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Abstract

Anton Braaduzacg* noticed the phenomenon of the critical compressive stress through
volumctric straia studies in 1929, The critical stress level was found to be 77 to 85 percent
of the ultimate compressive stress. At this stress level the volumetric strain began to increase
indicating inlemal microcracking development. Hubert Rilsch® reported that conventional
concreic loaded at a late age 0 sustained compressive stresses in excess of approximately
70 10 75 percent of the short time monotonic ultimate strength of concrete at the time of
loading may fail under the sustained compressive stresses after a period of several minutes
to several months. ’

The main purpose of this study was to investigate high performance concrete under
high sustained compressive stresses. High performance concretes with 56 day compressive
ﬂrenjlhs ai 65 MP: o758 MP: (wilhom silia fiime). 95 MPa to 105 Mﬁ (with and withoul

70 ) 95 pzmem o!' lhe nhon term ulumm urength Th; effg:u nf moment ;ﬂd:eat :nd
silica fume were also studied.

mfmmmmnﬂymmﬂmﬂm p&fiii:;;
The sustained compressive sweagth of high performance concrete was established.
The effect of the compressive strength, eccentricity, and silica fumc were also established.
to 73%. 70% (o 80%, and 80% to 90% of the short term ulimate strength for 65 MPa 10 75
MPa, 95 MPa 10 105 MPa , and 120 MPa concretes. The long ierm sustained compressive
strength of high performance concrete under amall eccentric loads is approximasely 5%
higher than under the concentric loads. A modification of the ACT 318M equatiun for the
modulus of clasticity of normal weight high performance concrete was recommended.

concrete.
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1. (ntroduction

1.1 General

High performance concrete is defined as concrete which meets special performance
and uniformity requirements that cannot always be achicved routinely by using only
conventional materials and normal mixing, placing, and curing practices. The requirements
may involve one or some of the following properties:

High 28 day compressive strength.

High one day compressive strength.

High modulus of elasticity.

Low creep.

High durability to chemicals.

High frecze - thaw durability.

Self leveling, flowing concrete.

Enhancement of placement and compacting without segregation.
. Toughness.

10. Volumetric stability.

11. High durability in severe environment.

Concrete is usually used to resist compressive stresses. A major application of high
performance concrete with high compressive strength will be in compression members like
columns, arches, domes, shells, rigid frames for tunnels, and long span bridges (1o decrease
the weight to compressive strength capacity ratio). High performance concrete may also
be used from the standpoint of weight reduction or archilectural aspects.

High performance concrete is a ncw matcrial and there is relatively limited available
information about its properties. The results of old rescarches on conventional concrete are
fundamental propertics.

1.2 Objectives and Scope

The main objective of this study is 10 investigaie high performance concress under

under high sustained compressive stresses. The specimens were subjecied 10 3 month long
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term sustained Joads. The primary parameter was the compressive strength of the high
performance concrete. The other significant parameters were siress intensity, moment
gradient, and the presence of silica fume as supplementary cementitious material and filler,
High performance concretes with 56 day compressive strengths of 65 MPa to 75 MPa
(without silica fume), 95 MPa 10 105 MPa (with and without silica fume), and 120 MPa
(with silica fume) were used.

Concurrently, a supplementary test program was carried out on the same series of high
performance concretes to study their mechanical properties. This experimental program
included the study of the following objectives:

Compressive strength gain with time.

Effect of type of cement on compressive strength.

Effect of drying on compressive strength.

Effect of the bearing blocks of the testing machine on the compressive strength.
Effect of the size of specimen on the compressive strength.

Modulus of clasticity.

Poisson's ratio.

Tensile splitting strength.

Modulus of rupture.

1.3 Thesis Arrangement

The experimental program is explained in Chapier 2. Details of test specimens,
materials, concrete grades, casting, curing, and the sustained load frames are also given in
literature review. test results, and discussion of results are presented in Chapeer 3.
presented at the end of Chapeer 3. The study of high performance concrete under high
sustainod compressive stresses is presented in Chapeer 4. The literature review, stress -
mmmm«mmﬂmmdhﬁmm
details of test results, and discussion of results for both concontric and eccentrd
all presented in Chapeer 4. Cmmm&ﬂﬁﬁWWm
prescnied at the end of Chapier 4. A summary, general conclusions. and recommendations
for further studics are presemied in Chapeer S.
No. 200.
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3. Experimental Program

2.1 Introduction

The experimental program was carricd out {0 study four series of high performance
concretes. Twenty batches of concrete were cast, four baiches for each series and four extra
baiwches. The concretes were chosen to cover the range of high performance concrete
available in industry. The experimental program consisted of two parts:

1. Four series of high performance concrete were tesied under high sustained
compressive stresses. The primary parameter was the compressive strength of the high
same compressive strength range were used to compase the performance of high performance

performance concrete and four exira baiches 10 study the mechanical properties of high
limited available information about its properties. This supplementary iest program was
done o develop information about mechanical properties of high performance concreic and
also present a relatively complete characterization of the concretes used in the study of high
2.2.1 Overview of Test Program

Four series of high performance concrete, classified based on their compressive
strength, were used. Four batches of concresc were cast for each serics (o provide the

Series of tests were carried ot 10 study the mechanical properties of high performance
concretes used at the University of Alberta node of “The Network of Centers of Excellence
A.2 Effect of type of cement on compressive strength

3



A.4 Effect of the bearing blocks of the testing machine on compressive
strength
A.S5 Effect of the size of specimen on compressive strength
A.6 Modulus of elasticity
A.7 Poisson'’s ratio
A.8 Tenaile splitting strength
A.9 Modulus of rupture
B. Sustained load test series:
Four series of \ests were carried out to study high performance concrete under high sustained
compressive stresses. Two groups of test were conducted for each series:
B.1 Sustained concentric compressive load tests
Standards, specifications, and recommended practices™ " still consider 150 mm by
300 mm cylinder as the standard compressive strength test specimen for concrete. In spite
of this, almost all commercial iests on high performance concrete in Canada are done on
100 mm by 200 mm cylinders. In this study, all tests were done on 100 mm by 200 mm
cylinders through this study except the following:
a. 150 mm by 300 mm cylinders were used to study tensile splitting strength.
b. 150 mm by 300 mm and 100 mm by 200 mm cylinders were used to study the effect
of size of specimen on compressive strength.
c. 150 mm by 150 mm by 550 mm beams were used to study the modulus of rupture.
Capping is not a suitable end preparation for concrete with compressive strength more
than about 70 MPa. Eﬂmﬁﬂ“mﬂbﬁnﬁgmm

wniform end condition, regardiess of the age or the compressive strongth. The real
dimensions of the specimens were taken into consideration in calculations. Each dimension

mm,
Two kind of bearing blocks were used 10 load the cylinders in this study, a ball seat
trested D-2 Tool Sioel (125 mm diameter and 63.5 man thick) with £,#2000 MPa. A 31.75

4



mm diameter ball bearing was used between the pair of plaiens. The oiled ball bearing fiucd
into a 15.88+0.05 mm depression, 11.113£0.025 mm deep. The position of the ball bearing
was machined with an accuracy of $0.03 mm. Circular alignment marks were also marked
with an accuracy of 20.05 mm. The ASTM standard spherical scat bearing block of the test
machine had 165 mm diameter platens and a 102 mm diameter spherical scat.

The ball seat bearing blocks were required to maintain the desired eccentricity for the
monotonic and sustained aeeeﬁmc eompfenive locdin;: in the sustained mtrks

and sustained concentric comprenive loldtn; imha mmimd cnncenlﬂe logd leuiedel w0
provide the same end condition throughout and 1o make the results comparable. The ball
scat bearing blocks were inc!uded asa Viﬁibi: in tﬁe mpplemenury test pmiﬂm to see

NwhmwfwdlmmlmmmmmmmmMnnh
specimenandwminuinamﬁelde]mlmuﬁmmuniuiilmpiﬁiiunmﬁeld.

a. Half of the specimens tesied o study the effect of the end blocks of the testing

b. Specimens tesied 10 study the effect of the size of specimen on compressive strength
2.2.4 Compressive Strength Test Control System

Three different control sysiems can be used 10 1est normal strength concreic specimens:

a. Constant load rate control

High performance concrese frequently has an unstable and uncontrollable failure. The
reasons for violent uncontrollsble failure afier the peak Joad can be as follows*:

a. The rate of load increase is kept constant.

Mmmhmm

¢. The elastic strain energy in the specimen is larger than the total fracture cnergy of

the specimen.

Unstable failure of specimen in the cases (a) and (b) can be controlied if a sifY weting
machine is used at a coastant displacemen ' which incresses




monotonically during the course of the fracture progress is adopted as the feedback control
signal 10 a sff closed-loop servo-controlled testing machine, the unstable failure of
specimens can be prevented in all the cases.

All specimens were tesied using a 2600 kN electro-hydraulic closed-loop rock
mechanics test system MTS 815. The stiffness of the load frame of MTS 815 is 10.5x10°
N/m. By comparison, the axial stiffncss of a 100 mm by 200 mm cylinder of 100 MPa
concrete is 1.96 x 10° N/m and a 150 mm by 300 mm cylinder is 2.95 x 10° N/m. Tests
were controlled using the differential signal between a load signal and a displacement signal
as the feedback control signal to the closed-loop of servo-controlled testing machine. Above
mentioned feedback sysiem has been demonstrated to provide a stable and controllable
procedure for testing specimens of high performance concrete in compression®. The
feedback control signal to the closed-loop of the servo-controlled testing machine was chosen
80 that the stroke ratc was 12 microstrain per second on average for 100 mm by 200 mm
specimens and 18 microstrain per second for 150 mm by 300 mm specimens to satisfy the
loading rate requirements of CANACSA-A23.2-9C* and ASTM C 39,

Normal portiand cement CAN/ACSA-A23.1-M90 Type 10 (ASTM Type I) and high
carly strength portland cement CAN/CSA-A23.1-M90 Type 30 (ASTM Type II), supplied
by Lafarge Canads Inc. and Inland Cement, were used. The compositions of these cements

Commercial locally available washed sand was used. Based on petrograghic analysis,
it was composed of 21.7% high quartzite sandstone, 63.0% quartzite, 4.9% sandstone, 1.5%
Iflp(hult) mdlﬂpming. Thna .aod mﬁ;fmmiﬁfﬁgmhﬁd. The
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coarsc aggregate. The remaining 3% was composed of hard chert, medium sandsione,
medium limestone, weathered chert, silicious clay ironstone, and clay ironstone. Specific
gravity and absorption were 2.60 and 0.016 respectively. The sieve analysis of the coarse
aggregate is shown in Figure 2.3.3.

2.3.4 Admixture

and supplied by W.R. Grace & Co. of Canada Lid. was used. It contained 68.75% water.
2.3.5 Silica Fume

Silica fume is a by-product of the melting process used to produce silicon metal and
ferrosilicon alloys. The main characteristics of silica fume are its high content of amorphous
SiO, ranging from 85 t0 98% with a particle size of 0,1-0.2 microns and its spherical
shape. Silica fume acts both as a filler and as a pozzolan. Liquid silica fume (Force 10000

The silica fume mixture was 49% solid with a specific gravity of 1.364 .

Basically, four different concretc mixes were used. They are classified based on their
nominal 56 day compressive strength with the curing regime of three woeks at 100% relative
humidity (R.H.) and then S0% R.H. as follows (The first letier stands for lower or upper
(without silica fume) or ultra high strength concrese (with silica fume)):

a. LH: Lower bound of High streagth concrete with a compressive streagth of

65-75 MPa ( without silica fume )
95-105 MPa ( without silica fume )

¢. LU: Lowerbound of Ultra high strength concrese with a compressive strongth
of 95-105 MPs ( with silica fume )
with a compressive streagth of +120 MPa ( with silica fume )

Four batches of concrese were cast for each mix 40 provide the necessary specimen
of concrese were cast for other studies related 10 objectives of this study. Those batches ase

?



named S1 through 84. Their mix proportions are presented in Table 2.4.E and the related
testresults in Chapier 3. Air content was not measured. It has been assumed to be 2% based
on previous experiences st the laboratory with the same materials.

A horizontal rotary-drum ( Eirich, Counter-current Rapid Mixer DE 18 ) with 0.2 cubic
meter capacity was used. The following batching procedure was used in order 10 make
uniform mixtures. Fine aggregaic, coarse aggregaie, and cement were put in the mixer and
mixed for at least five minutes. If the mixture contained silica fnme. liquid silica fume was

added a1 this time. Then, 2/3 of the mixing water and supet zer were added and
for three (o0 seven minutes. mmﬂmmﬁmkWWwW&iﬁm

sdded gradually.

molds and l!ﬂmmbylﬁommbySSOmmm‘ﬁgmﬂnm!m Allmoldsm
oiled prior 10 placing the concrete. Concrese was placed in cylinder molds in two layers
and was consolidated on a ASTM C 192" and CANACSA-A23.2-3C * sandard vibrating
table in two imcrvals of vibration. In the first inerval, the molds were filled with concrese
up to the top and vibraied until the surface became flat. Then, more concreie was added to
fill the molds again. The molds were then vibrated until the concrese surface became smooth.
mmwﬁemmmmfwymmhm
v 1 scimens were then removed from the molds and transferred 10 tubs of
mmnumhmmummmﬁnmmy
According 1o MacGregor', concrese is sensitive 10 humidity and iemperature changes.
conditions 10 make the studics repeatablc and comperable. 100% R.H. and 2322 °C wre
considored as the standerd moiat curing condition for concrate specimens by ASTM C 192%,
ﬂ&ﬂ.ﬂﬂti'ﬁnmwmﬂﬁl“n:ﬁiﬁm&r
iditioning and (csting of materials known 10 be seasitive 10 variations in temperature or
mn—u:y ASﬁlEl?l‘mﬁihmc_lﬁm \tmospheric
Cﬂn&gfmf“ﬂhm ' _"




8 2022°Cand 65% £ 3% R.H.

b. 2322°Cand S0% £ 3% RH.
c. 2722°Cand 65% 5% R.H.

Based on all of these, two curing regimes were chosen. A saturated lime water bath
was used (o provide 100% R.H. and 2312 °C as the moist curing regime. A controlled
environment room was used 10 provide 501 3% R.H. and 2312 °C as the air dry curing
condition and the testing environment for the sustained load tests. Humidity was maintained
by a Herrmidifier 707TW humidifier in the controlled environment room.

2.6 Test Program to Determine Mechanical Properties of High Performance Concrete

36.1 Compressive Strength Gain with Time

Two baiches of concrete were cast for each series (baiches 2 and 4). 100 mm by 200
mm cylinder specimens, cured continuously at 100% R.H., were tested using a 2600 kN
electro-hydraulic closed-loop rock mechanics test sysiem MTS 813. Tests were conducied
up t0 21 weeks (5 months) at the ages of 1, 3, 7, 28, 56, 91, and 147 days. Two specimens
were \estod at cach age. If theircompressive strength differod more than S%, a third specimen
was iested. The results are reporied as the average of the all specimens tested. Ball soat
bearing blocks were used. The end preparation of all specimens were done by grinding o
maintain uniform end conditions regardicss of the compressive strength or the age. The
real dimensions of the iest specimens and the maximum applicd load were measured.

2.6.3 Effect of Type of Comont on Compressive Strength

The same size of baiches of concrete were cast with exactly the same mix proportions
to investigate the effect of type of cement on compressive strength of high performance
concrete. Basches of concrese were cast at 1/2 howr intervals or less for cach scries (batches
2 and 3 of each series). 100 mm by 200 mm cylinder specimens, cured continucusly st
100% R.H.. were tested using a 2600 kN electro-hydrasiic closed-loop rock sechanics test
system MTS 81S5. Tests were conducte. up 10 21 weeks (S months) at the ages of 1, 3, 7,
28, 56. 91, and 147 days. Two specimens were tosted at cach age. If their compressive
strongth differed more than 5%, a third specimen was testod. The results ase roporied as
the average of the all spocimons tosted. Ball soat bearing blocks wers used. The end
preparation of all spocimens were done by grinding 10 maintain waiform end conditions
regardiess of the compressive sirongth or the age. The real dimensions of the st specimens
and the maximum applied load were measwred.



Three different curing regimes were used to investigate the effect of drying on
compressive strength gain of high performance concrete as follows:

a. Continuously st 100% R.H.

b. Three weeks at 100% R.H., then at 50% R.H.

c. Seven weeks at 100% R.H., then at 50% R.H.

Omne baich of concrese was cast for each series (baich 4). 100 mm by 200 mm cylinder
sysiem MTS 815. Tests were conducted up to 21 weeks (S months) at the ages of 1, 3, 7,
28, 56, 91, and 147 days. Two specimens were tested at each age for each curing regime.
lfﬂiei:eompmvcm;thdiﬁaed ered more than 5%, uhhdipaem wm ’ fnragll
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Five l(ﬂmbyﬂqlhhmdtmﬁm@tldmﬂm
continuously st 100% R.H., were iestod weing each type of end block using a 2600 kN
electro-hydmaulic closed-loop rock mechenics tost sysem MTS 8135 at the age of 56 days.
The end preparation of all specimens were done by grinding 10 maintain waniform ond

Five 150 mm by 300 mm and five 100 men by 200 mm cylinder specimens from basch
AJMMMMnlmmmM*nmtﬂ

yydraslic closed-loop rock mechenics tost system MTS 815 ot the age of 56 days.
Mmlmnum—umlm—u@-—q&m
cured continuoualy at 100% R.H., weve weted unag the MTS 815 from batch 83 at the ages
of 7, 28, 56, and 91 days and baich 54 at the ages of 28. 56 days. The ASTM sandesd




by grinding to maintain uniform end conditions regardless of the compressive sirength or
the age. The real dimensions of the test specimens and the maximum applied load were
measured.

3.6.6 Modulus of Elasticity and Poisson’s Ratio

100 mm by 200 mm cylinder specimens from batches LH1, UH1, LU1, and UUI,
cured throe weeks at 100% R.H. and then at 50% R.H., were tested in the 2600 kN
electro-hydraulic closed-loop rock mechanics test system MTS 815 based on ASTM C 469™
at the age of 56 days. The modulus of elasticity and Poisson's ratio were measured at 40%
of ultimate, to be in the elastic range. Ball scat bearing blocks were used at both ends of
cach specimen. The end preparation of all specimens were done by grinding and the real
dimensions of specimens were taken into consideration in calculation.

A high speed Fluke data acquisition system was used 10 collect the necessary data
strain gages mounted at the mid-height of specimens at least ten days afier transferriag them
from 100% R.H. o S0% R.H. 50 as (0 have a reasonably dry surface and at least ton days
before loading to satisfy the required curing period for the epoxy adhesive. The strain gage
area was clcancd by sand paper. Gages were mounted at mid-heigiu of specified specimens
by using Armstrong Epoxy Resin A-12. Axial strain was based on the average of two strala
gages mounted on the opposite faces of specimen. Lateral strain was based on one strain
gage for LH and UH series and average of two for LU and UU series. Theee different brands
of strain gages were used through experimental program as follows:

1. Test series LH :

BALDWIN SR-4 TYPE FAE-100N-12-50L ( 25.40 mm leagth )

2. Test series UH :
KYOWA TYPE KC-70-A1-11 ( 67.00 mm length )

3. Testseriecs LU and UU :

SHOWA TYPE N11-FA-60-120-11 ( 60.00 mm leagth )
34.7 Tenslle Spiitting Strength

150 mm by 300 mm cylinder spocimons from batch 2 of each series and basches 3)
and $2, all cured continuously &t 100% R.H., were tested at the age of 56 days weing 8 1350
kN Baldwin hydraulic csting machine. Tests were carried out accordiag t0 ASTM C 496



recorded.

150 mm by 150 mm by 550 mm beam spocimens from batch 2 of each series and
betches S1 and S2, all cured continuously st 100% R.H., were wested at the age of 56 days
using a 1000 kN electro-hydraulic closed-loop material sesting system MTS 810, Tests
were carried out according to ASTM C 78% and CAN/CSA-A23.2-13C°, Loads were applied
2.7.1 Test Program

100 mm by 200 mm cylinder specimons from basches LH1, UH), LU1, snd UU1,
cured 3 woeks at 100% R.H. and then at S0% R.H., were used for this study. The end
preparstion of all specimens were done by grinding 10 maintain uniform end conditions
regardices of the compressive strength or the age. Four series of tests were carried out 80
of 1est were conducted for each series :

- Sustainod concentric compressive load tosts

- Sustained eccentric compressive load tests ( Bccentricity / Diameter = 0,10 )

Theeccentricity was choson as 10 porvent of the dismeter 10 maintain small cocentrd
whdﬁemwhmﬁhwmdhmhn
m-&lﬁxhﬁkﬂnhmﬂhm&m“h

train relationship caused tonsion strains on one side of some spocimens.
hm“ul have suggestod that a rectanguiar priem is the most seitable specimen
for eccentric compreasive (osis becauss cylinders have a small area in the extrome fiber
soms. The author belicves a cylinder is an adoguete 1eet spocimen for eccentric compressive
tosts becauss the offoct of the small boaring arca in the extreme fibor 20ms of cylindrical
oloments can be tahon o considerstion im studics conducted 10 lnvestigate the behavior




Ball scat bearing blocks were used to maintain the desired eccentricity for monotonic
and sustained eccentric compressive load tests. The same kind of bearing blocks were used
for monotonic and sustained concentric load tests (10 provide the same end condition and
make the results comparable.

Five concentric and five eccentric specimens were iested monotonically in
compression. Monotonic tests were done with the 2600 kN electro-hydraulic closed-loop
rock mechanics test sysiem MTS 815 with the procedure explained in section 2.2.4. Based
on the average of the ultimate strengths, additional specimens were loaded under different
percentages of the ultimate load, corrected, if necessary, for differences in dimensions. In
a typical series, concentrically Joaded specimens were lested at 95%, 90%, 85%, 80%., 75%,
and 70% and eccentrically loaded specimens at 95%, 90%, 85%, 80% .and 75% of the short
time ultimate compressive strength. Specimens under very high percentages of the short
time ultimate compressive strength, such as 95% and 90%, were tesind using the
electro-hydraulic closed-loop rock mechanics test system MTS 815 . Specimens tested
under lower percentages of the ultimate were tested in the six load frames (sce Section 2.7.2),
three used for concentric loading and the other three for eccentric loading. The frames were
located in the controlled environment room with S0+ 3% R.H. and 23 £2 °C w0 satisfy the
standard environment requirements of ASTM E 171% for conditioning and testing of
materials known to be sensitive 10 variations in tomperature or relative humidity.

If a specimen in a load frame failed within the first two weeks (between ages 56 and
70 days), an additional specimen was placed in the load frame at the age of 70 days under
different percentage of the ultimate compressive streagth based on the average of three
specimens \esied monotonically with the 2600 kN MTS 813 at a standard loading rate at
the age of 70 days. The sustained load period for the replacement cylinders was 90 days
(three months). "

2.7.2 Sustained Load Frames

A simplified drawing of load frames is shown in Figure 2.7.2.A. Pictures of the teat
room and load frames are shown in Figures 2.7.2.B and 2.7.2.C. The nominal capacity of
the load frames is 1200 kN. Pistes A, B, C, and D ( 63.5 mm thick ) wore made from sisel
with {,350 MPa and designed based on deflection criteria (0 minimine dishing of the plates.
Load cells were made from 4340 sieel with (=833 MPs and had & sonsitivity of 20.3 kN.
Up 10 nine springs could be wsed. The springs were designed 10 be abie to carry wp 0 140
kN cach. The arrangoment of the springs was based on symmenry and load crissria. Speings
were always under more than 100 kN load 10 minimias the load drop-off in the load frames
due 10 creep of the specimen. Fourturned, ground, and polished stesl shefis ( 25 mm dlameter
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with {,=350 MPa ) are uscd to guide suspended plaie B. These passed through low friction
holes containing press fit Oilight bearings (#SS 3240-40) in plate B and were restrained by
plate A and the main body of the frame at the top and bottom respectively. Load rods were

Plate A sits on four 76 mm by 76 mm by 6 mm angles, braced with four 610 mm by
305 mm by 6 mm plates around plate A. Pant E, made from four 76 mm by 76 mm by 6
mm angles and horizontally braced with & 583 mm by 585 mm by 6 mm plate, is used as
the bracing system for the bottom of the load frame. The concentric load frames needed

movement of piate D in these load frames was restrained with four 76 mm by 76 mm by 6
mm angles, braced with four 525 mm by 190 mm by 13 mm plases st the top and four 523
mm by 255 mm by 6 mm plascs above piste A,. These details have been omitted from Pigure
2.7.2.A for clarity.
the ball scat bearing blocks, any misalignment of the load frame can not affect the alignment
of the specimen or the level of load.
3.7.3 Loading Procedure in Sustained Lead Frames

The loading procedure of sustained load frames is as follows:

1. Tum the nuts above pime A and below plate B to touch plates A and B respectively.
2. Tum the nuts above piate D 10 be looee.

below plate D .

3. Align the specimen accurately by light tapping with a plastic hammer.

6. Tum the nuts above plate D to touch the plase.

7. Tem the nuts above plate A 10 be loose.

9. Load the system with a hand oil pump up 10 10 kN below target Joad.

10. Tem the nuts below plase B 10 touch the plae

11. Apply the remaining 10 kN 10 the system by tightoning the nuts bolow plate B.

12. Relcase the hydrasdic jacks.

14



13. At intervals, readjust the load by loading the system with & hand oil pump and hydraulic
jacks and tightening the nuts below plate B. The load was adjusted when the drop in load
approached 5% for LH series and 2.5% for other series.

2.7.4 Messurements

The real dimensions of specimens were taken into consideration in calculations. Each
dimension was considercd as the average of three measurements with the accuracy of £0.05
mm. Strains were measured using electrical resistance strain gages mounwed st the
mid-height of specimens. Two electrical resistance strain gages were mounted
longitudinally on the opposite faces of each specimen iested under monotonic or sustained
eccentric compressive load. For specimens tested under monotonic or sustained concentric
compressive loads, axial strain was based on average of two longitudinal strain gages
mounted on the opposite faces of the specimen and lateral strain was based on one transverse
strain gage for LH and UH scrics and average of two for LU and UU series. The type of
2.6.6.

Amghqeedﬂmmmdﬁmwmnﬂweﬂbadﬂwnhmiﬂyfw
specimens tesied in the 2600 kN electr jranlic closed-loop rock mechanics iest sysiem
MTS 815. Dmin:ludm;ﬁme.ﬂ.ndmufmﬂammeﬂh:ﬂmls
seconds up to 30 minuses afier loading. then every S minutes for those specimens tesed by
MTS 815. A package of daa acquisition system (a Campbell Scientific, Inc. CR10 with a
Campbell Scientific, Inc. AM416 Relay Multipiexer) and relaied softwares, supplied by
Campbell Scientific Canada Corp., was used to collect data including time, load, snd output
a. Every 24 hour
b. Every 100 microstrain change in any strain gage output
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Table 2.4.B - Concrets Mix Proportions ( UH Series )

Baxch l UHI UH2 L UH3
WIC 0.245 0.245 0.245
*ﬁ
Water*(kg/m*) 1350 135.0
Cement(kg/m") $50.0 $50.0
(TYPe 10) | (TYPE10)
- . g =

Fine Aggregae’(kg/m®) 628.7 628.7
H 18.1 18.1

2%

1 T 2%
Yield (m’) J o.lzoﬁr mzo—[

Table 2.4.C - Concrete Mix Proportions ( LU Series )

Baich
W/C+S.F.)

Water'(kg/m’)
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TIHIMD Concrete Mix Proportions ( UU Series )

Bllch

—

ﬁi

UUS

=

uml vu2

0.21 0.23

i Silica mgﬂﬁxwm‘)

Cﬂlﬂew Wm’)




Figure 2.2.3.A - The Ball Seat Bearing Blocks



Figure 2.2.3.B - The Spherical Seat Bearing Block
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Figure 2.7.2.A - Simplified Drawing of



Figure 2.7.2.B - The Six Sustained Load Frames



Figure 2.7.2.C - The Eccentric



3. Mechanical Properties of
High Performance Concrete

3.1 Introduction
High performance concrete is a new maiterial and there is relatively limited available
information about its properties. A supplementary test program was carried out to develop

information about mechanical propertics of high performance concrete and also present a
relatively complete characierization of the concretes used in the study of high performance
concrete under high sustained compressive stresses. This study gives information pertaining
the following objectives:

1. Compressive strength gain with time.

2. Effect of type of cement on compressive strength.

3. Effect of drying on compressive strength.

5. Effect of the size of specimen on compressive strength.

6. Modulus of clasticity.

7. Poisson’s ratio.

8. Tensile splitting strength.

9. Modulus of rupture.

The results of the supplementary test program are presenied in this chapier. A shont
literature review of previous studics are presented at the stant of each section. The results
presented at the end of this chapeer.

3.2 Compressive Streagth Gaia with Time .
3.2.1 Literature Review

The compressive streagth is the most common parametor used 1o characterize concrese.
streagth of concrete can also be different from that of laborstory specimens for varioes
reasons including consolidation and curing.




FIP/CEB Bulletin d'Information No. 197° summarized the results of different studics
about the compressive strength gain with time, It is reponted that “the relative increase in
the short term strength of 8 high strength concreie aficr 28 days is generally lower than for
anormal grade concrete. This is due to the lack of available free water for further hydration
combined with a possible limitation from the capacity of the aggregate”. It is also reponied
that high strength concrete containing silica fume generally has lower relative strength gain
after 28 days than concrete without silica fume.

ACI 363R-84’ concludes that high strength concrete shows a higher rate of strength
gain at carly ages as compared to lower strength concrete but at later ages the difference is
not significant.

3.2.2 Test Resnlits

The test results for LH, UH, and UU series are presented in Table 3.2.2.A through C.
Additional tests currently underway for LU series will be presenied in Structural Engincering
Report No. 200. The reported results arc the average compressive strength of the specimens
tested for each scries. The compressive strength of individual specimens are reported in
Appendix E, Tables E-3.2.2.A through C. All results are based on moist cured specimens.
The compressive strength gain, expressed as the percentage of the 28 day compressive
strength, is shown in the same tables and Figure 3.2.2. The results shown in Figure 3.2.2
are based on the average of the two baiches preseated in Tables 3.2.2.A through C for each
scries.

3.2.3 Discussion of Results

The ratios of 7-day to 28-day compressive strength for LH and UH series are 0.85 0
0.88 which are compatibie with the 0.8 10 0.9 range reporied by AC1 363R-84’ based on
studies done by Parrott™. The ratios of 7-day o 91-day compressive sirength for LH and
Uﬂmm075w079whwhmmmmme06$h013miedbym 36IR-84’
based on studies done by Camrasquilio et al®,

The UU series gained its major compressive strongth between 7-day and 28-days as
mhcodu&dfmﬁgm3&2ndﬁeuﬂmd1-ﬁyhn-ﬁyﬂ il‘?-ﬁyﬁﬂ*y

dﬁenfmﬁﬂmfmm.ﬁndhumwﬁ“ﬂmuw.ﬁ
observation is in complete agreement with studies by Sarker et al”. They repont thet, due
0 low water 10 cementitious materials ratio, all witra fine silica fume particies are not
consumed. The Jow waler 10 cementitious materials ratio aliers the hydration rate. I
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diasolution process is much slower than reporied by several rescarchers. Its consumption
is completed with 28 days. Sarkar et a1® also reported that superplasticizer is useful not
only in dispersing ccment particles but also in giving a uniform distribution of ultra fine
silica fume particles.

3.3 Effect of Type of Cement on the Compressive Strength Gain

3.3.1 Literature Review

The choice of the proper type of cement for high performance concrete is one of the
most important factors among materials selection. The strength development in high
performance concrete requires portland cement with the optimum quality from the siandpoint
of uniformity, strength, and workability. Based on a report by the Chicago Commitiee on
High Rise Buildings", for mixes with f°.,, = 62 t0 72 MPa with a 76 mm % 13 mm slump.,
Type 1 (Type 10) cement develops the highest and Type ITI (Type 30) cement develops the
lowest compressive strength at all ages among Type L, I1, and Il cements.

3.3.2 Test Results

One of the four baiches in each scrics was made with Type 30 cement, the other three
with Type 10. The test results for LH, UH, and UU series are presented in Table 3.3.2.A
through C and Figure 3.3.2.A. Additional tests currently underway for LU series will be
compressive strength of the specimens iested for each series. The compressive strength of
individual specimens arc reporied in Appeadix E, Tables E-3.3.2.A through C. All results
percentage of the 28 day compressive streagth, is also shown in the same tables and Figure
3.3.2.B through D.

3.3.3 Discussion of Results

In the study done by the Chicago Commitiee on High Rise Buildings™, a constant
slump was mainusined for mixes with the different types of cement. Due 10 the higher
fincncas of Type 11l cement, the mixture with Type 1Tl cement required more water 1o provide
the same workability as the mixture with Type | coment. Therefore, due 10 the increase of



m'iill. the mixtures with Type 30 cement had len wouhbility Typg 30 cement can hive

prl‘om:nee concrete in lhe absence of mfﬁeiem water and mpplemnmy mﬁm
materials. It should be mentioned that the total amount of cement may not hydrate in high
performance concretes with low water to cementitious materials ratios. The extra amount
of cement acts as a fine filler to produce dense concrete while superplasticizer provides the
necesssry workability and helps the uniform distribution of these fine particies. Based on
above discussion, it secms that the mixtures with Type 30 cement develop higher
compressive strength for high performance concretes with the same mix proportions.

The ultra high strength concrete mixture with Type 30 cement and silica fume (UU)
developed lower compressive strength afier early ages than the mixtures with Type 10
presence of the ultra fine particles of silica fume that can be a betier filler to produce dense
m&emﬂhﬁ;ﬁsdﬁnﬁddwmhyi‘m Em&.

ofﬁm,normnimdhngdonMmﬂwmﬂummdud;u 'niem:d
compressive strength gain of mixture UU3 with Type 30 cement is higher afier 28 days in
spite of its lower compressive strength. As reporied by Sarker et al”’, the dissolution process
of silica fume takes more time (nearly 7 days) in high performance concrete mixtures with
low water to cementitious materials ratios, than in high performance concrete mixtures with
hl‘lli}ﬂl’llﬁlﬂmh'” mmﬂaiﬂ:mmemdghiﬁaﬁm of‘l‘ype:!ﬂm' '

fl;'lﬁn A;:mlgaﬁlmfmm;hpafmmﬁthfmmmm:h
water (0 cementitious matcrials ratio ieads (0 have more delay in dissolution of ultra fine
silica fume particles compared 10 the same mixture with Type 10 coment. Therefore the
silica fume high performance concretc mixture with Type 30 cement can have higher rae
specimens on the compressive streagth gain as a function of time has always been an

Bporant concenm. mmavﬁu—ginfﬁsmkmm-hm




According to Parrot”, high strength concrete specimens (with 28-day cube
compressive sirengths of 80 o 100 MPa) moist cured for 7, 14, and 28 days, followed by
exposure o air at a relative humidity of 65% had 90 day cube strengths of 90, 95, and 100%
respectively, of those of control specimens which were continuously moist cured,

Carrasquillo et al*? studied two different curing regimes. They compared moist cured
high strength concrete (f',;4 = 70.4 MPa) specimens o specimens which were moist cured
for scven days and then air dried st S0% R.H. till the age of 28 days. The air dried specimens
showed an average strength reduction of 10% relative 10 continuously moist cured
specimens.  They also compared moist cured high strength concrese (f.; = 70.4 MPa)
specimens with specimens moist cured for twenty cight days and then air dried at 50% R.H.
till the age of 95 days. The air dried specimens showed an average reduction of 4% relative
to continuously moist cured specimens.

Alwin et a1, studied air cured, sealed, and moist cured specimens. The air cured
specimens were cured continuously in air afier casting. As expecied, the moist cured
specimens gave higher compressive strengths than the scaled specimens, which in tum, gave
higher compressive strengths than the air cured specimens. The air cured specimens had
compressive strengths of about 50% of moist cured specimens and 84% of sealed specimens.
mmmmmmmmmmmmnmm
high performance concreste. The 13% difference was considered to be the result of the very
low watcr 10 cementitious materials ratios (W/C=0.25).

According to Asselanis et al”, for a high performance concrete with a 28 day
compressive strength of 98.8 MPa, specimens maist cured for seven days and continuously
moist cured specimens had approximately the same compressive strength st 28 days but had
alfter casting. They also reporied that specimens moist cured for twenty eight days had 8%
and 22% higher compressive strengths st 36 days compared 10 continucusly moist cured
specimens and continuously sir cured specimens respectively. ,

According 10 Burg et al'’, contiewously moist cured specimens gencrally had higher
for twenty cight days and thea sir dried st 0% R_H.. It should be mentioned thet concretes

The test resuits for LH, UH, and UU serics are presoated in Tabics 3.4.2.A through
C. Additional 1csts cwrrently undeiway for LU series will be presemied in Stracesral
Engincoring Report No. 200. The reported resuits are the average compressive strongth of

k]




the specimens tesied for each series. The compressive strength of individual specimens are
reporied in Appendix E, Tables E-3.4.2.A through C. The compressive strength gain is
shown in Figure 3.4.2 as a function of age for the three different curing regimes. The ratio
oﬂ47daycompremvemngmmﬂezsdgycommiv:m;thnfmmf cimen
for specimen with the three curing regimes under study, are presented in Table 3.4.2.D. ‘l'hc
ratio of 147 day compressive strength of specimens moist cured for 3 and 7 weeks 10 the
147 days compressive strength of moist cured specimens arc presenied in Table 3.4.2.E.
3.4.3 Discussion of Resuits
continuously moist cured specimens is lower than that thoae allowed to dry afier a sufficient
period of moist curing. In all three scrics plotied in Figure 3.4.2 the compressive strength
of the continuously moist cured specimens was lower than that of those allowed to dry after
ages of 28 and 147 days are 9% for continuously moist cured specimens and betwoen 32%
10 37% for 3 and 7 weeks moist cured specimens. For LH and UH series, the compressive
strength of specimens moist cured for 3 and 7 woeks are 21% 10 26% higher than the
continuously moist cured specimens st the age of 147 days. Mcanwhile, the compressive
mﬂdmmmﬁne@fw:m?iﬂhnmchguhqulﬂm
for LH and UH series. As a result, it can be concluded that 3 woeks moist curing wi
mﬂfwhﬁpﬁmml&eu{mmmm;homnmm
rate of strength gain. This conclusion is in rcasonable agreement with siudics dome by
Parrout™ and Asselanis et al*,

The compressive strength gains of UU serics between the ages of 28 and 147 days are
16% for continuously moist cured specimens (compared 10 9% for LH and UH series), 24%
for 3 weeks moist cured specimens (compared 0 32% 10 35% for LH and UH scries), and
36% for 7 weeks moist cured specimens (compared 10 35% 10 37% for LH and UH series).
The compressive strength of 3 and 7 wecks moist cured specidhens are only 7% and 17%
higher than the continuously moist cured specimens at the age of 147 days (compared 10
35% 10 37% for LH and UH serics). The higher compressive strength of 3 wooks moist
wmmpﬁdmm-ﬂHﬂMHhmdlﬂm
suggests thet 3 weeks moist curing can be enough for high performa
series. munmwammwmﬂmﬂhu
specimens imply that for silica fume witra high strongth concrese with a very low water o
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continue until late ages if the nccessary water will be available. The behavior of UU series
is in compleic agreement with results of studics by Sarkar et al®® and Aitcin et a1, It can
be explaincd by the high rate of compressive strength gain of ultra high strength silica fume
concrete with a low water to cementitious materials ratio in the presence of sufficient
moisture between the ages of 7 and 28 days due to late dissolution of the ultra fine particles
of silica fume.

3.5 Effect of the Bearing Blocks of the Testing Machine on Compressive Strength
3.5.1 Literature Review

It was nccessary to load the specimens using the ball scat bearing blocks in the sustained
load tcsis. The effect of these on compressive strength was studied. A spherically seated
bearing block on one end is suggesicd by many studies including references 7. 26, and 39
to insure a central and uniformly distributed load on specimen. A spherical seat bearing
block on onc end simulaics a semi-fixed end condition and a fixed scat bearing block on
the other side simulates a fixed end condition. Ball seat bearing blocks at both ends simulaie
a hinged-hinged end condition. With a reasonable alignment, the ball seat bearing blocks
can also provide a central and uniformly distributed load on specimen.

According 10 Lessard et al®, the diameter of the spherical seat can affect the
compressive sirength test results. Sigvaldason® and Cole® reported that use of proper platen
size is critical if strengths are to be maximized and variations reduced. They also suggested
that the upper platen must have a spherical seat bearing block able 10 rotate and achieve full
contact with the specimen under initial load and perform in a fixed mode when approaching
the ultimate load.

According 10 ACI 363R-84’, the diameters of the plasen and spherical bearing socket
are critically important. Ideally, the piaten and spherical bearing block diameters should
be approximaiely the same as the bearing surface of the specimen. Bearing surfaces larger
than the specimen will be restrained (due (0 size effects) against lateral expansion, will
probably not expand as rapidly as the specimen, and will consequently crestc confining
stresacs in the specimen end. Bearing surfaces smalier in diameter than the specimen may
in diamcicr than the specimen may result in bending of the platen around the socket with a
conscguent nomumiform distribution of stresses. This tendency decreases as the thickness
of the plascn outside the spherical head increases.



3.5.2 Test Results

The test results for LH, UH, and UU series are presented in Table 3.5.2.A. Additional
tests currently underway for LU series will be presented in Swructural Engincering Repon
No. 200. The mean values of the compressive sirength of specimens tesied by both of the
end conditions and the ratio of the compressive strength with ball seat bearing blocks to the
compressive strength with spherical seat bearing blocks are prescnted in Table 3.5.2.B,

Ball scat bearing blocks simulate a hinged-hinged end condition for a specimen. As
a result, due to less rotational end resiraint compared to & spherical acat bearing block in
one side and fixed bearing block in the other side, ball scat bearing blocks can provide a
betier central uniform load on specimen if the specimen is well aligned. With a poorly
aligned test set up, the stress distribution is more uniform with a spherical seat bearing block
in one side and fixed bearing block in the other side than a set of ball scat bearing blocks.

According to Sigvaldason®™, when both sides of the specimen are effectively pinned,
the load is applied in a straight linc between the pins, irrespective of the location of the
specimen in the iesting machine. Consequently, in non homogencous and/or misaligned
specimens, elements within the specimens strain at different raics in order to maintain the
centroid of resistance at every cross section co-linear with the line of action of the applied
load. According to him, whcn onc end of the specimen is effectively pinned, whilst the
other end is effectively fixed, any non uniformity or misalignment will cause differential
produces a lateral movement of the pinned end relative 10 the fixed end, so inducing a lateral
cantilever loaded simultancously by an axial load and laterally at its free end. He also
reporied that when both ends of the specimen are effectively fixed, no tilting of the ends of

The disadvantage of the hinged-hinged end condition is instability of the test afier the
peak load. As aresult, if the behavior of descending branch is a concem, the ball seat bearing
desired eccemricity if required. As a result, due 10 suitable central uniform uniaxial load
were used in this study. The results of this study suggest that high performance concrese
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specimens icsicd with ball seat bearing blocks have lower compressive sirengths than high
performance concrete specimens lested with standard spherical seat bearing blocks by up
to 7 percent.

It seems unlikely that the 125 mm diameter bearing block with a thickness of 63.5 mm
from D-2 tool sicel with £,=2000 MPa will deform significantly under levels of load used
in this study. The possible lower compressive strength of specimens tesied using the ball
scat bearing blocks is probably explained by the hinged-hinged behavior of the ball seat
bearing blocks. This behavior provides less end restraint and less chance of siress
redistribution upon a localized crack development.

3.6 Effect of Specimen Size on Compressive Strength
3.6.1 Literasture Review

The compressive strength of concrete is probably the most important property of
concrete. Itis gencrally considered as the measure of quality of concrete and it is the prime
parameter in design of concretc and reinforced concrese. Standards, specifications, and
recommended practices® ' still consider 150 mm by 300 mm cylinder as the standard
compressive strength test specimen for concrete. In spite of this, almost all commercial test
on high performance concrete are done on 100 mm by 200 mm cylinders.

ACI 211.4R-93’ suggests that the specimen size used by the concrete producer 0
determine mixture proportions should be compatible with the load capacity of the testing
machinc and consisient with the cylinder size specified by the designer for acceptance. No
guidance is given as 1o what "compatible” and “consistent” mean. They also state that the
mcasmmenuofmennh using 150mm byIDmm cylinder are not interchangeable with

Accordin;loCuruq\ﬁlloeul".ﬂlﬂvsmtﬁoofmplﬁlivem;ﬂmﬂsom
by 300 mm 10 100 mm by 200 mm cylinders in their study was 0.90 regardiess of streagth
and test age. Cook'’ reporied approximately 5% higher comprpssive strength for 100 mm
by 200 mm cylinders compared to 150 mm by 300 mm cyfinders. Burg et al'’ reported
approximately 1% higher compressive streagth for 100 mm by 200 mm cylinders compared
0 150 mm by 300 mm cylinders. According 10 ACI 363R-84" and Lessard et a1, the
blocks for testing 100 mm by 200 mm cylinders and 150 mm by 300 mm cylindors as it is
discusacd in section 3.5.1. Lessard et al” reporied an average of 4% higher compressive
streagth for 100 mm by 200 mm cylinders compared 10 150 mm by 300 ram when 102 mee
and 152 mm diameter spherical seats were used for 100 mm by 200 mm and 150 mm by

M



300 mm respectively. Tﬁey reported an iver';jc of 20% higher mmmm give mglh for

spherical scat were u::d for bolh lOD mm by 300 mm md 15() mm hy 1:00 mm cyiind:n,
Baalbaki ctal'’ suggested the following equation bascd on their studies and those by Lessard
ctal®:

Se150=093f yoo + 1.1 (MPa) (3.6.1A4)

36.2 Test Results

The test results for LH, UH, UU, 83, and S4 series arc presented in Table 3.6.2.A.,
Additional tests currently underway for LU series will be presenied in Structural Engineering
Report No. 200. Themvalﬁsofuiemprﬁivemgmof l(l)mmby Mnmiird

mm to 100 mm byZil)rnm cylmdenmmﬂ] in T:b!g 3,,6?2!,& m;veng r,lljoof
the compressive strength of 150 mm by 300 mm to 100 mm by 200 mm cylinders is 0.95
with the samiple standard deviation (S, ,) of 0.035.
3.6.3 Discussion of Resuits

Different ratios of the compressive strength of 150 mm by 300 mm to 100 mm by 200
mm cylinders are reporied by different researchers. The size of the spherical scat of the
bearing block of the test machine, the stiffness of the test machine, and the quality of
consolidatimund‘fecnhismio m;ﬂmmnmmmmﬁmﬂ

shows l%orlcudiﬂ'm mnthenmpmiveﬁmgmol‘ l(!)mmbyzmmnd
150 mm 300 mm cylinders"’.

3.7 Modulus of Elasticity
37.1 Literature Review
The modulus of elasticity of concreie is one of the m

properties of concrete. MMMMQMMHM,M&&:
propesties of the coment pasic, the stiffness of the seloctod aggregates, and also the method
of determining the modulus®. Since most national standards express the modulus of clasticity
a8 a function of the compressive streagth detormined with compression tests, thess
expressions will only be correct if the most common mixture designs and materials are
selected. Cmmmmtwhiﬁm“nmaw
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and carcfully sclecied aggregstes. The influences of these characteristics on the modulus
of clasticity are considerable and the validity of well known expressions for the modulus of
elasticity must be re-examined.

Pauw'’ recommended the following equation for the modulus of elasticity of concrete

in 1960);
E =003 WS, 2.5MPa <f. <40 MPa (3.7.14)
W, = 1500 so0 2500 kg /m’

In which E_= the static modulus of clasticity of concreie (MPa); W, = air dry weight
of the concrete at time of test in kg/m®; £, = the cylinder compressive strength of concrete
at the time of test in MPa. Equation 3.7.1.A is the current ACI 318M-89"" equation for
modulus of elasticity of concrete which for normal density concrete reduces to:

E. = 47100\, (3.2.1.8)

ACI 363R-84’ recommends another cquation for E,, originally suggested by
Camrasquilio ct al'?, based on lest data from Pauw™, Kaar et al, Perenchio et al'’, and their

own data:
E, = 330(N[f’, +6900 21 MPa <f. <83 MPa (3.7.1.0)

According 10 Asselanis et al", the curing condition can affect the modulus of elasticity
of high performance concrete.  They reported significantly lower values for modulus of
elasticity of specimens with less than 7 days moist curing. Based on that study, they
considered that 7 days moist curing can be encugh and will make concrete sufficiently
impervious. Burg et al'’ reported slightly higher values of modulus of elasticity st the age
of 91 days for continuously moist cured specimens compared 10 specimens moist cured for
four woeks and then air dried st S0% R.H.. They also reporied an average of 3400 MPa
higher values (7 10 10 percomt higher) for modulus of elasticity of 100 mm by 200 mm
cylinders compared (o0 1 SOmm by 300 mm cylinders. This difference may be at least partially
due 10 test method, but falls withia the range of precision of ASTM C 469", In comtrast
with the study done by Burg et al'’, Baalbaki et al’ reported that the modulus of elasticity
measured using 100 mem by 200 men high performence concrete specimens were only 95%
of the rosults from 130 mm by 300 mm cylinders. The results of the study by Durg et al*’
suggest that suppicmentary cementitions materiels (like silica fums and fly ash) and chemical
admixtures can affect the modulus of clasticity of high performence concrete. Jerath ot ol ™
also reporied that supesplasticiaer can affect the modulus of elasticity of concrete. Previous



research works also suggest that the modulus of elasticity of high performance concrese wil)
increase with time®!! 121413133 According to Parrout™, increases in modulus of elasticity
with age for a given concreie depend mainly upon continued hydration of the cement and
the continued reduction of porosity of the cement paste in high performance concrete which
is very dense can be questionable. Hwee et al”’ reporicd approximately no increase in
modulus of elasticity of high strength concroic with time between 14 and 88 days in spiie
of an increase in the compressive strength in a study with a simulated field curing condition
of 7 days curing with wet burlap. Test data from these studics show lower rate of increase
of modulus of elasticity with time for high performance concreies containing supplementary
cementitious materials.

The coarse aggregaie used in making high performance concreie can have very
significant effect on the modulus of elasticity of high performance concreie™ '8 87 The
difference between the modulii of elasticity of high performance concretes with the same

coarse aggregaics, can be as high as 13000 MPa®. Parvou™ recommends the following
equation for modulus of elasticity of concrete:

Ey=C,+0.2f, 20MPa < f, <10 MPa (3.7.0.D)

In which E= 28 day modulus of clasticity, f= 28 day cube strength, and C, is a faceor
closcly relsted 10 the modulus of elasticity of the aggregate. He also recommends the
following equation for modulus of clasticity of concrese at age t days:

E, = Byy(0.4+0.6//f,) (3.2.1.E)
method of predicting the modulus of clasticity of concrese for two levels of imponance of
the modulus of clasticity: 3

- Level 11 The modulus of elasticity does not have a significant effoct on
application. He recommends a single value equal 10 30000 MPa for grades of concrote
betwoen 20 MPa and 60 MPa regardicss of other faciors.



-Group 1: Aggregates with low to medium values of elastic modulus (C,

ranges from 10000 MPx to 19000 MPa with the mean value of 15000

MPa)

-Oroup 3: Aggregaies with medium to high values of elastic modulus (C,

ranges from 20000 MPa (o 30000 MPa with the mean value of 25000
the UK.:

C, =04E, (3.7.1.F)

3.7.2 Test Resuits

ot the maximum stress, and the measured static modulus of elasticity and the Poisson's ratio
at 40% of the ultimate stress based on ASTM C 469-87a” are presented in Table 3.7.2,
E, = M2\f. SSMPa < f, < 125MPa (3.1.2)

study arc compared 0 the ACI 318M-89'"" equation, the ACT 363R-84" equation, the
CAN3-A23.3-M84™ oquation, and Equation (3.7.2) ia Figure 3.7.2. The ACI 318M-89"",
the AC1 363R-84’, snd the CAN3-A23.3-M84™ cquations significantly overestimae the
3.7.3 Discussion of the Results '

1. Curing regime

2




4. Specimen size

5. Age of concrete

Bascd on studies by Asselanis et al' and Burg et al*’, seven days moist curing can be
most high performance concreses and as a result their effoct is always present. On the other
hand, their effects are negligible compared 10 the magnitude of the effects of the other
parameters.  Based on results of the study by Burg ot al'’, concrese mixtures with
supplementary cementitious materials have higher modulus of elasticity at the age of 28
days but the rate of increase with time is less compared 10 the rate of increase of the
compressive strength. The overall effect is less than 3% on average and it can be assumod
negligible compared to effect of other parameters. The effect of specimen size can be +5%
as reported by Burg et al'’ or - 5% as reponed by Baalbaki et al’. The current ACT 363R-84’
recommended equation also based on test results with both sizes of cylinders and is besed
on fest results ot the ages of 28 and 53 days. Based on results of previous
studies®!! 1113237 e modulus of elasticity of high performance concrese increases with
time. Theuu:m@lunfmwﬂmmwm

Aﬁu&gmﬂﬂgd’hﬂghhnmmm&mmm
loads during construction than their design loads. Meanwhilo, bascd on & study with s ficld
lhuhﬂduh.coﬂﬁonnf?d:pmhgwhhﬁhhp.ﬂmeld"w

imately no increase in modulus of elasticity of high strongth concrete with time in

qﬂedumdﬁeWﬁwﬁ. As a rosult, i can be concluded that the
increase in the static modulus of clasticity at lste ages can not be usefisl from the standpoint
of crack or deflection control.

MﬂHGﬁHﬂmwﬂb-ﬁmmwu

modulus of elasticity™''****¥" have shown thet this effect cha be as high as 18000 MPa
(MM). Mnﬁ.kﬂdmwhm-hmm
references 9, 11, 12, 13, 14, 15, 16, 19, and 27. The criseria for selocting thess teet date are

mature concreee and as & result thess toat data are 0ot weed in this stady. Ouly dete

from tests done on specimens between the ages 28 10 36 days are waed.




2. Only tests done on specimens with at least 7 days moist curing are used.

3. Tests on both 100 mm by 200 mm and 130 mm by 300 mm cylinders are used

inmerchangably.

4. Test data include results from studies with and without supplementary cementitious

materials and different chemical admixtures.

S. Test data include results from studies with different kinds of coarse aggregate.

The data from this study appear to fall near the lower boundary of the data plotied.
ﬂmS?SAMM:HmM;ACIMCM-”"qM(Equ?lB)‘

of this study, and the following lines:
A. Line representing 70% of the ACI 318M-89"" equation predicied values.
B. Linc representing 115% of the ACI 363R-84" recommended oquation values.
C. Line representing 85% of the ACI 363R-84" recommended equation values.

Mwwmﬂurwmmmuwntww'mum
of the AC1 318M-89"" equation. Similar obscrvations can be made for lines represen
£15% of the AC1 363R-84' recommended equation. ho&swﬁ.ﬁenﬁcmﬁ
elasticity of high performance concrese falls in a band with the ACI 318M-89"" equation
and 70% of the AC1 318M-89"" equation prodicted values as limits. It can also be repressmied
by ACI 363R-84" recommended equation with a £15% tolerance.

Figure 3.7.3.B shows the same test data and also test deta from the same references
and this study, from tests on specimens older then 56 days. As it can be seen, there is an
increase in modulus of elasticity due 10 increasing age. These test data from older concrete
may be the rosson thet some rescarchers claim that the ACI 318M-89'7 equation
underestimates the static modulus of clasticity.

A semmary of information about the tost data used in Figure 3.7.3.A including the
wmummmamy.ymnw’qﬂu
predicied value, the ratio of measured 10 predicied static modulus of elasticity, the kind of
coarse aggregate, and the referonce are presenied in Appendix A, Table A-3.7.3.

As a result of this study, the following modified ACI 318M-99"" equation is proposed
for estimating the static modulus of clasticity of high performance concrete:

£ =400C, \f. SSMPe <f, <125 MPe a.13)




Where C,, is an empirical coarse aggregate coefficient. The recommended coarse
aggregate coefficients, based on current available test data, are shown in Table 3.7.3. It
should be mentioned that due 1o the low correlation between current available test data on
diabasc and sandstone coarsc aggregaics, care should be taken in using the curremt
recommended coarse aggregate coefficient for these kind of coarse aggregates. Figure
3.7.3.C shows the test data from Figure 3.7.3.A afier normalizing with coarse aggrogate
cocfficients. Figure 3.7.3.C also shows Equation 3.7.3 and as it can be seen the fluctuation
is in reasonable limits.

3.3 Polsson’s Ratio
3.8.1 Literature Review

Experimental data on values of Poisson’s ratio for high performance concrete are very
limited. Carrasquillo et al" reported values of Poisson’s ratio between 0.20 and 0.25 for
high performance concrete regardiess of the compressive strength and kind of coarse
aggregaie. Perenchio et al'® also reported values of Poisson’s ratio between 0.20 and 0.28
for high performance concrete regardiess of the compressive strength and kind of coarse
aggregate, but it seems that in their study the Poisson’s ratio tended 10 decrease with increase
of water 1o cement ratio for mixtures with the same kind of coarse aggregates. Based on
tests on high performance plain concrete columas, Ibrahim et al™ reponed Poisson's ratio
about 0.18 on average for 40% of the ultimale stress.

3.5.2 Test Results

Test results for LH, UH, and UU series including the compressive strongth, the sirain
at the maximum stress, and the measurod static modulus of elasticity and the Poisson’s ratio
st 40% of the ultimae stress based on ASTM C 469-87a" are presested in Table 3.7.2.
Additional tests currently underway for LU series will be presemted in Structural Enginosring
Report No. 200. The values of Poisson’s ratio for high performance concrotes used in this
stady maialy varies between 0.15 and 0.20. )

343 Discussion of Results

The values of Poisson’s ratio of high performance concretes ueod in this study mainly
range from 0.15 10 0.20 with an average of 0.17 and sample standard devistion (8,,) of
0.02S. Most repored values for Polsson's ratio of high performance concssts by other
rescarchers'?” are higher than this. Based on test results from the curvomt study and

reforonces 12 and 19 for high performance concretes with compressive strengths ranging
from SS MPa 10 125 MPa, the average value for the Poleson’s ratio is 0.20 with  sample
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standard deviation (S,.,) of 0.03. The siatic modulus of elasticity of high performance
concretes used in this study are low and also close to the lower bound of values for static
modulus of clasticity of high performance concreie. As a result, it scems that the high
performance concretes used in this study tend (o have high longitudinal deformation and
low lateral deformation compared 1o other studies.

3.9 Tensile Splitting Strongth
39.1 Literature Review

The tensile strength of concrete is neglected in computations of the flexural strength
of reinforced and prestreased concrete structures®'’® but in general, it is an important
characteristic for the development of cracking and therefore, for the prediction of
deformations and the durability of concrete. Other characteristics such as bond and
development length of reinforcement and the concrete contribution (o the shear and torsion
capacity are closely related to the tensile strength of concrete. The tensile strength penerally
increases with the compressive strength. The following equation is recommended by AC]
363R-84’ for the prediction of the tensile splitting strength f*, of normal weight concrese,
based on a study by Carrasquillo et al’:

[y=0NF, 21 MPa <f.<83 MPa (39.1)

This equation is based on moist cured specimens tesied at the ages of 7, 28, and 93
days. Burg et al'’ reponied that moist cured specimens have higher iensile splitting streagth
than air dry specimens. Their moist cured specimens tested at the age of 91 days, had tensile
splitting strength in the range from +10% 10 -10% of ACI 363R-84" recommended oquation
concrete in the range from 60% 10 75% of those predicied by the ACT 363R-84" equation.
He stated that he did not know the reasons for the difference.

39.2 Test Results )

The test results for LH, UH, UU, S), and S2 series are presented in Table 3.9.2.
Additional tests currently underway for LU series will be preseseed in Structural Enginoes
Report No. 200. The moist cured specimons were tested at the age of 56 days. Tigm
of the fit lime for the resuits of this study is as follows:

[v=0S6\f, SOMPa <f, < 100 MPa (392




3.9.3 Discussion of Results

Test results of this study. the study by Burget al'’, and the AC1 363R-84" recommended
equation are shown in Figure 3.9.3, As it can be acen from Figure 3.9.3, test results of this
study and the study by Burg et al"’ mainly are in the range of £10% of ACI 363R-84’
recommended equation. Bascd on results of this study and the study by Burg et al*’, the
validity of the equation recommended by ACI 363R-84" can be extended for high
performance concreles with or without supplementary cementitious materials with a
compressive strength up to 120 MPa at the age of 28 days.
3.10 Modulus of Rupture

The flexural «ensile sirength or the modulus of rupture is important in predicting
flexural cracking. The iensile strength generally increases with the compressive sirength.
The following equation is recommended by ACI 363R-84 for the prediction of the Mlexursl
icnsile strength or modulus of ruptuse, f°,. of normal weight concrete based on a study by
Carrasquillo et al'®:

I, =094\f, 21MPa <f. <83 MPa (3.10.1)

cight, and ninety five days. Burg et al'’ reporied that moist cured specimens have higher
flexural tensile strength or modulus of repture than air dry specimens. Their moist cured
specimens iested at the age of 91 days, had the modulus of ruptere in the range from +10%
10 -10% of ACI 363R-84" recommended equation predicied values. Eﬂﬂnud"ﬂﬁ
reporied values mainly falling in the range of £10% of the ACI 363R-84" recc
equation. mmwmfun@ﬂudmﬂmmﬂmhh
range from 70% 10 129% of values predicied by the ACI 363R -84’ recommeondod oquation.

3.10.2 Test Results )
Report No. 200. The moist cured ¢ ’?{fi:ﬁﬁgﬂdih.@ﬂssm mw
ﬂﬁ:fhﬂufm&iﬂhdﬂlﬂykﬁlﬂm

[, =09, OMPs < £, < 100 MPa 3.102)

43



Test results of this study, the study by Burg et al*’, the study by Ezeldin et al™, and
the ACI 363R-84" recommended equation arc shown in Figure 3.10.3. As it can be seen
from Figure 3.10.3, west results of this study. the study by Burg et al”’, and the study by
Ezeldin et al™ arc mainly in the range of £10% of ACI 363R-84" recommended equation.
Based on results of these studies, the validity of the equation recommended by ACI 363!-84’
can be extended for high performance concretes with or without supplen
mﬂeﬁﬂ;ﬂﬁnmmiﬂmmupmlﬁhﬁnuhmofﬁm
3.11 Conclusions
following conclusions can be drawn for the mechanical properties of high performance
cmapeeﬂlymﬂaﬂothmmmﬂnmmm

. For high performance concreies without silica fume, the ratio of compressive
mmmnagraemmwumﬁmwwmmz&&y
decreases, as the 28 day compressive strength of high perfor :

2 lnhmmﬂﬁ.hnﬂuﬁ?ﬁ;&ﬂ@mﬂemﬁm
0.85, 0.87, and 0.76 for 65 MPa 10 75 MPa, 95 MPa 10 105 MPs, 120 MPa concreies
and 28 days for the ultra high strength silica fume high performance concrete.

3. For high performance concretes without silica fume, the mix with Type 30 coment
develop higher compreasive strength than mix with Type 10 cement for the same mix design.

4, meuﬁm ’ dﬂﬂfmmm AC mhnﬁﬂﬁm

ﬁmdm

6. High performance concrese specimens tested with ball seat bearing blocks appear
10 have up 10 7 percent leas compressive strength than high performance concrese specimens
tested with standard spherical scat bearing blocks. The available data is not sufficient 0



7. The ratio of the compressive strength of moist cured 100 mm by 200 mm 0 150
mm by 300 mm high performance concrete cylinders used in this study, tesied using 2600
kN electro-hydraulic closed-loop rock mechanics test sysiem MTS 813 with a 102 mm
diameter spherical scat bearing block, is 0.95. This machine has an axial stiffness about six
times that of a 100 mm by 200 mm 80 MPa concrete cylinder.

8. Age of the high performance concrete, size of the test specimen, chemical
admixtures, supplementary cementitious materials, curing regime, and the kind of coarse
aggregate all can affect the static modulus of elasticity of high performance concretc. Among
these, the kind of coarse aggregate has the major effect. Most iest results in North America
for specimens tesied between ages of 28 days and 56 days fall in a band between 1.0 and
0.70 times the values predicied by the ACI 318M-89'" equation.

9. Equation 3.7.3 is proposed for estimating the static modulus of elasticity of high
performance concrete:

E.=4700C . SSMPa <f, < 125 MPa (3.1.3)

Where C,, is an empirical coarse aggregsic coefficient. The recomn coarse
ummeoemcienn.buednnmemnummgm::dmwnmﬁblﬂ?3 h
should be mentioned that due 10 low correlation between current available st data on
diabasc and sandstonc coarsc aggregaic, carc should be taken in using the curremt
recommended coarse aggregate coefficient for these kind of coarse aggregates.

10. The values of Poisson’s ratio of high performance concreses used in this study
range from 0.15 10 0.20 with an average of 0.17. Most reporied values for Poisson's ratio
of high performance concrese by other rescarchers'™ are higher than measured values in
this study. Bascd on test results from current study and references 12 and 19, &Bm
value for the Poisson's ratio is 0.20 for high performance concreies with the compres
strengths ranging from $S MPa 1w 125 MPa

11. The results of this study arc in complete agroemest with ACI 363R-84"
Based on resalts of the current study, the study by Burg et al'’, and the study by Exeldin ot
a®, umammwmm&‘mumrwﬁp
mnmﬁqulﬂm:hlpd‘zlm
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Table 3.2.2.A - Compressive Strength Gain with Time ( LH Series )

LHe |

Age LH2 (/e L) 9 fo/fecn
(Days) (MPa) | (LH2) | (MPa) | (LH4) | (LH2+LH4V2
1 240 0.47 Pu.s 0.48 0.47
3 1 37.5 0.73 39.7 # 0.78 0.75
7 438 0.85 434 0.8 0.85
28 s1.5° 1.00 51.0° F 1.00 1.00
$6 6.1 1.09 5.3 1.08 1.09
91 58.2 .13 56.9 1.12 112
147 58.3 1.13 55.4 1.09 1.11

* Afye = 05 MPa

Tabile 3.2.2.B - Compressive Strength Gaia with Time ( UH Series )

Age UH2 fo/len
(Days) (MPa) (UH2+UH4)2
F l 55.6 0.78
3 375 0.80
ﬁ:.v
r 7 62.1 0.87
-
28 8°
1 708 1.00
36 78.7 1.08
91 789 1.08
147 7.8 1.13 T 753 1.11

* Al = 1.6 MPa




Tabie 3.2.2.C - Compressive Strength Gain with Time ( UU Series )

(MP2) | wu2)

vu2 /e |

35.3 0.58

s

(UU2+UU4)2
- ———

66.9 0.70

0.7

147

* &

Table 3.3.2.A - Effect of Type of Cement on the Compressive Strength Gain
(LH Series )

= 43MPa

147




Table 3.3.2.B - Effect of Type of Cement on the Compressive Strength Gain
( UH Series )

Age UH2 (/e UH3 | (.
( Days ) (MPa) (UH2) (MPa) (UH3)
i 55.6 079 610 0.79
3 575 0.81 650 0.84
7 62.1 0.88 78 093
—_ - ——
28 708 1,00 7.0 1.00
——
$6 757

1.07 87.1

-
I 91 ) 8.9 }T L1 872

— -’ —
147 9.8 1.13 849"

** The compressive strength at the age of 273 days was 90.2 MPa

Table 3.3.2.C - Effect of Type of Cement on the Compressive Strength Gain
(UU Series )




Table 3.4.2.A - Effect of Drying on the Compressive Strength Gain ( LH Sevies )

Age LH4 LH4 LH4
( Days) Continuously Moist 3 Wecks Moist 7 Weeks Moist
1 24.5 . .
3 39.7 - JE .
7 434 . -
28 510 57.2 B .
— |
56 55.3 66.0 64.1
91 569 66.9 67.3
147 554 I 67.2 69.8

Table 3.4.2.B - Effect of Drying on the Compressive Strength Gain ( UH Series )

Age UH4 UH4 UH4
(Days ) Continuously Moist | 3 Weeks Moist 7 Wecks Moist
g
! $4.1 . .
e ——
3 8.2 . .
L | |
7 L 9.2 . i .
28 92 T 80.8 . i
6 7 Y 886 8.9
. i 3 :
9] 72.8 290 82.3
147 75.3 93.6 Jl 93.1




Table 3.4.2.C - Effect of Drying on the Compressive Strength Gain ( UU Series )

Age UU4 UU4
( Days ) Continuously Moist | 3 Weeks Moist

————————— - o

T T 11

———————

-




Concrete Bearing 7 - Compressive Strength ( MPa) - 7

Sedes | Bk |8 |

LH | Spherical Seat | 6.8 | 552 [ 539 | 542 [ 546 | 553 [ 1008

4974

3l



Size of

the Cylinder |

7175707,?!\!1\_

100 mm

150 mm

s42 | 350 | s64 | 515 | 547

 Comprsive Suength (MPe)
s [ s ] s

34.6

l UH
UH

120 |




Table 3.6.2.B - Comparison of 100 mm and 150 mm Cylinders

83 (7-day)

$3 (28-day)

$3 (56-day)

$3 (91-day)
S4 (28-day)

$4 (56-day)




Table 3.7.2 - Modulus of Elasticity and Poisson’s Ratio Test Results

Strain at Modulus of




Table 3.7.3 - Recommended Coarse Aggregate Cosflicients

Kind of Coarsc Aggregate |  Recommended €., L CoefMicient of Variation
[ Sandsion Graver 072 0.068
Siliceous Gravel™ 0.76 7
Limestone L 092 0.093
I Dolomite 1 092 [ 0.087
Quenziecs | 097 | 0083
Granite | 0.82 | om
_ Taprex | 0; | 0018 I
Disbase’ 0.90 0.119
I Sandsionc” 0.6l t 0143

+ Gravels with dominant sandsione rock.
¢ Poorly Corvelated, more documentation neoded.

¢¢ Limited available test data, more documentation noeded.



Table 3.9.2 - Tensile Spiitting Strength Test Resuits
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4. High Performance Concrete under
High Sustained Compressive Stresses

4.1 Introduction

compmnivems-nnin rel:zkmhlpofm mm;ofuunmalm
generally takes place in a more unfavorable manner. In fact, the load is applied relatively
quickly and is then held constant. Conventional concreic loaded at a late age to sustained
compressive stresses in excess of approximately 70 to 75 percent of the shon time monotonic
ultimate strength of concrete at the time of loading may fail under the sustained compressive
stresses afier a period of several minutes 10 several months. It means that the margin of
safety for a plain concrete determinaie structure may be less than what is assumed based on
short lerm monotonic ultimate compressive strength of concrete.
Numerous studies were done to investigate the sustained compressive strength of
conventional concrete in this century. These studies can be divided 10 three major groups:
a. Prediction of sustained compressive strength of concrete based on investigation
of characteristics of the short time monotonic compressive streng:.h tcst. n these
methods, the sustained compressive strength has boen predicied based on a study
microstructure, stress-strain curve characteristics, log streas - log strain curve
charactcristics, and ultrasonic velocity icsis on the apecimen. The study of the
mm;mymm&ﬂm.ﬁm“mu
short ierm experiments on specimens subjected 10 susipined compressive stresses.
In this method, specimens have been loaded for 3 short period under sustained
compressive siresses ranging from several hours to several days. T on, the long
specimons have beon subjectied 10 sustained compressive loads for periods ranging
from scveral months (0 scveral years. The long torm sustained comprensive




sirength of the long term true ultimate compressive sirength of concrete is defined
bascd on the level of stress as the percentage of the short term ultimate compressive
siress that a specimen can be subjecied 0 for a sustained period without failure.
Characicristic of siress, strain, and time relationships are used in establishing this.

Information about the behavior of high performance concrete under high sustained
compressive stresses is very limited. Stwdy on microcrack systems in concrete cylinders
indicates the sustained compressive strength of high performance concrete is in the order
of 90 percent of the short term monotonic strength st the age of loading. Sixty day sustained
strength of high performance concrete is in the order of 80 to 85 percent of the short term
monotonic strength at the age of loading.

A test program was carried out 1o study practical high performance concretes under
high sustaincd compressive sireases. The specimens were subjecied 1o long tcrm (3 months)
significant parameters were the level of sustained compressive stress as the percentage of
huﬁmﬁmmm&my&lmmﬂmpﬂﬁ&mhmm
nner Twmynpsfmmmmmmﬂmﬂmpm
uscd (0 comperce the performance of high performance concretes with and withowt silica

The results of LH, UH, and UU scrics arc presented in this Chapier. Additional sest
mndymyfwwwwbewuﬁBdhwme&
200. Liscrature review of previous studies is presented. A short report on the compres
streagth gain history of concreses weed and also the stress - mm&&
mmmynm m&mmnm

mmﬁmmhdhﬂmﬂmmgemqmaddmmm
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deformation caused by sustained load may have positive effect and may increase the
compressive strength of concreie. As reported by Smadi et al*? from other studies, the
increase of compreasive sirength of concrete can be due 10 closure of microcracks as the
results of autogenous healing, post compacting of concrete as the result of load, forced
hydration of cement as the result of pressure in possible free water in concrete, and an
increase in secondary bonding strength between gel particles of cement pasic because of 8
decrease in the inler-particle distances resulting from consolidation. It is belicved by
different rescarchers including Ngab et al*', Shah et al”, and stockl® that the compressive
strength of concrete may increase under sustained stresses which are less than the critical
sustained stress intensity. The overall effect depends on the sustained siress intensity. Al
high sustained strcsses above the critical intensity that can be considered as the safe long
positive effects and causes a decrease in the load carrying capacity of the concrese and leads
the specimen toward failure under sustained compressive stress. As reporicd by Smadi et
al*? from other studics, the reduction in strength under high sustained siresses shove critical
sustained stress intensity appears (o be dominated by crack propagation. Crack development
reaches such a stage that the crack sysiem is unsiable and the relcase of strain energy is
sufficient 1o make the cracks self propagating until complese disruption and failure of the
specimen.

Anton Brandizacg®' was the first rescarcher 10 notice the phenomenon of the critical
comgressive siress through volumetric strain studies in 1929. Accord’ 1§ 10 those studies,
the critical compressive stress was found 10 be 77 w 85 percent of the ultimaie compreasive
siress based on volumetric strain study. At this stress level the volumetric strain began 10
increase indicating internal microcrackis

mawybynmgu“whmgmmmmmmm
than the short term monotonic compressive streagth.  Theircexperimental study ot the
University of Illinois was on reinforced concrese columns under sustained compreasive
stresses with intensity ranging from 70 10 95 percent of the ultimaie. All reinforced concrete
be about 90 percemt of the ultimase.
strength. The specimen uader 91.8 percent failed in icss than 30 minuics snd the apocimen

|



under 90.3 percent failed in less than 7 hours. It is mentioned tha: for the third bawch of
concreie he susiained compressive strength was 83 percent but the author did not mention
the duration of the test.

According 10 Price and based on extrapolation of a 4 hour short term sustained
be around 70 percent of ihe short ierm monotonic ultimate strength,

Viest et al* studied conventional 150 mm by 150 mm by 3500 mm reinforced concrete
columns under long term sustained eccentric compressive stresses. The concrete grade
ranged from 10.8 MPa 0 39.2 MPa. Th. initial eccentricity was between 76 mm and 141
mm from iension rebars. The duration of wests were approximately 1.5 years. The specimens
were icsicd st different ages ranging from 28 days w0 9 months. The long term sustained
strength was 86.6 percent on average for moderate eccentricities and 93.3 percont on average
eccentrica "Ily loaded 'minfweedwm eoluiimwuﬂm '

Ruach® also summarized the studics at the Technical University of Munich. Based
on tcst specimens loaded at the age of 56 days for up 10 2 years, the long term susisined
under 80 percent of the ultimate failed in less then 7 days. If the sustained compressive
stress is taken as the average stress in the concrese compression zone at ultimate strongth
over the compreasive strength of concreie at the failure time, the sustained compressive
streagth of conventional concrese docreases as the eccentricity increases. The sustained
comy ,:;mﬁmmtmﬁﬁ?lwﬂﬂnhmﬁmiﬁtynm&ﬁe
scction increases from 0 10 0.10.

According w0 Sell” Mhﬂmuﬂmﬂudg?ﬁn“ﬂ
meﬂanymMm“wﬂnﬁqm
mwwdQMMnm@mﬁummnmm

ﬁmmmmwdﬁuﬁa Huqnﬁdfihaﬁu-“n?i



the section, he also concluded that the long term sustained compreasive strength could he

relatively independent of eccentricity. He also reporied transverae tension straina in excess
of 3500 microstrain under sustained concentric stresses.

In & 4 hour short term sustained losd study by Shah et al”® on conventional concrete,

ns mwmmm:mmedmnutmmvemofmm

wlghin?ﬂm”mmfﬂneuldmmnmmmh

Based on 2 660 day long term sustained load study on reinforced concreic beams by
Iyengar et al”, the true ultimate flexural sirength or the sustained flexural strength of the
reinforced concrete beams used in that experiment is about 75 percent of the ultimate flexural

Stock!™ reported the results of 1S years of study on concrete under sustained stresacs
that originally started by Professor H. Rilsch at the Technical University of Munich. He
reporied results for concreics with 28 day cylinder compressive strength up 1o S0 MPa.
Failures of specimens loaded to 70 w 75 percent of the ultimate short icrm strength arc
afier 70 days but specimens loaded at the age of 16 months had failurcs before 70 days. He
concluded that the long term sustained compressive sirength could be around 80 percont of
failures of 41 MPa concrete, loaded at the age of 56 days, under 64.3 percent of the ultimate.
He also reported transverse strain in excess of 3500 microstrain under sustained compreasive

According 10 Ngab et al’', while 39 MPa conventional concrese specimens, loaded st
the age of 30 days, failed under 63 percent of the ultimatc short icrm strength, 62 MPs high
during the 60 day sustained load period.

Smadi et al” studied three grade of concretes, loaded at the age of 28 days, under long
term sustained compressive conceatric stresses with a duration of 60 days. None of the four
20 10 23 MPa concrete specimens, loaded under 75 percemt of the ulimate, failed during
the 60 day loading period. Two of the four 35 10 40 MiPa concrete specimens, loaded under
specimons failed afier 49 days under sustaingd loads. Two of the four 60 10 70 MPa concrete

7



while the other two specimens failed afier 14 days under susuained loads. Meanwhile, none
of the four 6() to 70 MPa concrete specimens, loaded under 70 percent of the ultimate, failed
during the 60 day experiment. 1t should be mentioned that Smadi et al” did not test any
specimens under 75 percent of the ultimate for the 60 to 70 MPa concrete. Based on their
studies and those by Ngab et al*’, they concluded that the sustained compreasive concentric
strength of conventional and high strength concrete should be in neighborhood of 75 and

80 percent, respuctively.
4.3 Compressive Strength History of Concretes Used

The test results for LHI, UHI, and UU1 series are presented in Tables 4.3.A through
C. Additional tests currently underway for LU series will be presented in Structural
Engincering Report No. 200. The reponed results are the average compressive strength of
specimens tesied for each series. The compressive strenagth of individual specimens are
reporied in Appendix E, Tables E-4.3.A through C. All specimens were cured 3 weeks at
100% R.H. and then at 50% R.H.. The compressive strength gain as the percentage of the
28 day compressive strength is presented in the same tables and in Figure 4.3.A. Due to
stant of the study of these high performance concretes under sustained compressive stresses
at the age of 56 days, the compressive strength gain as the percentage of the 56 day
compressive strength is also presented in the same tables and in Figure 4.3.B.

4.4 Stress - Strain Behavior of Concretes Used

The test results for LH, UH, and UU series are presented in Figure 4.4.A. Additional

tests currently underway for LU series will be presented in Structural Engineering Report
No. 200. The strain results are based on data from electrical resistas.ce strain gages. Details
of cxperimental program are presented in section 2.6.6. Due 10 the behavior of the ball seat
bearing blocks and the nature of clectrical resistance strain gages, data about the descending
branches are aot available.

The relation between stress, as a percentage of the ultimate stress, and strain are
presented in Figures 4.4.B through D for LH, UH, and UU series, respectively. It is clear
that the ascending branch of stress - strain curves have a siceper slope and is more nearly

lincar over a greater range as the compressive streagth of concrete increascs. As can be
scen from Figures 4.4.B through 4.4.D, the stress - straia curves are deviated from straigit

line at about 63 10 70, 73 10 80, and sbove 83 percent of the witimate stress for LH, UH, and
UU series respectively. These can be comsidesed as the approximate start of unstable self
propagating crack development in the system. The average strain at the ultimaie stress is
grester for UH serics than for LH and UU series.
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4.5 High Performance Concrete under High Sustained Concentric Stresses
4.5.1 Test Results

4.5.1.1 General

The experimental results of the specimens tesied concentrically for LH, UH, and UU
series are presented in this section. Additional tests currently underway for LU series will
be presented in Structural Engineering Report No. 200. Each specimen is represented by
an abbreviation such as LHC75(70). The first two characters represent the concrele series
to which the specimen belongs (See Section 2.4). The third characier stands for concentric,
C. and eccentric, E, specimens. The first number represents the stress intensity or load
intensity on the specimen as a percent of the short time strength at the time of loading. The
possible next character distinguishes the specimens with the same intensity. If the specimen
is loaded at the age of 70 days instead of 56 days. the age appears in parcnthescs. The
compressive strength of monotonic concentric specimens tesied are presenied in Table
45.1.1.

The crecp strain is calculaicd by deducting the initial strain measurcd just aficr the
application of the load from the total strain. The shrinkage strain of specimens is neglocicd
in calculations. As reported by Smadi et al*? from other studics, superposition of shrinkage
and creep strains is not valid due to being from dependent phenomena. Mcanwhile the creep
strain is much larger than the shrinkage strain at high stress intensitics. Asaresult, neglecting
shrinkage strain does not affect the results significantly. The creep coeflicient is defined
as the ratio of calculated crecp strain over the initial strain. The specific creep is definod as
the ratio of creep strain over the stress on specimen.

4.5.1.2 LH Series Test Results

The experimental results for monotonic concentric lests are presenicd in Figures
B-4.3.A through H of Appendix B. The experimental results for sustained concentric tests
are presenicd in Figures 4.5.1.2.A through G. The stress is shown (right-hand scale) as the
ratio of the ultimaie strength of the specimen for monotonic specimens and as the ratio of
the average ultimaic stress of monotonic specimens for sustained specimens.  Stress,
longitudinal strain, and transverse strain arc shown as a function of time. The uitimate
compressive stress and the cross sectional area of the specimen are also presented in sach

figure.
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Specimens LHCYS and LHC90 were tested in MTS 815 test machine and the other
sustained specimens were tesied in the sustained load frames. Specimens LHC9S5 and LHC90
failed aftcr being under sustained concentric siresses of 95 and 90 percent of the ultimate
for 4 and 33 minutes respectively (See Figures 4.5.1.2.A and B). The specimens in the three
sustained concentric load frames were subjected (0 sustained concentric stresses of 85, 80,
and 75 percent of the ultimate at the age of 56 days. Specimens LHC8S, LHC80, and LHC75
fiibﬂ afier being undeuuminedmnﬁcmafis 80,and 75 pﬁaem of the uliinm’g

:gpecuvgly(SseFigm45_l_2Cthmu;hE) Dnslomlmomiemupeciminm
of three sustained concentric load frames within the first two weeks of loading, two additional
specimens were subjecied (o sustained concentric stresses of 75 and 70 percent of the ultimate
at the age of 70 days. Specimen LHC75(70) specimen also failed afier being under sustained
concentric stress of 75 percent of the ultimate for 13 days and 22 hours and 29 minutes (See
Figure 4.5.1.2.F). Specimen LHC?7((70) did not fail during the 3 month sustained load test
(See Figure 4.5.1.2.G). As can be seen, the transverse strains were generally less than 4500
microstrain until ncar the failures. This was not true for LHC75(70) and LHC70(70). An
examination of the specimens did not show vertical cracking.

For all susiained specimens, the total strain, the initial strain, the creep strain, the creep
coefficient, the specific creep, and time aficr loading are presented in Table 4.5.1.2 for the
time of failure or the end of the iest. The initial recovery is also presented in the same table
for those specimens which did not fail during the 3 month test.
4.5.1.3 UH Series Test Resuits

The experimental results for monotoaic concentric tests are presented in Figures
C-4.5.A through E of Appendix C. The experimental results for sustained concentric tests
arc presenied in Figures 4.5.1.3.A theongh F. The streas is shown (right-hand scale) as the
ﬂoﬂﬂenﬁmﬁﬂa@hdﬂe“fwmmmﬂuﬁeuﬁod
u.mummammtwmm Stress,
longitudinal strain, and transverse sirain are shown as a function of time. The ultimase
ummmthnmmm wm

&eulmtorlm mdlm:dﬁmm(hﬁpﬁﬁl&l;
and B). Specimen UHCSS was loaded 10 83 percent of the witimase stress for 11 days, 7

7



hours, and 33 minutes. Duc 10 a sudden oil pressure change in the other hydraulic testing
machine whicl. share the same hydraulic pump as the MTS 8185, the load on the specimen
increased and it failed under 94 percent of the ultimate stress afier 3 hours and 9 minutes at
the increased stress (See Figure 4.5.1.3.C). The total longitudinal strain was 6484 microstrain
when the stress intensity stanied to increase and 6759 microsirain at failure. The specimens
in the three sustained concentric load frames were subjected to sustained concentric stresses
of 80, 75. and 70 percent of the ultimate at the age of 36 days. Specimen UHCS0 failed
after being under sustained concentric stress of 80 percent of the ultimate for 19 days, 2
hours, and 40 minutes (See Figure 4.5.1.3.D). The specimens UHC?S$ and UHC?0 did not
fail during the 3 month sustained load test (See Figures 4.5.1.3.E and F). As can be acen,
the transversc sirains were generally less than 3500 microstrain until ncar the failures.
For all sustained specimens, the total strain, the initial sirain, the creep strain, the creep
éaefﬁeicm the :peeiﬁc cfeep and lime ifler lmdin; are pmemed in Tahk 4’ 5.1.3 fﬂr W

fnrtho:e:pecnmswhichd;dnﬂfmldunn;ﬂt3mm&hm
4.5.1.4 UU Series Test Results

The experimental results for monotonic concentric lests are presented in Figures
D-4.5.A through E of Appendix D. The experimental results for sustained concentric tests
are presenied in Figures 4.5.1.4.A through E. The stress is shown (right-hand scale) as the
ratio of the ultimate strength of the specimen for monotonic specimens and as the ratio of
the average ultimate stress of monotonic specimens for sustained specimens,  Stress,
longitudinal strain, and transverae strain are shown as a function of time. The ultimate
figure,
afier reaching the 95 percent of the ultimate stress (Sce Figure 4.5.1.4.A). Due to Nuctuation
compressive strength of the specimen. Specimen UUCY0 failed afier being under sustained
concentric stress of 90 percent of the ultimate for S howrs and 52 minwics (See Figwe
4.514!) Th:mhkﬂuumﬂmhﬂfwm%m
MMUWS&“[&MMESMMMH(&HMQQM
through E). As can be seen, the transverse strains were gencrally less than 1000 microstrain

n



For all sustained specimens, the total strain, the initial strain, the crecp strain, the creep

time of failure or the end of the test. The initial recovery is also preacnied in the same table
for those specimens which did not fail during the 3 month test.
4.5.2 Discussion of Results

The stress - strain relationships are summarized in Figurcs 4.5.2.A through C for LH,
UH, and UU concentric series respectively: and the sirain - log of time relationships are also
summarized in Figures 4,5.2.D through F for LH, UH. and UU conceniric acrics respectively.
Vertical marks (]) at the end of the curves indicate failure and arrows indicatc no failune,
consisted of three stages. The first stage is similar to the gencral creep behavior where the
strain rate is high after application of the load. The period under which the first stage takes
place increases as the stress intensity decreases. For no silica fume high strength concrese,
this period is longer as the compressive strength of concrese increases. For silica fume ulira
high strength concrete, the period of high creep strain is shorier than for both grades of high
strength concrete studied. The second siage is represenied by a slow or even constant sirain
rate. This stage exisied in all specimens iesied. In general, for the same stress indensity,
the length of stage two increases as the compreasive strength increascs. The major difference
between specimens which failed under sustained compressive stresaes and those which did
not is in the third stage. In this stage, the strain ratc increases sharply and lcads the specimen
to failure for those specimens under sustained stresses ahove the sustained compressive
strength. The length of the period during which the last stage takes place increases as the
stress intensity decreases. Itis sometimes difficult 10 observe the last stage at stress imonsitics
close o the ultimaic stress. The last stage is complesely different for thoae specimens which
represcnied by decrease in strain menrinﬁlhefwmkichmp of curvature of the strain
- log of time curves.
as the stress imensity decreases. For no silica fume high strength concrese, the total strain
increases as the compressive streagth of concrese increascs; but the total strain of silics fume

sustained compressive stress up 10 fallure increases as the stress intensity decreases and the
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compressive strength of high performance concrete increases. The initial strain recovery is
larger for the silica fume ultra high strength concrete than for both grades of high strength
concrete studied. 1t scems that the initial strain recovery is not sensitive to the compressive
strength of high strength concrete.

The results of concentric specimens tested in this study are summarized in Figure
4.5.2.G. Results are presented as stress intensity versus the short time ultimate compressive
strength at the time of loading. As can be seen from Figure 4.5.2.G, the highest stress
intensitics that the specimens did not fail during the three month sustained compressive
concentric study were 70, 75, and 85 percent of the uliimate short term compressive strength
for LH. UH, and UU series respectively. As can be seen from Figures 4.5.2.D through F,
in spite of the strain increase for those specimens that did not fail, their strain - log of time
curves have a convex curvature (in contrast with the concave curvature of those that failed).
In addition, the total strain, the creep strain, the creep coefficient, and the specific creep of
LHC70(70), UHC7S, and UUC85(70) specimens which did not fail are less than those values
for LHC75(70), UHCB80, and UUC90 specimens which did fail, respectively. As the result,
it can be suggested that the sustained compressive concentric sirength of concreie is 65 1o
75, 70 (o 80, and 80 to 90 percent of the short term ultimaie compress’ ve strength for 65
MPa 0735 MPa, 95 MPa to 10S MPa, and 120 MPs high performance concretes, respectively.
Mecanwhile, it can be suggesicd that the sustained compressive strength of high performance
concrete improves as the compressive streagth of concrese at the time of loading increases.

The long term sustained compressive strength of conventional plain concrete should
be in vicinity of 70 percent of the short term monotonic ultimate strength regardiess of
possible eccentricity and age at the time of loading®***'2  Based on a microcracking
study on high strength concrese subjected 10 short term loading, Carrasquillo et al** predict
that high strength concrete can be loaded to a higher stress - strength ratio without initiating
a scif propagating mechaniam leading 10 disruptive failure. In other words their study
indicates that the sustained strength of high strength concrese ig a higher percentage of the
short tcrm strength. Duc to the compatibility of the compressive strength of LH series at
the ages of 28 days and S6 days, the LH series results can be compared with some of the
previous studies.

Ssockl™ plotied two hundred and four failures of specimens under sustained loads as
the stress intonsity versus time regardices of cccentricity and whether there is a falluse undor
lower stress intenaity for the same batch. Based on a curve fitted 10 this data, he concluded
that the long term sustained compressive streagth should be around 50 percent of the short

term compressive strength regardiess of the compressive swength of concrete and the

”



possible eccentricity of load on the specimen. The presence of data for failures under higher
stress intensities than the minimum stress intensity failure is questionable for the regression
to establish such a curve fit. Mcanwhile, he reporied failures within 70 10 78, and 64 peroent
of the short term ultimate strength for 50 MPa and 40 MPa concretes respectively, As the
results, it can be concluded that the long term sustained strength of concrete should be in
vicinity of 65 to 75 percent of the ultimate.

The studics by Ngab et al*' and Smadi et al*? were done at Comell University with the
same facility and materials. Therefore, the results from both studics can be combined. Based
on the study by Ngab et a1*', the 39 MPa conventional concrete specimens failed under 65
percent of the ultimaic while based on the study by Smadi et al®?, the 20 10 25 MPs
conventional concrete specimens did not fail under 75 percent of the ultimate. As the resalt,
it can be concluded that the long term sustained compressive strength of conventional
concrete should be in vicinity of 65 to 75 percent of the short term ultimate strength, Based
on the study by Ngab et al*', the 62 MPa high strength concrete did not fail under 83 percent
of the ultimate, while based on the study by Smadi et al*?, two of the four 60 10 70 MPa high
strength concrete specimens failed under 80 percent of the ultimate. It should be mentioned
that Smadi et al* did not iest 60 1o 70 MPa concreic under 73 percent of the uliimate. As
the result, it can be concluded that the long term sustained compressive strength should be
in vicinity of 73 to 85 percent of the short ierm ultimate strength for the Lower bound of
High strength concrete.

The higher long term susiained compressive sirength of their high strength concrese
compared to the LH series can be due 10 usage of limestone coarse aggregatc which has a
much better performance in most aspects of concrele related (0 strain behavior; but the
following issues are questionable about both Ngab et al* and Smadi et al*? studies:

8. The sustained load frames used 10 study conventional and high strength concrese
were different (helical springs and spring losding sysiem with lever arm respectively).

b. The load frames used for conventional concrese had the fixed cad conditions while
end condition and as a result an undefined stress ficld on one end of cach apecimen.

d. The iests were carried out i the laboratory enviroament instead of S0% R.H. As
concrete can be higher in a drier eavironment afier a sufficient moist curing period.




e. The strain - log of time curve rcpresenting 80 percent stress intensity has a sharp
concave curvature. It implies possible failure at later ages.

f. The adequacy of the 60 day suswined load period can be questionable.
4.6 High Performance Concrete under High Sustained Eccentric Stresses
4.6.]1 Test Results

4.6.1.1 General

The experimental results of the specimens tested eccentrically for LH, UH, and UU
scrics are presented in this section. Additional tests currently underway for LU series will
be presented in Structural Engineering Report No. 200. Each specimen is represented by
an abbreviation such as LHES0(70). The first two characters represent the concrete series
to which the specimen belongs (See Section 2.4). The third characier stands for concentric,
C, and eccentric, E, specimens. The first number represents the stress intensity or load
intensity on the specimen as a percent of the short time strength at the time of loading. The
possible next character distinguishes the specimens with the same intensity. If the specimen
is loaded at the age of 70 days insicad of 56 days, the age appears in parentheses. The creep
strain and the creep coefficient are calculatcd as explained in section 4.5.1.1.

4.6.1.2 LH Series Test Results

The experimental results for monotonic eccentric iests are presented in Figures B-4.6.A
through H of Appendix B. Theexperimental results for sustained eccentric tests are presented
in Figures 4.6.1.2.A through F. The load is shown (right-hand scale) as the ratio of the
ultimate load of the specimen for monotonic specimens and as the ratio of the average
ultimate load of monotonic specimens, afier necessary adjustment for possible diameter
differences, for sustained specimens. Load, longitudinal strain in extreme fiber, and
longitudinal strain in the opposite side are shown as a function of time. The ultimate load
and the cross scctional area of the specimen are also presented In each figure,

Specimen LHE9S was tested in MTS 813 test machine and the other sustained
specimens were icsied in the sustained load frames. Spocimen LHE9S failed after being
wnder sustained eccentric stress of 95 percent of the witimase for 4 minues (See Figure
4.6.1.2.A). The specimens in the three sustained eccentric load frames were subjocied o
sustained eccentric stresses of 90, 8S, and 80 percest of the ultimate at the age of 56 days.
Specimen LHESO failed approximatcly 10 minutes afier loading. The data acquisition
sysicm was on manual control. As the result, there is no available strain data after end of
loading process (See Figure 4.6.1.2.B). Specimens LHESS, and LHES0 failed after being



under sustained eccentric stresses of 83 and 80 percent of the ultimate for 2 hours and 29
minutes and 15 days, 5 hours, and 21 minutes respectively (Sec Figures 4.6.1.2.C and D).
Due to failure of the tcst specimens in two of the three sustained eccentric load frames within
the first two wecks of loading, two additional specimens were subjected 10 sustained
eccentric siresses of 80 and 75 percent of the ultimate at the age of 70 days. Specimen
LHEB((70) specimen also failed after being under sustained eccentric stress of 80 percent
Of the ultimate for 7 days and 1 hour and 45 minutes (Sce Figure 4.6.1.2.E). The specimen
LHE75(70) did not fail during the 3 month sustained load test (Sec Figure 4.6.1.2.F). The
longitudinal strain in the opposite side was always in tension at failurc. As it can be scen,
the longitudinal strain in the opposite side was generally less than 1000 microstrain until
near the failure.

For sustained specimens that did not fail, the total strain, the initial strain, the croep
strain, the creep coefficient, the initial recovery, and time afier loading arc presenied in
Table 4.6.1 for the end of the test.

4.6.1.3 UH Series Test Results

The experimental results for monotonic eccentric tests are presented in Figures C-4.6.A
through E of Appendix C. The experimental results for sustained eccentric tests are presenied
in Figures 4.6.1.3.A through E. The load is shown (right-hand scale) as the ratio of the
ultimate load of the specimen for monotonic specimens and as the ratio of the average
ultimate load of monotonic specimens, afier noccssary adjustment for possible diameter
differences, for sustaincd specimens. Load, longitudinal strain in extreme fiber, and
longitudinal strain in the opposile side arc shown as a function of time. The ultimate load
and the cross scctional arca of the specimen are also presented in cach figure.

Specimens UHE9S and UHE90 were (esied in MTS 813 test machine and the other
sustained specimens were lesied in the sustained load frames. Specimens UHE9S and
mmfuudmm;mmmmmo!%mmmam
ultimate for 135 minutes and 9 hours and 43 minutes respectively (See Figures 4.6.1.3.A and
B). The specimens in the three sustained eccentric load frames were subjecied (0 sustained
eccentric stresses of 83, 80, and 75 percent of the ultimate at the age of 56 days. Specimen
UHESS failcd aficr being under sustained eccentric stresses of 83 percent of the witimate
for 19 days, 2 hours, and 47 minutcs (Sce Figure 4.6.1.3.C). Specimens UHESO and UHE?S
did not fail during the 3 month sustained load test (Sec Figure 4.6.1.3.D and E). As itcan
be seen, the longitudinal strain in the opposite side was gencrally less than 1000 microstrain
until near failure.



strain, &hc creep coc,fﬁcmnl.. lhc mmnl recovery, lﬂd time :ﬂer !oadmg arc prcsemgd in
Table 4.6.] for the end of the test.
4.6.1,4 UU Series Test Results

Theexperimental resulis for monotonic eccentric tests are presented in Figures D-4.6.A
through E of Appendix D. The experimental results for sustained eccentric tests are presented
in Figures 4.6.1.4.A through E. The load is shown as (right-hand scale) the ratio of the
ultimate ioad of the specimen for monotonic specimens and as the ratio of the average
ultimau: load of monotonic specimens, after necessary adjustment for possible diameter
differcnces, for sustained specimens. Load, longitudinal strain in extreme fiber, and
longitudinal strain in the opposite side are shown as a function of time. The ultimate Joad
and the cross sectional area of the specimen are also presented in each figure,

Specimens UUE9YS and UUESO were iesied in MTS 815 west machine and the other
sustained specimens were tesied in the sustained load frames. Specimens UUE9S and
UUE90 both failed afier being under sustained eccentric stresses of 93 and 90 percent of
the ultimate for 2 minutes (See Figures 4.6.1.4.A and B). The specimens in the three sustained
eccentric load frames were subjecied Lo sustained eccentric stresses of 83, 80, and 75 percent
of the ultimate at the age of 36 days. Specimens UUESS, UUESO0, and UUE7S did not fail
during the 3 month sustained load test (Sec Figures 4.6.1.4.C through E). As it can be seen,
the longitudinal strain in the opposite side was generally less than 1000 microstrain until
near failure.

Tablc 4.6.1 for the end of the iest.

crorL.H.UH Muuméﬁmﬁ;ely,ﬂhmﬂhgm hgat
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1o those for specimens iesicd under high sustained conceatric stresses. The third stage is



specimens which failed. the third stage is &-cvor e wie increascs sharply and
leads 10 crushing of the concrete in extreme &= «ide sonsion crack development
in the opposite side. Due to the sirain gesic . - cdsirdaation on the croas action,
and loss of partof the cross scction in both sde s. the specimen strll carries the load. However,
the higher percentage of the load on the =msming roes sction afier stress redistribution
leads the specimen toward failure. The stran drop m @ cxtreme fiber and sudden tension
strain increase in the opposite side supper - 3= ... discussion.

The results of eccentric specimens «w«t. . n dus study are summarized in Figure
4.6.2.G. Results are presenied as load intemwity versas the short time ultimate compressive
strength at the time of loading. As cam & soea from Figure 4.6.2,G. the highest load
intensitics that the specimens did not fail during the three month sustained compressive
eccentric study were 75, 80, and 85 percent of ihe ultimate short term compressive strength
for LH, UH, and UU series respectively. As can be scen from Figures 4.6.2.D through F,
in spite of the strain increase for those specimens that did not fail, their strain - log of time
curves have a convex curvature (in contrast with the concave curvature of those that failed).
As the result, it can be suggesicd that the sustained compressive sicength of high performance
concrete under small eccentricities is 70 to 80, 73 1o &5, and 80 to 90 percemt of the short
term ultimate compressive strength for 65 MPa 10 75 MPa, 95 MPa 10 105 MPa, and 120
MPa concretes, respectively.

Based on the results of current study, it can be sugpesied that moment gradient, or
eccentricity, slightly improves the sustained compressive strength of high performance
concrete. The long term sustained compressive strength of high performance concrese under
small eccentric loads was approximaiely S percent higher than under the concentric loads.

Based on a study of microcracking in conventional concrete, Sturman et al’ reponied
that the most highly strained arca is also the most highly cracked arca for the eccentric
specimen. [tis also reporied that even though the average strain in that arca is approximately
the same as the strain in the companion concentric specimen, the cracking in this arca is
only about half of the average cracking in the companion concenatric specimen.

Sturman et al’ reporied that st strains abowt 1700 microstrain, development of mortar
cracking is pronounced in the conceatric specimens, while its increase is more gradual in
the eccentric specimens. He also reporied that st strains above 1700 microstrain, theve is
more mortar cracking in the concentric specimens than in occentric specimens,




Meanwhile, Carrasquillo et al* reported that the behavior and failure of high sirength
concrele is governed by combined cracks (combination of bond and mortar cracks) with at
least two bond cracks and two mortar cracks, with bond cracks connected by at least one
mortar crack.

Bascd on results of studies by Sturman et al® and Carrasquillo et al*, it can be suggested
that less microcracking especially less mortar cracks in eccentric specimens compared to
concentric specimens as the result of moment gradient and less mortar cracks as the result
of the sironger pasic are the possible reasons for the higher sustained compressive strength
of high performance concrete under eccentric loads.

4.7 Conclusions

Bascd on results of the current study and previous studics mentioned in the literature,
the following conclusions can be drawn for high performance concrete under high sustained
compressive siresacs:
increases as the compressive strength of concrete increases. The long term sustained
compressive strength of high performance concrese is betweern 65 1o 75, 70 to 80, and 80
t0 90 percent of the short term ultimate strength for 65 MPa to 75 MPa, 95 MPa to 105 MPa,
and 120 MPa concretes, respectively.
performance concretc under eccentric loads at or near the Kem point was approximasely $

3. In specimens subjected 0 stress imensities above the sustained compressive
strength, the total strain st failure increases as the stress intensity decreases. For no silica
fume high strength high performance concretes, the toial strain ot failure increases as the
high strength high performance concrete is much less than that of no silica fume high strength

4. In specimens subjecied o stress imeasitics sbove the sustained compressive

imtenaity docreases.



S. The period under sustaincd compressive stresses until failure generally i ~creascs
as the stress intensity decrcascs. The period under sustained compressive stresses unul
failure generally increases as the compressive strength of high performance conerete
increases.

6. The initial strain recovery of silica fume ultra high strength high performance
concrete is higher than for no silica fume high strength high performance concrete.



Table 4.3.A - Compressive Strength History ( LH Serdes )

Age
( Days )

LHI
(MPa)

en

i

22.5

0.48

042

38.3

067

0.58

42.6

0.74

0.65

515

1.00

0.88

65.5

112

1.00

66.0

1.18

1.01

9.2

—

1.20

1.06

Table 4.3.B - Compressive Strength History ( UH Series )

_:q:‘

UHI
(MPa)

497

595

687

845




Table 4.3.C - Compressive Strength History ( UU Series )

7Age
( Days )

uui
(MPa)

(/e

rﬂ, rch

602

0.54

0.50

718

0.64

0.59

80.0

072

0.66

1114

1.00

092

1205

1.00

119.8

099

136.4

1.22

.Ilj




Tabie 4.5.1.2 - Summary of LH Concentric Series Strain Study

— —_— , ——
Total Initial Creep | Creep | Specific | Time Initial

Specimen | Strain Strain Strain | Coeff. | Creep Recovery
pmm/mm | umm/mm | umavimm LIO“IMP: Min. |pmm/mm

LHoos | 299 | 2793 206 | 0074 | 33 2 | -

TLHO9 | 4010 | 2335 | 1475 | 0ss2 | 250
LHCY0 , 2535 | 1478 _ 20
Luess | 4321 | 3170 | nsi loses] 207 | 26 .
| I | —_—

LHCS0 | s782 L(z'riss 3047 | 1114 | 547 | 4661 -

— + - . i . - :
LHC?7S 6698 1832 4866 2.656 99.1 47533 -
. —p S S - — e — | e

Lacrsaoy| 7303 | 2310 49934 2.161 | 1009 | 20069 ]
anm(m)l 6392 1374J| as18 | 2411 | 978 |120600] 1584

Table 4.5.1.3 - Summary of UH Concentric Series Strain Study




Tabie 4.5.1.4 - Summary of UU Concentric Series Strain Study

Total | mniial | Creep | Creep | Specific | Time | Initial

Specimen | Strain Strain Strain | Coefl. | Creep Recovery
umm/mm |pmm/mm | yUmm/mm 10MPa| Min. |umm/mm
UuC9s 3064 3064 0 0
uuc9o 3438 2919 519 0.178
J__
UUC8S(70)| 4106 2524 1582 | 0.627
m— e L.

UUCS0(70)] 4047 2357 1490 | 0.583

uucC?s 3750 2458 1992 | 0.526

Table 4.6.1 - Summary of Eccentric Series Extreme Fiber Strain Stady

Total Initial
Specimen Strain
umm/mm | ymm/mm

e

LHE75(70) T798 289

w
.

UHES0 1 8503 3140
UHE?S 7191 2899
UUESS l 117 3333
UUESO 3131 1 3229
UUE?S 4668 1 3048
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S. Summary, Conclusions, and Recommendations

5.1 Summery

The main objective of this study was to investigate high performance concrete under
high sustained compressive stresses. Four series of high performance concretes were tested
under high sustained compressive stresses. The specimens were subjected to sustained loads
for periods up to three months. The primary parameter was the compressive streagth of
high performance concrete. The other significant parameters were the stress intensity, the
moment gradient, and the presence of silica fume as supplementary cementitious material
and filler. High performance concretes with 56 day compressive strengths of 65 MPa to 75
MPa (without silica fume), 95 MPa to 105 MPa (with and without silica fume), and 120
MPa (with silica fume) were used. The experimental program was explained in Chapeer 2.
The load, longitudinal strain, transverse strain, and time until failure were measured. The
liserature review, test results, and discussion of results were presented in Chapeer 4. The
stress - strain and strain - log of time relationships were studied. The sustained compressive
strength of high performance concrete was established.

A supplcmentary iest program was carried out on the same four series of high
performance concretes 1o study their mechanical properties. This experimental program
included the study of following objectives:

1. Compressive strength gain with time.

2. Effect of type of cement on compressive strength.

3. Effect of drying on compressive strength.

4. Effect of the bearing blocks of the testing machine on the compressive streagth.
5. Effect of the size of specimen on the compressive strength.

6. Modulus of elasticity.

7. Poisson’s ratio. *

8. Tensile splitting strength.
9. Modulus of repture.

The experimental program of the supplementary study was presented in Chapter 2.
For each objective of the supplementary study, the literature review, test results, and
discussion of results were presented in Chapter 3. A modification of the ACT 318M equation
for the modulus of clasticity of normal weight high performance concrete was recomemended.
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$.2 General Conclusions

Based on results of the current study and previous studies mentioned in literature, the
following conclusions can be drawn for high performance concrete especially for those used
in the current study:

5.2.1 Mechanical Properties of High Performance Concrete

The following conclusions are drawn based on the study of mechanical properties of
high performance concrete:

1. For high performance concretes without silica fume, the ratio of compressive
strength gain before 28-day increases, and the ratio of compressive strength gain afier 28-day
decreases, as the 28 day compressive strength of high performance concrete increases.

2. In the tests reported here, the ratio of 7 day (o0 28 day compressive strengths were
0.85, 0.87, and 0.76 for 65 MPa to 7S MPa, 95 MPa to 105 MPa, 120 MPa concretes
respectively. These ratios suggest that a significant strength gain happens between 7 days
and 28 days for the ultra high strength silica fume high performance concrete.

3. For higl performance concretes without silics fume, the mix with Type 30 cement
develop higher compressive strength than mix with Type 10 cement for the same mix design.

4. For ultra high strength silica fume high performance concreie, the mix with Type
30 cement developed lower compressive strength than mixture with Type 10 cement for the
same mix design. but for the mix with Type 30 cement, the strength gain with time continues
in presence of water.

S. Drying afier moist curing increases the compressive strength gain of high
performance concrete. It can be concluded that 3-week is a suitable and sufficient moist
curing period.

6. High performance concrete specimens tested with ball seat bearing blocks appear
to have up to 7 percent less compressive strength than high performance concrete spocimens
sested with standard spherical scat bearing blocks. The availabic data is not sufficiemt 10
present a general conclusion.

7. The ratio of the compressive strength of moist cured 100 mm by 200 me o 130
mm by 300 mm high performance concrete cylinders wsed in this study, tesied using 2600
kN electro-hydraulic closed-loop rock mechanics test system MTS 813 with a 102 mm
diameter spherical seat beariag block, is 0.95. This machine has an axial stiffncss sbout six
times that of a 100 mm by 200 mm 80 MPa concrese cylinder.
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8. Age of the high performance concrete, size of the test specimen, chemical
admixtures, supplementary cementitious materials, curing regime, and the kind of coarse
aggregase all can affect the static modulus of elasticity of high performance concrete. Among
these, the kind of coarse aggregaie has the major effect. Most iest results in North America
for specimens esicd between ages of 28 days and 56 days fall in a band betwoen 1.0 and
0.70 times the values predicied by the ACI 318M-89"" equation.

9. Equation 3.7.3 is proposed for estimating the static modulus of elasticity of high

performance concrete:
E =4100C S, $S MPa <f, <123 MPa (3.1.3)

Where C,, is an empirical coarse aggregate coefficient. The recommended coarse
aggregaic coefficients, based on the curvent available test data, are shown in Table 3.7.3. It
should hc mentioned that due 10 low correlation between current available test deta on
dishasc and sandsionc coerse aggregate, care should be taken in wsing the current
recommended coarse aggregaie coefficient for these kind of coanse aggregates.

10. The values of Poisson's ratio of high performance concrees used in this study
range from 0.15 10 0.20 with an average of 0.17. Most reponed values for Polsson’s ratio
of high performance concrete by other rescarchers'“" are higher than messured valuss in
this study. Basod on et resuits from curvent study and references 12 and 19, the average
value for the Poisson’s ratio is 0.20 for high performance concretes with the compressive
streagths ranging from 35 MPa w0 12S MPa.

11, The results of this study are in complete agreement with ACT 363R-34’
recommended equation for estimating the tensile splitting streagth and modulus of reptese.
Bascd on results of the cursrent study, the study by Burg et al”’, and the study by Escidin et
al™, the validity of equations recommended by ACT 363R-34" can be extonded for high
performance concretes with or without supplomentary comentitions materials and with the
compressive streagth wp 0 120 MPa st theago of 28 days. °

$2.3 High Porformance Concrete under High Sustained Comprensive Stremses

The foliowing conclusions are also drawn based on the study of high performance
concrote under high sustained compressive stressss:

1. The long term sustained compressive stength of high performance concrets
increascs as the comprossive stsength of concests incesases. The long term susteined

compressive strength of high performance concests is betwesa €S 10 73, 70 10 80, and 80
%0 90 pescent of the short term uhimate strengsh for 65 MPa 10 75 MiPa, 95 MPa 10 105 MPs,

and 120 MPa concretes, respectively.
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2. Small eccentricities slightly improve the long term sustained compressive strength

3. In specimens subjected 1o stress intensities above the sustained compreasive
strength, the total strain at failure increases as the streas intensity decreases. For no silica
fume high strength high performance concretes, the total strain at failure increases as the
compressive strength of concrete increases. The towl strain at failure of silica fume ulta
high strength high performance concrese s much less than that of no silica fume high streagth

4. In specimens subjected o stress intensities above the sustained compressive
strength, the creep strain, the creep coefficient, and the specific crecp increase as the stress
as the stress intensity decreases. The period under sustained compressive stresses wntll
failure generally increases as the compressive strength of high performance concrese

6. The initial strain recovery of silica fume uitra high strength high performance
wlﬁfﬁ&amﬂﬂ

mﬁwmdﬂmhsdﬁemw ‘fi:-ﬁiiunh
mﬁﬂwﬁgkmmﬂﬂhﬁmﬁywﬂﬁm
m&mﬁﬂimtgﬂﬁkﬂmw An identical experim
mhMMthﬁihhﬂ'ﬂlﬂ
coarse aggregate like dolomiee or trap rock.

2. More studies on the efiect of the bearing dlocks of the icsting maching on the

1 Mm-ﬁmh-ﬂﬂ“ﬁqﬂhhnsmhdm
with 28 day comprossive sreagth of 10 1o 130 MPs is recommended with different kind of




coarsc aggregaies from all around the North America. Such a study can exiend the range
of validity of the reccommended modified ACI 318M equation for modulus of elasticity and
4. Analytical and experimental study on high performance concresc members and also

establish the true capacity of these members and the effect of load transfer from concrese
to sieel on the likelihood of failure of the concrete under high sustained stresses.
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Appendix A - Test Results weed in Modulus of Elasticity Stady

Table A-3.7.3 - Specified Modulus of Elasticity Test Results

—w7 ir R _

L] B | Eocusme | Kindof | By
Re.# | (MPa) | (MPY) (MPs) | Coarse Aggrogate | Ecuns
(ACI 318M-89)
_ _ " . — - '777 ﬁ;i I I e —
UofA*| 643 | 29446 37688 | SandsioneGravel | 0.78




Table A-3.7.3 - Continued

L E ttvanren E.carviann Kind of —
Ref.# | (MPa) | (MPa) (MPa) . Coarse Aggregate | £, curvinn
1 # (ACI 318M-89) ] ]

ol | Sandstone Oravel 0.66

Siliceous Gravel 0.78

0.78

0.86

0.94

0.90

0.52

0.83

1.04
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Table A-3.7.3 - Continued

I, AP E . cucsiawnr Kind of E e ttoanrot’
Re.# | (MPs) | (MP2) (MPa) Coarse Aggregate | Ecoruan
(ACI :“.M.”LL 1
19 65.4 33232 38009 Limestone 0.87
# ﬁ —— —
19 6S.1 34749 3122 Limestone 092




Table A-3.7.3 - Continmed
A S TR ™
Ref.# | (MPa) | (MPa) (MPs) Coarsc Aggregsie | E.couan
(ACI 318M-89)°
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Table A-3.7.3 - Continued

f. E. ttoaserva) E.ccarsiannr Kind of Ectrared
Ref.# | (MPa) | (MPa) (MPa) Coarse Aggregaie | E, cacsiarn)
(ACI 318M-89)°
% 1~
9 JT 101.0 24000 JT 47234 JF Sandsione
9 1 102.3 31400 47537 Sandstone
.
9 98.1 26100 46331 Sandstone 0.56
I_O__I 96.1 l 32300 lL 46074 Sandstonc N

+ Data from the current study.

s E =410,



Appendix B. LH Series Monotonic Test Results

The experimental results for short term monotonic concentric tesis are presented in
Figures B-4.5.A through H of this Appendix. The details of experimental results for sustained
concentric tests and also the discussion of results are presented in sections 4.5.1.2and 4.5.2.

The experimental results for short term monotonic eccentric tests are presemed in
Figures B-4.6.A through H of this Appendix. The details of experimental results forsustained
eccentric iests and also the discussion of results are presenied in sections 4.6.1.2 and 4.6.2.
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Appendix C, UH Series Monotonic Test Results

The experimental results for short term monotonic concentric tests are presented in
Figures C-4.5.A through E of this Appendix. The details of experimental results for sustained
concentric tests and also the discussion of results are presented in sections 4.5.1.3and 4.5.2.

The experimental results for short term monotonic eccentric wsts are presented in
FiguresC-4.6.A through E of this Appendix. The details of experimental results for sustained
eccentric tests and also the discussion of results are prescnted in sections 4.6.1.3 and 4,62,
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Appendix D. UU Series Monotonic Test Results

The experimental results for short term monotonic concentric tests are presented in
Figurcs D-4.5.A through E of this Appendix. The details of experimental results for sustained
concentric tests and also the discussion of results are presented in sections 4.5.1.4 and 4.5.2.

The experimental results for short term monotonic eccentric tests are presented in
Figures D-4.6.A through E of this Appendix. The details of experimental results for sustained
eccentric tcsts and also the discussion of results are presented in sections 4.6.1.4 and 4.6.2.
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Appendix E. Detalls of Concrete Cylinder Tests

The details of concrete cylinder tests are presented in Tables E-1.2.2.A through C,
E-3.3.2.A through C, E-3.4.2.A through C, and E-4.3.A through C for those test results
reporied in sections 3.2.2, 3.3.2, 3.4.2, and 4.3 respectively. The reported results in this
Appendix are the compressive strength of individual specimens tesied.






Table E-3.2.2.B - Compressive Strength Gain with Time ( UH Series )




Table E-3.2.2.C - Compressive Strength Gain with Time ( UU Series )




Table E-3.3.2.A - Effect of Type of Coment on the Compressive Strength Gain
( LH Series )
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Table E-3.3.2.C - Effect of Type of Cement on the Compressive Strength Galn
(UU Series )




Table E-3.4.2.A - Effect of Drying on the Compressive Strength Gain ( LH4 Series )




Table E-3.4.2.B - Effect of Drying on the Compressive Strength Gain ( UH4 Series )
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Table E-4.3.A - Compressive Strength History ( LH1 Series )




Table E-4.3.8 - Compressive Strength History ( UH1 Series )
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