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On Aggregate Interlock Mechanism in Reinforced Concrete Plates with
Extensive Cracking

Sur la transmission des contraintes au moyen de I'engrénement des faces des fissures
dans les plagues en béton armé

Uber die Querkraftubertragung durch Verzahnung der Rissufer in ebenen gerissenen
Stahibetonscheiben

PIETRO G. GAMBAROVA

Professor

Institute of Structural Engineering (ISTC), Politecnico di Milano
Milan, Italy

SUMMARY

After a review of the characteristics of the so-called Rough Crack Model (recently
introduced by Bazant and by the author /13/) for the analysis of stress transmission
via aggregate interlock across cracks in reinforced contrete ptanar elements, the paper
deals with two basic aspects of cracks: how cracks (already formed) start opening and
slip when the first load is applied, and to what extent the crack shear stiffness is
increased because of the apparent extra stiffness of the reinforcement, caused by the
bar-to-concrete adhesion (tension stiffening of the reinforcement).

RESUME

Aprés une illustration des caractéristiques du modéle appelé "Modéle des Fissures
Rugueuses” (Rough Crack Model) pour l'analyse de la transmission des contraintes au
moyen de I'engrénement des faces des fissures dans une plague en béton armé
(Aggregate Interlock), cette étude considére deux aspects basiques du comportement
des fissures, c’est a dire la loi selon laquelle les faces des fissures (déja développées
dans la plaque) se déplacent (ouverture et glissement des fissures) au moment ou les
charges sont appliquées, et 'accroissement de la rigidité au cisaillement des fissures,
déterminé par I'adhérence des aciers d’armature au béton (en effect cette adhérence
augmente la rigidité "efficace” des barres, parce que le béton limite la déformation
moyenne de 'acier).

ZUSAMMENFASSUNG

Es werden zundchst die Eigenschaften des sogenannten "Modells mit rauhen
Rissufern” zur Untersuchung der Schubspannungsibertragung (liber die Verzahnung
der Rissufer durch grobe Zuschlage) in gerissenen Stahlbetonscheiben beschrieben;
die Arbeit behandelt dann zwei grundlegende Aspekte des Rissverhaltens: an erster
Stelle das Gesetz, wonach sich die als schon entwickelt gedachten Risse 6ffnen und
bei Erstbelastung gleiten, an zweiter Stelle die Bedeutung der Rissschersteifigkeit, die
dem versteifenden Effekt zuzuschreiben ist, den der Beton dank dem
Stahlbetonverbund auf die Bewehrung ausibt (Mitwirkung des Betons).
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1. NATURE OF THE PROBLEM

It is generally recognized that aggregate interlock along the cracked sur-
faces of a reinforced concrete element is a viable means to resist shear
stresses. As a consequence, aggregate interlock mechanism is particularly re
levant in reinforced-concrete bidimensional elements (such as plates and
shells), which are very often subjected to large in-plane shear forces,being
at the same time more or less extensively cracked due to poor tensile strength
of the concrete.

A particularly demanding case is represented by the secondary containment
structures of nuclear reactors, for which the actual trend is to adopt rein-
forced concrete, with or without prestressing. In the first case a high level
of cracking must be expected, as a result of the internal overpressure due

to a possible explosion; as a consequence, if an earthquake occurs when the
overpressure is still present, the earthquake-induced shear must be carried
by an already cracked structure,-with open cracks, which certainly give to
the concrete markedly different strength and stiffness characteristics from
those of thé "solid" concrete.

As a matter of fact, each crack is a discontinuity in the reinforced concrete
element under examination (either plate or shell) so that many local contact
problems arise at the crack interface such as stress concentrations in both
reinforcement and concrete, finite displacements (crack slip and opening),
nonlinear behaviour of the contiguous ''solid™ concrete.For the above-mentioned
reasons the analysis of stress transmission via aggregate interlock in crack
ed,reinforced/gonérete is a challenging problem, which is still open to new
contributiofis both in the experimental field and in the theoretical formula-
tion.

Traditionally, shear transfer in cracked reinforced concrete has been studied
without resorting to concepts of Fracture Mechanics on the assumption that
the cracks are already formed, spanning across the stress field.

Speaking of shear or stress transmission in cracked reinforced concrete, one
must bear in mind that there are at least three different transfer mechanisms:
aggregate interlock (called also interface shear transfer) due to the mutual
engagement of the crack faces, which are rough; dowel action due to the fle-
xural stiffness of the bars crossing the cracks, and to the local bar reorien
tation - kinking - when the cracks undergo major displacements (opening and
slip); internal (axial) forces of the bars related to bar axial stiffness,
these forces having a shear component in the crack plane and a normal (tensile
or compressive) component at right angles to the crack plane.

In what follows most attention will be devoted to stress transfer via aggre
gate interlock, with particular emphasis on the "allowable paths" in the di-~
splacement field (8§ _,8 ) when the crack starts opening. Three combinations
of internal forces across the cracks are analysed: shear and normal temsile
force (which tends to open the cracks), shear, shear and normal compressive
force (which tends to keep the cracks closed), the allowable paths resulting
in second or third order parabolas.

Then the effects of steel—-to—concrete bond (which tends to limit steel de-
formations) are analyzed in order to modify the reinforcement stiffness ma-
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trix, by introducing tension stiffening, which makes the embedded reinforce-
ment apparently much more stiff than the external reinforcement. Stress/strain
relations for the embedded steel are worked out, should bond be partially due
to themical adhesion and to friction and interlock, or to friction and inter
lock only. The theoretical results compare favourably with the latest test
results.

2, EXPERIMENTAL EVIDENCE AND THEORETICAL FORMULATIONS

Many tests carried out mostly in the last fifteen years definitely show that
aggregate interlock mechanism is characterized by four main pgrameters (Fig.,
1): crack opening 8§ , crack slip 8§ , interface shear stress o , interface
confinement stress of, (always compressive). Under the applig loads, the
crack tends to open and to slip, making it possible to transmit stress through
interface engagement. However, this engagement actually occurs only if the
confinement action, due to the reinforcement crossing the crack or to the
boundary constraints, limits the crack tendency to open (crack dilatancy due
to the overriding of the aggregate particles at the crack interface).

The strict connection between shear transmission by aggregate interlock and
concrete dilatancy has not become fully understood until recently, so that
too much experimental work gives no information about the interaction between
confinement and interface shear.

Other physical parameters contribute to shear transfer via aggregate inter-
lock, but their effects are mostly quantitative, and do not modify the nature
of the mechanism. Among these parameters, the following must be remembered:
average size of aggregate particles, cement matrix strength and aggregate
strength, aggregate type (natural or crushed), concrete compressive strength,
nature of the loads (monotonic, cyclic-either pulsating or alternate). Also
the strength of the steel-to-concrete bond is important, but its effects re~
gard mostly the reinforcement and to a lesser extent the crack interface,

so that bond may be better related to steel than to cracks.

As a reminder of the large amount of experimental work done in this field,
the following select bibliography can be quoted: Fenwick /1/, Paulay and Loe
ber /2/, Taylor /3/, Houde and Mirza /4/ (tests on plain concrete specimens
with preformed cracks, for different values of aggregate size and type, con
crete strength, crack opening); Laible White and Gergely /5/, White and
others /6/ (tests on reinforced concrete precracked specimens, subjected to
alternate loads, with either external or embedded rebars); Mattock and others
/7/ [/8/ (tests on the ultimate shear strength of cracked reinforced concrete
specimens under either monotonic or cyclic loads); Walraven and Reinhardt

/9/ (tests for different values of: steel ratios, bar diameter and orienta-
tion, concrete strength, aggregate type and size, steel-to-concrete bond
length, monotomnic or pulsating loads), Hamadi and Regan /10/ (push—off tests,
with either external or embedded rebars, with natural aggregates or expanded
clay). In Fig. 2 some experimental curves of Paulay and Loeber are shown.

The relatively large amount of experimental data made it possible (very re-
cently) to formulate analytical models, which are useful for a better under-
standing of the experimental behaviour, as well as for the implementation of
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the computer programs aimed at the analysis of reinforced concrete structures.

According to Fardis and Buyukozturk /11/ the crack faces behave like two rigid sur
faces having at least two contact points (if the problem is plane) and from

this assumption the relations between interface stresses and crack displace-
ments can be worked out.

According to Walraven /12/ concrete may be considered as a biphase material
(perfectly plastic cement matrix and perfectly rigid aggregate particles) with
perfectly spherical inclusions (aggregate particles). Through the evaluation
of the contact surfaces between the two phases, the stress~to-displacement re-
lations can be worked out.

A different approach has been adopted by Bazant and by the present author /13,
14,15/: the relations between the interface stresses and the crack displace-
ments are mostly empirical, but agree with some general properties which must
be satisfied because of the very nature of aggregate interlock. This analyti-
cal formulation is called the Rough Crack Model, and is based on the assumption
that crack properties may be considered as a material property, in the case

of densely cracked plates.

------- GENERAL ROUGHNESS
/o’ LOCAL ROUGHNESS
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Fig.2 - Paulay and Loeber'test results.
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3. ROUGH CRACK MODEL

With reference to Figs. 1 and 3, a crack may be considered plamar but locally
rough. As an average, over a large area with many parallel and close cracks,
the relations among Onn’ c , Sn, 8§ may be considered to be a material pro-
perty, similar to stress-—strain relations for solid concrete, and may be
generally assumed in the form:

c
dUnn Brm Bl’lt dan

é = . (l)
dcnt Btn Btt ddt

where the matrix E_is the crack stiffness magrix gnd the stiffness coeffi-

cients B , B , B , B depend on § 4§, ¢ ¢ and possibly on other state
nn nt tn tt n t nn nt

parameters.

Due to the scarcity of test data, only a path-independent, total stress-total
displacement formulation seems possible:

c c
Onn N fn(ﬁn’at) ’ ont = ft(Gn’Gt) (2)
so that Bnn = Bfn/aén, Bnt = Bfnladt, Btn = aft/asn, Btt = Bft/BGt.

Certain properties of eqs. (2) may be defined by mere speculation on the phy-
sical behaviour of a crack: these properties /13/ are mainly based on the fact
that interface engagement (i.e. aggregate interlock) increases with crack
slip, and decreases with crack opening, so that in the first case the absolute
values of the interface stresses increase, and in the second case these values
decrease (this is no longer true for very large values of the slip-to-opening
ratio, when crack strain softening occurs).

Based on the previous properties and on the available experimental test data
{(mostly those of Paulay and Loeber /2/) - Fig. 2 - it is possible to give an
empirical formulation to the relations (2), which turns out to be primarily
dependent on the ratio r = Gt/6n:

a

- confinement stress Gﬁn = - Ei-(az[czt[)p (3)
c 33 * 24 |r| ’
~ interface shear stress o =T T (4)
ut u 4
1 +a,r
4
a 0.231
where r =6 _/6_, T =1 , P =1.30 {1 -
L N B 140.185 & _+5.638°
o] n a n n

with a_ = 0.1111 a; = 0.534 ° 107 N/mm
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maximum size of aggregate particles

These expressions do not include crack strain softening, because of lack of
experimental test data.

A tentatéve intreduction of strain softening could be performed by multi-
plying dnt - eq.(4) - by a function like aS/(a5 + rq) with q > 0, so that for
r tending to infinite, the stresses o and Gct tend to zero.

n

In eq. (4), T, represents the maximum shear stress which can be transferred
at constant & : of course,T must vanish when 6 tends to infinite, because
crack opening exceeds the hgight of the face humps and the contact between
the crack faces is lost (the maximum height of the humps has the same magni-
tude as the maximum aggregate size Da).

. . . =l . ey e
The crack stiffness matrix B can be inverted: F=138 is the crack flexibi-
lity matrix.

By assuming that the plate is sufficiently large compared to crack spacing
and bar spacing, and that the internal forces vary gradually and smoothly
(so that they are almost uniform over a distance of several bar and crack

spacings), the crack displacements may be '"smeared" over a length equal to
crack spacing:

CR ) - - ¢ C 3
dsnn an/s 0 Fnt/s dcnn
CR ¢ CR CR G
- de =D do
dett g 0 0 0] . 4 ddtt or ag & 1C
CR C
dy F_ /s 0 F_ /s do
nt J L tn tt _ g nt y

CR il \
The matrix D is the cracked concrete flexibility matrix.

PR . SC
By adding the solid concrete flexibility matrix D = to the cracked concrete
flexibility matrix QFR, the concrete flexibility matrix QF is obtained:

Ec—l '\)Ec-l 0
C sc CR sc _ _ o
D =D +D where D =|- vg 1 E 1 0
c c
0 0 ¢ 7t

The moduli E, and G, may be given the values of the elastic behaviour as a
first approximation. Otherwise, the values given by any approach based on
isotropic non linearly elastic behaviour could be introduced.

(°) The numerical results shown in this paper were obtained with To/fé=0.3l.
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. . . . 5 .
By addln(% the reinforcement stiffness matrix C to the concrete stiffness
matrix C~ = EC—l , the equations relating the applied stresses to the strains
can be written as follows: dg = C de

C S S SC CR S C
where dg = do + do- de = de =de  + de C=¢C +¢C (5)

; S ; , . :
The matrix € (see /13/) takes into consideration the steel ratios, the bar
orientation, the stress—-strain curve of the steel and also (see Sec. 5) the
tension stiffening of the reinforcement due to steel-~to-concrete bond.

Formulation (5) makes possible the incremental evaluation of the static
response of a (cracked + solid) reinforced concrete element of unit length

in the direction parallel to the cracks, when the strains are imposed. If the
load history is imposed through the orientation o of the principal direction
1 and the ratio m = 01/02 of the principal stresses, system (5) has to be re-
arranged - see system (6) -:

nn

a ‘
Cet = |c*| - D L de  (8) m @, £, f .1
© nn DATA € & 4
d 7 P,sP_s8 ,s5 , ¢
Ynt i
where: * kl’kz
1
i=1,n
(e_).=(c ), +he - T T T
C n i nn i-1 nn I
11 T '
o ] C11*¢21*% 5 i=1 |
o 1 + k, + k |
1 2
§°, 6° Ad LAS 4‘
c +C -C n t n t
11 21 31 !""——'—r_'_—""E no
1+ k]_ - kz Bnn Bnt

B B J
tn tt t nt

1
] B9
GG

] 7 63
t

Bc , he , Ae
nn tt nt

v

[ R
-stresses g
evaluation |-strains AG:’:“Gt I
of : -int.forces '
l&€n -’ I
Fig. 4 - Flow chart of the (°) vpdates [B]
computer program for the eva (°°)Updates [cs]and
luation of response curves. introduces steel
tension stiffening
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and
p— g
-1
1 " Cy = Gy
. (14m) - (Q-m) cos 2a
[C*] ) L _S127%92%%3 €13%C93%Cas kI = Tvm) + (I°m) cos 2a
1 +k1 + kz 1+kl+k2 ;
b= (1-m)sen 2 &
L _9127%227%2  ©13%C937%3 2~ (T+my+(1-m) cos 2a
L Lo ey, = Ky Like, =k,

At each load step (i.e. at each increment of the strain Enn) the matrix gf
and the vector D must be updated according to the values of Gn and Gt obtai-
ned in the previous step. In the flow chart of Fig. 4 the numerical procedure
adopted for the evaluation of response curves is shown.

4. KINEMATICS OF THE CRACK AT VERY SMALL VALUES OF CRACK OPENING

When the crack opening is zero there is full continuity in the concrete and
no slip is possible along the crack. However, the state §_ = 0O, 6n =0 re-
presents a singularity for relations (3) and (4) and this singularity may be
overcome through the analysis of the "allowable paths'" in the displacement
field (Fig. 5), near the origin (Gn, 6t + 0). The knowledge of the relation
dt (dn) at the origin of the displacement field makes it possible to work out
the initial values for ét and 6n’ which are to be introduced into the first
step of the numerical procedure shown in Fig. 4.

Let us consider again the eqs.(2), that may be turned into the following form:

C c

c i
c_), 6=2051(8,0 ) @"
nt nn t t n nn
In order to achieve a given final state (Gn,St), the work done by the interface
stresses for the crack displacements is as follows:

C
- Ont(ﬁn’

8 Gt

L =f P o¢ a8+ f o a8 (2"

0 nn n 0 nt t
and, by differentiating the egs.(2'} :
) 8
n c t ¢ c c
- o db +f 0 (36 /36 d&+ 36 /30" do g
L -l; nn n 0 nt( t/ n n t/ nn d nn) ( )

Now, near the origin of the displacement field, for &, tending to zero, the first
integral in the RHSide of eq.(2"') tends to zero, while the second intggraltends
to zero only on condition that both the derivatives 38 /3§ and 96 /30  tend to

zero, which means that only the paths having the follo&ingnequatiog are admissi-
ble (Fig.5): i
a
6t= c 6n (n 3¢
where ¢ is a constant, and a must
be larger than unity.
Due to the condition BGt/86n= 0,

Fig.5
® allowable paths
onot-allowabie paths
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the first displacement of the crack must be normal (pure opening mode, Fig.6
a) and only later can slip occur.

The constants ¢ and a can be evaluated through a careful analysis of what
happens when the crack starts to open. Near the origin, since 38 /36 =0,
also the value of the ratior = § / 6 tends to zero; as a consequence, eqs.
(3) and (4) can be simplified:

a a,a

¢ 1L 23 c ; p
o = > T O ¢ = 23T (3%, (4")
n

With reference to a crack of unit length, the internal forces and the steel
forces have the following expressions:

[ 1
P 8
Toe =5 01[ (1+m) + (1-m) cos2al (8)
_ _ o _(1+m)- (1-m)cos20 -
4 Utt - [(1+m) a m)cosZu] (1+m)+(1-m)cos20t nn klonn
- 1 . {1-m) sinZa
o] == 0. {l-m) sin2® = o] =k, O
t
" &L [ (1+m)+(1-m)cos2y) ™% o
"
s _ 4 . 4
Onn Es E:nn(chos e+py31n )
J {9)
6 <E_ e sin ® cosB (- 28vp sinB
ot L B s P, COS P, sin )
where € = & /s, if the solid concrete deformations are disregarded, and

Pygs> P ,ne are the steel ratios of the reinforcing net, and the net orienta-
tion.”"In eqs. (8) the principal stress o, may be considered always positive
(because of the nature of the problem, which would be meaningless in the case
of prevailing compression); as a consequence, the sign of the expression
[(1+m)+(1-m)cos2alturns out to be very important because the case [...1 > 0
means that the internal normal force ¢ tends to open the crack; the case
[...] = 0 means that the internal forges in the plane parallel to the crack
are only shear, which neither helps nor opposes crack opening; the case

[...]J < O means that the internal normal force op, 1s compressive, i.e. tends
to keep the crack closed (but the presence of an internal shear force induces
crack dilatancy and then the crack opens anyway).

Three different cases must be examined:

CASE A: [(1+m) + (l-m)cos20] > 0, i.e. o >0

nn
When the crack starts to open, due to the pure opening mode (Gn.z 0, § =0)
there is no confinement stress, and aggregate interlock cooperates with the
reinforcement in the transmission of shear: lﬁn
Ont o
c s c s Gnn __Gnne0)

Ont

Q
j=)
=]
]
Q
+
qQ
=}
=3
it
<
]
=}
Q
=}
+
It
=
rT
1
Q
j=]
T
b
Y
0
B
2
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From eqs. (3')(4')(8)(9) the relation between dt and 6 can be worked out:
n

ES 2

(pxcos46+pysin40) . (Fl-Fz) 6n (10)

8y = ayt,

., 2
(1~m)sin2a -sinecose(pxcosze—py51n e)

where Fl = [(1+n0+(1-m)c052u]= kys

¥ =
2 —~7
(pxcosae + pysin )

Depending on the sign of (F -F_), the crack slip has the same sign as the
internal force g her OF opposlte sign, this fact being a somewhat unexpected
characteristic of the crack kinematics (Fig.6b,c).

Note that F1 depends only on the assigned load history (m and o), while F2
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depends only on the steel characteristics (Px’ p_, 8).

s
y
When the sign of the crack slip does not agree with the sign of the applied
shear, the reinforcement must carry not only the applied shear op¢, but also

. c . . .
the interface shear Unt, which has the same sign as the crack slip.

The reversal of the slip sign occurs after the reinforcement has started to
yield, as can be seen in Fig. 7, for m = -1.0, 0.0. As a general rule, should
the reinforcement be strongly non—aligned with crack axes (8 > 35° + 45°) and
should the internal normal force o prevail over the internal shear force o ,
the signs of 6t and o . will be oggosite, until the reinforcement partly nt
yields, compelling the aggregate interlock mechanism to help in the transmis
sion of the applied shear (this help is possible only if the sign of the

slip aggrees with the sign of the applied shear).

CASE B: [(1+m)+(1-m)cos2e]l =0, i.e. © =0, ¢ #0
A nn nt

In this case, which includes algo the case of internal forces reduced to pure
. s
shear, the confinement stress On must balance the normal stress o in the
n nn

reinforcement:
s c c s
o] =0 +a =0->0 == g
nn nn nn nn nn

From eqs. (3')(9) the relation between ét and 6n can be worked out:
E
]

4 . 4 3
= ————. (p_cos B+p_sin 0) F,8° (11) Ont
t alaZaBToS X y 3 n

- (1-m)sin2o ; S
3 T(l-m)sin2aj

where F

The sign of 5t must always agree with the sign of ¢ e
n

In Fig. 8, for various crack spacings and rebars at right angles to the crack,
the shear modulus GCR of the (solid+cracked) reinforced concrete is plotted
versus crack slip, when the crack opens and slips (note that the value of

cCR are 1/3 to 1/6 of the solid concrete shear modulus GSC).

CASE C: [(1+m)+(l-m)cos2e] < 0, i.e. © n <0
T n

By introducing the relations (3')(47)(8)(9) into the equilibrium equations

S ] c

c
g =g + =
nn nn 0nn’ Gnt Gnt ¥ Gnt v“"
3 - Ont e
the following relation (8t,6n) can be worked out: S
E F_-F Onn Opn(<0)
5 s 1 - -—

- 2 4 L Ay o3 >
- ats F (p cos 9+pysln 038 (12) W Oyt ;
The crack slip must always have the same sign as op: otherwise, when the

value of the slip goes back to zero, the internal force o , ought to be-
come positive (i.e. tensile), because in this situation (&, = 0,8, > 0)

AT



% P.G. GAMBAROVA

111

there is no interface confinement stress and the internal normal force g5

is carried only by the reinforcement, which is in tension due to crack dila
1 = s S _—
tancy (the three relations Onn Onn# o, i >0, Oan < 0 cannot be verified

at the same time).

It follows that the states with 8./ |8¢| # o,¢/|0,¢| are impossible and for
the corresponding values of m and o the crack does not open.

In Fig. 9 different allowable paths (near the origin Sp = &, = 0) are shown

for different load histories, and for the three cases just examined.

Eqs. (10)(11)(12) give the initial value of &, which has to be introduced
into the first step of the numerical procedure shown in Fig. 4. As initial
value of §,, the simplest guess is:

(6n); = (depy)y * s,
where (Aann)l‘s is the,actual crack opening if the solid concrete deforma-

tions are disregarded.

The above guess for(Sn may cause numerical troubles because the value of
ogn may be too high - see eq.(3). Then the assumption of a non-zeroc ini-
tial crack opening (e,,),-s must be adopted; as a consequence, the opening

in the first step becomes as follows:

(5n)1 - |:(/:\'E-nn)1+(€nn)o]- .

where the value (e,,), = 0.0005 seems satisfactory.
_ . R
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Fig.8 - Curves of the apparent shear Fig.9 - Allowable paths in the displa

modulus GCR(tangent) for cracked rein  cement field : the orientation of the

2 .. .
forced concrete (fé= 31 N/om™, £ = principal stresses is constant (Es=

sy
460 N/mmz, P~ Py~ 0.0112, m=-1, a= 200000 N/mmz, 8= 30° B,® BLF 0.01,

45°), crack spacing s =100 mm , f;= 31 N/mmz).
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5. INTERACTION BETWEEN AGGREGATE INTERLOCK AND TENSION STIFFENING IN THE
REINFORCEMENT >

The results shown in the two previous sections have been obtained on the as-
sumption that the reinforcement is "external', or in other words that there
is no bond between each bar and concrete. As a matter of fact this assump-
tion is never satisfied in practice, with reference to reinforced concrete
structures, and consequently the effects of bond must be introduced.

As a general rule, the solid concrete between two contiguous cracks limits
the steel deformations through the bar-to-concrete bond, and this phenomenon
is enhanced by the presence of compressive stresses (confinement stresses)
in the solid concrete. The limitation of steel deformations makes the steel
behaviour more stiff (tension stiffening /16,17/).Although related to concrete,
tension stiffening may be considered as an exclusive reinforcement property,
because it modifies the stress—strain constitutive law of the steel. Tension
stiffening makes cracked concrete behaviour less dependent on the steel ra-
tio, because other parameters are involved, such as bar diameter, bond
strength, steel and concrete stresses. For these reasons tension stiffening
cannot be ignored, especially if the comparison between theoretical and ex-
perimental results is at stake.

With reference to a bar (Fig. 10) embedded in a solid concrete element and
subjected to a monotonically increasing pull-out force, the bar—to-concrete
bond is at first assured by chemical adhesion, then by -friction (which is
related to the interlock between bar asperities - ribs excluded - and sur-
rounding concrete) and by interlock (between the bar ribs and the concrete,
with local concrete crushing and microcracks spreading from the tops of the
ribs). The second and third mechanisms are by far the most effective, so

that bond stress due to chemical adhesion may be disregarded. After chemical
adhesion as been destroyed along part of the bar, friction and interlock
assure bar—to-concrete bond with a finite slip at the interface, so that the
bar gets "unstuck” from the concrete. At increasing load levels, the bar gets
more and more unstuck from the concrete, or in other terms the length of the
bar over which bond is assured by friction and interlock increases until this
length (lx = interlock length, Fig. 11) becomes equal to half the bar length
between two contiguous cracks. From this load level on, bar-to-concrete bond
is assured only by friction and interlock.

Now assume that: bond stress Ta due to friction and interlock is constant;
bond stress due to chemical adhesion is zero; concrete stresses (Fig. 12)
in the direction of the bars are compressive, uniformly distributed and de-
creasing with the distance from the crack face; concrete behaviour is ela-
stic; steel behaviour is elastic-perfectly plastic; microcracking and cru-
shing are localized in a thin layer of concrete close to the bar. It then
becomes possible to evaluate the stresses in the bars and in the concrete
at each section, starting from the crack face.

Writing the equilibrium equations in the direction of the bars gives

4t T. Mo
s - -5 _ _a c _ C
B =0 m =, L (B) =0l Sk



P.G. GAMBAROVA

113

Fig.10-Basic assumptions for the
bond stress distribution along an

embedded bar, subjected to a pull-~

-out force.
L = bond length
A = interlock length (bond by

friction and interlock)

L-A = no-slip length (bond by
chemical adhesion)

T = bond stress

Fig.l1-Steel stresses between two

contiguous cracks.
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5 ¢
where ¢, 0 are the stresses along the crack face (£ = 0)
X X

T is the bond stress due to friction and interlock
a

¢ is the bar diameter
b, Ay are the plate thickness and the x-bar spacing.
The interlock length X can be evaluated through a simple compatibility condi

tion (for ¢ = A , EC(E - e® (&):
x’ x x

S C ]
L o ¢ 1 n crxlcx iz
X 41 1l +np
a X

where n is the ratio between the Young moduli ES and Ec.

Eq. (13) shows that the better the bond characteristics (high values of T,
and p , small values of ¢), the smaller the interlock length and the larger
the tension stiffening effects.

Since the crack spacing is a reference distance for the strains (for instance,
the strains due to cracking have been obtained by smearing the crack displa-

cements over the crack spacing), it is convenient to introduce the "average"
s

steel strain over the bar length between two contiguous cracks, eX:
s/2cosf . AX s s/2cos8 <
2f ef®) at 2f e2(e) dE ¢ 2[ €8 dt
0 X 0 A
_ X
EX— = + =
s/cosf s/cosB s/cosb
A /2cosb . A s
s
Zf X £ (£) d4& Zfs e (&) dg zf X e (&) dg
x X x
0 A 0
X K5
— + -
s/cosB s/cosb s/cosH

where concrete and steel strains have been disregarded in the zone with
chemical adhesion (see Figs. 10, 11, 12).

Then the following stress/strain relation is obtained:

g ZAX cosB s ZTa
T T s E (o - 'y A ; - (14)

With refereqce to Ax (which can never exceed s/2 cosf) two different cases
have to be considered:

ci ¢ 1-n 0;/02
1y A= < s/2cosb
X
4T 1 +np
a X
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The bars are only partially unstuck from the surroundingcconcrete.
Substituting Eq. (13) into Eq. (14) and disregarding n o with respect to
o° leads to:

X

s s €,
o =%x2(1 + n p_) T E (15)
X X a’'s
¢ cosB 1 + 2npx
s
do PE| E_ (s/¢ cesd) (L +np)
E; _ X _ a 5 X (16)
de® s g2 {1 +2np )
x ‘J;a Es X X
¢ cosf 1 + 2r1px

where 1  has to be kept positive if e, is positive, and viceversa;
5 a ., . - . 5 . .y

also the sign + hoids when ex 18 positive;

* ;

E  1is the effective steel modulus.
s

2y » = s/2cosb
x

The bars are completely unstuck from the surrounding concrete.
Substituting the value of Ax into Eq. (14), gives:

s _ _a s *
’x ¢ cosH TP A By = Eg (17) (18)

The relations (15) and (17) may be considered as the constitutive laws of the
steel when tension stiffening is introduced. These laws are plotted in Figs.
133 and b: in the former case (Fig.13a) the interlock length reaches the ma-
ximum value (s/2cos0) before the reinforcement yields, while in the latter
case (Fig.13b) the yielding of the reinforcement comes before the complete
destruction of the chemical adhesion. The behaviour shown in Fig.13a refers
to moderate bond characteristics, while the behaviour shown in Fig.13bis ty
pical of very good bond characteristics.

With reference to the numerical procedure described in Sec. 3 (see also Fig.
4), the stiffness matrix of the reinforcement is updated at each step, in
the x and y directions, according to the constitutive laws (15) and (17).

At each step the interlock lengths Ax and A are evaluated - see Eq. (13)
where X must be replaced by y in order to eZaluate A« If A < s/2cosé,

A_ < 8/2sing, the effective moduli E*, E* are given gy Eq. ¥16) - replace x
a%d cosf to get E* —; if A > s/2co§6, > 8/2sing, » and 3 must be
given the values 572cose and s/2sing respgctlvely, and Xaccord¥ng to Eq.(18),
the effective moduli c01nc1de with the elastic modulus ES. The evolution of
the effective modulus E and of the interlock length A with the crack dis-
placements is shown in Flgs 14 and 15, for various bar diameters. The steel
effective modulus may be many times larger than E . Note that the better the
bond characteristics (which are improved by small diameters), the smoother
the decrease of E; and the increase of Ax
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The importance of tension stiffening is shown by the curves of Fig.1l6 , at
constant crack spacing (Fig.16a) and at variable crack spacing (Fig.16b),for
various bar diameters and for a given value of the steel ratios (p_. = p =

= 0.112). Tension stiffening is more effective when the bond characteristics
are good (which may be obtained by adopting smaller bar diameters - Fig.l6a)
or when the crack spacing is large (which occurs for the largest bar diame-
ters — Fig.16b).

The aforesaid approach to the analysis of tengion stiffening, although sim-
ple, seems effective and sound, as shown by the agreement between the nume-
rical results and the experimental results (Fig.l7) , obtained with the same
input data. Of course, crack tension softening is not allowed for in the
Rough Crack Model (in the actual form) — as mentioned in Sec. 3 - and some
improvements are also necessary in the case of very small steel ratios.

For the lowest steel ratio (p = 0.0056) two curves are shown: the full line
represents the results obtained by means of eqs. (3) and (4), while the dot—
ted line represents the results obtained with an improved formulation of eq.
(3), which tentatively introduces both crack stiffening effects due to the
local deterioration of concrete produced by the bars crossing the crack inter
face, and crack strain softening. Crack strain softening is mostly related

to the ratio between the crack displacements §  and Gn, and is here introdu-
ced through the formulation suggested in Section 3 (see also /19/).

Finally, when comparing theoretical and experimental results (Fig.l17), it should
be remembered that the bond length is generally larger in a precracked test
specimen and so tension stiffening effects are enhanced, while in a real con
crete plate the bond length is smaller because it coinciaes with the crack
spacing, provided that the rebars are at right angles to the cracks. It fol-
lows that the tests tend to overestimate the crack shear stiffness when the
crack is nearly closed and the displacements are small, while for large inter
face displacements the same tests tend to underestimate the crack shear stiff-
ness, because in this case the earlier yielding of the reinforcement forces
the cracks to open earlier, with a decrease in the ultimate shear strength.

6. CONCLUDING REMARKS

As mentioned in the introduction, aggregate interlock mechanism is so impor-
tant in certain structural cases, that a complete analytical description is
necessary. Not only does aggregate interlock (together with dowel action and
axial forces in the reinforcement) provide a good level of strength and
stiffness to cracked confined concrete, but also cracked concrete ductility
is assured by aggregate interlock mechanism, which through crack dilatancy
and slip allows the structure to absorb large amounts of energy. The Rough
Crack Model seems sufficiently simple and adequate, at least for planmar
cracks, but further basic phenomena such as crack softening and steel-induced
crack deterioration have to be introduced. This introduction could be facili-
ted by further experimental work, but also the general approach of the tests
must be somewhat improved. As a matter of fact, it seems that all the pre-
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cracked concrete specimens with a single crack tested so far have a weak
point, namely an excessive bond length compared to the actual bond length

of a densely cracked plate, in which bond length and crack spacing coincide.
As a consequence, most of the tests are too much affected by tension stiffe-
ning and overestimate aggregate interlock stiffness for the smallest values
of crack opening.

With reference to concrete deterioration at the crack interface due to the
bars crossing the crack, some studies /12/ suggest that the deteriorated
concrete forms compressive struts at an angle to the crack interface; as a
consequence, crack shear stiffness is somewhat improved, this improvement
being particularly remarkable for small steel ratios, while crack normal
stiffness should not be affected by concrete deterioration (°).

Also dowel action plays a non negligible role, but just how important it
is remains a problem still open to discussion: for limited crack displace-
ments this role is certainly minor.
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