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Abstract

The use of high strength concrete (HSC) and ultra-high strength concrete (UHSC) has
become more common in many reinforced concrete members. Most reinforced concrete
design codes use equations that were based on tests using low strength concrete. The use
of these equations for the design of HSC members may lead to unsafe design. Recent
analytical work showed that the ACI rectangular stress block is unconservative for the
design of HSC sections subjected to axial loads with small eccentricities. Other
experimental work on the ductility of HSC columns concluded that the effect of
confinement in the ductility of the concrete columns is reduced by increasing the concre:.
strength.

The experimental phase of this investigation involved testing 21 columns under the action
of two applied loads in order to maintain zero strain at predetermined point through the test.
The controlled parameters were concrete strength, shape of the cross-section, and
confinement steel (diameter, spacing and volumetric ratio).

The analytical work included studying the flexural stress-strain relationships of HSC and
UHSCaecﬁmundﬂwdTectofhmnlconﬁmtonthedwﬁﬁtyﬁfﬂgEﬁon_

‘l'hevalidnyoﬂheAClrecungularmssNockfordtededgnofm:mgulirmm;um
HSC and UHSC sections was investigated using data from the tests reporied here and
mm“mmt«d&md&eﬂmzﬂnmm“

suggesied.

mﬁmmmmummummmamﬁmﬁscmm
compared with the test results. Amodnfmwofonedthenmodghwﬁ:hpvulhemr
fit to the test data is suggested. The parameters of the modified mode! are determine
mhmmﬂmﬁwm“mﬁhdﬁm&
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1- Introduction
1.1 General

The use of high strength concrete and ultra-high strength concrete (HSC up to 100 MPa,
UHSC higher than 100 MPa) has become more common in reinforced concrete members
where the design is mainly governed by the cross-section strength rather than the
serviceability requirements. This includes heavily loaded reinforced concrete columns,
mediumandlonupunbﬁd.umdlpecidmmhnoﬁdmoﬂpwm Most
Wmdcmdedmmdammﬁomﬁnhﬂhgmpﬁulmfadndeﬁm
of structural members. Mequaﬁommhndonmwnglowmmmm.
Dnﬁngdnhstfewymexu:iveexpcﬁmenulmdnﬂydcﬂwakhuhmmiedom
using high strength concrete. Empirical expressions to substitute in some of the currently
used relationships have been proposed. More work is required 10 better undersiand the
behavior of HSC.

1.2 Statement of the Problems

lnNonhAmeﬁcadesignofminfomedcommeforﬂexmhbmdonamgnhr
compression stress block. Omhad.(IM)andieAClmgﬂum
kahmvﬁwbywwlzﬁfmﬂwddpdﬂxmmmmw
10 axial loads with small eccentricitics. The results of this analytical work are based on
mmdmnywmm.pﬁmmﬂwo.u K.
TheeodeequﬁoasmhndonmbyKuuaL(lm)-dm(lWS).
where the sections were subjected to axial forces with small eccentricities. Garcia et al.
(lM)MMkad.(lWﬁ)hwWWmeaMud
HSC sections. Swartz et al. (1985) and Lestic et al. (1976) suggest that the code value of
QMfauummmumquwwam
Mattock et al. (1961) conductod a test series on low strength concrete beams with
triangular compression zomes. They concluded that the use of the ACT rectanguiar stress
block yields a sufficiently accurate estimate of the ultimate sirength of theas beams. There
is mo experimental work on HSC specimens 10 support this conclusion. It is imporant 10
MM.M*MM&W“&#W““
Bjerkeli et al. (1990), Yong et al. (1968), and Muguruma ot al. (1988) studied the
ductility of HSC columas. Most of the tested columas were concentrically loaded. They
concluded that the effect of confincmont in the ductility of the concrete columns is seduced
by increasing the concrete streagth. They proposed amalytical models 1o calculats



the behavior of the confined sections. This work needs to be extended for eccentrically
loaded columns where the sections are subjected 10 strain gradient.

1.3 Objectives and Scope

The experimental program was designed 0 study the validity of the rectangular stress block
for the design of rectangular and triangular HSC and UHSC sections.

To achieve these goals, 21 C- shaped specimens were tested. The program
included two phases, the first phase consisted of tests of 15 rectangular cross-section
specimdwweondphncmdmdofmﬂsmmircmﬂcﬂm;psimgm.
The rectangular specimens included 3 plain concrete specimens while the triangular
specimens included 2 plain concrese specimens. Fﬂnmﬂrﬁﬂm&dmwﬁm
were also used 1o study the mechanical properties of HSC and UHSC eccentric lly loaded
members. The reinforced concrete specimens were also used 10 study the ductility of HSC
and UHSC columns subjected 10 eccentric loads.

The specimens were subjected 10 the action of two applied loads in order to
maintain 20r0 strain at a predetcrmined point during cach test. The main variables were
concrete strength, shape of the cross-section, and confinement stcel (diameter, spacing and
volumetric ratio). The study was limited 10 relatively low longitudinal and confinement
reinforcement ratios.
of this experimental work in order to check the code design equations.

1.4 Thesis Arrangement

MZdNMM.BMIﬂhGHMQ‘Gﬁ-ﬁ
specimens. It also includes a review of HSC columa tests and the analytical models that
describe the behavior of HSC sections. Chapter 3 gives a description of the specimens,
MSMhMMWpﬁnmﬂhmm
curves of the confined core. Chapior 7 discussss the ACT design equations and mew
mdmnmﬁhb“mmm Chapter 8 investigasss
hﬂﬂqdmm-oﬂhmﬁhiﬂﬁﬂhm
specimens. A modified model is proposed. Msmﬁuﬁhhﬂ




2- Literature Review
2.1 General

Hognestad et al. (1955) published a pioncering work on the flexural stress distribution in
the compression zone of reinforced concrese members. The specimens of Hognestad et al.
had a C-shape in elevation. That is, they consisted of a vertical test column with horizontal
loading arms at each end. Loads were applied axially and at the ends of the arms. Since
Mmymmmummw A sumeary of difforent test
mmmmm«c-mmuwuwu For each
test serics, brief details of dimensions of the spccimens, the parameters studied, test set-
ups, test procedures and test readings are given. Methods of analysis that were wsed in
mummmwmummwmuwmm
mammmwmmmmmmsm
6.

Nmmmmmmmummmaw
concrete with low, medium or high strength (among them are Wang et al. (1978), Casveria
ct al. (1985) and Carrasquillo et al. (1981)). The efffect of using spiral reinforcoment on the
mmmaw.mumwmmmwm
mm-mun(1931).um(1m)-¢m.4uu(1m».
meamam.mumdmuummdmu
mwmwmw(wuumn.vm-¢d.um).
Sheikh et al. (1982) and Park et al. (1962)). In the recent ycars, many rescarchers have
extended this work 10 kigh strength concrete. In Section 2.3, & summary of published tests
amwummnnnsummmm
are presenied. The section includes also the work by Shah et al. (1983) thet describos the
stress-strain relationship of plain concrese. This model is wsed in the analysis in Chaper 8.

Amdummubhh@fu“wm
sections is presented in Chapter 7 of the analysis. DifSesent theories that explaia post peak
behavior of concrete in compression are discussed in Section 4.3.5.

22 Tests of C-Shaped Specimens
22.1 Tosts of Specimens with Plain Conerete Tost Reglon

Hognestad ot al. (1955) uwsod C-sheped specimens as shown ia Figuss 2.1. By
m.-q«mr,u.muu-uammr,umh-u

indopondendy of P;, the position of the asutral axis wes hept constant ot cns face of the
3



central test region throughout the test. The total number of the specimens was 20, The
cylinder strength £’ ranged between S and 52.5 MPa. The testing ages were 7, 14, 28 and
90 days. The specimens were cast horizontally and tested vertically. The test region was
plain concretc with cross-sectional dimensions of 5x8 in. (127x203 mm) and a height of 16
in. (406 mm). The end brackets had enough reinforcement to obtain failure in the central
unreinforced test region. The specimens and their companion cylinders were tested dry.
The major load P, was applied through a 3/16 in. steel roller at a constant rate from
2er0 10 failure. The minor load P, was applied by a hydraulic jack through one or two tie
rods and was measured by a calibrated electric strain gauges on the tie rods. By operating a

hydraulic pump, the tie rod force was adjusied continuously 30 that the strain at the neutral
face was maintained at zero within £ 5 microstrain. The relative position of the P,and P,

as well as the stiffness of the tic rod by which P, was applied were chosen 3o that no
uncontrolied release of strain encrgy would take place. Strains were measured by two 6 in.
electric strain gauges at the noutral face, two similar gauges at the compression face and one
similar gauge at mid depth of each of the two side faces. The deflection at mid height was
mwau”nummauuuummnuaywm
The test duration was about 15 minutes.

Nedderman (1973) conducied an experimental program using C-shaped
specimens similar in dimensions (o those tested by Hognestad et al. The total number of
the specimens was 13 with cylinder strength £’ ranging between 79.2 and 97.5 MPa. In
some cascs, the load capacity of the cylinders exceeded that of the testing machine. In
those cases, the load was held constant wntil the cylinder failed. However, it was felt that
ummmm»mmummaumm
was reached. The testing ages were 57 and 63 days. Due 10 probloms during testing, only
9 specimens could be tested successfully. Bocauss the end brackets had 20 reinforcement,
largs clamps made with 1/2 in. round sicel bars and 34 in. thick plates were used as an
suxiliary reinforcemont in order 10 have fallure in the test region. The specimens and their
companion cylinders wese tested dry.

mur.uwu.moumbmmmu
increments thet became smalier close 10 failuse. The load from the testing machine was
Muumn.mu“uumnum
machine and & boaring plate which rested on the 0p of the specimen. Afer troubles with
uwmmumw—uhmummwrm
uuuwuﬁ.u»umm.muu“p‘u
30 in.2 sluminum platss. The load P, was applied by mesns of 60,000 I hydraulic jeck



ﬂimghfourﬂun.mnndsﬁelmdundmmedbymonmndhlmp
attached 10 the jack. Strains were measured using electrical strain gauges. Ttgllﬁhnnnd
the gauge length of these gauges were identical 10 the test of Hognestad et al. Eccen ity
ﬂughdduewwmmnﬁmemmnmmmhﬁumwmlﬁinl
strain difference between the gauges on the neutral face of approxim iely 50 microstrain,
b“vsu:lwmmuutfmwummm-lm&ﬂuhm The o8t
duration was between 30 10 45 minutes.

Kaar et al. (1978e) conducted an experimental program using C-shaped
specimens similar in dimensions to those tested by Hognestad et al. The test series
included 19 specimens made from normal weight aggregates with cylinder strength £
mgﬁmﬂlmlﬂlAW;Mlsmmmmmmw tes with
cylinder strength £' ranging from 24.5 10 86.1 MPa. For each group of specimens, the
mvﬁihkmmmgﬂimdmufmm The specimens
BIe Cas rontally and tested vertically.

mmhdﬁmnpplbdby:nﬂthvh;l-mmm
mﬁ-mﬁmmmzﬂmummaum
during esting. mmmmr,mwﬂw-m&mmnnmof
rods, cross heads and rollers. During the test, the major load P, was increased at a
constant ratc and the minor load P, was controlled manually so that the strain at the aeutral
face was kept 10 2er0. Strains were measured at mid heigi of the test soction by 2.5 in.
electrical strain gauges mounted in locations identical 10 those of Hognestad et al. A direct
current differential transformer (DCDT) was used 10 monitor the deflection of the test
section relative 0 the eads.

Swarts ot al. (1985) tested 10 C-shaped specimens. One of the specimens had

s-sectional dimensions of 5x8 in. and nine had cross-sectional dimensions of x5 in.
Thcyhﬂsﬁuﬂnﬁ‘dkﬁh.cyﬁnﬁ:mﬂ“ﬂlnﬁﬂmm The
nh;:pmﬂ 52:“0&31 Sﬂhsmenhhmm-i

ﬁﬂmm (hnnia &ih_ﬂ--ﬂahﬁﬁﬂhh
ﬁﬂmﬂmh“mﬁﬁﬁw—mmu“ The

ﬁphuyhﬂ.ﬁghihyl.ﬂlﬁh‘rﬂ-ﬁm The
secondary load P, was applied using a hand-operated hydranlic jack. Becauss of the typs
d“-ﬁﬁﬂ.diﬂdhe“yih“hﬁmi
apply loads 10 failure in a load controliod menner. Swains wess measwsed wsing 10 sirain




face. mmhm.uhdamphn;mduh fmmﬂﬂgmgﬂ(ﬂm
for the rest of the specimens. The testing procedure was to apply an increment of load P,,
were taken. The testing time was typically 30 min.

3.2.2 Tests of Specimens with Reinforcement in the Test Region

Soliman et al. (1967) tested 16 reinforced specimens. All of the specimens had cross-
sectional dimensions of 4x6 in. except for two specimens that had cross-sectional
dimensions of 3x6 and 3x6 in. respectively. The specimens had a prismatic shape with a
total height of 52 in. and a central test region of 20 in. Two steel brackets fixed (0 the
Wmaummmmmhmm& Each bracket was
composed of two 6 in. sicel channel beams, each welded 10 16x12xV/4 in. sicel plate fixed
t0 the test specimen using six 7/8 in. bolts. The specimens had no concrese cover except

mmmr|quuedhymdil(IImhdhwmhetm;

umu.muum Thhdmmmﬁemm
wwoptdblhm-mhmﬂrmﬂm&hm
in the plane of the applied moment. The minor load P, was applied 10 the brackets by
jacking againet a 7/8 in. dismeter MacAlloy high-tensile steel bar. A 30 son hollow-ram
Mwﬁwﬂkhﬂﬁﬂmhﬂnﬂnmhmm ﬁﬁ

auwmmnuum ﬁ*ihﬂuhﬂmm
umu“aumq-mmnﬁmwmﬂ
cables pessing over a set of pulicys.
Mﬂummﬁﬁmmﬂumn
position of the nowtral axis. Five mechani satable strai ps were wecd |
mhuﬂ-muiﬁdh, ecimen. Mﬂ_mmplunh
t0p of the brachets 10 measuss the t0tal rotation of the specimen. Thes sction
hmm“umum:hﬁhh‘h_“ The

method of loading adopted wes based upon maiassining the positien of the newtsal axis




increments. The first four increments were made equal 10 15% of the calculated load: the
mlnin;insmmﬂmi%azh mm-umm-mdls
mdin;;. Aﬁgrdgﬂmﬁpﬂcmlngdhmhmhﬂliﬂ
ranging from 0.012 to0 0.02 were obained.

Sargin et al. (1971) tested 63 specimens in four different sets. The specimens
mll&xli&x&lﬂmwmpﬂmx No longitudinal reinforcement was used in any
of them. Twenty two were plain, the remaining forty one contained lateral reinforcement.
20.6 t0 32.3 MPa. Two stec] brackets, consisting of 100 mm wide Mlange | boasm attached
mitnmeﬂbmﬂﬁmﬂmﬂpﬂhnﬂhﬂm-ﬂhm
the secondary load P,. The specimens and their companion cytinders were tostod dry.
capecity. Aqﬂngsymw-adhpﬂhlwhhmamﬁynﬁ
cylindrical rollers and grooved end pisics. The top roller was also weed as a load cell for
used to measure this load.

Longitudinal strains were measured along 125 mm gauge longth at the middie of
two oppositc faces (maximum and minimum strain faces). Sanbora Model 24 DCDT-900
mm“mﬁﬁﬁm mmm-:-—-a

mﬁﬂumﬂhﬂnh“hmhﬁpﬁhmhﬁlﬁ
procedures. mnﬁmmhq‘ﬂ.b’_ﬂyﬁ“lﬂ
Hmhﬂyﬁu“nmh“dﬁmw
10 the least strained face always romalacd acro. At shout 60 of the expected mexime
load, the spring system was connected (o the upper cress-head and subsequent loading
stops were based on deformetion incroments. Test duration varied from 45 10 90 min.
Kaar ot al. (19700) performed teets on 17 specimens 10 evalusts the effecss of
sectanguler ties as confinement seinforcoment. Contrelied varishiss insluded sins and
mﬂmmﬂwm“ﬁﬂﬁih
scimons. Two sines of specimens wors tosted. The largs specimens had evess-sostional




dimensions of 252x406 mm, height of the specimens was 2640 mm. The small specimens
had cross-soctional dimensions of 127x203 mm, height of the specimens was 1320 mm.
The concrete cover (0 the outside of the ties was 19 and 9.5 mm for the large and the small
sizs specimens respectively. The cylinder strength £ ranged between 19.2 and 46.5 MPa.
lchfmhﬂnmnfﬂm;paeimmﬁmﬂmnﬂuhmhﬂgm

NWMMEIMMH.WI‘A“WWW“
machine. In addition, a secondary load, P;, was applied by a hydraulic ram through a
10 maintain 2ero strain ot the back face of the cross-section. Strains were measured on the
neutral and compreasive faces of the plain concrete specimens with electrical strain gauges.
OamMMﬂHaimiMM(mﬂmﬁdm
measure the distance betwoen reference frames mounted transversely on the specimes
Mwmnﬁmﬁaﬂnﬂuhhﬂmﬂﬁmﬂgﬂ
was used (0 measure horizontal displacement st midheight of the specimen. The test
m“lmmthﬂ*dm

Schade (1992) wested 12 prismatic colw ~
150x 130 mm and total hoight of 600 mm. Six columas had no reinforcemen
Mﬁwhmﬂdﬂalsmmwﬁnmﬂﬂiﬁﬂﬂﬂm
and 3.7 mm dimpled ties spaced 130 mm apart with an average yield strongth of 340 MPa.
columas were 105.9 and 109.6 MPa respectively. Two steel cantilever assomblics, cach
consisting of HS 76.2x30.8x4.78. wore attached 10 the t0p and the bottom parts of the
columas 10 apply the secondary load P,. Two transverse pisces of the same steel section
were placed on the cantilevers in the location of the hydraulic jack of the P, load. The
tosting agc was 10 days. The columas and the associated cylinders wese allowed 0 dry for
8 poriod of 4 days befoss testing.

The primary load P, was applied 10 the columas by & servo-< rolied closed loop
mmu.mmm;—dugmﬂdn-ﬁ The load
was transforved from the nirchiac 10 the columas trough & ball and socket arrangement.
The secondary load Py was ap " via 2 hand pump and messured with a load coll. Swraing
in the concrete wors messurc. sing 4 sirsin gauges that had & gouge leagth of 30 mm.
Nnu“‘uhﬁl—dﬁh Awnpnnl-jﬂiﬂ




testing was performed using stroke control. The stroke rate was 1.7x10°6 m/sec for the

uninterrupied throughout each test. For the columns, while the MTS piston moved
continuously it was possible to maintain zero strain within a range of £3 microstrain by
applying an increased pressure through the hand pump. The average test period was 10
min. for columns and S min. for the cylinders.

3.3 Empirical Models for the Stress-Strain Curve for HSC
2.3.1 Model by Shah et al. (1983)

Shah et al. (1983) proposed stress-strain equations 10 represent the behavior of concrete
soctions. These equations can be used to describe the behavior of unconfined aad spirally
confined sections subjected 1o concentric compression loads. They were derived (10 maich
results of tests in which 3x6 in. cylinders were loaded axially in a closod loop testing
machine. The average displacement betwoon the 10p and the bottom platens of the machine
was measured by LVDT's and was used for the foed back control. The model for spirally
confined sections does not apply for the rectilinearly confined specimens tesied in this test
program. In the next Sections, only the expression for the unconfined concrete sections
will be used in the analysis. Examples for the stress-strain curves of 60 and 120 MPs
concrote are shown in Figure 2.2. For the unconfinod soction, the stress-sirain equations

of the ascending and descending parts respectively are in the form of

j-ﬁ'(l-(l-i)‘) .1)

1 = £ exp(-K(e -e.)'") 22
where, f is the stress at a strain ¢, £ and & arc the maximum sircss and the
corresponding strain and A and X arc the peramoters which determine the shape of the
curve ia the asceading and descending parts respectively. The values of the parametors A,
K are descrminod by

e -

AsE— @.3)
J 2

K=25¢ 24)

whore, E- is the modu . . of elasticity and is ke equal 10 3320V£ + 6900 MPs.



3.3.2 Maodel by Muguruma ¢t al. (1983), (1989)

Muguruma ct al. (1983) tesiod square column specimens confined laterally by square high
yield strength spiral reinforcement at intervals of S0 mm. Four plain concrese columns and
14 concentrically loaded reinforced concreie columns were tested (o failure. The
compressive sirength of the concreie ranged from 34.9 to 89.2 MPa. The columns had
cross-sectional dimensions of 147.4x147.4 mm and had no concrete cover. The
volumetric ratio of the lateral reinforcoment was 2.13%, except for two specimens that had
4.26%. All ties had a yield strength of 1390 MPa.

The suthors concluded that, the brittle crushing behavior of HSC can be changed
into ductilc manner by using an adequate amount of high yield strength lateral
reinforcemont. An empirical stress-strain relationship was proposed. This empirical model
was modified in 1989 by Muguruma et al.

Muguruma et al. (1989) iestod 8 HSC columns confined by lateral reinforcement
under reversed cyclic laeral loads. The columns were tested under constant axial
compressive load levels ranged from 0.254 10 0.629 £bh. The concrese compressive
strongths were 85.7 and 115.8 MPa. The columas had cross-sectional dimensions of
200x200 mm and a comcree cover of 9 mm. The volumetric ratio of the lsteral
reinforcement was 1.61% with yield swrengths of 328 and 792.3 MPa.

The authors comcluded that the ductility emhancing efficiency of laseral
wmummumﬁmww The use of
mmwmmmmwfamm
flexural ductility in HSC columns. A empirical mode! was proposed based on the test
resulis, and the Muguruma ot al. (1983) and modified Kent and Park (Park et al. (1982))
stress-strain models on conflaed concrete.

mmwmamm(oA.A-n.o-a)umum
2.3. The parametors of the curve arc; the peak streas/strain of the plain concrets (£, €=);
the poak stress/strain of the confined concrote (Gm, Em); and the strese/strain st the
whimate strain (G, Co). These parameters arc defined by the following equations

&= =(0.814Ka + 1.67)/1000 Kag1.3 Q.3a)
¢= = 2.817/1000 Ka>1.3 (2.5.b)
Om = (l+ 8c.)f 2.6)

=l 3ic ). @n
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1"
e = (14 610c:)e. 2.9)

8¢ = Cemlem

On = +0m 29)
Com + L
K= = (£ /55)(C/500)’ (W/200) (2.10)
ce -o.3194r.ﬁ(1 -as-‘-) @.11)
f w
e = (~0.265Ka + 1.71)ea Ka<1.S (2.12.0)
& =13le. Ka>1.5 (2.12.b)

where; Ka is a parameter which represents the mix properties of fresh concrese. This
parameter is defined by Equation (2.10); C is the unit coment content (kg/m3); W is the unit
water content (kg/m3); c. is the confinement factor thet is defined by Equation (2.11); 2 is
ﬁevdmkrﬁodmﬂmnﬂmﬁhbywwdm
reinforcement in MPa; s is the pisch of confinement reinforcement in mm; w is the
mmaumeh—;uuuuMbyu
idealized stress strain curve of the confinod concrete wntil the peak load in MPa; & is the
compressive strain at ultimete for plain concrete,

The ascending branch of the proposed mode! is given by Equations (2.13) and
(2.14). The descending branch is given by Bquation (2.15)

o =Ee-+[(£ - Eea)/ea’ e’ (eSea) 2.13)
= G

&-{“L_.:-)#(u-u)’ 4G (enSerSeem) 2.14)

ce-"'—"—z(a-c-)m. (emc<e:) 2.19)

(e =tm)
whese; G- is the compressive sress: & is the compressive swain; B = 4700y MPa.
For waconfined concrete the proposed modsl consists of two parss (OA, AB) as
shown in Figure 2.3. The ascending pert (OA) is the same s for confined concests. The
dusconding part (AB) is given by the following equation

O = (0= £ & =)t -ta)+ £ (sa<e) .16)
whese; G2 asc the uktimate sess and sirsin and . is defincd by the following equation



@.17)

2.3.3 Model by Yong et al. (1968)

Yong et al. (1988) studied the behavior of lsterally confined HSC columns under axial
loads. Eighteen laterally and longitudinally reinforced columns and 6 plain concrete
columns, all concentrically loaded, were tested to failure. The compressive strength of the
concrese ranged from 83.6 10 93.5 MPa. The columns had cross-sectional dimensions of
152x152 mm and a concrete cover of 9.5 mm. The stress-strain behavior of these columns
was studicd with respect 10 the effects of the volumetric ratio and spacing of lateral ties, the
concrete cover and the distribution of the lon tudinal stioel around the core perimeter.
mmmmmmuh-uemscbymagm
improve the general behavior of concrese. Instead of collapsing in a very briutle and
explosive fashion, the confined concrete 3 scimens failed in more ductile and gradual way.
mmpﬁﬁumnmgm-ﬁmwhm“lmhﬁ

hamhhmﬂlﬁnl mmhnmm:
mh;mmmﬂmnm&mgﬂmmﬂm
ﬁﬁeﬂ&ydﬂﬁthhﬁmim Z;; asing the sumber of longitudinal bers
confinement of the concreme core. Spalling of the concrete cover docs not seem 10 afflect the
m“hh@dhmmhhhmﬁhmﬂqﬂ
the core. ﬁ:ﬁﬂihhhﬂﬂﬂﬂﬂmlﬁéﬁyﬂimnﬁhﬂdh
“Hﬁi—mmhm pcommends 'iyYunuL hmnﬂ-ﬂ
*Mmmmnmﬁlhﬁ“ﬂyﬂmhh
calculation of the confinement effect.
lﬁﬂﬁhﬁﬂgnw-ﬁhﬁmﬁeﬁdh
confined concrete is proposed. The model uses the formules originally suggested by
Sergia (1971) and modified by Vallenss ot al. (1977). A shetch of the proposed empirical
model s shown in Figuse 24. ﬁmdhﬂgﬁp‘m(ﬁ
¢-); Ge inflaction seess/sirain on the descending beanch ( £. ©); and the stesss/otenin ( £,

,
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By definition, the peak stress /. is equal 10 K £, where K and £ are the effective
confinement and the concrete cylinder strength respectively. The expression of K
suggesied by Sargin (1971) and modified by Vallenas et al. (1977), is in the form

K-l+0.m9l(l-o':f5'Xp'+::p)ff:,- (2.18)

when;a-ﬂumnwnuwhgofﬂnhuﬂﬁuhhchu;h”-len;thofoneddeof
the rectangular ties in inches; n = number of longitudinal sieel bars; d" = nominal diameter
of lateral ties in inches; d = nominal diameter of longitudinal sieel bars in inches: p =
volumetric ratio of lateral reinforcement; p = volumetric ratio of the longitudinal
reinforcement and £, = yielding stress of the Iateral sscel in pei.

An expression, similar to Sargin's, (1971) was developed 10 predict the peak strain

o.ooas(n - ﬂiﬁ)ﬂ;)"
3
The remaining unknown values f, & and fu were calculatod using the following
eguations obtained by linear regression:

s frf£)oad am
us n[u(!;-}r uooos] @.21)

fum /{am.(a%)-o.oos]maﬁ 2.22)

The empirical model consists of two polynomial equations, cach similar in form 0

that originally proposed by Sargin (1971). For the ascending branch up 10 the peak stress
and strain:

¢ = 0.0026S + 2.19)

2
AX + BX @)

Y AT S

whese; Y = £/f: X = &fee; Am Bt/ fo: B = [(A-1)P0.S3]-1; B o 7.55w5F and
% and ¢ ase the concrets siess and sirain, respoctively for the sscending branch.

A second order polynomial is proposed for the equation of the desconding branch
stars from the peak stress and sirain:

13



CX +DX!?
H(c—z)xar(pa-l)x’

where, Y = fi/fi; X = efe.; Cs|(en !a)/z.]{[;;&/(;;! )| 5[4;5;,/(;. - f))}i
E = f/e:; Ex= fufes ; D= (e ~esf[E/(f~ f)]-[4B2y(f - f)]} and f: and e are
the concrete stress and strain, respectively for the descending branch.

2.3.4 Model by Bjerkeli ot al. (1999)

Bjerkeli et al. (1990) studied the deformation properties and ductility of HSC columns.
The ductility of plain and confined normal and light weight concrete columns was
investigsted. The discussion in this chapier will only include normal weight (ND)
enlm amn Thelstm *** ' eondﬁsd d’fﬁn‘ﬂﬁlﬂ. mmwﬁm

e (2.24)

ﬁﬁﬁmmﬂmmm;mmmﬁmmmm
mémm&kﬁlm-iﬁdﬂhmmmmnyﬂdmﬁ
al‘dlauh. Ml&nmlmmhﬁn:mmofﬁ;umm

Sieplacen
Thﬂmmhmﬁmﬂnfﬂmﬂlﬂcﬁmheﬂmnwﬁnﬂmﬂlﬂ
compressive strength of the concrese ranged from 62.5 to
QGM& ﬁmmnmmiﬁ ongitudinal reinforcoment was not
provided. 'l‘h:mhthammmmﬁ and the amount and
distribution of the confining spiral reinfor
mm*m:“ﬁm&mwﬁﬁmﬂmﬂ
dimensions of 150x150 mem and total height of 500 mm. The compres...ve streagth of the
concrete ranged between 90.9 and 108.7 MPa. The columas hed four corner longitudinal
blﬂig-m-ild. The parametcrs in these tests were the amount and distribution of
the confincment ties, the influence of longitudinal seinforcement and the effect of reduced
The third series consistod of 10 eccentrically loaded square columas with cross-
sovies in addision 10 the concrete mix design.
ﬁhﬁﬁh“d&hﬁ*mﬂm
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concrete cover to the lateral reinforcement. In addition to the rectangular ties, each
hn;iuﬂindbuwnwﬁdbymﬂghthmmhnﬂbyfﬂcﬂmwldﬂpm The
compressive strength of the concrete ranged from 83.1 10 107.6 MPa.
The authors concluded that, confined HSC ND columns can develop a ductile
A theoretical model was developed 10 describe the stress-strain behavior of confined
(1983). The empirical model consists of three parts as shown in Figure 2.5. The first pant
that describes the ascending branch is in the form
c= _Ece
14+ (E/Ee-2) (e/es) + (e/es)’ f
where; @ is the concresc stress; ¢ is the concrete strain; E» = £ /e ; and E- = 9500(£: )"’
The second part is a straight line that describes the first portion of the descend
branch with an equation in the form of

2.23)

o= fui-2z(e~-t) (2.26)
where, z=0.15 fo/(€.0s - &)
portion of the descending branch. The equation of £, is as follows

p,-m%‘—‘é @
The parameters of the curve are: the peak stresa/strain ( £, €.); the strain ot 0.85 £ in the
descending part of the curve (.03 ); and the horizontal part of the desconding branch ( £).
These parameters are defined by the following crations

fnftKe 40 45MPa < £ < 80MPs (2.284)

fmfeKe 205 S0MPa < £ < 90MPs (2.28)

€ =0.0025 + K, 0.030 ($/£) (2.29)

ew=ge +Ks 0.050 (£/£)/(1-F) (2.30)

fuAafo/h s @31
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Kot = [1- 89/dhe] (2.32.0)

nc¢? ) S
K,:2 -[l ﬁ-] (2.32.b)

¢.u' = 0,0025 ((1107/;:)%1) (2.33)

1 e
F m;/(ﬁ—xl»w (2.34)
where; e is the shorter out-10-out of ties in mm; sy is the spacing between the ties; A is
the total effective area of ties in direction under consideration; ; A is the gross area of
concrete section measus ,mmhﬁkm&ﬁhhyﬂdmﬁmﬁnﬁg
reinforcement in MPa; £ is the strength of the unconfined concrete; h' is the outer size of
the confined soction measured out-10-out of ties in the direction under consideration: n is
the number of laterally supporied longitudinal bars and ¢ is the distance between the
Bquation (2.31) and in Figure 2.6.c. The geometry of the confined concrete core is defined
in terms of K, , taken as the larger value of Ky and Ksa. mmnum
with the development of compression arches in vertical direction betwoen the confineme
ﬂmhmﬁnhﬁjmm ﬁmﬂhmm
by Shah ct al. (1983) and is expressed by Equation (2.32.2). The factor K, is associsted
mhﬁmﬂmmmmmw
cment, shown in Figure 2.6.b. According 10 Sheikh et al. (1982), this factor is
mrmm(znm
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Figure 2.1 C-Shapod Specimen of Hognestad et al.
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3.1 General

The experimental program was designed to study the parameters defining the ACI
rectangular compression stress block and the stress-strain relationship of eccentrically
loaded high strength concrete columns. Tlemhcludadmphmthhm
mﬁnﬂal‘moﬁ,ii ular cross-section specimens, the second phase consisted of
is required 10 design rectangular cross-sections subjected 10 axial forces and biaxial
moments and, more importandy, mm;mnmm@mnm
after the tip reached high strain, Amﬂﬁmﬂkmmld_fgf,
during the experimental work is presented.

mﬁmmmsc-mmmnﬁmu Thwee did aot
hwmﬁminhmnﬂnn(cﬂuupﬁ)-ilzmm-dm
ﬂmhﬂ;m Allkgazhmm ’im;:fm
(ﬂ-:gr mﬂ\d—ﬂhmﬁ). Tﬁllﬂuﬁhﬂhmm

ement and testing method for each specimon. To assuse that failure would occer in
hﬂmﬁhdﬂmﬁmdﬁﬁn“kﬂﬂ“ﬁ-ﬁﬂh
excess of the loads applied ia the test. Figure 3.2 gives detalls of the reinforcement in the
Hnﬂunﬂhaﬂﬂm Tﬁhllﬂﬂﬁlﬁhﬂk“ﬂhm

ﬁﬂ“ﬁnhﬁmllﬂﬂdimmzm
reinforcement in the tost region and 4 with vertical and horizontal reinforcem The
mﬂﬁgsﬁnhﬂlﬂn*gﬁﬁﬂhu“aﬂﬂﬂﬁ
ﬁhmn“ﬁﬁmhhm““m ‘lil-bl-_-u
ﬂnﬁﬂhdmr{i’, ,ﬁﬁ-ﬁdhﬂ“ hu
ﬂ-ﬁﬂ:d’hmhﬁ_*-ﬂhﬁ-ﬂﬁ.




3.3 Materials
3.3.1 Concrete

MEiuimmmhmm&MMﬁumﬁmmm;n
University of Alberta and through previous work performed at University of Sherbrooke.
The mixes were designed to develop cylinder strengths of 60, 90 and 120 MPa at 28 days.
smmnhymﬂm“wmd@lﬁmmﬂhmmmmmgﬂu
machinc became availsbie. The specimens were tested at ages ranging from 30 - 140 days.

3.3.1.1 Mix Constits

3.3.1.1.1 Cement
ﬁm:ﬂmnﬁﬁmﬂhﬁpﬂﬂﬁaﬁymﬁmuﬂﬁrhlmﬂh
Hmdmnhmﬁam

3.3.1.1.2 Sand

3.3.1.1.3 Ceerse Aggregates

m«eﬁgmmﬂmfmnlﬂcﬂ# They ase gravel primarily composed of
orthoquartzite, quartzite and hard sandstone. Two difforent sine distribetions heve been

wecd, (20-3) mm blonded coarse aggregates for the 60 MPs mix and (14-5) mm creshed
coarse aggregates for the 90 and 120 MPa mixes. Table 3.6 shows the percentage of cach

gmmnm.m“-ﬂ-ﬂwumm
Silica fume was weod 10 produce the 120 MPs mix. The product used was Forcs 10,000
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water slurry (50% by weight). The product has a specific gravity of (1.36-1.39), the
specific gravity of the silica fume is 2.2,

3.3.1.1.5 Super-plasticizer

Super-plasticizer is a powerful waler reducing agent. It makes it possible 10 produce scif-
hvelhgmwhhmlyﬂ:wmmmfuﬂyhyﬁudumpﬂkh The
product used was 8.P.N which is a product of the Conchem Company. It has a

3.3.1.2 Mix Proportions

Table 3.7 shows the proportions of concrete mix for the different target stirengths. It
should be noted that these mixes were hascd on the “sir dried” conditions for aggregates
(1.3% for sand and 1.6% for coarse aggregatcs). The amounts of waler, sand and coarae
wmmﬁkwdn:aﬁin;mhnmlnﬂmmmaﬂhemm
measured al the time of casting. 'Ihmp:r—pl:ﬂcinrdmmhgdmhﬁﬁ;md
workability without excessive bloeding. The percentage used ranged from 1.2% 10 1.8%
weight of solids in the S.P.N by weight of cemont and silica fume content. Ten percont by
weight of Portland cement was replaced by silica fume in mix No. 3.

TnﬂenlﬂuﬂiQﬂmhmluﬂmﬁermmwm The
meanings of moist cured and air cured in the tables are explainod in Soction 3.4. Mone

3.3.1.3.1 Compressien Tests of Cylinders

The stress-strain relationshi 8 in compression wase obtained for cach specimen wsing both
100x200 and 152x304 mem cylinders.
Portions of the descending branch of stress-a nin curves for HSC show snep back

behavior as shown in Figuee 3.5. In ordor 10 obtain & complete stross-strain curve, 8 2600
mmmm-ﬁuﬁ-ﬁnmm“uwa
al. (1986). m-ﬂm1MMM“ﬂﬁﬂhm“ﬂ
the displacement signal instead of just the displeceme L signal as illusteatod in Figure 3.5,
hﬁgﬁﬂﬂ&ﬁmm:ilﬁ#mqhﬁﬂ
be obtaincd if @ is grenter them o An angic, 8, betwoen 3-10 dogroes and an sverage rate
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of loading of 12 micro-strain/sec were chosen. The LABVIEW 2 esting program was
used to write the commands required 10 operate the testing machine. The average strain of
ucymwukmwdwan;unumamwmbymmumof
the cylinder. The deformation of the cylinder was calculated by subtracting the elastic
deformation of the testing machine from the stroke readings. Figure 3.6 shows an example
of the stress-strain curves obtained for 80 and 120 MPa cylinders.

The high strength concrete (HSC) cylinders exhibised a stress-strain curve similar 1o
the low strength concrese (LSC) cylinders except that the ultimate load was reached at
Wanmmw.me.cm»mmwmg
apchy.cmbwmdh&emﬂmoﬂhcylhdumdaﬂuwﬂudndﬁm
load, these cracks propagated into the end zones. With the applied control system, it was
possible (o get a smooth and continuous descending branch.

The ultra high strength concrete (UHSC) cylinders developed two different failure
mmmummm.ummuum-n
hdc-wiu;cmcityhuuﬂuiwm.whchcyﬂaderwmuomdl
pieces. AW(MWW%MMW&.MN
that appeared closc (0 the maximum losd carrying capacity. These cracks migix appear in
the central zone or near the end boundaries. A1 the maximum load carrying capacity,
mamnmﬁummmmtmwmuuu
being carried. The cylinder continued 10 carry the load with increases in the axial strain
until another spalling and drop in the load being casried occurred. The descending branch
was not smooth and was sieper than the descending branch of the HSC cylinder.

ummummmnmmmamm
due 10 the end confinement, was observed.

3.3.13.2 Fracture Energy of Concrete

mfmwdmwmmaﬁmmamm
bending tcat on a nowhed beam. The dimonsions of the beam and the test proceduses were
detormined in accordance with RILEM draft recommendation (1985). Figure 1.7 shows
the teat sct-up and an cxample of the fractuse energy calculations.

3.3.2 Relaforcoment

Diffevemt reinforcement sizcs were wsed in the specimens. The properties of the
seiaforcement mlmmdyhund“uﬁhhum
NulﬂﬂNulSMMdMOﬂlzummudbﬁw
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reinforcement in the test region. The sicel was supplied by Sherwood Sieel in Edmonton,
Alberta, Faﬂgmmnulmodmmmmmmmmmmuby
the same company and No.8 deformed bars which had s diameter of 8.7 mm. These were
produced in Sweden. Mﬂmﬁﬂal;ﬂelhmmmﬁﬂylvﬂlﬁh it was used in
many specimens because it was convenient for the siae of the crods-sec

Tension tests were performed on 16 in. long lp:inm ﬁm each type of
l’einl‘ml.immadwilhliin mph;mﬁmmhmhm

mmmmnmingangMﬂmmhmEHMm
get the static yicld strength and the static ultimate tensile strength. All the steel from each
wwufmdzmm Table 3. Iﬂpmpnmhﬂiﬂﬂmm

spoecimens. TﬂlﬂUﬁ“’ﬂme
&ﬁn(gmﬁu.(lm»mmmnmmpm;::, -

Fﬁﬁ:mnﬂnfplmiﬂjf;:z,'hmﬁlﬂyloﬂhwfureuynﬂpph;
and reassembling. mwmmmmny The forms were olled before
inserting the seol ¢ :
Thmiﬂmtnaﬂmumbhdmhﬂmﬂﬂd“uﬁ;ﬁﬂl
wﬁamfm:dﬁdmu“hms,!lhhmmﬁ. The
rectangular specimen V16,
After closing the form side, stiffencrs consisting of sicel pleces with & 2x4 in.
hollow rectangular section and 1/2 in. threadod rods weve clampod on the outsides of the
tﬁ-hmmmm&ﬂ“ ﬁlﬂhlﬁmh&

_ithl‘mi (ﬂhlﬂ lldnﬂ!.li}

“ﬂ.mﬂl—ﬂﬂ‘-ﬂ.“df er-pl
“ﬁ“hnsmhﬁ:ﬂ.hmm Imh
aher adding the coarss aggeegates was shout 5- 10 minutes.



The concreie was placed inside the form by the aid of a sieel bucket. Six 152x304
mm cylinders; fificen 100x200 mm cylinders and three 100x100x840 mm beams were
madc for each specimen. The size of the mixer was not enough 10 mix the amount of
concrete required for the specimen in one baich. Three baiches were required 1o produce a
rectangular specimen and S baiches were required (o0 produce a triangular specimen. The
test region, the cylinders and the beams were all cast from the same baich. The specimen
and the beams were vibrated, while the cylinders were rodded.

The cylinders and the beams were placed in a lime-water bath while the specimen was
covered by plastic sheets for at least one week. Tables 3.8 and 3.9 list strengths for moist
The dry cured cylinders were covered by plastic sheets after siripping 10 the time of sesting.

The cylinders and the beams were takea owt of the lime-water beth 1 10 2 weeks
faces of each cylinder were ground on a lathe 10 ensure that the two faces were
perpendicular to the vertical axis of the cylinder. The cylinders and the beams were tested
dry in the same conditions as the specimen.

The specimen surface was prepared 10 mount the strain gauges by sanding the
mﬁﬂhm“m“wmmmm“gﬂh
overnight wsing steel plates and C- clamps. The specimen were tested at least one week
after mounting the strain gauges 10 allow for complete curing of the adhesive.

35 Test Set-Up

Bach specimen was subjocted 10 a primary load P, appliod by a 6600 kN MTS machine and
& sscondary load P, applied by a hydraulic jack as illustrated in Pigwre 3.13. Since the
spherical head of the MTS machine could not bs counted 0n 80 accommodae the rotations
dhﬁdh”d“u”.pﬁmﬂhhﬂnﬂ-ﬁh
the teat, & system of curved plates and roliers that had a well defined conter of romtion was
weod at the top and the botom of the spocimen as illnstrated in Piguse 3.14. The curved
plates and rollors hed & comter of rotstion in the pered end of the specimen. A 1 in. rod
88 the center of rotation of each system of end plates (0 prevent instebility and 10 seduce the




splacement at the center of rotation. As shown in Figure 3,13 the pivot rods and
hlﬁadmdmeﬁladmnoﬁaﬁmhmﬂhm

mmmr,m-mubymmmgmumor
lﬂelplmﬁummmﬁm&lnﬂmhﬂlhupmm“ﬁﬁe
specimen. mm:ymhdmﬁﬂﬂmmmnﬁnﬂmm&&
load dropped off during the test. Figure 3.14 shows details of teat set-up.

Ammmwwﬂmmpﬂahmmw_ d loads for each
test. The program uses the stress strain relationship for HSC proposed by Shah et al.
(1983) (Section 2.3.1). Using this program, the eccentricities of both of the loads were
mmmnmuhﬂmﬁmhhﬁhﬂ;m sms and 10 have failure
occur before a comprossion force was developed in the P, hydrautic jack. Table 3.11 gives

D!ﬂﬂﬂ.ﬁﬂﬂdmﬂhlﬂsm“ﬂiﬂqﬂyhﬁ
P,. &F.Mhmmr,-:-“ﬁmm:nﬂn
8 predetermined point, gonerally on one face of the cross-section (the left hand side in
Figures 3.13 and 3.14).

A feod back control system was used 10 control the change ia P; load. When the
ﬁﬁ-ﬂwﬂebﬁbmm This change in the reading gave & now
dﬁdnhmﬂ!’_. m&&iﬁmﬂmmnmhhd—l
(errormcurre 'ipd-ﬁdddpﬂ)bymhghphncfﬁbﬂu&ﬁi This
mﬁpﬂhﬂd‘hﬁhﬂbhmqﬁdnﬁhmﬂﬁ
(ﬁdm:ﬁh)dh:;; ression 2one. On the opposite sids of the cross-ssction the

2 paotonically increasing compression sirala. To seduce
thhﬂrﬂhhﬁhuIMﬂﬂhﬁmmgﬂ
anﬂl—ﬂg“ﬁﬁﬁﬁhﬂm“ AN specimens
except for V1 and V2 weve tosted wsing this procodure. Specimen V1 was tesied using the
ﬁﬁmﬂﬂh-ﬂd’mﬂhﬁiuuﬁﬂhﬁ—hﬁ
loft in Figures 3.13 and 3.14). Spocimen V2 was wsted with the P, load applisd ot &
constant ecoentricity and 20 P; load. The chossn ecosntrickty wes 45 mes measused flom
the conter line of specimen (10 the right in Piguros 3.13 and 3.14).




The slow rate of loading the columns involved increasing the strain in the
mﬂmfmdﬁwﬂﬁmﬂnﬂgoﬂm:nMIm FIMB 15 shows

wa&dﬁﬁ;fmmmﬂingmﬂ:ﬁAMtﬁmqmmﬂeﬂg
mﬁqlin&:m“ﬁm:ﬂwmdmﬂ:mﬂsmMMInM[dg
specimens. The figure shows close agreement in the elastic part and slight change in the
slope of the inclastic pant. Based on the average of three tests at each rate, the cylinders
testod using the slower rate were 4% lower in strength.

3.7 Test Arrangement

mmcmmmmmwwmmmmmmnmﬁ
machine. A thin layer of Plaster of Paris was used at the 10p and bottom surfaces of the
mmimmmmmrmmm For the ultra high
strength specimens, dental stone (Hydrocal 105) was used instead of Plaster of Paris.

ThP,hﬂm—mmMnﬂh&imhmﬂhlﬂQm
were atiached. Tmmm.mmmmmhmm

The MTS load cell was used 10 measure the primary load P,. A calibration test of the MTS
hﬂ@ﬂﬁﬁdhhpﬁnmhwmﬁmﬂmﬂﬂidﬁ
" ',;f;’hﬂeﬂlvﬂuhﬁgmmhdr-g.ﬁhmﬂmmmeﬂhh.
lh-lly:h. A special dog bone load cell attached 10 the hydraulic jack was used 0
-_rehhdl',i Deails about the P, load cell are provided ia Section 4.2.4.
nation d‘ﬁm-ﬂa“ﬂ;hﬁﬁnm-ﬂ
caswrements. Rotation arms, made from | in. hollow square steel sections were
m{- mnmthhqﬁ-:Mhhlu
Two sets of arms were weed. The vertical distance between the inner rotstion arms was
equal 10 the cross-section depth. The location of the 1/4 in. rods is shown in Pigures 3.1
and 3.3, 'i'huﬂﬂlvmﬁmiuhuﬂnmnhpﬂ-ﬂhm
axis. mLmﬁmﬁﬂnnnﬁnmmﬁmm&mnﬁ
ﬁnm—nhiﬁhﬂanui)b-_lﬁ“mm Two
ﬁuLWsmMﬂuh““ﬂE—nﬂhsh‘hﬁ




mounted at the ends of the test region. These LVDT's were used (0 measure the average
deformation over the entire tesied part. A close up view of the location of the LVDT's is
given in Figure 3.16. For specimen V2 the control LVDT was replaced by two LVDT's
mlwdwdnmdonmﬂnmmtomelcﬂhl’imllafmthemwnrm.

One-inch gauge length electrical resistance strain gauges of the type SR-4, FAE-
100N-12-50L and 4 in. gauge length sirain gauges of the type SR-4, FAE-400N-12-S0L,
were mounied on different locations longitedinally and transversely. Details of different
m.mpcmﬂ'mdoumdduiumeummdmhmpmt The
measurements of the surface sirsin were used during the test 1o check the neutral axis
buﬂmmdwmwumdmm

Several LVDT's with different ranges 10-40 mm were connectod o deflection
Whaﬂawmﬁem&ho‘b«hdﬂuhummm&ﬂmbnof
the specimen at different locations as illustrated in Figure 3.13. Figures 3.17 and 3.18

Mpkmfadnmmummmwmm
3.9 Test Procedure

mLmsmthMduMmmWMMﬂw.
Amdlehcmwuuammubthm“wmkMLvm
from sticking. MMMWMthVDTmbWufmm
when a major loss of concrete cover occurred. The response of the feed back control was
checked while the hydraulic pressure was off.

mmdumuumumuwmm
were bolied together. mm«uwmmmuum
bearings were removed. Zero readings were recordod and the test wes stared with the data
scquisition system automatically recording readings at intervals. The MTS head was
mnmdonnmuormzmmumm
no.nnwmh&emmrmd&eudm During the test, any
noticesble cracks or spalling were recorded. The durstion of each test was between 3-7
hours. Afier spalling of concrese P, decrossed i order 10 meintain 20r0 strain. The teats
were terminated whea a complcte destruction of the plaia concrete specimens occurred or
when the load P, reached 2ero for the reinforced concrete specimens. Ia two tests one of
hﬂquh&e?,lodm—quhuﬁnd.lhuww&lhhm
reached SO kN in compeession.

Afier testing, the specimen was removed, the curved plstes were cleanod and
leveled for a new st The cylinders and beams wese testod as close as passible 1o ths time
of weeting the specimen.



Table 3.1 Details of the Rectanguiar Specimens

el 0
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1111111111

I‘ 8
10 was cracksed before testing




Table 3.2 Details of Cross-Section for the Reinforced Rectangular Specimens

VI3 2.4 263,265 | 13 B[ s

- The middie bars for specimens V16 and V17 were at d=150 mem

(2) Spaciag of ves 43 mm)
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Fineness: Binin:

Tricalcium Silicae (C,S)

Dicalcium Silicate (CS)

Tricalcium Aluminaie (CA) |

(GAP)

1



Rock Type

Orthogquartzite
Quartzite
Sand stone
Trap- (Basalt)
Granie

21.7
63.05
49
1.5
19

Fair

Chen

56
0.2

Poor

Siliceous iron stone
Sand sione- soft

0.1
10

Deletrious

Clay ironstone

0.03

(14-5) mm

RockType | Uncrashed l

Orthoquartziee 62.6
Quartzite 14.1
Sand stone- hard 10.6
Trap- (Basalt) 5.6
Rhyoliec 40
Granite 0.1

62.7
13.8
10.6
3.7
4.1
0.1

Orthoquartzite 1.5

1.5
03
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Table 3.10 Properties of Reinforcement Stcel

s | Mol | SgicYed
EMPy | Ry

No.1$ 18820025)° |  433.2(29) 647.4 (9)

No.10 185000 (S) 423 (5) 669.8 (5)

No.8 216400 (3) 401 (3) | 384.5(2)

* The numbers in brackets refer 10 the number of tests
carried out and averaged 10 get the value given



Tabile 3.11 Eccentricities of Applied Loads for Each Specimen

P; Losd

,,77 ) — Gnl!! g;m

V1, V4, V1, Vi0, Vi3, Vié] 00 700

V5. V6, V8, VIL, VI2, VI4] - 700
Vis, V1?7 »

TL. T2, T3, T4, TS, T6 13.83 600

m:;agm“ﬁﬁhﬂhdhm
-o= 130 mm for the roctanguler specimens
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Figure 3.6 Swess-Siraia Curves for 100 mm Cylinders



Load (kN)

Gp= (Wo+mg 80) / Akg (N/m (/nf?))

m= Weight of the beam betweoen supports (Kg)
perpendicular 10 the beam axis (m3)

g= Acceleration due 10 gravity (9.81nvsd

o= Deformation at the final failure of the beam (m)




Stress (MPa)

100000 150000




Figure 3.11 Asssmbling of the Sisel Cags for Specimen T3 o the Fleer
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» 3,12 Placing of the Siel Cage of Specimen
P A g 8 e



Deflection Bridge for Lateral Displacement Measurments

Figure 3.13 Details of Test Measurmonts
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Slow Rasc Test
==== Fast Ratc Test

Steess (MPa)
&

0.000 0.001 0.002 0.003 0.4

Figure 3.1 Cylinder Compression Tests with Different Rate of Loadiag
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4- Analysis of Test Results
4.1 General
mm&m;wmmﬁddmin]ﬂgmmmmﬂnmm
mﬂgﬂMiﬁﬁﬁhhﬂﬁﬂﬂbﬂﬂh@fﬂﬂMﬁ!ﬁgmm
flexure. The reinforced specimens showed different behavior according to the concrete
the specimens are included in the discussion of this chapier. The methods that were used 10

During cach test, the neutral axis was maintained at 8 predetermine point, generally on the
back face of the specimen as illustrated in Section 3.6. Several strain gauges were mounted
hhﬁfnih“mmhgﬂﬂiﬁfn Figure 4.1 shows

lnmznfgm(mvm).mm-mmﬁmnmmu
stroke control system explained in Section 3.6. An external signal from sa LVDT that was
mountod on the conter line of the test region was wsed 10 control the P, load instead of the
mmr,ﬁmmmmﬂhngﬁwhhmﬂdﬂ The
mwmmmﬁhhmﬁhﬂmﬂwuﬁm
mm:::hﬁMhhhﬁth(mﬂh)ﬂhm
mmgﬂ“hﬁeuhﬁm“hhm Til!.ln-l
eq-:iyh-:ycg-g h_vmhm-—ihhﬂ;ﬁhnm

In the remaining teoms, the procedures wese changsd 10 avoid another sccident. The
mmeﬂ-ﬂmm—ﬂnmﬂhﬁhﬂnmhﬁﬁaﬁ
ﬁ?.hdnﬁﬂaﬁﬂgﬁﬂﬁrahﬂ The P, load wes applied firs 10
maintain some compression stresees in the cross-sectios of the teat part prior 10 applying
hydeaslic pressure in the P, load jeck. ﬁﬁhh—hjdhuﬂrm
secorded. mﬂiﬁlﬂmhqﬁ-ﬂynﬁh*dhuﬂf

L7




L1
Indtheuninm.esormsminl‘ncelndmMd\emutralaxhwuinlhenqulmd
position. The test started from this stage using the control system descrided in Section 3.6,

lnnummemdinuomuecomwuvmmmﬂwmydmwin
the required position of the neutral axis. In most tests, no significant strains were
measured by the strain gauges mounted on the back face of the specimens. Before spalling
of the cover, these readings were in the range of + 100 microstrain. During the tests of
lpecimuu\lland‘l'l.theludingsomteuninmmmsimlkmdyhiwmme
expected values.
Toinvuﬁutelhelctulpoduonofﬂlenewlluh.lhemdlnuoflhemin
uummthebwkfmmﬂowdwmdnawmumemmionfm
ohaimdfmmdeVDTsonﬂnemhﬁonmulﬂWhFigml.szm
TI. mﬂmmmmu.dupiwﬂnwmhthemﬂnmmﬂmncnt
mmﬁmmﬂmmmﬁinmbﬁfmduwim. These readings
wmummwbauow«mammwupn.mm
%0 the neutral axis. mmmmmwwwumwuuw
force-bending moment curve of the specimen with the curves of similar streagth
specimens. Thhmpﬁmiﬁkm&ulhcmcbamﬂmwmm
MhmﬁdeMWiat&oﬂwuﬂndm“pﬂm The
readings of the strain gauges appear 10 be correct. The scatier between their readings at
Mmmmmumcmumwydwmﬁm. The
muhwumowyWutde&ewm&ewm
mmymﬂl“uymhmewmumwmuﬁe
neutral axis position. This ervor may have happened because the rotation arms thet carried
mwwmmmrmmormnumwmun
incorrect response.
mumiummawmmmmmmwymau
mum-mmmmummmm. The
mmanmmmm*ummwdm
No.!dﬂul.dwnhﬁcml.lnd&ew“wmm-&c
LVDT's of the rotation arms. These gauges were chosen in the snalysis becauss they were
wuuwuaummuwwdumnm
coatrolled. umu.wdumwwuauud-ym
eccentricity.
MlJMhMM»&Mu&dWW“&
wst. The specimen hed an overall depth of 300 mm. From Figurs 4.3 the acuwval axis
dopth wsed in the analysis was taken as 302 mm. Table 4.1 gives the averags asutral axis



depths of all the specimens. These will be used in the analysis. For each specimen the
neutral axis depth represents the average compression depth during the test with an error of
£1%. The ncutral axis depth was averaged over the range of compression face strain from
l(l!)micmﬂuinlomefnilmuninomlephmmmofbdwnpdlh.m
of the concrete cover of the reinforced specimens. For strains that were lower than 1000
microstrain, the fluctustion in the readings of the strain gauges had a big effect in the
ukummuhdeuhmdfunlmmmh(henhnofmmmdmhu
this stage are not significant in the analysis. For strains higher than the spalling strain, the
readings of the strain gauges were not useful. The drop in the P, load resulting from
spalling of the concreic cover, did not occur fast enough, causing tension cracks in the back
face. At this stage, the readings of the control LVDT showed good control of the position
of the ncutral axis while the readings of the strain gauges gave unreliable values. These
Mupm&wmmwm“malbmmwaﬂm A gauge
adjacent 10 a tension cracks measured high tensile strains while a gauge located far from the
tension cracks measured high compression strains.

For specimens V1 and TI regression oquations were used 10 express the
compression depth, as illustrated in Figures 4.4 and 4.5. These equations were used 10
define the neutral axis position during the analysis. Figure 4.6 shows the calculated
compression depth for Specimen V2. The specimen was tested under constant eccentricity
without any control 10 the position of the ncutral axis. Four LVDT's mounted on the
mioammmdabuwhhmmNo.JndNo.ﬂocdcnhnﬁeMoaoﬂh
neutral axis for the specimen during the test.

4.2.2 Effects of Cracking on the Contrel System

mmuwmm.aummmuvmcmvs.va.
V14 and V17 causcd vibrations in the rotation arms supporsing the conwrol LVDT. Becsuse
dMﬂMhmdkMLVD‘tMudh?,wm
down 10 2c10, while the P, load did not change. For specimen V8 which had few stirrups,
%0 post peak bohavior was expectod and the test was torminated at that point. Specimen
vumumumwmur,uﬂur.umahm
mndufm&unddhwm“mmmhhm
analysis. Specimen V1S was testod 10 duplicats the sesults of specimen V14,

Following the loss of the cover specimen V17 wes unloaded and the test was
started from the begianing. The same procoduse was asempied for the plaia concrese
specimen VS. This specimen lost big picces along the edges of the compsession face of the
umuwumuummm*u—; The



87
specimen fﬂiedundﬁmuchhwerlmd;duﬁnjth:mptmmpplyﬂem During the
remaining tests, an clastic band was connected 10 the core of the LVDT 1o prevent any
sudden movement.

423 Concrete Cylinder Compression Tests

As illustrated in Tables 3.8 and 3.9, compression tests were carried out in both 100x200
mm and 152x304 mm cylinders. The ratio between the compression strength of the
l@x@mnﬂrcuﬁcyﬁ&ﬁmd&mp&ﬁmnﬁﬂﬂgi(ﬂxﬁﬂ)mrnmﬁﬂ
cured cylinders ranged between 0.87 10 0.97 with a mean value of 0.92. This ratio was
100x200 mm cylinders 10 the compression strength of the 152x304 mm cylinders ranged
between 1.0 to 1.24 with a mean value of 1.10. An average ratio of 1.11 between the
compression strength of leeylm:mlszxmmcylm was suggesied
by Carrasquillo et al. (1981). Previous work by Loessard et al. (1993) showed a mean
value of 1.08.
mmmm)mxmnmmnﬁeﬂgiheﬂdummm“nydg
mpﬂmnﬂeuﬁwﬂnﬁmm‘m“ﬂmﬁd“ﬁ
mmﬁg(zmummmmmu)mnmmm
mmnm:mﬂﬂﬁ:ﬂdhn(ﬁn)mmhummh
axial stiffncss of the load frame of the testing machine is 10.5 x 10° N/m and is not
expecied 10 affect the breaking load of the cylinders, It can only affect the dosconding
mwﬂﬁuﬁ.mhﬂyﬂﬂnhwwﬂﬂ
Thla-hufhlm_—nhmdqﬁh:méﬂnbmﬁg
concret strength. ﬁ&hhﬂﬂ.“ﬁhhmmm
ﬁ*ﬁq&:mnmhﬂﬂmdhm-ﬁu




4.2.4 P3; Load Cell

Two load cells were used during the test program. The first load cell had a maximum
capacity of 350 kN. The response of this load cell was linear for loads not higher than 250
kN. The load cell had a sensitivity of 2 kN within that range. This load cell was used to
test the first six rectangular specimens where the P, load did not exceed 200 kN. During
dwuofmehmVl&ﬁeP;bd&oppedhmﬁMﬁespaﬂmﬁmng, The
when compression load was applied. A sudden drop in the P, load caused buckling of the
load cell. The load cell was replaced during the next tests. The second load cell had a
pert was different than the unloading part. A third order polynomial equation was used 10
4.7. muuhﬁmwumtdmhmhndzheﬁmmﬂgeﬂofﬂgmm

4.3 Plain Concrete Specimens
4.3.1 Strain Gauge Conf

During the test program. three plain concrete specimens with rectangular cross-section, V4,
VS and V6, NMmemﬂm“mHTlﬁdTi
were lesied. Dmemtmmcuﬂguminummdfnmh pecimen,
illustrated in Figures 4.8 10 4.11. The strain gauge configu the bac]
shown in Figure 4.1.

43.2.1 Assumption of Linear Strain Distribution

Figures 4.12 10 4.14 show the strain distril stions at various loading stages for specimens
V4, V6 and T4 respectively. The graphs indicasc thet the assumption of lineer strain
distribution in compression a0mes is truc cven for strain values that are close 10 failwse. The
were weed 10 get cach sirsin value. For the compression face more than two sicain geuges
were sormally ueed (0 get the average value. Four inch sirain geuges wess weed for
ah;tamwm:hvﬁﬂhﬁnﬁmhhn
cracking at the position of the gauges.
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4.3.2.2 Poisson's Ratio

Experimental data on Poisson’s ratio for high strength concrete (HSC) arc limited. Ahmad
et al. (1987) conclude that Poisson's ratio for HSC in the elastic range scems compatible o
the expected range of values for low sirength concrese (LSC) (0.18-0.24) depending on the
stress level. Poisson's ratio is expected to be lower in the inelastic range because of the
mallermhtiveiminlueraluninsrorHSCdmtoleumicrocrxking.upechllyin
the post peak region.

The transverse strains in the compression face and the side faces were measured
using onc inch strain gauges. Forcxhsminmp?oim'smiomohdnedby
amumaumwuwwmmmm
the LVDT's of the rotation arms at the center linc of the gauge. This method gives
approximate values for Poisson's ratio. In order 10 have more accuraic values, special
strain gauges that measured the sirains in two perpendicular directions should be used. The
minﬂncnbuluedvdmot?oim’auﬁohuwinﬂml.ls. The figurc
mmmmmrmmmmpumvswmum
in the compression face. The scaticr between different gauges readings was leas in the
elastic range and increased rapidly close (o failure.

Fim&lém&cmnhmofhhom’lmbmmq&em
of the compression face for specimens V4, VS and V6. These values are plotied versus the
relative compression strains at that face, where €am is the strain at the maximum stress of
the stress-strain curve of the specimen. The figure shows good agreement between the
throe specimens in the elastic and inclastic ranges. The average values of Poisson's ratio in
the elastic range varied between 0.16-0.22. The valve at peak stress was 0.40 for
specimens V4 and VS, and 0.30 for specimen V6. In the post peak range, specimen V4
showed much higher values for Poisson's ratio. Specimens VS and V6 had 80 post pesk
behavior. 'rhem.uorw.vsmvommm.cummmm.
WVSﬂVGuﬁMuumNVSMIMdem
comtent by silica fume. The existence of silica fume in the concrete mix scemed 10 have no
thv&huoﬂ'hbu’smi_o.

43.2.3 Lengitudinal Siraia Distribution

M&l?“&ll”khﬁ““mukmtmd
specimen V4 using 4 in. and | in. gauges respectively. The graph of the 4 in. gaugss
m“da-ﬂ“ﬁduhb”dhlh”w“
Mklh”hﬂmw“wﬂhlhnhﬂ



measures localized strain values. These localized strain values are highly affecied by the
wrfwecondilionmdmmuimumampwduwhkhwuzommformlpedmau
and 14 mm for the others. The last two readings for the 4 in. strain gauges at the center
line and at 200 mm above the center line of the test region showed lower strain values than
the previous readings, while some of the 1 in. strain gauges in the same horizontal level
showed unloading in the last readings. This decrease in the strain readings was due to loss
dmmhumtbm“dnmmmdwamhmw
failure. mmwaIncmMMfmmV4mmmemkm
occurred at strain value of 2800 microstrain. All the strain gauges on the compression face
measured higher strain values than that value.

Fiml.wm&clonwudwuniumioaiaunbﬂfmofpwn
concrete specimen V4 using the 4 in. strain gauges. From the strain distribution in both
fmlhownhﬂml.lludl.w.itcmbeconcludadlhl.nptolmpluﬁontaee
WQMMZMnkmninwmmmﬂmﬂuwumy
horizontal section of the test region. For average strain higher than 3100 microstrain, the
mhnwuphwumbmduwmahmtmw
nﬂdymbumm&phﬁemmoﬂhum.&chc&tmm
still close to zevo. m“mphuw.ﬂMWduwmw
umuu“muuwmeu.mmhum
readings at the back face. mmummﬁumu.wm
zonc was forming in the middie of the icst region whese the newtral axis was controlied.
mrmuonormm.mmmmmmmuu
eccentricity of the total applicd loads (eccentricity of (P;+P,)). This reduction in the
MhythMMlMﬂMleyfm
the failure zone.

For the rest of the plain concrese specimens the strain distribution in the beck face
and the compreasion face was close 10 uniform 10 the end of the tosts.

43.24 Transverse Swrala Distribution en Compression Face

Mtﬁ“‘.:l”kmﬂmhhmhud
mVSMMMMuMhMU.NMM“qb
MNMNW*&M“W“V&
close 10 wniform along the member and across the member. At higher values of
mmummwummmnm
m.mu«umamm-ywm This aoa
wniform distribution of the transverse strain was noticed both longitudinally and



transversely. Close to failure the readings of the right side gauges showed significantly
higher strain readings than the readings of the left side gauges.

The increase in the strain readings of some gauges reflecicd the existence of
longitudinal cracks close to the locations of these gauges. The right comer of the
compression face spalied off from the center line 10 the 1op of the test part just before the
to failure. Themhehgviuwumbﬂmmgmfﬁmw The highest

4.3.2.5 Tramsverse Strain Distribution on Side Faces

Finm422m424mm=mven=mﬂnmmmmﬁgmﬂnmp
on the side faces of specimen V3. These readings were plotied versus the transverse strain
measured by the strain gauges in the compression face. Each strain reading of the side
fmhhnmdhmihmﬂmﬁumm&hm
location in the opposite faces of the specimen. Each strain reading in the compression face
is the average of the readings of the strain gauges that were mountod in the same horizontal
mmugmmmnofumm In the clastic part, the
mwﬂn@m:h:ﬂefmmmuyvmhmhh
mmm-nmrg hp:nllhewnnpnd?ji
ﬁmhﬁmﬁﬂfﬁﬁgﬂdigﬁhﬁhﬁﬁmh
the readings of the strain gauges of the compression face. Figure 4.25 shows the
mmﬁ%umﬁpmfﬂnhwmﬂﬁﬂt
faces of specimen VS, Al this loading stage the strain ganges in the middic 20ne of the test
mm&-mhhmwmmhﬂmﬂh
geuges far from the middie 20nc as illustrated in the figure. mmwﬂﬁ
strain in the middic zome were duc 10 the defloctod shape of the apocime :

shape goncrated radial comprossi 'rm:mmbymum) Fnﬁh
ﬂ“ﬂdﬂhmhmmm&*ﬂ

mbhmﬂmdﬂmhm“ﬂrﬁrﬂﬂ
Compuoasion stresscs was in the order of 3% of £'.
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The first sign of failure was the large increase in the readings of some strain gauges at the
compression face of the test region. This increase was not proportion o the increase in the
applied losds. This was followed by the first visible vertical small cracks which usually
developed at the junction of the top of the compression face of the test region and the top
end block. These cracks, which developed long before failure, were probably due to the
stress concentrations at the transition zoncs. The next observation was the appearance of
small vertical cracks along the edges of the compression face of the test region. These
cracks usually started along onc of the edges, followed by spalling of small pieces from
that odge and more cracks along the other edge. At the same time some of the strain gauges
uthelocuiomoflhuemhmmdw;ivemmleunmbenmdm;
coniact with the concrete section.

For specimen V4, the spalling was accompanied with unlosding in the P load
while for specimens VS and V6 the P2 load did not show any ualoading prior 10 failure.
The P, load did not show any unloading prior 1o failure in any of the tests. The failure
occurred suddenly in an explosive manncr. The specimens failed by crushing in the most
wnmuuwmm”maummw
from the test region. The failure surfaces were smooth, passing through the coarse
aggregaics and making an angle betwoen sixty (0 ninety dogrees with the horizontal.
Several tensile cracks were observed on the pieces that were thrown from the back face of
the test region. These cracks were generated at the fallure moment due 10 the fast failure of
the highly strained fibers while the eccentric load P; was still applied. Figures 4.26 and
mmmr«mvsuvowm

For the triangular specimens, specimen T1 had the best controlled failuee in all of
the plain concrete specimens of the test series. The gradual cracking and spelling of the
most compressed fibers near the apex of the trianguler section did not affect the section
mymmmmwmdummumn
selatively lower strains. This gradual loss of the section was accompanied by a decrease in
the P, load. By comrolling the movement of the MTS head, each time spalling occursed,
uuuemmuur,uu“unmmur,
loed value without having sudden failure. The test was terminsted whea the P, load
dropped down 10 acvo. The specimen was completely cracked but 8o explosive failure
occwrved. wuu-mmm»umm
mMmmMﬁmﬂmmwuhwdﬁe
wianguler soction.

In goncral the HSC specimens showed mose cracks prior 10 failure whils the UHSC
specimens (silod in move explosive way with few visibls cracks. The triengnier HSC



whnenTlmmdmducﬁkbehvimﬂmﬂgHEmhmmwhmm
UHSC specimen T4 showed similar behavior to the UHSC rectangular specimens. The
ﬂﬁmmmdnfwﬂaﬂaepﬂnm;d:mdmwclmmﬂhﬂhm
of the specimen or the shape of the stress strain cusve. The rectangular specimens failed at
mnwﬁnnrﬂnvﬂmmﬁn;bemnBMmmmemﬂnmmug
rotation arms. mm&mr&w:mmmE;mmemuhr
specimens. Specimen T1 failed at an average sirain value of 4200 microstrain, while
meclmauﬂfdledumum&ﬂnvﬂueoﬂﬂ)mbmﬂnmmedfmm
rotation arms. The values of 4200 and 4500 microstrain for specimens T1 and T4
mﬁwlymﬁemﬂmnﬂzﬁmmjmhﬂj;f’,,—fmntliupelol‘the
thmgm:bﬂmhudmm»ulwmhnHMnm
calculated at the apex of the cross section. This increasc in the ultimate strain for the

triangular sections was explained by R iisch (1960).

Hmmm:lhm“ummmdmlniumnmhmm
measured during the test. Figurc 4.28 shows the normaliacd moment about the neutral axis
pﬁadmhmmmmg&mmmmrmﬁ:
k“hhﬁﬁnmﬂuﬂ“ﬁmhﬂﬂﬂmd
the specimen (presemted in Chapier $). Specimens VS and V6 did not show amy
mﬁn;hehﬂnrhdmmemuﬂllmwmhmm
relationship.
Ejﬂliﬂ“kﬁmﬂnﬁoﬁﬁmﬂlnhpﬁﬂ@ﬂh
pression face strain for the triangular specimens, The noutral axis for specimen T did
ﬁlﬂnﬁiﬂﬂﬂhﬂﬂmnﬂ“h!ﬂmdﬂl The figwre shows a brintle
MMMMTI-inmquﬂh-ﬂ. The
mm&hmﬂﬁmgmthhdﬁ
mpressed fibers of the specimon as explained in Section 4.3.3.

b“ﬂhﬁiﬁycﬂnu“nﬂmq&ﬂm
mum)mnhmhmﬂq“:f

63



the restraint of the deformation of the specimen by the testing device. If this restraint is
climinated, the spocimen will suffer a complele and immediate loss of load carrying
capacity as soon as the ultimaic strength is exceeded. Kotsovos (1982) reached the same
conclusion on beam tests that showed longitudinal compressive strains on the compression
face in excess of 0.0033. Strain gauges were mountod in the compression face and the side
faces. The strain readings of these gauges showed the following observations. The
deflected shape of the beam caused radial compression forces in the side faces of the beam
while the transverse strain distribution in the compression face was not uniform showing
higher strains at the top of the flexural cracks of the beam. This non uniform distribution
goneraied significant restraint forces at the highly strained regions. Kotsovos concluded
that this ductile behavior and the obscrved high ultimate strain in the compression zone of a
beam were causcd by a complex multiaxial compressive staic of stress below ultimate
strength rather than post ultimate material characteristics.

In the test serics reporicd here, the readings of the sirain gauges indicate the
cxistence of radial compression stresses due (0 the defleciod shape. These stresses were
cstimated in Section 4.3.2.5 10 be less than 5% of £'. Figures 4.20 and 4.21 of Section
4.3.2.4 showed non uniform transverse sirain distribution st high longitudinal sirains
similar (0 the obacrvation in Kotsovos beam tests. In the tests of specimen VS and V6, the
flexural cracks that occur on beam iesis did not exist. Purthermore, using two rows of
gauges insicad of one row showed that this non waiform distribution of the transverse
strain occurred in both directions depending on the location of the longitudinal cracks thet
developod in the compression face of the specimens.

van Micr (1986) conducicd uniaxial compression tests in concrete prisms. He
reached the conclusion that the descending branch of the stress-sirain curve is 8 structural
reaponec rather than a material response. Localised strain sofiening is the reason for that
behavior. Afier the pesk load, localized fracture in waisxial compression causes strain
M.hmdhmmnu&emmvh;bmu
obacrved clscwhere. van Micr reached this conclusion by measuring the surface strain
using clectrical strain gauges. By testing different prism sizes, he showed that the post
poak deformations of the fractre 2onc are not dependent on the specimen size. The parnt of
the apecimen outside the fracture zone unlosded. As a rosult the specimen siss affects the
deacending hranch. With increasing specimen height the dosconding branch becomes more
britle. m%MMKmMum&“th
boam teats because of the relstively small siac of the compression aome.

Hillerborg (1988) extended van Micr's work 0 flexural mombers. He trosted the
compecasion 20me of 8 concrete beam as 2 uniaxially comprossed specimen which mcans



that the deformations have to be described by means of a stress-strain curve for the
ascending part and a stress-deformation curve for the descending part. This assumplion
leidmuﬁmluﬂmmngmmnneumiumemmdmmglyw
rotational capacity should be inversely proportional 10 the beam depth. He supporied his
conclusion by using test data of Corley (IQ&)

In the test series reported here, the longitudinal strain distribution did not show any
nﬂmﬂludﬁhﬂmwumﬁdlnﬁmﬂonfmnlﬂuﬂhﬁm
4.17 and 4.18. Some of the gauges showed lower values very close to failure because of
losing contact with the concrete section due 10 cracking. The size of the compression zome
and the gauge length of the used strain gauges were quite suitable 10 measure this hehavior
if il did exist. The helllviof of a tmhxi:lly cﬁmm lpaeimen is different I‘mm thL

hmory heciui: ul‘ lh: dnﬂ‘mm londm; nnd hnundnry cmdumns, Tlnl ;ugggm that
Hillerborg's assumption that the compression zone of a beam behaves as a uniaxially
compresscd specimen is not true. Tests of HSC beams conducted by Alca et al. (1993)
mMEMWyﬂMMNmm“hmﬂzm-m

Eimeul (lﬁl)ﬁuwedlhifuﬂnhxhl COMproas ',imﬁem;nu

-ﬁsndmmﬂﬁﬁnmmemmmHmEﬂuh
stability would be size dopondent.

Specimen V4 showed soficning behavior, in a small pert, with a decrease in the
moment capacity with increases in the curvature as explainod in Sections 4.3.2.3 and
mmvsmv&ummmmhmmw:xpj
moment which corresponded 10 the peak siress 100. By iesting specimens made from
mmwm;mmmnmgmnhm
mﬂil‘ureylhﬁmhueﬂ mmamnmma
plain concrete spocimens is 80t clear since any real structure has a minimum
sinforcement which changes the behavior complotely.
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4.4 Reinforced Concrete Specimens
4.4.1 Average Longitudinal Sirain

Three different measurement devices were used 10 estimate the longitudinal deformations of
the specimens. Details of these measurement devices are given in Section 3.8 and Figure
3.16. The LVDT's between the rotation arms measured the average deformations of the
concrete column over a gauge length equal 10 the depth of the croes-section of the test
region, whilc the LVDT's between the sicel frames at the end of the test region measured
the average deformations over the entire test region. The strain gauges measured the
surface strains in different locations along the test region. The strain gauge readings were
highly affccied by the surface condition and ceased to function afier the spalling of the
concrete cover. U:ing average vﬂm ohuinad from the lendinp uhevenl strain puggs

Thuv,empnmnumempeghnfgmnhhﬂfmﬂhumﬂmmﬂg

Fim-l:mihnmhnmpmgﬁe mpression {ace calculated by the three
independont readings for specimen V11 plotiod versus the average strain from the rotation
arms. mﬁmeﬁmmnmnlMdhmﬂ-m
and the rotation arms st low strain. In all tcsts the differences betwoen the two strain
measurements were within 200 microstrain, Tﬁmhiuihnlwmh
hamdﬂghw yﬂkmﬁ&hqﬁ&ydﬁmhhm

ch:mhﬂimﬂdkﬂhm“hlmmdh
ehshﬂ:h:hvﬁrﬁﬁebh : *dhmﬁn—ﬁm ﬁem

—rmm,ﬁeehmmv Mﬁmﬁmwm
staried 10 show some cffect on the behavior of the specimen. The strain gauges showed
Mﬁllhﬁneﬂﬁhwﬁehmmmﬂﬂﬂlmﬂﬁ
compression face. hmorhmlﬂ:m“.ﬁnpm:
spalling of the concrete cover was quite short and was 80t Rotices
ﬁmlﬂﬁn“hnhﬁﬁ*hﬂpﬂmﬁm
m&-ﬁﬁm“hpﬂmﬂﬁ*ﬂhmm h
ﬂmﬁemhﬁmmhmﬂ MCASUICMENts W




arms. Thene differene:l hecween lhc two min rudinp were pmbab!y due 0 lhc
deflecied shape of the specimen during the test. The second order effect due to the
deflected shape of the specimen causcd higher applied moments in the middie zone of the
Hﬂgimhnﬂmnpﬂbdindﬂmnﬂdbmmﬂm:mm;m Al higher
strain, close 10 and afier spalling. the readings from the gauges between the siec) frames
show much lower values than the readings of the rotation arms. This observation was truc
in all tests.

Figure 4.31 shows the average strain in the back face of specimen V11, measurcd
fmhmlfmdz:wofﬂenﬂnmpﬂdﬁmmlLVDT The figune
shows good agreement between the readings of the control LVDT and the average readings
of the strain gauges at low strain readings. Afler spalling of the concrete cower, the average
mmnafuﬁnnmmlmm“pcdywﬂklhmﬂmﬂmm LVDT did
show an increasing compression strain from the start of the test. In all iests, the maximum
mﬁﬁnﬂﬂmm

wﬂznmndnmmindggglegmmehumm;ul:unyhmm
section, Aﬁenpdiin;oﬂheeoverﬂe:wﬂﬂnhhh:kfnimwy
distribution in the test region changed 10 trapezoidal, while the strain distribution in the
middie zone of the test region where the newtral axis position was controlied was still
triangular. The change in the behavior of the specim n aficr apalling was duc 10 the uncven
middic zone and part of the t0p zone of the test region. As a resubt of that, the lower and
part of the upper zones of the test region were subjected (0 less coentricity of the applied
nwﬂnhﬁp&whﬁhdhhw&m&mﬂhﬁm
far from the middic zone. As the average strain in the test region increascd, the venical
mMmMﬂmmmmhhdﬂgmdﬁe
Dagitudia | bars, which had alrcady yiclkdod, startod 10 buckle, causing more damage in
ﬁgﬁm Figures 4.32 and 4.33 show pictres of spocimens V11 and V17 sficr testing.
mmmumihh‘ﬁPﬁﬁﬁnﬂhmﬂhﬁm
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mounied in two different scts of arms, eliminates the effect of any small eccentricity of the
loads in the direction of the minor axis. It also decreases the enor if one of the LVDT's
was not properly aligned due to the spread of cracks during the iest. The readings of the
two LVDT's were compared to cach other in every test. In all tests, except for the tests of
thephlnconcmupecimVlel.dgEﬂnpafgghafﬂgmﬁLVD'ﬁmrﬂg
average of the two readings were between 0.92 and 1.08. This ratio ranged from 0.96 10
1.04 &t any loading stage before spalling of the cover. The uneven loss of the cover in the
compression face and the side faces produced some moment about the minor axis of the
cross-section. This moment caused an increase in the difference between the two readings
of the LVDT's afier spalling of the cover. For the plain concrete specimens V4 and T,
this ratio mentioned before ranged from 0.86 t0 1.14 and 0.83 10 1.17 respectively. The
teadinpormeuninm.uobuinedrmhlwoppadgfﬁafﬂHMMm-%m
dﬂmﬁwwymmmuydhhihﬂgmukmﬂgm 11:

Mmfuﬁmtwmedmﬂwawngofﬂgmﬂhm;mﬁm
the average of the readings of the rotation arms were compatible and this was used in data
reduction.

The average sirain obtained from the LVDT's on the rotation arms will be used to
represent the longitudinal strain during the analysis of the specimens. The term. average
compression face strain refers 10 the strain calculated at the compression face of the
whcnbudmumcmmmmnmmmﬂﬁuﬂﬁemﬁ
mmmioaoﬂheuwhodcmiedbydnhuunﬂiﬁshnﬁmmﬂmd-
using the readings of the rotation arms calculated at the cemter line of the bars. It is
wmummmpwmmuuﬂuwmmmm
mwmwmoruwmmmmdn

COver in many cascs.
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confinement had no effect on that part of the loading history. This obacrvation was verified
inSecﬂmiAlbydglmdmmmmmhm;sﬁmmmmm:m
himemﬂinpﬁhmiﬁmmﬂmemmhnfm The first peak of the
lﬂmuhﬁuuh:neumluhduﬂngdglmwumﬂlymm.lwhhlhg!emﬁm
of the concrete cover. Axmhmuemﬂmmgﬁﬂﬂvedugmhw
increase in the transverse strain. The concrete cover gradually spalled off whilke the
confined concreic core started to gain strength. The cover first spalled off in the
compression face. At a later stage, the spalling of the cover extended 10 the side faces and
to the ineffectively confined arca closc (o the outer perimeter of the core. The longitudinal
bars located near the ¢ mpression (ace yiclded long before spalling of the cover. The strain
at which the longitudinal sieel exhibited inclastic buckling was highly dependen the
confinement sicel, especially on tic spacing.
Spllmgofﬂtmmﬂ:dmpinﬂmmwnyﬂkhwnimw
a drop in the two applied loads. With further movement of the MTS head. the moment
staned 10 change. hﬂlmﬁﬂm@uhmmﬁdnmﬂpﬂ The
absolute maximum was highly dependent on the lateral confineme
strength. For poorly confined specimens, the small
mmﬂmﬂmhhmhmnﬁﬂuwhjﬂhm These
mﬂmm-mmﬁmﬂmngmmm
hdlmﬁhvﬂ&mﬁe@éﬂmﬂnhmﬂhmﬂh
ompression face of the test region and the top end block duc 10 stress concentra
mm“rqumwnmmmﬁpurhm
face of the test region. Later these cxicnded owards the vertical center line of the
ression face. When this occurred the strain gauges startod 10 unload reflocting the
separation of the cover. The spread of the vertical cracks in the compression face before
mﬂiuﬁﬁ:mmmgﬁuﬂfﬁhﬂxmmmfwhum
mmwm&ﬁhghmlﬂhhﬂﬁ[mm:m The
between 4000 w0 4500 microstrain for the rectangular specimens and botwoen 4500 0 SO0
microstrain for the triangular specimens. In some tests, significant horizontal tension
F;hdﬁmmm“mmhhhdhmmﬂk

scimens V7, ﬂVllﬂVIiﬁﬂwﬁ;mm—w
ﬂﬁ-mwn‘ Except for spacimen V11 these columas showed no




70
descending behavior, The increase in the capacity of the confined core was not enough to
compensaic for the loss of the concrete cover. The spalling that happened in an uneven
manner at different spots on the compression face, was followed by buckling of the
longitudinal bars at failure. Figures 4.34 and 4.3$ show pictures for spocimens V7 and
V12 afier testing. Figure 4.34 shows that compression failure occurred also in the back
face at the bottom part of the test region of specimen V7 (not in the same level with the
spalling in the compression face). This compression failure occurred suddenly at the end
of the west and was notified by buckling of the longitudinal bars adjacent (o that face.

Specimen V11 showed behavior similar to specimens V13 and V15, which had
single rectangular tics spaced 100 mm apart and four comer longitudinal bars. At the first
peak, each specimen showed a sudden decrease in the P, load and a minor decrease in the
Py load. The test continued with the P, load maintained at almost the same value while the
P; load continucd to decrease. The drop in the P, load was more gradual for the HSC
P; load was followed by a less sieep unloading part. This bohavior reflecied the gradual
loss of the cover for the HSC specimen and the more brittie and sudden loss of the cover
for the UHSC specimen. The test was ended when the P; load dropped 10 2er0, without
hﬁmpﬁfi“lnnmgﬂ:kﬂmﬂhmhm
3500 w 6000 microstraia. Figures 4.36 and 4.37 show pictures for specimen V13 after
testing showing that the cracks of the compression face extended 10 the side faces. The
mmmummmmwuﬁmmhmﬂh
hdmdnuﬁmmmgumm'ﬁhhﬁhdm:m
decreasc in magnitude. Each test continucd 10 high strain values withowt fallwre. The
:mmpeﬂonmﬂnnfﬂmntﬁehﬂﬁmﬂhmm“"m
ended when the P, load had dropped 10 aero. Figures 4.38 and 4.39 show specimen V16
and T3 which had three longitudinal bars and loteral seind ement similar 10 specimens
Vl:lgi'\fl;mﬁﬁ;ﬁﬁjhg?.lﬁlﬂiﬁﬁ:ﬁimnpﬁhﬁlﬂ




load had dropped to zero. Specimens T3 and T6, with less lateral reinforcement than
specimens V16 and V17, showed similar ductile behavior. Figures 4.40 and 4.41 show

4.4.3 Moment about the Newtral Axis

FaeghmlmhmmuemuduKmmgnmmmmm
mmemvglucnﬂeﬁmpukl:fm:pﬂlm;orﬂgmmmm“mh
average compression face strains. In order to study the effect of each varisble on the
behavior of the specimcns, the normalized curves are compared in Figurcs 4.42 (o 4.48
ﬁﬁmmmeghﬂhfdhﬁngvﬂhmmmmvﬂmmﬂ
results of this study is summarized as follows:
Meﬁmﬂmﬁmuimeheh:ﬂwdEWmmmwumu
or did not exist, except for specimens V16 and V17 as shown in Figure 4.42. Specimen
fmmmuﬂmhmmwmﬁuhhpﬂnmgxmw
hﬂﬂulemuhnh(!nminﬂm)mﬁm“mﬂfmm
Each specimen had a short and sicsp descending branch and the moment did m * reach a
socond peak. Specimens V16 and V17, with sufficiont amount of lateral reinforcement 10
ﬂmaﬂﬂﬂyﬁhmﬂpﬁ“ﬁ?,hﬂtﬁ“hm
Vi?hhﬂ'i;gbyV!?(l)ﬁikhﬁhﬂigpﬂﬁigﬂgbyvmn The
in the moment capacity. The increase in ductility for specimens V16 and V17 was due 10

n



T4 showed no descending behavior. Specimens T2 and TS, which had tics (8 mm in
diameter) spaced 100 mm apart and longitudinal bars in the columns, did not show
reduction in the moment capacity afier the first peak. The second peak for specimen T2
wunni.mmmnmmrabmwmmymmmmmm
in the moment capacity. This amount of lateral reinforcement introduced a significant
improvement in the behavior of specimens T2 and TS compared to the plain concrete
specimens T1 and T4. Mmﬂmmmmw(lmmhdm)mdso
mm apan and longitudinal bars in the columns, exhibited ductile behavior. The specimens
lhoweduecondpuklo.dthuisfrom3w95ughenhmdleﬂmpukfollowedbya
long horizontal plaicau.

The rectangular specimens showed that the effectiveness of lateral confinement on
the capacity aficr spalling was reduced by increasing the concrete strength, while the
mmwmmmimmmmuwhyormuuscw
comparcd o the HSC specimens. Thus, there is agreement betwoen these tests of the
mmummmunmuumeﬁmamuy
by increasing the streagth, The only difference between the test procedures for the HSC
muuscmumwuqeorm The HSC specimens were iested at
wd5m7mwbuummm~dumdzlb22m

Figure 4.44 shows that increasing the volumetric reinforcemont ratio from 0.5% 1o
I.Mddmﬁwuyﬂ.dﬂc.ntmhhmnhydumm
meBMMM%MWWMWNM
m.wubmammuu.wmmmm
the same behavior. mmwmﬁowedadm-dMMMd
the moment strain curve, The insignificant change in the behavior could be related 10 the
wmdmw(m“)wummmmmmu
both cascs. ajawia-wm;mammuuwumm
dMWWS.IimeMonMMNI.IQ
lateral reinforcement ratio,

m.um;awlbfmmnblmuwﬂtkm
Mmu»mwmmmmhum
s illustrated in Figure 4.43. One of the specimens with 200 men tie spacing. failed at the
m«mﬂummnmnmuwamu
brinle doaconding bohevior.

mmmmwmumnumﬁuu
memummwvu The difSesent slope of
uwmmummwu-uuuupmdu



lpplbd Imdduﬁngmecmmxemﬁehy Eﬂg’pchllychgmmundofmm The

whﬂ: lhe lpeclinem dm leued wnh constant pmmon ol' the mtnl nh cxhibiled a ulmrl
with smaller eccentricity showed a slightly earier spalling of the cover than comparable
specimens V11 and V13, The descending branch behavior of this specimen was not
ﬂﬁﬂﬂemﬂydﬂfmlﬁmﬂmﬂmvniﬂmhﬁmlﬁ

mmelngnnﬂcmiMMﬂEEMﬂﬁdmemm
The triangular specimens showed higher strain at the first peak and exhibited more ductile

behavior aficr that. Figure 4.48 compares the behavior of rectangular and triangular
specimens that had similar lateral reinforcement.

4.4.4 Lateral Steel Roquirements by the Code

laquhmnu ol' Clnug 1,6;59!’ m:cmcmcmz-m }!HH l’nnh!daﬂgno!‘
ﬂedeahunin. ﬁmﬁmﬂmﬂyhﬁmﬁhtﬁfwhnﬁm
ﬁMmMﬁﬂﬂlﬂmnfm&:hﬂrﬂﬂmmmm

1.10.5 of the ACI 318-89. Clause 21.4.4 of the Canadian Code and Clause 21.4.4 of the
ElC@fwéﬂndmhmuinmkadﬁnmofhﬁnl

’q’:shm. mvmmuwghmﬁmm
rﬂnmfﬁﬁgﬁ: f”;,,f* ﬂﬁkmﬁﬁﬁndﬁ“hmhl&

laquimem Spechnen VI“I wnhlhenmeleiﬂmﬂﬂgﬁr eunplesﬂve
mmﬁanmeOﬁIﬂmoﬂi“fwﬁemnWy
henﬂe:f emet
ﬂﬂcﬂmﬁﬁhﬂmfwhﬁdm“hnw-ﬂ
MEMlﬂ:ﬁHHﬁIIMﬂHMﬂhm Alhough
2 roquiremes ’ﬁtﬁpﬂaﬁhbh
“ﬁpmﬁﬁﬂ-ﬁ“ﬁﬂynﬁ;;; '  incrensing
loads especi ﬁf’fﬂtﬁgﬁﬂh&\lli mh“ﬂhhmm
“hha&t miscments may be difficult 1o achisve for high sweagth concreses
‘“ﬂﬁwﬂﬂ!ﬂ-ﬁlﬁﬁl
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Figure 4.5 Nowtral Axis Depth of Specimen T)
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Figure 4.6 Neutral Axis Depth of Specimen V2

® Loading Part
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Figure 47 Calibration Equations for P, Losd Cell
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Microstrain
Figure 4.12 Strain Distribution for Specimen V4
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Figure 4.13 Strain Distribution for Specimen V6
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Figure 4.14 Siraia Distribution for Specimen T4
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Figure 4.15 Poisson's Ratio Calculated at Different Locations for Specimen VS
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Figure 4.16 Average Poisson's Ratio
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Figure 4.17 Longitudinal Strain Distribution at the
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Figure 4.22 Transverse Strain at 100 mm From the Back Face of Specimen VS
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Figure 4.28 Normalized Moment about the Neutral Axis for the Rectangular Specimens
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Figure 4.30 Average Longitudinal Strain at the Compression Face of Specimen Vi1
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5. Design Parameters
5.1 General

The experimental program was designed to study the stress block parameters. These
parameters can be determined from the applied loads and moments. The stress-strain
cumsrorunspecimempdormﬂgtpuingafﬂgmmmhnp@mtfamy
reasons. Thesc curves provide a check on the accuracy of the test measurements, The
muimummrmuwmm“mfwminﬂgxmemmquﬁedmm
the design parameters. It is important to check whether the stress-strain curves for concrete
in flexure differ much from the stress-strain curve for concentrically loaded cylinder since
for design purposes they are assumed to be identical.
mmxuﬂmuﬁnmpﬁmmlun;ﬂﬂnmmmmgd
Mmabﬁerdiwusﬁmnbomthemlﬂtsmmmnﬂdmdgﬁmﬂmm The
mmkmfaaﬁmmmﬁoﬁmi

5.2 Stress-Strain Relationship in Flexure
5.2.1 Mathematical Approach

ﬂwﬂmaummmdemiwhmumﬂnmhﬁonhipinﬂexmmbyﬁmﬁl
(1951), by applying numerical differentiation 10 beam test data. The basic assumptions that
Prentis uscd 10 derive these equations were:-
1- Linear strain distribution over the cross-section
2-Cmmbmmsdvemh:fmmofmmyeﬁemofﬁmendmin
gradient are ncglecicd
3- Concrete docs not resist tension

In order to climinate the complications resulting from tensile stresses and cracks in
concrete, Hognestad et al. (I”S)mdc‘-mmmnlﬁguhm
mmuMhMZImm&mmmd
oquations for the concretc siress £ 8¢ a function of the continwously measurod strain at the

Y
c-r,w,-ﬁn-?jj(nm s.1)
]
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28
M= P|I| + lez = Mo bhz -%I,(&M' (5.2)
0

P,+P Pa, +Pja .
where; f,-—lwl. m-—ub—h,-u.budlewidthow\ecmu-ncﬁon.hind\edepth

of the cross-section, C is the total applied load, (P, and P;) are the individual applicd
loads.Misthelomnppliedmomemand(a, and a,) are the eccentricities of the two applied
loads measured from the neutral axis position taking into consideration the second order
effect due to the deflected shape of the specimen during testing. The two independent
oquations, writien in terms of loads and moments, allow a possibility to check the accuracy
of the test data since several experimental sources of error affect the two equations
differemtly.

By differentiating the third and fourth terms of Equations (S.1) and (5.2) with
respect to ec and rearranging, the following equations are obtained

fc - fo + %& (5.3)
Je=2mo+ %a— (54)

Soliman et al. (1967) exiended these equations for reinforced concrete sections.
mmwnﬂlmwuafmdmmwyw&hmm&hmof
amw.mmcmmwcmmmmnedbhnwm
stress-strain relationship. The resulting stress-strain relationship ropresents the average
behavior of the cross-section. The expressions for fo and me were modified 10 account
fadnpmddnb&ndmuﬁuuemﬂbykmﬂm

Cc _Pi+Py -3 (Auf)
j bh vy (5.9)
. 5} P+ lez;;&\iﬁiﬂ) 56

where; thmdwlﬁdmwh’.ﬂhumwwuh
uukuwmrmumaumm»umm
line of each ber.
h&emdwmm.hmmfuumad
WMBWbyﬁ“&quﬁulubmm



fibers is represented by fe. The differentistion of Equations (5.1) and (5.2) leads to the
oguations

ﬁ-(i—)jn- fo+%& 5.7
f -(%)2 for2mo+ %u (58)

where; a is the distance from the position of the noutral axis to the less strained fibers of the
cross-section and h is the neutral axis depth. By assuming a form for the stress-strain
relationship that is a function of the strain only, the Ja part can be expressed in terms of
. leading to two independent equations for f.

Simihreqmianfadwrimgulucmncmmmﬂwmmw
here, can be derived using the same basic assumptions for the rectangular cross-sections.
This leads to the following equations

J 2 ( Lo+ cc) — { J(ex)eades (5.9)
o A(y dme )\ m%
) \2m+ &') —— { S(e)es'des (3.10)

where:; ,,.Exil’z, m-ﬁﬂ;—f&.mumaumm bo is the width

aummumwauwmmuuumuh
depth. mfulldedvnﬂudmuemmﬂwnhw:& Incase of &
reinforced scction, the deflaition of fo and me should be modified as shown in Equations
(5.5) and (3.6).
mammmuwnmumwm
the test data. The first approach wees the differential Equations (5.3) and (5.4). By having
umpuummmmu.dmumm
uyhchndymwﬂdnm&/&d Ame/Ats. These finie
mMmmmmemhkuhdumhrm
hka&dﬁmM&MMMhuuwM
in these oquations. umuumumumuuumm&u
uu-uammmmh-auum).mam).uuuu
(1978a.1978b)). Swanz et al. um)uammbymuu
Quantitics £ and mo into a third degroe parabols. In that case there is no need ©0
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approximate the differential parts by finite differences since these differentials can be
evaluated and a smooth curve can be obtained.

m«lnquuimuwmin;weminmpcomnmwdnmhﬁonwpﬁminmmhe
able to evaluate the integration parts of these oquations. The unknown coefficients of these
equations are determined by minimizing the least squares. This approsch was used by
Smith et al. (1969) and Pastor (198S) assuming a polynomial expression for the stress-
Mnmhtbmhip.ScM(lM)unddmeﬁmlmmm
suggested by Loov (1991).

Using a polynomial equation fotﬂwmm'ehdmhiphmemﬁﬂ“ym
calculate the stress-strain relationship. The disadvantage of using a polynomial equation is
tlmitcannoudequnelyexpmuncmthuhumlmdin'bnnchmdlngep
descending branch which is expected in HSC tests. This problem did not show up in the
mtmiesreponedhaesincedwdewcndingbmhofdnepldncmapedm;ﬁn
short. Fadnnhfmdmmewimdnmlydsh&hcbmhl&miﬁmme
part of the test prior to the spalling of the concrete cover. In the next part of this chapier the
WofSwmad.Mlluwanummwpbﬂﬁ
regression equations will not be restricied to third order polynomials. The order of the
polynomial equations will be chosen 10 give the best fit 10 the tests data.

MmyMgmemWWMMM“uhmwh
the force calculated from the force-strain relationship of the bar minus the force that could
be carried if the same area of the bar was occupied by concrese. This analysis required
three steps. mmmmr«ummmmhm
hhthhmefmk(mmnMduhﬁy_
Mthefmhdnbuhnodiﬁeduh.thukdudmﬂamﬂl&
spocimen as mentioned before. The first sicp is thon repested with the modifiod force in
each bar.

The procedures that were used in this Chapter 10 obtain the streas-strain curves of

the rectangular specimens are described in Appendix B,
8.2.2 Accuracy of the Analysis

mmwmmmuwummmssﬂm
showed a good agreoment. For the roctangular specimons, the two stross-sirain curves
mmuuunmummmmmqﬁ—
VIS aad V17. These differeaces, which are compatible with the ervors reporied by
Hogaestad et al. (195S), seflect the accuracy of the 198t moasurements. For the wianguler
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specimens, the differences between the two stress-strain curves were less than 4% for
specimens T1, T3, T4 and T6. Specimens T2 and TS showed maximum diffesence of 15%
close (o the peak of the stress-strain curve. This significant difference between the two
stress-sirain curves is probably due to the trisngular shape of the cross-section. For the
triangular section most of the compreasion 20ne area is located closer 10 the less strainod
ﬂmm“mummﬂﬁhﬁ:mﬁhmﬂlpﬂnnﬂﬁwm
mmmdmmmummmhMﬂmmof
ﬂlemmﬂnemmnhchgmmep&Mmmmdﬁmheﬁminﬂe
test data and 10 the approximations used in the analysis.
h&hmﬂmh:mgﬂhw“ﬁwhmmﬁmh
used 10 represent the stress-strain curve of the specimen. In order o0 check the accuracy of
hﬂmhnwmﬂq“fmﬁﬁamudbmh
wmmmuhﬁnglhmdhm Figures 5.1 and 5.2 show a
stages of the tests of specimens V1 and V16. Specimon V1 showed the least agreement
mmmnmmmmmhdmm
close 10 the peak of the curve. This was because the most highly strained ares was s small

Mssmnmmmmﬁpﬂ-mmw—ﬂwm
hmmmmmﬁxhhhmﬂh“ﬁ;m AL
Hﬁ-mﬁbhﬁuﬁqﬁk“nﬁw*ﬁﬁ:h_m
ﬁﬁﬂﬁq&nm“h&hdﬂhq&tthh
posk for the moist cused cylinder (see Figuses 3.5 © 5.10). The swength of the conceee in




Figure 5.5 shows that specimen Vshldlmwdiwmwnh:nuﬁndm.
branch that is very similar to the air cured cylinder and no d scending branch. The very
mdumdingbnnehfwhqﬂin@exﬂmwyilwmmmmmm
mhhcolumnlﬁcimenmﬂmlhm“mlmunﬂnthem The
ﬂmﬁmdhﬂngﬂﬁnpﬂﬁmmhumﬂ&heﬂmhhm;
branch of the stress-strain relationship. Figure 3.15 (Section 3.6) shows that the rate of
Mgﬂhq%ﬂﬂmhw@h@mhnﬁ&ﬂmﬂh
ﬂupordonitﬂlempoflhgmurﬁncmniﬂmnedhﬁgnESG The ratio
bamugmximmmdmem&mﬁnmmhm“nnin
cwvg.mfﬁadm:;l(;.hﬁmin'l‘mﬂﬂ;ifwﬂiﬁmm

dnmnrmncumahnhwdfmﬂgmmm&lﬁmhmnmdc}hgn
illustrated in Figure 5.7. Hm&!“hfwhﬂ&mlmxmf
ummﬂnmﬂﬁeﬂmnmhﬂﬂﬂsmgmmmm
the corresponding cylinder. The same observation is shown in Figure 5.9 for the
reinforced HSC specimen T2, ﬁkhﬁdﬂﬁiﬂl&“ﬁmm
mmmﬂmnmmﬁs-maﬁmsm

In general, the stress-st in curves of the rectangular specimens aad the cylinders
tended 10 show agreement. mmmﬂnmﬂhmmﬂm
show that. This probably is duc 10 the shape of the cross-section and the assumpt
hhﬂyﬁﬂ“hmnh-hﬁ-ﬂhﬂﬂy mnm
of the shape of the cross-section and the confinsment. However the flexural stress-strain
curves obtained from the trig 7",*5@“.-“-“!%&&:“
loads and moments. Tﬁiwmmmm;rmhm
behavior of the trisngular specimens.

mhmm“thmm“wﬂﬁﬂm
mm&iﬁvﬁbhﬁmm V4 in the ascending and
descending branches prior 10 spalling of the concrets cover. For the UHSC mcianguler
mmhhnﬁﬂnmhh;lz Specimen VS was




Fijmes_ljm;hgmsﬁumfﬁﬂgmm, \gular specimens. The figure
shows close agreement between different specimens except for the plain concrete HSC
specimen T1 which showed a long descending branch.

The stress-strain curves of all the specimens in this test series showed higher strain
values st the peak stress than the reported lod maximum strain values from previous iest series
of HSC columns. This obeervation on may be due 10 the local aggregates that was used to
produce these specimenc. The aggregates were adequate 10 produce concrete with the
targot strongths but these aggregaies may have had a lower modulus ulus of elasticity than the
aggregaies used 10 produce specimens in previous column tests.

5.3 !ﬁ!ﬁﬁmn;lﬁ?&aﬂeg

& rectangular compression aone. From the figure, the parameter K, is defined as the ratio
dhmmlnnuﬁmmm The parameter K,
hhmﬂﬁ_ﬂhﬁ-_hmﬁsﬁﬁdmmm
mminmmueylhiﬁm The design values of the stress
hh&mneﬁmﬁhﬁuhﬁvﬂnghmuhm
Hﬂhhenﬁ,:hnhﬁﬁeilghmummﬂy‘qﬂpﬂ.
where @, is equivalemt 1 K,, B, is equivalent 10 K, and K, is equal 10 §,/2. The codes

b7 vearranging snd sebatissting for 1272 by £, e followiag equation was weed 1o
doteemine K. K,:
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Kiky 2Ll £ (5.12)
mmmx,mmmrmmummbyamwmm
mmﬁwmdhmmhmdmmbymcawmmofh
cylinders of this specimen.
mmxzmkuminwfmdnmﬂibdmdﬂnmmw
moments as follows:

M .(P'l| #lez)-(P| '.'Pz)X(l -K,)‘I (5.13)
bymnﬁudnfouwiuquadonmuwdwmmhmxg

K,-l-(Md]-l-% (5.14)

(Pi+P)n
In dncmdldnfomedcmnm&am Jo. me were modified
as explained in Equations (5.5) and (5.6) and Section $.2.1.

Table 8.1 ﬂmamd&cdﬂamhhmm
The mean value of K, for the HSC and the UHSC specimens were 0.932 and 0.919

respectively. mmnmmmmmawt«q. The mean values
aumx.x,-ax,auuxmmomuomam.
MW&MMNWMM.M&&WMW
lmﬁlMWMMam“dﬁ'uhmm The
valmofdnemx,x,ml(,lahtcuemo.“‘ladomsmm. For
uuuscmm&emdunuumm“mmu
W.themvdmdthcml.l,“!,mmﬂuaﬂ
respectively. Fwamum“amﬂmhumdﬁ'.”
parameters are 0.5 and 0.333 respectively. The ACI values of a,p, and B,/2, for any
mwmussm-emumm. The discussion
mumaummumuwz The sirains ot the meximen
m““&dhmmhﬂdh.ﬁ.mﬂ’uhh
code limiting valve of 0.003. The UHSC specimens had higher uitimats strain valuss then
the HSC specimens.

533 Trienguiar Specimens

M&l!“a“dumumbamm
some. The figuse also shows the ACT assumed stvess block. The ACI cods uess the same
valuos of &y, P, and ¢, s secommended for the sectanguler seceions. In the analysis of e
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triangular sections, the parameter K is defined as the depth of an assumed compression
H@ek.:uhowninngﬁjﬁ:e‘inﬁﬂgrmhepmmuﬂofﬂgmmmmpmhh
with the values of the ACI parameter f,. Therefore the design parameters for the plain

C=P,+P;=K,2K,f'bh/2 (5.15)

M =P, +Psa; =(P +P;)x(1-Ky)h (5.16)
these two cquations were simplified, similar to the equations of the rectangular cross-
sections, leading 1o the following equations:

KKy = }ﬁ (5.17)

Ky=1-22 S.18
2 % (3.18)

ﬁgMSIEmanm&ﬁgmmm&mm
mnfmﬂtynfummmmmwmnﬁhﬁﬁhmnmm
significant error if it was taken as the test value. The modified value of K, was calculsied,
Msuming the same position for the resultant force in both cross-sections as follows:
kzh = K;‘hl +10 (5.19)
m:x;hmevﬁmrm&gmhhm:ammﬂhhqﬂhm
mm.

TﬁSZﬂmgmdkﬁpmﬁhmm
vﬁ;ﬁc.ﬂ.’nﬂﬂﬁ?ﬂ.hmm@ﬂﬁhﬁ"ﬁ.nﬂ&!ﬂ
Nmiting value of 0.003 as illustratod in the tabie.
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Table 5.1 Stress Block Parameters for the qunguhr Specimens

pecimen

(MPa)

£

& Strlin ll
Maximum

EIE

Bai;nm

K, Remarks

X2

vi*

70.7

0.00331

0.460

0.264 | 0.50 | 0.920

\Z

82.8

0.00458

0.619

0.352 | 0.644 0.973| Constant Ecc.
Test

V4

72.8

0.00348

0.637

0393 | 0.709|0.898

V6

98.8

0.00378

0.561

0.374 | 0.629]0.892

v7

84.7

0.00369

0.583

0360

Vi3

72.5

0.00372

0619

128.5

0.00391

Vil

127.5

V12

121.5

Vi4

124.7

Vis

124.8

224

0.00014

‘mmaluhmﬂqglulﬂﬂuhmmm
the neutral axis (h is the depth of the cross-soction)
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Table 5.2 Stress Block Parameiers for the Triangular Specimens

'pmmen S | Strain at | X80 —1 v | . | Remarks
(MPa) |Maximum [ T K; K | Ky
TI* |81.0 | 00042 | 0507 | 0.5%

T2 | 894 | 00047 | 0523 | 0548

T3 | 840 | 0.0049

0555 | 0.534 |0.74 [1013]

0423 | 0517 | 0.651]0998

c s.71 | 000008 | 0.018 [ 00138

0.013{0.0m

* The neutral axis depth was equal 10 1.072h at the maximum moment about
the ncutral axis (h is the depth of the cross-section)
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Figure 8.1 Measured and Calculated Loads for Specimen V1 and V16
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Figure 5.8 Siress-Strain Curves for Specimen T4
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6 Flexural Stress-Strain Curves of the Confined Core

the gross cross-sectional dimensions. In order 10 get the fiexural stross-strain curves of the
mmmwlymw«mtmmmﬂmmm
consisting of concrete core and concrete cover. For every specimen the bohavior of the
mmmuummmmmaummmm
the LVDT's of the rotation arms. Because of the complexity of the behavior of the concree
m.mhummdha&nuﬂnnﬁew&ibﬁwdﬁemw»
the load and moment at each loading sicp.

mmcmumwmm“aummmmm
wm.mmumammm.umww
the assumptions used in order 10 obtain these curves.

6.2 Behavior of the Concrete Cover
6.2.1 Previous Werk

hum.m-cmmuuuuuwumm
mdwmmhnm“bh”uhkmu
series. solu-amum)mmmmwum
reinforcement. Most of the specimens had 20 concsste cover. The method of analysis for
ﬂﬁmm“qﬂdumm Kaar ot al. (19780) tested
mummmwumm The gross
cross-scction was weod in the analysis. The influonce of the concress cover loss was aot
discuseod in the published soport.

Smad(lﬂl)udaubdmmw&hﬂ-‘-dd
latoral seinforcoment. The load carrying capacity of ths concrets cover was taken less then
udhp&mm-ﬁm&mmd& Sarpin considered
hmmuh*&kmh“ﬂp&m“f«
the following seasons:

(2) The ties intarrupt the continulty of concrete. Becanss of the lateral confinement
dhmhhﬂﬂﬂhbmm-‘uhhhhm. This
Canses scparation betwesn the cover and the core. When the ssparation starss, the slender
Cover is mose veinershis 1 insubilicy effects and local defects on the surfacs then the salid
enconfined plain concrets specimens.

14
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(b)lnprxdce.dwexiwmo(damymmhwwmmﬁmof.mdiir
mdmmwbuhdwmm.mdwthemmmhlﬂmdyoh

bwﬂmﬁdmﬂnmmahw&hamm.
Am.xg.nmwummdumuhmmhmecommug

mahapwncmwwhsmn'smdm The stress-strain relationships in
Mcmmwwbeﬂeaﬁwupwamhknlolm.twuwhiehﬂ:
maximum stress in the concrete cover is reached. The two curves were assumed 10 be
different after that. The paramoter Ky, was calculated by trial and esvor. An initial value of
themmemK,,wuumedandhamtheminuthemuhnummc“wn
calculated. WMM.MMM!«MWWW&:
vduuofk,.mt,..dwb.dmdmmmcmubylheommalcuhwdby
imegrating stresses over the cover area. By subtracting the above from the 10tal measured
mumuummwwummw The method of
wmramuuwmmmmmwwumm
obtain the stress-strain curve,
WMWNMMM“MWMW&&MM
strain curve of an identical plain concrese specimen. The two curves should coincide up 0
the level of strain ¢,,. Hﬁuemawmmummn
mmax,.mmuummw

62.2 mmaumm

Asdeacdbedh&cdon&d.l.lhebuiwdiuldmﬁouonhcwheam
measured using throe differemt devices. These readings showed that at low strain values,
mekmmmuﬂmmcm»umlﬁq
strain, mm-&”mdaeloum:uﬁdmﬂﬁmag
specimens. mmﬂumm.&w“mhhm
mmwwuﬂd&hiuhb“mduuulﬁ.
Mkuﬂﬂmmuﬂw.

hahbap&h&vhdummmeauhmﬁg
dk“wm“mhmnﬁhhnﬁum Plgures
ﬂldumunl“dhﬂ”lhmhdwﬁ
Vi3 Hmwdonbnnﬁpdbanhmuie“ﬁmdmd_
V13, 200 mm from the 2000 strain face. The sicaia gangs configurstions were as shows in
Figuse 4.8. WVI:N&M**“QMWhﬁ
comprension face at an avesags srain valus of 4000 microstrain.



126

Figures 6.1 and 6.2 show close agreement between the readings of the strain
mmmddwaven.esﬁnfmdnmﬁmmupnmammﬂnvﬂuoﬂ&m
microstrain. Athigheuvermsmim.unmdinpoﬂheurdam.uonnwtophdfof
the compression face No. (33, 38, 37, 39, 47) showed sharp unloading. At the same time
mhammmwmmdmfmmmmhmm Following
that strain gauges No. (37, 39) gave meaningiess numbers, not plotied in the figure,
wumm.aummmunmmm Strain gauges No.
(33.35.47)Mmmmmmnmmuummmw
concmecommddneconcmcmcominnedlnthebcﬂiauoﬂhuemm. Strain
gauges No. (45, 53, 35, 57, $9) showed a gradual decrease in their readings. These
mmmwmummmemmumum
wemdedbdwmiddkmduwm.

n.mo.smmmmmummmmm
cover at the location of gauges No. (11, 13, 22, 26) on the side faces, occurred at lower
mmdm&umt«umpmmwme. Gauges No. (11, 22),
Mmh&emhdmﬂbvdﬂﬁhm“wwmhumm
rmwom.mmuumwu-mmmaum
meWmMn(thMnhmmd&em).
&mNo.(ls.u)h&eMddnmdeW&eMipdm
mmecovam&emumawmdthmudmmclocbm
M(muoo-muumaum). Gauges No. (19, 30),
WMMubwthemmlinofweummm’eln&em
Mmmmmm.muumux This change in the
MWMUMMMMdehMWE
umrmumuwmumm As a result of thet the strain
m.mmwmmuwmmuu

I\ehhavbtd&emwkh.“umhwbyk
following. mmmbehvedbaddl.-ubkmm-ﬂk
time of seperation. mmmuummmmuuum
mm“muummdahnmm The
spalling occurred over part of the compression face. R wormally started at part of the top
20me of the test region and continued 10 include the middie some. The spalling of the cover
in these zomes did not include the whole sectioa. maummw
vﬂctmmumdkmmmﬂhmﬁum
core. hmmhmmd&hﬁ.mdkmu“u

spail off. No explanation is given for this. The specimens were cast in the versical
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direction. The top, as cast was at the top in the test. The readings of the strain gauges in
ummenpdlm;ofmgmmmugdkﬁEHMMyhhmm
the spalling occurred in the compression face. It started at strains that were smaller than
those at spalling of the concrete cover in the compression face.

Memgcﬁmot&mimmhm-:mmm“ﬁh
concrele cover and the concrete core. The center line of the stirrups is assumed 10 define
MW@W@&WH&%:MEM&4 To simplify the
Myﬂsdﬁem&ﬂpﬂﬁﬁemmhm&ﬂnfmhﬂdﬁuﬂulmﬂﬂg
concretc core as shown in the figure. Table 3.2 gives details of the cross-sectional
dimensions for cach specimen. Figure 6.5 defines the boundary between the concrese
mmmu:mmmfwhwm The figure also gives the
Mﬂkmmﬂhﬁﬂﬂﬂﬂﬂkm

Thmmﬁmhmhahmﬁmfdhwhm:uﬂnm
for that specimen as reported in Chapier S. This stress-strain curve represents the gross
cross-section behavior before spalling of the cover. The ultimate strain in this curve
wuﬁeﬂn“nﬁeﬁmn}u@hghk,gf ession face of the
specimen. lfpmﬂhmmknbﬂmﬂﬁsﬂhﬁﬂm
mh.lh:lmdcmﬂp:hyorﬁhpﬂc[hmhﬂﬂqml@mh:h
analysis.

The method of analysis for homoge ous sections as described in Section 5.2.1 was applied
»ﬁmmncﬁﬁﬁgﬂmﬂ:f‘; ship. The load and the moment
mﬁwhmmﬁe“ﬁbm“mhmm
Iymmhhm“dhlﬂmﬁm-dm
carvied by the core are calculated.

hhnﬂyﬁhﬁuih_ﬁﬁgﬂn were smoothed by fitting the
test data into polynomial equations. Bg Mtions 5.3 and 5.4 wese then applied 10 the flued
data. mmhmm&ﬂnm, iationship of the core
Mﬁhm—im:ﬂ-nﬂhﬁﬁul

hﬁﬁg&ﬂhpﬁh:ﬂh“h“ﬂ The number




calculating the differential parts. The data points at increments close 10 100 micros ain in
the ascending part of loading, and 200 micn indiedmmdingpmdm“-e
kept. E;chdu;pomhnnmhedmlyumﬂghmmﬁmﬁﬂiwm
polynomial equation. Nined:upalnummﬁinlhemmhnmﬂy:hofmhpoim
(four points from each side and the data point). Equations 5.3 and 5.4 are then applied 10
memmhmmmmmﬂhmﬂ&mmmwlm

Pﬁwm@h;ofkmdgmmhcmfmmuemwmt
bquations showed good agreement with the stress-strai curves of the gross cross-section.
ascending part of loading were close 10 the actual behavior. ANer the concrete cover stared
wlpdloﬁmenreuatu:inemfmhlmdndmmqmmm
ﬁﬁmﬁmhmmmﬁgmhhﬂﬂﬂ sumptions used in the
mﬂyd:imﬂnf:h:mﬂmﬂkmmvhtﬂﬁemm These
mﬂmnmmmmhmmhﬂijMﬁ
stress-strain curves for the same specimen. An average stress-sirain curve from both
equations is considered the most represen ative of the actual behavior for cach specimen,
specimens V1, V13 and V16 and the plain concrete specimen V4, Details of reiaforcement
descending branch. mvnsm:munm“mm
microstraia. ﬁﬂn“hpﬁmnhqﬁkﬁnﬂ_mu
of 83 MPa 10 a strain value of abowt 9000 microstraia. For higher strain values, the curve
had a ductile desceading branch 10 the end of the test.
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Figure 6.7 shows the stress-strain curves of the confined core of the UHSC
specimens V11, V1S and V17 and the plain concrete specimen VS. The stress strain curve
of the plain concrete specimen VS had no descending branch. The confined core of
specimens V11 and V1S showed a very sieep descending branches. Specimen V17, with a
te configuration similar to specimen V16, showed a ductile behavior. The stress-strain
mddnmﬁwdmddnoedmwbdit’spukudnﬁmeoﬁpﬂliﬂzafﬁg
concretc cover. Afier that the curve had a long plateau, with a stress value close 10 90% of
the peak, 10 a strain value of about 10000 microstrain. For higher strain values, the curve
had a long descending branch 10 the end of the test.

6.5 Stress-Strain Curves of the Triangular Specimens

Mbwumnvduumemunincmfmmewndmmqmm
good agreement with the stress-strain curves of the gross cross-section. Close 10 the
Mh.%.hmdmmwwmmﬁmhm
Mcmddwmmmmkdnmdummm
to show very good agreement with these curves. After spalling of the concrese cover the
dﬂmktmdnmﬁnmtm&chdﬂmqﬂmm
much higher. hmm“mwﬁ.mdhmmmm
increase in the slope of the curve with an increase in the strain. These observations
wmmw«uwmumaummm:
mnmaﬂmhumydwmmm&maﬁeﬁﬁmﬂ
the moment oquation 10 the same degree. For this reason the moment equation was used %o
Mhmﬂmdkw“dkmm

Hm&l%hm-aniacmd&emﬂndmofﬁeﬂsc
specimens T2 and T3 and the plain concrese specimen T1. Details of reinforc et are
given in Table 3.3. T\eﬂ;mtwauhmhhuhpﬂﬁm
branch with an increase in the lateral reinforcement. The figure also shows no increase in
mmwh‘uhuﬁnﬂdhﬁmm

MmG.DMkMWdMWdeUHSC
specimens TS and T6 and the plaia concrete specimen T4, The stress-strain curve of the
me&aﬂhdnmm The stress-strain curve of the
Wmdmﬂwam.dmmuﬁ. Specimen T6
Mu“?ﬂdhmﬁ-man“*dmm The
curve continued 10 the end of the test with almost the same level of siress.
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V1, No.10, S=200 mm

V13, No.8, S=100 mm
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Figure 6.6 Stress-Strain Curves of the Confined Core of the HSC
Rectangular Specimens
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Figure 6.7 Swrees-Swrain Curves of the Confinsd Core of the UHSC
Recuanguler Specimens
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7. Design Equations
7.1 General

MMmemdammmﬁmmmmmm A summary
ofmotms:mmdmdnﬂmupfwﬂscmhm Details
are givon for the ACI and the Norwegian codes which do consider some aspects of design
of HSC. Researchers have suggesied that the ACI reclangular stress block is
unconservative by up to 12% for HSC column sections. New equations are proposed for

7.2 Stress-Strain Relationships in Difforent Design Codes
7.2.1 US Code ACI 318-99 and Canadisn Code CAN3-A23.3-M84

Akhough there is no limitatios nhm”hmnmii-;ﬁb
hmfwhmﬁnh-mhia“ﬂhmlﬁ In the ACI code,
mmpﬁn&ﬁﬂh“bﬁmhﬁﬁdMﬁs
Commen 5’f&ﬁphmunmq.g-ﬁ,(gsms;; The
parameicr &, is assumed 10 have a constant value of 0.85. The pa ameter 3, is equal 10
0.85 for concrete strengths, ﬁ'wnﬁlﬂ:ﬂhnﬁnﬂm:ﬂmﬂm
for cach 10 MPa of sirength in excess of 30 MPs. The parameter f, is a0t taken loss than
0.6s. T‘hhﬂumiiﬁz.h_ﬂnhw:mvﬁ:ﬂm

103 MPa (C108). ﬁm&:ﬁhglm—wh&lqbﬁm
strongth of 20 MPa 10 0.6 for cylinder swength of 94 MPs. The strain valuss ot the peak
mhei-pb_&nnﬁnmu-ihﬁ@nhﬁﬂ.h
é-pﬁ_Mmm-ﬁiﬂghhqhﬁmﬁ_Qnﬂ
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structure. The moment and the normal force capacity of rectangular sections can be
ﬁleulmdbydimtmdhmphudeofhmlmfm(ﬁ).wﬂchhmﬂwbmm
K.nﬂﬂzmﬂﬂmﬁhmﬂmn(ﬁl‘).whkhhminhmk, Table 7.1 (taken from
Thorenfeldt et al. (1987)) gives the values of fen, R and C for differernt concrets strongths,

7.2.3 Finnish Code Rak MK4 1999

mmmmm&ﬂnﬂmlﬂlﬂlﬂmnaﬁahlmuh(KIM) The
mvanionfﬁmrm:lsmmmcyﬁndahm::ﬁecubm;ﬂithIHﬁ
Theﬁnﬁﬁcademmncmumvﬂueofk,quﬂmom Figure 7.2 shows the
stress-strain relationship recommended by the code. The symbol fek in the figure
represents the concrete strength in the structure,

7.2.4 CEB/FIP Model MC9%

mmmmmmunumm“mmﬂmm
lehmmﬁ(Cﬂ)fwmmym The stress-strain diagn ~
Myﬂnfmmmyhﬂmll '!bv:hd’:mhglo-gm.
Values of Ec, Eci, e change with changes in the concrete grade as shown in Table 7.2.

mwm-ﬂh&:hmm“mgmh
additon 10 axial loads. In order 10 design a concrote mombor that is subjectod 10 difforomt
cases of loading, an imteraction diagram is generated for the cross-section. This could be
ﬁﬁg:ﬂwmmg“dﬂm:n“
ﬁwmﬁbﬁﬁmnﬂhmm:ﬂi computing

_ ,i',;',h-m&m MﬂHMﬂMh
intoraction diagram ase given by MacGregor (1992).
Tom-mmmlmmmmﬂ
blationship for concrese in compression can be wsod. For design purposcs, & siross-sirs
muhmnmdnﬂﬁm-ﬁnmﬂ
ﬁnhiﬂiﬂynﬁi l&.mmﬂ_ﬂﬁnm
mﬁeﬂﬁﬂqﬁm“dﬂ-ﬂlnnﬁ The
m&—mmﬁﬂhﬂﬂ_ﬂ_ﬁﬂh
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code is C103 (cylinder strength f' of 94 MPs), the coefficients of the stress-strain curve
of 94 MPa concreic were used with J¢ = 120 MPa 10 generate the stress-strain curve of the
120 MPs scction. The resistance factors were taken oqual to 1.0. Details of the

Fijm?ddtmdmﬁenghnmﬁhmﬁvemmmhAﬂ
code. Thediffeﬁmmmemhmﬂmwdmﬂemﬂwmmﬂ
thedhmmwbmdeuﬂhdishigh(wlﬁnhmﬂmhmbjsﬂdmuinfmﬂm
small eccentricities). For the pure moment case (beam section) the effect of using a
ﬁﬁﬁﬂ!ﬂp%m%ﬂgmmhnﬁﬂﬂ&

7.4 MvgﬂﬁdrmfcrllnhhACldeFnﬁium

fmmtﬂlyhﬂeﬂmnmuﬁehﬁﬁmmdum)

hgmmrmmmmuiﬂnyhﬁdemwﬂvﬂlqhmﬁh
ximue Mﬂﬁhhmmwummﬂﬁmw
hmmm hmhbmﬁnmﬁwy
loaded columans. hﬁhmhmkgmmhmmﬁﬁmd
hm:ﬂﬁmhﬁﬂheﬂmnﬂhdﬂbhmm
by the paramecters K,K,. It is noccssary 10 compute the stress-strs relationship of the
mmﬂ“mmmngmhm;

mmdﬁﬂﬁnﬂmxﬂlm)ﬂﬂx pcommends the use of a
constant value of Ky equal 10 0.85. This recommendati ) was based oa the results of an
experimental program on concentrica y loaded plain concrete high strength cylindors with
different sizes, conducted by Martinez et al. (1982). mmummdnm
report on HSC included results from two et series oa concen 8
mm*mmﬁnﬁmmnﬁmrymmui
(lﬂ:)ﬁilhﬁiqﬂ.(m mw*ﬂﬁﬁmhhﬂﬁﬂm

ﬁ;-umx,mm&—hmmm
ﬂﬂhﬁhﬁmﬂdmluﬂ lowibution. The test serios by
hﬂi(lﬁ)ﬂhﬁ:i(lﬁ)mmﬁmm The ent
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series by Schade (1992) and the current rescarch included both plain and reinforced
concrete specimens, mmmmmanmmunmmmuzm
vﬂueﬁfo.lshm\fewimmﬁﬁﬂmﬁi;nﬁﬂﬂfmmﬁﬂly
hmlﬁ@mmﬂlylﬁﬁ%@hfminhmmﬂmh
ighgdmngcylimlgrm;mbyhmﬂﬂphﬂhmxli&;um&fmi
Nﬁmﬂmewﬁntﬁmnﬁeﬁ;mhmmmdﬂkﬂﬂﬁmﬁmﬁﬁi

ﬁm?ﬁMhﬂmﬂK,MﬁmﬂMn Ny
loaded columns. ﬁEedmmundinmgFiMTGHIMmpof
of lateral reinforcemes ranging from columns withowt any reinforcoment. t0 columns that
K;MfmhmﬂMMMad(IM)mmm;
mpﬁmﬂwnmmuhﬂmmhﬂmmmnEﬁhmm
effects. hhﬂmﬁk,mwuaﬁﬁ:hhﬂwmmq
or before spalling of the cover. The values of K, from the test of Richart et al.
(1929,1934,1947) were taken from the reference Martinez (1983).

Figure 7.6 shows that the AC1 value of 0.85 is not conservative. All o

eﬂnamm&;hhhm:ﬁwnmmﬂfukgbmm:ﬁ
FIP/CEB (1990) report on HSC, as discussed befose. Ouher tsts that were conducted in
Uﬂﬂyﬂfm(npbuhHMTG)mvﬁuﬂK,thgMd
with 66 MPa concrete tested by Polat (1992). Tests on concentrically loaded spirally
(ﬂ“hPﬁaTS)MHl“vﬁ:dK,qﬂau The lower sirength
mmﬁnﬂhmmﬁhmﬂn:ﬁpu&ig-ﬂuuﬂ

mﬂhqﬁe_mﬁlﬁhbmﬂﬁmhﬁhﬁm This
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caused by the low workability of the HSC mixes. The low failure loads of University of
Toumlommexpwmdbylheeﬂymmngomnmcom. This early spalling
oﬂheconcmacovcrwcmcauledbymefomtionohpnmucmhinmeplmomle
longitudinal reinforcing bars. Due 10 the very low permeability of the most high strength
muwonlynleoumdnellofthecolumnwﬂlduyomcaudn.mmﬂnedchﬁnhge
stresses in the outer shell. Cmaﬂ.(lM)explaMﬂnlowamityorMcolumm
bythcexiucneeoﬂongimdimlmkneuplanuinmeoolunmdwtodnehighdenﬁtyﬂf
steel reinforcement.

More tests on concentrically loaded HSC columns are required to provide better
understanding of the behavior of these columns. The design codes should provide a
conservative value of K, compared with the available test data.

742 ACIWM“&.WSWM

mmbhckpmmmk.x,mdx,obulaedﬁonmﬂmlemmuedinﬂg
rdwummhmumuAmmm The experimental data are
tabulated in Appendix C. These previous tests had a wide range of variables (not listed in
wxn)imludingueofwu.dudmm“wuenixdwnwof
aggregates, amount of reinforcement and test procedures. The data points from Hognestad
eul.(wSS)andRiiach(I”S)mouaimfmwmmlhelefm
Abeles et al. (1956).
limmmekmmemnmdlﬂ
m&mprﬁammmhuthnge?J. The imeraction
dhpummalhedwhhmpeeuo &' aad the cross-section dimensions. For
mmmummu-mum
dkmemhhhh&ad&emurﬂbyhmmm
umdﬁchﬁ.‘&em&umwﬂdb’&edﬂfmwh&e
manner explained in Section $.2.1. In the normalined imeraction diagram each test can be
represcated by omc point (R,). as illustrated in Pigure 7.7. This point represeats the
mmyaumm“uu The coordinates of this point
(m, -)nfmdhmﬂodml..l,l,dbmmof
the ncutral axis depth § (§ = c/h). heﬁuh&mﬁmmwm

the following cquations:
Normal Fore = C = K,Kybo'= K,K b’ .0

Beading Moment = M = Cx(0.5h - Kyc)= Chx(0.5-EK,) 02)



mi%i KK 7.3)
v OK Ky (

me= ;‘,‘F = {iK Ky x(0.5-{K,) (7.4)

To generate the normalized interaction diagram ¢ rresponding (o the code values of
@, and f,, & series of points in that diagram are calculated. Each point in the diagram has
ﬂgmmmm)demﬂbyﬂefalm;qm

n={a,f, (7.32)

m=0.5aB, x(1-{By) (1.40)
Th:gqmmﬂenucﬂmgquﬂmﬁmdﬁﬂoﬂm m) of the test
pdnlﬂmhmdheahmﬂckmulndﬁiﬂndﬂhmm
parameters oblained from the test. Byﬁuﬂqhﬂudﬁdiﬁmpﬁunm
equation of tan 0, as follows:

| |
0.5-CK; 0.5-0opy/2
m&eﬁmhmﬁnﬂnmmhhnmhmumm

percentage ratio § of these tests plotied versus the concrete oie strength. The figure indicates
ﬂlhﬂﬁﬂn&li(mmdm-nm)ﬂg
concreics with £' grester then 30 MPs the averags § drops 10 -1.76%. Pigwre 7.9 shows
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the mean value of 8 decreased from about +12% for LSC test points to about -12% for
UHSC test points. Figure 7.8 and 7.9 suggests that the ACI rectangular stress block
parametcrs noed (0 be modified. The new design parameters should provide more
conservative prediction 10 the capacity of the HSC and UHSC sections.

The first siep of the analysis 0 modify the ACI parameters was 10 find & more accuraie
equation (0 represent the position of the resultant force. The position of the resultant force
thﬂ:mK,Mﬂhmnﬂuwp,ﬂﬁmmwh
ACl code. Figure 7.10 shows the experime al data of K, the proposed equation and the
m&lmﬂfab,&p@mﬁmm The ACI value of
B,/2 falls below the data showing that it is 100 small. If B,/2 is 100 small, the internal lever
arm is (00 big and the moment capacity will be overestimatec The proposed equation
Miaﬂum?lommﬂmmmm;lh“ﬂum:ﬂh
mwmp-uwummm'-ymm The expression
for B, is represemod by the equation:

B, =(0.95-0.0025£')20.70 (7.6)
mmmdhﬂyﬂsmuMﬁamm This parameter

mm-mmmr«uwuﬂmm&m
concentrically losded columns. It also should provide comservative design for eccentric
soctions when combined with the parameter 8,. Several trials were made 10 choose a
suitable equation for a;. For each trial, figures similar 10 Pigures 7.6 and 7.8 were used 0
chock the validity of this equation for design. These wrials showed that the use of 3 constant
vnbfua,mﬂm&aaﬂﬁpfxlﬂﬂﬂlﬂmﬂmﬁh“dq
hnﬂbwh&&hﬁmznﬂwﬂﬂnwmﬂudﬂpfﬁﬁm
sections. mma.hmmugmnmm-
increasc in the concrese strength. The following equation was chosen 10 represent the
parameter a,

@, =(0.85-0.00125£') 2 0.725 (X))

For concrese songsh groater than 100 MPa &, and B, ase both takien constant and

are equal 10 0.725, 0.7 reapectively. The shape of the siress-straia curve in thet case is
very close 10 trianguler. The swess block parameters &,8, and B,/2 for a triangular stress-
ﬂmv&ﬁ-ﬁ'-ﬁ;-ﬂmm The same stees block paramoters
-u.ummnms-imm Figure 7.11 shows the
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exmnmmraK,mecmuyMMMOna.mm
for different codes. mﬂmshomthalmeAClvduofo.”hmmvuwe.the
mmcmummwnmmwmm.mm
for most of the data points. Figure 7.12 shows the experimental data, the current and
Wdedmma.b,plouedmdnmmﬂ. The figure shows
mmmmmanmmmmrmfawcmuscmm
qummhmanmmtmmuuscm
Figutcllsmmepemupuﬁo&fwdmemtmukuwwimW
wmwmmmamwugam The figure shows
that only 16% of the experimental data points had lower capacity than the predicted
capacity. four of which were lower than 5%. Figure 7.14 shows that the mean value of 8
hdmcmhmhmfmdlmm The mean value of 8 for all of the
Mmmlo.li(mwwtydm-l.lm)Mawmm
of 9.93% (coefficient of variation of 0.0896),
ﬁgmu?.lS“?.lomanimﬁmmmmtheAClm.
the Norwegian code (using £' ofl”.!M?lSMhmﬁvely)wthemd
mt«mdﬁﬂmmﬁm&ummmwwm. The ACI
mumdhmmmmemhydmm The interaction
&md“Wuwaamywm»thyd
these specimens. mmdmmamwmrmm

7.4.4 Design of Trisagular Compression Zones

mwaumm mmm«mm
mmnmdwimummunmﬂduiumhm This analysis
rolmmmmmuumzufamm
n.-eznmummmmmh.mmmuq
the ACI parameters. The coordinsics of each data point (m, ) were calculated as
follows:

Normal Force = C = K, 2Kyb'cf' 72 = {3K,2K byt 72 8
mm-u-c,z(-:-u-x,e)- cu(%-;x,) a9

--%-a’x,’x, (7.10)



m..%-;sx,zx,x(%-ox,) (7.11)

To generate the ACI interaction diagram, a series of points in that diagram were
calculaied. Each point had a coordinaies similar to those of Equations 7.10 and 7.11 based
on the ACI design parameters §,, 2/38, and a, instead of Ky, K; and K. The resulting
equations and the expression for tan 0 of the test point were as follows:

n={3p,%a, (7.10a)
ma-:-(’B.’a, x(1-B) (7.11a)

] 1 -
me-%-°K2 -%(l-%) (7.12)

Fim?.lsmowsmemulufmlheudmofdndxm:pechmm
were tesied in this experimental program. All six specimens had lower capacity than that
predicied by the ACI code. The mean value of § using the ACI design procedures was
-ll.si(mmmﬁm-m)wm.wamam
(coefTicient of variation of 0.071). Only one specimen had lower capacity than that
predicied by the proposed perameters. This specimen showed a considerably lower
cylinder strength than the design streagth. The mean value of 8 using the proposed
qmwz.ow(mmdm-lm)uawma

6.21% (coefficient of variation of 0.0609).
ﬁm?.ll“b&mz“&emﬂnd&“wﬂh&emhh

concrete streagth. mmmoruormnscmmmw
mmam-ﬂumuuscmmm-;n.mn.mﬁ. This
ﬁmhonlydxdmpohu.allfmUofAum The results from U of A sest
program for the rectangular specimens showed the same end. The mean value of 8 for the
nscmmnws-arauumcm“uu. More data poists
mmtammmha&rbm-mmhuup
procedures of these soctions.

743 Limiting Straia

VM«&““&.Mhﬁu“mmy*hﬁ
the limiting strain value of 0.003, as shown in Tables S.1 and 5.2, The UHSC specimens
mmmmahuum“mmumcm
‘l\cmw&tuu“mﬂhtﬂdw‘*wuhﬁ
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spaeimenl.lhgvﬂueofﬂﬂ)ﬂmﬂgu!timnMnnwwﬂEAClcﬂcgm

7.5 Conclusions and Design Reco

bﬂgmxﬂumﬂmkm&uﬂmﬂpﬂﬁmUHSCmﬂmwimm
modification 10 the parameters used o define the stress block.

2- The constant value of 0.8$ for the parameter @, is unconservative for high strength
concrete. The proposed equation for a, is

a, = (0.85-0.00128£') 2 0,725 1.7

3- The parameter f, leads to an overestimation
B is

By =(0.95-0.0025%') 20.70 (1.6)

+Th=0m3wwfmulﬁmmgemmhuﬂ1ﬂehuhm

3- For design purposes, the lateral cc \inement of the cross-section seems 10 have no effect
mﬂ:mmmcqpﬁgdhmphmmﬂhgofhm This conclusion is
hﬂmhmluathmmmmmmmmgnmﬁi
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2ters of the Norwegian Code NS 3473-1989

Table 7.1 The Stress Block F

(cyﬁds) !
(Stfgnnl) 168 | 224 | 280
m:num) 0877 0829 [ 0.804 | 0.778 01s1] 0722] 0.6
(Position) 0445 [ 0.424 [ 0413 [ 0.403 PY™Y Py pewen &

336 | %2 | 448 | s04] 616

423] 45

26 | -24




fu | , — e, - - - o
s"‘?—’T

0.6fc

0.6fw /Ex o te Cw
0S¢<0.6fc /Eca: O=tEa

A - S ) ) lﬁsli’_
0.6fca [En SESEe: O=lEn-(m ilx_[(&E-!ﬂ,H_y«!g_ﬁ)f_)] RAm-1)

CoSeEStn: O=fa

where;
B.-IO‘(fa)ﬂ.G-!f-IEg v M= G/l
oo = (0.0040ee + 1.9)107 2 (001560 +1.17)10°

Ca=(2.5m - 1. 5)tx
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8- Moddln&elehvloroﬂbew.rwm
8.1 General

Different analytical models that describe the behavior of plain and rectilincarly confined
HSC were discussed in Section 2.3. These models (Shah et al. (1983), Muguruma et al.
(1989), Yong et al. (1988) and Bjerkeli et al. (1990)) were based primarily on test results
of concentrically loaded specimens.
mmmmdmmmwmummmm
Chapter 6. mncmWMMMdehukinMImdfm
mmummduscmmramaummm;m
was very short and sieep.
1umm.mmiwammwummwmmmor
loads and moments are compared with the calculsed capacity using different analytical
models. Spechmvzndvumexcludedfmﬂsudy. Specimen V2 was iested
mdcreommmmhyuddwmm-ymmm. Test of specimen
V14 was terminated when the cover spalled off as described in Section 4.2.2. The
reliability of each model in predicting the behavior of the specimens during different
mmummuawmum

8.2 Analytical Analysis
8.2.1 Modeling of Cencrete Cover and Concrete Core

manmmumwwmuuhmauw, Cimens. For
Mmﬂ.mt«&mh“ud(l”»hmﬁumﬁ“n:
mmmdummuumm-m-ah
Figure 6.4. The model by Shah ct al. (1963) describes the stress-sirain reletion ip of
unconfined concrese (Section 2.3.1). AMMﬁapﬂmml
uﬁ'MaMMMbﬁ-MWMnWEM
of both the concrete cover and the concrete core.
mmwuvqauum)mzs.s)muﬂmm
the stress-strain relationship of the confined core. The same model was also weed b0
m&mmakmmM~Mﬂdﬁ
demnhfmm&aﬂwm The model by
mad.um)ummwuuw-im
concsets (Section 2.3.2). The exprossion for confined concrets wes used 10 deacribe the
stress-strain relationship of the conceese core whils the expression for unconfined concrete
158



with 8 peak stress equal to £’ was used to describe the stress-strain relationship of the

concrete cover. The confinement model by Bjerkeli et al. (1990) was used to describe the
stress-sirain relationship of the confined core (Section 2.3.4). The unconfined concrete
strength in this model was taken oqual 10 £'. For the unconfined cover, the authors
wwmmddnmuninummuhﬂmbydgmmc“me
Code NS. 3473-1989. This expression is given in Section 7.2.2.

8.2.2 Method of Analysis

AmwummmwﬁmhFORTMNbdummebehﬂhrofﬂnmm
during the test. mmmammh»mummumm

using numcrical imegration. To do that each of the concrete cover and the concrese core is
dividod into 999 rectangular strips paraliel 10 the aero strain face. The stresses are
WukMdmmﬂ.hmdwﬁm For any strip,
uwmmuuwanmmwuummﬁmw
mmn.memumm-emmum The loads and the
moments carricd by each strip are calculatod by assuming a linear distribution of the
loads and moments from each sirip.

mmmaumunmumummeﬁg
due 10 the deflectod shape of the specimen. To do that, half of the st region, because of
symmctry. is divided into 9 strips as shown in Pigwre 8.1. During the analysis, the strain
muwwmuuhmmnu-ﬁm(ﬂmo
in the figure). The other sections (from 1 10 9 in the figure) are allowed 10 have difforent
mmauwmuuummma—nhhm
shape of the specimen. b&nﬂyﬁhmwhuﬂiﬁﬂg
md&“‘muumnwm The deflectod
shape is calculatod using the conjugate beam method. Figure 8.1 shows a sketch of the
Mmuumuumum:gﬁﬁnh
mid section of the specimen. Since the deflectod shape is sequised 10 calcuiate the momens
u“mﬂumnm»mhm—lhﬁsh
MWEWbum Mgurs 8.2 shows a flow chan of the
M”dhm-ﬂy&
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ngﬂgmmgﬁsndgcﬂcuhgdmﬁnﬁemmmur&
midnacﬁmm:lizhﬂyﬂ:hamunmnmymgeﬂmdﬁmnﬂmuh
axﬂ:midlmionmm;huyhimmanmymmm-pmwmum
chgmdgwﬂdgﬁnmﬂmﬁb!yEcamofﬂgmmmwml
migratio of water in the plastic concrete. mmm-mmu-ecm
afﬂznﬂyﬂsﬂmﬂ:mﬂh;ﬂhmambmgnﬁmgmmpﬂ

8.3 c-—mmmrunmﬁ-cmsmﬂw
8.3.1 Maximum Moment Capacity

hmﬂmmﬂmmtymdﬂﬁmaﬂm The bending moment is
(N.A). mm“mmmum.mmmmﬂh
hmhg@ﬁhﬂhc;ﬂhmumﬂm The
Mmmmm;lheﬂAniﬁmHmummdh
mmﬂhmﬂhﬁuvéymeﬂHMkmmmh

mm&&mmhhiﬂmw-hm-ﬂﬁuh
section conter line. Thnﬂqundhhﬁp-mm
10 the section capacity. Thvjnﬂlnlm:iﬂliﬁhﬁﬂ-__
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respectively (tesUcalculated capacity = 1.096 and 1.043) with a standard deviation of
8.26% and 9.03% (coefficient of variation of 0.0753 and 0.0866).

Tabie 8.2 shows that the model by Yong et al. overestimates the load and moment
capacitics with moments relative 1o the neutral axis. The values of 8 are 20.7% and
18.72% for the loads and moments respectively (test/calculated capacity = 0,829 and
0.864) with a standard deviation of 14.6% and 10.83% (coefficient of variation of 0,1762
and 0.1253). The model by Bjerkeli et al. gives good prediction to the value of 8 for both
the loads and moments. These values are +2.91% and -1.63% respectively (iest/calculated
capacity = 0.972 and 1.016) with a standard devistion of 11.04% and 6.8% (coefTicient of
variation of (0.1136 and 0.0669)

The confined model by Bjerkeli et al. gives the closest agroement between the
average of all wesis and of the calculated capacities. The confined model by Yong et al. and
Muguruma ct al. considerably overestimate the carrying capecity of the specimens. The
unconfined mode! byShhﬁﬂgimbammmmanumtyohhe
MthmﬂﬁmﬁhﬂMwﬂdﬂYm;eld The model is
assumed 10 have 8 long descending branch from £ = £' 10 £ = 0.0. This assumption
dhmhmmcm&ﬁmmﬂzwhgemkyihmmﬂmtohhhermﬂn

Fim!:!m!jﬁwﬁhﬁpﬂuﬂthLmﬁrmw&Vli
Viéand V17, The figurcs show the tost and the calculated behavior using the four models.
increase in loads. Closs 10 the spalling of the cover the rate of incroase in the moments is

decrease in the momont values. For ductile behavior the decrease in the moments is
with the decrease in the moments. For a brittie behavior the descending part does aot exist.
agreement with the loading path ot carly stages. At higher loads, especially in the
the specimen. Eﬂb?qﬁﬂ.ﬁhﬁ-mgﬁﬂﬂﬁ
specimen. mmmwn:&mymvﬂnm
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results in the descending part. Figure 8.4 shows that for the UHSC specimen V1S all the
models, except for the model by Yong et al., . give good agreement with the iest results.
The model by Yong et al. omﬂnmdﬁcm:ﬁlyofhmﬁumhhdmxndhym

Figure 8.5 shows that for the highly confined HSC specimen V 16, the unconfined
model by Shah et al. significantly underestimates the ductility and the equehy onh:
specimen in the descending pan of losding. The model by Muguruma et al. unde .
ﬂgewilyﬂmmmuwmﬂhﬂu 'ﬁigm&yﬁmleul
m;mmlwimdgmhmﬂmpﬂnﬂhmpﬂ. At later
stages, the model underestimate the capacity of the specimen. The model by Bjerkeli ct al.
significantly undgmuim the capacity of the specimen st the first portion of the
kmin]mmﬂmchemmum“ Figure 8.6 shows that for the
highly confined UHSC specimen V17, in the descending part of loading, the unconfined
model by Shah et al. significantly underestimates the ductility of the spanmn The
mﬂmlmodghmiﬂlyfwummwamgetd significantly overestimase the
capacity of the specimen.

mmﬁMMImgfmmmummﬁgmls The first pant that
describes the ascending branch is in the form:

Ece

T+ (BB 2) (e (/e 7

where: 0 is the concrote swess: € is the coacrees raie: Bo = fo/es ; and Ex = 9300(5 )"’

mmmh-mgmmm&mmdmm
branch with an equation in the form of

O=fu-2(e-e) (2.26) and 8.2

where; 2=0.15fu/(e.05 - eu)
The third part is a horizontal Linc with a stress value of £y thet doscribes the socond
portion of the deaconding branch. The equation that used 10 deacribe this part of the curve
gn-mﬁﬁﬂmm m-mhhrﬂncfh/ﬁ decrosscs with

(2.25) and (8.1)

h-;n"’T‘:ﬁ QM ewd @)



where; duwo is the shorter out-10-out of tics in mm; sp is the spacing between the ties; As is
the total effective arca of tics in direction under consideration; A¢' is the gross arca of
concrele section measured (o center line of the outer tics and fiy is the yield stress of

confining reinforcement in MPa.
The paramoiers of the model are: the peak stres/strain (&, £s); the strain at 0.85

hmwupmofdnmodel(c.u):mdhhodmuwmdmmg branch
(foy). Mp.mmdmminedhmdoalhcyﬁndummdvc strength f',
the geometry factor of the confined core Kg and the conflning reinforcement.

The peak stress fu is defined for sections with concrete strength lower than 90 MPa
by the following equations

fo=fe+Ked40fr  4SMPa< £ S80MPa (228.4) and (8.4.0)

fom f+Kg30f  80MPa< fi S9OMPa (2.28.) and (8.4.b)
The geometry facior Kg expresses the remaining effective concrete core cross-
scction aficr compression arches begin (o develop. This factor is taken as the larger value
of Kgt and Kg2. The factor Kgi is associsted with the development of compression
mbmdimimhumkmﬁmwmhmmhﬁ'm
2.6.a. The factor Kg2 is associsted with the development of compression arches between
laterally supporicd longitudinal reinforcement, shown in Figure 2.6.b. The equations of
Kgt and K;2 are as follows

Kot = 1 - e/des] @.32.0)
[ ] c’
Ks2 -[l .IS_A:] (2.32.b)

The confining pressure Jr is calculated assuming oquilibrium between forces from
kmmmuﬂ&'ﬂhmmhumum&
Figurc 2.6.c. The equation of f+ is in the form of

5= (Aass/n o) @31)
The oquations for ex and €. are defined as follows

€ = 0.0025 + K¢ 0,05 (%) (2.29)

as =g 054K 0.08 (%)ﬁl -F) (2.30)
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where; €83 is the strain at 0.8/ on the descending branch of the curve of unconfined
concrete. The equations for ¢ .85 and F are as follows

e 15200025 (17.07/£ )" +1) (2.3%)

L
L+ (Y(f Ke))"*

8.4.2 Reasons for Modifications

2.M)

The model by Bjerkeli et al. as shown in Tables 8.1 gives very conservative prediction for
b«htheb.dundmmnﬂlemnimmnmenp:kywhhmmhﬁwmuﬁ
section center line. Emllm!ﬁimm!hm:klmimmhmmmﬂ
the lightly confined specimens (especially for the HSC specimen V13). For highly
confined whmlﬁmo&ldmfnuﬂymﬁmnﬁsﬁmy of HSC specimen
V16 in the first portion of the descending part, while it significantly overestimaies the
ductility of the UHSC specimen V17.

mmmmhmﬂﬁﬂhmnﬂyhfﬂm equircements. T
modified model should give higher prediction to the maximum capacity (cmicilyunh
section before spalling of the cover). The modified model should give lower prediction
the ductility of lightly reinforced sections and UHSC highly confined sections. It should
also give higher prediction 1o the ductility of HSC highly confined soctions.

8.4.3 Discussion snd Suggested Medifications for

The streagth of the confined concrete £ is extended 10 cover concrete sircngths that arc
streagth. The proposed oquation is as follows:
Sm £ +Kg2.0/ £ 290MPa (8.4.¢)
mmmmuﬂmﬂhmm(h) suggesicd by the
in equation (2.29) is chenged from 0.005 w0 0.002S, The proposed oquation for es
increases the calculsted maximum capacity by the model. The eguation of ¢£.83 is modified
accordingly. The equations of €+ and €83 arc taken as follows:
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eu = 0,0028 + K; 0,025 (%_) 8.5)

easme s+ K 0.04 (%)/(1 -F) (8.6)
ﬂiuqmmafmmnﬂmmﬁuHHnMHmwmnhumhe
modified or not. The equation assumes that, for a concentrically loaded column, the
minhmﬁnlnuﬂnfmmmldmhﬁeyﬂdmbyﬂlelimethnlhz
maximum capacity of the confined core is reached. The strains at the confining
reinforcement were not measured during the test. A nonlinear finite element analysis for
hﬂxmmmmmmuhﬂayhmdnmmmﬂcbgmm
wliumhﬁﬁhmmm;umhhhqm&mg Before
yiclding of the ties, the stress distribution in the ties was close (0 linear with a maximum
vﬂgnhmh@-ﬁehghhmm&sﬂ;mmvﬂm(v&ychem
zero stress) at the part located close (0 the zero strain face. Afier yielding the stress
distribution was not linear. The yielding staned 10 spread in portion of the ties with the

(not uniform across the section). The current equation of the model for fr seems 10 be
frm(Asnstor/0 ) @)
where; A is the t0tal ares of ties in direction under conslderas DR; fiy is the yield stress of
confining reinforcement; b is the owt-t0-out of tics i the direction uader consideration and
A scction goometry factor Kg is included 10 account for the effective area of
confincd concrete within the hoops. Following the derivation by Bjerkeli et al. K is taken
as the larger value of Kyt or Ks2. According 10 Sheikh et al. (1982). the area of
eﬁsﬁmlymﬁﬂmhhhﬂﬁb:lnﬁmmmm This
miimmwﬁg&nh;h:ﬂﬁmhhﬁem This means that
hwnhv&uﬂndzuwﬂmhmﬂhmm
according 0 Sheikh et al. (1982), is wken as follows:
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L2
K.-(I-E.%Xl--i%)x(l-&] o5
whem;qisdnspningbﬂmndnﬁu:ﬂmdﬂ&edgdmmomufﬂemmcm
mwdfmdnmﬁm.nhdnnmbadhﬁﬂy&mﬂhngwm:ch
the center o center distance between the longitdinal bars and A is the core anca enclosed
by the center line of the outer te.

This equation was derived for concentrically losded columns where the concrete
spalls off from the four faces of the section. For columns subjected (0 strain gradient, the
mlﬁu;occminndlﬂmmmuwn;fmthmmmﬂfge. This means
mummmmwmdnnmmﬁmhhmrﬁrﬁumdmmﬂmly
loaded columns. DeaﬂeMﬂwmthnhmdfwdmplﬁlyﬁhEmﬂ:pﬂ
ofthewcﬁonﬂmapdhoﬁhﬂnmdnndbmmuﬁhﬁﬁmm-ndmm
than the remaining parts.

Eqnubn(m)muducdbuunhodumlpmbﬁgdﬂeeﬂinghinchmldm
heexuninedhecamelheuninvnlmullmpuinf&em@lnmwhhighﬁﬂuuh
ulimate strain of the tested specimens.

Tkmmmmmapxitycakuhdbyhnﬁﬁﬁndelnmwﬁhh
actual moment capacity obtained from each test. Tables 8.3 and 8.4 show the loads and
and the N.A respectively.

Tabie 8.3 shows that the mean value 8 for the loads and moments shout the C.L are
-3.5% and -0.465% respoctively (tesv/calculated capacity = 1.036 and 1.003) with a
standard deviation of 6.15% and 7.81 (coefficient of varistion = 0.0593 and 0.0777). The
wa&r«uM“thﬂ,AEﬂTﬁﬂﬂmmﬁvﬂy
(test/calculated capacity = 0.993 and 1.009) with a standard deviation of 8.95% and
71.026% (cocfficient of variation of 0.0902 and 0.0696S).

Ms.musmmmw«r&mmmﬂ
between the actual and the calculated behavior for most of the tests. The mode! shows s
waedcduﬁquduﬂﬂymﬂﬁﬁhﬂvmhh
Mmdh‘qdnmmﬁnnﬂﬁumﬁmhydﬁﬂﬁb
muuscmvnhummdgm;m Despite that, the



167
calculaicd behavior of these specimens using the modified model was much closer 10 the
actual behavior of the specimens than that of any of the other models,

modified model has the same basic three parts that were described in Section 8.4.1. The
equations that arc required to determine the parameters of the mode! are as follows
fom fet Kg 404 45MPa < £ < 80MPa (8.4.8)
fom fetKg 305 80MPa < f: S 90MPa (8.4.b)
Sum [ +Kg 2.0 4 K 290MPa 8.4.0)

eu = 0.0025 + K; 0,025 (%) @.5)
cas=e 05+ Kg0.04 (%.)/(I-F) (8.6)
fr= (A oW s9) 8.7)

Kem(1-22 1-%):(#%;.) @.8)

es=0.0025 ((17.07/ % +1) 89)

F= - 8.10)
1+ (W Ke))" @10
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9- Summary, Conclusions and Recommendations
9.1 Summary

The hehavi()r of high s'm:ngl.h concrete (HSC) ind u’llra high stfenglh concrete (UHSC)

Thc expenmenul program had two phug:. The ﬁm ph;g mc.'luded tests of 15
rectangular cross-section specimens, 8 HSC specimens with £' ranging from 59.3 t0 98.8
MPa, and 7 UHSC specimens with f¢' ranging from 121.1 10 127.7 MPa. The main
parameters were concrete sirength and confinement sieel (diameter, spacing and volumetric
ratio). The second phase included tests of 6 triangular cross-section specimens, 3 HSC
specimens with £ ranging from 81 10 89.4 MPa, and 3 UHSC specimens with f'
rnnging from il’? 8 o 130 6 MP:. T’he miin p:rmgm were concrete suength and

lnnguudmal and canﬁmt ,remfmcz;mm ratios.

The columns were tesied under the action of two applied loads in order to maintain
zero strain at a predetermined point during each test. The design of the test was similar 1o
the one originally adopted by Hognestad et al. (1955), with new added features by
applying both loads in a stroke controlied manner rather than a load controlled manner and
testing triangular compression zones. Using stroke control for both loads was important in
order to obtain the post peak behavior of the specimens. All except two specimens, were
tesied with the ncutral axis position maintained at onc of the faces of the test region.
Specimen V1 was tested with the neutral axis maintained at 161.5 mm outside the
specimen, while specimen V2 was tested under constant eccentricity.

The analytical work included studying the flexural stress-strain relationships of
HSC and UHSC sections and the effect of lateral confinement on the ductility of the
scction. The validity of the ACI rectangular stress block fm-dsdaupafmmulund
ﬂhﬂmﬂmﬁﬂmw Dﬁmﬂy&dm&:&hhdﬁb
the behavior of confined HSC sections were compared with the test results. A modifi
of one of these modls which gives a betier it 1o the test data is suggesied.

preceding chapiers:
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1- The plain concrete specimens showe.: - » ..\« The failure of the UHSC
specimens was more explosive than 1= +is sem The triangular specimens
showed less brittle failure with higher & - . Hy than the rectangular specimens.
For same type of specimens the ultie= n stren was almost the same for
different concrete strengths.

The assumption of linear strase & butin 1n . mpression zones was found 1o he
true even for strain values that are wes» . fos i issture, Values of Poisson's ratio in the
clastic range were comparuble with s f }~ remgth concrele.

2- The reinforced concrete specimens smd *+:--semt behavior depending on the amount of
lateral reinforcement. The spacing of the s and the volumetric ratio of the confinement
steel were the main factors that affecied the bohavior of the reinforced concrewe columns.
Rectangular specimens with very light confinement reinforcement failed when the concrew
cover spalled off with buckling of the longitudinal bars near the compression face. The
deformation capacity of these specimens was close to that of the plain concrew specimens.
Other specimens with more confinement sicel had short and swep descending branches,
however their failure was not explosive like the plain concrete specimens. Only the highly
confined spa:mns showed a duclile deaeending behivinr

l,mngulu ;pgcnmens were leslgd in old:r ages thm lhe HSC specimens. Th;. lmngul:r
confinement. The constant eccentricity specimen failed at the peak load and did not exhibit
any descending behavior.

3- The code recommendation for maximum tic spacing in non scismic regions was found 0
be 100 liberal for the design of HSC and UHSC sections. An eccentrically loaded column
that is designed with the maximum tie spacing may have a sudden and brittle failure at the
4- The flexural stress-strain curves of the reinforced roctangular specimens prior 1 spulling
ﬁﬁemmmﬁmﬂﬁmﬂemﬂﬁmﬂﬁeﬁunmmm

lhmxmﬂmﬁcmﬂhm“ﬂﬁmm\ﬁyiﬁih
10 the cylinder stress-strain curves in the ascending part of the curves with an average value
of Ky of 0.92. A cylinder stress-strain curve with a peak stress equal 10 0.83 £' can




dn!’fergm gnd the cross-section of xhc column ;hou!d be uea!ed as a composite section
consisting of the concrete cover iﬁd the concrete core.

cylinder stress-strain curves in lhe ascendmg lnd dcm:ndmg branches. Thus may result
from the fact the concreie at the tip of the triangular had only a small effect on the behavior
of the section.

5- 'T‘h; sﬁc-’as—slrain curves of Lhe conﬁned core could be obuiﬂedf by sub{mling the

curves gl‘ l,he conﬁned core, for most o!’ ;he specimens, dnd not ;hc:w sugmﬁcam
differences from that of the unconfined sections. Despite that the highly confined HSC
specimen showed that, a well confined HSC core can exhibit very ductile stress-strain
curves and rcach a second peak at higher strain value.

6- The parametcrs that define the ACI rectangular stress block are not conservative for the
design of rectangular or triangular HSC and UHSC sections. This conclusion is based on
data from the tests reported here and previous tests of concentrically and eccentrically
loaded columns.

Newpnammfmdgresmguhrmbhckmmgm in Chapter 7. The

neters arc as conservative as the current ACT parameters for the design of low
mennhcmlacdm For HSC and UHSC sections the new parameters provide more
conscrvative design than the current ACI parameters.

The limiting st-ain value as suggesicd by the code was found to be suitable for the
design of HSC and UHSC sections. The triangular compression zones can even have
higher limiting strain value than the rectangular compression zones.

7- The lateral confinement of the cross-section seems to have no effect on the maximum
capacity of the section prior 10 spalling of the concrete cover. This conclusion is based on

8- Three analytical models that describe the bebavior of confined HSC columns
MMfmdmikmhmmmymm;h




model are determined based on the concrete strength, section geometry and confining
reinforcement.

9.3 Recommendations for Future Study

1- The number of tests for wiangular compression zones included in this analysis was
limited to 6 specimens. More tests of HSC and UHSC triangular section subjected (o axial
loads with small eccentricities is needed in order 10 be sure that the rectangular stress block
is suitable for the design of these sections.

2- More tests are required to study the ductility of rectangular sections under combined
axial load and bending. It is suggestied that tests should be conducted on C-shaped
specimens with a cross-section that docs not have concrete cover. The existence of the
concrete cover produces difficulties in the test control. It also produces difficultics in the
unalysis because the assumptions required to calculate the load carrying capacity of the
cover could affect the accuracy of the analysis.

3- More work is nceded to investigate the reasons why the HSC columns can suffer from
carly spalling of the concrete cover, as reported in some of previous column ests.
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Appendix A
Derivation of Equations 5.9 and $.10 for Triangular Specimens
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The load and moment equations can be writien as follows:
h
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By substituting Equations (A-2) and (A-3) into Equations (A-4) and (A-3), the following
equations are oblained
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By rearranging and diffcrentiating the moment equation with respect 10 €< in *he saric way
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Equations (A-12) and (A-17) are used 10 calculate the stress-strain curve for the triangular
cross-section. These equations follow the basic assumptions that were used (0 derive the
equations of the rectangular cross-sections (see Section 5.2.1). Since the equations have
integration erms that include the stress and the strain, a certain shape for the stress-strain
relationship that can be integrated should be assumed. In the same time the experimental
values for fo and mo should be fitted into regression equations that have the same shape




Appendix B
Procedures for Obtaining the Stress-Strain Curves

of the Rectangular Cross-Sections

1- Input the following test data, prior (0 spalling of the concrete cover, into a work sheet :
a- The applied loads Py, P,
b- Average strain at the compression face
¢- Deflection measurements at loading points and mid section of the s

2- Calculate the total applied loads and the moment sbout the neutral axis for the mid
section of the specimen using the data from Seep (1).

3- Calculate the force carried by each reinforcement bar using the strain values calculated at
the center line of the bar and the load-strain curve obtained from tension tests of specimens
taken from the bars used.

4- Calculate the quantities fo and mo as explained in Equations (5.5) and (5.6).

3- Use polynomial equations (o (it the experimental data of the quantitics fo and me. In
this step polynomial equations with different orders were tried and the equations that gave
the best fit (0 the experimental data were chosen.

6- Calculaic the stress-strain curves using the fitted data for & and me as cxplained in
Equations (5.3) and (5.4).

7- Modify the force carvied by the reinforcement bars by subtracting the force that could be
obtained from Siep (6).
8- Repeat Sieps (4 10 6) using the modificd values from Siep (7) 10 obtain the siress-strain
curves of the specimen.



Appendix C
Deta from Eccentrically Loaded Plain and Reinforced Concrete Columns

No. p'(m.)l KK, K, Remarks

| 53 1.052 0.487

2 9.9 l 091 0.484

3 11.6 Lo.o.u 0.483

4 1.6 0.903 0473

5 15.1 0.877 048

PCA Test Serics

6 198 0.819 0.442

7 20.5 0.806 0433 By Hogncsiad
- 377 X Y L et al. (1958),

S ; JW on Plain Concrete
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11 Specimens with

Cross-Section
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No. |£'(MPa) | KK, K; Remarks
] 448 0.76 0.45
2 | 416 | 012 | oas
3 - 584 0.65 0.3
F

s

6
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PCA Test Series
By Kaar

etal. (1978a),
C-Shaped
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No f}{ !m) leg ,K: Remarks
T 1059 | 0560 | 0357

1089 ' 0.604 @_35’7; U of C Test Serics
1059 ’7 0.576 0355 | By Schade (1992),
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1- (*) Column (1) and Column (12) were discarded in the origional report because their
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