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Abstract: In this paper, the damage in concrete around a reinforcement bar is examined, and three types of damage in concrete and
the concrete-rebar interface are defined. Based on these definitions, a three-dimensional damaged reinforce@&g)cedtenent is
proposed. The element consists of a 10-node concrete element, a two-node rebar element, and a four-node concrete-rebar interfe
element. Experiments were carried out to obtain the parameters for the bond damage evolution equation. The proposed DRC element
implemented as a user-defined element of MSC MARC2000, a commercial finite-element analysis software package. Two numerica
examples were examined, and the results show that the DRC element can simulate the bond deterioration in reinforced-concrete structu
members with sufficient rationality, accuracy, and efficiency.
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Introduction (Stankowski et al. 1993a, b; Louremand Rots 1997; Soh et al.
1999, it is not easy to take into account the interaction between
In the design and analysis of reinforced-concf®€) structures, the cracking of concrete and the bond deterioration of the
the bond between the reinforcement Iggeba) and concrete is  concrete-rebar interface. At the same time, these concrete-
one of the importa.\nt fact'ors thqt must be' properly acgounted for. interface-rebar meshing techniques usually need many elements
The shear bond, in particular, is the main load-carrying mecha- jn the finite-element analysiéFEA) for accurate results to be
nism between the concrete and its reinforcement in the longitudi- gptained.
nal direction of the rebars. Although perfect bonding can be as- |5 this paper, a 12-node 3D damaged reinforced-concrete
sumed when little or no stress transfer occurs between the(DRC) element is developed based on the damage description of
concrete and rebar, slip at the concrete-rebar interface usuallyihe concrete and the bond properties on the concrete-rebar inter-
occurs when reinforced-concrete structures are loaded, especiallyace. |n this DRC element, the damage in the concrete and on the
in cases when high stress at the contact interface and at the endoncrete-rebar interface is considered using three damage vari-
anchorage exists. It has been shown that it is essential to includeypes, so that the nonlinear and softening behavior of the concrete
bond-slip in the analysis of reinforced-concrete structyRsts and the interface can be realistically modeled. Experiments were
1988. The bond stress is directly related to the slip of the inter- carried out to obtain the parameters for the bond damage evolu-
face. The behavior of the interface will deteriorate after the slip tjgn equation. The DRC element developed is implemented as a
reaches a certain level, and as a result of damage developmeni,ser-defined element in a commercial FEA package, MSC
nonlinear and softening behavior will appear in the bond stress- MARC2000 (User 1997. Two numerical examples are given to
slip curves. These must be fully simulated in the reinforced- jjystrate the effectiveness of the DRC element in analyzing
concrete structure analysis. While the various bond problems canyginforced-concrete specimens. The results show that the DRC
be treated separately using contact eleméNgo and Scordelis  glement can simulate the bond deterioration in RC structural
1967; Schafer 1975; Herrmann 1978r interface elements  members with sufficient rationality and accuracy. However, the
model is still too simple to deal with the complexity of real struc-
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Affected zone

{ ™Local damage

| Fig. 2. Additional deformation mode of concrete

Fig. 1. Definition of affected zone

whereR=radius of the affected zon&,=radius of the rebar;
deduced using the principle of virtual work. Two scalar-damage =length of the concrete cylinder; ari} = displacement of the
variables,Dy, andD,,, are introduced to describe the bond dete- interface relative to the rim at the loaded end of the DRC element.
rioration of the rebar-concrete interface and the cracking of the  According to the theory of elasticity, the idealized strain field
concrete. The derivation of the DRC element is explained in de- can be derived as

tail later.
du ¥y 1 R
“ox T RRRTD

An affected zone is a volume of concrete around a deformed rebar EINES 8xr=% Z—l: =— % RilR ( 1- )I_(
in which local damage of concrete occurs as a result of the wedge s
action around the rebar, as shown in Fig. 1. As shown later, be-and the stress fields are

sides the deformation of the rebar, the deformation modes in the

DRC element consist of the deformation modes of an eight-node 17v 1

€x
Affected Zone and Local Damage

; others=0 3

isoparametric element, an additional shear deformation mode, and 7 E°(1+U)(1_2v) Exr Trx T Tx EC(1+U) frx

a slip mode at the concrete-rebar interface. Accordingly, three

kinds of damage in the DRC element are identified, which are the o, =0,=E, v ey, others=0 (4)
local damagé®, in the affected zone of the concrete, the nonlocal (1+v)(1-2v)

damageD, in the concrete, and the bond damapgeat the rebar-  \yhereE andv = elastic modulus and Poisson’s ratio of the virgin
concrete interfacéLiu 2003. The local damage in the affected concrete, respectively.

zone of the concrete is attributed to the additional deformation  According to the principle of virtual work, the following equa-
mode and the wedge action. The nonlocal damage in the concretgjon can be written:

is attributed to the deformation modes of the eight-node isopara-

metric element. The bond damage indicates the deterioration of ~ ~ ~ _r3

bond stiffness of the concrete-rebar interface because of the slip jﬂ(UX8X+“rx8rx+er8xr)dQ Fad1 (%)
and wedge action around the rebar. For simplificatiop, D,,, _ ~ L ~
andD,, are all assumed to be scalars. Of the three kinds of dam-Where  2,=—(3:/)(R-1)/(R=Ry);  Z=%=—-0.9,(1

age, the local damadg, is closely related to the bond damagg —x/1)/(R—Ry); andd, = virtual displacement. From Eq&}) and
because they are due to wedge action around the rebar. So fof5), the force-displacement relations can be derived as
simplification, the local damage, is assumed to be proportional wE 1 1—v 1
to the bond damagB,,; i.e. - c 4_ 6R2R2 _ .l

985 Fa6(itv) (R-RJZ 120 R ORRSTBRR-eR);

D| = OLDb (1)

wherea = parameter that needs to be calibrated in the DRC ele- +(R2—R§)I}81=K,~81 (6)
ment.
Additional Deformation Mode of Concrete Bond Damage on Concrete-Rebar Interface
in Damaged Reinforced-Concrete Element An accepted practice in dealing with the bond problem is to as-

To consider the shear deformation of the concrete around theSume that the shear stress is a function of the slip of the interface
rebar, an additional deformation mode in the affected zone is With @ damage factor included in the expression to take into ac-
introduced, as shown in Fig. 2. The affected zone is assumed tocoUnt the degradation of the bofBoh et al. 199 The relation-

be a concrete cylinder that is fixed at its rim and subjected to a Ship between the bond stress and slip of the concrete-rebar inter-
force F, along thex-axis on one end surface. The longitudinal face is assumed to be

axis of the pylinder is assumed' to be thfaxis'. Hence, in the T(X)=Ep(1—Dp)A(X) (7)
r-6-x coordinate system, the displacement fielgk,r) can be o ) .
assumed to be whereE,=virgin bond stiffnesspP,=mean bond damage in the

DRC element; and\(x)=slip along the rebar. In Eq7), it is
assumed that the bond behavior would deteriorate only when slip
develops, but according to experimental observatidiackawa

&)

R X r
u(x,r)=81R_—Rs( 1- l—)(l— ﬁ
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|
Bond stress A\ Fbl:j Eb(1—Db)(1—BDn)A1(1—)I—()wdsdx
0 \
Cracking ! - I
N 2.5d5d :EﬂdsEb(l—Db)(l—BDn)Al;
Concrete | X
,,,,,, Fb2=f Eb(l—Db)(l—BDn)Az(l—)wdsdx
Rebar” 0

I
=5 mdsEp(1-Dp)(1-BDn)A; (10)

Fig. 3. Bond deterioration near cracking plari®aekawa and

. Eqg. (10) can be used to determine experimentally the evolution
Qureshi 199y

equation of the bond damad®,. For example, when a rebar is
pulled out from the concrete, the pullout fordép, can be de-
rived from Eq.(10) to be

and Qureshi 1997 the cracking of concrete will also affect the
bond behavior. To account for this effect, a bond stress-slip rela-

I
tion is thus assumed Fp=Fb1tFpo=5mdsEx(1=Dp)(1-BDn)(A1+42)
7(X)=Ep(1=Dp)(1=BDp)A(X) (8) 11
where parametes is related to the length of the DRC elemeint, Thus, the relationship between the bond damBgeand the

Maekawa and Qurest{l997 assumed that the bond stress de- slip can be determined if the pullout forég, and the slip on the
creases to zero within a distance of@%om the cracking plane  two surfacesA; andA,, can be measured and if it is ensured that
(ds is the diameter of the rebaras shown in Fig. 3; so when D,=0 in the experiment.

<5d,, we assume thgd =1.

A linear slip field is assumed for the DRC element, which can )
be written as Nonlocal Damage in Concrete

AX)=A1(1=x/1)+Ay(X/) 9) The nonlocal damage in concref®,, in this paper refers to the

whereA, andA,=slip at the two ends of the DRC element, as degradation and cracking of concrete not directly induced by the

shown in Fig. 4a). The bond forces at the ends of the DRC 20nd damage or wedge action on the concrete-rebar interface. It
element can t.hen 'be calculated by occurs not only in the reinforced-concrete element, but also in the

pure concrete element, and in the DRC element it is due to the
deformation modes of the common eight-node isoparametric ele-
ment of the concrete.

For simplification, a scalar damage model for concrete is
adopted, with the stress-strain relationship defined as

o'=(1-D,)-D&¢’ (12)

where 0":{0'11 092033012093 0'13}T and e’
={e11 892 £33 261, 2893 265} ' =Stress and strain vector, respec-
tively; D®= elastic matrix; and,=damage scalar defined as

0, oi=f,
: D,={ (L1—E,/E)(1—fi/0c$), fi<a$<(1—E./Epf,
11 '
N 1, 0= (1-E./Exf,

) ; 10 (concrete) Rod element for rebar (13)
1 /

/l 12 (rebar) + where E,(<0)=softening module;f,=tensile strength of the

AR, (@iv) concrete; and-;=maximum principal stress when the concrete is

& assumed to be an elastic material; that is
Interface element

1
B PEsTr e (R ER RS R CE)

where &4,e,,e3=principal strains. For the one-dimensional

9 (concrete) : . . P
11 (rebar) cases, this model gives a stress-strain curve as shown in Fig. 5,

E.n.¢) (b) which is the same as those given by the crack b@rdsmear

’ crack model with a linear softening phagBazant and Oh 1983
But this model, described using damage mechanics, makes it
easier to consider the interaction between the concrete cracking
and the bond deterioration, as shown in E).

Fig. 4. Construction of 12-node DRC elemerit) deformation of
DRC elementjb) assembly of DRC element=iii +iii +iv)
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)81 Ni=Niia(E1,m1.81)
Fig. 5. Stress-strain curve of concref@ne dimension N =Nit23(E2,m2,82)

where N;(&,m,0)-;...g=shape function of the eight-node iso-
parametric element; and s&={1,4,7,10,13,16,19,22consists

of the indices denoting the degree of freedom intkdirection.
Because the local damad®=aD,, only occurs in the affected
As shown in Fig. 4b), the DRC element is composed of a 10- zone, as in Eq(10), the size of the DRC element has been limited
node concrete element, a two-node rebar element, and a four-nodep be just the size of the affected zone.

lumped interface element. Consider an eight-node isoparametric  The force-displacement relationship of the two-node rebar el-
element with stiffness matrik ®; its force-displacement relation-  ement can be written as

ship is

Secant Stiffness Matrix of Damaged
Reinforced-Concrete Element

F8=K8.u8 (15) Fsz{Tli__ESAS{ tot

T 1 |-1 1

A1+81 _ s s
[AZJFSZ]—K us o (17)
where F® and ué=nodal force and nodal displacement vector,
respectively. Assuming that axésis parallel to axisx, which is whereE, andA = elastic modulus and cross-sectional area of the
the direction of the rebar, the new force-displacement relationship repar, respectively.

considering the additional deformation mode of concrete can be | fact, Eq.(10) also defines the force-displacement relation-

expanded to ship of the four-node lumped interface eleméRots 1988,
st which can be expressed as
:8 F
Fe=1{ F34p =(1-Dp)(1—aDy) X = I
Fa F= F, :(1—Db)(1—BDn)EstEb
FB F4
FKS, v K8, KSas KSoe _
‘1,1 %,24 %,25 %,26 uzlg 1 1 0 5.+ A,
: : -1 1 0 0 31
: X
x| Kan " Kiuzs Kiazs Kiaoze|{ us, 0 0 1 -—1f|3%:*4;
d
Kis1 = Kzspa Ki Kisag 21 0 0o -1 1 2
2
[ K361 KZeos Kzeos Kr | =(1-Dy)(1—BD,)KP-uP (18)
=(1— _ c.(C
(1=Dn)(1=aDp)K®-u (16) Using Eqgs.(16)—(18), the secant stiffness matrix of the DRC
in which element can readily be assembled as follows:
|
F s v [ Kiror Ko K125 K126 0 o 7, 4 |
Fi : ; : : : ; !
FS, Kaap = Koo Kagps K2a,26 0 0 ug,
FatFgp)=| Kasa ° Kogos KosostKgg 0 —Ksd 0 81 (19)
FetFa Kas1 - Kogoa 0 Ka26261 Ksg 0 —Ksd 92
F1+Tl 0 0 —Ksqg 0 KsaTKss —Kss 81+A1
\ F2+ T2 \ 62+A2
/ L 0 0 0 —Kgg —Ksgs Ksgt KSS_ /
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" Blocking plate

- Concrete

" PVC pipe
""""""""""""" Hold-down rod

Fig. 6. Experimental setup

- Machine base

(@ (b)

Fig. 7. Typical failure modes of tested specimerial Specimen
10-5; (b) Specimen 15-1

in which
Ki’j:(l—Dn)(l—an)Kﬁj ;1,j=1,...,26 cracks(splitting failure. The process of failure was observed as
_ follows. First, when the load approached its peak value, the radial
Ksg=0.5mldsEp(1—Dp)(1-BDn);  Kss=EAS/I cracks started appearing on the top surface of the concrete around

the steel bar. The cracks extended very fast, and soon they ran

through the top surface and extended downward along the side of

Experimental Calibration the specimen. The stiffness of the specimen decreased quickly
) ) ) ) ) ) when the cracks ran through the top surface. When the load

As mentioned earlier, one important issue in developing the DRC reached the peak, the cracks extended so fast that the linear vari-
element is to model the bond behavior of the concrete-rebar in-gpje differential transducers could not properly record this pro-

terface, as expressed in E8). In the equation, the damage scalar cess. The speed of the downward extension of the cracks varied
Dy, is introduced to account for the deterioration of the bond from specimen to specimen. Generally, the larger the specimen,

characteristics. If the evolution equationdf, is known, the be-  he quicker the cracks extended.
havior of the interface can be correctly described with &) The experimental bond stress-slip curves for the Group 10 and

evolution equation oDy,. According to Eq.(11), the evolution  the average bond stress, is the relative displacement of the
equation can be obtained from the experimentally recofigd  stee| bar and concrete on the top surface, Ands that of the

~A curve. bottom surface. It is apparent that the bond stress-slip curves from
the six Group 10 specimens are similar except for the one from
Experimental Setup Specimen 10-4, which suffered a sudden crash of the experimen-
tal setup for some unknown reason. The results from the seven
The specimen is cylindrical in shape, with a rebeg= 10 mm) Group 15 specimens are more scattered compared to those from
embedded along the central axis. In the derivation of(Eg), we the Group 10 specimens. As mentioned earlier, the cracks in the

have assumed that the damage state of the interface could bgsroup 15 specimens extended so fast that the bond stress de-
represented by a mean dama@®,. So, the thickness of the  creased abruptly after the peak. The second peaks observed in
specimen should be as thin as possible. Thus, the thickness of thgome of the curves may be because the stiffness of the loading
specimen is designed to be 75 mm, as the maximum size ofgystem was inadequate.

coarse aggregates is 20 mm. The loading device was designed as T fit the experimental results, the evolution equation of the
shown in Fig. 6. A hole, with the same size as the concrete speci-pong damage is assumed to be

men, is made in the center of the steel blocking plate, which is

fixed to the base of the tension machine, Instron 4486, by four 0, Asy
steel hold-down rods. Special glue was used to stick the specimen Dp= Ty 1 (20)
to a polyvinyl chloride(PVC) pipe, which was cut into eight 1- EA 1—exp— S (A=v" ], A>ry

pieces to eliminate the lateral confinement eff@dalvar 1992. ]
So when the rebar is pulled upward, the PVC pipe will be held WhereA=0.5(A;+A4,); 7 =residual bond strengthj=damage
back by the blocking plate. The maximum tension stress in the threshold; and parameteasmcan be determined from

specimen is much less than, so according to Eq(13), the Ag—v
nonlocal damag®,, is ensured to be zero. More details on the m=— pp——
experimental study can be found in I(R000. (Ag—T /Eb)lnL
' EpAo—1;
H T
Experimental Results a=m| Ag— E_;)( Ag—vy)™1 (21)

A total of two groups of 13 specimens, with diameters df
=10cm (Group 10 and 15 cm(Group 135, respectively, were  wheret, and Ag=bond strength and corresponding slip value,
tested. Some typical failed specimens are shown in Fig. 7. Appar-respectively. In fact, Eq(20) is a translation on a Weibull cumu-
ently, all of the specimens failed with major longitudinal radial lative distribution function D;), as shown in Fig. 9. As shown in
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A t=E,(1-D,)A
‘ T'=E,(1-D;)A
Dj=1-ex-L(a-7|
a
7 ,
D, =1-—— D
AI
i L. .
it A, A
Fig. 9. Bond damage and bond stress-slip curve

specimen used in the uniaxial-tension test of Dg&euser and
Mehlhorn 1987, whereby the distribution of the tensile force
along the rebar from two meshes is worked out and compared
with the test results. The numerical results indicate that the DRC
element is efficient and effective for practical applications.

Example 1: Specimen d ;=10 cm

The specimen of Group 10 used in the experimental test was
computed using the DRC element as its initial application. As
shown in Fig. 10, the specimen was modeled using five elements
in Model 1, consisting of one DRC element for the concrete-rebar
and four ordinary eight-node brick elements for the rest of the
(b) concrete. In Model 2, two DRC elements and 16 eight-node brick

elements were used. The eight-node brick elements are provided
Fig. 8. Bond stress-slip curves of specimerta} bond stress-slip by MSC MARC2000(Element Type ¥, and the material type
curves of Specimen Group 1(y) bond stress-slip curves of Speci- used is the “low tension material” whose stress-strain curve is
men Group 15 similar to the one shown in Fig. 8User” 1997). In MARC, the

DRC element has been incorporated as a user-defined element,

implemented using the user subroutine, uselem. The derivation of
Figs. 8a and b, the fitted bond stress-slip curves for Group 10 the tangent stiffness matrix of the DRC element required in
and Group 15 using E@20) generally agree well with the experi- uselem is given in Appendix |I. The material parameters of the
mental results. specimens were obtained from the experimental test, as shown in

Table 1. The nodes at the rim of the top surface were fixed, and

the tension force was applied on the rebar.
Numerical Examples According to the experiments of Hayashi and Kokugh@32),

the radius of the affected zonR, is about 2i; the size of the
In this section, the developed DRC element is used to model theDRC element is thus alsod2, to make sure that the damage in
specimens tested in the experiment. The computed mean bondhe concrete is the same, as required in @§). In this study, it
stress-slip relations from two meshes are compared with the ex-is assumed that when the rebar is pulled out, the concrete in the
perimental results. The DRC element is next used to analyze theaffected zone also failed. Hence, the parameter representing con-

75 mm

=

100 mm

(@) V)] ©

Fig. 10. Models of Group 10 specimen&) Model 1;(b) Model 2; (c) specimen
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Table 1. Material Properties

Example Concrete Rebar Bond
1 f.=30 MPa f,=500 MPa 70=9.0 MPa
fi=2.9 MPa Es=157,000 MPa Ap=0.55mm
E.= 22,000 MPa ds=10 mm Ep=22 N/mn?
v,=0.2 7,=0.63 MPa
v=0.2950 mm
2 f.=37.2 MPa fy=420 MPa T0=6.075 MPa
f,=2.7 MPa Es=205,000 MPa Ao=0.233 mm
E.= 35,000 MPa dg=16 mm Ep=35 N/mn?
—3.5X10° MPa(Model 1) 7,=0.425 MPa
B2=1_1.7x10° MPa(Model 2) y=0.109 mm
v.=0.2
crete weakening induced by the bond damageis set to be 1 The applied tension force versus the displacement for both of
when the size of the DRC element is the same as the size of thethe models was worked out and plotted in Fig. 13. The numerical
affected zoneR. results of the tensile force distribution along the rebar were com-

As shown in Fig. 11, the mean bond stress-slip curves com- pared with the test data in Fig. 14 for three load levels of tension
puted from the two models are then compared with the one fitted force, T=20, 40, and 70 kN. Apparently, Model 2 with a fine
from the experimental data using E@0) [which has been shown  mesh produced better agreement with the experimental results. It
in Fig. 8@]. It is apparent that the developed DRC element can is noted that the computed profiles of the tension force when
be used to accurately simulate the bond stress-slip relationship of=40 and 70 kN, especially from Model 1, shifted slightly to the

the concrete and rebar interface. right as compared to the experimental results. This is because in
the numerical computation, cracking of concrete can only occur
Example 2: Doerr’s Uniaxial-Tension Test in the first element from the symmetric plane, which induced the

failure of the entire element; but in the actual experimental test,
The DRC element is also used to simulate Doerr’s uniaxial- cracking just occurred on the symmetric plane. This difference is
tension test of a reinforced-concrete specim@euser and illustrated in Fig. 15.
Mehlhorn 1987. As shown in Fig. 12, half of the test specimen In the computation using the DRC element, the test specimen
was discretized with DRC elements and eight-node brick ele- has been modeled as a three-dimensional problem in which 20
ments. The material properties are also listed in Table 1, in which and 50 linear elements are used in Model 1 and Model 2, respec-
the maximum bond stress, was obtained from the fgeration tively. Generally, the numerical results agree well with the test
International de la Puentrainte model code for concrete struc- data. Compared to the traditional concrete-interface-rebar model-
tures(“Examples” 1990. Because the element length in Model 2 jhg, the DRC element appears to be more suitable for the 3D
is about half of that in Model 1, the softening module in Model 2 ana|ysis of RC members. For examp|e’ in Keuser and Mehlhorn’s
is set to be about half of that in Model 1, so as to ensure a (198D Computation on the aforementioned specimen, 23 e|ght_
constant fracture energy of concréBazant and Oh 1983In this node axisymmetric quadratic isoparametric elemeotscrete
eXample, the result is not sensitive to the SOftening module of the and reba)' p|us five three-node quadratic contact e|eméiﬂt@r-
concrete—perhaps because the process of concrete cracking wagce) were used, even though the axisymmetry of the specimen
completed within one increment. The other parameters, which yas considered to simplify it into a 2D problem. If the specimen
were determined from the eXpeI’imental results in EXample 1, arecannot be S|mp||f|ed into a 2D pr0b|em, and must be analyzed as
discussed in Appendix I1. a 3D problem, a significantly large number of elements will be

required to achieve the same accuracy.

t=F [nd.l (MPa
10 /74, (MPa) Conclusions

© Eqn.20

8 :Mgﬁz}; Based on the identification of the three types of damage in the

reinforced concrete and on the concrete-rebar interface, a dam-
6 aged reinforced-concrete element was derived. In the DRC ele-
ment, the material properties of the concrete and concrete-rebar
4 interface were described using damage mechanics. This makes it
easy to consider the interaction between the failure of the con-
crete and the bond deterioration of the interface, which has been
difficult when using the traditional standard 3D modeling tech-
nigues(concrete-interface-rebarAn experimental test was car-
ried out and an empirical bond damage evolution equation was
derived from the test curves, which made it realistic to numeri-
cally compute the behavior of the reinforced concrete. Two nu-
merical examples were presented using the developed DRC ele-

2 4 6 A, +A2(nfm)

Fig. 11. Computed and tested bond stress-slip curves
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250 mm

@ ®) ©

Fig. 12. Models of tested specimen&) Model 1; (b) Model 2; (c) specimen

ment, and their results suggested that the DRC element was able 0, oS<f
to accurately simulate certain behavior of the reinforced concrete. P

However, the model is still too simple to deal with the com- _ _ t 1 3 e _
plexity of real structures. In the developed DRC element, the size Dn=1 (1-E2/Ec) (6$)2qud A, fsor< (BB
was limited to about dg. In addition, only one rebar was con-
sidered, and its direction was along an axis of the coordinate
system. Unfortunately, these limitations on the size of the element (24)
and the number, as well as direction, of the rebars hindered thewhere
modeling. It should also be highlighted that the developed DRC Py 1
element was useful only when a simple bond model was adopted; % = [v,
i.e., where the bond stress is only a function of its slip. For the Ju®  Ec(1-v)(1-2v)
more sophisticated and realistic bond models, where the bondwhere matrixB®=geometric matrix of the eight-node isoparamet-
stress also depends on its confinement, and the slip will lead toric element; andeP={e,; £, £5}"=vector of principal strain,
dilation of the concretéLundgren and Gylltoft 2000 the DRC which can be computed by
element will need some generalizations. This will also be part of

1 2
our future research work. & :§(811+822+833)+ ‘/—gcosei =123 (26)

0, 08=(1-E./E,)f

aeP
1—1), l_U]-W-BS (25)

where 6;=cos {(1.5/3J3/339)/3; 0,=0,+27/3; 03;=0,
—2w/3; andJ, and J;=second and third invariance of the de-
viatoric tensor of straing, respectively. The derivatives of the
principal strain with respect to the components of the strain tensor

Appendix |: Tangent Stiffness Matrix
of Damaged Reinforced-Concrete Element

Differentiating both sides of Eq16), we obtained

are
C—(1— _ C. C_(1— c.yC.
dF°=(1-Dy)(1-—aDy)K® du®—(1—aDy)K®-u¢-dD, . 18 . 1 . 47,
—_— .. ——CO0 e — -
—a(1-D,)-Ke-ut-dD, (22) de; 3707 33, 1618 433—2733
Differentiating both sides of Eq18), we obtained 3] 2
. 3
de:(l_Db)(l_BDn)Kb'dUb—B(l—Db)Kb'Ub'an Xsin(0y) 2_\]2eij_eipepj+§‘]28ij> (27)
—(1-BD,)KP-ub.dD, (23) with the summation convention on subscipfFrom Eq.(21), we
obtained
and from Eq.(13) we have
90~ (k) o0 T (kN)
804 Test @0 Modell ¢ ¢ Model2
704 60 . . a o + B
60 1
501 [ .y o -
‘0. 40 %2 \\0\\ . G . . a. . Y-t
30 -
20
201 —e— Model 1 . oe . e e e B°
104 £~ Model 2
0 ™ r
0,0+~ T T T y o} 50 100 150 200 250
0. 0.1 0.2 0.3 04 A (mm) Distance from the symmetric plane (mm)
Fig. 13. Tension force versus displacement curves Fig. 14. Profile of tension force on rebar
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0, X<vy
dD,= T \m me1 T 1 " Tr (28)
L x=y)ym — Z(x— — x>
[[(1 be) a (X 'Y) EbX2 ex a(X V) + EbXZ dX; Y
wheredx=[—-0.5-0.50.50.9-du,.
In this paper, yielding of the rebar is not taken into account. Hence, fronil&y.we obtained
dFS=KS.du® (29)
From Egs.(22)—(29), the tangent stiffness matrix of the DRC element can thus be assembled.
Actually, we can describe the yielding of the rebar by simply introducing another damage Bgaliag.
Fs=(1—Dg)-KS.dus (30)
Ds=l1-dy/|Ap+8,- 2105, "WNeN A, +5,—A,—05,>d) HTE (31)

whered, = deformation of the rebar under yielding load; afhd Notation

=yielding strength of the rebar. Hence, the tangent stiffness ma-

trix of the DRC element, considering yielding of the rebar, can be The following symbols are used in this paper:

obtained using the foregoing similar steps. A
a, m, vy

De

Appendix II: Discussion on Initial Bond Modulus Ep Dy
D| 1 Dn

Apparently, the initial bond modulus of the concrete-rebar inter- D,
face is influenced by the properties of the concrete and the dy

rebar—for instance, the concrete modulus and the shape of the ribE, , E., E; =

of the ribbed bar. In Example 1, it has been found that the initial
bond modulus obtained experimentalf,= 2.2x 10* MPa/m) is E,
nearly the same as the tested initial modulus of the concEete ( e

=2.2xX10* MPa). Hence, in Example E, is also tentatively set Fo, Fp
to be the same ak.. To make sure that the bond stress-slip f,
curves used in Example 1 and Example 2 are similar, it is as- fy
sumed that Js, Ja
Té _ Tg i ,yl_,YZ. T;L_Trz 32 Kb KC KS
Efap EAZ Ab AR o m OB T
where superscripts 1 and 2 represent Example 1 and Example 2, K®
respectively. The value,/EyA, reflects the damage state at the '
peak of the bond stress-slip curve, and the valeés, andr, /1
decide the softening phase. In Example 2, the bond strength ii=1 ....8
was obtained from the code, aif is assumed to be the same R Rs
value asE;. So,Xg, v, andr, are all determined according to Eq. T
(32). u
o

It should be mentioned that although the results obtained using
the parameters determined previously are acceptable, this may be
a coincidence. An experimentally obtained bond stress-slip curve B
is more reliable and preferred. Nevertheless, the relationships be-
tweenE, andE,. as well as other material properties still deserve A
more research work. Ag

!
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Fig. 15. Concrete cracking(a) tested;(b) computed

cross-sectional area of rebar;

= bond parameters;

elastic matrix of concrete;

bond damage at rebar-concrete interface;
local and nonlocal damage of concrete;
damage of rebar;

deformation of rebar under yielding load;
stiffness of concrete, concrete-rebar
interface, and rebar;

softening module of concrete;

deviatoric tensor of strain;

bond forces and pullout force;

tension strength of concrete;

yielding strength of rebar;

second and third invariance of deviatoric
tensor of strain;

stiffness matrix of interface element,
concrete element, and rebar element;
stiffness matrix of eight-node brick element;
length of damaged reinforced-concrete
element;

shape function of eight-node brick element;
radii of affected zone and rebar;

tension force on rebar;

displacement;

parameter representing concrete weakening
induced by bond damage;

parameter representing bond deterioration
due to concrete cracking;

slip along rebar;

slip corresponding to bond strength;
displacement of interface as relative to rim
of concrete cylinder;

strain tensor and vector;

vector of principal strain;

stress tensor and vector;

maximum principal stress when concrete is
assumed to be elastic material;

bond stress;

bond strength and residual bond strength;
and

Poisson’s ratio of virgin concrete.
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