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INTERNATIONAL

Standard Test Method for
Making, Accelerated Curing, and Testing Concrete
Compression Test Specimens

This standard is issued under the fixed designation C 684; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope C 470 Specification for Molds for Forming Concrete Test
1.1 This test method covers four procedures for making, _Cylinders Vertically o _
curing, and testing specimens of concrete stored under condi- C 617 Practice for Capping Cylindrical Concrete Speci-
tions intended to accelerate the development of strength. The MeNS . . _
four procedures are: Procedure A—Warm Water Method, C 1231 Practice for Use of Unbonded Caps in Determina-
Procedure B—Boiling Water Method, Procedure tion of Compressive Strength of Hardened Concrete Cyl-
C—Autogenous Curing Method, and Procedure D—High _inders _ _ _
Temperature and Pressure Method. D 3665 Practice for Random Sampling of Construction
1.2 The values stated in Sl units are to be regarded as _Materials - . .
standard. The values given in parentheses are provided for E 105 Practice for Probability Sampling of Materials
information purposes only. E 122 Practice for Calculating Sample Size to Estimate,
1.3 This standard does not purport to address all of the WI'Fh a Specified Tolerable Error, the Average for Charac-
safety concerns, if any, associated with its use. It is the _teristics of a Lot or Process _
responsibility of the user of this standard to establish appro- E 141 Practice for Acceptance of Evidence Based on the
priate safety and health practices and determine the applica- Results of Probability Sampling
bility of regulatory limitations prior to useSee Section 9 and

Note 9 and Note 14 for specific warnings and precautions. 3. Terminology

3.1 There are no terms in this standard that require new or
2. Referenced Documents other than dictionary definitions.

2.1 ASTM Standards?
C 31/C 31M Practice for Making and Curing Concrete Test4' Summary of Test Method

Specimens in the Field 4.1 Concrete specimens are exposed to accelerated curing
C 39 Test Method for Compressive Strength of Cylindricalonditions that permit the specimens to develop a significant
Concrete Specimens portion of their ultimate strength within a time period ranging

C 172 Practice for Sampling Freshly Mixed Concrete from 5 to 49 h, depending upon the procedure that is used.
C 177 Test Method for Steady-State Heat Flux MeasureProcedures A and B utilize storage of specimens in heated
ments and Thermal Transmission Properties by Means ghater at elevated curing temperatures without moisture loss.

the Guarded-Hot-Plate Apparatus The primary function of the moderately heated water used in
C 192/C 192M Practice for Making and Curing ConcreteProcedure A is to serve as insulation to conserve the heat
Test Specimens in the Laboratory generated by hydration. The temperature level employed in

Procedure B provides thermal acceleration. Procedure C in-
- volves storage of specimens in insulated curing containers in
1 This test method is under the jurisdiction of ASTM Committee C09 on Which the elevated curing temperature is obtained from heat of

Concrete and Concrete Aggregates and is the direct responsibility of Subcommittdgydration of the cement. The sealed containers also prevent
C09.61 on Testing for Strength.

Current edition approved Nov. 10, 1999. Published February 2000. Originally CIStUre loss. Procedure D involves simultaneous application
approved in 1971. Last previous edition approved in 1999 as C 684 — 99. of elevated temperature and pressure to the concrete using

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, orspecial containers. Sampling and testing procedures are the
contact ASTM Customer Service at service@astm.org.Afomual Book of ASTM same as for norma”y cured specimens (see Practice C 172 and

Standards/olume information, refer to the standard’s Document Summary page o .
the ASTM website. "Test Method C 39, respectively).

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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4.2 Important characteristics of these procedures are shown 7.2 Molds

in Table 1. 7.2.1 Cylinder molds for test specimens used in Procedures
5. Significance and Use A, B, and C shall conform to Specification C 470. Paper molds
' are excluded. When specimens are to be tested without
5.1 The accelerated curing procedures provide, at the eaf'&apping, use only reusable molds with machined end plates
est practical time, an indication of the potential strength of anat can be securely connected to both top and bottom of the
specific concrete mixture. These procedures also providg,o|d. The end plates shall produce specimens with bearing
information on the variability of the production process for useg,(faces that are plane within 0.05 mm (0.002 in.) and whose
in quality control. _ ends do not depart from perpendicularity to the axis of the
5.2 The accelerated early strength obtained from any of thg linder by more than 0.5° (approximately equivalent to 10
procedures in this test method can k_)e used to evaluate concr /m s in. in 12 in.). When assembled, the mold assembly
strengths in the same way conventional 28-day strengths ha\@ sufficiently tight to permit the filled mold to be turned from

been used in the past, with swtqble changes in the expecte(‘ﬁie vertical filling position to a horizontal curing position

strength values. Since the practice of using strength Value\ﬁithout loss of mortar or damage to the test specimen

obtained from standard-cured cylinders at 28 days is long . '

established and widespread, the results of accelerated strength/-2-2 CFyImder molds for Procedure D shall conform to the

tests are often used to estimate the later-age strength und@lowing:

standard curing. Such estimates should be limited to concretes7.2.2.1 Made of stainless steel,

using the same materials and mixture proportions as those used7.2.2.2 Equipped with removable top and bottom metal

for establishing the correlation. Appendix X2 provides aplugs and O-ring seals,

procedure to estimate the 90 % confidence interval of the ;55 3 Equipped with a heating element capable of raising

average later-age strength based on accelerated strength st concrete temperature within the mold to 15@°C (300

resu:lgts(.: lation b | d h and °F) within 30 = 5 min, and are capable of maintaining this
> orrelation between accelerated strength and strengf mperature throughout the time required by the test procedure,

achieved at some later age by using conventional curing 722 4 Equipped with devi h
methods depends upon the materials comprising the concrete,’ =< quipped with devices to measure the temperature

the mixture proportions, and the specific accelerated tedqithin each mold to ascertain that the temperature of the
procedure. concrete satisfies the temperature requirements stated herein,

5.4 The user shall choose which procedure to use on th@"d
basis of experience and local conditions. These procedures, in7.2.2.5 Equipped with a companion loading component
general, will be practical when a field laboratory is available tocapable of maintaining a pressure of 10.3 MPa0.2 MPa
house the curing containers and the testing equipment tEL500 = 25 psi) on the concrete during the curing period.
measure compressive strength within the specified time limits. 7.3 Curing Apparatus

7.3.1 Accelerated Curing Tank for Procedures A and B

6.1 When wet sieving of the concrete sample is required 7311 The_ tank is of any configuration SUitfible fo_r the

prior to molding the test specimens due to maximum aggrega umber Of. cylinders to_ be tested. Arrange the cylinders in any

size limitations (such as Procedure D, which is limited to 25Comclguratlon that provides a_clearance of at_least 50mm (2in.)

mm maximum), consider the effect of wet sieving on the airbetween the side of each cylinder and the side of the tank, and

content and stréngth of the test specimens at least 100 mm (4 in.) between adjacent cylinders. Maintain
' the water level at least 100 mm (4 in.) above the tops of the

7. Apparatus cylinders.
7.1 Equipment and small tools for fabricating specimens, nore 1—Provision for an overflow pipe is a convenience in controlling

measuring slump, and determining air content shall conform tghe maximum depth of water. A number of different tanks have been used
Practice C 31/C 31M. successfully. Guidelines are given in Appendix X1.

6. Interferences

TABLE 1 Characteristics of Accelerated Curing Procedures

Accelerated Curing Age Accelerated Duration of

Procedure Molds Source of Strength Temperature Curing Accelerated Age' at
Acceleration o 7o ) . Testing
C (°F) Begins Curing
A. Warm Water reusable or single-use heat of hydration 35 (95) immediately after 23.5h = 30 min 24 h = 15 min
casting
B. Boiling Water reusable or single-use boiling water boiling 23 h = 30 min after 3.5h £ 5min 28.5 h = 15 min
casting
C. Autogenous single-use heat of hydration initial concrete immediately after 48 h = 15 min 49 h + 15 min
temperature casting
augmented by
heat of hydration
D. High-Temperature reusable external heat and 150 (300) immediately after 5h = 5 min 5.25 h = 5 min?
and Pressure pressure casting

AAdd 30 min if capping with sulfur compound is used.
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7.3.1.2 Equip the tank with environmental control ele- 9.2 Observe the additional safety measures indicated when
ment(s) capable ofl] providing the specified water tempera- using Procedure B to prevent scalding or other burns resulting
ture, @ maintaining the water temperature within3°C  from the use of boiling water as a curing medium.
(£5°F) of the specified value at any point in the water, &)d ( 9.3 Observe the additional safety measures indicated when
limiting the temperature drop, after immersion of specimens, tausing Procedure D to prevent injury due to the high tempera-
less than 3°C (5°F) and returning to the specified wateture and pressure used for curing.
temperature within 15 min. Thermometers or other temperature
recording devices are required, independent of the thermostak0. Sampling
to check the temperature of the water. 10.1 Determine the number of tests required from the
Note 2—Depending upon the design features of the tank, insulation oFonc_rete lot(s) or process. Use a random or SySte_mat'C plan that
mechanical agitation, or both, might be necessary to meet the specifidfOvides the number of tests needed to characterize the strength
temperature requirements. Electrical immersion heaters controlled by @f the concrete used in the construction.
thermostat are one suitable form of heating elements. For a particular 10.2 If the lot(s) or process is stratified into sublots, locate
procedure, the size of the heating element required will depend upon thge samples using a stratified random procedure. If circum-
size of the tank and the number of specimens to be cured at one time.gt5nces dictate a non-stratified approach, use a random proce-
7.3.1.3 The plate supporting the specimens is perforated tdure.

permit circulation of the water. o : .
7314 Acl fitting lid d Lo ired Note 4—A stratified random sampling procedure can be implemented
T close fitting lid to reduce evaporation Is require by dividing each lot of concrete into a number of equal-sized sublots, and

for Procedure B but is optional for Procedure A. randomly selecting a sample from each sublot. The number of sublots
7.3.2 Curing Container for Procedure C equals the number of samples that were scheduled to be taken from the Iot.
7.3.2.1 The container consists of thermal insulation meetingor example, if the job requirements called for each 56@fitoncrete to

heat retention requirements of 12.2.1 and closely surroundinge treated as a lot and that five samples be obtained from each lot to

the concrete specimen. etermine compressive strength, divide the lot into five equal-sized

. . . ublots of 100 M each. Randomly obtain one sample from each sublot.
7.3.2.2 The container is capable of being opened to permﬁ:est results from the five samples obtained in this manner provide

insertion and withdrawal of the specimen and has an outefpiased estimates of the compressive strength of the 506tnThis is
casing and inner liner to protect the insulation from mechanicaghe most practical approach to ensure that the samples obtained include the
damage. entire range of concrete in the production process. If unequal size sublots
7.3.2.3 The container has a maximum-minimum recordingpccur due to the construction process, weighting of the test results may be
thermometer which is not insulated from the concrete specimefPPropriate to maintain the faimess and defensibility of the sampling
(see Note 10). procedure. . . .
7324 The container has a lid or other means to provid Note 5—Practice D 3665 contains a table of random numbers, includ-
e . - . . P 7Thg instructions for use. Practices E 105, E 122, and E 141 contain
secure closure during the specified curing period. The lidgqitional information concerning sampling practices.
includes a heat seal that satisfies the requirements of 12.2.2.
7.3.2.5 The container is capable of holding either one or twcb
specimens. r

10.3 Sample the freshly mixed concrete in accordance with
actice C 172. Record in the job records the location at which
the sampled batch is used in the structure.

Note 3—Examples of suitable containers are included in Appendix X1.
Any configuration is acceptable provided it meets the performancell. Preparation of Apparatus

requirements of 12.2. 11.1 Methods A and B
7.3.3 Curing Apparatus for Procedure :D 11.1.1 Activate the environmental control elements at least
7.3.3.1 The curing apparatus consists of a loading system th prior to the start of a scheduled test to allow the temperature

apply the specified pressure to the concrete specimens agfl the water and equipment to stabilize.

special molds to maintain the concrete specimens at the 11.2 Method C

specified temperature during the curing period. The curing 11.2.1 Conduct the proving tests specified in Section 12

apparatus can be of any configuration suitable for the numbeirior to scheduling tests.

of cylindrical specimens to be tested. Appendix X1 describes a 11.3 Method D

successful apparatus designed for curing three specimens.  11.3.1 Clean and check the molds and end plugs before
7.4 Capping Apparatus starting a test. Standardize the loading system in accordance

7.4.1 If capping of the test specimens is required, use th@jth Section 12 prior to scheduling tests.
apparatus specified in Practice C 617 or Practice C 1231.

12. Standardization

8. Materials 12.1 For all methods, verify the calibration of temperature
8.1 Capping compound or pad caps for use when the ends @leasurement, control, and recording components on a frequent
the test specimens are unsuitable for testing without cappingseriodic basis. Calibrate such components in accordance with
the manufacturer's recommendations or standard laboratory
9. Hazards practice.
9.1 Observe OSHA requirements and standard laboratory 12.2 Method C Requirements
and field safety precautions when sampling, molding, curing, 12.2.1 Heat Retentior-Place a watertight cylindrical con-
and testing concrete. tainer with internal dimensions of 300 mm (12 in.) in height by
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150 mm (6 in.) in diameter into the autogenous curing 14.1.2.4 After curing for 23.5 ht 30 min, remove the
container. Fill the container to within 6 mri¥{in.) of the brim  specimens from the tank and remove the molds.

with water at a temperature of 82°C (180°F). Insert a thermo- 14.1.3 Capping and Testing

couple into the water and measure the initial temperature of the 14.1.3.1 Cap the ends of specimens that are not plane within
water with a suitable readout device. Then seal the wate®.05 mm (0.002 in.) or that depart from perpendicularity to the
container with a cap or plastic bag and close the autogenouwsntral axis by more than 0.5° (approximately equivalent to 10
container. When the autogenous curing container is stored imm/m (/s in. in 12 in.)) as specified in Practice C 617 or
still air at 21 = 1°C (70 = 2°F), the water temperature Practice C 1231 (see Note 7).

requirements are as follows: Note 7—Grinding of cylinders to achieve the flatness requirements is

Elapsed time, h °C °F permitted provided the specimens are tested within the specified time
12 67 =3 152 £ 5 limits.
ig 4512 fi ﬁ’i’ fg 14.1.3.2 For bonded caps, use capping material that devel-
72 8+ 4 100 + 8 ops, at an age of 30 min when tested in accordance with the

) provisions of Practice C 617, a strength equal to or greater than
12.2.2 Tightness Test for Gasket Heat SedWhen the the strength of the specimens to be tested.

autogenous curing container is immersed in water to a depth of 14.1.3.3 If bonded caps are used, do not test specimens
150 mm (6 in.) above the joint between the separable parts, n§’oon.er- tﬁan 30 min after capping '

air shall escape through the heat seal within a period of 5 min. 14.1.3.4 Test the specimens for strength in accordance with
12.2.3 Stability of the ContainerThe container, or any part Test Method C 39 at the age of 24=h 15 min.

thereof, shall not display embrittlement, fracturing, or distor- ;4 5 Procedure B—Boiling Water Method

tion when maintained in an ambient temperature of —30°C 4,51 Preparation of Test Specimens

(=20°F) for 72 h, nor softening or distortion when maintained 1459 1 Prepare specimens in accordance with 14.1.1.

at an ambient temperature of 60°C (140°F) for 72 h. The gasket 14.2.2 Initial Curing:

type heat seal immediately shall recover fully its original 14559 Cover the specimens to prevent loss of moisture

thickness after 50 % compression under the temperature COQpy store so that they will not be disturbed. Maintain the

ditions specified above. storage area temperature at 216°C (70 + 10°F). Adhere to

12.3 Methqd D . ) ) the requirements of Practice C 31/C 31M in the protection and
12.3.1 Verify the calibration of the loading component on astorage of test specimens.

periodic basis. If the loading component is also used for

CompreSS|0n testlng Of the SpeC|menS’ fo”ow the requ”'ements Note 8—Strict attention to the protection and Storage of the Specimens
of Test Method C 39 during this initial period is necessary for meaningful results because of the

short total curing period.

13. Conditioning 14.2.3 Accelerated Curing

13.1 The relatively short curing periods used for concrete 1I£c11.2"3.1h AL23 h- 1&?(ml\|ln aftgr T/Imqmg’ plr?ce the covered ¢
test specimens in this test method require that particula'?go sint evr\:atgr tanf( ote ) alnéalrr:t e:‘empehrature.o
attention be directed to conditioning of equipment and test e_w;tert?t_lt. e t'lr\’:e ollgnmersmn and throughout the curing
specimens. Adhere carefully to the specified temperature arfif"10d at boiling (Note 10).

time requirements in each method. NoTe 9—Precaution: In addition to other precautions, wear appropri-
ate protection for the eyes, face, hands, and arms to prevent injury from
14. Procedure the sudden release of steam upon opening the container or immersion of
the cyclinder into the boiling water. Lifting tongs are suggested to slowly
14.1 Procedure A—Warm Water Method lower the molds into the boiling water without splashing.
14.1.1 Preparation of Test Specimens Note 10—In confined places, the temperature of the water may be kept

14.1.1.1 Mold the test specimens in accordance with thgust below the boiling point to avoid excessive evaporation. The tempera-
requirements of Practice C 31/C 31M or Practice C 192fure at which water boils varies because of differences in elevation above
C 192M, whichever is applicable. sea level. Differences in strengths caused by the differences in tempera-
14.1.2 Curing: tures are not believed to be significant, but comparison of results among
- : . .., areas so affected should be supported by appropriate correlations and
14.1.2.1 If necessary, cover the top of the specimens with ﬁ’ﬁerpreted with the knowledge of the temperature variations.
rigid plate to prevent loss of mortar to the water bath. . ]
14.1.2.2 Immediately after molding, place the specimens 14.2.3.2 Record the temperature of the curing water either
into the curing tank (Note 6). Maintain the water at the time ofcontinuously or periodically throughout the curing period.

immersion and throughout the curing period at-8%8°C (95 14.2.3.3 After curing for 3.5 hx 5 min, remove the
+ 5°F), specimens from the boiling water, remove the molds, and allow

the specimens to cool at room temperature for at [&dwsprior
Note 6—If the specimens are cast in molds meeting the requirementgy capping.
of 7_.2.1.1 they may be storec_j horlz_ontally, otherwise they are stored in the 14.2.4 Capping and Testing
curing tank with the long axis vertical. 14.2.4.1 Cap and test the specimens in accordance with
14.1.2.3 Record the temperature of the curing water eithet4.1.3, except that the age at time of test is 28.45 min.
continuously or periodically throughout the curing period. 14.3 Procedure C—Autogenous Method
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14.3.1 Preparation of Test Specimens 14.4.2 Curing:
14.3.1.1 Prepare specimens in accordance with 14.1.1. 14.4.2.1 Immediately after molding, cover each mold with a

Note 11—Metal, reusable molds with end plates and clamps may bernetal plug to seal the concrete inside the mold during the

impracticable for Procedure C. curing process. . .
. 14.4.2.2 Stack the molds vertically and place them in the
14.3.2 Curing:

loading apparatus described in 7.3.3.1. Apply and maintain a

14.3.2.1 Immediately after molding, cover the mold with a ressure of 10.2 0.2 MPa (1500+ 25 psi) on the concrete
metal plate or a tightly fitted cap and place in a heavy-duty, i the molcis. ' B

plastic bag from which as much of the entrapped air as possible 14 4 5 3° Activate the heating element specified in 7.2.2 to
is expelled prior to tying the neck. (Alternatively, a moisture- 4o\ ate the temperature of the specimen to $58°C (300+
tight plastic cap may be used.) Use a plastic bag of sufficiener) yithin 30+ 5 minutes. The curing period begins when the
strength to resist punctures and serve as a lifting grip fo'heating element is activated.

placing and removing the specimen from the autogenous 14.4.2.4 The curing period lasts 5-h 5 min. During the

container. , . first 3 h, maintain the specimen temperature at ¥5@°C
14.3.2.2 Reset the maximum-minimum thermometer, and¢300i 5°F). After 3 h, turn off the heating element and

after the specimen is inserted into the container, secure ”}‘ﬁaintain the pressure at 10:30.2 MPa (1500+ 25 psi) for

container lid. ; . .
. . the remainder of the curing period.
14.3.2.3 Clearly record the time of molding to the nearest 15 14 4 5 5 At the end of t?lepcuring period, release the pres-

min and the temperature of the freshly molded concrete on thg ;.o remove the molds from the loading apparatus, and

outside of the curing con_tainer. . . extrude the specimens from the molds.
14.3.2.4 Store the curing container for at least 12 h in a

location not subject to disturbance or direct sunlight, and Nore 14—Precaution: The use of high temperature and pressure
preferably at a temperature of 24 6°C (70 = 10°F). imposes the need for safety measures to prevent scalding or eye burns

. . resulting from sudden escape of steam upon removal of plugs from the
14.3.2.5 Atthe age of 4_8h 15 min after the s_peCImen was molds. In addition to other precautions, wear eye, face, and hand
molded, remove the specimen from the container and removﬁotection, while removing the specimens from the molds. It is suggested
the mold. Allow to stand at room temperature for 30 min.  that the plugs be removed by prying in a direction away from the operator.

14.3.2.6 Record the maximum and minimum temperatures Nore 15—Polypropylene plastic liners can be used inside the molds to

in the container indicated on the thermometer. facilitate extrusion of the cured concrete from the molds.

Note 12—Comparison of the maximum and minimum temperatures 14.4.3 Capping and Testing
with the recorded temperature of the fresh concrete will provide an 14.4.3.1 Normally the specimens do not need to be capped
indication of abnormal or interrupted curing which may cause high or lowfor testing since the metal plugs produce suitably plane bearing
strength results. surfaces. If the end surfaces do not meet the requirements of
14.3.3 Capping and Testing 14.1.3.1, cap the specimens in accordance with 14.1.3.

14.3.3.1 Cap and test the specimens in accordance with 14.4.3.2 Test the specimens for strength in accordance with

14.1.3, except that the age at the time of test is 4916 min.  Test Method C 39 within 15 min after removing the molds.

, ) _ When capping is required, test the specimens 30 min after
Note 13—Capping and testing may be performed at an age dmeren&apping

from that specified in 14.3.3. Agencies using the procedure have, for
convenience, established relationships between test results at 24, 72, andNote 16—The loading apparatus used for the curing period can also be
96 h with those obtained by standard moist curing. However, at 24 h, thelesigned to function as a suitable compression testing machine (see
relationship is less satisfactory than those obtained by accelerated autoppendix X1).

enous curing for 48, 72, or 96 h. Where the curing period is other than that

specified in 14.3.3, the age at testing should be the curing period plus 1 5. Interpretation of Results®

The tolerance of=15 min should still apply. 15.1 Strength requirements in existing specifications and
14.4 Procedure D—High Temperature and Pressurecodes are not based upon accelerated curing; therefore, apply
Method results from this test method in the prediction of specification
14.4.1 Preparation of Test Specimens compliance of strengths at later ages with great caution. As
14.4.1.1 For the curing apparatus described in Appendistated in Section 17, the variability of the test method is the
X1, the molds are 7% 150 mm (3X 6 in.) cylinders. Seal the same or less than that from traditional methods. Thus, results
molds with their bottom plugs before filling with concrete. can be used in rapid assessment of variability for process
14.4.1.2 Procedure D is limited to concrete containingcontrol and signalling the need for indicated adjustments. On
25-mm (1-in.) maximum size aggregate. Wet sieve concretehe other hand, the magnitude of the strength values obtained is
containing aggregate larger than 25 mm (1 in.) in accordancfluenced by the specific combination of materials so that the
with Practice C 172. use of the results from either conventional tests at any arbitrary
14.4.1.3 Place the concrete in the molds in two equal layerage or those from this test method must be supported by
and rod each layer 10 times. Screed the top of the concrete with
a special tool (see Fig. X1.3) to achieve the level of concrete

requwed to receive the tOp metal pIUg that transmits the 2 Carino, N. J., “Prediction of Potential Concrete Strength at Later Ages,” ASTM

deSignate_d pressure of 16:3.2 MPa (lSOOi 25 pSi) to the STP 169C Significance of Tests and Properties of Concrete and Concrete Making
concrete in the mold. Materials, 1994, pp. 140-152.
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experience or correlations developed by the specific agency fdr7. Precision and Bias
the existing local conditions and materials.

15.2 When this test method is used as a means to estimate . .
standard-cured strength at a specified age, statistical methodst/-1-1 The data used to prepare the following precision
shall be used to account for the various uncertainties associatSRlements was obtained using measurements in the inch-pound
with making such estimates. Appendix X2 provides an acceptSYStem-
able procedure for this purpose. Prior to using this test method 17.1.2 The single-laboratory coefficient of variation for
to estimate standard-cured strength, all interested parties shapecimens cast from the same batch has been determined as
agree on the statistical procedures to be used and how tie6 % for 150X 300-mm (6X 12-in.) cylinders (as used in
results are to be interpreted. If this test method is used foProcedures A, B, and C) and as 6.7 % for 7350-mm

acceptance testing, the acceptance criterion shall be stated (&% 6-in.) cylinders (as used in Procedure D) (Note 18).
the project documents. Therefore, for 150< 300-mm (6X 12-in.) cylinders tested

according to Procedures A, B, and C, individual results of two
basis of accelerated strength testing is that the lower limit of the 90 ¢ rOp?rly conducted strength tests, by the same labqratory on
confidence interval of the estimated average strength of the sample teste€CIMens made from the same batch, should not differ more

should conform to the acceptance criteria for standard moist-cureéian 10.1 % of their average. For #150-mm (3X 6-in.)

17.1 Precision

Note 17—A recommended criterion for acceptance of concrete on th

cylinders. cylinders tested according to Procedure D, the maximum
acceptable difference between three individual test results is
16. Report 221 %,
16.1 Report the following for each test specimen: 17.1.3 The single-laboratory, coefficient of variation for test
16.1.1 Identification number, S results among batches cast on different days has been deter-
16.1.2 Diameter (and length, if not standard) in millimetres ined as 8.7 % for 156 300-mm (6x 12-in.) cylinders as
(or inches), _ _ . used in Procedures A, B, and C, and as 20 % foxk7850-mm
. 16.1.3 Cross-sectional area, in square millimetres (or Squarg x 6-in.) cylinders as used in Procedure D (Note 19). A test
inches), result is the average strength of two specimens for Procedures

16.1.4 Maximum load, in newtons (or pounds-force), A, B, and C and the average of three specimens for Procedure
16.1.5 Compressive strength calculated to the nearest 0g Therefore, results of two properly conducted strength tests
MPa (10 psi), _ from different batches of the same materials cast on different
16.1.6 Type of fracture, if other than the usual cone, days should differ by no more than 24.4 % of their average for
16.1.7 Defects in either the specimen or the caps (if used), 54 % 300-mm (6X 12-in.) cylinders and 56.0 % for

16.1.8 Age of the specimens, 75 X 150-mm (3X 6-in.) cylinders (Note 19).
16.1.9 Accelerated curing procedure used,

16.1.10 Maximum and minimum temperature to the near- Note 18—These numbers represent the (1s %) limit as described in

est® C (°F) if Procedure C was used. Practice C 670.
16.1.11 If applicable, method of transportation used for Nore 19—These numbers represent, respectively, the (1s %) and
shipping the specimens to the laboratory, and (d2s %) limits as described in Practice C 670.

16.1.12 Ambient temperature of the specimen during initial 8 K d
curing in Procedure B or of the container during storage for'L - Reywords
Procedure C. 18.1 accelerated curing; compressive strength; testing

APPENDIXES
(Nonmandatory Information)

X1. CURING APPARATUS

X1.1 Accelerated Curing Tank (Procedures A and B) X1.1.3 For a tank containing two or three specimens, two
X1.1.1 Curing tanks similar to that shown in Fig. X1.1 have coupled elements (1500 and 5000 W) have been found suitable
been used successfully. for use with Procedure B. While the smaller elements will

X1.1.2 Properly designed tanks will ensure an almost unidnaintain the specified curing temperature, the larger element is
form temperature throughout the tank without the need for dequired as a booster to reestablish boiling within the specified
mechanical stirrer. Locate the immersion heaters centrally itime after the specimens have been immersed. Where the tank
the plan and as near to the bottom of the tank as possible. The to be used solely for Procedure A, the above heaters are also
water above the heater will then be kept in circulation bysuitable, but a single 3000-W element has also been found
convection currents. suitable. With the 3000-W element, the tank may be of larger
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Sy j\* foam (32 kg/n or 2 Ib/ft®) maintained when closed at 50 %
Overflow
Water level

gc'ose'vﬁ"ing lid and 12.2.3 are met. A suitable gasket is flexible polyurethane

compression.

EE ] Thermostat — - Dimensions X1.2.4 Foamed-in-place closed-cell polyurethane having a

g § 1 7 H a- sommizn) - density of between 32 and 48 kgt and 3 Ib/ff) and thermal
a—t. : A ' : Szrsmmisin conductllvny equal to or_Iess than 0.02 W/m-K (0.15 Btu-in./

g | Insuation |f : ' h-ft*°F) in accordance with Test Method C 177 has been found

: g to be a suitable insulating material at the thicknesses specified

1 £ a E Bt o s for to meet the heat re_tention _re_quirements of 12.2.1.

: : - e X1.2.5 The maximum-minimum thermo_mete_r should cover

Electric mmersion A Holes, diameter = D (6by 12in.) a range from — 10 to 65°C (20 to 150°F) in 1° increments.
End View Side View

X1.3 High Temperature and Pressure Equipment
(Procedure D)

X1.3.1 Asatisfactory apparatus for Procedure D is shown in

dimensions to hold more than two or three specimens wheﬁig' X1.3. . .
X1.3.2 Properly designed molds will ensure an almost

used for Procedure A. uniform temperature throughout the concrete. The heater wires

in sxullzﬁign T;ri ?]Voe,[rﬂe(?svgeﬂtﬁ):{ fcol(r)sceyi;'m?gn:('g’ L?:ed d e())(:ﬁ”(}:)rare normally spaced closer together near the edges of the mold
Procedure A 9 Y 1%nd further apart in its central region.

X1.3.3 For a 75< 150-mm (3X 6-in.) cylindrical mold, a
X1.2 Autogenous Curing Container (Procedure C) heating element'of 100 valll raise and maintain the SpeC.Ierd
X1.2.1 Satisfact tai h in Fig. X1.2 temperature during the curing period. Regular fiberglass insu-
-. oalistactory containers areé Shown in Fg. AL.2. 1ai0n with a rating of R20 was found to be sufficient for the

X1.2.2 The space for the maximum-minimum thermometerS ggested heating element and required curing cycle. Each

ang tlr;te means oftor;]emng the container, securing when close old has its own electrical circuitry so that if one fails to
and liting are not shown. function, two molds will remain to cure two specimens in a

X1.2.3 Aheat seal is requ]red at t.he joint face between th%atisfactory manner. The electrical system shall have current
separable parts of the container. This may be a labyrinth or dicators, a timer, and a buzzer in order to make the curing

gasket type seal provided the requirements of 12.2.1, 12.2. rocedure automatic and simple to monitor.

FIG. X1.1 Suggested Design for Accelerated Curing Tank
(Procedure A or B)

Container For One Container For Two
Cylinder Cylinders

Screed

V77 7/ |ormern)
[ 6 mm (1/4in.)
75 mm
E (2.95in.)
102 mm (4 in.)
Section b' - b' e 20
Rigid %
insulation 19 12
NGy e eed! 9
,,,“”””;7 2 X
(1525 :msin ) . N é‘:
yinder Gx12in 7 18 N
Cylind (‘520);‘%%5;:nm (‘52‘:;‘3%5 . ;:: NS
;:: D 10 ‘
=5l b 0"
G
i 1
) Load frame with sample containers Sample containers
Sectiona-a Section a’' - a' Nomenclature
1. Connecting rods 8. Head bearing disc 15. Wire insulation
Dimensions 2. Head member 9. Heat shield 16. Heating wire
] . 3. Base 10. Cap and piston 17. Electrical Connector
A= 162 to 165 mm (6-3/8 to 6-1/2 in.} E = 290t0 293 mm (11-3/8 to 11-1/2in.} 4. Accumulator 11. Ball bearing 18. Glass wool insulation
B =314t0 317 mm (12-3/8 to 12-1/2 in.) F = 464 to 483 mm ( 18-1/4 to 19in.} 6. Hydraulic jack 12. O-ring 18. Piston
C=76mm (3in.) G= 64 mm (2-1/2in)}) 6. Pressure gage 13. Plastic liner 20. Container covering
D =311 mm (12-1/4 in.) H=13t025mm (1/2t0 1in.) 7. Sampie container 14. Cylinder mold 21, Concrete specimen
FIG. X1.2 Autogenous Curing Container for One or Two Cylinders FIG. X1.3 Schematic of High-Temperature and Pressure Curing
(Procedure C) Apparatus (Procedure D)
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X1.3.4 The hydraulic jack and accumulator shall be X1.3.5 If it is desired to use the apparatus to test the
equipped with a pressure gage to indicate the pressure beispecimens, then the apparatus shall be designed to function as
applied to the concrete in the molds. The accumulator shall ba compression testing machine satisfying the requirements of
calibrated so that it will maintain the required pressure of 10.3rest Method C 39.

+ 0.2 MPa (1500+ 25 psi).

X2. ESTIMATION OF LATER-AGE STRENGTH

X2.1 Regression Equation Sy = > (% —X)? (X2.5)
X2.1.1 To estimate the potential later-age strength from a

measured early-age accelerated strength, the laboratory must % Eﬁ (X2.6)
first conduct enough tests to establish the relationship between n '
the two types of strength. This will usually require preparing a

series of six to ten mixtures with water-cement ratios varying v Eﬁ (x2.7)
over the maximum credible range that may be encountered n '

during construction. These mixtures must include similar The residual standard deviatios, of the best-fit line is
materials to those that will be used in construction. Ordinaryyiven by the following:

least-squares regression analysis is used to obtain the equation .
of the line representing the relationship between standard- S = 1 (s/ _ﬁ) (X2.8)
cured and accelerated strengtfis2).* This relationship is -2\
applicable only to the specific materials and accelerated test where:
procedure that were used. To account for the uncertainty in the _ 2
resulting regression line, confidence bands for the line are ) Sy =2 M-V ) (xz.g?
established(1). Then, for a new accelerated strength, the X2.1.4 To illustrate the procedure, consider the 12 pairs of
confidence interval for the average later-age strength can Recelerated and standard-cured, 28-day strengths given in the
estimated. The following procedure and illustrative exampldirst two columns of Table X2.1. Each number is the average
are based on earlier work by Will8) and Carino(4). strength of two cylinders. Using the preceding equations, the

X2.1.2 In this discussion, it will be assumed that thefollowing values are to be obtained: .
relationship between the standard-cured strenyjhatd the X = 16.30 MPa (2366 psi)
accelerated strengtiX) can be represented by a straight line Y = 38.90 MPa (5646 psi)
with the following equation: %x = igiﬁ EMEZ%)

Y=a+bX (X2.1) Ski: 125.22 (MPa

However, for some concrete mixtures, the relationship be- The slope of the line i% = 125.22/105.32 = 1.19, and the
tween these two types of strength may not be linear. For thesgitercept isa = 38.90 — 1.1& 16.30 = 19.50 MPa (2830 psi).
situations, the measured strength values should be transformed
by taking their natural logarithms. The natural logarithms of
the strengths would be used to obtain the averdgend Y
values to be used in subsequent calculations. The last step _ _ _ _
would be to perform exponentiation to convert the computed Note 1—For an approximate conversion to psi multiply the values by

TABLE X2.1 Values Used in Sample Problem to lllustrate
Estimation of Confidence Interval for 28-day Strength

. . 145.
confidence intervals to strength values.
H i _ H Accelerated  28-day Estimated Lower Upper
X2.1.3 Assume th.a[l pairs of g, Y)) values are obtained Strength, X, Strength, Strength, ¥, W, MPa Confidence  Confidence
from laboratory testing, where; and Y, are the average MPa Y, MPa MPa Limit, MPa  Limit, MPa
§trengths of accelerated and standard—pured specimens. The ;; o p— 33.65 150 32.95 35.35
intercept,a, and slopeb, of the straight line are determined 12.15 34.33 33.96 1.48 32.48 35.44
using the procedure of ordinary least squ&tBs 12.96 35.23 34.92 1.30 33.62 36.22
13.85 35.05 35.98 1.12 34.86 37.10
Sy 15.19 37.74 37.58 0.92 36.66 38.50
b=g, (X2.2) 16.09 37.21 38.65 0.86 37.79 39.51
X 17.08 40.71 39.82 0.89 38.93 40.71
18.15 40.97 41.10 1.02 40.08 4212
a=Y-bX (X2.3) 18.24 41.96 41.20 1.03 40.17 42.23
18.42 41.60 41.42 1.06 40.36 42.48
where: 20.12 45.73 43.44 1.41 42.03 44.85
_ _ 21.28 42.50 44.82 1.69 43.13 46.51
S<V - E X =X) (¥ =Y) (X2.4) Confidence Interval for Estimated Strength at Accelerated Strength
of 17.00 MPa
17.00 39.73 0.89 38.84 40.62
16.40 39.01 0.86 38.15
“The boldface numbers in parentheses refer to the list of references at the end of  17.60 40.44 0.94 41.38

this standard.
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Therefore, the equation of the relationship between acceleratéower and upper 90 % confidence limits, which are shown in
strength X) and standard-cured strengt) (s as follows: Fig. X2.1. Note that the width of the confidence band is
Y = 19.50+ 1.19X (MPa) (x2.10)  harrowest wheiX; equals, because the second term under the

Fig. X2.1 shows the 12 data pairs and the calculated best-fit &' oot sign in Eq X2.12 equals zero.

line. The residual standard deviation of the lirg, is as  x2 3 Estimate of Later-Age Strength

follows: X2.3.1 Suppose that the average accelerated strength of two

125.22 cylinders made in the field from similar concrete is 17.0 MPa

S = \/1_0 (164'14 m) = 1.23 MPa(178 ps) (2470 psi). From the regression equation, the estimated average
(X2.11)  28-day, standard-cured strength is 39.7 MPa (5760 psi). If the
X2.2 Confidence Band for Regression Line a_lccelera_lted strength was known without error, the 90 % con-

' fidence interval for the average 28-day strength would be 38.8

X2.2.1 Because of the uncertainties in the estimates of they 40.6 MPa (5630 to 5890 psi) (see the bottom of Table X2.1).
slope and the intercept of the line, there will be uncertaintyHowever, the accelerated strength has an uncertainty that is
when the line is used to estimate the average standard-cure@scribed by the within-batch standard deviation, which can be
strength from a measured accelerated strength. This uncesstimated from the differences between the accelerated
tainty may be expressed by constructing the 90 % confidencstrengths of pairs of cylinde(s). Assume that the compressive
band for the ling(1,5). This band is obtained by calculating  strengths measured on field-prepared cylinders by the specific
for selected values oX; using the equation of the line and accelerated test method has a within-batch coefficient of
plottingY; = W, versusX;. The termW; is the half-width of the  variation of 3.0 %. Therefore, the standard deviatigrat an
confidence band a; and is given by the following equation: average strength of 17.0 MPa is 0.51 MPa (74 psi). The 90 %
confidence interval for the average accelerated strength of the

1 (% —X)7? ) _
W =5 \V2F /7 . I% ) (X2.12)  two cylinders is as follows:
where: 17.0+ 20_05% =17.0+ 1.645x% 0.51x 0.707
S, = residual standard deviation for the best-fit line (Eq =17.0+ 0.6MPa(2470+ 90psi) (X2.13)
X2.8), . o
F = value from F-distribution for 2 andn-2 degrees of wherez, sis the value from the standard normal distribution

freedom and significance level 0.10 corresponding to 5% of the area under the curve. Thus the

n = number of data points used to establish regression?0 %0 confidence intervafor the average accelerated strength
line, is 16.4 to 17.6 MPa (2380 to 2550 psi). Projecting the limits of

X, = selected value of accelerated strength, and this interval to the lower and upper confidence bands of the

X = grand average value of accelerated strength for all datdegression line results in 38.2 to 41.4 MPa (5540 to 6010 psi)
used to establish the regression line. for the approximate 90 % confidence interval for the average

The third column in Table X2.1 lists the estimated averageStandard-cured, 28-day strength. Each different measurement
28-day strengths for the accelerated strengths in Column 1. TH¥ accelerated strength produces a new confidence interval for
value of W, at each value; is listed in the fourth column of the average 28-day strength. The use of a personal computer is

Table X2.1. Finally, Columns 5 and 6 list the values of thefecommended for implementing the preceding calculations for
routine use.

X2.3.2 As the regression equation starts to be used on the

50 . . . .
L : ! ! ! project, companion cylinders should be prepared along with
© | —®— Data&FitedLine §; g cylinders for accelerated testing. The companion cylinders
o | | — — Lower90%Band { ; °.”" would be subjected to standard curing and tested for compres-
= 45| ----- Upper 80% Band f------ -t - sive strength at the designated age. The measured standard-
< i ; ‘ ' : cured strengths should be compared with the confidence
2 H : intervals for the estimated strengths based on the companion
o A %% L ot L accelerated strengths. If the measured strengths consistently
= 40+ Confidence— - L : . - . . P
n - Interval | sl ; fall outside the estimated confidence intervals, the reliability of
% i ' Y ! ; the regression line and its associated statistics is questionable.
3 B st | s
oy 3B o R R Boeeeeeees
L 7 . : : _
ol : : : !
" D7 : ; : : ® The 90 % confidence interval is often interpreted to mean that there is a 90 %
r . . | : ; probability that the true mean falls within the interval. However, the correct
[ i ‘ ‘ i i interpretation is as follows: If 100 repeated samples are taken from the same
30 TSRS SO AN SN YN S DA S WO A M ‘ P R N RSN P p p
I f I I I population and the 90 % confidence intervals for the mean are computed in each
10 12 14 16 18 20 22 case, 90 of the intervals would include the true mean. The 90 % confidence band for
the regression line has a similar interpretation: If 100 groups of data are taken from
] Accelerated St_rength’ MPa the same population and the 90 % confidence bands are computed for the regression
FIG. X2.1 Confidence Bands for the Estimated 28-day Strength equations, 90 % of those bands would include the true regression line for the
Based on Measured Accelerated Strength; 90 % Confidence population. See Mendenhall and Sinci@) for further explanations on the proper
Interval for an Accelerated Strength of 17.0 MPa are Shown interpretation of confidence intervals.
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The new companion results should be added to the data sstrength test results. The procedure accounts for the uncertainty
from the laboratory correlation testing to calculate a newin the regression line and in the measured accelerated strength.
regression line and its corresponding statistics. This new lingt is insufficient to simply use the regression equation to
should be used for subsequent estimates of potential later-agenvert the accelerated strength to an equivalent 28-day
strength. The making of companion sets of accelerated angtrength. Additional information on the procedure presented in
standard-cured cylinders should be continued until the meahe example may be found in the references by Moore and
sured strengths consistently fall within the correspondingrayior (8) and in Miller (5). Finally, it is emphasized that a
calculated confidence intervals. Once the reliability of theparticular regression equation is valid only for a specific
procedure has been demonstrated, companion cylinders shoulflcejerated test procedure and combination of materials.
be made at random intervals to reconfirm that the procedurgperefore, each laboratory must conduct enough tests with a

continues to be reliable. given set of materials and a certain procedure to establish the
X2.4 Summary regression line and its confidence bands before estimations of

X2.4.1 A procedure has been presented to estimate th@@ndard-cured strengths are possible.
average standard-cured, 28-day strength from accelerated
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