ALGORITHMS FOR AGGREGATE INTERLOCK

CONSTITUTIVE BEHAVIOR AT R/C CRACKS
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ABSTRACT

Algorithms have been developed for predicting the resistance provided by aggregate interlock against. sliding shear de-
formations at reinforced concrete cracks. These methods are shown to be capable of Perdicting test results with a reason-
able accuracy, and they are used for an analytical study on the aggregate interlock behavior as influenced by the initial
crack width, concrete compressive strength, maximum aggregate size, and the restraint provided against crack opening.

INTRODUCTION

Sliding shear deformations at the open cracks
in reinforced concrete structures are resisted by
the dowel action of steel bars crossing the cra-
cks, and also by the aggregate interlock result-
ing from roughness of the crack faces(Fig. 1).
The aggregate interlock resistance is partially
provided by the bearing of the adjacent pieces
of aggregate and mortar at the iwo crack faces

against each other. Sliding also results in over-

riding of the roughnesses of crack faces and
thus opening of the crack. The crack opening is
resisted by the tension in the steel bars crossing
the erack, which in turn induce pressure on the
crack faces. The frictional forces resulting from
this action also contribute to the aggregate in-
terlock resistance.

Sliding across the cracks is a major cause of
shear deformations in reinforced concrete
elements and connections.' #* * Limited analyti-

cal and experimental studies have been per-
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formed on the sliding shear resisting mechan-
isms(aggregate interlock and dowel action).
This investigation was conducted to develop
some analytical techniques needed in refined
analysis of the shear behavior of reinforced con-

crete elements and structures.
BACKGROUND

In the reported experimental studies on ag-
gregate interlock, * * % 7 a shear force has gen-
erally been applied across a crack with a preset
imtial width. Further crack opening with the in-
crease in shear force has been either partially
restrained by some external reinforcement[Fig.
2(a) ], or fully prevented by a transverse press-
ure normal to the crack[Fig. 2(b)]. A typical
shear stress —sliding shear deformation diagram
obtained from such aggregate interlock tests is
shown in Fig. 3. Initially, the aggregate inter-
lock stiffness is low, but it increases with sliding
as the contacts between crack roughnesses in-
crease. Thereafter, the stiffness stays constant
and then starts to decrease with further sliding
up to the peak resistance. The post—peak re-
gion of the shear stress—sliding defection dia-
gram is almost flat.

The aggregate interlock stiffness and
strength have been oabserved to increase as the
restraining stiffness(or pressure)and concrete
compressive strength increase and the initial
crack width decreases. There is also a slight in-
crease in stiffness and strength with increasing
maximum aggregate size, provided that good
quality cement paste and aggregates are used.

The following empirical expressions have
been developed by different investigatior for
predicting the initial aggregate interlocking
stiffness(K,, MPa/mm)in terms of the initial
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crack width(C,mm)and the compressive strength
of concrete(f’c, MPa) :
Based on tests with a constant crack width
(restraining pressure) :
Ref.8 1K, = (3.21/C—2.28)(0.307 4/ "¢ — 0.
O1BC) cvvvovrmrmnsaannsannusaeananss (1)
for tests with 0.06 <C<0.4mm
18.5<{"¢<55.5MPa
Ref. 9: K, = 0.98(1/C)'*® ({'./34.5)°° --(2)
for tests with 0.05<C=<0.5mm
16.5=<{'¢<50.5MPa
Ref.5:K, = (3.34/C—2.25) -+vvvvv-- (3)
for tests with 0.08 <C<0.5mm
f'c = 34.5MPa.

Based on tests with a variable crack width in
which a restraining stiffness(K,, MPa/mn)is
provided by steel bars :

1
566.42(C—0.05) ~8.487 K,/C+135.42
............................ 4)
for tests with 0.127<C<0.76mm
19.5=<f"¢<26.5MPa

Ref. 7 K, =

A more comprehensive model for predicting
the constitutive behavior of aggregate interlock
has been developed in Ref. 10. In this model,
which i1s developed on the basis of both test data
and the physics of aggregate interlock behavior,
the shear and normal stresses(8: and 8., respect-
ively, MPa)are expressed in terms of the sliding
deformation and opening of the crack($, and 8§,

respectively, mm) :

o6 = 0.245f", - 0.01D* . 3
0.01D*+ &%, 3,

10/ +2.44(1~16.31/f") | 6/8. 13 (5)
1+2.44(1—-16.31/f")(8./8.)*
0.00053

Om =—8——— - [ 1450, ] ]° (6)
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Fig. 1. Mechanisms Resisting Sliding Shear at Cra-
cks

VL L L L

LA

(a)

Transverse
Pressurs

(b)

Fig. 2. Agregate Interiock Test Technigues: (a)
With Restraining Reinforcement and Variable Crack
Width : (b) With Restraining Pressure and Constant
Crack Width.
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Fig 3. General Shape of the Shear Stress—Sliding
Deflection Obtained from Aggregate interlock Test.

‘ 0.231
where . p = 1.30(1 :
( 10,1855, +5.6305 )+ &nd

D = maximum aggregate size(mm)

In the above model, sliding can occur

only after some finite opening of the crack.

ANALYTICAL MODELING

In this study, two algorithms were developed
on the basis of Eqns.(5) and (6) for predicting
the agtreagate interlock constitutive behavior in
both cases with variable and constant crack
widths.

For the case with a variable crack width
having a restraing stiffness of K, (before
vielding of the restraining steel)and an initial
crack width of C:

(1) given the value of sliding shear defor-
mation, 8, which is an increment over its
previous value, assume a value for the
shear stress(o.) ;

(2) find the values of normal stress(e.)and
crack opening(8,)by solving equation(6),
noting that 0, = K, (8. — C) = {,-ps,
where f, is the restraining steel yield

strength and ps is the ratio of the re-
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straining steel area to that of the crack
surface ;

(3) find the value of sliding shear defor-
mation(estimated 8,) from Eqgn. (5) ;

(4) if the estimated &, is not close enough to
the input value of &, modify ¢, and re-
peat from step 2 until convergence Is
achieved(with the final values of the
variables being the solutions) ; and

(5) repeat steps(1) through(4) until loading

1s completed.

For the case with a constant crack width(C) in
which further crack opening is prevented by a
restraing pressure :
(1) set the crack opening(8,)equal to C;
(2) assume a sliding shear deformation(d,)
which is an increment cver its previous
value ;

(3) find the value of shear stress(d,)from

Eqn. (5) ;
(4) find the value of normal stress(3,)from
Eqn. (6) ; and

(5) repeat steps(2)through(4)until loading is
completed.

COMPARISON WITH TEST RESULTS

The algorithms introduced above were used
to predict the constitutive behavior of aggregate
interlock In some tests reporied in the litera-
ture. Figs. 4(a) through 4(d) compare the
experimental results obtained in tests with vari-
able crack widths(constant restraining
stiffnesses), with the theoretical results ob-
tained by the proposed algorithm and also by
Eaqn. (4). The proposed algorithm is observed to
predict test results with a reasonable accuracy,

while Eqn.(4)can only approximate the intial
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stiiffness of aggregaie interlock.

results of tests performed with a constant
crack width are compared in Figs. 5(a)through
5(d)with the predictions of the proposed algor-
ithm as well as those of Egns. (1), (2) and (3).
In this case also, the proposed algorithm pre-
dicts test results satisfactorily. Egns. (1), (2)
or (3), however, can only give a rough measure

of the imitial aggregate interlock stiffness.
PARAMETRIC STUDIES

The proposed algorithms were used to study
the effects of the initial crack width, concrete
compressive strength, maximum aggregate size,
and the magnitude of the restraining stiffness
on the constitutive behavior of aggregate inter-

lock. The initial crack width is observed in Figs.
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6(a) and 6(b) to have detrimental effects on
the aggregate interlock behavior in cases with
constant and variable crack widths, respect-
ively. The stiffhess and ultimate strength of ag-
gregate interlock In both cases increase signifi-
cantly with decreasing the initial crack width.
Increasing the concrete compressive strength
is also shown in Figs. 7(a) and 7(b) for cases
with constant and variable crack widths, re-
spectively, to considerably increase the aggre-
gate Interlock stiffness and ultimate strength.
Fig. 8(a) and 8(b) show the effect of maximum
aggregate size on the aggregate interlock
behavior for relatively small and large constant
crack widths, respectively. The maximum ag-
gregate size effect seems to be important only
in conditions with large intitial crack width, For
the case with a variable crack width. however,
as shown in Fig. 8(c) and 8(d), the effect of
maximum aggregate size seems to be important

irrespective of the intial crack width.
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In the case with a variable crack width, the
magnitude of the restraining stiffness is ob-
served in Figs. 9(a)through 9(d) to be another
variable significantly influencing the con-
stitutive behavior of aggregate interlock. This
influence shows similar tendencies irrespective
of the value of initial crack width and concrete

compressive strength.
SUMMARY AND CONCLUSIONS

Algorithms were developed for predicting the
aggregate interlock constitutive begavior using
some empirical formulations. The analytical re-
sults obtained from these algorithms compared
well with test results performed with either con-
stant or variable crack widths. A numerical
study with****** the developed algorithms indi-
cated that the sliding shear stiffness and
strength provided by aggregate interlocking in-
crease significantly with decreasing crack width
and increasing concrete compressive strength
and restraing stiffness, and also to some extent

with increasing maximum aggregate size.
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