. Evaluation of Prestressed Concrete

There has been considerable discussion about the suitability of
prestressed concrete members in seismic structures, but no extensive
researches have been aimed at evaluating the optimum characteristics of
prestressing steel for that application. Internationally, the specified
minimum elongations for prestressing bars are about 4% or less, and which
have been considered adequate by experts [24],[25]. It has been noted that the
basic reason is that under seismic loadings the concrete member will rotate
extensively without cracking or crushing and without a great increase in
the steel strain, yet with a significant increase in moment. However,
since the yield ratio of the prestressing bars is considerably high com-
pared with that of regular reinforcing bars and the o-g£ curve of the
prestressing bars is round-house as illustrated in Fig.l, these properties
will give some adverse effects on the deformability of the prestressed
concrete members especially in the severely plastified ultimate stage.

Twisted bars (Rippen Torstahl, Tentorsteel) are also have higher yield
ratio, smaller percentage elongation and round-house 0-£ curve, and will
give simillar disadvantage on the deformability. Because no pre-compressive
strains are given in the concrete in this case, the adverse effect must be
much more pronounced compared with the plastic behavior of the prestressed
concrete members,

4.4, Effect of The Strain Rate on The Yield Strength of Steel

To estimate the strain rate which structural members will undergo by
severe earthquakes, a dynamic response analysis [26] was carried out for
seven and three story office buildings and a four story school building
under the conditions that;

a) earthquake wave motions, ElCentro, NS, EW, May 1940, Taft, EW, July 1952,
Hachinohe Harber, NS,EW, May 1968.
b) Damping coefficient, h = 0.02. ‘

The result of this study had shown the maximum response strain rate
was € = 0.lsec” !, ,

While the results of coupon tests with various strain rates had shown that
the increase of the yield stress by the comparable magnitude of strain rate
is about 1.1 time that obtained from the regular coupon test with the
strain rate of € = 0.0002. Another test result [27] had shown the increse
of the yield stress in the same sense is 1.16 for Grade 60 steel and 1.19
for Grade 40 steel.

Such amount of increase seems to be not substantial considering the
possible scattering of the yield stress of as-furnished reinforcing bars
such as shown in Fig.17.

The influence of the strain rate on the shape of the softened part
under hysteretic loading is another interesting problem of which no
information is available at present time.

4.5. Buckling of The Longitudinal Reinforcements

As long as a steel bar is embeded in concrete, the concrete will
restrain the buckling of the steel bar by serving as an elastic foundation.
Though the occurence of the buckling of steel bar is possible even in such
a confined state, the drop of the load carrying capacity is neglegible
since the concrete can prevent the excessive bending of the bar. But if a
reinforced concrete section is damaged severely, concrete crushed and
spalled~off, due to a severe earthquake, the longitudinal reinforcements
must resist against buckling by themselves. Of course such a situation
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falls in the failured category and will not be received any interest in the

usual field of structural engineering, but

if the longitudinal reinforce~-

ments could support the gravity load of the structure by themselves after

the major quake is over, the structure may
collapse and may protect the human lives.

axial
stage if their effective slenderness ratio
the hoops are strong enough to provide the

develop some ductility keeping their

escape from the catastrophic
The compression members can

JRETISRE TSI I )
yieid 10&8da in

post-buckling
is less than about 30, and if
nodal points of the longitudinal

reinforcements. The spacing of the hoops which satisfies the above
condition becomes 15d under the assumption that the fixed end condition is
satisfied at each location of the hoop, where d is the diameter of the
longitudinal steel bar.
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SUMMARY

The state-of-the-art of the uniaxial cyclic loading tests and multi-axial
loading tests of concrete is reported. Method of testing, loading history,
envelope curve, unloading and reloading curves are reviewed for concrete
under uniaxial cyclic loading, and the proposed analytical models are
summarized and compared with tests. Studies on the strength, deformation and
failure criterion of concrete under multi-axial stresses, including some
multi-axial cyclic loading tests, are reviewed and the proposed analytical
models are summarized.

RESUME

On présente 1'état des connaissances sur le comportement du béton soumis &
des cycles de charge uniaxiale et 3 des charges multiaxiales. Les méthodes d'es
sais, les modalit&s de mise en charge, les curves enveloppes, ainsi que celles
de décharge et de recharge, sont decrites en comparant les résultats expérimen:
taux avec les mod&les théoriques disponibles. Le études théoriques et expéri-
mentales sur la résistence, la déformabilité et les critéres de rupture du bé-
ton en &tat de contrainte multiaxiale, y compris quelques essais avec cycles de
charge multiaxiale, sont aussi presentés. :

PART I UNIAXIAL CYCLIC LOADING TESTS
1. Method of Testing

Methods to measure monotonic or cyclic stress-strain relation of concrete

including falling branch can be classified into the following five groups.

(1) Use of regular testing machine, mostly applied to low-strength
concrete or small-size specimens (e.g. Hamada, 1951; Kokusho, 1966).

(2) Use of elastic body such as PC bars, disk springs, or steel beams in
parallel with concrete specimen to compensate for the energy release
from falling branch (e.g. Blanks, 1949; Aoyama, 1967; Sargin, 1971;
Watanabe, 1971; Muguruma, 1973; Okushima, 1974; Suzuki, 1977).

(3) Eccentric compression tests (e.g. Hognestad, 1951; Riisch, 1955;
Smith, 1955; Morita, 1971).

(4) Use of hydraulic servo-control or micro-control stiff testing
machine (e.g. Riisch, 1960; Barnard, 1964; Nakano, 1969; Hiramatsu,
1975; Koyanagi, 1975).

(5) Use ;f mechanically controlled stiff testing machine (e.g. Tanigawa,
1977).
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Previous cyclic loading tests have been conducted using methods (1),(2),
(4) and (5). Recent trend is to use methods (4) and (5) more frequently, in
addition to the persistent use of the simple and inexpensive method (2).

2. Loading History

Table 1 summarizes the patterns of loading history in the previous
studies involving cyclic loading.

3. Envelope Curve
3.1. Relation to Monotonic Loading

Envelope curve of the stress-strain relation is defined as a curve
connecting the starting points of unloading curves as well as ends of
reloading curves. Whether a unique envelope curve exists, and whether such
an envelope curve coincides with the monotonic stress-strain curve, were
the problems which have attracted attention of many researchers, leading to
an almost unanimously affirmative conclusion. Sinha (1964), Horishima(1966),
Yamada (1967,1976), Karsan (1969), Muguruma (1970), Okada (1972), Tanigawa
(1976,1978) admitted that a unique envelope curve was able to be defined,
and that it coincided with the monotonic curve, within the data scattering
of the falling branch, no matter what loading history was applied within
that envelope curve.

3.2. Equations for Envelope Curve

The envelope curve, or monotonic stress-strain curve, consists of three
parts as shown in Fig. 1; initial linear part, the second part of gradually
reducing stiffness up to maximum stress 0y
and associated strain ey, and the third part
of gradually decreasing stress, usually
05 (3) referred to as the falling branch, ‘

(%}////7 X terminated rather arbitrarily by the maximum
usable strain €.

Oc¢

(1 Strain-softening chracteristics of Fig. 1
is due, first, to bond cracks at the surface
of aggregate to the mortar caused by the

€c different stiffness of aggregate and mortar,
0 €0 €u and second, to micro-cracks in the mortar

caused by stress concentration near the bond
Fig. 1 Stress-Strain cracks, Recently efforts have been made by
Curve of Concrete Buyukozturk (1971), Shiire (1972), Kosaka
(1974) and Alam (1977), to derive the stress-
strain curve theoretically, idealizing the above-mentioned bond phenomena
between aggregate and mortar. However, it will be some time before this

kind of microscopic approach succeeds in deriving complete stress-strain

relation.

On the other hand, many mathematical expressions were proposed to
simulate observed envelope curve. Following the Popovics's summary (1970)
and more recent researchers, these expressions are shown in two Tables.
Table 2 is for the ascending branch only. Table 3 shows expressions for
complete curve, including the falling branch.
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Table 1. Loading History

U:Upper, L:Lower

Loading |Loading History| Researchers Year | Loading Level | Loading Rate
Sinha '64 30ue/sec
- Horishima '66 2-3kg/cm? /sec
- Yamada '67,76 30sec/leycle
- Karsan '69 1000-2000ue/min
| Okamoto '71
Monotonic ™ Okada '72 1-25mm/min
Ogawa '75
9 - o 5 Bresler '75 10-100000ue/sec
09 Koyanagi '75
Tanigawa '77,78 2-3kg/cm?/sec
Wakabayashi | '78 20-100000pe/sec
Sinusoidal Ban '60 5.8.6—0.900 1.2cycle/sec
Karsan '69 1000-2000ue/min
o ta/ea) Yamada '67
Okamoto '71 U.0.900¢,L.0 :
Constant Ogawa '75 U.1/30¢,2/30qy | 0.53-215
stress L.1lkg/cm? kg/cm?/sec
cyclic Bresler '75 U.0.5-0.90g 20000ue/sec
L.O.lUO
| Tanigawa '77,78/U.0.8,0.85,0.9| 2-3kg/cm?/sec
0.950¢,L.0
Yamada '76 U.0.8,0.909 30sec/lcycle
_ Yamada T67 2600, 2800,
Constant 3500u
strain Okamoto '71 1.0,1.5,2.0¢g
eyclic Ogawa '75 | U.1/30q,2/30¢ | 0.53-215kg/cm?
L.1kg/cm?
, °| Tanigawa '77,78
Sinha '64
Gradually |<t= Horishima '66 800ux10cycles | 2-3kg/cm?/sec
increasing | Yamada '67 300,1000u :
strain Karsan '69 1000-2000ye/min
cyclic or Okamoto '71 1.0,1.5,2.0, ’
(constant 3.0€g
increment) o " 7~ )| Okada '72
) Tanigawa '77,78] 250u 2-3kg/cm?/sec
Yamada '76 200u 30sec/lcycle
Karsan '69 1000-2000y¢e/min
pitto Koyanagi '75
(variable Wakabayashi | '78 50-50000ue/sec
increment)
Sinha T64 minimum stress
. as variable
Ditto in falling
(shake branch
down)
Tanigawa '78
Random
cyclic
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Table 2. Equations Suggested for Uniaxial Compression Stress—
Strain Curve for Concrete (for Ascending Branch Only)

Author Equation ‘ Comment
Bach o=Ae" Impiies E infinite
Saenz 0=Ee[1+(3E¢/E-2) (e/€()+(1-2E4/E) (e/e() 2]
Saenz 0=E€/[l+(E/E0—2)(e/eojz+(€/eo)2]
Sturman 0=Ae(l+Ben_1) , ' Implies E/Ep=n/(n-1)
Desai o=Ee/[A+(e/eg) ?] .| Implies E/Eg=2
Terzaghi £=0 /E+Ac"
Ros e=0/E+Ac/ (B-o)
Kritz and Lee 0Q+A€2+BO€+CO+D€;O In flexure
Ban o=Ae3+Be2+Ce
Hamada l—ﬂ=(l-€)k n=o/0g,E=e/¢eg

The falling branch plays an important role when the strain gradient
exists in the section. The fact that concrete strain at the compressive
surface of a flexural member could exceed the strain associated with the
maximum stress, €g, was discovered as early as 1904 by A.N. Talbot, and
was confirmed by O. Baumann in 1934 (Hognestad, 1951). Any theory dealing
with flexure of reinforced concrete members had to incorporate stress-
strain relation including the falling branch. For this reason much
efforts have been made in the loading methods of concrete cylinders under
uniaxial compression into the falling branch, as mentioned before.

Empirical expressions were also developed, as shown in Table 3. Among
them, Umemura's e-function (1951) was a pioneering work with emphasis in
the simulation of falling branch, which was measured by Hamada (1951).

3.3. Effect of Concrete Strength, Strain Rate, and End Restraint

Shape of normalized stress-strain curve varies according to the
compressive strength of concrete. Generally speaking, high-strength
concrete results in a steeper curve, both in the ascending and descending
branches. This effect was incorpolated in the works by Popovics (1971),
Sargin (1971), and Cohn (1972). Okushima (1974) confirmed Popovics's
theory for his parameter n that it increases linearly with concrete
strength, and further investigated the effect of strain rate and end-
plate restraint. Okushima pointed out that the behavior in the falling
branch was not affected by variation of strain rate between 10 and 1000
sec/lO‘s, but that the negative gradient in the falling branch increased
as the end-surface restraint of the concrete cylinder was removed.

Among recent studies utilizing high-rigidity loading equipments,
Suzuki (1978) compared several available expressions including his own
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Table 3. Equations Suggested for Complete Uniaxial Compression

Stress~Strain Curve for Concrete

Author Equation Comment
Umemura(1951) n=K(e_a€—e_8£)
Hognestad (1951) o=0¢ (2&-£%) :02£<1 09=0.85f!,e0=200/E

Smith and Young
(1955)
Tulin(1964)
Alexander (1965)
Shah(1966)

Kokusho(1966)

CEB/FIP(1970)
BSI

Popovics(1971)

Okushima(1974)
Sargin(1971)

(Wang 1978&)

Kent(1971)

Cohn(1972)

Muguruma(1976)

Suzuki (1978)

falling branch is linear

-(e/eq)

g=E.€.e

o=Ee/[A+(e/eg) "]
o=Ac /[ (e+B) %+C]-De
sebe. o~ (BETD/ATT
n=sin(n/2) (A |E-1|+B&+C) :02E<2
n=DE+E 1258<4
o=00 (28-£2) :0s<e<eg
0=0y 1€9feley
n=gn/[ (n-1)+£"]
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with his test data, and pointed out that the strain associated with the
maximum stress and the negative slope must be expressed as the function of
concrete strength. Kiyama (1975) studied the effect of the type of aggregate
(rock or lightweight).

Muguruma (1976) redefined the ultimate strain €oy tO be the strain at
which stress block coefficient kjky becomes maximum, and proposed empirical
expression to cover concrete strength ranging from 150 to 700 kg/cm?, as
shown in Table 3. According to his study, ultimate strain increased slightly
with the increase of concrete strength.

3.4. Effect of Strain Gradient

Morita (1971) made eccentric compression tests and obtained stress-strain
curves under strain gradient by a method similar to Hognestad's one.
Comparing these with concentric compression tests he concluded that they
coincided fairly well except that eccentric tests show greater strength for
high-strength concrete.

Suzuki (1976) criticized the prevalent eccentric test method (after
Hognestad) for not representing the variation of neutral axis depth due to
discrete cracking, and proposed beam~-type tests. Comparing these with simple
beam tests he pointed out the expansion of failure zone which is directly
related to ultimate rotation capacity. He concluded that the falling branch
of the apparent stress-strain curve within the failure zone had more flat
descending slope.

3.5. Effect of Confinement

Effect of confinement by hoops or spirals was summarized by Sargin in
1971, by Park in 1975, and by Bertero in 1977. They reviewed works by King
(1946), Chan (1955), Blume (1961), Bresler (1961), Szulczynski (1961), Riisch
(1963) , Baker (1964), Pfister (1964), Roy (1964), Soliman (1967), Sargin
(1971), Kent (1971), Uzumeri (1976) and Vallenas (1977).

Not very much works are found on the effect of strain rate and cyclic
loading on confined concrete. Bresler (1975) made cyclic loading tests of
normal and lightweight concrete with spirals under strain rate of 20,000
x107%/sec, and indicated that confinement substantially improves the
deformability of all concrete, and effectiveness of confinement in improving
strength is much greater for normal concrete than lightweight one. Tanigawa
(1977) tested normal and lightweight concrete prism with rectangular hoops
under monotonic and different loading histories. He pointed out that
effectiveness of hoops is much greater in improving ductility than strength,
and that an envelope curve under gradually increasing cyclic loading
coincides with the monotonic stress-strain curve for the strain below 3000
— 4000 x 107°, but lies a little lower than the monotonic stress-strain

curve for large strain, indicating that the deterioration by cyclic loading
is observed.

4. Unloading and Reloading Curves
4.1, Review of Test Results

A pioneer in testing concrete under cyclic load, Ban (1960) made
sinusoidal loading test at the strain rate roughly corresponding to seismic
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excitation to the building. Unloading curves in his tests were concave from
the unloading point, and had very flat slope in the small stress range.
Sinha (1964) showed that the family of unloading curves from various
unloading points could be represented by quadratic expressions,

According to Horishima (1966), relation between unloading strain and
residual strain was greatly affected by concrete strength., Stronger
concrete had less residual strain, particularly for unloading strain near
the maximum stress point. He proposed this relation separately for high-
strength and regular strength concrete. Karsan (1969) pointed out that
residual (plastic) strain was a principal parameter to determine shape of
unloading curve.

Ban's work in 1960 showed reloading curves to change from convex to
concave with respect to stress axis, more conspicuously as unloading stress
increases. He also showed that conspicuous concave indicates a notice of
approaching failure, and that cyclic failure is more likely to occur for
unloading strain greater than 1000 x 1076,

Sinha (1964) expressed the observed pattern of reloading curves by a
family of straight lines converging to a point. He also defined shake-down
and incremental deformation; the former is for residual strain to converge
to a constant, while the latter is literally ever-increasing deformation
leading to a collapse. A locus of intersection of unloading and reloading
curves was defined as '"'shake-down limit," which is dependent to the
minimum stress in the cyclic loading; for complete unloading, the shake-
down limit is closer to the envelope curve, whereas for partial unloading,
the limit occurs at a lower value of stress.

10 test AC -07
| fi=4150ps:
: I

Horishima's findings (1966)

Detail

J
c Smith-young

0.8~ i] generally followed those by Ban and
e Sinha. However Karsan (1969) made a
A new definition of "common point," to
vy be the intersection of unloading and
v siabiity reloading curves (Fig.2), and pointed
out that this point is not affected
PR by the minimum stress, which does not
oo confirm to Sinha's observation. For
cycling within common point up to the
(a) Complete (b) Detail- first unloading curve as shown in
Load History Common Points Fig.2, the maximum stress decreases

and reaches to a convergence which he

Fig. 2 Vari
& ariation of Common called the "stability limit."

Points. Karsan (1969)

Muguruma (1970) reviewed the studies on the concrete subjected to the
repeated overload, and compared the shake-down limit and common point with
the critical point for microcrack increase or fatigue limit, as shown in
Fig.3. Shake-down limit under constant stress cycling lies between the

envelope curve and common point, and forms the upper bound of critical load,

indicating that the microcracking has negligible effect on the deformation
of concrete under the repeated overload. This was also shown by Shah's test
(1966) . Further, the fatigue limit lies lower than shake-down limit and
critical load, and corresponds to the upper bound of stability limit.
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4.2. Equations for Unloading and Reloading Curves

Table 4 contains proposed equations for uniaxial
stress—-strain curves for concrete.

4.3. Effect of Strain

Rate

0. 64~0. 68 1’

i 0.68~0.817,

-t

A. Brandtzaeg (1927)
E. Hognestad (1951)

G. Sturman et al.,
3) Fatigue strength at 107 cycles

- 0.77f

0.50~0.55 f,*

¥

unloading and reloading

Bresler (1975) made loading tests under wide range of strain rate, namely,
monotonic loading under strain rate from 10 x 10~6/sec to 100,000 x 10‘6/sec,
and cyclic loading under strain rate of 20,000 x lO"slsec, and pointed out
that cyclic loading at maximum stress below one half the dynamic monotonic
strength does not produce any change, while cyclic loading at maximum stress
exceeding 85% of dynamic strength produces considerable strength and
stiffness reduction, and accumulation of plastic strain.

Ogawa (1975) made constant strain and constant stress tests using
hydraulic actuator, and showed the followings. The hysteresis loop under
cyclic' load below one-thirds the compressive strength is almost linear
without strength reduction, while the constant stress cyclic load at two-
thirds the compressive strength produces hysteretic loop of thin J shape
with remarkable decrease in equivalent elastic modulus along with the
number of cycles. Wakabayashi (1978) also made the tests under four
different strain rates ranging from 20 x 10~%/sec to 100,000 x 10~6/sec,
and observed similar results as above, but he did not observe conspicuous
effect of strain rate.

Tanigawa (1978) tested normal and lightweight concrete under different
loading histories, and obtained empirical expressions between Karsan's common
point strain and residual strain, variation of upper bound stress under
constant strain loading or that of upper bound strain under constant stress
loading, S-N curve under constant stress loading (ref. 4.2).

4.4, Effect of Confinement

The change of shape of unloading and reloading curves for confined
concrete has only been studied very recently, and such studies are few in
number. Therefore researchers assume that unloading and reloading curves for
confined concrete is represented in the same way as plain concrete.
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Among recent studies Tanigawa (1977) studied the effect of hoop spacing
and cover thickness on the relation between residual strain and unloading
point strain, stiffness at unloading point, averaging stiffness of reloading
curve, strain increasing rate - N curve under constant stress loading and
stress decreasing rate - N curve under constant strain loading. (ref. 3.5.)
He pointed out that the effect of confinement on the shape of unloading and
reloading curves is fairly great.

5. Comparison of Tests and Analytical Models

Figures 4 - 10 show computed
results by proposed models for uni-
axial unloading and reloading stress
0.5 -strain curves for concrete,
including some comparisons of
analytical and experimental curves.
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PART T  BIAXIAL AND TRIAXIAL LOADING TESTS
1. Strength under Multi-axial Stresses

The earliest tests of mortal and concrete under multi-axial stresses were
reported by Considere in 1903 and 1906. In 1928 Ros and Eichinger pointed
out the existence of the inherent failure criterion for mortar, concrete and
rock. Richart (1928) reported the test of concrete cylinders under tri-
axial stresses.

Okajima (1970) pointed out the following common problems to previous

experimental studies.

(1) Experimental conclusions are not always the same according to
researchers for limits of combination of stresses possible to one
testing facility.

(2) An universal failure criterion has not been obtained, reflecting the
difference of materials: aggregate and cement, and concrete strength.

(3) Elastic plastic characteristics of concrete under combined stresses
is not so clear.

(4) There are few tests on dynamic characteristics under combined
stresses.

(5) There are few tests under triaxial stresses, especially on the effect
of the intermediate principal stress.

(6) There are less tests under tension stress system than under
compression stress system,

Recently the following researchers made a contribution to each problem
above mentioned.
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(1) Okajima (1970), Otani (1973); Effect of confinement due to friction
on the shape of failure criterion.

(2) Smith (1953), Nishizawa (1969); Equations using principal stresses,
Suenaga (1969); Unification of failure criterion, Kosaka (1969) ;
Equations using compressive strength and splitting strength.

(3) Hannant (1966), Gopalakrishnan (1969); Measurement of creep under
triaxial stresses, Okajima (1970).

(4) Suenaga (1969); Failure function on the basis of kinetic analysis.

(5) Bellamy (1961), Campbell-Allen (1962); Compression tests of hollow
cylinders subjected to internal and external pressure, Niwa (1967)
Triaxial stress test of cubic specimens, with three degrees of

freedom.

(6) Mchenry (1958), Tsuboi (1964), Nishizawa (1969); Tension-compression
test, Kupfer (1969); Biaxial tension, tension-compression, biaxial

compression, Okajima (1970).

Hobbs (1977) classified experimental techniques into the following five

groups:

(1) Loading through solid platens - biaxial compression, triaxial
compression and tension plus compression.

(2) Loading through brush platens - biaxial compression and tension.

(3) Subjecting hollow cylinders to compression and torsion - tension

plus compression.

(4) Subjecting hollow cylinders to axial compression and internal or
external pressure - compression plus tension and biaxial

compression.

(5) Combined loading of cylinders through fluid membranes and solid
platens - triaxial compression, equal biaxial compression and
tension plus equal biaxial compression.

Hobbs pointed out that serious objections can be raised to the use of

techniques (1), (3) and (4), and summarized the test results which were

obtained using techniques (2) and (5). (ref. Fig. 11) The results are
normalized with respect to the mean

6.0~ © Holbs, Saucier, Nelissen, Kupfer, -

uniaxial compressive strength (i.e.

Hilsdvrf and Riisch a cylinder or cube strength). Also
a Richar:, Brandtzaeg and Brown M o ShOWTl plotted on Fig 11 are the
o Newm.as h ° e
5.0 AHl&‘ Lo ultimate and serviceability stress
o ) ¢
o Tlansen ° ° limits proposed by Hobbs (1977) for
v Balmer the design stresses corresponding to

[
-1 0 el 0.4 0.6 0.8 1.0 1.2
(73(/U:

Fig. 11 Strength of Concrete
under Multi-axial
Stresses. Hobbs (1977)
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the theory of limit state design in
CP110, The structural use of
concrete, of BSI (1972). From

Fig.
matters were concluded.

11 and so on the following

(1) The application of restraint
to concrete increases the
compressive strength.

(2) The magnitude of the
intermediate principal stress
has no significant influence
on the major and minor
principal stress at failure.

(3) When one of the stresses is
tensile, there is a marked
reduction in the compressive
stress which concrete is able
to support.
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Kupfer's test (1969) covered a full area of biaxial stresses using brush
platens and it appears to be the most reliable. Biaxial strength envelope
obtained from this test is shown in Fig. 12.

From the recent biaxial test by Tasuji (1978), in which all combinations
of compressive and tensile loadings were also included, the ultimate
strength behavior was generally similar to Kupfer's (1969), Liu's (1972)
and Nelissen's (1972), and the difference between the results of Liu and
Tasuji seem to indicate that the increase in biaxial compression strength
for concrete is higher for concrete with a lower uniaxial compressive
strength.

2. Deformation under Multi-axial Stresses

Very few experimental results are available regarding the
deformation behavior under multi-axial stresses, and this trend is
remarkable in the case of triaxial tension plus compression.

The experimental investigations on the stress—strain relation under
triaxial stresses were summarized by Cedolin (1977). He reviewed works
by Richart (1928), Balmer (1952), Gardner (1969), Palaniswamy (1974),
Mills (1970), Launay (1970) and Linse (1973), and proposed an analytical
model expressed by bulk and shear moduli, variable with the strain rate.

Fig. 13 shows the stress—strain relation under triaxial stresses
illustrated by Hobbs (1977). From Fig. 13 it can be stated that under
triaxial compression the strains sustained by concrete greatly exceed
those for uniaxial compression, and increase with the increase of the
lateral pressure. These phenomena were shown in tests by many researchers;

Richart (1928), Ito (1957), Krahl (1965), Gardner (1969) and Okajima (1971).
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Palaniswamy (1974) pointed out that axial and lateral strain at maximum
axial stress increases at first with increasing confining pressure, but for
lateral stress beyond the uniaxial compressive strength, increasing lateral
stress decreases the value of axial and lateral strains at failure.

In Fig. 13 it is assumed that concrete stiffness, E, at a relatively low
different stress, (03-01)/ Uc 1is essentially independent of the level of
restraint, o;. However, Hobbs pointed out that concrete stiffness, E, under
triaxial compression decreases, when |01|> O.3|UC|, reaching value roughly
50 per cent of the uniaxial value at o> U,.. Poisson's ratio, v, is
similarly affected by restraint falling from approximately 0.1 to 0.15 at
0 <|oy|< O.3|Ucl to approximately 0.05 at o= U,. But the ratio, V/E
appears to be essentially independent of the level of restraint, o;.

3. Failure Criterion under Multi-axial Stresses

Suenaga (1969) and Koyanagi (1972) reviewed the failure criterions of
concrete. Formerly the maximum principal stress (or strain) theory, Mohr's
criterion, Octahedral shear stress theory, the expression by failure curved
surface and so on were proposed as the macroscopic failure criterion. As
the microscopic failure criterion, Griffith criterion and modified Griffith
criterion were suggested. However they are insufficient for explaining all
test results generally.

The recent studies on the failure criterion were reviewed by Nagamatsu
(1976). It is necessary for establishing the general view of failure
criterion to study test results, estimating combined stresses by the
concept of 'Limit stress curved surface' proposed by Niwa (1967). The dual
fracture theory, in which failure is separated into tension failure and
compression failure, was proposed by Cowan (1953) and it is getting firmly
fixed by recent studies by Suenaga (1969) and Han-Chin (1974). Sakurai
(1968) suggested the failure criterion in function of the maximum principal
stress, considering the semi-macroscopic failure mechanism. Fujimatsu
(1974) showed a physical approach to the failure criterion based on
'The phased plane-moment fracture hypothesis.'

Nagamatsu (1976) proposed a new dual fracture criterion which is
separated into two fracture types: brittle and quasi-ductile. For the
former the Griffith theory was extended to the overall collapse criterion
and for the latter the theory of elastic shear strain energy was extended
including the maximum principal stress as a variable in the function. He
verified that these failure criterions agree most closely with the previous
tests in comparison with other criterions. Four constants involved in his
criterion have been decided by the least square method from as many test
data as he can collect in literature. '

The above-stated studies are trials to express the failure criterion
only by stress state. Tsuboi (1964) pointed out that the maximum principal
strain theory is effective as the failure criterion in the case of biaxial
tension or tension plus shear from his test. Hatano (1967) paid his
attention to failure strain under triaxial compression and confirmed that
when shear strain strength, S, reaches the value given by the equation,
S=f (¢) = a + be, failure occurs. Okajima (1973) proposed the critical
tensile strain theory expressed by the following simple linear equation
with octahedral normal stress, Oger, at failure. €.y = a0, + D
Where 'a' and 'b' are the constants obtainable from strength and critical
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tensile strain in uniaxial compression and tension tests. And he confirmed
that this theory is applicable for the strength of concrete under biaxial
tension and tension plus compression. Carino (1976) also proposed the
critical tensile principal strain theory in the linear function of the

mean

4. Multi-axial Cyclic Loading Tests
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under tension plus compression.

Okajima (1972) studied the effect
of loading path and cyclic biaxial
loading on the elastic plastic
characteristics of concrete using
the hollow cylinder specimens. He
pointed out the following matters.

In the case of tension plus

torsional moment, the axial stiffness
deteriorates to some extent for the
existence of torsional moment. But
shear stiffness is almost constant
for all loading procedure. Under
cyclic loading, the envelope curves
of both axial and shear stress-strain
relations are almost the same as
under monotonic loading, as shown

in Figures 14, 15, 16. Residual ax1al
and shear strain are larger for
lower—-strength, as shown in Fig. 16.

Ito (1972) developed the high-
pressure triaxial cyclic testing
machine and Endo (1978) reported the
tests using this machine with
emphasis on the vertical and lateral
strain measurement. From his test
results under gradually increasing
strain cyclic loading, the vertical
stress—-strain curve, under restraint
pressure 30kg/cm?, is higher in
stregth and more ductile as compared
with under no restraint pressure,
but the shape of curves is much the
same.

Being not so much other works
are found in the Japanese
literature on this subject, more
comprehensive studies are needed
hereafter.
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5. Analytical Model for Concrete under Multi-axial Stresses

Various analytical models under multi-axial stresses have been proposed
with the recent advance of finite element method, and these were reviewed
by Scordelis (1972), Kawamata (1974), Schnoblich (1976), Noguchi (1976)
and Wegner (1976). Here the stress-strain relation and cracking are
discussed and then the typical models are summarized.

5.1. Stress-Strain Relation

The model based on the theory of plasticity for the compressible
materials, using Drucker-Prager's yield criterion, has been used by
many investigators. Noguchi (1977) compared this model and four other
biaxial models with the tests by Kupfer (1969) and Nelissen (1972), and
concluded that the plasticity model can not represent the nonlinear
behavior of concrete adequately. At high stresses this model is
unreasonably hard in both principal directions. This tendency is more
remarkable, as the ratio of o; to oy, o, becomes more positive for biaxial
compression. And the orthotropic material model of Darwin (1976) gives the
best result in both principal direction.

Triaxial models have been proposed by Palaniswamy (1974), Imoto (1975),
Muto (1976), BaZant (1976), Cedolin (1977), Kotsovos (1978) and others.
The endochronic theory, which had been originally developed for metals,
was extended to concrete by BaZant, including the inelastic dilatancy,
strain-softening and others. Good agreements with biaxial and triaxial
tests were reported, but the adequacy to cyclic loading and strain-
softening is not so clear from the lack of test data as well as Darwin's
model.

5.2. Cracking

Analytical models for cracking are divided broadly into two groups.
One is the method to separate nodes by setting up cracking surface between
neighboring elements and the other is to change the element into
orthogonal anisotropic. For the former, Taylor (1972) and Noguchi (1977)
proposed the model for crack initiation and propagation without
predefining crack pathes. In this case, there is a tendency for the
calculation method to be complicated and it requires a lot of computing
time. For the latter, it is rather easy even for cyclic loading without
the movement and separation of nodes. But it becomes difficult to
evaluate the stiffness of cracked element and express the crack spacing.
Hence it is necessary to use cracking models properly in accordance with
the object, e.g. the former for the shear resistant mechanism of
reinforced concrete members and the latter for the nuclear reactor
vessels.

5.3. Summaries and Comparisons of Analytical Models under
Biaxial and Triaxial Stresses

Proposed analytical models under biaxial and triaxial stresses are

summarized on the following items. When some items are omitted, it means
that the model does not take account of them.
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Stress—strain relation
Yield or failure criterion
Nonlinear analysis method
Cracking

Aggregate interlock
Compressive failure

°5 se6 sa se se oo

HET O w >

(1) Nilson (1967)

A: Biaxial stress—strain relation is transformed to uniaxial one.
Saenz's equation in uniaxial compression and linear in tension.
Ejvy = Epvy

C: Load incremental method. E; and Ey are obtained from e€; and €53,
according to Saenz's equation.

D: When the average value of principal tensile stress in two adjacent
elements exceeds the tensile strength, the elements are
disconnected at their common corners. -

F: When the principal compression strain exceeds the ultimate strain
under uniaxial compression, the element fails.

(2) Iwashita (1967)
A: Linear~quadratic curve in compression and linear in tension for
no cracked rectangular truss element with two diagonal members.
B: Maximum principal theory is assumed in tension yield and
compression yield is caused on the minimum principal stress.
Load incremental iterative method.
When the maximum principal stress at the center of the element is
over a limit value, a crack occurs and is expressed by the
orthogonal anisotropic rectangular element.

C
D

(3) Franklin (1970)
A: Same as Nilson's (1). Multilinear in compreésion and plateau
after the maximum stress, and linear in tension. The smaller of
E) and E, is adopted as E, and v is constant.
B: Compressive and tensile strength are constant. e
¢ Linear approximation of Bresler-Pister's hfiﬁ
curve. (Fig. 17) 7 /// A
Incremental iterative method.
When the principal tensile stress exceeds the ’/// ,
failure criterion, the stiffness in the d fe
principal direction is set at zero and crack .
is formed perpendicularly to that direction.

(=)
es oo

Aoy Aeq 0 0 0 Fig. 17 ga%iurion
Atyo by1o 0 0 Ey/4

E: Shear transfer by aggregate interlock is considered by setting
Gyp of cracked concrete at E,/4.
F: 1) When the final effective strain ei exceeds the ultimate strain,
failure occurs.
2) If failure has not occurred on the criterion 1), the biaxial
stress failure criterion is used.

(4) Ngo (1970)

A: Linear Elastic.
D: The shape and location of cracks are preformed. Two adjacent nodes
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(5)

(6)

(7

E:

Li
A:

OO s

are connected by linkage element. Crack is formed by setting the
stiffness in the perpendicular direction of the crack at zero.

The stiffness of crack linkage element parallel to the crack is set
at a constant value to represent the aggregate interlock.

u (1971)
Biaxial compressive stress—strain relations were obtained from his
experiments and linear elastic, E in biaxial tension. E and E,
(obtained from uniaxial compression tests) are used in tension~
compression. Ejv, = Epvy, vi= 0.2

: Simplified biaxial compression test results. (ref. Fig. 12)
Incremental method.

: Same as Franklin's except that G, is zero. (ref. Franklin (3))

: Ultimate strain under biaxial stresses, £,=0.0025 (a<l),

€,=(-5004+0.0390_)x107% (a>1), a: principal stress ratio.
After compressive failure, all terms of the constitutive matrix
are equal to zero.

Takiguchi (1971)

A:

Biaxial stress—-strain relation is
transformed to uniaxial one.

Trilinear in compression and linear Brittle

elastic in tension. Ejv, = Eyv; fraCthey@\{ o=

Drucker-Prager's yield criterion surface /—>

(Fig.18), f = aJ; + ¥J,, a=0.07 Yielding ph

(from Kupfer's tests: ref. Fig. 12) surface A )
: Incremental method in which strain- 7

hardening is defined as the function / ’aork
of plastic work, considering the )/” ‘hardening
compressibility of plastic Ductile ‘region
deformation. fracture

: Crack is formed at the brittle surface
fracture surface. Same as Liu's (5).

: At the ductile fracture surface the Fig. 18 Yield and Failure
internal stresses are replaced to Criteriom.
the nodal forces of cracked element (Takiguchi)

and released.

Isobata (1971)

Az

Orthogonally anisotropic elastic plastic body (Ep,vp) is assumed
corresponding to elastic one (E,v). Transformation parameters,
ni,&ij,(Ef = niEq, £ij = Yvijvji) and G3; are defined as the
function of strain e€; and the function is decided from the test
results under uniaxial and biaxial compression.

: 1) Brittle fracture: When at least one principal stress is tension

and principal strain e; exceeds limit strain Eers crack is
formed perpendicularly to gy

2) Compressive failure: Toet ~ NOget T € (the octahedral shear
stress theory).

¢ Load incremental method.
: Same as Liu's (5).
¢ Same as Takiguchi's (6).
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(8)

(9

(10)

(11)

Muto (1971)

A: Same as Takiguchi's (6).

: Effective strains, eT, e%, are the same
as Franklin's (3).

C: Incremental method.

: Same as Liu's (5).

Same as Takiguchi's (6).

Muto (1972)

A: Biaxial cyclic stress-strain relation
is transformed to uniaxial cyclic one.

(Fig. 19)

B: Same as Takiguchi's (6). (Fig. 20, ref.
Fig. 12)

C: Same as Takiguchi's (6).

D: Same as Liu's except that concrete
element goes back to be elastic
under compression stress even if Elastic
tension failure occurred. isotropic

o . P

F: Same as Takiguchi's (6). Elastic

Kawamata (1972) plastic ™

A: Linear elastic. anisotropic

D: When the tensile strain exceeds
the critical value, a crack is
formed. A new node is introduced,
and the structural system has a
continuously changing topology.

Imoto (1973)

A: Biaxial stress—-strain relation is
transformed to uniaxial one. Linear
approximation of Umemura's e-~function
(ref. Table 3), including falling branch
in compression and linear in tension.

(Fig. 21) Afterwards elastic plastic
in tension.

B: Mises's criterion in biaxial compression
and the maximum principal stress theory
in biaxial tension and tension-compression.
Afterwards Drucker-Prager's criterion in
the former and the Coulomb-Mohr theory in
the latter.

C: Incremental method.

D: Same as Liu's (5).

F: For no cracked element, € < ¢ _: elastic

, = er ;
or plastic, & > Ecy: compressive failure,

(E: equivalent strain), for cracked
element, € = ¢ 1s (e, 1% strain parallel to
crack). The internal’stresses are replaced
to the nodal forces of cracked element and
replaced step by step. (Fig. 22)
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(12) Kupfer (1973)
A: Isotropic model is proposed from his own test results under

B:

C:

biaxial stresses. .
Gg/Gy = 1 - a(to/EDM, Kg/Kg = Go/[Gge 10 ]

(GS:secant shear modulus, Kg: secant bulk modulus,

Tgps Ygo: octahedral shear stress, strain,

a, m, c, p: constants given according to compressive strength)
Stiffness relations above mentioned are effective to the ultimate
strength corresponding to principal stress ratio. (ref. Fig. 12)
Secant modulus or tangent modulus.

(13) Romstad (1974)

(14)

(15)

(16)

A:

B:
F:

Biaxial compression model:

1) The existence of four stages of behavior prior to failure in
uniaxial compression.

2) Nearly linear elastic in uniaxial and biaxial tension.

3) The progressive damage concepts described for uniaxial
compression are applicable to biaxial response. The strain
space is divided into four damage zones and the estimation
for the incremental value of E and v is performed by
weighting and summing E; and v;, given from uniaxial
compression tests.

Ref. Fig. 12.

The modulus of falling branch is set as E=-0.075Ep, in the

zone 4. (Egp:initial modulus)

Palaniswamy (1974)

A:

B:

Isotropic model under triaxial compression. The dependence of
bulk modulus and Poisson's ratio on the stress invariants were

determined from experiments.
Not considered. Correlation near failure stresses is not. so

good.

Sato (1975)

tﬁUObd}

: Same as Takiguchi's (6).
: Same as Takiguchi's (6).

Load incremental iterative method.
Almost the same as Ngo's (4).

: The stiffness of crack linkage element parallel to the crack is

evaluated from crack width.

Imoto (1975)

A:

Isotropic model under triaxial stresses. Brittle fracture in
tension and elastic plastic for ascending branch and strain-
softening for falling branch in compression. Triaxial stress-
strain curves are transformed to uniaxial one using the

plastic theory.

Isotropic hardening according to the Reuss's flow rule using
Drucker-Prager's yield criterion.

Mixed type of tangent stiffness method and initial stress method.
Franklin's (3) and Muto's (9) models has been extended to three
dimensional one.

Shear stiffness along the crack, uG is evaluated as the function
of crack width.

¢ When the scholar function, f, exceeds the maximum strength,

compression failure occurs. (ref. Imoto (11) )
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(17) Darwin (1976)

A: Orthogonally anisotropic model with the tangent moduli, E;, E,,
and the equivalent Poisson's ratio, v = ¥vjv,. E; and E, are
determined from a family of uniaxial cyclic stress-strain curves
for each principal stress direction with the equivalent uni-
axial strains,; ey,. (ref. Table 4 - 2)

B: Kupfer's failure criterion except that modulus of rupture is used
for members in biaxial tension and tension-compression. Variation
of €5, at the peak compressive stress, 0j., has been determined
experimentally.

Load or displacement incremental iterative method.

Same as Liu's (5) and Muto's (9).

Same as Franklin's (3).

: Same as Imoto's (1l1), except that falling branch is straight line
passing through the two points: (0jc,e4c)s (0.2fg,4e0).

e ee

HEHOO

(18) Phillips (1976)
A: Isotropic model assuming the tangent bulk modulus Ky and shear
modulus Gt to be functions of the first and second stress
invariants from Kupfer's experiments.

Kt fl(Il) = f1(01+02+03)
G £2(32) f2[{(01'02)2+(02—03)2+(03—01)2}/6]

B: Octahedral shear stress theory in multi-compressive zones and
the maximum principal stress and maximum principal strain
criterion in tension Zzones.

C: Load incremental iterative method.

D: Almost the same as Fragklin's (3) and Muto's (9), except for
evaluating cracking at integrating points and using two fracture
laws (ref. B). .

E: ™ = a'Gy*, where G is the initial shear modulus and a' is
a preselected constant such that 0 < a' < 1. y* is the shear
strain along the crack.

F: After peak stress, the stress is held constant to allow local
stress redistribution to occur.

14

(19) Muto (1976)

A: Same as Imoto's (16), except that falling branch is considered
only for cover concrete using uniaxial stress-strain relation
as a spring element.

B: Same as Imoto's (16), except for assuming the Prager's kinematic
hardening rule modified by Ziegler.

C: Incremental method.

D: Same as Imoto's (16).

E: BG, B: constant (0 < B < 1)

: When core concrete fail in compression, all internal stresses
are released, but for cover concrete internal stresses are
released step by step.

(20) Noguchi (1976)

A: Linear elastic except that the orthogonally anisotropic theory
is used for the internal cracked concrete element around the
main bar element to simulate the bond-slip behavior between
the deformed bar and concrete.

C: Load incremental iterative method.

D: When the principal stress exceeds the modulus of rapture, a crack
occurs along a particular grid line. The grid line is relocated
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perpendicular to the maximum principal stress and new nodes are
introduced to express the new crack along the grid line. Then the
cracking release nodal forces are applied at the next iterative
step.

(21) BaZant (1976)

(22)

A:

Extension of the endochronic theory to concrete. This theory was
originally developed for metals which correctly predicts strain-
hardening, unloading, contraction of hysteresis loops in cyclic
loading and so on. The incremental stress-strain relations may be
split into volumetric and deviatoric components and each strain
increment is expressed as a sum of elastic and inelastic
increments. Three major extensions are considered:

1) The hydrostatic pressure sensitivity of inelastic strain.

2) The inelastic dilatancy.

3) The strain-softening tendency at high stress.

Material parameters are identified from test data.

: The absence of yield function and normality rule. But 'material

parameters are identified from fit of biaxial failure envelope
and so on.
Incremental method.

: Tensile failure is accounted by the function equivalent to

maximum tensile strain and stress cutoffs in the failure
criterion.

Strain-softening is expressed by the function of stress and
strain invariants. Material parameters are identified from
test data.

Arai (1978)

A:

Biaxial stresses are determined as a function of principal
strain similar to Liu's (5), in a state of plane stress on the
basis of Kupfer's test data (1969).

: Kupfer's failure criterion.

Iterative method.
Same as Liu's (5).
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1.-PREAMBLE "There are extraordinarily many

unresolved problems in the ge-
neral area of bond and slip of
reinforcing steel under severe
cyclic loading".

E. POPOV, 1977

1.1. This was not intended to be a detailed State of the Art

Report. One cannot find here a systematic review of all
previous papers published on the subject (mainly after
1967) .

This Report has rather to be ccnsidered as an attempt
to serve as a framework of ideas, for a possible r a -
t i onal approach of the mechanisms governing bond,
mainly under cyclic loading. Nevertheless, many Refe-
rences, are cited and numerical values are very often
presented along this Renort, making practical "compu-
ting" possible for some design purposes.

One cannot overestimate the fundamental s i g n i f i -
cance of steel-to-concrete bond on every aspect of
structural behaviour of R.C., including anchorage and
splices, cracking, deformations, damping etc. When ¢ y-
¢l ic 1loading enters into the picture, bond deterio-
ration under cyclic straining calls for higher develop-
ment lengths, better provisions against cracking,measu-
res against larger deflections and dangerous stiffness
degradation; finally a problem of low cycle fatigue or
desintegration may be raised due to this bond deterio-
ration, especially within joints, in monolithic or pre-
casting technology. Compared to this fund amental signi-
ficance of bond, the amount of research devoted to this
topic (both theoretical and experimental) is strangely
small, particularly when reversed loading is concerned.
As a consequence, the preparation of this Report was not
a very easy task: On many occasions, the Reporter felt
the obligation to make use of oversimplifications and/
/or simple assumptions when evidence was missing; other
wise, this Report would be an incoherent alinement of
unconnected empirical data. It is hoped, however, that
precisely these weak points of the Report will engender
the additional research works urgently needed, so that
after an extremely short time this Report will be obso-
lete.
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.- F OR A CONCRPTUAL MODETL OF

B OND

"A thorough knowledge of the sources
of bond would help reduce the amount
of required testing and make it pos-
sible to predict and understand the
influence of variables to which bond
is most sensitive".

Stocker + Sozen, 1970

Before loading

a) Penetration of dissolved components of cement paste
in the oxyde layer of the steel (physicochemical inter-
locking), [Martin, 1967]. :

b) Interlocking of cement paste on the surface irregula-
rities of the bar (approx. 30 u of depth and 300 p of
width, @ehm, 1961]), as well as interlocking of mortar
on the possible ribs of a (deformed) bar.

c) Casting of concrete, depending on the position and
direction of the steel bar, affects bond due to settle-
ment, bleeding and surrounding pressure of fresh con-
crete, [e.g. Ferguson, 1966].

d) Shrinkage of concrete creates compressive stresses
"°y0" normal to the lateral surface of the bar. For a
shrinkage value of 3.10 _4, 0§0 - values of the order
of 0,5 MPa have been reported [Lutz + Gergely, 1967].

A linear relationship is found between shrinkage coef-
ficient and OyO —~values, depending on the elasticity

moduli of the paste and the "inclusion" [Koufopoulos +
+ Theocaris, 1969 ].

Loading of bar within unecracked concrete

a) Extremely small slips are produced (of the order of
few microns &Q)before reaching the level tT_ of adhesion
(Fig. A2/1). Values of T_ as low as 0,6 Mpa® are
reported for almost zero®slip [Mikhailov, 1952]. The
same order of magnitude (approx. 0,4 < 1,5 MPa) has been
measured for cement-paste and aggregate interface ad-
hesions under tension Efaylor + Broms, 1964].

The corresponding slip may be of the order of 5+ 10usee,
e.g., Edwards + Yannopoulos, 1978).

b) Further locading will mobiliZe the mechanical inter-
locking of cement paste on the microscopic irregulari-
ties of the bar surface, as well as the interlocking of
the mortar on the ribs if any. Increasing bond-stresses
T thus induced into the surrounding concrete may create
a first internal cracking (at, say , t=T1,) of the con-
crete. Such cracks will in turn modify the response of
this concrete: Its stifness will be diminuished; con-
sequently larger slips will be needed for further T -
increments.
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2.2. First internal cracking - '

a) Figures 2/1 to 2/3 show several stress distributions

around the bar, depending i.a. on the conditions of lo-

ading and the subsequent t-distribution, as well as on

the boundary conditions. Inspite their variety, the

following characteristics may be derived from these ex-

amples:

® Relatively large longitudinal tension stresses o_ are
acting on the concrete surrounding the bar, if tefisioned.

® Compressive radial stresses o, are engendered by the
pull-out itself, at least awa¥ from the boundaries and/
/or when separation near the end-face is not taking
place. (In this connection, Fig. 2/4 may be instructive:
If a tensioning displacement were applied, o would
become tension near the end-face, leading to* a possible
separation) . Similar compressive Gy are shown in Fig.2/5.

b) Under the combined action of T,OX and Cy ; plus the

possible "external" longitudinal and radial stresses
(shrinkage--oyO included), large d i a g o na 1l tension

stresses O, are produced, leading to diagonal (tranversal)
cracks aloifig the bar, as found experimentaly [Goto,1971]
or by means of finite elements simulation (Fig. 2/5),
EYannopoulos, 1976].

In the meantime, tangential normal tensions o_ (see i.a.
Fig. 2/3), created due to the radial compressions O,
tend to produce internal micro-splitting. Neverthelgss,
for the stage of stresses considered just now, o _-values
are somehow lower than o, values. Consequently, tran-
versal cracking preceeds splitting cracking.

c) The critical t,-value for the £ i r s t internal
cracking is highly dependable on a large variety of con-
ditions summarized here below. '

® Technological conditions:

-~ Tension strength (f_,) of concrete, plain or as modi-
fied (slightly thougﬁ) by means of both longitudinal
and/or transversal reinforcements (stirrups, spirals
etc) .

- Coefficient of shrinkage.

- Position and direction of steel bar -against direction
of settlement of fresh concrete.

- Amount of cover and/or free spacings between adjacent
bars.

@ Loading conditions:

- External axial and/or radial loading of concrete,
produced independently of the bond action. It is
worth to note here that this is not always the case
with external shear forces: Flexural reinforcements
introduce to the concrete just the amount of axial
bond-force which is dictated by the external shear
force.

- Loading induced by the stressing of the bar itself.
This loading is extremely sensitive to actual con-
ditions: Pull-out or push-in, possibilities for
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confinement and wedging (stirrups, cover ectc).
- Rate of loading.

Under the actual state of knowledge, it is not possible

to quantify the influence of all the above mentioned
conditions on the critical local bond-stress T, which
leads to the first local cracking. Nevertheles$S, Fig.
2/6 offers a first elementary quantification of this
nature Tp= C. fct + wWwhere ¢ depends on OX and Oy
values, both of external or internal origin. Empirical
corrective factors should complete this equation. How-
ever for the limits of variation of Oy and Oy shown

in Fig. 2/1 to 2/3, one could venture some rough esti-
mations for T, at points situated at a distance 1/3
from the poin%s of severe discontinuity:

Fig. A2/1, o= +0,55 t, 0o =0 . Tp® 0,8 fC

Fig. A2/2, ox= +1,0 T, oy 0 Soo T 046 fc

I

t
A t
Fig. A2/3, o= +0,8 T, oy= -0,6 T .. Ta® 0,8 fCt
Some possible favourable conditions could also be taken
into account for many practical cases. Thus, radial
compression due to shrinkage, a certain amount of stir-
rups, as well as a reasonable plastic delay of the
phenomenon, may easily rise these figures to the level .

of Ty ® fct’ or even higher(”Finally, for the case of

pushed-in bars (Fig. A2/4) a similar rough estimates
could lead to:

O = -4,5 T, oy= +0,5 T STy 1,5 fct

which, in turn, may be rised to approximately rAszct.
d) Variable as it may be this T,- value, the small
local slips of the bar for t<t, appear to depend only
on the extensibilitv of nlain “concrete. Consequently,
the slope of the first branch of t-s curve illustrated
in Fig. 2/7, may reasonably be considered as constant.

2.3.- Loading of the bar after the first cracking
a) In the preceding paragraph it is recognigzed that
some splitting cracks may appear just after or simulta-
neously with the main transversal (diagonal) cracking.
As the loading increases, these splitting cracks
propagate both longitudinally and radially (see Fig.
2/5) . Nevertheless, up to this moment, the surrounding
concrete can still offer the following mechanisms for

bond devel r\pment .

waila T VoY

@ General shear by means of mechanical interlocking on
the surface irregularities previously mentioned: A
first difference, after the cracks which started at
the stress level of T,, 1s that the surrounding con-
crete is now much weaﬁer; consequently, the slope AB
(Fig. 2/7) will be comparatively very much smaller.
A second difference lies in that, after the diagonal

(*) E.g. for moderate or pronounced confinement, empirical

factors equal to 1% and 1% ‘ may be justified.
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microcracking, constant radial stresses O_xT are
necessarly introduced at the interface (Fig. A2/8)
for equilibrioum purposes. Consequently, for relative-
ly large slips which have taken place (and have partly
destroyed interlocking), a fr i c tional com~
ponent is entering the picture. Thanks to this
friction (T§ = u.cy) even plain bars are able to re-
place, partly though, the lost part of interlocking-
-transfer of bond stresses.

And so it is, up to a certain stress level T, for
which splitting cracks outbreak through the “whole
cover "c" (see Fig. 2/9). Unless, in the meantime,
the frictional resistance is exhausted or becomes in-
sufficient: In such a case, splitting is not generali-
zed but the bar is pulled-out leaving behind it an
almost intact hole into the concrete.

e Deformed bars apply their bond shear stresses by means
of similar but much more pronounced (macroscaled)
mechanisms. The big difference here is that the rib's-
interlocking cannot be lost. Conseguently, only a ge-
neralized splitting can put an end to this stage of
bond, for T = tTh.

b) An attempt is made here (Fig.2/10) to illustrate the

stress condition at the moment of splitting-outbreak

(see also Tepfers [1973]):

A
S

) .fct + (25—;.0'8) Y

where the empirical factor "y" may reflect (very roughly

though), the efficiency of the surrounding reinforcement

provided against splitting, under the condition, however,
that this reinforcement is close to the bar (closer than
=P it) . At the moment of cracking,concrete extensibility may be
taken as €..%2.10"%, Consequently, Og = €ct.Eg®40 MPa.

Therefore for Bz4%i.e. oy =1, (Fig. 2/8), and for the

critical depth of pre-splitting suggested by Tepfers

[1973], ecritzg__%, (Fig. 2/9), it follows:

2 ¢ . A
Ty ® (% % + % . fCt + ZY'Edt Es- 625 , Where % < 6

c) When an e x t e r n a 1 pressure py is acting on the

lateral surface of the bar, an additional bond should be

taken into account AT = U-pPy,), where u denotes an appro-
priate friction'\*’/coefficient for small values of slips.

On,the basis of the data presented in §2.5a, a value of

~7 is used here. So that, finally,

e 92(
0,8 = 23(cme 4y

A
2 c 1 S 1
~ (= —) . . . 4+ -
T~ (3 P + 3) foe T 2YE By @ES 7 Py
where % < 6
(*) For the oversimplified approach of the model we are
dealing with here, this external pressure cannot bg
taken into account in a more elegant way, in a medi-
um with manifold cracks.
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d) In the case of plain bars, as mentioned before, this
bond level is not practically reached, because of the
insufficient friction which should be mobilized in order
to replace lost interlocking. As a consequence, for
plain bars, a value substantially lower will put an end
to this stage—-and this will alsoc be the ultimate bond T
for plain bars. An attempt is made here to estimate a
possible upper_bound value of 1  for plain bars:
Assuming a higher friction coefficient equal to 0,4
(thanks to the uniformity and the low value of normal

stresses acting on the interface of plain bars) (see §2.

u

5a),
i.e. T = 0,4.0V
the previously found equation becomes
A
2 c 1 S
ZL= —_— . . P + .
Tu< 0,4(3 7 + 3)fct+0,8yect ES ¢as 0,4 py

However it should always be 0,4(% % + %)> C, (82.2.c).

2.4. Loading of deformed bars up to bond failure
a) In this pseudo-quantitative building-up of a simplifi-
ed physical model, it will be admitted that the main
remaining mechanism is ribs' interlocking, combined with
considerable destruction of the surrounding concrete.
Fig. 2/11 illustrates a possible final stage at bond-
-failure: The concrete "teeth", between consecutive
transversal cracks, are loaded with a compressive stress
appro imately equal to 2ty ‘*(see Fig. 2/8). It is worth
to remind here that longitudinal cracks (splitting) have
isolated these concrete "teeth", which are now loaded
under almost unconfined compression, notwithstanding
some shear. Due to this shear, let us consider a
reduction of compressive strength, putting

2

OC(xZTu) = §.fCC

Therefore, t=f_ /3.
cc

b) For the possible role of the surrounding reinforce-
ment (spiral, steel area Ag, hoop diameter dg, spacing
ag) one may think about the favourable consequences of
the lateral pressure "pg" on the compressive strength
of concrete, when the hoop is stressed by the wedging
action (diagonal compressive stress o,, Fig. 2/11):
ps-dsaS = (ZASfys)-Y
where "y" is a corrective factor depending on the geo-

7 A N

metry of the surrounding reinforcement (Fig. 2/10) .

2A
Hence, p_ = Y* —2 f and its contribution to the
s asdS VA
(triaxial) strength of teeth-concrete:
* ~ .
fcc - fcc+ 4 Pg
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2.5.

/2I6.

Consequently, 5 %

oc(z2r ) = ERE T
N T e -
and  Ty® 3 tec 3 Y ad ‘tys

S°s
¢) In case of an external pressure p,,, an appropriate
friction coefficient should also be lected and in this
case an averace value of u=% seems to be reasonable
(see 2.5.a). Consequendly,

A
1 8 S 1
Ta T3 fee 3'YasdS fys t 3P

y

(only for deformed bars)

Friction coefficients
After the ultimate stage described in §2.4. for deformed

bars (or in § 2.3 for plain bars), the only mechanism
left is f r i ¢ t 1 o n, which nevertheless has also
partly contributed to previous stages.

In the following, a short reference is made to possible
values of friction coefficients.

bars by Stocker + Sozen, [1970], highly scattered though
(between 0,15 and 0,50), are practically centered around -
the limits 0,20 to 0,40, for a rather large slip equal

to 3 mm aprroximately.

For deformed bars, and for slips of the order of 0,05 to
0,15 mm, Doerr [1978] offers experimental data leading to
u-values equal to 0,26, 0,30 and 0,55. Consequently, it
seems reasonable for, (the time being) ,to expect friction
coefficients around - for plain and = for deformed_bars.
b) Concrete_to_concrete: Tassios + Tsoukantas [1978] have
ficients as high as 1,0 to 3,0, valid for normal stresses
lower than1 MPa. Nevertheless, for normal stresses higher
than, say,5 MPa acting on keyed-patched joints, it seems
that values lower than 0,8 should be used. For the purpo-
ses of this Report a value u=0,6 will be adopted. It is,
however, understood that this will be a source of very
large uncertainty.

Residual bond strength

a) An abrupt decrease of bond response should be expected
under strain-controled conditions, for slips larger than
those corresponding to the peak bond value Ty-.

As for all falling branches of stress—strain curves, here
again there is a big uncertainty about the level of the
residual bond strength T, and the relevant transition
curve (see Fig. 2/7). Nevertheless, Fig. 2/12 is an
attempt to describe the mechanism which secures this re-
sidual "bond" (shear resistance) for very large slips,
provided that splitting does not lead to a complete desin-
tegration of the surrounding concrete (and this is
feasible by means of a minimun of surrounding reinforce-
ment or thanks to the contiguity of less stressed parts
of the bar): The quasi-triangular sub-teeth have the
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tendency to move along together with the bar. The main
resistance against this movement seems to be due to the
concrete-to-concrete interlocking along the compression
cracks AB. The frictional resistance equals T, = Uy O,
where uy20,6 (for o > 10 MPa), (see preceding paragraph)
and o, may be estimated ‘*/ from its value at the moment
of compressive rupture of teeth (§ 2.4., Fig. 2/11)

1. e (1-gi
o5 £ (1-sing) .
Under these hypothetical conditions,

- b _ e _b s @
T, = 3 Ty°cos 5 = o HpOpcos 3
" Q —ed ia 9P 1A . 20
20,30 cos 5 (1 51nw{(51n 5 +1/1+sin 2)fCC

o}
or, for ¢ = 457, T, ® 0,12 fcc'

b) In order to take into account the surrounding reinfor-
cement (Fig. A2/13), only dowel action will be considered

here, as expressed by Rasmussen [1962] and modified by
Tassios + Tsoukantas [1978]:

a
’ . -(2 L] -—§ = [MP a—]
rrdnd bcos a) 2AsfCt “/fys

2
Consequently, for ¢ = 450,ur-= 0,6 and a = 0,78,
. A »
s MP .
Tr ~ 0,12 fcc +0,30 @Eg_fct fct + 1,40 py

(for deformed bars)
As a matter of fact, for clear "splitting" failures, an
abrupt falling branch is expected with almost zero resi-
dual bond-strength (see line CG in Fig. 2/7).
c) In the above formula, the last term takes into conside-
ration the possible action of external radial pressure:

= sing ) 20
Ts py( 5 + U, - cos 2)
_ bcos %
Tof™ T Tg % 1,40 py

This, however, is a rather1doubtfully high value and should
not be used for p > = £ co-

d) For plain bars,“an estimation of the residual bond-
-=strenath could be made if the residual o,,~-values were
known after the bond failure discussed in  §2.3.d. Under
the actual state of knowledge, however, only the following
rough proposal could be made, provided that splitting does
not lead to a complete desintegration of the surrounding
concrete (compare §2.6.a):

After a considerable amount+t of slin it could be adnmitted

Al el G MDA MT L QLT Qv uilc UL Seapty -‘-V'VV‘-" haukendl Mlitde LA

that irregularities are smoothed and friction has come to
its minimum value valid for smooth steel on sawn concrete
surfaces (u =0,15, Tassios + Demiris 1970 ). Consequently,
under the assumption of "frozen" normal stress developed

(*) This is a practical application of the assumption of
"frozen" normal stress after shear yield of surface.
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2.7.

under the ultimate load 7Ty, it could be written.
T, > 0,15 oyu =~ 0,3 (0,5 oyu) = 0,3 Ty

Obviously, for clear splitting failures, an abrupt
falling branch is expected, with almost zero residual
bond-strength (see line BF in Fig. 2/7). Nevertheless,
such failures may be avoided, as previously mentioned,
in many practical cases.

Unloading from Ty < Ty and reloading

a) Practically speaking, no rebound is expected after
such an unloading between the points A and C of the
descriptive curve of Fig.2/14: All internal cracks, as
described in § 2.3. and 2.4., will practically remain
open. Nevertheless, a very small amount of "elasticity"
could possibly be expected: There are always some
microscopic cantilevers of sound cement paste material,
submitted to a kind of bending which may be released
elastically after unloading. As a first appro-
ximation for the slope of this unloading branch PR, one
could retain the initial slope of the loading curve 0T
(Fig.2/7), i.e.,very roughly, equal to 5 MPa: 10 u =K'= ~
= 0,5 MPa/u. '
As soon as an opposite_slip is imposed to the bar (re-
presentative points left to R' in Fig.2/14), a negative
bond-stress tg; will be build-up. In order to make a
rough estimation of the magnitude of this bond r e a -
c t i o n againstopposite slip, one may adopt once
again the assumption of "frozen" normal stress. In such

] = ~ @] -
a case, oyO o T, (for B = 45°) and T u(cyo+py)

where u=y as it has been chosen in §2.3.c.
1
Therefore, Toy *~ 7 (rl+py)

b) This negative bond response will remain co n stant
as a consequence of the assumption of "frozen" oy, as

it has been developed at the moment of positive {oading
T = Ty.

As thé opposite slips are further increasing the
following modifications are induced to the surrounding
concrete:

Transversal (diagonal) cracks start to close gradually.
It is reasonable to admit that these cracks will be
completely closed as soon as the previously observed
slip will be withdrawn, i.e., approximately, when the
horizontal line R'H will touch the antimetric monotonic
curve OA'B'C'. From now on, should further opposite slips
be still imposed, additional negative bond will be deve-
loped as anticipated by the curve OA'B'C': In fact, the
surrounding concrete is "intact" again, since its diago-
nal cracks are closed and stressed under compression
only. (Diagonal cracks pekrpendicular to the previous
ones will possibly open if the negative bond should
continue to increase). Nevertheless, the internal split-
ting cracks previously open (at "point" P) have remained
open since oy, - Stresses were supposed to remain
unchanged. Consequently, the negative loading
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2.8.

2.9.

could not be described exactly by the antimetric curve
OA'B'C'; somehow lower_response should be expected (say
arbitrarily, by two thirds).

¢) When a new unloading will occur, a similar behaviour

is expected. Nevertheless, in order to take into account

the somehow degraded bond available at P!, it seems
reasonable to admit here
1 1, 2
To = 4 (To+p,) = £( ST+ .
o = 1{Tpr*py) = 70 3T+ py)

And during the "reloading" (slip to the right), the posi-
tive reaction TQ will be kept constant for the same
reasons as previously put forth for the value Toy*
This time, the horizontal line QX of the diagramme
(always in Fig. 2/14) will not rise-up unless the same
slip is reached as at the beginning of the cycle, i.e. at
the point X. In fact, it is at that moment that (i) dia-

react against additional opening, (ii) bursting stresses

induced by the ribs will start to increase_again and con-
tribute to further splitting and/or to the compressive
exhaustion of the concrete-teeth considered in §§ 2.3. and
2.4.

d) Similar cycling should be followed if the imposed slips
would be larger (see loop YY'ZW, Fig. 2/14).

e) Further refinements of the model will be introduced in
§ 4, mainly on the basis of experimental evidence.

Combined bond and dowel action

For reascnably low values of concrete cover and/or trans-
verse reinforcement, it is obvious that simultaneous dowel
action will contribute to an early s p 1 it ting of
the surrounding concrete, thus increasing slip and
diminuishing bond strength.

Within this report only some rough experimental results
will be mentioned [Sharma,,j96§], although they have been
found for large embedments: ’

Let "Pu,O" be the characteristic bond~load at 0,5 mm end-
slip under zero dowel load Vg = 0. The loss AP in chara-
cteristic bond-load (for the same slip) due to a simulta-
neous action of a dowel load Vgr has been found (in a
limited number of tests) to be AP = 3Vy. Therefore for a
small embedment "a" the following qualitative approxima-
tion could very roughlybe madeit= P : ma, og = Vq : @Pa
and therefore Tug = T407 %

Rate of pulling-out

Since bond-strength depends i.a. on compressive strength
of concrete, it is reasonable to expect that bond-
-strength will be related to the rate of loading in a
somehow similar way, +

Ta f Tuo F 0,1 (log %0 + 10),
as it has been proposed by Kvirikadze [}971] for compres-
sive strength.
Forty five percent (45%) higher local maximum bond-stresses
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have been observed by Perry + Jundi Eﬁ96§] near the loaded
end of their long specimen (230 mm), for a rate t= 160
MPa/sec. After a correction of 20% due to the difference
of strengths of concretes used in their static and dynamic
tests (15,5 and 18,9 MPa respectively), the remaining net
difference of 25% is approximately predictebleby the

MPa

above formula (TO =1 EEE)‘

.Final corrections and summary

a) Against the conditions of concrete casting,

the following corrective factors are applied as a first
approximation.

Vertical casting parallel to the axis of the bar: C = 1.
Horizontal casting perpendicular to the axis of the bar:
c- 3

Particularly unfavourable conditions of casting (horizon-
tal casting of high specimens, top or very small diameter
1

2

b) It is largely recognized that the location of the point
considered along the interface has a very important influ-
ence on the local bond-slip characteristics. In fact, at
points situated near a free end of the concrete block
containing the bar, internal cracks (of all natures con-
sidered) may easily outbreak and diminuish the local bond
resistance. A rough proposal in order to quantify this
phenomenon (coefficient "A") is presented in Fig. 2/15,
(based on Nilson's [1971] , Fig. 13).

bars): T g

ct
A = location factor, Fig. 2/15.

T coefficient depending on thetriaxial stress
field acting on the surrounding concrete, Fig.
2/6.
fCt = tensile strength of concrete, mean value.
[MPa] A
_ 2 c 1 L s , 1
® TB = g.x.(3 7 + 3)fctk80'y¢as4-4py
¢ = concrete cover c
¢ = bar diameter however g s 6.
Y = geometry factor of the surrounding reinforcement
Fig. 2/10.
AS = gteel area of one bar of the surrounding rein-
forcement (separately for each direction)
ag = spacing of surrounding bars.
p. = externally applied pressure normally to the
Y interface.
e T =-]‘-$F,}\,af +§- ..Z_):g. £ -+ 1
u 3= cc” 3 Y a_d,"ys 3 Py-
fcc= compressive strength of concrete.
ds = equivalent diameter of surrounding hoops.
fys= yvield strength of steel hoops.
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2.11.

A

_ el S MPa
® T = 0,12-E-A f ot 0, 3? Fa - fct fys + 1,40 py, for
py not hlgher of Z fcc

d) Summing-up for plain bars:
as per deformed bars.

A CtZC ] MPa  A_
® T, < 0,4 g-x(§ 7 + §) £ t+ 30v ¢ + 0,4 py
2¢c .1
where 0,4 E (3 7 + 3) > C and ¢ £ 6
) Tr = 0,3 Tu
N o t e:

Additional corrections might be necessarv:

of Ty equal to Vg : @-a should be applled Here, Vd
denotes the dowel load supposed to be acting uniforme-
ly along the small length "a" where the pull-out force
is reported
factor could be equal to

0,1 (log T + 10
t" denotes the rate o

where )

)
f bond-stress in MPa/sec.

Characteristic slip values

Only characteristic bond-stresses have been considered
so far, along the description of the conceptual model.
The number of parameters influencing these characteri-
stic bond-stresses is already vast and a very large
scatter is to be expected around the proposed values.
The situation will be plausibly worse when deformation
is considered. As a consequence, the computational
attempt made in Fig. 2/16 in order to get some rough
estimations of the characteristic bond-slips, is but an
oversimplified model which allows, nevertheless, to

draw some first qualitative conclusions:

a) Characteristic slip values seem to increase with

the diameter of the bar, the concrete cover and the tran-
sverse reinforcement (*). A similar increase is antici-
pated for larger rib spacings i.e. for larger a/uv ratios
(in Fig. 2/16 a/v has been_ taken constantly equal to 16).
Fig. 2/17 after Rehm [1961] is interesting to be
reminded in this respect.

b) For a typical case of =20 mm and c =40 mm, one
could find: 5,z 5 u, SRz 45 p and S ~ 170 wu.

A%
In connection with S, Rehm [1961 has stated that "the
displacements occuring when shear resistance is overcome

(*) This reinforcement was not taken into account in the
numerical estimations of Fig.2/16, but its favour-
able influence towards higher t-values contributes
directly to higher g-values.
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are about 10% of the rib spacing".

c) Possible primary cracking, non—-apparent though, may
occur across an embedded long bar. In such cases, if
these cracks are not separately considered, an apparent
increase of local slips may be observed or adopted (in
experiments or in calculations, respectively) .

d) For the same rib's geometry, lower slips are expected
for lower bond-strengths (e.g. next to primary cracks
where A << 1) .

EXPERIMENTAL EVIDENCHE

Monotonic loading

(local bond -~ local slip curves)

a) In Table I experimental and computed values of chara-
cteristic bond-stresses are shown and compared. Their
ratios are brought to Fig. 3/2. A very poor agreement is
found, yet on the basis of limited experimental data.
Additional test results are bound to further worsen the
validity of the proposed formulae, although a part of
the scattering could be systematically explained if the
differences in length of the "small" embedment were.
taken into account. In conclusion, the model set-forth
in §2 is not able to serve but as qualitative tool, in
order to locate or recognize the parameters of the pro-
blem, and to estimate their relative importance each
time.

b) As it has been anticipated, characteristic slip-
-values are even less predictable than bond-stresses.
The exmerimental arrangement, narticularly the secondary
stress—-field induced by the supports, 1s one of the
reasons for a much higher sensitivity of slip values.
Table II shows some characteristic local slip values

as found experimentally. No attempt is made here to find
the corresponding computed values (§2.11, Fig. 2/16).
The remark made in § 2.11.c¢, about possibly unnoticed
internal primary cracks, should also be reminded here.

Cyclic loading

Table III summarises some experimental results concerning
of embedment, around 40mm) . The scarsity of data does
not allow for clear conclusion, although the temporary
use of the values proposed is not excluded either.
Experimental evidence concerning cyclic local bond-slip
will be used again in § 4 for further refinements of the
model.

79



4.

4.1.

A SIMPLIFIED CONSTITUTIVE RULE
F OR L OCAL BOND S I P UNDER
CYCLTIC LOADING

[yl

The monotonic curve of Fig. 2/7 (with characteristic T-g
values indicated in §2.10.c and Fig. 2/16) will serve as
a guide-curve (not always an envelope) .

Degradation during slip-controlled cycles

In Fig. 4/1, unloading after the bond level Ty leads to
A 1 - =1

the bond level To1 = 2

Further opposite sliping will take place on the constant
level -t up to the point of intersection with the anti-
metric curve (m') of monotonic loading reduced by 2.

T (as described in §2.7).

The negative slip —s1 will, therefore, correspond to 3

the bond level - § Tt For the slip-controlled loading
considered here, a positive slip w1ll start to be imposed
again; a positive bond level To1 = ( 3 T 1) will be

reached soon, untill the initial Sllp + s, is regained.
If an opposite slip has to be imposed again, the absolute
value of the r e s i d ual bond "t will be lower

14

than -t,,. In fact, it is reasonable to admit that after
the succCé&ssive opening, closing and re-opening of micro-
cracks considered in §2.7.c, a certain loosening of the
surrounding concrete will take place, so that for the
n,‘th cycle: Tr1,n1 < Tyq- For assessing this "residual
bond ratio" (more generally oL = Tyi,ng ° ) experi-
i

mental findings of Morita + Kaku [1973] and Plalnls +
+ Tassios ﬁ978] have been used (see upper left part of
Fig. 4/1).
It has also been admitted that this ratio equals the
ratio between the corresponding peak-residual bond
stresses Trl n and the initial stress Ttp; (see lower
right part of Fig. 4/1).
Thus when the full slip + s; is imposed for n cycles,
the corresponding extreme bonds are only equal to

2
"“pr‘-‘:.m 7 T 3P T

n
1M1 S Il mi

Next cycle, after a possible increase of s, to S44q7

will:
a) start from point [t

1

ri,ni’®i

b) go up (slope K') to the mohotonic curve

c) continue on this curve, up to the point Fm i+1’si+1]
14

Any unloading from this high point shall follow the pre-
vious rules.
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4.4.

An alternative possibility appears to be suggested by
some experimental evidence (not yet reconfirmed though):
Going up towards the monotonic curve (step 4.3.b) should
stop at a level 1 ow e r than that indicated by this
curve; the next step (§ 4.3.c) should take place on a
curve par allel to the corresponding part T’
Tm(i+1) of the monotonic curve. ,

‘Note

5.1.

A more precise (and somehow more complicated) rule has

been proposed by Morita + Kaku [1973 based on their well

known original work. The model proposed here has been in-

spired by: :

® The somehow more severe degradation observed in our own
tests (Plainis + Tassios, 1978).

® The sake for further simplicity, fitting to.the simple
conceptual model set-forth in this Report.

However, one cannot expect considerable differences

between the results of computational applications of

different models which are based on the same general lines.

Repeated (not reversed) loading

For the sake of completeness, Fig. 4/2 shows an excellent
example of experimental work on r e p e a t e d local
bond-slip. This example offers refinements useful for
practical applications (stochastic approach included), as
well as for the completion of the constitutive rule for
bond-stress controlled loading. A somehow similar beha-
viour (gradual slip increase) is expected under s u s -
tained bond stress.

BOND A ND CYCLTIC LOADING OF
R. C. ELEMENTS

.Tension stiffening degradation under cyclic loading

Higher peak bond-stresses reached in preceeding cycles
produce a drastic bond reduction during unloading and
reloading, as well as during subsequent cycles with

lower peak stresses (Fig. 4/1). Consequently, higher

steel stresses are expected between consecutive primary
cracks, during unloading. This fact has been repeatedly
confirmed experimentally, as e.g. by Ismail + Jirsa

ﬁ972], Fig. 5/1. An elementary analytical solution for
the case shown in Fig. 5/1 is presented in Fig. 5/2 and
Fig. 5/3. This solution is based in only one average local
bond-slip curve, instead of a series of characteristic
curves as suggested by Fig. 2/15. Besides, only three
representative points have been considered along the half-
-length of the bar, in order to facilitate a direct
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following up of this application(*z Nevertheless, the
phenomenon is clearly emerging from Fig. 5/3, although
numerical values do not always coincide with those expe-
rimentally found.

Cyclic application of pull-out and/or push-in from one

end

This problem is of fundamental importance, since it is
encountered in all exterior beam-column joints. The main
findings of some experimental investigations on the
subject are summarized here-below very briefly, together
with some analytical models.

5.2.1. A first category of tests comprises cantilever
beams cast monolithically with heavily reinforced end
blocks, to simulate exterior beam-column joints. The
steel slins s at the ("fixed-end") interface are mea-
sured, in order to find the corresponding rotation &
wich contributes (to an unexpectedly high percentage)
towards the deflection of the beam's free end. Here are
the main conclusions from these systematic test series
(Brown + Jirsa, ﬁ971], Ismail + Jirsa, ﬁ972], Gosain +
+ Jirsa [1978]) : :
a) End-glips do not increase significantly after a small
number of repetitions of the same peak load.

b) For load-controlled loading below the level which
produces steel yield, end-slips under a certain low load
are markedly increased if higher peak loads were pre-
viously applied. . ‘

c) For deflection-controlled loadings of large amplitude
of almost fully reversed cycles, y i e 1 d pene -
t rationalong the reinforcing bar increases rapi-
dly with the number of cycles, the bar diameter and the
amplitude of imposed deflections (Fig. 5/4) after yiel-

ding.
d) The "fixed-end" rotations due to slip may contribute
considerably (= 50%) to the deflection of the cantilever.

e) Under the conditions of these tests the order of
magnitude of fixed-end slips after the 39 half cycle is
shown in Fig. 5/5. A relatively small sensitivity '
against specific conditions is observed.

5.2.2.Ina second category of tests, (Hassan + Hawkins,
[1975, a] ) a direct pull-out (or, subsequently push-in)
was applied to one end of a bar embedded in a R.C. block
(Fig. 5/6) . Here are the main conclusions of this very
important work:

a) Progressive bond deterioration under reversed cycling,
is highly dependable on the loading history (Fig.5/7).
If 6 = "end slip between the previous zero load and the
maximum load, divided by the end-slip necessary for

first yielding of the bar", decreasing 6, -values

(*) A computerized application of this nature for fully

fevefsed loading may be seen in Tassios + Yannopoulos
19791 .
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(Fig.5/7a) lead to a stable condition, while constant

&y -values (Fig. 5/7b) rapidly lead to failure. Favoura-
ble is also the case of "compressive" 6y -values of half
the amplitude of "tensile" &, - values (Fig. 5/7c).

The constitutive rule for local bond-slip shown in Fig.
4/1 may offer (qualitatively though) some physical justi-
fication of the above findings.

b) The performance of bars with lug-spacings much larger
than the normal spacing (approx.3 @, ¢ being the nominal
bar diameter), is significantly “inferior.

c) The overall structural integrity of the block (loca-
tion, direction and width of diagonal primary cracks) is
of great importance for the bond-slip characteristics of
anchorage under cyclic loading.

5.2.3. Of particular interest is the analytical method
proposed by Hassan + Hawkins D975,b]for predicting
anchorage characteristics under reversed cyclic loading.
The model takes also in to account the yielding of rein-
forcement, its Bauschinger effect, together with the non-
-linearity of bond stresses. Fig. 5/8 gives a summary of
the main points of this analytical model.

Inspite its physical inadequacies (empirical expression
for fully "cracked" length, equilibrium - dependent
Tmax-value, instead of being slip-dependent), the model
has several practical possibilities for computational
predictions of highly complicated cyclic bond loadings,
for which simple models are not available.

5.2.4. Nevertheless, a more‘*fundamental approach is still
desirable. Local bond-slip relationships appear to be
very promising for this kind of loading too: The consti-
tutive rule presented e.g. in Fig. 4/1 may be used.to

the purpose, together with the modifications foreseen in
Fig. 2/15 along the end-zones of the anchorage considered.
Such a technique has been applied by Popov + Bertero +

+ Cowell + Viwathanepa [1978] : The bar is supposed to

be connected to the surrounding concrete by means of
springs in discrete spacings along the bar. The bond
stress-displacement characteristics of each spring are
dictated by several idealized relationship; details of
this model were missing at the moment of writing this
Report but the principle appears very sound. On the other
hand, Morita + Kaku [ﬁ973] have successefully applied
their local bond-slip law in a case of cyclic pull-out
and push-in (from one end), although only a unique curve
has been used for every point along the embedded length.
In order to show the potentialities of this principle,

an equally simple method (*)is shown in Fig. 5/9, Fig.5/
/10 and Fig. 5/11 (using rather arbitrary basic data)

for the case studied by Hassan + Hawkins (op. cit.).
Nevertheless, the use of just one bond-slip law for every

(*) This numerical application has been prepared by S.
Samaras, Dipl. Eng.
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point along the bar is a basic handicap, limiting the
versatility of the technique. In addition, only one "t-s"
curve does not allow the use of falling branch; supplemen-—
tary assumptions are necessary instead, near the ends of
the bar.

The complete technigue (with varying curves near the ends)
is actually studied in the Nat. Techn. University of
Athens, by means of appropriate computer programmes.

5.3. Alternate application of pull-out from one end, and
simultaneous push-in f£rom the other

Alike the case of the previous paragraph, beam-column
joints (interior joints this time) are particularly con-
cerned with this type of bond cyclic loading (compare

§ 6.2). A fundamental research work on the subject, re-
peatedly reviewed here, has been performed by Bertero +
+ Popov + Vivathanatepa D978] . Data and some typical
results are reproduced in Fig. 5/12 and Fig. 5/13. Some
of the findings of this work are summerized here below:
a) Before reaching yield of steel, a cone of unconfined
concrete pulls away from the confined core; the corres-
ponding length is no more available for transmitting
bond stresses.

b) Roughly speaking, almost symmetric or antimetric pat-
terns of stresses and displacements are generated.

c) Significant bond deterioration occurs, particularly
when the applied displacements exceed those producing
yield of steel.

The analytical models mentioned in §5.2.4 are expected
to offer further insight and allow for low cost
mathematdical tests, instead of the physical
ones. ‘

6. SOME PRACTICAL IMPLICATIONS

Although the structural consequences of bond deterioration
are included in the main topics of other Sessions of this
Symposium, a m'i n'imum of similar remarks has been
deemed necessarv to be made here, as a closure, in order
to underline the fundamental significance of the local
bond-slip phenomena we have dealt within this Report.

6.1. Flexural stiffness, damping and crack width under
cyclic loading.

This is a very well known topic supported by an extensi-
ve amount of experimental data.

This paragraph intends only to remind the practical po-
tentiality of the local bond-slip approach, in this
connection too. If we take back the c o mp u t e d end
displacements (half crack-widths) of Fig. 5/3, we may
consider a rectangular beam section as shown in Figé6/1
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and think of the two extreme axially stressed members, A

and A, (*), under repeated bending. Table IV makes use
of the results of Fig. 5/3, translating them into moment
~curvature relationships (see Fig. 6/1). This approxi-

mative technique may be used for a n y cyclic loading or
cyclic displacement characteristics, provided that good
models for cyclic behaviour of steel and concrete are
available (see also Tassios + Yannopoulos, D979]).
Therefore, stiffness degradation, hysteretic damping and
crack width under cyclic loading, may be computed on the
basis of an appropriate local bond-slip model.

Joints under seismic loading

Fig.6/2 illustrates very roughly the transmission of for-
ces through the core of internal joints, before and after
hinging of the beams. Initially, the compressive forces
of beam and column, acting on their uncracked compressive
zones, are d i r e ¢ t 1 y transmitted from corner to cor-
ner through the core of the joint. Relatively little dia-
gonal compression is initiated by means of bond along the
bars (see also Fig. 6/3,a).

On the contrary, after the formation of large cracks on
the vertical interfaces of joint (due to previous cyclic
overloading) , horizontal compressive forces from the beam
have to be transmitted by means of the compressive rein-
forcement, so that C =T . The corresponding bond demand
is higher and it is SfuPther increased because of the
coming yield penetration (Fig. 6/2,b), Direct diagonal
transmission of compressive forces from corner to corner
is no more possible, although the combination of column
compression with the bond forces induced by horizontal
bars, results in diagonal compressions directed to points
B and B' in Fig.6/2,b. Parallely, intensive diagonal
compressions are induced by the "concentrated" high bond
stresses (t..). These compressions are directed to points
A and A' in Fig. 6/2.b, where egqui l ibr ium is
impossible, unless horizontal h o o p s are provided.
This is the mechanism suggested by Paulay + Park + Pries-
tley, [1978].

The patterns for distribution of bond stresses used in
Fig. 6/2 and Fig. 6/3 have been encountered in previous
paragraphs of this Report(mainly in § 6) both out of ex-
perimental or computational works. (Somehow similar dis-
tributions after overloading, may be taken from Fig.6a

of the previously mentioned reference, Paulay et al. ﬁ978
as shown in our Fig. 6/4).

It is believed that further study of bond-slip relation-
ships within longitudinally and transversally reinforced
concrete under cyclic loading, will directly contribute
towardsa r a t i on a l model for the structural beha-
viour of joints under seismic action.

(*) For this substitute flexural model see i.a. Ferry Borges,

D973]
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6.3. Anchorage capacity under cyclic loading

After what it has been said in the previous paragraphs
5.2, 5.3 and 6.2, it becomes clear that it is still dif-
ficult to set forth general rules for the development
lengths needed under cyclic loading: The s pecific

theless, the following simple rules may be temporarily
considered:

a) Development lengths should be counted only from the
ins ide of the column bar (towards the confined core).
In this respect, the very low t-values offered near the
end-face of non-reinforced concrete (after primary crac-
king), and the risk of pulling-out of core (§5.3.a)
should be avoided. '

b) Confinement of the anchoragée zone must compulsorily

be provided, in order to secure its overall integrity
(mainly against external shear) and for local bond bet-
terment. The oversimplified formulae, summarized in § 2.10.
c,offer an order of magnitude of the contribution of
transversal reinforcement to the characteristic values
of bond strength. :

c) Nevertheless, for large bar diameters (larger than,
say, 35+50 mm), splitting is very difficult to be avoided
(compare also Morita + Kaku, D977]). Consequently the
characteristic value tg should be considered as peak-va-
lue, and brittle failures are to be expected.

d) For hooked bars (shortened "lead-in" lengths), fully
reversed cycles can not be safely undertaken, unless hook
movements for compression loading are effectively con-
strained: Shortened "lead-in" lengths (because of the
provision of hooks) allow yield penetration to reach the
hook and produce a brittle loss of concrete cover behind
it, unless an appropriately strong constraint is provided
(Hassan + Hawkins, [1977a]) . o
Besides, 90° deg. hooks seem to be preferable to 180" deg.
hooks (ACI-ASCE Commettee 352, § 4.2.5.2, [1976]): Broader
distribution of lateral stresses on the concrete, and
easier constraint are possible, due to the vertical exten-
sion of the hook.

e) Different expected histories of loading may have dra-
matically different effects on a given anchorage length:
® When overloads of the same sign are expected, the addi-

- tional permanent slip should by taken into considera-
tion in serviceability design (see Fig.4/2).
® When reversed loading (*og ., Or + €5 max) &S expected,

the following working hypothesis could be set forth as
a temporary basis for discussion and as a research -
~- incentive: Design the development lengths on the

rage bond-stress, roughly estimated as follows:

86



"Equivalent number of full
" "
Loading reversed cycles "n Performance
conditions n<3 4<n<10 10<n expectations
——='=£
o , o § % Prgcg?cgl
Os,max sy |- S,serv zi- g —S1Serv zj_ = en '1x1t¥ _
O¢ max 3 O¢ max 3 n o |(serviceabili~
’ ! 85 | ty limit sta-
B o te
a 2 — X
7 €2 B 3 B G o
(S
I ZN R I Q-
e 3¢ .5 1 B 1 B 5 No-collapse
s,max 2 3 7% | (ultimate
>€ Y _ 1 d o e O limit state)
sy . o)
52 Special local measures for O M
ay ensuring anchorage é?ﬁ
a A
3 = ductility demand
y
B = an appropriate reduction coefficient depending on-
transversal compression and degree of confinement.
In assessing these rough proposals, the data illustrated
in Fig 4/1, Fig.5/3, Fig 5/4, Fig. 5/6 have been taken into
account i.a. :
6.4. Splices under cyclic loading

This paragraph is intended to be a short one. No referen-
ce will be made to the stress field and the corresponding
micro - and macro-cracking in the area of a splice, under

‘monotonic loading (see i.a., Stoeckl, ﬁ97ﬂ,Tepfers, [1973)

Orangun + Jirsa + Breen, [1977]).

The basic bond-slip model presented along this Report,

may possibly serve as a basis for the extension of the

knowledge from monotonic to the cyclic loading.

However, a special reference will be made here of the com-

pleteness of the formula proposed by Orangun et al. (op.

cit.), for the average (static) bond strength at the spli-

ce length lS: A £
T, = 0,10 40,255+ 4,15—%+ jétgs %'tr £ o

(For notation see Fig.2/10 and Fig.2/11, units: mm,MPa)

It is also important to remind here the specific study

made by Tepfers (op.cit.) on the £f a t i g u e of lapped

splices under pulsating bond load (from around 10% = 30%

up to 50% + 90% of the average ultimate static bond strength

all one sign loads). The results seem encouraging, since

a very large number of load repetitions were needed to

produce bond fatigue failures, which, according to Tepfers,

are governed by concrete tensile-strength fatigue characte-

ristics, as forseen by a typical Smith diagramme. Reversed
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7.1.

loading were not applied.

Finally, the consequences of "impact:ttype of bond loading
of splices (studied by Rezansoff et.al., 1975) do not
appear very important. Many unidirectional or reversed im-
pact loadings may be applied without failure, provided
that the static capacity is not exceeded. For higher im-
pact loading exceeding the static capacity by 50%, splice
failure resulted after very few cycles. In this connection
reversed loading did not appeare to be clearly worse than
unidirectional impact loading of the splice.

Systematic investigation on fully instrumented spliced
bars under clear reversed bond-loading and/or related
theoretical studies were not known to the writer of this
Report at the moment of its writing.

SUGGESTED FIELDS OF ADDITTIO -

NAL RESEARCH

In the Preamble of this Report, it has been said:
"It is hoped that, precisely, the weak points of
"this Report will engender the additional research
"works urgently needed, so that after an extremely
"short time this Report will be obsolete"
I sincerely wished it is a 1 r e a d y obsolete, thanks
to the existing research works unknown to this Reporter.
However, under the light of the material included in
this Report, the following topics seem to need further
intensive investigation:

On the physical model of local bond-slip relationship

under monotonic and cyclic loading

a) Radial compressive stresses on the lateral surface of
the bar and longitudinal (incompatibility) stresses due
to shrinkage, corresponding "t-s" consequences.

b) Internal microcracking tracing after bond loading
(both transversal and splitting cracks are of interest,
together with the hypothetical compression - shear cracks
at the ultimate stage).

c) Bond and radial normal stress interaction during loa-
ding.

d) Effects of the rate of bond loading.

e) Topological approach: Local bond-slip relationship
near the end faces.

£) The influence of clear cover on the T-s curve.
g) Residual bond strengths.

h) Creep and relaxation of slips and bond stre

sses.
i) In-situ corrossion and its consequences on local t-s.

Technical parameters influencing the local t-s relatio-

ship

a) The influence of external (longitudinal and/or trans-
versal) normal stresses on the t-s curve.

b) Bond and dowel loading interaction.

c¢) The influence of transversal and longitudinal reinfor-
cement on local T-s curve.
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d) Loading history and detailed "t-s" response
e) The influence of spacing of parallely loaded bars.

7.3. Overall behaviour of anchorages and splices

a) Structural behaviour of hooks under repeated compressi-
ve forces and the effectiveness of the necessary con-
straints.

b) Mathematical models for predicting the structural be-
haviour of anchorages under cyclic loading from both ends.
c) Structural behaviour of anchorages in repaired R.C.
elements.

d) Studies of splices under fully reversed loading (with
the parameters mentioned in §§7.1. and 7.2.).

e) Performance criteria for anchorages and splices under
cyclic loading for serviceability and ultimate limit
states conditions. Corresponding practical recormendations.

Acknowledgements

The writer of this Report gratefully acknowledges the in-
formation kindly sent to him by Prof. Bertero, Prof.
Gergely, Pvof. Hawkins, Prof. Jirsa, Prof. Morita, Prof.
Nilson and Dr. Yannopoulos,

REFERENCES

ACI-ASCE Comm. 352: "Recommendations for design of beam-column
joints in monolithic R.C. structures”, Journal ACI, July, 1976.

Berge + Losberg: "Partially prestressed 3L-concrete", Publ.78,
4, Div. Conc. Structures, Chalmers Univ. of Technology,
Goeteborg, 1978. .

.Ber%ero + Popov + Vivathanatepa: "Bond of reinforcing steel:
Experiments and a mechanical model", Proc. IASS Symp. Nonlinear
Behaviour of R.C. Spatial Structures, Darmstadt, 1978.

Bresler + Bertero: "Behaviour of R.C. under repeated load", Jour-
nal ASCE, Str. Div., June 1968.

Bresler B.: "R.C. Engineering", Vol. I, J. Wiley, N.York,1974.
Brown + Jirsa: "R.C. beams under load reversals", Journal ACI,

May, 1971.
Doerr K.: "Bond-behaviour of ribbed reinforcements under tran-

sversal pressure", Proc. IASS Symp. Nonlinear Behaviour of R.
C. Spatial Structures, Darmstadt, 1978.

Edwards + Yannopoulos: "Local bond-stress-slip relationships
under repeated loading", Magazine of Concrete Research,
Vol. 30, No 103, June 1978.

Ferguson P.M.: "Bond stress = The State of the Art", ACI
Journal, Nov. 1966.

89



Ferry Borges J.: "Structural behaviour under repeated loading",
Working group on the resistance of structures, CEB, 1973.

Gosain + Jirsa: "Bond deterioration in R.C members under cyclic
loads", Proc. 6th World Conf. on Earthquake Eng., New Delhi,
1977.

Goto + Ueda + Maki: "Investigation on tension cracks in R.C.
members", Japan Society of Civil Eng., 2nd Symp. on Deformed
Bars, Japan, Dec. 1965.

Goto Y.: "Cracks formed in concrete around deformed tension
bars", ACI Journal, Apr. 1971.

Hassan + Hawkins: "Anchorage of reinforcing bars for seismic
forces", ACI Special Publication 53, 1977(a)

Hassan + Hawkins: "Prediction of the seismic loading anchorage
characteristics of reinforcing bars", ACI Special Publication
53, 1977 (b).

Ismail + Jirsa: "Bond deterioration in R.C. subject to low
cycle loads", Journal ACI, June 1972.

Koufopoulos + Theocaris: "Shrinkage stresses in two-phase mate-
rials", Journal of Composite Materials, Apr. 1969.

Kvirikadze G.: "Determination of the ultimate strength and
modulus of deformation of concrete at different rates of loading®,

RILEM, Symp. In-situ testing of concr. structures,Budapest,1977.

Lutz + Gergely: "Mechanics of bond and slip of deformed bars in
concrete”, ACI Journal, Nov. 1967.

Martin H.: "Die Haftung der Bewehrung im Stahlbetdn", Radex -
= Rundschau Apr. 1967, (as cited in Stocker + Sozen, 1970).

Morita + Kaku: "Local bond stress-slip relationship under re-
peated loading", Symposium: Resistance and ultimate deforma-

bility of structures acted on by well defined repeated loads,
Lisboa 1973.

Morita + Kaku: " Cracking and deformation of R.C. prisms sub-
jected to tension", Proc. Coll. Inter-Association (Behaviour
in service of concrete structures): Liege, June, 1975.

Morita + Kaku: "Splitting bond failures of large deformed rein-
forcing bars", ACI Annual Convention, San Diego, 1977.

Nilson A.: "Bond stress-slip relations in R.C.", Report No 345,
D/t of Struct. Eng.,Cornell University, 1971.

Orangun + Jirsa + Breen: "A reevaluation of test data on deve-
lopment length and splices", Journal ACI, March 1977.

Paulay + Park + Priestley: "R.C. beam~column joints under
seismic actions", Journal ACI, Nov. 1978.

90



Perry + Jund: "Pullout bond stress distribution under static
and dynamic repeated loadings", Journal ACI, May, 1969.

Petrangeli + Menesto: "The effects of low cycle loads on the
bond in R.C." Proc. 6th Eur. Conf. Earthquake Eng., Dubrovnik,
1978.

Plainis + Tassios: "Local bond-slip test results under cycling,
creep and relaxation", (unpublished data), Nat. Techn.Universi-

ty, Athens, 1978.

Popov E.: "Mechanical characteristics and bond of reinforcing
steel under seismic loading", Workshop on ERCBC, University of

California, July, 1977.

Popov + Bertero + Cowell + Vlwathanepa "Reinforcing steel bond
under monotonic and cyclic loadings", SEAOC Conf., Lake Tahoe,

Sept. 1978.

Rasmussen B.H: "Betoninstobe tvaebelastede boltes og domes bae-

reevne", Laboratoriet for Bygningstatik, Denmarke Tekn. Hojskole,
Meddelelse, Vol. 34, No 2, 1962.

Rehm G.: "Ueber die Grundlagen des Verbundes zwischen Stahl
und Beton , D.A.f.S., Heft 138, 1961.

Rezansoff + Bufkin + Jirsa + Breen: "The performance of lapped
splices under rapid loading", R.R. 152-2, Center for Highway
Research, The University of Texas at Austin, 1975.

Schwing H.: "Zur wirklichkeitsnahen Berechnung von Wandschei-
ben aus Fertigteilen", Techn. Hochschule, (Dissertation), Dar-
mstadt, 1975.

Seckin + Uzumeri: "Examination of design criteria for beam-
-column joints", 6th Eur. Conf. Earth. Eng.,Dubrovnik, 1978.

Sharma N.K.: "Splitting Failures in R.C. members", Thesis,
Cornell University, 1969.

Stocker + Sozen: "Investigation of prestressed R.C. for high-
way bridges, Part V: Bond characteristics of prestressing

strand", Eng. Exp. Station, Bulletin 503, Univ. of Illinois,
1970.

Stoeckl S.: "Uebergreifungsstoesse von zugbeanspruchten Bewe-
hrungsstaeben", Beton und Stahlbetonbau, 10/ 1972. '

Tassios + Demiris: "A new non-destrective method for concrete's
strength determination", Scient.Publ. No 21, Nat. Techn. Uni-
versity, Athens, 1970.

Tassios T.: "Reinforced Concrete, a textbook", (ch.XX,p. 940),
(in greek), Athens, 1976.

Tassios + Tsoukantas: "Serviceability and ultimate limit-
~states of large panels' connections under static and dynamic
loading", Proc. RILEM-CEB-CIB Symp. Mech. Behaviour of Joints

of Precast R.C. Elements, Athens, (Nat. Techn. University),
1978.

91



Tassios + Yannopoulos: "Fundamental computer studies on acially
loaded and flexural members under cyclic loading", AICAP-CEB
Symp. Structural Concrete under seismic actions, Roma 1979.

Taylor + Broms: "Shear bond strength between co

urs
and cement paste or mortar", ACI Journal, Aug. 196

aggregate

W (D

Tepfers R.: "A theory of bond, applied to overlapped tensile
reinforcement splices for deformed bars", Publ. 73,2, Div. of
Concrete Structures, Chalmers University, Goteborg, 1973.

Yannopoulos P.: "Fatique, bond and cracking characteristics of
R.C. tension members"; Ph.D. thesis, Imp. College, London,
Jan. 1976.

92



.. _E _ E _
NO..IQM.OQQ. led.N
\MVMNW.N\W.OQW.IMIH 1 \N\.m.n.w.u+%\.v...mu
£ -9 ‘se=ce co0= Y1 "GOOy ~— ¥9IZ5;
V@ = A mcnm_.N \\lh.mm a
T ({)o9 T o¥ T ge — fuoy) 041 | 491 | &9 |(S€)) 9€ [6z6r ] 4i30q| €
| . - @
(burpogy (9+-c2:=%)
BUISS IO > xm,QS%mv #2, cr=Vz “gep= hwlrm.yw.
ST . _E< 4 . . ¥ _4 ol
91=6¥%: 64| 11=69:02 60-TZ 6¥ ¢©5b ge S T (g Er
cei=cB Gu|or=06 001 17252 c® ©8 €F |puoe: -S4y snyy|(zz)sE [ec6/]
G2l =E/:C0I\GtE=981:SV Z e/="2 9z=8;¥=b; x.».w\; e *N\ _«me (s8e2)oBs busgsoy+abusg| €
. oot oo\ ¥ __. R
Y -aT: D= . 4 = gorf | o2 ) 22 =
P 206G 0B = Sauk.m.&%h 9% = 63 )mm,\\.%mm. 55 oco+0E S0 =2
w, - [ COFO0 , OOl 002 2 & £ _n
mm\um =7t Qmm.vmmwa e tos = Z
o -foor & ooz ¥\ ¥oS \.mum www.mv-m
wnw?mm& 7 toee \v ;] oeree\Trg g/
me&,\mQQQQuV (4f big 535)
P - S v i o po &£67¢
68| g 02| o, . EE 68=92 Ss:=V\ pasunouosd)i=y 752 \QQ\%,NQQGM“ me
2d T ou T eF ooy | oot £1¢ ’ #EA
(7b3) 699 00tt| 0o2| 028 |#4E| & ww.w r (@) OF + 4000y + 0437435 ]
& @ &,. @ ¥Vy: W Ae,l & s s o 2, 122
%@QKQMNN %@%NQ&NN Q%@@MNQN:%.N & .% h o w mm.@ou QM & 2 wmam u% W&QQNW\NW\ @\@\
SN S DY Or0d

(S5S5241S - pUDG DIFSIAS}O0I0Y2)
Butpooy 20UopoUOW OF PIRDISIS IDUSPIAS JOUSULLS0XTT : [ F79VL

93



v

corzpe-ce=% " n.mn.m L.E yp- 2L
Q\-.Iim, 60-£2 | ¢;-£8E g 2 :
o7 o OFC | oy azy)| oov | 09 wam #Hon | & | 6/ |06 |(08)|s2€ (V) [€z61] Dpia04
ot »90 oo
7 Ero eoe
47 ool = Sp &»0 oz
4 : 7,2 -2 on
ep= A : Am.l ._ s CE0=9 -2 ' 29;=2p ‘o= 0N,
Y oo\ P ara\ v oog = 0 .
—_— Z D 2
. A9butpodss.10> 485 = Sy sngg N. 57 T.mwl ;
evo a2z c9s/ o 08 | &/ .mmm.:mi\.\wwim.\ £._7n
660 267 oeln  se goe| 12 g /
uVQ e €56 /e o8 | vE |, ¢ = P
_ 2Z) 990= bidg 60¥ = 6=.LP gee | ooc| goe| O (9=7) (767
o, p - - O - . y YM. +UDSS O,
nm.m- 2 748861y, Y72 O fruoy) & | € |\09 (22)| /12| SUIMOY+UOSSLY]
ge="3 MMNNN EE-94-0=72 : SUDG OIS
V\..mm.‘.um.w \xw.ﬂxlm.m.b =& =N
-E,PE p5,-2
oz 2L \er=i2 8L | -
cb 2y ee %4 | o€ — |#oAFDd o1 | 0E |EE | E¥ SOnodouU o,
£
UW‘NNUHUW.%.IMIHSN V78 .WH
99; 220 — 667 ] opsausyy
S e — — @os - oyl «| |87 el + 3buDII S
Er=c0r:c81 ‘Soi= Q.Pwl. -//- [ e/
c60=¢p:280 ° a.%...,&.m...r - 2e o/ —
cEL=99:69 “£b=g- .m.l.mm. £90- W.% ~ o> L ‘oo Eors 7z QQEQH.M\ 4

94



Cr=Q0: 80 Stz 9&' SF 0 eE o
po=9%: 67 /1= Pe: 00| &7 o9 < mNnWmlw.mm..mw
ol=Pe I re or=8p. & rPe foly =4 N\”M\\ Zuoy K E£L& B¥ oLe £2€
. . , gez e c i
L0 cD:6E cr-gz: 22| co ez o |= owm,.?l,biwnv.mvw.vw
00=¢7:60 eo=sc:0%| 6o oy P m&lm\nmv.
SLo=¥vz:@1| 6o0-6L:22 \Avvﬂv Yoz "4y

Ay - 4
qdutos L QNmN

grz=4 247 wm=flzuoy K ek | 6F |SSE | L2F

UBZOC +43 Y2078

[oz61]

Q‘inl.mm.w sz EE o= nN ; =
or & E (mba) — leuoy) & |rEc|sze|(cz) <2 [+e61] ©@osHiy
o0z=0E-9600-20-9 ‘osv=E+00-£ gv=2L
‘Y - / < b
9u:
coe L. 4021 “y2zok-co=Y] “cOozy “e61=4
. . . / 4
s0=2% (i) <2 1= 22
0 7 €| g9 — [-n-]ee | ee] o2 |-n-] -v-| (&) — =
- ooy 05
k= 02y Z
0N EZ €, E _potpmene. Y, _ V¥ FUIUSUIUID
;7 BtceT 'l €€-0E 4= 32013p0oW

95



(dTa 3UO0)

sTi1=C [Losl] wuex

100

1000

(<< 91 zo07)
[LL61] uosTIN

20

35

[eL6L] m3ey + eataoN

25

50

400

ﬁmhmr nyey + e1TION

35

100

350

ﬁmmmr soTnodouury

60

160

[8L6 @ 1I°200

30

150 7

[sL6l] BasgsoT + =b10g

150

500

(>2000)

mwnmm *Te 31® oxs3Ix8g UO
poseq ATybnox /¢ b1a

60

180

320

(750)

TABLE ITI: Characteristic slip values

SENTYA - dI7TS
DILSTEFIOVEVHD

(s,)

96



TABLE III: Experimental evidence related to cyclic loading

No

Author

Misceleneous comparisons

Data: Unloading from T

Data 1 3,25 under py= 0
" = 6,00 " = 15
1 |[Doerr D97é]
. exp, comp _ U1 _
Results: t,, " : T4y =0,75: 7 3,25 = 0,9
] 1 C oo
= 4,5 : 7 (6+15)= 0,9
2 | Edwards + Unloading slope ranging from K,= 0,5 MPa/u, to
Yannopoulos | K' = 0,2 MPa/u, for lower and higher bond-stres-
ses respectively.
[1978]
3 | Plainis + To1
Tassios T, =~ 0,15+ 0,25
[1978]
Unloading slope kK = 0,4 Mﬁé (vs.0,5 proposed)
4 Morita + @ | e exp M -
Kaku b973] To1 _ 0,25 for 1low rl—values
t, 0,15 for high "

(vs. 0,20 proposed)
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TABLE IV: Calculation of M- %»relationship (Fig. 6/1)

1 Al
r [€c+(7f)tj' z, € ROE)

(M= N-z2, — =
m—ﬁ
NG osMPa NtKN (é%)t 103 OcMPa 80'103 %.103 MKN m
a 140 49 0,51 2,18 0,07 1,05 26,9
b 0 0 0,05 0 0 0,09 0
c 280 98 1,20 4,35 0,15 2,45 53,9
d 0 0 0,06 0 0 0,11 0
e 140 49 0,64 2,18 0,07 1,29 26,9
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Fig. 2/8: Stresses between consecutive tranversal internal

cracks.

. w——
-———-. "W S .

FIRST SPUTTING CRACK:
+1>+1

Jean

OUTBREAK OF SPLITTING:

Crit.e= > 4

max Ot,O

Cmt.ote = J,,-°

10
gElCe >

Fig. 2/9: Splitting stresses, according to Tepfers L1973]

after both transversal and splitting cracks.
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Fig. 2/17:

Local bond-slip curves after Rehm [3960 , for various rib

spacings.
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Fig. 3/1:
A probable local bond-slip relationship, roughly based on
Bertero+Popov+Vivanathepa ( B97$], Fig. 5)
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Fig. 5/2: Elementary analytical solution of the case shown in

Fig. 5/1 (for bond and steel stress distributions

see Fig. 5/3).
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Fig. 5/3:

Distributions of bond and steel
stresses along the half length

AM, (elementary analytical so-

lution, Fig. 5/2).
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Fig. 5/8:
The main characteristics of the semi-empirical analytic model

of Hassan+Hawkins, [1975], for reversed cyclic loading of

anchorage.
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STEEL-MODEL BOND-SLIP MODEL
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e E e 333 , Fig. 5/11:
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monotonic  loading diagramme for the

case shown in Fig.5/9
and 5/10, as found by

means of a simple
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200 REVERSED LOADING
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Fig. 5/12: Experimental details of

cyclic pull-out (T) and
simultaneous push-in

(C) experiments of Popov

e 635 . | )
- (x259 - X +Bertero+Vivathanatepa,
%m l1978].
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STRAIN, MICRO IN/IN OR mm/nwn

(a)

(b)
BOND STAESS, KS! [C
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C 2 8 {40
0 ;
4} p Wes 11%
18€ ™ i »
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Fig. 5/13: Typical results of two-ends simultaneous bond

cyclic loading (Popov+Bertero+Vivathanatepa,

[1978]) .
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[mm]

%

0.2 (o}
«— crack width

Fig. 6/1: Computed moment-curvature and moment—crack width

diagrammes under repeated loading (Table III)

-

b —

Ts

‘f steel stresses

fy>/ fy 1

Fig. 6/2: Transmission of forces trough the core of an intact

joint (a) and a joint after yield penetration (b) .
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Fig. 6/4: Bond stress distribution along
a joint, for various ductili-

ties (based on Paulay et.al.,

[1978]) .
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