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Abstract: This paper presents a comparative analysis of the results obitaistaticmodulusof elasticitytests

of plain concretecylindrical specimens. The purpose of this study is to identify and evaluate the inflofence
severalfactors involved in modulus of elasticityests such as the strain measurendmtice used(dial
indicators electrcal surface bonded strain gages, externally fixed strain gages and linear variation displacement
transducer LVDT), the type of concrete (Class C30 and Class C60) and cylindrical specimen size (100 mm X
200 mm and 150 mm x 300 mm). The modulus tests damne in two different laboratories in the Goiania, GO
region and were pfrmed according tacode ABNT NBR 8522:2008,which describes the iti@l tangent
modulustest characteried by strains measured at tension valugs®MPa and 30% dhe ultimatdoad.One
hundred and sixty specimens were tested with statistically satisfactory risuits.concluded that the type of
strainmeasuremendevicegreatlyinfluenced the modulus of elasticitgsults Tests in specimens00 mm x

200 mmshowedhigheststatisticalvariation

Keyword:Concrete; Specimen Size; Measurement; Moduligasticity.

l. INTRODUCTION

The use of the modulus of elasticity is frequently related to displacement and deflection calculations in
the design phase of a reinforced concettacture. The structural engineer specifies a value for the modulus of
elasticityof the concretevhich he uses in his calculations to satisfy serviceability limit states. This value for the
modulus of elasticity will be later verified during the condtiarc phase by theonstruction engineer or the
concrete contractor. An incorrect verification of the modulus of elasticity can have serious consequences for the
structural design, for example, excessive deflections not foreseen during the design phase.

Sever al factors can influence fetldsteity {840,1d4]lesuctods t he ¢
concrete compressive strength, concrete specimen casting process, loading and unloading speed of the testing
apparatus, mortar content, typestfainmeasuement device, aggregate type aside testing machine operator,
concrete specimesize This research had the objective to study and evaluate the influence of some of these
variables on thetaticmodulus of elasticity: influence of measurentdevice (lial or digital indicator, surface
mounted strain gagesxternally fixed strain gages atip gages, linear variableiftérential transformeri
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LVDT), concrete type (Class C30 and Class C60) and cylindrical specimen size (100 mm x 200 mm e 150 mm X
300 mm). Tets were conducted in two different concrete laboratories in the Goiania, GO region.

The modulus of elasticity can be defined as a relation between the applied stress and the measured
strain belowyield stress According to code ABNT NBR8522:2008 [3], tlstatic modulus of elasticity for a
concrete loaded in axial compression is determined by the inclination of thessta@ssurve obtained in
testing cylindrical concrete specimen$he specimen is subjected to incrementally increasing loads and the
stran is measured at each load increment. The types of modulus of elasticity are related to different loading
stages and should be chosen based on the purpose of the test. Figure 1 shows the different types of static
modulus of elasticity in concrete subjette compression.

Briefly, the moduli of elasticity are:

1 Initial tangent modulus: is given by the inclination of a tangent line at the origin of the-stedss
diagram.It is used to characterize concrete deflectiongegtlow stresses.

I Tangent moduwls at a given stress: is the inclination of a tangent line of the-strags diagram at any
given stress. It is used to simulate the structure to loading or unloading at different loading stages. Loading
and unloading can bepplicable, for example, wheanumerical structal analysis is needed due to large
accidental loads.

1 Secant modulus: is given by the inclinationacgfecant line obtained betweanytwo points in the stress
strain diagram. Frequently the points chosen correspoadtiess of ®GMPa anda stress at 50% of the
ultimate stress. In this case, it simulates the structure during its initial loading stage when permanent loads
prevail. The Brazilian Code for Design and Execution of Reinforced Concrete Constructions ABNT NBR
6118:2003 [4]proposes a value for the secant modasi85% of the initial tangent modulus. The secant
modulus is frequently used Byructuralengineersn design

In this work, the initial tangent modulus of elasticity was determined. It was done according to code

ABNT NBR 8522:20083] which prescribesin this case, concretstrains at stress levels 06MPa and 30%

of ultimate stressThis codeprescribesan initial stress of 8.MPa,and not a zero value, minimizethe effect

of specimenimperfections, testingnachine variability and theccommodatiorprocess of the top and bottom

plates of the testing machingnce these factors can generaténitial disturbance in the strestrain diagram

near zero stress.

The value of the initial tangent modulus ofstleity, E, is given by the equation below:

Eq= T G/ (GT Q) (Equation 1)

where:

U, is thehigher stress and it is equal@@ of the rupture stress

U, is the basic stress and is equad ®MPa;

() is the average strain of the speemunder the higher stress
(Lis the average strain of the specimen under the basic stress;

Contrary to strain measurements in steel rebars, strain measurements in concrete are much harder to
obtain In steel, strain measuring devices known as straiegyage widely used and give good quality and
reliable results. But in concrete, the same does not happen and several researchers [6,7,8,9] and laboratories in
Brazil and worldwide have search for other alternatives to obtain reliable strain measuresssvitafistical
variability. Among these alternatives for measuring strains in concrete, the present research work verified the
use of four different measuring dees [15,16]:dial indicator, surfacdbondedstrain gagesexternally fixed
strain gages atlip gages, linear variable differential transforrndtVDT.

The digital or dial indicator is a mechaniecakasuringdevice where a small piston moves indicating
the measurement. Both the strain gage and the clip gage work based on the same principesfittihe
electrical resistance of a coil dig the deformation of the body to which they are attached. The difference is
that the strain gage mnded(glued)to the body surface and the clip gage is mechanitiaby to the surface
through claws, pnitting their reuse. The strain gage is disposable after the test. The linear variable differential
transformeiis better knowrby its acronym LVDT and its an electremagneticdisplacement transducdfigure
2 shows photos of these 4 measuring devices.

As far as loading speed, cOABNT NBR 8522:2008 [3kpecifies a loading speed for the modulus of
elasticity test af0.45+015) MPa/s The laboratory where the test is undertaken chooses the loading speed. In
the research, the loading speed usedGMadPa/s at both labs.

1. EXPERIMENTAL PROGRAM
Considering theharacteristicef the interlaboratgrprogram, three variables were considered:
1 Type of conventional concrefelassC30 andclass C60);
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1 Type of strain measurement devigial gages, strain gagedip gages andirtear variationdisplacement
transducer LVDT);
1 Cylindrical specimen dimensions00mm x 200 mm and50 mm x 300 mm

Tests with the dial gages asttain gages were done at Carlos Campos Laboratories and tests with clip
gages and LVDTswvere done afFurnasCentrais Elétricakaboratorieslt was not possible to conduct all tests at
the same laboratory due to physical and operational constraints (equipment, operating hours, operator
availability, storage) of the two laboratories involvediahe quantity of specimens to be tested.

The loading stages known as Metodology A in cdd®NT NBR 8522:2008 [3]was used for the
modulus of elasticity tests. Cycles of loading and unloading were done. According to Figure 3, strain
measurements were takat stress levels @50 MPa and 30% of the rupture stress (knowh)aand the initial
tangent modulus was calculated according to Equation 1.

Conventional concrete Cla€30andClass C60vere usedThese were cast in concrete mixers with a
maximum capacity of 450 liters using Portland cement Type V ARI (high initial strength) fabricated by
CIMPOR. Silica fume, superplasticizers and polyfunctional additives were also used in the concrete mix. The
properties of thedditives and admixtures used arespreed in Table 1. The mix proportions are presented in
Tables 2 and 3. All specimens were cast at Carlos Campos Laboratories

Ten cylindrical specimens were cast for compressive strength tests for each type of concrete (class C30
and C60), for each speoam dimension (100 mm x 200 mm e 150 mm x 300 mm) and for each laboratory, for a
total of 80 specimens. These tests were done in the two laboratories (40 specimens tested in each laboratory) at
28 days after casting. The compressive strength test is npedetb the modulus tests so the value of 30% of
rupture stress can be calculateduse in the modulus tests aimdEquation 1. The rupture stress was calculated
as the average of the rupture stresdebe 10 specimens.

Ten cylindrical specimens webpast for the modulus of elasticity tests for each measurement device (4
different devices), for each type of concrete (class C30 and C60), and for each specimen dimension (100 mm X
200 mm e 150 mm x 300 mm), for a total of 160 (10x4x2x2) specinf@sssusing the dial indicators and
strain gages were done simultaneously on the same concrete specimen, so not all specimens cast were used. This
was possible, since, during the test, the analogical readings from the dial indicatoobtagredvisually by
the operatorand the strain gage readings wdigital andobtainedusing a microcomputer.

All tests were done 28 days after casting. The modulus test is hondestructive and the same specimen
was then taken to rupture to obtain its compressive strengthofijbetive of testing the same specimen for
compressive strength after the modulus test is to verify the homogeneity of the concrete and to allow statistical
control. However, these compressive strength results were not used in Equation 1. The valwesraised
obtained in the compressive strength tests mentioned earlier.

Specimens were cast and stored according to provisions irA&WdE NBR 5738:2008 [1]following
guidelines in cod@BNT NBR 5739:2007 [2].To reduce the influence of specimen humidityea4 hours
after casting, the specimens were identified and stored in water tanks for 28ftythis, the specimens were
removed from the storage tanks and stored at room temperature and humidity. Sulfur capping was used in all
specimens.

The specirans were grouped in packages of 10 specimens and were randomized before the modulus of
elasticity tests. Randomization was done to allow minimization of certain variables effects that could not or
were not considered in the experiment such as: castimgg®0aggregate distribution in the concrete, testing
device setup, among others. Also, if any dependeneghanism existbetween subsequent experimental
results, theandomizations of the tests alldhis dependency to be diluted among all studied situsitthus not
favoring a certain situation over another.

®
Statistical analysis of variance technique (ANOVA) was applied usiftgvare Statsoft Statistica ,7
for concreé ClassC30and forconcree Class C60specimensseparately and togethéfhe testmethodology
consists in the application of Fisherds Test. This a
be statistically significant.

. PRESENTATIONS AND DISCUSSION OF RESULTS

In order to verify the homogeneity of the concretedughe compressive strength results of the
specimens taken to rupture right after the modulus of elasticity tests were first analyzed. These compressive
strength results were analyzed by statistical methods in order to identify possible variancessoftthare to
verify the normal distribution (histogram) of the results. Figures 4 and 5 show the histograms of these
compressive strength results for concrete classes C30 and C60, respectively. Concrete C30 shovagkan ave
compressive strength of IJPawith a coefficient of variation of 10% and concrete C60 showed aragwe
compressive strength of @.MPa with a coefficient of variation of 11%. The comparison between the
histograms and the normal distribution curve was analyzed by the Kolme8oriomov e Quisquare methods.
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From a statistical point of view, a value of 10% is an acceptable level for variability for a measuring process.

Table 4 presents the averages, standard deviations and coefficients of variation of the results obtained
in all of the situations studied with a 95% confidence interval from the average for the modulus of elasticity
property. A statistical analysis of variance (ANOVA) was done with the modulus of elasticity results to
determine the statistically significant factors wi95% confidence level. Some values were removed, since
they did not fit the confidence interval and they waiminatedby the Chauvenet criteria.

Table 4 shows that the measuring devices that presented the smallest dispersions were the strain gages
andthe clip gages since the total coefficients ofiation of these devices were 11.0% andi%4d. respectively,
and the total coefficients of variation of the diadiicators and the LVDTs were 16.1% and2¥8, respectively.

Table 4 also shows that the sjpeens with 2100 mm x 200 mm dimensions presented higher dispersion
of results, because their totedefficient of variation was 24% and the total coefficient of variation of the
specimens with 150 mm x 300 ndimensions was 18%.

Since ANOVA revealed thahe specimen size, type of measuring device and type of concrete were
statistically significant,grouping homogeneous averages by the Duncan chetlas done to observe the
differences and similarities of the results obtained.

This method demonstratedaththe two specimen sizes influenced the values of the modulus of
elasticity of the concrete because the average of the modulus for specimens 100 mm x 200L60mmang
300 mmwere24.4 GPa e 28.GPa, respectively. That is, the specimens 150mm x 300mdnauh average 7%
higher than the average obtained for specimens 100mm x 200 mm.

The Duncan method also demonstrated that the strain gages presented results similatialo the
indicators since their averages for the modulus tests &€& GPa e 26 GPayrespectively, and the averages
for the clip gages and the LVDTs wet6.3 GPa e 18.GPa respectively.

For 100mm x 200 mm specimens, modulus results (see Figure 6) obtainedstuginggages had
averages of 28. GPa and 36 GPa and their respective ffodents of variation were 12% and 19% for
concrete classes C30 and C60. Results obtained with dial indicators had avepdge&6fa and16 GPa and
their respective coefficients of variation wet6.1% and17.7% for concrete classes C30 and C6@suks
obtained with clip gagesald averages of 22 GPa and298 GPa and their respectivedfficients of variation
were 4.0% and 2% for concrete classes C30 and (86sults obtainedith LVDTs had averages of 14.9 GPa
and 203 GPa and their respeaticoefficients of variation werg3.5% and R% for concrete classes C30 and
C60. For 100mm x 200 mm specimens, modulus results obtained from dial indicators and LVDTs presented
larger variability.

For 150mm x 300 mm specimens, modulus results (see Fguobtained using strain gages had
averages of 26 GPa and298 GPa and their respective coefficients of variation we6&62and4.0% for
concrete classes C30 and C60. Results obtained with dial indicators had average&&2énd 29 GPaand
their respective coefficients of variation wereB% and 7% for concrete classes C30 and C60. Results
obtained \ith clip gages had averages285 GPa and 38 GPa and their respective coefficients of variation
were 41% and 15% for concrete classes C30 anfidC Results obtained with LVDTs had averages aob BPa
and 232 GPa and their respective coefficients of variation viet& and 1%6% for concrete classes C30 and
C60. For 150mm x 500 mm specimens, modulus results obtained from dial indicators and pké3&nted
larger variability. Results obtained using LVDTs presented lowest modulus.

Since 100 mm x 200 mm specimens showed larger variability in the modulus results, the variable
ispeci men sized was investi gat eudresi7and B.Figureh7eslhowswthet h  mor
effect of specimen size and the effect of concrete type with concrete class C60 showing higher modulus results.
Modulus results obtained with 100 mm x 200 mm specimens had averageS Gland 26 GPa and their
respedte coefficients of variation were 2% and 2% for concrete classes C30 and C60. Modulus results
obtained with 150 mm x 300 mm specimens had averages.®f@3a and 27 GPa and their respective
coefficients of variation were 18% and 12% for concete classes C30 and C60.

Figure 8 show the effect afieasuringlevice interacting with specimen size and the behavior explained
earlier isthe sameAgain, highest variabilitys shownin results obtained with LVDTs. For 200mm x 200 mm
specimens, modulusesults (see Figure 8) obtained usingaist gages had an average of&Pa and the
coefficient of variation was 14%. Results obtained with dial indicators had an average.@f@Pa and the
coefficient of variation was 23%. Results obtained with cligages had an average of. 2%Pa and the
coefficient of variation was 198%. Results obtagd with LVDTs had an average 4f7.7 GPa and the
coefficient of variation were 18%. For 100mm x 200 mm specimens, modulus results obtained from dial
indicators ad LVDTSs presented larger variability.

For 150mm x 300 mm specimens, modulus results (see Figure 8) obtained using strain gages had an
average of 28 GPa and the coefficient of variation wag%. Results obtained with dial indicators had an
average of 24 GPa and the coefficient of variation wag%. Results obtained with clip gages had an average
of 26.8 GPa and the coefficient of variation was9P3. Results obtained with LVDTs had an average dd 22
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GPa and the coefficient of variation were3%. For150mm x 300mm specimens, modulus results obtained
from clip gages and LVDTSs presented larger variability.

V. CONCLUSION

The analysis of the results obtained before considered the influence of measuring device, concrete class and
specimen size. The mostportant conclusions of this study were:

1. The two specimen sizes used in this study had an effect on the concrete static modulus of elasticity since the
average modulus obtained fralfB0 mm x 200 mm and 150 mm x 300 rspecimens were 24.GPa and
262 GPRy, respectively. The average modulus obtained from 150 mm x 300 mm specimens were 7% higher.
However, code ABNT NBR 8522:2008 [3] sets tolerance limits in item 8.2 which allows variation in results
of up to 10%.

2. Results using strain gages were simitaresults using dial gages sintheir average modulus were @7.

GPa an275 GPa, respectively. The results for clip gages and T&Bhowed average modulus of 26.
GPa andl9.8 GPa, respectively.

3. For specimen siz&00 mm x 200 mmresults showed laegt variability when dial gages and LVDTs were
used. For 150mm x 300 mm specimens, modulus results obtained from clip gages and LVDTs presented
larger variability.

4. For the two concrete types, 100 mm x 200 spacimen resultshowed larger variabilitynian 150 mm x
300 mmspecimen results. ThHEBO mm x 300 mm specimens had smaller coefficient of variability in the
modulus tests.

5. Modulusvaluesobtained using dial gages and strain gages were higher than results obtained with clip gages
and much highahan those obtained with LVDTSs.

6. Valuesobtained with LVDT were smallest than those obtain with the other 3 devices. In general, LVDT
was considered the less accurate (greatest coefficient of variation among the 4 devices), and harder to use
due to itsanalog readings, need of constant maintenance, equipment fragility, calibration difficulties and
manual control by the testing operator.

7. In general, the strain gages and clip gages had more consistent readings and lowest caxfiieieation
and showed important advantages such as a smaller need of extaeraéntion during testing and
minimization of reading errors by the operatr.case of strain gages, tihending of the gage to the
concrete surface has various aspects that should ledyclestched, making its useore difficult Also, the
strain gages have to be discharged after their use, and a second use is natwvaliimeidcreases testing
costs. The clip gages have the advantage of measuring both longitudinal and transvesselsivaitigital
readings and are less susceptible to calibration procedures. Clip gages are more practical, can be reused
several times and setting them up on the specimen is easy and no great operator expertise is required.

Modulus of elasticity testssing different measuring devices showed that even when following the
criteria specified in code ABNT NBR 8522:2008 [3], variations in test results are relatively significant.
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FIGURE 3 9 Loading history for determining the modulus of elasticityd Method A
(ABNT NBR 8522:2008)

FIGURE 4 o Histogram of the compressive strength results obtained from concrete class
C30specimens

FIGURE 5 d Histogram of the compressive strength results obtained frowoncrete class
C60 specimens




