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DEFORMATION-BASED APPROACH FOR DETERMINATION OF THE
EFFICIENCY OF THE CONFINEMENT IN R/C MEMBERS

N. V. TUE', and NB. TUNG"
YInstitute of Structural Concrete, Graz UniversifyTechnology, Austria

ABSTRACT

Currently, for the determination of the ultimateesgth of confined concrete cores in reinforced
concrete members subjected to compression, théiryiebf the confining reinforcement is usually
assumed. This assumption may in many cases beeonnafe side, particularly by the use of
high-strength concrete or high-strength steel @nfining reinforcement. Furthermore, the question
about the possible spalling of the concrete caver confined member under the service load is still
open. In this paper, the development of a model l&beral strains of concrete in triaxial
compression is presented. With the proposed mobleth the actual stress in confining
reinforcement and the risk of the early spallingcofhcrete cover can be estimated. Based on the
investigations, lower and upper bounds of the raficonfining reinforcement for the effective
confinement are proposed.

Keywords. confinement, lateral strain, compressive strengiinforcement ratio

1. INTRODUCTION

Research on the behavior of concrete under actiméinement began at the early of™2Gentury
(Richart et al. 1928), where a linear relation kestw the strength of confined concréteand the
lateral stress; was introduced as:

T 2g 0rkcfl
f. f 1)

Where the coefficiert was chosen to b 1

The confinement can also be obtained in R/C menthessigh the use of the lateral reinforcement
in the form of ties or stirrups (Fig. 1). In corgtrdo the triaxial compression test, the confinenien
R/C members is a passive phenomenon, the actueihicgnstressoe thus depends decisively on
the shape of the cross-section, the amount ofalatemforcement and the deformation capacity of
concrete in triaxial stress states. Until now thieridependence between the lateral reinforcement
and the confined concrete core is not yet clearisltusually assumed that the confining
reinforcement yields when the triaxial compressitrengthf.. is reached, e.g. in Model Code 2010
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(2012). This assumption is from the mechanical poirview inconsistent and cannot be confirmed
by experimental investigations with low ratio ofniming reinforcement or with high-strength
concrete (Nagashima et al. 1992; Cusson and P499%).
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Figure 1: Stirrupsund ties as confining reinforcement in R/C members

Due to the confinement the lateral strains of awedicore is smaller than that of concrete cover. An
early spalling of concrete cover may occur. Experntal investigations shown that the longitudinal
strain at the cover spalling.a can be lower than the peak-strain of concrete unahéaxial
compressioreg, (Razvi 1996). Because of the fact that the maxinsirength of the confined
concrete coré,c can be several times higher than the comprestieagth of unconfined concrete
in memberf.,, the concrete cover can fail even under the seto@d. To assure the durability of
the structures the confinement must not exceegpartboundary. For this the determination of the
straineca Of the cover spalling and the corresponding Isaaf importance.

Based on the further development of an existing ehdor lateral strain of concrete in triaxial
compression (Montoya et al. 2006), the interactibesveen and the material properties and the
confinement considering the structural detailindgR@ members are presented.

2. CONFINEMENT IN R/C MEMBERS

2.1. Lateral strain of concretein triaxial stress states

Based on the results of the experimental studytinders under triaxial compression of Imran and
Pantazoloulou (1996) a simple parabolic relatiotwben the lateral straig, and the normalized
longitudinal straing/&.c was proposed by Montoya et al. (2006):

&

cc

2
£, =(0.0019+ 0.024e)x(ij @)

With this model the lateral strain in triaxial Esestates can be directly estimated in dependdnce o
the confinement indek = ag/f.. However this model doesn’t consider the fact thatlateral strain
decreases with the compressive strength. To impttuge further experimental data (Candappa et



al. 2001; Dahl 1992) were analyzed (Tung 2009)ouigh a regression analysis, a relation between
the lateral strain and the normalized longitudstedin was proposed:
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Figure 2: Comparison thelateral strain €. between experimental tests and test prediction

A comparison of the lateral straiy, at triaxial compressive strength calculated with Eq. (3) to
the test results (Imran and Pantazoloulou 1996d&awa et al. 2001; Dahl 1992) is given in Fig. 2.
The comparison shows a good agreement betweenimegms and predictions, with an average
value ofl,16and a coefficient of variation @fL,5 %

2.2. Stressin confining reinforcement at maximum load

Considering a geometric coefficient of confinemerftectivenesske, the confining stress in
concrete core at maximum loag can be calculated from the stress in confiningfoecementssc.
and the geometric ratio of reinforcemegnt Ad(acxs) according to Eq. (4):

Uccl = Ke |jl)sljj-scc (4)

In this contribution the widely-accepted proposalK. of Mander et al. (1988) is adopted. Taking
as a basis of the compatibility of deformationsneetn confined concrete core in lateral direction
and confining reinforcements.q = &9 the strain in confining reinforcement at maximuoad
(&/&c = 1) can be determined by substitution Eq. (4) into B8y.

£.. =0,00176+ O, 7ZKeEbS[-IfLBTSC, (5)

1,85
co

Wheref,, = 0,85 £ the compressive strength of unconfined concret@ember. Assumed that the
stress-strain relation of confining reinforcemestideal elasto-plastic, the stress and strain of
reinforcement at maximum load can be calculatedgugq. (5) as:



gSCC = 0’ 00176 E ’ O.SCC = ES[}~ SCC (6)
1-0, 77K, b, 0.5
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If the calculated strain according to Eq. (6) exiedhe yielding limit of the confining
reinforcement{&cc> &n), then Eq. (5) is simplified as:

f
£,..=0,00176+ 0,77K [p G2
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o.=f (7)

2.3. Stressand strain of concrete core at maximum load

With the actual stress in confining reinforcemend. the maximum strength of the confined
concrete coré.. can be estimated using Eq. (1). The coefficleistdetermined to bé,0. Based on
the relation between the crack formation and ttemdied energy (Tung 2009) the strain of concrete
core at maximum loading,. can be determined as follows:

&= <t Eco_& G CCI_O.:LE?CO-'-L: (8)
a, E.) 04, E,

Where a. = 0,8215+0,0058,, ac. = 0,665+0,5l. the solidity factors of the stress-strain curvés o
concrete under uniaxial and triaxial compressiam@2009).
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Figure 3: Comparison thetriaxial strength and corresponding strain between tests and model

A comparison of the maximum strength of the cordim®ncrete coré.. and the corresponding
strain & using Eq. (1) and (8) to the test results of 1ddimns performed by different authors
(Nagashima et al. 1992; Cusson and Paultre 1996gH al. 2006; Han and Sihn 2003; Razvi
1996; Li 1994) is given in Fig. 3. The comparistmows a good agreement between experiments
and predictions. For the prediction of the maximsimengthf.. an average value df,03 and a
coefficient of variation ofL0,7 %are obtained, the prediction of the correspondeain & gives

an average value 4f07and a coefficient of variation @0,8 %



3. EFFECTIVITY OF THE CONFINEMENT

3.1. Minimum reinforcement ratio

To utilize the strength capacity of reinforcemeat &n effective confinement the stress in the
confining reinforcement should at least reach igddystrength at maximum load. That means:

f f
0,00176+ 0,77K, wsgﬂ%zE—y“ (9)

With a certain yield strength, of the used confining reinforcement the minimumrgetric ratio of
reinforcemenios mincan be determined as:

f,,—0,00176E,
ﬁkxmn = E
0, 77K, [F ,, 0.3
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co

(10)
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Figure4: Minimum reinforcement ratio Psmin

Fig. 4 illustrates the minimum reinforcement raexording to Eq. (10) witKe = 0,65 for different
yield strengths of confining reinforcement and coesgive strength. Considering the fact, that the
arrangement of ties or stirrups with the reinforeainratio more than 3 % is practically not
possible, the use of high-strength steels for camdi reinforcement for compressive members with
HSC is not reasonable. Using yield strength toutate the confining stresses for members with the
reinforcement ratio lower tham mi, will lead to an unsafe design.

3.2. Maximum reinforcement ratio to avoid the cover spalling under serviceload

With the confining stress.c the maximum strength of the confined concrete dgyeand the
correspondent straiy; can be estimated. The lateral straggg$or confined concrete cores with two
different reinforcement ratios in comparison withe tlateral strain of the concrete cover are
gualitatively depicted in Fig. 5. It can be seeatthp to a longitudinal strain & ~ 0,5&, the
lateral strain different between core and covensgynificant. After that the lateral strain of @v
increases disproportionately until the uniaxial poessive strength, is reached, while the lateral



strain of core remains lower due to the confineme&ht lateral strain different between core and
coverAegg depends on the reinforcement ratio.
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Figure 5: Schematic representation of the lateral strainsfor the concrete cover and core

If the strain differeni ¢ exceeds a tensile straig of approx.0,15 %oa splitting crack at the face
between concrete core and cover arises, its crattk wan be estimated as follows:

W= %ljat |:GA‘ECI _Ect)

(11)

The load transfer at the crack can be describeld avihodel according to MC 10 in which from a
crack widthw; = Gg/foim downward the possible tensile stress is negligiblis assumed that at this
crack width the spalling of concrete cover occumnpletely.

100 ¢ S —
D i e
095 | 0,95 \ i s Rkl S
C L NS TTrTTT———
— 090 | 0,00 Fro b Bt W St
K : L C90/105 T
s 1 < ]
[} I eesissens sssnsesnsadnsasansnnnss ousns: sesusdsnssenansnsasansannsasasdunnss ousns: susas snsssdonsusasunnnnnsanan nannel
S 0,85 S 0,85 C
[ 6=0,5% ——— - p=0,5% Eq.(12) 080 [ —— p=0.5% --t-~ p=0,5% Eq.(12)
0,80 |- S — T w— s , Fooe 6=1.0% s
r =1,0% p=1,0% Eq.(12) [ —— p=2.0% --f-- p=2.0% Eq.(12)
F——— p=2.0% -— - - p=2,0% Eq.(12) F o —— p=3.0% --F-- p=3.0% Eq.(12)
075 Lot vt MRS S 075
200 400 600 800 1000 1200 200 400 600 800 1000 1200

Width of concrete core [mm)]

Width of concrete core [mm]

Figure 6: Relative stress of the concrete cover at spalling: (a) feo = 34 MPa; (b) fo, = 76,5 M Pa

With this assumption the strain of concrete covtespalling can be calculated with the Eq. (3, 11).
Based on the stress-strain relation according tolMCthe stress in the concrete cover can be also
determined. Fig. 6 shows the reached stress irr @vtbe spalling two strength classes of concrete
(continuous lines). It can be seen that the stsess depends on the reinforcement rabg the
compressive strengtl, and the width of concrete core. Considering thefleencing parameters a



relation for estimation of the stregg a according to Eq. (12) is proposed, the stegsa calculated
with Eq. (12) is also illustrated in Fig. 6.
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It is assumed that the stress in concrete cofeeaggallingrcc o €quals approximately to the stress in
coverog a With the total cross-sectional area of the memBgy, and the area of concrete core
bounded by centerline of ties or stirrups, the load at spalling can be calculated as:

PC,A = O-CO, Am AfOt_ ACC) + 4 c¢ ADACC: o co /DAl( (13)

To ensure the durability the load at spalling nhestarger than the service load calculated from the
maximum loadPq. = fec ' Ace. That is:

Raz R/ (elyd = DAy (14)

Whereyg, yc are the partial safety factors for actions andntlag¢erial concrete.
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Figure 7: Maximum reinforcement ratio psmax

Inserting Eq. (1), (12), (13) in EqQ. (14) the mawmreinforcement ratigs maxcan be drawn.

2

2
1 f A A
= g0,/ 05E* ey +16.8 0 - 16~ 0.50* 15
o= \/{ 2 e D/j A S (15)

The maximum reinforcement ratios max for a member withchom= 25 mm fyn = 500 MPa and
Ke = 0,6 calculated with Eq. (15) is illustrated in Fig. Ih. the calculation a total safety factor
y=9ye yc=2,1is used. It is clearly that maximum reinforcemeatio increases with the
compressive strength and decreases with the witlttheo concrete core. In general, a lateral
reinforcement ratio of more than 3% can hardly ivareyed, so the risk of spalling of the concrete
cover under service loads for members made of &igimgth concrete is avoided.



4. CONCLUSION

In contrast to the triaxial compression test, thafmement in R/C members depends strongly on
the deformation capacity of the concrete in latdiadction, the reinforcement ratio and the materia
law of confining reinforcement. Based on the coniiiety of deformations between confined
concrete core in lateral direction and confiningnf@cement the actual stress in confining
reinforcement can be determined.

Considering that the confining reinforcement showd the latest yield when the triaxial
compressive strength is reached for an effectivdimement, the minimum ratio of the confining
reinforcement is introduced. It is shown that hgjrength steels are less suitable for confining
reinforcement.

By comparing the transverse strain in cover an@ concrete, the phenomenon of spalling of the
concrete cover was cleared. In view of the durgbdf the R/C members an upper limit for the
ratio of confining reinforcement was determined efegfing on the concrete strength and the
cross-sectional width.
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