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Analysis of an octagonal prestressed concrete slab with threedimensional bond bond-slip elements
Y.F. AL-OBAID
Faculty of Technological Studies, PAEET P.O. Box 42325 Shuwaikh 70654 Kuwait

ABSTRACT
This paper gives initially general steps of the ®nite element method, in which provision is
made for three-dimensional bond and bond-slip existing between prestressing tendons and
the surrounding concrete. On the basis of this analysis, a computer program OBAID has
been modi®ed to analyze structures with bonded tendons. An octagonal prestressed
concrete slab has been analysed. The analytical results obtained compare well with those
available from the experiment on this slab.
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uniaxial concrete cube crushing strength
uniaxial concrete compressive cylinder strength
uniaxial concrete tensile strength
modulus of elasticity (concrete)
Poisson's ratio
modulus of elasticity (steel)
yield stress for mild steel bars
yield stress for high tensile steel wires
bond stress
change in steel strains over the bonded length
bond (embedded) length
diameter of steel
steel cross-sectional area
embedded surface area of steel
direction cosines of local axes X0 ; Y0 ; Z0 
with respect to global axes X; Y; Z
incremental slips in horizontal, vertical and lateral directions
of steel bars
incremental bond stresses in horizontal, vertical and lateral
directions
global displacements in X, Y, and Z directions
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Eh ; Ev ; Et
T
Pe
eb
Ue
Eb
Keb
S
B
2

R

bond-slip moduli
Transformation matrix
incremental element load vector
incremental element stress vector
incremental element displacement vector
bond-slip moduli matrix
bond-linkage stiness matrix
incremental element slip vector
strain-displacement matrix
strain vector
stress vector
residual load vector

INTRODUCTION
A great deal of work has been
published on ®nite element
techniques for linear and
nonlinear structural analysis
(Al-Obaid 1986, 1990, 1992,
1994, 1996; Campbell-Allen &
Low 1967; Nilson 1968; Langan
& Garas 1973). Here, only brief
details of elements and methods
related to this analysis are
presented. The elements
developed to represent bonded
prestressed concrete slab are
the: (a) isoparametric threedimensional solid element
(Fig.1); (b) axial line element
(Fig.2); and (c) threedimensional bond-linkage
element (Fig.3). Since elements
in (a) and (b) are well known in
the ®nite element ®eld, only the
details of the bond-linkage
element are given.

Fig.1: Isoparametric three-dimensional solid elements.
(a) Eight-noded solid element, (b) Twenty-noded solid
element, (c) Thirty-two-noded solid element.
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Fig. 2. Isoparametric line elements. (a) Two-noded line element; (b) Three-noded
line element; (c) Four-noded line element.

FINITE ELEMENT FORMULATION
The three-dimensional bondlinkage element, the Yaqlink*
element, has been developed to
model the interface relationship
between steel and concrete. This
development connects the line and
the solid elements together and
has two nodes as is shown in
(Fig.2). This element was ®rst
developed in a two-dimensional
form by Bresler & Scordelies
(1964) and was later used by
others. In this work, the element is
Fig. 3. Three-dimensional bond-linkage element. (a)
extended to three dimensions. Bond-linkage element; (b) direction cosines; (c) bond
Physically, the element does not
representation.
exist, but its mechanical action is
represented by three orthogonal
springs connected in the horizontal, vertical and lateral directions to steel and
concrete elements. The horizontal spring represents the bond stiness and acts
as a bond between the steel and concrete. The other two springs represent the
vertical and the lateral adhesion between the steel and concrete. The procedure
for the derivation of stiness matrix and computation of stresses is given below.
*

Yaqlink

Yaqoob three-dimensional bond-linkage element.
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Let X; Y; Z; and X0 ; Y0 ; Z0 ; be the global and the local co-ordinate systems
(Fig.2) respectively. The direction cosines of the local axes X0 ; Y0 ; Z0  with
respect to global axes X; Y; Z are l; m; n, p; q; O and r; s; t. Let P , Q
be the line element nodes. The direction cosines in terms of nodal co-ordinates
may be written as
XQ XP
L
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In the case of 1 = m = 0 and n=1, the direction cosines take the following
values:
p  0;

q  1;

t  0;

r

1;

s  0.

(5)

With this de®nition for the direction cosines, the local X0 is always tangential to
the line element with the other two directions being orthogonal to it.
Let Sh ; Sv and S1 be the incremental slips in the horizontal, vertical and
lateral directions of the steel element, respectively. The incremental relationship
between the slip and the nodal displacements can then be written as:
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(6)

or
Se  TUe

(6a)

Where T is the transformation matrix. Ue are the global element
displacements, and i and j are the element nodes.
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The local incremental bond stress and bond-slip may be written as:
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(7)

or
eh  Eb Se ;

(7a)

where Eh , Er and E1 are the bond-slip moduli in the three directions. These are
obtained by using the idealized form of the bond-slip curves.
Here
Eh  h ,
(7b)
S
where h S are the incremental bond stress and slip from a speci®ed bondslip curve.
Assuming bond stresses as average stresses along the length of the steel with
length L, the incremental nodal force and the stress relation may be written in
the following form:
APe  dL Tt eb ,

(8)

where
eb  Ah ; r ; 1 T
Pe  Piu ; Pir ; Pjw ; Pju ; Pjr ; Pjw T
d  diameter of steel embedded in concrete
dL  surface area over which the linkage element is connected with
the steel.
Now the relationship between the incremental nodal forces and the incremental
displacements can be found by substituting eqns. (6) and (7) in eqn. (8):
Pe  dL TT Eb T Ue

(9)

Pe  Keb Ue ,

(9a)

where
Kb

 dL TT Eb T

66
Kb
66

 bond-linkage stiness matrix

(9b)
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The explicit form of Kb is given in Table 1.
The stresses in terms of nodal displacements can be calculated by substituting
eqn. 6a in eqn. 7a as follows:
eb  Eb T Ue .

(10)

Table 1. Bond-linkage stiness matrix

The explicit form of the bond-linkage stiness is:
2

Kb11

 4
Kb
Kb21
66

Kb12

3
5

Kb22

where
Kb12  Kb21 

Kb11

Kb22  Kb11
2
Kb

6
6
 6
6
4

Kb11

Kb12
Kb22

symmetry

Kb13

3

7
7
Kb22 7
7
5
Kb33

Kb11   dL `2 Eh  p2 Ev  r2 Et 
Kb22   dL m2 Eh  q2 Ev  s2 Et 
Kb33   dL n2 Eh  t2 Ev 
Kb12   dL `mEh  pqEv  rsEt 
Kb13   dL `nEh  rtEv 
Kb23   dL mnEh  stEv 
l; m; n
p; q; r  direction cosines
s; t
 dL  perimeter of the steel
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STEP-BY-STEP ANALYSIS FOR NONLINEAR STRUCTURE
A brief outline is presented for the application of non-linear methods to concrete
structures. The non-linear steps for bond-linkage elements are as follows:
(1)

Apply a load increment, Pn , where n is the load increment. Accumulate total
load Pn  Pn 1  Pn , and R  Pn , where R is the residual load vector.

(2)

Solve U1  K 1 R, where i is the iteration number and K is the stiness
matrix of the structure. Here, various solution options may be used (which
include the initial stess and other iterative methods); e.g., K  Ko - initial stress
method, K  KT - pure Newton-Raphson method, or K may be updated at the
beginning of each load increment only, etc. Accumulate total displacements:
Ui  Ui

(3)

1

 Ui

(11)

For each element type calculate strain increments:
and strains

 2i  BUi

(12)

2i  2i

(13)

1

 2i .

If initial strains, such as creep and thermal strains, are present, then:
 2   2i
in which

 2th

 2c ,

(14)

c  creep
th  thermal.

(4)

For each element type, the stress increments are calculated using the
current non-linear constitutive matrices. For concrete, the cracking and
compressive criteria are considered; for steel, elasto-plastic relations are
considered; and for bond at the steel-concrete interface, non-linear bondslip relations are considered. They may all be expressed in the general form:
i

 f  2 .

(15)

Accumulated stresses:
i  i
(5)

1

 i .

(16)

The total stresses are converted into equivalent internal loads as:
R T
B i dvol
(17)
vol
and the residual load vector is calculated by:
R T
B i dvol .
R  Pn
vol

(18)
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Check for convergence. If convergence is not achieved, go to step (2) and
repeat all the steps for the next iteration. If convergence is achieved, then
go to step (1) and repeat the process with the next load increment.
Steps for non-linear bond-linkage elements (step 4):
(a)

Calculate incremental slip from the nodal displacements [eqn. (6)]:
Si

 TUi

(19)

where T is the transformation matrix and Ui are the element
nodal displacements.
Total slip at iteration i:
Si  Si

1  Si .

(20)

(b) Calculate the incremental stress based on the bond stress at iteration i-1:
bi  Eb bi 1 Si ,

(21)

and total stress:
bi  bi

1

 bi .

(22)

(c)

Check the state of the bond, i.e. whether the bond is broken or not,
and calculate stress accordingly.

(i)

If j Si j> Smax set ¯ag 1 ¯ag  1, i.e. the bond is broken. At this
point, the bond stress is instantaneously dropped to zero, i.e.
bi  0:0, where max is the maximum slip allowed.

(ii) If j Si j> Smax , calculate the bond stress which is compatible with the
slip, Si . This is obtained by linear interpolation of a non-linear bondslip curve. The curve is simulated by multi-linear lines. This eventually
gives the scheme of the linear interpolation. Let rb be the bond stress
compatible with the slip, Si . The dierence between bi and rb is
treated as initial stress and this may be converted into nodal loads, i.e.
D  bi

rb .

(23)

D .

(24)

For the correct stress,
bi  bi

(d) Total internal equivalent loads and residuals are calculated as:
Pint  dL TT bi
R  Ln

Pint .

(25)
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NUMERICAL RESULTS AND DISCUSSION
In this section, the numerical analysis of the pre-stressed concrete octagonal slab
described is carried out using the non-linear ®nite element computer program
OBAID (Al-Obaid 1990, 1992, 1994). This program has been written to analyse
mainly three-dimensional reinforced and prestressed concrete structures. The
program includes non-linearity due to compression and cracking of concrete,
the elasto-plastic behaviour of steel and bond-slip at the interface of steel and
concrete. The program also has the capability to analyse thermal and viscoelastic creep problems. The total load in the program is applied in small
increments and for each increment iterations are performed. Iterations are
terminated when the ratio of residual loads to applied loads is small (usually 510%). The program stops either when total applied load is reached or a speci®ed
maximum displacement is
reached or it fails to converge.
Before analysing this
octagonal prestressed concrete
slab, various facilities provided
within the program OBAID
have been tested on a number
of smaller problems.

General Information
Figure 4 gives the main
dimensions of the slab together
with the positions and
locations of prestressing wires
and ordinary reinforcements.
The wires are stressed up to
75% of the guaranteed
ultimate tensile strength
(GUTS) and are grouted. The
slab is treated as bonded and is
Fig. 4. Details of prestressed concrete slab.
simply supported on four
edges as shown in Fig. 4. The
numerical results have been given for the following three cases:
Case I:

Bonded prestressed concrete slab. The interface behaviour between the
steel and concrete is modelled using the Linkage Yaqlink Element.
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Case II: Perfectly bonded prestressed concrete slab. The steel element is placed
on one side of the solid element and a perfect (rigid) bond is assumed
between the two.
Case III: Unbonded prestressed concrete slab. The steel elements are not included
but their prestress forces are included in the analysis of the slab.
All loads due to prestressing are treated as uniform pressures on four
opposite edges of the slab. The pressure, after taking into consideration various
pre-stressing losses, is 1.89 N/mm2. The applied load on the top surface of the
slab is also treated as
uniform pressure. A total
load at failure from the
experiment is 544kN
(0.2186 N/mm2).

Finite element meshes,
geometry and material
data
Due to symmetry, only
one-quarter of the slab is
analysed (Fig. 5) This slab
is restrained from moving
in the Y direction along
AB (i.e.v = 0) and in the X
direction along AC (i.e. u
= 0). The centre point A is
restrained in both the X
and Y directions (i.e. u=0,
v=0). The edge DE is
supported in the Z
direction (i.e. w=0).
Figure 5 shows these
boundary conditions. The
®nite element mesh of onequarter of the slab with
Fig. 5. Main dimensions of ®nite element mesh of the slab.
element dimensions is
shown in Fig. 5. The choice of this mesh is made so that the prestressing wires
and reinforcements lie on the sides of the solid elements. The nodes of solid
elements and line elements are connected either by Yaqlink elements for a
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bonded slab or rigidly
interconnected for a
perfectly bonded slab.
Where a large amount
o f o r d i n a r y
reinforcement is closely
spaced in the slab, they
are modelled as line
elements in the body of
the solid elements.
Such elements are
shown as broken lines
in Fig. 5. Two solid
elements are chosen
through the thickness
of the slab. The
elements are placed at
an eective depth of
72.5 mm (Fig.5).
The details of the
®nite element meshes
for the three dierent
cases are given below:
Case I: Bonded slab.
The slab concrete is
Fig. 6. Finite element mesh of bonded slab.
modelled using eightnoded isoparametric
solid elements; the reinforcements and prestressing wires are modelled using
two-noded axial line elements, and the bond between the steel and concrete is
modelled using two-noded Yaqlink elements. Figure 6 shows the ®nite element
mesh for this case only. The mesh comprises 60 solid isoparametric elements, 48
line elements, 28 Yaqlink elements and 40 body axial line elements (these are
shown as broken lines in Fig. 6). The nodes for steel and concrete are
represented by dierent numbers, although they occupy the same points in
space. The Yaqlink elements (joining steel and concrete) are located at nodal
points along the steel-concrete interfaces. Figure 6 shows the bond of Yaqlink
elements connected to solid elements. Here, solid element nodes 26, 29, 47 and
50 are connected to the line element nodes 130, 131, 137 and 138 through the
Yaqlink elements. Node numbers 26 and 130, 29 and 131, 47 and 137 and 50
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and 138 have the same
coordinates in space.
There are a total of 150
nodes and 450 degrees
of freedom for this case.
Case II: Perfectly
bonded slab. The ®nite
element mesh for this
case is shown in Fig. 7.
The mesh is similar to
the bonded slab case
except that Yaqlink
elements are replaced
by traditional line
elements rigidly placed
on solid elements. It is
assumed to have a
perfect bond between
the solid element and
the line element. The
steel line elements are
assumed to lie along the
sides of a solid element
sharing the same nodes
(Fig. 7). The ®nite
Fig. 7. Finite element mesh of perfectly bonded slabs.
element mesh for this
case comprises 60
isoparametric solid
elements, 48 line elements and 40 body axial line elements. There are a total of
126 nodes and 378 degrees of freedom.
Case III: Unbonded slab. the line elements representing prestressing steel are
not included in this analysis since they are unbonded. The ®nite element mesh
(Fig. 7) in this case is identical to the case of perfectly bonded slab except that
here the line elements representing prestressing wires are excluded. The ®nite
element mesh comprises 60 isoparametric solid elements representing concrete,
24 axial line element, and 40 body axial line elements representing ordinary
reinforcements. There are total 126 nodes and 378 degrees of feedom.
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Table 2. Geometry and material data for slab

Concrete
Ec

 27500.0 N/mm2

c

 0.17

c

 39.0 N/mm2

t

 3.9 N/mm2

2cu

 0.0035

, shear retention factor for cracked concrete = 0.5
Integration rule for all solid elements = 2  2  2

Steel
Prestressed wires:
diameter  7.0 mm
Es

 200,000 N/mm2

H

 strain hardening parameter
x 20000.0 N/mm2



1

 1340.0 N/mm2

Reinforcements:
diameter  12.0 mm
Es

 200,000 N/mm2

H

 20000.0 N/mm2



1

 279 N/mm2

Tolerance for convergence, Tol = 3.0  10-2
Pressure due to prestress = 1.89 N/mm2
Total pressure due to vertical load = 0.2186 N/mm2
(544 kN) at failure
Table 2 gives the details of geometry and material property data for the slab.
The stiness properties of bond-linkage elements are obtained from the
experimental tests described in the earlier section. A local bond stress-slip curve
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for 7mm of wire (Fig. 8) is
a mean curve obtained
from the statistics of the
experimental curves.
Fifteen points are taken
on the bond-slip curve and
they are assumed to be
joined by linear lines. The
bond stress-slip relations
for these 15 points are
taken as an input for the
program OBAID. The
program has the ¯exibility
to take other types of
bond-slip curves.

Fig. 8. Bond stress-slip curve used in the ®nite element
analysis of prestressed concrete slab.

As mentioned earlier, the slab has been analysed for three dierent cases,
namely, bonded, perfectly bonded, and unbonded cases. The total load
(pressure) on the slab has been applied at 11 increments. The ®rst load
increment is due to prestress applied on the edges of the slab. The second
increment and onwards are due to the transverse pressure applied on the top
surface of the slab. These pressures are given below:
Prestress (N/mm2): 0.0603, 0.0804, 0.1005, 0.1206, 0.1407, 0.1608, 0.1809,
0.201, 0.2047, 0.2138.
Crack patterns have also been compared with experimentally obtained crack
patterns as shown in Figs 12-14. At a load of 200 kN (0.0803 N/mm2), cracks
have formed along the two centre lines of the slab which compare favourably
well with the experimental cracks. At a load of 280 kN, a large part of the slab is
cracked, and between 280kN and 336 kN practically the whole bottom surface
of the slab is cracked (this can be seen in Figs. 10-12). The comparison between
the computed and the experimental crack patterns is reasonably good. The
analytical results only show the position and the direction of cracking, which are
based on the principal directions of the stress state, and they do not show the
sizes of cracks.
The crack patterns of the slab from the analysis may be related to the loaddisplacement curve of Fig. 9. Initially, the slab is linear (elastic) up to a load of
150 kN (0.602 N/mm2) when the ®rst set of cracks developed; at a load level of
200 kN (0.0803 N/mm2) the curve has deviated slightly from its linear path. At a
load of 280 kN (0.1125 N/mm2), as a result of more cracking, the curve deviates
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further due to the loss of
stiness. When the load reaches
336 kN (0.135 N/mm2), a large
part of the slab has already
cracked in two directions,
indicating further loss of
stiness (which is clear in Fig.
9). Thereafter the curve is
almost linear (beween 336 kN
to 450 kN), indicating the
widening of the existing cracks
up to the point when the
yielding of steel starts. After
that, the slab has failed due to
excessive cracking producing
large de¯ections.
By making the comparison
of load-de¯ection curves (Fig.
9) for the above mentioned
three cases, namely, bonded,
Fig. 9. Load-displacement curves of prestressed
perfectly bonded and unbonded
concrete slab.
cases, it is clear that the results
are almost identical in the early stage of loading. As soon as sucient cracks
develope in the slab, the results from perfectly bonded analysis are rather higher
than those from the bonded and unbonded analyses. This would be exepcted,
since in the perfectly bonded analyses the steel and the concrete is assumed to be
rigidly connected, which allows no slip between the steel and the concrete.
For each load increment, iterations are peformed to correct the equilibrium. A
maximum of 12 iterations per increment are allowed, and iterations are generally
terminated when the Euclidian norm of the residual loads becomes less than the
speci®ed tolerance (Tol=3x10-2). The constant stiness option (Initial Stress
Method) is employed for all cases. The orthotropic concrete model in compression
and the tension cut-o model for cracking of concrete and the elasto-plastic model
with strain hardening for steel have been adopted throughout.
The results obtained from these analyses are plotted in the form of loaddisplacement curves, crack patterns and de¯ected shapes as shown in Figs. 9-14.
The cracking of concrete has a particularly strong in¯uence on the behaviour of
the slab. Figure 9 shows the load-central de¯ection history of the slab. The
experimental curve is also shown for comparison. It is seen that the predicted
results for three cases compare favourably with the experimental results. These
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curves show that they are in very
good agreement in the early stage of
loading (between 180 kN [0.0723 N/
mm2]). At this stage most of the
cracking takes place. There is a
slight disagreement between the
computed load-de¯ection curve and
the experimental curve between the
load range of 300 kN (0.1205 N/
mm2) to 450 kN (0.18N/mm2). The
ultimate load computed from the
analysis is less than the
experimental failure load. The
dierence between the two is
roughly 2.2%.
These variations are due to
assumptions built into the analysis
and probability of variations of
material data and boundary
conditions. In the analysis, very
large displacements are predicted
at a load level of 544 kN indicating
the collapse of the slab. The
computed crack distribution of the
slab for various load levels are
plotted in Fig. 10 for bonded and
fully bonded slab cases.
Comparing these two cases, there
seems to be a close relationship in
certain areas.
The dierence in the ultimate
strength of the two cases is about
1.4% In addition, the third case of
the unbonded slab has also been
analysed for comparison. The
computed ultimate load is
reasonably close to the other two
analyses, but the computed
displacement at the ultimate load
is much too large.

Fig. 10. Crack patterns of the slab at 1-1.

Fig. 11. Crack patterns of the slab at 1-1.
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Figures 13 and 14
illustrate the de¯ected
shapes along the two centre
lines of the slab. The
computed and the
experimental de¯ected
shapes are in close
agreement. Figure 15 shows
the maximum steel stress
reinforcement and
prestressing tendon as a
function of applied load as
computed from the analysis.
A re-analysis has been
carried out for the above
two cases, I and II. The
bonded slab in case I is
Fig. 12. Experimental cracks at the bottom surface of the slab.
analysed this time with
smaller load increments.
The total number of 18
increments has been
adopted using the initial
stress method and
equilibrium iterations. A
further sophistication in
results has been achieved
and the results are in good
agreement. With those from
the experiment. With
smaller increments within
the total range of the same
load, large de¯ections as
Fig. 13. De¯ected shapes at various loads along AA.
expected have been
computed. Although the
ultimate load of the analysis is taken to be the same as the experimental load,
the de¯ections in comparison are much too large. It is seen that there is a
depression in the load-de¯ection curve for load level of 250-350 kN. With the
small load increments, the results show the depression in the nearby region
which could not be observed by using large load increments. In case II, the slab
has been analyzed using the incremental approach with no iterations. In this
case, the stiness matrix is updated according to the Newton-Raphson method.
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Fig. 14. De¯ected shapes at various loads along BB.

The results of this incremental
method are shown in Fig. 9. It can
be seen from the ®gure that the
ultimate load for this analysis is
highly overestimated, while the
de¯ections at ultimate load are
much too small. The ultimate
strength of the slab for this case
has been overestimated by 11%.
The reason is gathered from the
fact that because of no iterations,
the stresses released as a result of
cracking are not redistributed to
the surrounding material. This
assumed case is normally adopted
for approximate analysis and gives
much higher results.
Fig. 15. Variation of steel stress with load in the
prestressed concrete slab.
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Data for bond linkage element
The following data is adopted for the Yaqlink element in the form of a multilinear curve. A total of 15 points are taken on the curve and their values are
given:
Curve Points

Bond Stress
(N/mm2)

Bond-slip
(mm)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

0.0
0.5
0.8
0.9
1.0
1.2
1.3
1.4
1.5
1.6
1.7
1.75
1.8
1.84
1.86

0.0
0.001
0.0025
0.003
0.004
0.005
0.006
0.007
0.008
0.01
0.013
0.015
0.018
0.025
0.05

CONCLUSION
A three-dimensional ®nite element analysis incorporating a three-dimensional
bond-linkage element has been carried out on a bonded concrete slab. The
results obtained from this analysis compare well with those from the
experiment.

REFERENCES
Al-Obadi, Y.F., 1986. The ®nite element analysis of crack growth in zircaloy tubing under extreme
temperature. International Journal of Engineering Fracture Mechanics 23(5): 875-82.
Al-Obaid, Y.F., 1990. The automated analysis of endochronic model in the cracking of PCPV.
Fourth Conference of Applied Mechanics. Cairo, Egypt.
Al-Obaid, Y.F., 1992. Three dimensional cracking analysis of concrete containment vessels under
external impacts. The Journal of the University of Kuwait (Science) 19(1): 17-34.
Al-Obaid, Y.F., 1994. Three dimensional non-linear cracking analysis of prestressed concrete. The
Journal of the University of Kuwait (Science) 21(1): 9-22.
Al-Obaid, Y.F., 1996. The ultimate strength analysis of prestressed containment vessels. The
Journal of the University of Kuwait (Science) 23(1).
Bresler, B. & Scordelies, A.C. 1964. Shear strength of reinforced concrete beams. Series II. SESM
Report No 64-2. Unversity of California, Berkeley, CA.

194

Y.F. Al-OBAID

Campbell-Allen, D. & Low, E.W.E. 1967. Pressure tests on end slabs for prestressed concrete
pressure vessels. Nuclear Engineering Design Journal 6: 345-359.
Langan, D. & Garas, F. K. 1973. Behaviour of end slabs in cylindrical prestressed concrete pressure
vessels. 2nd SMIRT Conference, Part H3/4.
Nilson, A.H. 1968. Nonlinear analysis of reinforcement concrete by ®nite element method. ACI
Journal.

Submitted :
Revised :
Accepted :

14/4/2001
10/9/2002
23/10/2002

Analysis of an octagonal prestressed concrete slab with three-dimensional bond bond-slip elements

195

eGOMAS9< ?+!9SQMyG ?+FG(AI:G ?+fh~y u=T}yG {+zJAyG
IOhOJ}yG Bond/Bond-Slip ?C;DyG O9g<}G JGP QY9"f
O+=gyG O%p H(tg*
>*QOAyGh ,t+=aAyG ~+zgAzy ?|9gyG ?8+%yG - ?+F(y("wAyG J9SGQOyG ?+zv
B*(wyG 70654 - N*(WyG 42325 .H.U

? Y ;L
?t<9S ?+!9SQMyG ?+FG(AI:G ?+fh~y ?|9f JG(aL {+zJ@ ?*GO< EJ=yG GP$ dh9"A*
IOhOJ}yG Bond/Bond-Slip ?C;DyG O9g<}G JGP {+zJAyG QY9"f eGOMAS9< O9%F:G
~@ Osh ,?+!9SQMyG utW@h ?!hOzyGh IQC|}yG d9}I}G I9v9J| 9$Q9=AfG ,p PLz@ ,AyGh
.O9%F:G ?t<9S ?+!9SQMyG ?+fh}G bFG(I )zf {+zJAyG GP$ u+=a@
xyP #f ?G@9"yG H(tDyGh KaTyG utWA< ?Y9MyG JGQ*OtAy9< ?SGQOyG gP$ 9!OhR@ 9}v
.iQLC HF9A! h| 9%A!Q9t|h OBAID ,y6G >S9JyG H|9!Q< eGOMASG d;L #|

