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PREEACE

The rnaturity and pullout nethods of determining the compressj.ve strength

of concrete is potentially useful in highway projects where portland cenrent is

used. The College of Engineering, Agriculture and Applied Sciences of Arkansas

State University (ASU) under contract to the Arkansas Highway and

Transportation Departrnent (AHTD), has perfornred a research program entitled

"Ear1y Strength of Concrete. " The infornation contained in this report rnras

collected and developed during this research project to assist engineers and

contractors in determining the early age corpressive strength of concrete by

the pullout and naturity nrethods. This report provides only the state of the

art technology related to. early age testing procedures using the rnaturity and

pullout methods.

ASU was awarded the AIiTD research contract in 1985 to investigate the

usefullness of early age strength determination techniques in highway projects

where portland cement is used. The engineering delnrtnrent has conducted this

research with najor emphasis on data analysisr and has reviewed relevant

literature and assessed the progress and achievements of similar research.

Indications are ttrat the rnaturity and pullout test methods of determining the

early age compressive strength of concrete will be reliable and useful to the

highway department. These nrethods could be used to estinate the in-place

strength of concrete in the field without having to perform any field related

laboratory test.
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EINDINGS AND CI]NCLUSIONS

The research conducted during this project resulted in a means of

establishing the in-place strength of concrete at early ages, 24 hts to 7

days. Two procedures were investigated; nnturity and pullout. I'laturity was

used to develop prediction nrodels which established concrete strengths that

were independent of curing temperatures. Alsor an investigation into the

selection of the datum temperature was conducted and an optinn-rm datum

temperature was established (-4'c) - The rnaturitlr model developed establishes

the percentage of the ultirnate compressive strength present in the sanple for a

given rnaturity. This percentage is multiplied by the ultirnate compressive

strength in order to find the estinated concrete compressive strength. .The

selection of ultirnate strength is critical, for its value is dependent upon the

curing temperatures. This selection is done by comparing the samples naturity

to the rnaturity obtained by constant curing temperatures and selecting the

corresponding compressive strength to use. A good correlation was obtained

betveen the compressive strengths from outdoor cured cylinders and cores and

the estinated compressive strengths by the rnaturity modeI.

A pullout prediction model was developed. It was not possible to obtain a

model that was independent of curing temperatures. Howeverr the model

developed is designed to predict the minimum concrete compressive strength for

a given pullout force. Comtrnrisons were rnade between the estirmted strength by

the pullout force with the core and qglinder compressive strengths subjected to

outdoor curing conditions. A good correlation \./as obtainedr which shows that

the model would be useful in establishing the in-place strength of field cured

concrete.
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Site visits were rnade to study the implenrentation of the tests in the

field. ft was concluded that it would be easy to implement these tests in the

field at a minirnal cost. It is estirmted that the equations could be

developed for approxirnately $5OOO. A set of eq:ations would have to be

developed for each mix produced by the different suppliers since the equations

are supplier dependent. The development costs could be spread over several

jobs. In the fieldr a rnaturity meter could be used to monitor the concrete

and they cost approxirnately $50O. The pullout equipnrent cost is approxirnately

$75O and the inserts cost approxinately $1.5O each and could be reused. From

the low equipment costs and the long life of the eguiprnentr the application of

the tests in the field is Iow.

The principal conclusion of the research is that the rnaturity and_ pullout

tests could be used to establish the in-place strength of'concrete in the

field. The could be used to establish form removal time and loading tinres.

This would give the contractor more control over the project and should help

to reduce construction times and costs.

The laboratory test procedure reguired to establish the nnturity and puII-

out models is given in Appendix C.
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IMPLEMM{TATION

The cylinder strength estirnates by the rnaturity and pullout tests should

be performed together. The rmturity model should be used to estirnate the

minimum strength. Once the minimum strength has been establishedr the pullout

test should be performed to confirm the naturitlz restults.

To establish the concrete strength by rnaturityr the temperature of the

concrete has to be nronitored by a naturity meter. This nreter records the time

temperature history of the concrete. The prediction model can be used to

establish the rnaturity at which the reguired concrete strength will be

obtained. Once this rnaturity is reached in the fieldr the pullout test would

be perfornred to verify the naturity results.
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CHAT{IER 1

INIRODUCTION

1.1 THE PROBLEIV1

The constnrction rate of concrete structures is regulated by the

requirement of naintaining forms and falsework in-place while the concrete

gains strength. This strength gain is affected by the mix designsl curing

conditionsr rnaterial properties and other factors. A rnethod for determining

and accurately measuring the early strength of concrete would allow for

optinn:m form and falsework rerpval, i.e. a construction schedule which would

permit the earliest form rernoval with minirnal dannge to the structure. Such a

nrethod is applicable to areas of highway +rork where portland cernent is used,

such as bridge and cuLvert work. By optimizing form work removal a reduced

construction cost as well as cost to the public such as reducing travel delays

and obstn-rctions should be obtained.

T.2 PROJECT OBfECTIVES

The research project consisted of three rnajor objectives.

1. To investigate and determine a method of early determination of

concrete compressive strength.

2. Review current construction techniques dictated by the Highway

DepartmentI s current "Standard Specifications".

3. l,lake reconrnendations which wil-1 include the use of early

determination of concrete strengths within the construction technigues and

specifications used by the Highway Deparbnent.

1
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1.3 I{ETHODOLOGY

In order to obtain the objectives of this research the following

procedure was observed.

Objective I - ?he investigation and determination of a nrethod of early

determination of concrete compressive strength was obtained

in the fol1or^ring manner:

1. A literature revieu, \das conducted in order to determine

the latest research involving the rnaturity and pullout

procedures.

2. Concrete test data was obtained from NIOSH. This data

investigated tr^relve mix designs subjected to four

curing conditio_ns. This would permit an investigation

into the naturity and pullout nrethods ability to

predict concrete behavior under field conditions.

3. Ivlaturity and Pullout test procedures were investigated.

Procedures were developed that estirnated early age

concrete strengths. The results of these procedures

were compared to compressive strengths obtained from

specimens cured outdoors.

Objective 2 - The review of the current construction technigues dictated

by the Highway Departmentrs current "Standard

Specifications" - hras achieved in the folIc,rling manner:

I. The "standard Specifications" \n/as reviewed to determine

where concrete curing tinres were addressed.

2. Field trips were rnade to construction sites to review

construction procedures and discuss the early age

strength determination with the contractors.
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Objective 3

3. Discussions were nade with the Highway Department to

discuss possible places where the early age strength

etermination could be used.

Recommendations of appropriate changes were rnade after

reviewing the results of objectives I and 2-

L.4 LITERATURE REVIEW

The rnaturity conceptr as applied to concrete behavior was investigated by

Nurse [I] and Saul [2]. This resulted in the following eguation to record the

tine-temperature history of concrete.

l't = tr(t) - Toldt (1-1)

where:

M = rnaturitY at tinre t

T(t) = temperature of the concrete at tinre t

T^ = datum temperature - The temperature at which concrete will
o

not set.

This concept is based upon the idea that for a given mix of concreter once a

specified rnaturity is achieved, a specific concrete strength will be achieved,

regardless of the curing conditions. Other research efforts have shown that

the nnturity concept is a useful means of approxirnating the concrete strength

as a function of curing temperature and age [:-t2]. Hovreverr it has been

shown that this method is dependent upon curing ternerature [13]. In a paper

by Carino [14] a nrethod of expressing the concrete compressive strength in

terms of naturity was introduced which minimized the effects of curing

temperature. In this approach the concrete strength (S) is expressed as a

percent of the ultimate strength (SU). Howeverr the ultinate strength (SU) is

a function of the curing tenperature.
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The pullout method was first investigated in North America by Malhotra

[15116] and Richards [17]. This nrethod is related to the shear strength of

hardened concrete which then relates to the concreters compressible strength.

A sunrnary of recent pullout research is as follows: An optimization program

using pullout testing has been introduced by Brinkley [1BrI9]. Large scale

pullout tests along with an investigation into the effects of cone shapes has

been conducted by the National Bureau of Standards [20 r21). An ASTM standard

has been established for pullout testing 122), and recent work by Parsons and

Naik has shoqrn that the pullout tests are dependent upon the curing

temperature [23]. Lastly, Brinkley has introduced a technique which woul-d

determine the number of tests required in order to obtain accurate results

1241.

The pullout test consists of placing a steel insert into the concrete and

measuring the force required to puIl a cone of concrete out of the sample

being tested. In order to perform this testr the location of the insert must

be pre-determined and placed on the edge of the form prior to the placement of

the concrete. Thereforer the number and location of the pullout tests must be

pre-planned.

1.5 NIOSH DATA

The National Institute for Occupational Safety and Health contracted with

Dr. Tarum Naik at the University of Wisconsinr Milr^laukee to conduct a research

program into the early age behavior of concrete subjected to different curing

temperatures. The fo]lowing laboratory procedure and experinrent design was

observed-

A variety of concrete mixes were selected for studlz. TVo tlpes of

cernentr 1\pes 1 or 2 portland cementr and two tlpes of coarse aggregates,
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gravel or crushed limeston€; w€E€ used in the concrete specimens. Water-

cement ratios of 0.5, O.6 and 0.7 were used. This resulted in 12 mixes.

These mixes were subjected to 4 curing conditionsr constant curing

temperatures at 37", 5507 dod 73oF and outdoor curing.

Approxinately 24 hr before a scheduled mixing periodr fine and coarse

aggregates were weighed. The guantites of naterials required for each batch

were then adjusted to compensate for the actual aggregate nroisture content.

The nnterials were mixed in the concrete laboratory in a drum mixer in batches

of approxinately 5.5 cu ft. Due to capacity limitations of the mixer, two

batches were required to cast the rylinder and pullout specinrens needed for

each curing temperature. The ambient air temperature in the laboratory was

rnaintained at 73o + 5oF (?3.8'C + 2.8"C).

Half of the rylinders and one slab were cast from each batch. The slab

measured 24 x 24 x 7 L/4 inches ( efO x 610 x 184 nrn). The slab form was

completely filledr vibrated with an internal vibratorr leveled and troweled.

In each slab twelve pullout anchors embeddedr three per side. Alsor six cores

were drilled from the interior of the sl-ab and the temperature Lras monitored

at the center of the slab.

Sixteen 4 x B in (10O x 200 nrn) cylinders were also cast from each batch

by filling steel nrolds in a single lift and consolidated by external

vibration. A brass tube was cast into one cylindor for the purpose of

nronitoring the concrete temperature.

The concrete specinrens subjected to constant curing temperatures were

cured at room temperatures of 37o (2.8'C), 55" (12.8'C) and 73"F (23.BoC) with

a 3oF (1.7"C) variation. A large walk-in cooler was used for the 37"F (2.8'C)

and 55'F (I2.8'C) curing environments and a large walk-in 1O0% relative

humidiLy room was used to naintain the 73"F (23.8'C) environment.
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Cylinders were stored under:vrater in a 300-ga11on curing tank in each curing

room. The room tenperature and water temperatures were constantly monitored

throughout the project duration. The water bath temperature vras nnintained

within lop (O.6oC). The rennining specimens were subjected to the outdoor

enviornrnent of Milwaukeer Wisconsin during spring and fall seasons.

Each slab was cast on a cartr innnediately covered with plastic and rolIed

into the appropriate curing room or outside. At approxinntely 11 hr after

castingr the side forms of the sLab were removed. At this tinre, the plastic

cover was also removed from the slabs in the 100% humidity room. The slabs in

the walk-in cooler or outside renained covered with plastic and were sprinkled

regularly to minimize any moisture loss. At each test agel slabs were rol1ed

into the testing area of the laboratoryr then inunediately returned after the

tests.

After each rylinder was castr a plastic bag was placed over the rylinder

mold and secured with a rubber band. The cylindersr including those with

temperature probesl w€r€ then taken into their respective environments.

Cylinders tested 12 and 18 hr after casting were removed from the water tank

approxirnately 3O minutes prior to the test, cpped and tested. 1l^renty to

twenty-two hours after castingr the rernaining rylinders $rere removed from the

tank, demoldedr cappedl and returned to the tank or the outdoor environment.

The cylinders cured at 55"F (12.8"C),73"F (23.8"C)r or outdoors were

cpped with a hot sulfur rnortar. The rylinders cured at 37"E (2.8"C) were

capped with a cold mixed, high-strength; rapid-setting grout to avoid the

temperature shock of the hot sulfur mortar.

Qrlinder compressive strength and pullout forces were obtained at various

ages within the first seven days of curing. In order to observe the behavior

of the different concrete mixesr six rylinders compression tests and pullout

6



tests were performed at 12 hours; three rylinder compression tests and pullout

tests were performed at 18, 24, and 36 hours and 21 3r and 7 days; and three

rylinder compression tests only were perfornred at 5 days. Alsor three core

samples were taken from the slabs at21 3,5, and 7 days.

The rylinders were aLl tested in a 40OrOOO lb force capacity testing

nachine. The pullout strength of the hardened concrete was determined using

an insert of the type shorn in Appendix Ar which was fastened to the side form

of the slab prior to casting the concrete. A hydraulic r=m was used to puII

the insert from the concrete. The pullout force was monitored by using an

electronic load ceLl and recorded. An X-Y plotter was used to monitor the

loading rate which was rnaintained at about lOO lb (445N) force per second.

Six, 4-in (1O0 nrn) diameter cores were drilled from each of the two

slabs. Cores were capped with a hot sulfur mortar and tested in compression.

The slabs and cylinders rnaturity was determined by one of tr^ro recording

instruments: 1) R naturity neter which monitors the temperature of the

concrete and computes the concrete naturiQr using the Nurse-Saul nnturity law,

Eguation (1.1) r or 2) a six-channel temperature recorder. The temperature

and time data from the recorder was then used with the Nurse-Saul rnaturity

equation to compute the concrete naturity.

7



The mix designs will be referenced by the following code - A B C D or B

C D where:

A 1- 3T"Fcuring

) = 55oF curing

3 - 73"F curing

4 - outdoor curing

B 1- gravelaggregate

2 - lirnestone aggregate

C 1- typelcement

)= tYPe2cement

D 1- w/cof O.5

) = w/c of 0.6

= w/c of O.7

For exampler a concrete mix composed of linrestone aggregateT tlpe 2

cement and having a water to cement ratio of 0.5 cured outdoors will be coded

as 4221. This coding system is useC in the following text and in the tables.
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CHAPTER 2

MATURITY

2.I INTRODUCTION

By recording the conrete's tirne temperature history one can estimate the

concrete strength. This is achieved by using naturity as expressed by

eguation 1.I.

This concept assumes that sanrples of the same concrete will have egual

strengths at egual naturities. This implies that the concrete should yield

the same compressive strengths when the naturities are equalr and that curing

conditions have no effects on the strengths. The rnaturity equation contains a

datum temperature constantr or tenperature at which concrete will not set.

The datum temperature in North American practice has been accepted as -10oC

t4l.
The naturity concept was applied to the NIOSH Data and it was found that

the following model best predicted the strength gain of rylinders [13]

Qzlinder Strength = A + B(In Maturity) (2.2)

Hoveverr this research shovred that the model was dependent upon the curing

temperaturer and the nrodeL's behavior was affected by the selection of the

datum temperature.
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2.2 ESTABTISHING THE DAfTiM TEI"IPERATTIRE

Research conducted by the National Bureau of Standards sh*red that using

a datum temS:erature other than -IO"C[I4] affected the results in estirnating

the concrete strength. The research on mortar indicated the datum temperature

should be -4oC. Plots of cylinder strength vs. ln of rnaturity for the 12

mixes subjected to the different curing conditions are given in Appendix B.

To establish the datum temperature which best predicted the cylinder

strength in terms of naturityr the following procedure was folloured: The

datum temperature was varied from -10oC to 0"C by 2"C increments. To monitor

what effect this had on the nrodelr a stastical test was performed which would

determine if the prediction equations were independent of curing temperature.

The test was the F test. This test would determine if it was by chance or

behavior if the models for different curing temperatures were the same. The F

value was obtained by the follovring equation:

P= RT- RI
RI

N-Vw (2.3)

where:
:,

RT = square of the residuals for the model containing aII sets of

data

RI = sum of the square of the residuals for the model for each

curing temperature data set

N = total degrees of freedom

V = total constants being determined in the prediction models for

each curing temperature

The results are given in Table 2.1. For the nrodels to be independent of

curing temperature the F value had to be less than 3. In no case this was

truer hovrever the srmllest E rralues were obtained for a datum temperatures

near -4"C. Thereforer all future work was conducted with rnaturities having a

datum temperature of -4"C. 10



TABLE 2.T - F TEST ON DATUM TEI{PERATURE

MIX

Itl

L12

113

l-27

t22

L23

2t1

2L2

213

22r

222

223

-10"c

62

118

138

24

2t

37

13

11

L4

22

23

26

_B "C

51

97

114

t7

L4

26

7

11

10

17

15

1B

F VALUES FOR DATUM TEMPERATTIRES

-60c -40c -2"c 00c

4L 38 49 92

76 57 48 56

89 67 58 83

13 16 32 72

86L44L

t7 13 19 38

582469
13 L7 24 29

771021
14 16 27 57

982059

L2 11 19 43

11

LIMITING VALUE

3

3

3

3

3

3

3

3

3

3

3

3



2.3 ESTABLISHING THE PREDIC:IION I\CIDEL

In a paper by CarinoT [14], the folloning model \das suggested for

estirnating concrete strength in terms of rnaturity.

S A(M - Mo) (z.a)
su f+ [tn= Mof

where:

S = concrete strength

SU = ultirmte concrete strength

A = constant

M = nnturity at tirne t

Mo = naturity at time tor or age when strength developnrent is

assumed to begin

The values of A and Mo could be deterrnined by rearranging eguation 2.4 into

the following form:

s/su --AMo+At'l (2.s)
-fI - s/su)

The key to this equation is the establishment of SU. The NIOSH data only

contained tests, from 12 to 168 hours. To establish the SU two approaches were

considered.

The first approach was to consider SU to be the 28 day strength of the

concrete. To establish the 28 day strength it had to be estirnated from the 7

day strength. To establish the relationship between the 7 and 28 day

strengthsr 7 and 28 day cylinder break data r.ras obtained from the District 1O

AHTD office. This data was analyzed and it rvas determined that the 7 day

strength was 75-'798 of the 28 day strength, with a standard deviation of

7.9x^. This was based upon 32 samples.

A second approach to establihs SU was to vary SU when A and Mo were

determinedr then pick the SU which produced the best fit curve for each curing

. '.::. i. :
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temperature. The results of this approach is given in Table 2.2. The

estinated SU was obtained by the first approach.

The F Test was performed on the models listed in Table 2.2 to determine

if they were j.ndependent of the curing temperature. The results are given in

Table 2.3. As observed from the table r 9 of the 12 mixes were independent of

curing temperature. It was also noted that SU values were dependent upon

curing conditions.

2.4 TESTING THE MODEL

To test the prediction nrodelsr the conpressive strengths of the cylinders

and cores cured outdoors were estinated by the models. To establish the

proper SU to be used in the prediction modelr the naturity at the given age

was com[ared to the ideal naturities for 37, 55 and 73"F curing for that given

age. Whichever set of naturities nntched the SU for that constant curing was

used. The results are listed in Tab1e 2.4. In all cds€sr the estirnated

strength was within 10-208 of the cylinder or core strength.

13



TABLE 2.2 . },IATT]RITY CONSTANTS

SU l'1IX tlO AMIX MO

1111 t67
2111 LB2
3111 L26
Estinated SU

1112 L52
2tL2 124
3112 108
Estinated SU

1113 185
2113 L67
3113 L79
Estinated SU

1121 136
2721 183
3121 120
Estirnated SU

7L22 183
2122 L64
3t22 95
Estinaled SU

1123 r59
2123 198
3L23 116
Estinrated SU

tt

.00115

.00116

.00108

.00058

.00061

.oo068

.00080

.00083

.00086

.00062

.00059

.00065

.00058

.00057

.00054

.00053

.00055

.00057

5760
4760
6260
6838

5510
6510
6010
6t22

3260
3260
4260
4/'53

6760
6010
6260
6276

5010
5010
50r0
4759

4010
3510
3760
3647

.00066
-00064
.00074

-ooo63
.00059
.00064

00059
00053
00055

.00063

.00058

.00057

00055
00055
ooo59

.00054

.oo054

.00064

SU

7260
7010
6260
6221

5260
4760
4260
4l.64

3510
4010
3510
317I

6510
6760
65I0
6351

5010
4510
4510
4388

3510
30IO
30r0
3042

1211 135
22L7 180
32LL 63
Estirnated SU

12L2 129
22L2 L57
3212 l-37
Estinated SU

12L3 l-75
22t3 249
3213 49
Estinated SU

t22t 159
222L 2r5
3221 167
Estimated SU

1222 202
2222 230
3222 160
Estinated SU

L223 223
2223 187
3223 232
Estinated SU

t4



TABLE 2.3 - F TEST RESULTS

MIX

111

tl-z

113

221

222

223

ztt
212

213

tzr

L22

r23

TCEAL OBSERVATIONS F

o.479

2.979

0.141

o.162

5.5r5

2.295

18.574

0.653

8.102

5.921

1.O58

t.976

LIMITING VALUE

5.77

5.77

5.77

5.77

5.78

5.78

5.78

5.77

5.77

5.77

5.78

5.77
l

24

24

24

24

23

23

23

24

24

24

23

24
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TABLE 2.4 - ESTIMATED vs CYI,INDER STRENGTH foT OT]IDOORS

OUTDOOR CTJRED

AGE S,/SU EST STRED{GTH CYT,INDER CORE SIR,ENGTH
(hrs) (psi) (psi) (psi)

113

MIX

111

t],z

L2
18
24
36
B
72

120
168

t2
18
24
36
I
72

L20
168

t2
18
24
36
I
72

t20
168

L2
1B
24
36
&
72

L20
168

L2
18
24
36
B
72

r20
I6B

.L402

.25L7

.3479

.471

.5427

.6395

.6448

.8039

.0638

.1159

.1633

.2352

.3329

.4444

.5976

.6765

.1111

.2t24

.2944

.3846

.4J53

.5406

.6765

.7424

.0433

.1140

.t796

.2763

.34/.8

.3523

.5963

.6808

.0856

.1563

.2l-55

.2978

.3695

.46t9

.6062

.6656

800
1450
2000
2580
3130
3680
3070
3830

410
750

1060
1530
2L7A
2890
3740
4230

470
900

1235
1640
1900
2030
2540
2t90

730
1400
1900
2390
2810
3430
3950
4560

260
510

1020
1450
1920
2180
3090
3230

325
680
930

1190
1590
1850
2430
2690

230
700

L230
1920
2240

3590
4090

330
790

L320
1630
1780
2t&
2540
3010

2340
2720
3180
3470

1610
1840
2610
30BO

1350
1660
24tO
2990

2260
2800
3320
3690

1750
2070
2660
2940

tzl 260
700

1100
1690
2100
2150
3640
4150

430
7AO

10BO
1490
1850
2310
3040
3330

t22
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TABLE 2.4 - (Continued)

MIX AGE
(hrs)

s,/su

L23 L2
1B
24
36
I
72

L20
168

27L 12
1B
24
36
&
72

L20
268

t2
1B
24
36
I
72

L20
168

t2
1B
24
36
48
72

L20
168

EST STRENGTH
(psi )

OUTDOOR CURED

CYT,INDER
(psi )

lBO
500
860

1160
1310
1620

1810

110
280
570

1160
1930
2760
3860
4560

r20
360
880

1450
1620
2200
2760
3210

&
100
zLO
520
810

I250
1930
2410

70
220
530

1r90
1910
2700
3960
5ro0

CORE STRENGTH
(psi )

1400
1540
1800
2000

I790
2460
3620
3700

1910
2270
2250
2690

700
1090
1800
2490

1870
24BO
3610
42co

2L2

.0509

.1192

.1851

.2716

.3681

.4592

.5449

.5935

180
420
650
950

t290
1610
2050
2330

o
L20
380
890

l.440
2250
3690
4430

20
310
650

1010
t290
1840
2500
2750

o
.ot76
.0539
.L273
.2050
.3211
.5267
.6313

.4029
-4646
.1357
.2Lt6
.2704
.3866
-5254
.5777

o
o
.0021
.o746
.1519
.270A
.MB9
.5775

o
.0143
.0666
.l495
.2338
.3548
.5368
-64t7

0
0

10
300
6r0

1080
1800
2320

2l.3

t222L
1B
24
36
48
72

L20
168

o
100
450

1010
15BO
2400
3630
4340

t7



222 12
1B
24
36
48
72

L20
I6B

12
1B
24
36
B
72

r20
168

EST STRENGTH
(psi )

0
190
450
830

L270
1850
2530
3000

110
350
540
810
970

1320
1710
t920

OUTD@R CT'RED

CYI,INDER
(psi )

70
244
540

1020
L520
1870
2570
3040

130
370
660

IO60
1200
1540
1910
2120

C\]RE STRENGTH
(psi )

1520
2140
2460
3020

1300
1760
2010
2200

0
.o426
.1004
.L844
.2825
.4099
.5611
.6553

223 .o372
.1168
.L795
.2689
.3224
.4390
.5676
.6376
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CHAE{TER 3

PTJLT.oUT

3.1 PULLOUT TEST BACKGROUND

The pullout test is a nondestructive test which could be used to

determine the concrete compressive strength. The test consists of placing a

pullout insertr see Appendix Ar into the concrete and measuring the force

reguired to remove the insert and cone of concrete. The pullout test

procedure is described in ASTM C90O-82, "Pul1out Strength of Hardened

Concrete". Much work has been done on the correlation of the pullout force to

the concrete strength. Hcnreverr Iittle research has been done on the effect

of curing tenperature on the pullout method

The test consists of placing a predeternu:rined shaped insert (appendix a)

into the concrete. The insert is rernoved from the concrete by fastening a

steel plate and hydraulic ram to it and pulling it out of the sample. The

plate sets the diameter of the cone of concrete to be removed by the insert.

The pullout force is the force reguired to rernove the cone of conrete.

The nain advantage of this test is that it tests in-p1ace concrete and

would give a good indication of the in-situ strength.

3.2 ESTABLISHING THE I4ODEL

The pullout model used was established in t\^ro steps. First the concrete

cylinder compressive strength was correlated with rylinderrs rmturity and the

pullout force was correlated with the slabrs maturity. Nextr the nnturity was
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eliminated from the two equations in order to obtain cylinder strength in

terms of pullout force. This r.ras done in the following rnanner.

Cylinder Strength = A + B(ln rnaturity) (3.1)

Pullout Force = C + D(In rnaturity) (3.2)

Cylinder Strength = B (pullout force) + [a - BC] (3.3)
DD

The values of Ar Br C and D for the different concrete mixes and curing

temperatures are given in table 3.1. The values of B,/D and A - (e,/O)C are

given in Table 3.2. This procedure was usedr because the data was obtained at

set times not at constant rmturities.

The results in Tab1e 3.2 shows that the model of pullout force in terms

of rylinder strength is dependent upon curing temperature. For B/n values

range from .4 to .95 in about \/3 of the mixes. Further observations of Table

3.1 reveals that the 55oF model tends to have the largest intercept and

srnallest s1ope. This indicates that the 55oF model represents the lovrer bound

of the data set. Thereforer the 55oF model r.ras used as the prediction mode.

In this case, the model would predict the minimum strengthr not the estirnated

strength.

Attempts were rnade to develop a relationship between pullout force and

naturity similar to the one used for cylinder strength and naturity.

Howeverr when PU r.ras determined, (ultimate pullout force) by varying PU from

4O00 to 14000 it r+as observed that a 50O 1b change in PU could change the

constants A and Mo by over 1OOB in some cases. This indicated that the

eguations were not stable, so the above procedure was used to correlate

rylinder compressive strength in terms of pullout force.

20



3.3 ESTIMATING IN-PLACE @NCRETE STRENGTH

The pullout nrodels in Table 3.2 were used to estimte the rylinder

strength and core compressive strength of the outdoor cured specimens- The

results are presented in Table 3.3. In 1O of the 12 casesr the pullout

procedure predicted within 10* of the rylinder or core strengthr and in the

renaining 2 casesr the results were within 20* of the cylinder or core

compressive strength.
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TABLE 3.1 - RESTJLTS OF CYI,INDER STRENGTH VS LN MATURITT:
AI{D PULIOUT FORCE VS LN MATURITY

CyLINDER STRENGTH = A + B (Ln l"Iaturity): PULLOUT FORCE = C * D (Ln I"Iaturity)

I'IIXTEI',IPABCD
111

tL2

113

t2t

L22

723

2t1

37 0F

55 "E
73 0F

Outdoors

37 0F

55 0F

73 "F
outdoors

37 "F
55 "F
73"8

Outdoors

37 "F
55 0F

73 "E
Outdoors

37 "F
55 0F

73 "F
Outdoors

37 "F
55 0F

73"F
Outdoors

37 0F

55'F
73 "F

Outdoors

-8163
-7488
-a547
-7880

-6115
-7797
-778L
-6181

-4287
-4553
-5927
-5422

-7283
-7865
-8428
-7886

-5272
-6288
-66L4
-5710

-4263
-4536
-5076
-&22

-8780
-8878
-8322
-8718

t582
1406
1655
L494

1153
L476
1463
1r64

BO4
854

1108
988

1400
L437
1557
1451

999
1158
L205
to57

798
822
924
808

1161
1653
r575
1668

-L7254
-10789
- 6385
- 8134

-13149
- 8253
-L2t72
- 9357

-11563
-10203
- 6348
-11036

-16539
-10718
-10711
-11323

-13883
-LO747. 93BI
- 7623

-9497
-9957
-8798
-72L5

-16228
-L6L22
- 6786
-137rO

3285
2I80
t737
1820

24BT
1683
2475
1803

2l.45
1950
t407
2099

3IO4
2l-16
216l-
22L3

2579
2044
1830
1600

L772
1823
1677
1431

3048
3039
L709
2609

22



TABLE 3.1 - (Continued)

CYI.INDER STRENGIH = A + E (T,n Maturily):

MIX TE}4P A B

212

PULLOUI E\)RCE = C + O (f,n Maturity)

CD

273

22L

222

223

37 0F

55 "F
73 "F

Outdoors

37 "F
55 "F
73 0F

Outdoors

37'F
55 "F
73 "F

Outdoors

37 "F
55 0E

73 0F

Outdoors

37 0E

55 "F
73 0F

Outdoors

-5116
-59M
-5532
-6650

-3834
-4902
-4486
-4583

-7070
-9010
-8825
-].0282 -

-5676
-6013
-6373
-5594

-3927
-3849
-4279
-4306

1008
1I05
1028
]-248

722
886

832
865

1348
1630
1598
1863

1040
1078
1145
r036

7LB
699
769
788

23

-11431
-L42L6
-11140
-L2770

-10632
-76784
- 8730
-ro207

-13355
-l-5657
-10068
-15224

-10477
-1L743
-r0510
-tto27

- 9356
- 9234
- 6787
- 8046

22t4
2688
2L43
2406

1990
2003
1703
1873

2545
29tt
2068
2863

L972
22L7
1998
20L7

r772
1733
136r
1548



TABLE 3-2 - CYT INDER STRED{GTH vs PULLOUT EORCE

CYLTNDER STR.m{GTH = (e/O) * PULLOUT EORCE + [A - (e/n)C]

TEMP B/D A- (B/D)CMlX

111

tL2

113

t2t

122

I23

2tL

37 0F

55 0F

73 "F
Outdoors

37 0F'

55 "F
73 "F
Outdoors

37 0F

55 0F

73 0F

Outdoors

37 0F

55 0F

73 0F

Outdoors

37 "F
55 0F

73 0F

Outdoors

37 0F

55 "E'
73 0F

Outdoors

37 0F

55 0E

73 0F

Outdoors

37 "F
55 0F

73 0F

Outdoors

42

.953

o.465
o.877
0.606
o.640

o.375
0.438
o.787
o.47I

0.451
o.679
o.720
0.656

o-387
o.567
o.658
0.66r

a.456
0.451
0.551
o.565

o.455
0.411
o-480
0.519

645

1.82

o
o
0
o

146
- 530
-2463
-1203

4
- 559
-&7
- 140

47
85

- 928
- 227

117
- 586
- 710
- 462

106
- 199
- 436
- 674

14
46

- 228
52

-2599
- 108
-2068

47

BB

- 100
- lBB

26

o
0
0
0

381
544
922
639

2t2

24



TABLE 3.2 - (Continued)

CYI,INDER STRENGTTI = (B/D) * PULIOTIT FCIRCE + [A - (S/O)C]

2L3

22l-

222

223

37 0F

55"F
73 0F

Outdoors

37 0F

55 oF

73 "F
Outdoors

37 0F

55 0F

73 0F

Outdoors

37 0F

55 0F

73 "F
Outdoors

0.363
4.442
o.489
o.462

23
2522

- 221
130

o.530
o.560
o.773
o.65r

o.527
o.486
o.573
0.514

0.405
0.403
0.563
0.510

4
- 243
-1045
- 375

- 150
- 303
- 350

70

- 136
- 124
- 444
- zLO
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TABLE 3.3 - PREDICTION oF COMPRESSIVE STRENGTH by PULLOUT FORCE
(outdoor C\rlinders and Cores)

111

MIX

Lt2

113

LzL

L22

TIME

(hrs)

24
36
I
72

120
168

24
36
48
72

120
168

24
36
4EI

72
t20
168

1480
247A
2790
2050

SLAB
qORES

(psi )

2244
2720
3180
3470

1610
IB40
2610
3080

1350
1660
24LO
2990

2260
2800
3320
3690

1750
2070
2660
2940

r400
1540
1800
2000

PREDICTED
STREI{GTH

(psi )

2010
2550
25..r/j-

2940

4000

1]40
1660
2200
2690

4060

950
1200
1500
2050

2640

OUTD@R CUPAD

CYLINDER
(psi )

1900
2390
2810
3430
3950
4558

1020
1450
1920
21BO
3090
3230

930
1190
1590
1850
2430
2690

1230
1920
2400
2070
3590
4090

24
36
I
72

]-20
168

24
36
I
72

120
168

24
36
48
72

120
168 4000

1380
t770
1840
2520

2810

1320
1630
1780
2MO
2540
3000

860
1160
1310
L620
1810
20BO

900
1300
1340
1440

t23

1780
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TABLE 3.3 - (Continued)

MIX TIME

(hrs)

211

2t2
24
36
I
72

L20
168

273

22l-
24
36
I
72

t20
168

222
24
36
I
72

L20
168

24
36
48
72

L20
168

24
36
I
72

120
168

PREDTSIED
STRENGTH

(psi )

1190
1560
1980
2930

3620

BBO

1320
1540
2000

2450

300
650
850

IO70

2200

740
1590
2200
27LO

424A

500
870

1210
1550

2520

650
980

1140
1460

OUTDOOR CURED

CYT.INDER
(psi )

570
1160
1930
2760
3860
4560

8BO

1450
1620
2200
2760
32r0

520
1I90
1910
2700
3960
5090

5&
I020
1520
1860
2570
3040

660
1060
1200
1540
1910
2t2A

SLAB
CTORES

(psi )

1790
2460
3620
3700

1910
2270
2550
2690

1870
2480
36I0
4200

t520
2t4A
2460
3020

1300
1760
2010
2200

24
36
48
72

120
168

2Io *[(a-e)c]assurned to be
520 * zero
810 * 700

1250 * 1090
1930 * 1800
24LO * 2490

223

1620

27



CHAITIER 4

DISCUSSION OF RESULTS

4.I DISCUSSION OF MATURITY AND PULLOUT RESULTS

Cylinder compressive strengths in terms of rnaturity (cylinder-naturity)

prediction models were developed for twelve concrete mixes. These mixes were

subjected to the four different curing conditions. The models developed were

independent of curing conditionsr howeverr the ultirnate strength - SUr r+as

dependent upon the curing conditions. The selection of the SU for use in the

nrodel is of some concern. In the test comparisons presented, SU r,ras selected

by comparing the outdoor naturity to constant ternperature naturi.ties for a

given age and selecting the SU from the rnaturities (constant temperature) that

came closest in rnatching. This resulted in a good correlation between the

estinated values of concrete compressive strength with the rylinder and core

compressive strengths. A second approach to picking SU would be to select the

SU as the design strength of the concrete. This approach would be

conservative if the SU was greater than the 28 day strength and liberal if SU

was less than the 28 day stength. The estirmted strength was obtained by

multiplying the S/SU ratio obtained from the nrodel by SU. Thereforer the

selection of SU has a najor role in the results of the model.

The cylinder-nnturity model was within 1OB of estirnating the rylinder or

core compressive strength in 11 of the 12 cases studied. The outdoor cured

rylinders and slabs were cured in Milwaukeer Wisconsin during April and l"lay.

The results obtained by the rylinder-nnturity model revealed that this model

wouLd be a good means of est,irnating the inplace strength of concrete in the

field. However it should be noted that a closer review of Table 2.2, Maturity

Constantsr would reveal that the constants used within the nrodel are unigue

28



for each mix design. Therefore, a test should be performed which would

determine if the concrete poured has the sarne mix properties as the mix used

in developing the model. This could be done by the pullout testr which is a

physical test on the in-pIace concrete. Thereforer it could pick up any

changes in the mix designs.

The pullout nrethod r^as studied and found to be a good means of estinnting

the in-place strength of the concrete. This was observed by the results

presented in Table 3.3r where the pullout test was used to estinate the

compressive strength of rylinders and cores stored outdoors. In 10 of the 12

cases studied the pullout estirnated within I08 of the concrete rylinder or

core compressive strength. It should be noted that it was not possible to

develop a pullout modeL that was independent of curing tenperature. The nrodel

developed was based upon samples cured at 55oF. The 55oF curing tenperature

was chosen because in nrost cases it gives the lowest estirnated strength when

compared to 37" or 73"F curing. The results presented in Table 3.3 reveal

that the model- developed does give a good estirmte of the concrete compressive

strength.

Howeverr due to the design of the experirnentl the results of the pullout

tests presented in this report should only be used as a preliminary

investigation into the nrethod. Recent research by Brinkley l2A) indicates

that 7 to 1O tests shouLd be performed at a given age. In this experirnent,

only 3 were performed at a given tirner and in rrErny cases the test had a wide

scatter of results. Taking this into account, the pullout nrethod appears to

be a good means of estinating the in-p1ace strength of concrete. Horever, due

to the nature of the testr placernent of the pullout p1ugs1 the number and

location of the plugs need to be planned before any field concrete is placed.
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CHAHTER 5

REVTEW OF C1f,NSTRUCTION TECHNIQUES AI{D SPECIFICATION

5.1 REVIEW OF THE ''STANDARD SPECIFICATIONS'' Ai{D DISCUSSION OF EARLY AGE

STRENGTH DETERMINATTONS

The Highway Departrnentrs Standard Specifications were reviewed. This

review consisted of locating areas where the early age strength determination

could be applied. The early age strength determination could be applied in

two areas; in section 802.09 Handling and Placing Concrete and 802.18r Renroval

of Falseworkr Forms and Housings. These sections reguire a mininn:m tinre and

30O0 psi strength of concrete before the concrete could be loaded or forms

removed. The early age strength determination (rnaturity and pullout) could be

used to estinrate the in-place concrete strength. In some cases, these nrethods

wouLd give a better estinate of the in-place concrete strength than rylindersr
for the nnturity and pullout techniques are subjected to actual field

conditionsr not laboratory simuLated ones. This would give a better estinate

of the in-pIace concrete strength. Alsor estirnating the concrete strength by

nraturity does not require test samples; therefore it could be run at any time

and repeated any number of tinres. The rylinder-rnaturj.ty model could also

estirnate when the minimum 3000 psi strength would be obtained in the fieldr

and at that time the test rylinders could be tested.

5.2 FIELD V]SIT

Field visits were nade to two highway projects. One was to a bridge

under construction and the other was to the construction of a box culvert.

The bridge construction site visit revealed that the early age strength

determination technique would be useful in establishing form rernoval tinres.
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Since forms are reusedr the construction rate could be speeded up by reducing

the form time. Similar observations were noted at the box culvert site.

The application of the rnaturity and pullout methods in the field appears

to be no problem. The naturity could be obtained by mounting a self contained

rnaturity meter to the formworkr out of norrnal walls^rays. The pullouts would be

harder to inplement in the fie1d. They would have to be placed in the top of

slabs or in the fornrvrork. If placed in formsr the forms wou.Ld have to be

designed so a snall section, 6" x 6", could be removed in order to perform the

pullout test. One good location to place the pullouts would be in the cold

joint between pours provided the second pour has to be performed after the

concrete obtains a 3000 psi strength. An alternate solution would be to pour

a test block in the field and perform the pullout test on the block. This way

the block would be subjected to the same curing conditions and mix design.

5.3 RESIDENT ENGINEERIS COM}IENTS

The project results were discussed with the Resident Engineer of District

10r Ralph J. Blackwell and his assistant Brent Watkins. The following

conclusions $rere drawn:

I. The approach could be used as a check if there \^/as a low rylinder
break.

2.

The approach could be used to determine the bridge deckts concrete

strength if it was preloaded. This could help to determine if

there was any danage by the preloading.

31

2

;

The approach could be used to check if the bridge deck was not

properly cured.



4 If the approach r^ras proven in predicting strengths within 1O?r it
could be used to reduce form tirres to 4 days or 3000 psi concrete

strengths.

The approach will provide more checks on the contractors and a1so7

it could give the contractor more freedomr such as reducing form

tinre.

More research should be conducted into nrethods of rnaking the

pullout approach more flexible. This should consist of reducing

the number of inserts and replacing the inserts with a bo1t. The

concrete could be drilled and a bolt inserted and glued in the

concrete. Then the concrete strength could be estinated by the

force required to remove the bolt and cone of concrete.

5

6.
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CHAPTER 6

SUMMARY AI{D CONCLUSION

The research conducted during this project resulted in a method of

establishing the in-pIace strength of concrete at early ages, 24 hrs Lo 7

days. I\nro procedures were investigated; naturity and pu1lout. Maturity was

used to develop prediction nrodels which established concrete strength that

were independent of curing tenperatures. Alsor an investigation into the

selection of the datum temperature was conducted and an optirnr:m datum

tenperature was establishedr (-4"C). The naturity model developed establishes

the percentage of the ultinate conpressive strength present for a given

naturity. This percentage is rn:ltip1ied by the concreters ultinate

compressive strength in order to establish the estinated concrete compressive

strength. Judgement needs to be applied in the selection of ultinnte

strength, for its value is dependent upon the curing temperature. This could

be done by comparing the given nnturity to the naturity obtained by constant

curing temperatures. The ultinate compressive strengthT SUr that corresponds

to the rnaturity produced by constant teq>erature curing should be used. A

good correlation was obtained between the outdoor cured rylinder and core

compressive strengths and the estinated values by the naturity model.

A pullout prediction model was developed. It was not possible to obtain

a model that was independent of curing tenperatures. Hor/ever, the model

developed is designed to predicl the minimum concrete compressive strength for

a given pullout force. Comparisons were rnade betveen the estinnted strength

by pullout force and the core and rylinder compressive strengths subjected to

outdoor curing conditions. A good correlation was obtained, which shovrs that

the nrodel woul-d be useful in establishing the in-place strength of field cored

concrete. 
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Site vlsits rrere nade to study the inplementation of the tests in the

fteld. It was concluded that it wouLd be easy to implenent these tests ln the

fleLd at a EinimaL cost. It is estinated that the equatious could be

developed for approximateLy $5000. A set of equatLons would have to be

developed for each nlx produced by the different suppllers since the equatlons

are supplier dependeot. The deveLopment coats could be spread over several

Jobs. In the fleld, a Eaturity meter could be used to monltor the coocrete

aad they cost approximateLy $500. The pulJ-out equiptrent cost 1s approximatel-y

$750 and the inserts cost approxinately $1.50 each and could be reused. Fron

the low egul-pnent costs aad the loug J-lfe of the equipment, the appllcatlon of

the tests ia the fleld is Lon.

The prlncipal- concluslon of the research ls that the naturlty and pu.Llout

tests could be used to establlsh the I-n-p1ace strength of concrete ia the

fleld. The coul-d be used to establlsh form removal time and loadLng tines.

This would glve the conttactor lnore controL over the proJect and should. help

to reduce constructloo times and costs.

The laboratory test procedure required to establlsh the maturity aad pu1L-

out nodeLs Ls glven in Appendlx C.

34



CHAHTER 7

RECOIOIENDATIONS

Judging from the results of this researchr it is reconrnended that the

following studies be conducted:

First Prediction nrodels should be developed for the mix designs

used by the highway department. The times used to develop

the model should be expanded from 12-168 hrs to 1-I4 days.

Second - The models should be field tested in order to establish

their accuracy in the field as compared to the laboratory

and ease of implementation in the field.

Third Tinre studies should be done to determine the reduction in

form removal times which could occur by using the models.

A1so, an economic analysis should be conducted to determine

the reduced costs that could occur.

Fourth - A study should be conducted to determine if the ambient air

temperature could be monitored in order to determine the

concretets rnaturity. Eactors could be developed which

would account for the effects of the formsr rnassr and

thickness of the concrete when simulating the concrete's

rnaturity by the airrs nnturity

Fifth Recent studies have been done on developing pullout rnethods

where the plug does not need to be placed prior to the

concrete pour. This approach nny be more adaptable to

field usage. This would result in not having to pre-p1an

the pullout tests, and it would permit additional pullout

tests if reguired. Therefore, this approach should be

studied in order to determine its reliability.
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CHAT{TER 8

IMPLEIV1ENTATION OF PROCEDURE AND BENEFITS

8.1 II{PLEMENTATION IN THE FIELD

The cylinder compressive strength estirnation by rnaturity and pullout

tests should be performed together. The rnaturiQz would be used to estinate

the minimum required strength. once the minimum strength has been obtained

the pullout test would be perforrned to confirm the naturity results.

To estinate the concrete strength by naturityr the temperature of the

conrete has to be rnonitoredr by a rnaturity nreterr which records the tinre

temperature history of the concrete. The prediction npdel could be used to

establish. the rnaturity associated with the required concrete strength. Once

the reguired naturity is obtained in the fieId, the pullout test could be

performed to verify the naturity results.

8.2 "STANDARD SPECIF'ICATIONS'' CHANGES 
I

The Standard Specifications in sections 8O2.1Oc and BO2.1B would have to

be rewritten. Wherever it states that test rylinders are used to establish

the mininmm compressive strengthr it should read test rylinders or early age

testing techniques.

8.3 BENEFITS

Several benefits would be obtained by using the naturity and pullout

tests. Eirstr these tests couLd reduce form stripping tirnesr which would

reduce forming costs and help to reduce construction costs. Secondr the tests

could give a more accurate estinate of the quality and strength of the in-

place strength of the concrete. The pullout test estirnates the in-place
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concrete compressive strength, therefore the effects of the actual curing

condition is being nronitored. thirdr the tests are perfornred in the fieldr

therefore, there is no time delay of having to obtain concrete strength

resuLts from the lab. Fourthr a more uniform estinate of the concrete

strength is achieved for the pullout tests could be performed at several

locations within the pour area. The cost of the tests are lourr for the

pullout plugs could be reused and the equiprnent costs are mininal. Sixth, the

construction tinre could be reduced. This would help to reduce the departments

costs associated with site inspections and quality control.
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APPMJDIX A

FIGURII OE PULTOUI ]NSERT
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APPENDIX B

s/sU vs MATLIRITY C,RAPHS
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TEST PRrcEDURE
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APPENDIX C

TEST PROCEDURE

The following test procedure is reconunended for the development and use of

the prediction models.

c.1 Samp1e preparation

A11 specimens should be prepared and cured according to ASTM procedures.

The follor^ring specimens need to be prepared:

a) Qrlinders - 24 4"x8" should be casted. (ttre use of 4xB

instead of 6xI2 cylinders will save nnterials and curing

space)

b) Slabs - 4 36"x6"x8" slabs with 5 inserts per long side could

be casted.

c) The rnaturity of two cylinders and slabs should be monitored by

a rnaturity meter or use a temperature probe and calculate the

rnaturity.

d) Testing Tinres - the following tests should be performed at the

specified tinres.

Time (days)
Number of Tests

Qrlinders Pullout
36
36
36
36
36
36
36
3-

1
2
3
5
7

10
74
28
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e) Curing Temperature - the specimens should be cured at 55oF +

10F

f ) 1\^ro additional sets of cylinders should be cured. One set

should be cured at 37"F and a the other at 73oF. Each set

should contain 18 cylinders with 3 tested at 11 3, 5, 7, 14

and 28 days. This data would be used to develop the SU

strengths which are dependent upon curing temperature.

C.2 Data Analysis

A least squares regression analysis routine should be used. The analysis

routine should be based upon the following operation and provide at least

dr br and 12 values.

Y=a*bx

This routine will be used to develop the naturity and pullout models.

a) Maturitlz Model

The rnaturity model is given by Equation 2.5. In order

to determine Ar Mo and SU the following procedure is used on

the cylinder = nnturity data.

1. Let SU range in value from 40OO to l5rOOO by

increments of 250

2. Perform a regression analysis for each value of SU

by letting

y= (s/su)/(t- s/su)

x = rnaturity

57
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b)

3. Review the 12 values and determine the best fit

curve.

4. Calculate l"1o and A by:

A=bfromanalysis

I"1o = a,/b from analysis

5 Substitute the value of A and Mo into Equation 2.4

to form the rnaturity model.

Pullout Model

To develop the pullout-model two regressions have to be

performed: rylinder strength in terms of rnaturity and

pullout force in terms of rnaturity.

To perform the first regression - cylinder strength in

terms of rnaturity Iet

Y = cylinder strength

x = Ln of the cylinderrs rnaturity

and use the regression routine.

To perform the second regression - pullout force in

terms of rnaturity 1et

y = pullout force

x = Ln of the slabrs rnaturity

and use the regression routine.
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Substitute the results into Equation 3.3 to develop the

pullout modeI.

C.3 Use of Models

a) Maturity Mode1

To determine the concrete strength in the fieldr

determine the field concreters rnaturity and substitute it into

the rnaturity nrodel [equation 2.4). The SU value used in the

model or Eguation 2.4 could be obtained by tvo sources.

1. For a given timer nntch the field rnaturity to the

rnaturity values foc 37r 55 and 73oF curingr and

pick the SU value obtained from the corresponding

constant curing data'

Z. Use the 28 day strength obtained in the model

development.

The results obtained is the estirnated concrete strength.

Pullout Itlodel

Once the proper estirnated concrete strength has been

obtainedr six pullout inserts should be tested in the field

cured concretel noting the pullout force. Average the forces

and insert the force into the pullout model [sguation 3.3] to

obtain the in-p1ace concrete strength.

If the concrete strength obtained by the pullout model

is egual to or greater than the strength obtained by nnturity

remove forms or Load concrete. If not check the concrete

strength at a later date, or wait for the cylinder tests.
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