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A study on RJC tension members under repeated load 
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ABSTRACT: A numerical model to study tensile RIC elements under repeated load is proposed. This model is 
able to define stresses and strains in concrete and steel, taking into account the fracture mechanics and bond
slip behaviour. In particular, we focus on a fixed length block, whose end points are, respectively, the cracked 
cross-section (where the crack width w is known), and the Stage II cross-section (no tension in concrete). Com
puted steel strains are compared with the experimental ones. In this way it is possible to point out the role of 
cracking phenomenon and bond-slip behaviour during the unloading phase. When the unloading is complete, 
the values of the compressive strains in the concrete near a crack seem to depend only on the cohesive law. 

1 INTRODUCTION 

The loads applied to concrete structures change their 
magnitudes during the life of a generic building. This 
is true, for example, of tanlrn or reinforced concrete 
frames subjected to earthquake. Nevertheless, both 
the type of!oads and the distance from the bearing ca
pacity are different in the previous cases. Actions due 
to earthquake usually yield dynamic stresses close to 
Ultimate Limit States of the structure, while stresses 
and strains, due to repeated static loads, arise into 
Serviceability conditions. 

Cyclic actions damage RIC members, even when 
they are far from their ultimate loads (CEB 1997). 
They may produce significant increases in crack 
width and in steel stress around the crack, the latter 
due to micro-damage in the concrete that is closer to 
the reinforcement. In other words, the stiffness of 
concrete in tension decreases (what is called a de
crease in tension stiffening), causing an increase both 
in the curvatures and in the structural deflections. 

These phenomena depend on the intensity and the 
history of applied repeated actions, on the cross-sec
tions of structures and on the mechanical properties of 
concrete and steel. By means of mechanical models of 
RIC structures under cyclic actions, it is possible to 
understand the role of these parameters and to prevent 
large deflections and wide crack widths. That is very 
important for any reinforced concrete structure in the 
Serviceability state. A heavy crack pattern allows wa
ter and aggressive external agents to corrode the rein
forcement, prejudicing the integrity of the structure 
and its performance. 

The analytical definition of the crack pattern, ob
served in the first experimental analysis in RIC bend
ing beams, appeared intricate even for monotonic 
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loads (Clark 1956). In particular, the so-called tension 
stiffening was very difficult to evaluate. Therefore in 
several theoretical models, both in monotonic and re
peated loads, uniform strain distribution is assumed 
for the concrete around the reinforcement. Through 
this hypothesis, the tension zones (concrete and steel) 
in a reinforced concrete bending beam are reproduced 
by a simpler tension member (Broms 1965). In the re
inforced concrete elements in tension, numerical and 
experimental investigations allow to evaluate the ef
fects produced both by fracture mechanics of concrete 
and by bond slip behaviour. In general, with tie ele
ments is possible to analyse the complex phenomena 
shown in RIC structures, subjected to repeated loads. 
Moreover, reinforced concrete elements in tension 
can be also used in many situations where cracking 
and bond between steel and concrete have to be taken 
into account. In particular, they prove useful to model 
the hysteretic behaviour of RIC beam-column joints 
under cyclic excitations (Filippou et al. 1983). 

2 REINFORCED CONCRETE TENSION MEM
BERS UNDER REPEATED LOAD 

In reinforced concrete elements subjected to cyclic 
actions, both experimental and theoretical observa
tions have focused on the tension stiffening phenom
enon. As known, its reduction, produced by the 
repeated actions, is due to the cracking process of 
concrete in tension and to the deterioration of the 
bond developed between the reinforcement and the 
concrete. Often, the pull-out tests investigated on the 
1:-s behaviour separately from the cracking. 

The effects produced by both mechanisms on a cy
lindrical RIC elements have been analysed in the ex-



perimental tests of Bresler & Bertero (1968). The 
Authors, by measuring the steel strains along the rein
forcement, show the. residual strains near the crack at 
the end of the unloading phase of each cycle. In the 
same work, a mechanical model, based on the bi-di
mensional finite element analysis, is also proposed. 
Since the cohesive stresses on the crack surface are 
ignored, the approach leads again to the simpler pull
out model. 

In the one-dimensional model proposed in Morita 
& Kaku (1975), where a bond t-slip slaw takes the 
place of the boundary link elements, a similar approx
imation is present. In particular, a block between two 
consecutive cracks, without any tension, is analysed. 
As shown by the comparison with the experimental 
analyses, the model is not able to reproduce the stress
elongation diagram of steel when repeated loads are 
applied. At the end of the unloading phase, the com
puted residual stresses in the reinforcement near the 
crack appear lower than the measured ones. 

Gunter & Mehlhom (1989) proposed a more relia
ble model, where the average steel strain Esm in a RIC 
tension element due to normal force N is evaluated 
with the following formula: 

(1) 

where E, and A, are respectively the modulus of elas
ticity and the area of steel, N0, is the normal force 
when the first crack occurs and k is a factor that de
pends on the loads. Equation (1), and the similar ex
pression of the Eurocode 2 (1994) model, must be 
used when the stabilized crack pattern appears. In 
these situations, the dashed lines in Figure 1 repre
sent, respectively, equation (1) with k = 2 (short terms 
load) and k = 5 (long term and/or cycling load). The 
same picture also shows the unloading and reloading 
branches measured in the experimental investigation. 
After a certain number of cycles, ifthe maximum nor
mal force N1 is constant, both branches stabilise and 
the crack pattern does not grow up. The stress-strain 
behaviour of the specimen shown in Figure 1 clearly 
shows that the average strains in the reinforcement 
Esm can exceed those of the bar alone (Stage II, with 
linear elastic behaviour of the steel). Furthermore, 
when the unloading is complete, the specimen keeps 
a constant residual stress in the reinforcement. A good 
agreement between equation (1) and experimental 
measurement appears only when the steel stress is 
computed in correspondence of the maximum value 
N1 . In other words, the equation (1) model, unable to 
compute strains during the unloading and reloading 
phases, is turned on the evaluation of the effects pro
duced by long term loads. 

Shima & Tamai (1987) went into the details of the 
unloading phase, by means of a suitable definition of 
the stress field in the concrete. In particular, tension 
stiffening is due to bond slip behaviour, modelled 
with cosine function, and to the contact stresses in the 
cracks surfaces. During the unloading, in the concrete 
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Figure I. N-Esm diagram of RIC members under monotonic 
and repeated loads (Gunter & Mehlhom 1989). 

near the cracks residual compressive stresses appear, 
while the average steel strain Esm increases and ex
ceeds the strain of Stage IL Nevertheless, in this ap
proach increase in steel strains, produced by repeated 
actions, falls on the contact mechanism of the crack 
surface, whereas the bond-slip is kept constant. On 
the contrary, Yannopoulus & Tassios (1991) shows 
that, under repeated loads, appropriate cyclic consti
tutive relationships must be used not only for the con
crete, but also for local bond between steel and 
concrete. To be rnore precise, it is also necessary to 
adopt cyclic law both for concrete and t-s when mo
notonic loads affect the RIC structures. As pointed out 
by Hognestad (1962), cracking phenomenon causes 
unloading in the concrete on tension surface, where 
compressive strains could be present. It is possible to 
explain the nature of these compressive strains, con
sidering the growth of new cracks and the concomi
tant closing of the previous cracks (F antilli & Vallini 
2000). 

3 PROPOSED MODEL 

The stress-strain behaviour of a RIC tension element 
subjected to repeated load, seems to depend on the 
cracking mechanism of tensile concrete and bond slip 
behaviour. Therefore, a one-dimensional block mod
el, able to define stresses and strains in concrete and 
steel, taking into account both phenomena, is pro
posed. In particular, we refer to the RIC element de
picted in Figure 2a, which is similar to the tension 
member with a single crack investigated by Bresler & 



Bertero (1968). An analogous model was introduced 
to define the crack pattern in reinforced concrete ten
dons subjected to monotonfo loads (Fantilli &Vallini 
2000). However, in our case, the problem is quite dif
ferent: we focus on a fixed length block, whose end 
points are, respectively, the cracked cross-section 
(where the crack width w is known), and the Stage II 
cross-section (no tension in concrete). 

3.1 Equilibrium and compatibility equations 

It is possible to evaluate the response of the RIC ten
don showed in Figure 2a by solving the equilibrium 
and compatibility equations, as in a classical structur
al problem. Exactly, in a generic cross section of the 
element, the following equilibrium equation must be 
satisfied (Fig. 2b ): 

(2) 

where crc, a, and Ac , A, are the stresses and areas of 
concrete and steel respectively and N is the applied 
normal force. Static conditions in the interface be
tween the two materials are also needed. In particular, 
for the infinitesimal length dz of the reinforcement 
can be written (Fig. 2c): 

das Ps - = A· t(s(z)) = f 1 (s(z)) 
dz s 

(3) 

where p, is the perimeter of steel bar and t(s(z)) is the 
bond stress. 

Compatibility conditions are applied both on the 
surface between steel and concrete and in every cross
section, where strain profile is assumed to be plane 
(Fig. 2d). For the same infinitesimal length dz of the 
element, it is possible to define the slip s(z) as the dif
ference of the displacements between two initially 
overlapping points of steel and concrete. The deriva
tive of the s(z) furnishes the following compatibility 
equation: 

ds 
dz 

(4) 

L/2 L/2 

3.2 Numerical solution 

If the constitutive laws for concrete and steel and the 
bond-slip relationship are known, the problem can be 
solved through the numerical integration of the 
equations (2-4). That is possible by means of explicit 
methods, since the functions Ji and h are unknown. 
However, by each step, to improve the numerical re
sults obtained with the explicit method (predictor), a 
new implicit integration (corrector) is needed. In the 
element depicted in Figure 2a, the loading process is 
controlled by the crack width w, so in the cracked sec
tion (z = 0) the slip (s = w/2) is known. This value de
creases when moving from the crack to the end of the 
block, where negative slips are detected. In the same 
block, due to bond effects, the tensile stresses move 
from concrete to reinforcement (Fig. 2a). In particu
lar, in the cross-section at the end of the element there 
are no stresses in concrete (Stage II cross-section). To 
obtain the stresses and the strains in concrete and steel 
in each cross-section of the block, as well as the slips 
and the bond stress t , for a given value o crack width 
w the corresponding normal force N must be calculat
ed. That is possible by means of the trial and error 
procedure showed in Figure 3. 

The average deformation of the steel bar can be 
evaluated with the following equation: 

Esm = 11L = Ll JEs dz 
L L 

(5) 

where Lis the length of the reinforcement and M its 
elongation (Fig. 1 ). 

4 THE CONSTITUTIVE LAWS ADOPTED 

To solve the problem, it is necessary to put together 
the equilibrium and compatibility equations ( eq. 2-4), 
the constitutive laws of both materials and the bond
slip relationship t-s . 

Mechanical behaviour of steel and concrete is 
modelled with linear elastic stress-strain relation
ships, whose elastic modules are respectively E, 
(Fig. 4a) and Ee (Fig, 4b ). This assumption is correct 
for the reinforcement, because in the Serviceability 

d) 

Figure 2. RIC tension member with a single crack: a) geometrical dimensions; b) equilibrium in a cross-section; c) equilibrium ofan 
infinitesimal length dz of the reinforcement; d) compatibility condition in a cross-section. 
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Figure 3. Flow-chart of the munerical procedure. 

stage the stresses in the steel are far from the yielding 
strengthfy.On the contrary, when the concrete ten
sion reaches the tensile strength fct , a crack develops 
in a section of the analysed block. 

Figure 4. The adopted constitutive laws: a) a - E for the rein
forcement; b) a - e for the concrete. 

On the crack surfaces, according to the cohesive 
model depicted in Figure 5 (Hordijk 1991 ), the stress
es in concrete must be considered, also in the case of 
repeated actions. For sake of simplicity, in the adopt
ed cr-w relationship, both the unloading and the re
loading curves are defined with the following 
equations: 

fct [ ( w)5 ~] CT =Gp+ -W-- 0.014 log- - 0.57 - (6) 
3....£ + f3 WP WP 

We 

where Gp and Wp locate the point A on the envelope 
curve where the unloading branch starts and 13 = 0.4 is 
a constant value. 
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Figure 5. The continuous function model (Hordjik 1991). 

4.1 Bond slip relationship 

To model the bond-slip behaviour between steel and 
concrete, according to the experimental results of 
Ciampi et al. (1981), Ciampi et al. (1982) and Elige
hausen et al. (1983), the bond-slip model represented 
in Figure 6a is used (CEB, 1991). For monotonic 
loads, the -r:-s relationship is composed by four 
branches, whose parameters, valid for ribbed rein
forcing bars, are also shown in Figure 6b. The exper
imental investigations were conducted to evaluate the 
bond stress relationship under cyclic excitations, 
therefore the function depicted in Figure 6a repre
sents only the envelope curve. Reduced envelope 
curves are obtained from the monotonic envelope by 
decreasing Tmax and Tf by means of a reduction factor 
(Ciampi et al. 1982), which is a function of the 
number of cycles and the maximum bond stress 
reached in each cycle. 

In this work, the role of cracking phenomenon and 
bond-slip behaviour during the first and the second 
cycle are considered. According to Ciampi et al. 
(1981), when the specimen is subjected to load, un
load and reload, in the -r:-s law damage effects have to 
be excluded, Therefore only the monotonic envelope 
curve and the unloading - reloading branch can be 
considered (Fig. 6a). In particular, the unloading 
branch is linear, with a slope of 200 N/!Ill113, and it is 
independent from the value of the slip reached on the 
envelope curve. In the unloading phase, when the 
bond stress vanishes, any frictional branches are ex
cluded. 

In the t-s relationship, some deleterious effects on 
the bond stresses, due to the partial and the splitting 
cracking, are included. The decrease in bond stresses 
also depends both on degree of confinement and on 
the stress in the concrete surrounding the reinforce
ment. Referring to the static situation of Figure 7, the 
minimum bond resistance is present near the uncon
fined left end bar (Region l). As experimental results 
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Figure 6. The bond slip relationship (CEB 1991): a) the model adopted; b) parameters of the 't-s for ribbed reinforcing bars. 
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Figure 7. 't-s relationship in the cases of different confine
ment (Ciampi et al. 1982). 

show (Ciampi et al. 1982), that is due to the formation 
of a concrete cone, which separates from the main 
block. On the contrary, around the unconfined right 
end bar (Region 3), the compressive stress in the con
crete increases the degree of confinement compared 
to the middle sections (Region 2). From results given 
in Ciampi et al. (1982) and Eligehausen et al. (1983), 
the length of the Region 1 and Region 3 can be esti
mated about 5 <I>, where <I> is the bar diameter. As 
shown in Figure 7, within the Region 1 the bond 
stresses increase moving from the left end bar to the 
tip of the concrete cone, where the Region 2 begins. 

Near the crack of the tensile R/C member (Fig. 2a), 
and in the Region 1 alike, a lower degree of confine
ment must be considered. In other words, within the 
length z. = 5 <I> from the next crack, the assumed 't-s 
relationship has to take into account a reduction in 
bond strength according to Eligehausen et al. (1997) 
(Fig. 8). 

In the proposed model, where the crack width w 
was imposed, the applied actions cause a gradual 
growth in the length z. around the crack. In particular, 
z., which is a linear function of w, is equal to 5 <I> 

la <I> = bar diameter 

Figure 8. Bond reduction near the crack according to Elige
hausen et al. (1997). 
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when the crack width reaches the We of the adopted 
cohesive model (Fig. 5). In this way, when the ele
ment is subjected to repeated loads, a reduction in z. is 
possible because, due to a reduction in w, the com
pressive stresses on the crack surface increase the de
gree of confinement. 

5 COMPARISON WITH THE EXPERIMENTAL 
RESULTS 

The R/C tension member with a single crack shown in 
Figure 2a, was also investigated in Bresler & Bertero 
(1968). The specimen consists in a concrete cylinder 
reinforced axially with one steel bar, whose ends are 
loaded by means of normal force N. In Figure 9, the 



geometrical dimensions of the element, the mechani
cal properties of bot~ materials and the magnitude of 
applied loads during the first and second cycle, are 
represented. The experimental investigation, for a 
given value of N, furnishes the strains in the reinforce
ment in many points of the bar. These measurements 
had been made possible by several strain-gauges 
placed within the reinforcing bar. Since the strains in 
the steel are lower than the yielding strain, the linear 
elastic law for the reinforcement can be used 
(Fig. 4a). 

In Figure 10, the numerical results obtained with 
the proposed model both with (CASE 2) and without 
(CASE 1) the bond reductions are compared with the 
experimental ones, during the unloading and reload
ing phases. It is possible to notice that the CASE 1 is 
closer to the experimental measurements, despite the 
strains E, in the reinforcement near the crack, at the 
complete unloading, are not correctly evaluated. In 
particular, the computed steel strains are lower re
spect to the experimental ones, because the stresses 
on the crack surface are not correctly defined during 
the unloading. In other words, during this phase the 
unloading branch of the fictitious crack model plays 
an important role. If l3 = 0 is assumed in the 
equation 6 of the cohesive model (i.e. there is an in
crease in the slope of the unloading branch), there will 
be a good agreement between the computed and the 
measured strains in the steel (CASE 3 in Fig. 11). 

6 CONCLUSIONS 

A numerical model to study the cracking phenome
non in tensile RIC elements with a single crack, and 
subjected to repeated loads, is proposed. According to 
the experimental analyses, this model is able to define 
stresses and strains in concrete and steel, taking into 
account the fracture mechanics and bond-slip behav
iour. In particular, it is possible to measure the resid-
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ual steel strains at the crack due to the cyclic action, 
like in the experimental tests performed in Bresler & 
Bertero (1968). When the unloading stage is com
plete, the importance of the adopted cyclic relation
ships 1:-s and a-w is pointed out. In this phase, the 
structural response of the element is rather dependent 
on the unloading branch of the cohesive model, than 
on the reduction in bond stress near the crack. 
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