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8 Srneon of tne POATLAND CEMENT ASSOCIATION

February 27, 1979

Mr. Glenn L. Koester

Vice President - Operations
Kansas Gas and Electric Company
Wichita, Kansas

Re: Wolf Creek Generating 7Ltation
Reactor Basemat Concrate
Second Testing Progr.m

Mr. Koester:

We have completed the testing program outlined in Mr. W. R.
Waugh's letter of January 12, 1979, to you and authorized by
your letter of January 19, 1979, to Mr. Hitt.

The attached reports together with this covering letter com=
prise our revort.

The Petrographic Services Report (Appendix A) gives results of:

1. Microscopic examination of the cylinder remnants to
determine:

- general quality of the concrete,
- paste-aggregate bond,
- evidence of deleterious reactions.

8 Compressive strength of 2-in. cubes cut from the
bottom remnants of previously tested 6x12-in. cylin-
ders, and comparison of cube and cylinder strengths.

e Air content determinations by the method described in

4. Deviatious .. .a planeness of the bottoms of the tested
cylinders.

The Chemical Services Report (Appendix B) gives results of
cement content determinations on the designated cylinder
remnants, and compressive strengths of ASTM C-109 cubes for
four cements designated as CUT-15, -18, =20, and -21.

Principal conclusions are given on the first page of each of
these reports.
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Of major interest is the relevance of the strength of 2-in.
cubes cut from tested cylinders in estimating the strength of
the cylinder and the in-place basemat concrete.

The attached bibliography "Effect of Size and Shape of Specimen
on the Compressive Strength of Concrete" (Appendix C) gives
principal references on %Eis subject, and some of the papers
list as many as 128 additional references. Much thought and
research has been given to this subject, but I do not find any

reference to the relationship between cubes sawed from tested
cylinders and the strength of the cylinder.

I have reviewed the conclusions of several of the authorities
on the subject in the attached summary "Ratio of Strength of
2-in. Cubes to 6xl12-in. Cvlinders"™ (Appendix D). The general
conclusion 1s that the strength of cubes should be reduced by a
factor of about 0.80 to equal the strength of 6x12-in. cylin-

ders. In all cases, the data are based on molded cubes and
cylinders.

The attached memorandum "Possible Causes of Retrogression of
Strength of Concrete" (Appendix E) 1ists and discusses several
possible causes of retrogression of strength. None of these
apply to the composition of the subject concrete or to its
environmental exposure. In my opinion retrogression of

strength of the subject concrete can be totally discounted.

It is my belief that the erratic reported compressive strengths
of the 90-day cylinders, both with respect to seguential and
companion cylinders, was due to some combination of improper
testing procedures. The most probable circumstances include
the large number of cylinders tested in a given day; improper
capping of cylinders, possibly due to temperature control of
capping compound or contamination by oil from the capping jig
or plate, sometimes "frozen" head of the testing machine, and
lack of proper alig= :nt of cylinders in the testing machine.

Sincerely,

J.;é. hideler, Director
Administrative and Technical Services

JJS/md
CT-0407

Copy to-
W. E. Kunze

E. Hognestad ]050 2]9

L. M. Meyer
D. H. Campbell




APPENDIX A

PETROGRAPEIC SERVICES REPORT
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Pettggraghic Services Report

Project No.: CT-0407 Date: February 27, 1979

Re: Daniel International Corporation

Remnants of 48 6x12-in. concrete cylinders, previously compres-
sion tested at age 90 days, and four samples of cement were
delivered December 13, 1978, to the Construction Technology
Laboratories from Daniel International Corporation for addi-
tional testing and examination relating to a reported problem
of low 90-day cylinder strengths. The concrete represents
materials used in a nuclear reactor basemat at the Wolf Creek
Generating Station. K. G. & E./Daniel have certified that
concrete cylinder remnants delivered to PCA are representative
of concrete in the subject basemat. The present report covers
compression tests on 2-in. cubes cut from some of the received
cylinders, petrographic examinations, and determination of air
contents of selected cylinders. This investigation was
directed primarily to those cylinders that had reported
strengths of less than the specified 5000 psi at age 30 days.

Findings and Conclusions

1. Compressive strength tests of 2x2-in. cubes cut from
previously tested 6xl12-in. concrete cylinders indicate
an average corrected strength of 6690 psi, with a
range of 5340 to 7950 psi. These reported values are

80 percent of actual measured compressive strengths of
the cubes.

e Measured air contents ranged from 4.0 to 5.9 percent,
averaging 4.9 percent.

3. The paste is hard and firmly binds the aggregates.

4. No evidence of inadequate mixing was observed.

e No evidence of paste- aggregate reactions was observed
on freshly broken or lapped surfaces, or in thin
sections.

6. These data strongly suggest that the concrete is of
high gquality, the materials being properly propor-
tioned, batched, and mixed.

Test Methods

After initial photography of all received cylinder remnants,
those from which one or more 2-in. cubes could be cut were
iisted. Each cylinder was examined and the exposed fracture
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surface, from the previous compression test, was described. A
square was laid along the side of the cylinder and across the
bottom, and using a depth gauge-vernier caliper, the unevenness
nf each remnant cylinder bottom was measured and recorded.

Cylinders from which cubes were to be cut were selected in
consultation with W. G. Eales of K. G. & E and W. R. Waugh,
consultant (see Mr. Waugh's letter of January 12, 1973 to G. L.
Koester and Mr. Koester's letter of January 19 to W. E. Hitt).
The cylinders selected, in most part, represented those giving
low strengths at age 9C days. Thirteen of these had strengths
below 5000 psi, and six below 4500 psi.

From each of the 18 cylinders designated to supply a 2x2-in.
cube, a longitudinal side piece was cut and the cut surface on
the body of the cylinder was used as a "reference surface® for
the remaining cuts to produce the cube. An arrow indicating
the longitudinal direction «f each cylinder and the cylinder
number were placed on each cube during its preparation. Each
Piece cut from the cylinder was also labeled with the cylinder
number. After the cubes were cut, measurements between center
points of opposite top edges and bottom edges were made in
order to calculate surface areas. The minimum surface areas
were used in the calculation of compressive strengths, after
correction of surface areas for those cubes showing slight
damage (missing edges or corners) due to sawing. Cube height
was also measured. All of the remnants from which cubes were
cut were bottom remnants.

The cubes were checked for obvious cracks, using a stereomicro-
scope and alcohol, then placed in water for at least a 48-hour
soak for determination of vnit weights. The tops and bottoms
of the cubes were lapped tc insure smooth surfaces.

ComS-ression testing of the cubes was accomplished in a
Southwark-Emery Testing Machine, Serial Number 57271 of 75,000
pounds capacity. The machine was recalibrated immediately
following the tests and found to be in compliance with ASTM
E74, Standard Methods of Verification of Testing Machines (see
attached Calibration of Testing Machine).

After testing, each cube was weighed and placed in an ovn at
1059C for 24 hours in order to calculate absorption for use
in chemical tests.

Lapped longitudinal sidepieces from 1l remnant cylinders
designated by Mr. Waugh (see again Mr. Waugh's letter of
Jaauary 12, 1979 to G. L. Koester) were used for determination
of air contents (ASTM C-457, Standard iecommended Practice for
Mic:oscopical Determination of Air-Void Content and Parameters
of the Air-Void System in Hardened Concrete) and petrographic
examinations (most of which is covered in ASTM C-856, Standard
Reccmmended Practice for Petrographic Examination of Hardened
Concrete). Thin sections were prepares by drilling a one-inch
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diameter plug from a .elected area of each lapped sidepiece;
the plug was then sliced and placed on a glass microscope slide
with epoxy resin and reduced to a thickness of 25 microns for
determination of aggregate and paste mineralogy, and paste
microstructure with a transmitted polarized-light micrescope.
Numerous freshly broken surfaces and the lapped sidepieces were
also studied with an ordinary stereomicroscope.

Results and Discussion

Aggregatcs

Coarse aggregate is crushed limestone of various types (fos=-
siliferous, microcrystalline, sandy, pyvritic, with minor
amounts of dolomite and clay). Fine aggregate is a natural
sand composed of grains of quartz, feldspar (microcline and
plagioclase), metaguartzite, and chert. Aggregate dust occurs
in trace amounts, indicating properly washed materials.

Aggregate distribution is uniform and no occurrences of segre-
gation were observed (Photograph l). Aggregates appear prop-
erly shaped and distributed, and of moderate hardness. Coarse-
to-fine aggregate ratio is approximately 55/45 to 50/50.

No evidence of paste-aggregate reactions was observed on freshly
broken or lapped surfaces, or in thin sections.

Paste

The paste contains normal hydration products (primarily calcium
silicate hydrate and calcium hydroxide, abbreviated as CH) and
is evenly distributed in all samples observed. The paste is
hard and firmly binds the aggregates, as indicated by numerous
sheared aggreg tes both on freshly broken surfaces and on those
present on the cylinders (as received).

Thin-section data on the concrete pastes are presented in
Table 1. Percentages of unhydrated portland cement clinker
particles (UPC's) range from 12 to 26 percent of the paste

(see example in Photograph 2), the data presented included a
reassessment of thin sections from cylinders received in March
1978. UPC's are comprised of normal clinker phases (alite,
belite, aluminate, and ferrite) with the ferrite phase being
dominant, as expected because it is relatively slow to hydrate.
Residual alite (impure C3S) shows prominent rims, a common
feature in most concretes.

Calcium hydroxide (CH) occurs mostly as small irregular, micro-
crystalline masses in the paste and as narrow aggregate fringes.
Blade-form CH is common.

Abundances of UPC's and relative scarcity of CH suggest a
moderately low water-cement ratio (w/c) for all the cylinders
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examined by thin section. A w/c of 0.45 to 0.50 appears to be
& reasonable interpretation.

The amount of unhydrated cement clinker observed is not detri-
mental to the compressive strength of the concrete. As a matter
of fact very high strength concrete generally would have consid-
erably more unhydrated zement clinker than observed in these
samples.

Concentrations of UPC's around coarse aggregates were not
observed in significant amounts; thus mixing is judged to be
adequate.

Fractured Surfaces on Peceived Cylinders
and MoLd-Bottom Img;essxons

The type of fracture sucrface on the received cylinder remnants
was described (Table 2) before preparation 2f the respective
cubes. A3 Table 2 indicates, most of the cylinder remnants
have a strong tendency to display diagonal fracture surfaces as
a result of compression testing. A typical diagonal fracture
is illustrated in Photograph 3. The diagonal fracture, a
departure from the ideal conical fracture, may suggest a
problem with the testing machine or procedure. Most broken
surfaces on the cylinders expose cross-fractured aggregates.

Measurements of maxirum relief on the bottoms of the received
cylinders (Table 3) shows considerable variance. The cylinder
bottoms are generally uneven with a central, relatively "high"
point. Some of the bottom surfaces were warped. The cause of
mold warping is not apparent, but its effect was to produce an
uneven bottom surface on the concrete cylinder. The effect of
the unevenness may have been eliminated by the sulfur capping
compound. A plot of 90-day cylinder strengths vs. maximum
relief shows no observable correlation (see Fig. 1).

Cube Comoression Tests

Cube compressive strengths (corrected) range from 5340 to

7960 psi, ave aging 6690 psi, with a standard deviation of 675
psi (Table 4). These reported values are 80 percent of actual
compressive strength of the cubes. A plot of corrected cube
strengths and 90-day cylinder strengths as a function of
cylinder number shows similar patterns of strength variation
(see attached plot).

Areas used in calculation were corrected if small portions
(edges or corners) of the cubes were missing due to damage in
sanple preparation. After the cubes were sawed, inspection
revealed that cubes from Cylinders 6558 and 6767 were cracked
and these were not compression tested.
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Data from linear traverse (ASTM C-457) indicate a range of air
contents from 4.0 to 5.9 percent, averaging 4.9 percent, with a
standard deviation of 0.58 percent. These, and other air veid
data, are given in Table 5, which also shows unit weights and
abscrptions of cubes for which the cement contents were deter-
mined. The range in air contents, although known to have an
effect on cylinder strengths, is not of a magnitude to cause
the strength fluctuations reported by Daniel. There was no
correlation between determined air content and reported com-
pressive strength of cylinders. The volume percent air in
voids g-eater than, or equal to, 114 microns is slightly higher
than rormal air-entrained concrete, but is judged to have no

sicnificance with respect to compressive strength.
D. BE. Cacpbell, Supervisor

Petrographic Services
Technical Services Section

D3C/md
CT-0407

Copy to-

J. J. Shideler
L. M. Meyer
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TABLE 1 - MICROSCOPIC r-:xmman#!""’" e

(Thin Sections)

POOR  ORigyN4

Cylinder

Percent Percent

No. UBC 's* CH** Miscellaneous
6540 12-15 10-14 Fringe and blade CH** common
6546 16-20 12-15 Blade CE scarce; large inter-
paste CH
6551 22-26 10-12 Common, blade CH; trace E**
6558 18-22 10-12 Common, blade CH
6599 22-26 12-16 Common, blade CH
6606 22-26 10-12 Common, blade CB-
6659 16-20 10-12 Common, blade CH
6671 22-26 10-14 Veoids contain traces of E and
CE; common, blade CH
6696 22-26 12-16 Common, blade CH
6767 16-20 10-12 Common, blade CH and carbonation
6785 18-22 12-15 Common, blade CH
*6444 16-20 12-15 Common, blade CH
*6503 16-20 10-12 Common, blade CH
*6784 12-15 12-15 Commen, blade CH
*6850 12-15 12-15 Common, blade CEH

*Percentages of the paste estimated

by comparison with per-

centage diagram; last four cylinders re-examined. (Pre-
viously examined per our report of 4/19/78.)

**E refers to ettringite
CE refers to calcium hydroxide

CT-0407
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T.LLE 2 - FRACTURE SURFACES OBSERVED ON CYLINDER REMNANTS

Cylinder No.

Type of Fracture

(As Received)

Cylinder No.

Type of Fracture

6527+
6533
6534+
6540*
6546
6551+
6552
6557

6558* (cube
not tested)

6563
63575
6576
6582
6587
6588
6594
6599*
6605*

6606
6611
6629
6636
6642
6648*

D/L/T
C

D

L/T
D/L
D/T

D

D

o

D

D/T

D

D
L/D(?)
D/T

D

L/T
D/T

oroooo

*Cylinger from which cube was cut.

D = diagonal

C = conical

T = transverse

L = longitudinal
CT-0407

6659*
6660
6671+
6683*
6689*
6690*
6695
6696
6713

6714*
6720
6725
6726
6731*
€737
6744
6761*

6767* (cube
not tested)

6772
6773
6779
6785*
6790
6845

D
D
T/L
D
D
D
T/L
T/D
L/T

DHDODUU DOUOUHIErTOUOODODOD
a3
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TABLE 3 - MAXIMUM RELIEF ON CYLINDER ENDS

From Highest Point to  90-Day Cylindecr
Cylinder Lowest Maximum Relief Strength, (psi)

wo. (inches)

6527 0.122 4700
6533 0.061 4810
6534 0.050 4660
6540 0.046 4320
6546 0.044 3270
6551 0.097 4290
6552 0.049 5110
6557 -— NO bottom surface 4180
6558 0.042 5380
6563 0.067 4620
6575 0.029 5600
6576 0.036 5090
6582 0.072 5130
6587 0.050 4670
6538 0.048 4970
6594 0.074 5310
6599 0.046 4010
6605 0.061 4350
6606 0.071 4340
6611 0.039 5180
€629 0.085 6270
6636 0.135 5620
6642 0.069 5460
6648 0.065 5150
6659 0.053 5390
6660 0.035 5530
6671 0.135 4370
6683 0.027 4990
6689 0.113 4830
6690 0.115 5940
6695 0.035 4650
6696 0.043 4280
6713 0.051 4630
6714 0.052 4370
6720 0.031 4950
6725 0.076 4800
6726 0.030 4950
6731 0.034 5620
6737 0.090 4520
6744 0.056 5080
6761 0.067 4710

Continued on next page...
CT-0407
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TABLE 3 - MAXIMUM RELIEF ON CYLINDER ENDS

(Continued)

From HEighest Point to

S0-Day Cylinder
Cyéénder Lowest Maximum Relief Strength, (psi)
' (inches)
6767 0.112 5850
6772 0.052 4990
6773 0.041 24780
6779 0.057 4970
6785 0.067 4830
6790 0.047 4700
6845 0.067 6010
CT-0407

1050 230



1¢¢ 0601

TABLE 4 - CUBE COMPRESSION TESTS

Southwark-Emery Machine (Ser. No. 57271)
January 30, 1979
90-Day
Corrected Corrected

‘ Comp. ; Cylinder

Cylinder Minimum Helght Load Strength Strength s{rength Conmenka
No. Area (in.) (1lbs) (psi) (60%) (Daniel
(sq.in.) (psi) data)
No Visible Defects

6527 4.00 2.03 28,800 7,200 5,760 4,700
6534 4.18 1.98 34,700 8,301 6,640 4,660
6540 4.39 2.07 34,200 7,790 6,632 4,320
6540 . II 4.06 2.20 28,300 6,970 5,576 4,220
6551 4.16 1.99 31,800 7,644 6,115 4,290
6599 3.98 2.02 31,400 7,889 6,311 4,110
6605 J.80 2.04 29,900 7,868 6,294 4,350
6659 4.20 2,03 37,300 8,880 7,104 5,390
6671 3.94 1.99 33,400 8,477 6,761 4,370
6603 3.37 2,09 22,500 5,677 5,341 4,990 Small area
6609 3.98 2.00 36,700 9,221 7,376 4,830
6609 II 3.66 2.00 33,600 9,234 7,387 4,830 Small area
6690 4.18 1.99 41,600 9,952 7,961 5,940
6714 4.24 2.03 35,600 8,396 6,716 4,370
6761 4.08 1.91 32,800 8,039 6,431 4,710
6785 4.35 2,01 36,800 8,460 6,768 4,830
6785 11 4.14 2.01 35,300 8,527 6,822 4,830

IT indicates second cube from given cylinder.
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TABLE 4 - CUBE COMPRESSION TESTS (Continued)

Southwark-Emery Machine (Ser. No. 57271)
January 30, 1979

90--Day
Corrected Corrected
Comp. Cylinder
Cy;énder Mi:égum T:;g?t ‘ig;? Strength S:ag:?th Strength Comments
* Py ’ (psi) (p8i) (Daniel
e P data)

Some Broken Corners and Edges (areas are corrected for these)

6527 1I 3.99 1.98 31,400 7,870 6,296 4,700 2 Bottom $0tgers
(=0.25 in.#)
6534 II 4.03 1.95 29,100 7,220 5,776 4,660 Possible Crack
6640 II 3.61 2.01 34,900 9,668 7,734 5,150 Bottom Edge
(=0.25 in.2)
6640 3.86 2,01 34,300 8,886 7,108 5,150 Lower Ed?e
(-0.3 in. )
6683 II 3.08 1.89 27,600 8,961 7,168 4,990 Bottom Corner
(-0.25 in.?)
6690 II 3.92 1.97 35,800 9,132 7,306 5,940 Bottom Edge
(=0.25 in.2)
6714 11 3.99 2.08 30,200 7,569 6,055 4,370 Lower Edge
(=0.25 in.?)
6731 4.01 2.03 37,300 9,302 7,442 5,620 Upper Corner
- ( 0.25 in.2 )
6761 II 3.98 2,00 35,300 8,869 7,095 4,710 Lower Edge
(=0.2 in.?2)
Ave. 6,690 4,790
S.D. 675 519

Cracked (not tested)

6558, 6767

CT-0407
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TABLE 5 -~ UNIT WEIGHTS, ABSORPTIONS, AND AIR-VOID DATA

Cube

Cube Specific
Cylinder "2?1§ Absorption Percent Rumbec Surface Spacing Voluus s
No. ght Percent Alr Voids/ 2 3 Factor* Voids - 114
3 inch (in. " /in.") microns
lbs/ft of dry wt.

6527 147 .4 6.3

6527 I1I 145.6 6.2

6534 145.3 6.1

6534 1I 146.7 6.5

6540 146.9 5.6 4.5 7.0 624 0.0065 52.8
6540 II 147.2 6.4

6546 146.6 5.6 5.0 7.0 563 0.007 52.0
6551 145.3 6.9 4.5 6.6 509 0.0075 52.7
6550 146.3 6.3 4.4 7.2 652 0.0065 52.7
6599 148.5 5.4 5.7 8.5 597 0.006 53.6
6605 146.6 6.2

€605 II 145.6 6.5

6606 146.6 5.0 4.6 4.9 424 0.010 65.8
6648 147 .4 4.7

6648 II 147.5 4.9

6659 145.9 5.9 5.9 8.8 600 0.0055 49.0
6659 I1I 146.9 5.9

6671 146.7 5.6 4.0 6.7 682 0.007 54.1
6671 II 146.3 5.5

6683 144.4 5.2

6683 II 145.1 5.4

6689 150.0 S.5

6689 II 147.9 6.8

6690 148.3 5.2

6690 II 147.0 6.2

6696 144.8 6.0 - T 6.4 506 0.008 55.6
6714 147.3 5.2

CT-0407 Continued on next page. .
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TABLE 5 - UNIT WEIGHTS, ABSORPTIONS, AND AIR-VOID DATA

(Continued)
Cube
Cube Specific
Cylinder Unit Absorption Percent Number Sur face Spacing v oiume 3
No Weight P Voids/ 4+ Voids 2 114
. 3 Secoent Alr inch  (in.2/1n.3) Factor microns

lbs/ft of dry wt.
6714 II 145.6 6.2
6731 147.6 5.8
6761 145.9 5.2
6761 II 148.1 6.2
6767 145.6 5.4 53 2.1 604 0.0055 50.3
6767 11 146.0 5.1
6705 1446.6 5.8 5.0 8.2 657 0.006 46.3
67085 II 145.6 843

*20 percent paste assumed

II indicates second cube

CT-0407
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Maximum relief of cylinder bottom, in.
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6500

Strength (psi x 1000)

x =90 doy cylinder strengths (Daniel)
o =Correcled cube strengths (PCA)
(80% of actual strengths)

9 r-
8
Average of all cube I I o
7L tests (6690 psi)~ o 7 I
o o
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FIG. 2 COMPARISON OF COMPRESSIVE STRENGTHS
OF CUBES AND CYLINDERS
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Phote 1 — Llapped and polished cylinder sidepieces

ring uniforzly dis utec aggregates.

Photo 2 — Thin section photo=-
wmicrograph of drilled plug from
cylinder 6540 showing fine
aggregates, dark UPC's, aad small
spherical air voids. Plane polar
ized transmitted light, field
diameter = 1.3 ma.
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Chemical Services Report

POOR ORIGINAL

Project No.: CT-0407 Date: February 26, 1979

Re: Wolf Creek Generating Station
(Daniel International Cerporation)

Our Chemical Services report details the results of tests for
the cement contents and aporoximate water-cement ratios of 11l
samples of hardened concrete. Also included are the results of
mortar cube compressive strength tests obtained with four
samples of Ash Grove Type II portland cement. The samples of
cenent and concrete were delivered personally to us on Decen-
ber 13, 1978, by Mr. W. G. Eales of K. G. & BE. Daniel/K. G. &
E. bave certified that concrete cylinder remnants, aggregates
and cements are representative of the concrete and concrete
materials used in the basemat. This work is intended to sup-
Plement that already performed relative to the strength of
concrete placed in the Reactor Basemat.

Conclusions

The cement contents of all the samples of hardened
concrete we analyzed were at least comparable to that
specilied in the concrete mix design (564 1bs/yd3).
The actual range of determined values was 550 to
620 lbs/yd3.

r No correlation was observed between the reported
cylinder strengths and the determined cement conten-.

b 18 In general, the aoproximate water-cement ratios (w/c)
of the hardened concrete samples were below the level
of 0.49 obtained from the concrete mix design. One
sample (Specimen No. 6551) showed a slightly higher
value (w/c = 0.52), but this was not considered
significant.

L In general, the cement contents and approximate
water-cement ratios obtained with the latest samples
of hardened concrete compare favorably with those
obtained from the previous set of samples (PCA report
by J. J. Shideler to Daniel International dated
April 19, 1978). These observations suggest concrete
batching procedures produced a relatively uniform
grade of concrete.

S. The compressive strength of ASTM C-109 mortars made
with the four samples of Ash Grove Type II portland
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cement exceed the minimum strength requirements speci-
fied in ASTM C-150 (Standard Specification for Portland
. Cement) through the age of seven days.

Results and Discussion

A. Determination of Cement Contents and Approximate
Water-Cement Ratilios of Hardened Concrete

The cement contents and approximate water-cement ratios of 1l
concrete cylinder remnants, identified as Nos. 6540, 6551, 6558,
6599, 6659, 6671, 6767, 6785, 6546, 6606, and 6696, were deter-
mined. These specimens were recommended for such testing by

Mr. W. R. Waugh, Consulting Engineer (consultant to K. G. & E.).
All the cylinder remnants, except Nos. 6659 repressented concrete
involved in the apparent low strength problem. Specimen Nos.
6659 and 6785 exhibited 90-day cylinder compressive strengths
above the corresponding 28-day values. Specimen Nos. 6558 and
6767 were especially of concern, because their 90-day average
strengths apparently were less than the 28-day average
strengths. Analyses were performed on three cylinder remnants
(Nos. 6546, 6606, and 6696) using samples carefully selected
from each. The remaining cylinder remnants were analyzed using
the 2-inch cubes prepared from each by Dr. D. H. Campbell for
his compressive strength determinations.

The cement contents of the concrete specimens were determined
using the Sulfur Trioxide (SO3) Method. The SO3 level used

to calculate the c2ment contents is an average value (2.09%)
obtained from chemical analyres performed cn previously sup-
plied samples of Ash Grove Type II portland cement (see again
PCA report by J. J. Shideler dated April 19, 1978). These sanm-
ples represent the cement actually used in the Reactor Basemat
concrete. The results of the tests are presented in the
attached cement content analysis report by Ms. D. L. Glochowsky
and Mr. A. A. Alonzo.

The results show the cement contents of all the concrete
cylinder remnants were comparable to, or slightly higher than,
the quantitg of cement specified in tb reported mix design
(564 lbs/yd3). Two of the cylinder remnants (Nos. 6546 and
6696! exhibited slightly high cement contents, 610 and

620 lbs/yd3, respectively, but they were not retested. The
cement content of one cylinder remnant (No. 6599) appeared at
first to be slightly low (initial test results given in paren-
thesis), so it was retested after preparation of a new and
larger size sample. The retest showed the cement content was
close to the proper amount. The anticipated accuracy of the
cement content test, in this case, is + 30 lbs/yd3.

The approximate water—-cement ratios of all but one of the 1l
cylinder remnants were less tnan the level indicated in the
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concrete mix design (w/c =~0.49). Specimen No. 6551 exhibited
a slightly higher value (w/ec = 0.52), but this was not consid-
ered significant with respect to "over-watering"™ (excessive
re-tempering) of the concrete mix. The other w/c values ranged
from 0.38 (Specimen No. 6606) to 0.47 (Specimen No. 6558).

Determination of the approximate water-cement ratios is
considerably less precise than the determinatiou of cement
contents, because of other variables (concretz unit weight,
absorption, and cement content and absorpticn of aggregates).

A comparison of the cement content and ap roximate water-cement
ratio values with reported cylinder compressive strengths
revealed that no direct relationship could be established.
There were no significant differences observed between the
higher strength and the lower strength cylinder remnants with
respect to cement content and water-cement ratio.

B. Determination of Compressive Strength (ASTM C-109)

Four samples of Ash Grove Type II portland cement, identified

as C-UT-15, C-UT-18, C-UT-20, and C-UT-21, are currently under
test to determine mortar compressive strengtch according to ASTM
C-109 (Standard Test Method for Compressive Strength of Hydraulic
Cement Mortars). The purpose is to ascertain whether or not
these samples comply with the strength requirements specified

for a Type II portland cement in ASTM C-150 (Physical
Requirements).

The test results, which are reported as average value-. repre-
senting three individual tests in each case, are given in the
table below. For purposes of comparison, the appropriate ASTM
C-150 strength requirements also are shown in the table. An
extra 2-inch cube from each cement sample is available for
testing at some later date should that prove desirable.

Compressive strength, Psi (ASTM C-109)

Cement Sample 3 Days 7_Days 28 Days
C-0T-15 2460 3565 5365
C-UT-18 2485 3390 5340
C~-UT-20 2035 2885 5015
C-UT-21 2290 3315 5400

(ASTM C150-78) 1500 2500 4000

These data show all four cement samples have surpassed the mini-
mum strength requirements specified in ASTM C150-78 (Physical
Requirements) for a Type II portland cement through the age of
28 ¢ vs. It is our understanding that the cemen* to be used in
this roject needed cnly to comply with the less stringent ASTM
Cl50-74 strength requirements for a moderate heat of hydration
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Type II portland cement (based upon chemical limitation). The
sample identified as C-UT-20 is somewhat lower in strength than
the others.

3.1 llel Pregon

L. M. Meyer, Manager
Techniczl Services Section

LMM/md
CT-0407

Copy to-

J. J. Shideler

L. M, Meyer

A. A. Alonzo/D. L. Glochowsky
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CEMENT CONTENT

Project No.: c7-0407

Sulfur Trioxide

POOR

Concrete Cylinder No.:

Cement content, lbs/yd?:

$ SO3; (oven dry weight basis): -—

Unit Weight, lbs/ft?:
S$.8.D.
Oven Dry (€ 105°C) =
Free water content, %:

(S.S.D. weight basis)

Combined water content, §%:
(Oven dry weight basis)

Total water, lbs/yd’:
(Free water + combined
water)

Approximate W/C:
(Corrected for aggregate
- absorption)

Total dry aggregate, lbs/yd’:

Comments:

(S0,) Method
6540

575

0.32

147.1
138.7
5.7

295

0.44

3100

Page 1 of 4

ORIG

Completicon Date:

0.34-

146.6
138.8
5.3 -
1.9
280

0.39

3070

INAL,

6551

560

0.32

145.3
136.0
6.4

2.1

330

0.52

3035

(1) Concret: and aggregate SO; contents determined gravimetrically

in duplicate (modification of ASTM Cl14).

was necgligible.

(2) Cement SO; content 2.09%
" samples C-UT-16 and 17).

(3) Overall aggregate absorption 1.25% (averace absorption of a

Aggregate SO; content

(average of Tvpe II Portland Cement

50/50 C.A. to F. A. mix with respecrtive absorption values of

1.8% and 0.7%).
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POOR ORIGINAL oo comme """

Project No.: CT-0407 Completion Date: 2/13/79

Sulfur Trioxide (S0O,) Method

Concrete Cylinder No.: 6558 6599 6606
Cenent content, lbs/yd®: 570 550 (510) 580
% SO; (oven dry weight basis): 0.32 0.31 (0.28) - " 0.32

Unit Weight, lbs/ft?: S _ —

3.5.0. - . 146.3 145.6 (148.5) 146.6
Oven Dry (€ 105°C) - 137.5 137.6 (142.0) 139.7
Free water content, §: 6.0 5.§ (4.4) 4.7

(S.S.D. weight basis)

Cormbined water content, %: 2.0 1.8 (1.8) 2.0
(Oven dry weight basis)

Total water, lbs/yd?: 310 285 (245) 260
(Free water + combin-=d ’
water) -
Approximate W/C: 0.47 0.45 (0.39) 0.38
(Corrected for aggregate
absorption)
Total dry aggregate, lbs/yd’: 3070 3095 (3255) 3120
Ccmmehts:

(See Page 1)
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POOR ORIGINAL e coummee.

Project No.: (T-0407 Completion Date: 2/13/79

Sulfur Trioxide (SO,) Method

Concrete Cylinder No.: 6659 6671 6696
Cement content, lbs/yadl: 555 . 555 620
$ SO, (oven dry weight basis): 0.31 0.31 0.35

Unit Weight, lbs/ft’:

S.S8.D. - 146.4 146.5 144.8

Oven Dry (€ 105°C) = 138.2 138.7 136.7
Free water content, %: 5.6 5.3 5.6

(S.S.D. weight basis)

Combined water content, %: W 1:7 1.8
(Oven dry weight basis)

Total water, lbs/yd‘’: 285 275 285
(Free water + combined
water)

Approximate W/C: 0.44 0.42 0.40
(Corrected for aggregat

absorption) .
Total dry aggregate, lbs/yd?: 3115 3125 . 3005
Comments:

(See Page 1)
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POOR ORIGINAL

CEMENT CONTENT

Project No.: CT-0407

Sulfur Trioxide (S0O;) Method

Concrete Cylinder No.:

Cement content, lbs/yd’:

$ SO; (oven dry weight basis):

Unit Weight, lbs/ft?:
S$.8.D. -
Oven Dry (@ 105°C) -

Free water content, %:
(S.S.D. weight basis)

Combined water content, %:
(Cven dry weight basis)

Total water, lbs/yd®:
(Free water + combined
water)

Approximate W/C:
(Corrected for aggregate
" absorption)

Total éry aggregate, lbs/yd?':

Commehts:
See Page 1)

Qoo focnihos

D. L. Glochowsky
Assistant Research Chemist

6767

570

0.32

145.8
138.4
5.1

1.7

265

0.39

3100

Page 4 of 4

Completion Date: 2/13/7%

0.31

147.2
139.5

270

0.41

3145

0

onzo (¢
Asscciate Research Chenmis+
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APPENDIX C

BIBLIOGRAPHY No. 231

"EFFECT OF SIZE AND SHAPE OF SPECIMEN ON THE
COMPRESSIVE STRENGTH OF CONCRETE"
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S 1976 A 4 Pamphlet Serial File &
i; Concrete Core Testing for Stre ) ) ' ‘

2= ;;7 ’ﬂ'f" Concrete Society ‘Iochniql Beport No. 11, &4pp (1976)

;i-': - Keywords: ' recommended procedures; c;oq:usion tests; concrete

5 cores; samples; test procedures; cores; Concrete Society T.R., No. 1lli:
2%

This report provides recommended procedures for obtaining and the
cocpressive testing of concrete cores and for the interpretation
of the results., Evidence froa p.aztice and research is provided
for the formulae and comversion factors recozmended. '
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1975 &A-4*-% ' Pasohlat Pazphlet File
(Faggett, Edward)

Paggett, Edward

Determination of the Relative Cozmressive St th of Concrete

WAL RV R

Cores of Various Sizes and the 6" x 12" Standard Test Cvlinder
2 Texas, Univ, of Texas, Thesis. 116 pp (1975)
F: Feywords: compressive strength; cylinders; speciaens
‘: By atiempting to control all other variables such u'cappi.n; of
5 specizens, curing conditions, mixing time, specimens' molsture -~
_”:} condition during load testing ete,, this research wvas !..n:andod. "5-21
= to provide information on the core size to strength reliationship, h;
"-3 Strength corvection factors were detercined, -
x o=
= AM~4Oa  AM-42-2 %
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1976 (M4 2-% Pacphlet Pamphlet File 5

(lopez, Robert V.)
Lopez, Robert V.,

Apparent Compressive Strength of Concrete Cvlinders as Related ;
to Soecimen Size. . ¢ ) . " . -~
Texas, Univ. of Texas at Arlington. Thesis. 10lpp (1874) = g
Reywords: compressive strength; specimens; cylinders 3
. X ’ - o - . - -y - - - g . 5‘2
By testing 30 cylinders of 2 different sizes for a given desiga 2
strength, and statistically validating the appareant concrete
strength for each size-design stremgth, correction factors are
established for concrete stremgths of 3" x 6" and 4" x 8" 5
cylinders. These correction factors may then be applied to com- -;
pressive test results of these cylinder sizes to establish a =
correlarion with tne standard 6" x 12" cylinder. 2
AM-42-2 AM-40a
2/13/76 = 359 - mt =

O ey

-

_

A0 A0 A A A Pl B bR R 5

~e

sk A dariasind
!‘, t

The Coxpressive Strength of Concrete Cores.
Austrelie, CSLRO, Dept. Bldg. Res. Report L-18, 3kpp (1572).

Tests have beea dcne cn the cazperiscn ¢f concrete cores of

verious diemeters with standerd concrete cylinéd rs. The results -
confirm that the compressive strength of cores from well-cured =
concrete slabs is less than the strength obtained Irom the e
standard cylinders. The variaticn in ccxpressive strength cof ,:,J
concrete cores is also greater than in cest cylinders, but the :,q
variation in ccre strengths was not related to the dismeter. =
*
AM-L2-2 =
L/S/Ts = Ths -zt [
&
&
=

X8 oz ‘:"r‘q.";.»—'-'_- .‘..,T‘ w'.r',:_-,\‘r‘-_—__ ] -..'...'.
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1972 /3 - ¥2-%

Pomeroy, C.D. :

The Effect of Curing Conditions and Cube Size on the Crushing

Strecath of Comcrete. " L

Gt. Zrit., CACA Technical Repert 42.470, 16pp (July 1572).
o R -y &

Cubes from 50 to 150 m vere used. For wet-cured specimens, there

is a substantial decrease in crushing strength es the cube size

is incressed for the strongest mixes used. The drying history

is shown to affect the size relatdcaships: premature drying of

szall cubes before hydration hes progressed far, limits the

strength develomment and reduces the strength 2s surface cracks

ere formed. The result is that small cubes ere up to 20% w

than lerge cnes. -

AM-42-2
11/14/72 - 1353 - mt

Y KA LI A 2 Sl AR LT BN T S

S - : % 55 - : o e R S RSN BRAGY g
o e o e S L AN IR P B e it acd vy 561
:é :'..o
";’i' 1STLAM - U2 ot 2 Periodical b
3 - a
7 Lewvandowski, R.. o2
-2 Relationship Between Cvlinder end Cube Cocpressive Strengths of =
= Cezext (In German with Inglish Abstract.) . :J
3 Betcmstein Zeitung 37 (9) 562-566 (Sept. 19T1). i
- r
F'-.‘é What releticaship is there betveen the strengths ascertained of ;L:.
["; test cylinders cof rendcm dimensicns snd the cube comrressive L
£ gtremgth of concrete? (n test cylinders of the slenderness h/d = |
= 1.0, the c.be cocpressive strength 2 be determined direct, pro- ‘5_4
Lf vided the cylinder dismeter is & = 15 c=; on specimens of d = 10 35
. = ere fcund values vhich are by apprcx €% above the effective =
5 strength. ZEven under unfaverasble ccoditions, the ccaversion [‘:
%  factors determined sllov sufficiently correct statements for field |«
=  epplicationms. : =
z ALz -
2 11/10/TL - 1097 - =t [
- o
= 5
.t::;‘é.’\q.' E‘.
e N T e et O+ Dy oy oo o St
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:. R el SOT PR e o B = -"I“ISE-‘.H' T

2 1570 AM-HA-2 pertodtcal - AT
< :

i‘; m. : ) : _.:-" < x
S Ceres of Szall Dismeter. . SEhE . .
;4  31letis Du Cimeat 38 (3) 1-b (V.a:'ch 1970) -._ ‘
53 - Pig. 1. Ccmpc.rison of compressive strens"h of 5 cm dim

E} cylinders,5.6 c» hi;h vith cubes (20 @ sides)
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3

Z ! . AM-42-2

£ 6/4/70 - 490 - mt
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= 5% am- da-2, i

éj einisger, R. C.

< Dffect of the Ccre Diszeter on thr “esured Strensih of

53 Conswete. i X SPANISHE)

gj' Teviste DYC T (38) 54-69 (May/' 569) .

"; A 16-in.-deep sled end & 16-in.. .hick well were coastructed,

=3 moist-cured for 3 months, end then ccrod to obiain 2,4, exd 6 in.-
i‘% dte. specimens. The 1S5-in.-loag core: vere sawed into 2 oy 4, & by
2 2 =2 6 by 12 in. specimems for compression tests. Eal? of the

Z2 ccres vere scaied in water 4O to L4 h; the others were immersed

=2 Zor 23 deys before testing. Also 4-in.-diemeter cores were drilled
7= 10 4n. izt c..hewv_lsg-ci.-ena..“*rakr cut; the resulting ccres
2 wvere trirmme2 to k by B 4a., sosied LO to b4 b, sod then tested

2% iz coopoession. Felther the difference in core size nor the

2 trealing cut of ccres effected the measured strength s*'-*“'c..nt.y.
Z £M-%2-2
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The Defert of the Relaticmshin ~e Sé:::le Thiclkmess to Mexirum
Fertizle Dieseter end the 2ffect Size of Sexvle on the Co——ressive
Sireazth of Coacrete.

Srion: Eerstellung Versendung 17 (5) 175-178 (Mey 1967) (In Gerzan
with 2nz14sh nr.-.:u-y)._ o N LI,

- e

I UADS TA LN

Iz the evaluation of reports o2 testc and in the testing on concrete
teken froo structures, in v_ich test pieces necessarily occur in
vericus sizes a=d forms, the effect of the size of sexple on the
strength zust be taken into account. In sexples taken froz struce
Tures the reletionship of the saxple thicluess to the largest pert-
icle dleceter is cften extresely smell. The effect of this ratio
c2 the ccopressive strezgth 4s to be taken into account. The cube
b2s so fer predomimated es the sample shape for compressive strengtih 2

T

padi

2 testing tut the cylindrical shape with verious dismeters is gaining
78  ir ‘=zportezce. The general use of cylinders for the proof of

&; streczth must,; therefore, elso be kept io mind,
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Disymssion oFf:TA Germral Relstien for Stremsths of Conerete Spee?.
mede o DilTerert Sraoes and Sizes,’
Jo iz, Ce==r. Inet., Pro=.,

Juce 1557).

Actizr bas cied & value Gf 0,51, teken from ASTM STanderd ¢ 42.Gk, |
iz srriving =t e facter of 0.83 for ecmverting the stresgih of a @ |-
6 x 12-3n. eylinder %o that cf & Gein. cube. This 2s pot sorvest - b
20 the prosent tese Tessuse:(l) the ASTM value is Tor making ale 5
lmramnuoxhns‘.htad:m.c:mms,wbm 3
e langlhedian. rein ls ooe;(2) these cc=ffs. ere not vallid e 2
Ary scmerete, vilsh mey differ eomsidermbly...The reletios betveen ?

eyltn:a:- exd eub2. sWrecfibs 2lso depends cp the strength level of
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1967 'y Periods e '
Lo dy-2 | D

Core arnd Cylinder t_r% of FNatursl end L‘.meight Cclncr;tn.
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The cozpressive strength of 1lsb. cured and field cured cylindess
~ &re compared wvith 4 and 6 4in. dian. cores at eges up to 84 dsys.

Recrly 500 sacplss of natural snd lightweight coocrete under ~
simulated jJob conditicns showed that 21) cores at eonptﬂb.h;‘f_
gges tested lover then cylinders. . e
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1967 i Pertodicel

Pineizo, Mcises; Jer=, Jose; Valerzuela, Sergioc end Gexta, Jose
Canzressive Strength of Concrste:Relaticnshio Between Cylindsical
end Cubicel Strenmgth. (IN SPANIES).

Reviste ael idiem 5 (3) 1%1-156 (Dece=bder 15€7).
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In crder to study the relsticnsbip between cylindrical and cubical
strengtk for conditiczs of more practicel interest, the following
fectors vere considered: patiure of egsregate, naximmm size, a3e
end type of cement. Statistical analysis showed -trat those factcrs
vere not sigzificently izportant. A relaticzship is proposed

B between cyliperical and cubical strengtk ceasisting of two inoter-

R

o sectizg straignth lines: <he 2irst one Rewy = 0.86 Reyn up %o e
o vg/c=® eubicel strengih, and edove 50O kg/=2, Reyp = 0. 7 2 4+ i:f
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1967 ﬁ"’\"%,:t.‘gl

Pacphlet l Serisl Pile

Popovics, Sandsr (Pref., Dept. Civ. Eng., Aubwa Univ.)
Releticns Sstueen Vericus Strencths of Concrete.
Elgtvay Resecrcn Boerd. Record Lo.

(1967).

Anelysis of pudlished experimental dats shows certsin correla-
tiozs between cylinder, cube, end modified cube strength; '
betveen compressive, flexural, direct temsile, and splitting
Strexgtils; azd between torsicn, shear, end other stremgths,
Porzules related %o these correletions are discussed. Eowever,
their geazeral cpnlicetion Tequires ceutica becsuse they would not
fecesserily hold for tests cerried out \mdes Gifferent conditians.
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J. A=. Cexer. Inst., Proe. 63 (10) 1095-1110 (oct. 2966).

Itummmwma:muunm (eylin-
ders, cudes, aadm)mbnlmd_toomm:hcbysmple
expressicas. Substentisting test resulis sve =esented, The

seconX =y influence of the fineness =odulus of esses=te on this
Telatior is discussed.
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Coacsete Stoemsth Measwrement - Corss Versus Cylisderg, .
K57, Froc. 63, 7p.000-050 (Wi . ”

Net'l. Send & Gravel & Jat'l. Resdy Mix. Coner. Assz. JRL Publ.l5

- Co=zressiive strength tests wvere —ede cocparing colded cy inders
vith cores d&rilled from sitcuctimal-size elemenis of the seme conw
crete. Veriahles included: concretes made with 5 types of cgsre-
g=tes, -excellent s=d poor fleld curing, flat s31lsbs cored vertical-
» - ly ==d colizms cored borizomtally, specizenm location, and treet.
=ent e2f sg2 of specizen...Cores drilled =t 91 days ed tested in
- gcecrdance with ASTM Methoda C 42 b2 strengths 10 to 50% 1
then moléed cylinders depending ca type of specimen, cwring
other fectors. Soaking cores 48 hkr pricr to testing did =o
Tove ageenent with cylinders. Cores dried for T dxys gav
best indicstioce gf ip.situ comerste strenzth...Stveagth of
gz cused for 25 Iy Trmelcted vell vit!: air.drieo core -
wees drillice ot T dzys. Tos, molced cyliziass cimed to sisdsts
ci=iitions I8 enareis sTishines =y U2 tsed $0 iadicsis - TariemSe
== seotel «ffacts cn styensta. Stdd.amal c2idess
(“-

-~ -

;%_' 4  ~ .
-l . %, - Pmam - - 4 wden .. o~ i~/ -
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19cS | Fericdic) , l €91.305 c'»
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Sugtes, B.P. saxd Rsbhrexian, B, ‘

Cube Tests exd the uniaxial ssive St- of Concrete

Megezine of Coacrete Researca, 17 (53) pp.lﬂ-% {Dece=ber 1955)
3 5/6/65= 1500
3_3 The cube is urndoubtedly the most canvenient specimen t0 use vhen
= large mumbers of crushing tests are required for concrete coxitol
?j pusposes. The cylinder, ar prim, cu the other had can give a
2 much betier estizate of the unisxis) compressive strengt: of |
= concrete. The peper shovs that verisble differences can ccox %
4 betveen the cube crushing strength snd umisxie) commressive .?
}3‘ strenztih, and then inddcates how these differences csn de =
= grestly mii<~=d by a suitable modificaticn of the testing &
3 techique. TRis simple podificatiom o the cube test enshles =)
. the unioxia) civength $0 be determined very readlly, The - |
= crtresely coTvenient ctbe cpecizc: czn therefore now be used I Y
ot u=lisx’a) ccrprecrive strexgpth Jotorninaticas oo well as for b
1% SST=el eemtisl papeses. The wenlliimed vee of 3 et o3 .
A ‘e stemdrst To0m ol tost cpisinil ln weTeiote lnacsmonied. -
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Rajexiren, Sri S. '

=ffect of the Size cf the Specizen on the Cozpressive Strensth of
Consrete., ’ . s el e . of. e
RILEM =, 26, 1.8-83 (Mar. 1965).

Cubes of 4" and 6" es well es cylinders 6" diam. X 12" height ere
cc=oaly edopted for conducting comrressive strength test on con-
crete...The phys. characteristics of fine and cosrse egzregate &s
well es ihe grading cherts sre given...Tsble 4. Showing the stea-
Cerd deviation and coef?. of verigtion of test results...Conclu-
Son: the size of the specinen affects the compressive strength of
coacrete, the geperzl trend being thet the recorded strength of

the cube is lowered by about 4% for every 2 in. incresse in gize
stext! ; froz 4" cube covards.

AM-L2.2
CM=1-1-2 .
FCP-C-1-1
5/17/€5-270k
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woed ATIAM in 1956, end the Comite Buropeen du Betom, in 1957,
Tesolved 10 give preferense to the cylinder for research tests
oI cozcrete, the first {=portsnt step was taken toward intro-
2using en universel test shzpe fco comerets tests. In this
arlcle the zuthors have reviewed the varicus fasto-s by which
cdes =nd cylipders mey de Juéged. The suthors ccntend thet
crlinders should be preferred for conerete testing, for reasec=s
isted in the exticle.

AN-42-2
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A3 Isvestigatiom om the Relationship Betwsen the Cube mcyum
53@ °§ Concretes~. 'i. y e e
‘ReleleBM, =Y ) 125.133 (y‘r. M). 4, * . L4 t -2 .7
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Tois iovestiZation presents the results of shout 850 tests of
cudes and cylinders, Bvery precauticn was taken for secwing direct
ccparisca between the va—icus sizes and shepes of the test speci-

Dens. mm&mmtﬁthin&cﬁeldorm:mﬁa-

ﬁmﬁes&totmmtmddmthnemeﬁectmﬁc
sTeagty, and that the cylinder sivensth (stands=2 verticel cylind

wves sbout 868 of the cude strenzth for all the
ke comerete. &mh%mmn:cprefcr:‘.nsonampa'
of test specimen for a=other cne far s strength resulis zre con-
.
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Ex-42-3 -|
Fetersons, Hils )
Releticn Between Stcengths of 15 cz Cubes &nd 15 X 30 Cylinders,
(N SsEDiSH, viib tmaiisa suomary)

Bordisk Beteng 6 (2) 153-170 (1962).

_An sccount is gt of the resulis obteined ia strenzth testis o= 1
V15 e= cubes and 15 % "0 ez cylinders., 3oth cube end cylinder zpec- ;-
izens were made on coacrete teken from the ssx= batch and csst in
steel Dolds, which wvere zrovided with flat-groun2 end pletes and
partition plates. Streagilh consistency and curing conditicns of =
the concrete were varied. Test resulis vere submitied tc 2 stetis- -
tical acalysis...vhen the strength wvas high, but 2150 vhen it ves
Cozperitively low, the cexversica factor for reducsing the cylindes
strengil to the cube strengtih veried ~ithin wide limits depending
ca the methkod of treatzent of test specizens., For the seme grade
of coz=rete, the differenzes in the observed values of the ulti-
=ste strength can De =3 high £8 25%...Tests 2130 showed thet the
cozpressive strengti: of 15 2 cudes exhibi<sl a dispessica which

wvas sigmificenily s=2iler than toet observed In the cose of L

X 30 e3 cylinders...elso the 15 cea cubes ore sizpler to cche |

g2 ¢o headle, MM-L2.2 .. , 8/8 ;
N R T e T T b
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Esnsen, Bc..ry, ...el.laa:l, Arvid; molsen, Xoud E. C. ancl

3

& Teulow, Svea - S '

o gzmssins&nﬁat&mcnu-&bccr%nndu? Tes
‘jordisk Betang (&4 220 (1 .}IB SHZGlAN,with BEngl..

" gu=m.)
Arcviewotupm and coms of the two Gpes of test speci-.
‘mens, cubes and cylinders, concluies that fricticn between
the loading surfeces is the rixary cause of the verying re-
laticnship betveen cube and cylinder stoength. This selation
is also alffected by defor==ticns in the heeds of the tasting
=ackine, Eowever, both sowces ¢ exTor can be elixingted.
‘Trictics caz be coumtesastad by meling the specimen sgulll.-
‘ciextly tall (B/d = 2.0); test head errors cen be svolded
Ty mali=s the heeds sufficiently rizid. Advantages of cylin-
der specinmzns core eximarated, 29 references.

R O SRR A AL R G2

.

5 4

— ' AM-L2.2
b7,

T

Nk.:a

", ey e e - :

TR s et Sy T N e W il o] 4\5"-
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i AM.¥%- 2

g

5 Nevzax, X.

52 Coaxcrete Coxtrol Te Tects s & Meessure of the Properties of Concrete.

&) G:-ec Eritein. Cexzent & Concrete Assn. OSymp. oo Conerete Quality,
:::_;’: o {(.vcv. 1964 ).

g e E
Ff? Fer cors effecting deformestion and failure of concrete cozpression )
-3 specinmens show thai the cubsz end cylinder strengths sre strongly =
i3 dependent on the state of stress induced in the specimen, its size |-
-~ 22d condition end the method of epplying the loed...results froz E
»5 the stendaxd control , tests ere coxpered with data obtained from s
u Dore fundemental tests wmder uniexial and complex states of stress. £
~ Cospressioz tests on cylinders and prisms, with a retio of heig=: 3
2 to diazm., or to width, grezter then about 22, are direct meesures . L‘
= . of the uniexiel cozpressive strength of concrete, wherees cubde tesis #
3 ere 2 peasure more cf the resistence cf concrete 4o “rizxie) com- -
% opressica. The cylimder splitting test is @ Girect messure of the =
3 unizxiel teacica strengtd wifle the flexusa) bec= test gives =3 in- ’]
~; Slcetics of tie foxural texsic strengtk of concrete... »
_;'_-.'\A [extezsive 2ata) AM-LD2, AM-42-2...1/6/63-k3 3
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Sctoeewvelss, G. ; - _
The Pundanernta) Laws Gove-.-:':; the In!“*.exc of Size and Volume

VA SR AL a3 it 4 -

mumm ) ‘zf*\

e "'c::.rsta Specimens ~o- Co—oressicn Wests. (L8 cz-:zwxi .
& Rm., 18 (h) Abstr. Do. zm (Aztl 1965). - == i &
:.“ -
32 A;tz‘:mz:bentustsuium.hcntmtzmmcazpuedby g
3 W‘d:sﬁecmunrwwmnma.hew B
‘g specimens, using logaritizic scales alcmg both axis. A relatively -
Y unt®cem velime-infinence is inddcsted. A general discussica is :
"} give:z coacerning the izfluence of the size, the degTee of herden- [
"_; isg and the type of conciete cn the indicated trend.’ . <
A AM-k2-2
’;;; .6/2/65 - 1928
o

e, S 1 < : . - .n—.._—‘a-;:;‘.‘.’.
G 2963 Periodiesl l LomabiEin | R
= N M-42- 3 ‘ 2

:“q:

5;; wWegzer, W. K.

= Effest of Sa:;lin; exd Job Curing Procedures cn ressive

;3 Strecsth of Comsrete.

53 Faterials Res. & Standerds 3 (8) 525-63b (Acg. 1963). .

=3 More th=m 1700 2 eld c‘-p:s:s ve strength test wvere snalysed over.

i @u period of 8 years on nomimal 3000-psi concrete of 2 eggregste

‘s -sizes. Comparisons of contrastor-cade cylinders with leb.-meds &

Z Lhyliniers show tbst values reported on concrete improperly sampled, |-
f?_ cured, exd tested can czuse ccnsiderakle doubt as To the quality of [
{7 the product. Other test data, covering = period of 16 months, cos- |3
= pere fhe results of 6- x 12-4n, cylinders st 7 ==d 28 days v'..z_x e S
S s x 8-9%. ‘dlemond drilled ca-es +aken Ircz the saxe concrete alflter :;-]
= 23 ésys of field cxing. Iz this specific cese the core sivergths |
T were consistently brlor ihose of the cyliaders 2t epprox. the seze |2
i  age. The 2 sets of test dats dexcostrste the importance of proper |
¥  ga=piing e=f curing of Sield specimeas for reslistic evalusticn of Y
. tze test results. AM-22-3, AM-L2-2 =
b 8/19/63-3752 L
2 P -
o - K:'o.-.”,-q.‘.- LRI N R '::;-":-;‘\-i’:, o = P T e s e e T
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The tests indicate ithat ihe spparent compressive strength of can-

crete Coes zot decresse vith ea insresse in gise of specinzens as
lozg &3 210 specizens are equally aad nxiforzly cospasted, =2 es
1223 el the besring blocks o +he testing nachine esre suificiently
BTLIT. Zowever, if the specinens ere cest sscordi=g to DIN 1088 -
e Sirst reguis * 1s Dot ffilled s0 thet the cpplicesica of
the releticnsiip between cube strengtih and mize of specicen is
Justifiead. .

AM-L2-2

- R 2 R e T Ui & Ry L Py o D N e S AR e TS e W, &
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¥4 1957 AM-da-2 Periodical i 651.305 €33 eH
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= Hasnan, A.3. et 2l. <
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73 Discussion of ®The Inflience of 3ize of Concrete Test Cebes on ~

-

= Meay Sitrentth mmd Stend Deviztion", by A.M. “eville.

;{' tagazire of Concrete Research J (25) 57-55 (Mar. 19577
v 4 -
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sale
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¥r. Haman zd I, Alroyd supply furtl or informaiion on the effect
of cube size cn the cozgmression test .esulis. 2 brief conpariscn

is given of labcratory data vith field date. A4 tehlae gives results
of zean deviation in kg/sg.cm. for three different sizes of concrete
and moriar prisms, the nomber of specimens being 80 and 150,
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Neving! A, M, . ; |
Ihe Influence of Size of Cemersta Test Tubes on Hean Strength anmd ©
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Figazins of Concrete Research 8 (25

Standard Deviation,

} 101-130 (Aug. 1556).

Summarys It is suggested that the mean strengih and the st 1dard
deviation of a sample of concrete cubes are functions of the cube
size. Thes results of tests con cover 300 cubes of three sizes are
given, and {rom the statistical analysis of these resulis it 4=
cencluded that the smaller 2+78 in, cubes have a sipnificantly
higher mean strength and hipgher standard devistion than the largsr
5 in, and 6 in, cubes, From these results, it is suggested that
the stinda~d deviation obtained frem standard 2078 in, mertar
auses ~ives an excessive estimate of the effect of the variation
:n cement quality as compared with the results obtained from 6 in,
or L in, concrete cudes, .
12/10/56

FCPeG=lwl

L4

&
W
D |
e
=

2
3
41
oy 4
2

-% gested that L-in. cubes be used as standard test cubes whenevar

;; maxizum agrrecate size is not greatar than 3/, in ; by corpari

‘-«f- 2.78-in. cubes cast as such, with 23/ .-in. cudes obtained by ﬁ-

5 ting up 6-in. cubes, it is shown that 3/ -in. aggregate can be

g successfNully used even with this ==2l] size cf cube.

F
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,:: AM-L2a2

’:i | 2/8/57
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Neville, A. M. 3
Tae Use of L-In. Ccpcrete Comoression Test Cubes. 3
ivil Epginserin: & iC norks >1 (805) 1251-1252 . %
(Yov. 1956). ‘bstract in Eng. Index, (1357). L'_j
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ive tests on cubes of variocus sizes; it is sug-
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Efsen, A. zxd Glarbo, O,
Co—=essive Strencth of Consrete Cylinders, (IN DAXISH, with no -

English swmary)
Beton og Jernmbeton § (3) 91-93 (Apil 195%).

e

(1) The comressive strenzth of concrete cylinders was dstermrined.
by the following methods: , o
§a) the cylinders wers capped with notar; :

b) a piece of soft wallboard was placed between the ey . dar
and the testing machine,
No difference in strength was found,

(2) The ratio of cylinder o cube stremgth wes found to be on the
average equal to 0,827, Tais ratio decressed dith increasing
corzrete strexngth,

25422
(ibstract by J.M.) . 1221738
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Comnerran; M, F, Efi
Z{’ect of Size ard Shave of Test Soecimen on Comressive Strensth f
ci Cenc-=te. B

Struciurel Materizls Res, Lab., Lewis Institute, Chicaro Dullstin -
Ne. 16, 16pp. (1925), Reprimtos in Froc, Az. Scc. for Test. Met,
2 (2) 237 (1925).

Comoression tests were rade at 7 days %0 1 7T+ on 1755 concrets B
specizens in a study of tho cepressive strength of: (1) cylinders
11/3 o 10-in, in diz=. and 2 dlax, in lensth with size, gradine

ol aggespate, mix, consistency and age being the varizbles; (2)
cylinders 12-in. in leagth and frem 3 o 10-im. in diam.; (3) cp-
1ixders &-in. in dian axd 3 to 2l-in. lomg; (L) 6= z=d Beim. cubes;
(5) pris=s, 6 by 12- and 3 by 16-1u,

Toe € by 12-in, erlinder proved Lo be 2 satisfactory specimen.
hgmegzates shiould be lizited to 2 ia. or 1 S8 in diaz, for sare,

(Abstr. by MC) AMeliZe2
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APPENDIX D

SUMMARY
"RATIO OF STRENGTH OF 2-in. CUBES TO 6x12-in. CYLINDERS"
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Ratio of Strength of 2-in. Cubes to 6xl12-in. Cylinders

Neville(l) has suggested that the ratio of strength of
6x12-in. cylinders to 6-in. cubes is about 0.83. This ratio
being the average of the L/D correction factors of 0.91 and
0.75 from ASTM C-42 and British Standard BS1881, respectively.
A factor of 0.8l was determined from an analysis from 11
investigations.

L'Hermite has also suggested a value of 0.83 with a range of
0.76 to 0.86 (see Neville Reference 13).

Other research data(2) indicate ratios of strength of cylin-
ders to 6-in. cubes in the range of 0.80 to 1.10. RILEM and
CEB recommend 0.80 and this value is specified in British
Standard 1881. This reference(2) also sites other references
(Table 7) to indicate the strength of 2, 4, and 6-in. diameter
cores (L/D of 1) is approximately equal to the strength of
cubes (4 and 6 in.). Applving the L/D correction factor of
0.91 the strength of cores is about 91% of the strength of
cubes, or cubes 4 and 6 in. are about 10% stronger than cores.

In a later r ference(3) Neville has summarized several inves-
tigations which lead to the canclusion that the compressive
strength of 2-in. cubes is a 1t 18% greater than the strength
of 6x12-in. cylinders (see at.ucted Figures 8.19 and 8.21).

Figure 8.19 shows that the strength of 2-in. cubes is about 8%
greater than that of 6-in. cubes. PFigure 8.21 shows that the
strength of 6~in. cubes is about 10% greater than that of
6x.2-in. cylinders. Therefore, considering these two together,
the strength of 2-in. cubes is about 18% greater than 6x12-in.
cylinders.

Gilkey(4) reported the ratio of strength of 6x12-in. cylinders
tc 2-in. cubes to be 0.88.

Other factors should be considered in estimating the strength
of 6x12-in. cylinders from the strength of cubes cut from the
remnants:

Reference 2 states that:

"A core may be inhersntly weaker than a cylinder because
the surface of a core includes cut pieces of iggregate,
"y of which will only be retained in ths specimen by
adhesion to the matrix. Such particles are likely to
contribute little to the strength of the core.”

Bloem(3) has shown that the operation of drilling can damage
cores. The strength of cores was 7% lower than the strength of
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push-out cylinders. It seems reasonable that the same might be
said of sawed cubes.

It is generally accepted that the diameter of a cylinder or
side of a cube should be 3 to 4 times the maximum size aggre-
gate. Test samples with a smaller ratio of minimum dimensions
to maximum size aggregate will produce lower compressive
strengths. The 2-in. cube with 3/4-in. aggregate did not meet
this recommendation.

The ACI Building Code(S) provides that if the strength of
cores from the structure equals 85% of control cylinders the
concrete is acceptable. It wculd appear that a similar factor
would be appropriate for the cubes cut from the body of the
cylinders to allow for potential damage to the samples.

In summary, research data do not reveal a precise relationship
between strength of 6x12-in. cylinders and 2-in. cubes, but
indicate a range of values from about 0.92 to 0.67 with an
average of 0.80. This factor was used in our rrevious report
dated April 19, 1978, and still seems appropriate.

J. J. Shideler, Director
Administrative and Technical Services

JJS/md
CT-0539

February 27, 1979
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Part 5. Evidence from research and practice Lo PUGR UR;GiNA,-

Introduction

Tre procecures for estimating Actual and Potential
Strargth recommended in Part 3 are based upon informa-
tion gained from practice and research. The object of this
Partis tc summarize the available knowledge, so erabling
the vaiigity and limitations of the recommencations to be
zssassed and indicatng aspects of the subject which
weculd merit further investigation.

Relationship between Core Strength and Actual
Strength
The main factors which need to “e considered when
relzting the Core Strength'to the Actual Sirength are:

(%) diameer of core:

(2) length/ciameter ratio of core;

(3) direction of dnilling:

(4) shage of specimen;

(3) method of capping;

(8) eifecte crilling operation;

(7) reinforcement:

(3) curing of core:

(2) masture condition of core: | !
(10) flaws in core. ¢ <+ b

Diarmeter of core

Erizish Standard 188171 states that cores shall have a
cigmater of =nher 100 or 150 mm. This standard does not
relate tne permissible diameter cf the core to th2 maximum
ag3regate size, but standards'®* of other countries state
thzt the ciameter of the core should be at least three times
the nominal maximum size of the aggregate.

Several investigators'3-#) have examined the results of
criling cores with a diameter of less than three times the
nominal maximum size of the aggregate. For example,
cores having a diameter of 50 mm have been taken from
concret2 made with aggregate of 20 mm maximum size'®),
For a given neight/diameter ratio, little, if any, difference
wzs noted between the mean strengths yielded by cores of
30 and 100 mm diameters, but the smaller cores tended to
preduce more variable results. Similar results were ob-
.en &G durng an investigation on the strengths of cores of
£0.1C0 an¢ 130 mm diameter drilled from concrete with 3
maximum 25gre gate size of 30 mm®. In this case, it was
snown 1Nzt tne testing error associated with SO mm diam-
eter cores was about twice that associated with 150 mm
ccres. This imalies that, to obtain a similar degree of
zczuracy, more cores should be crilled if these are of small
ciameter,

Zvidence is also available on the strengths of ccres
having 2 diameter ecual to the maximum size of aggre-
in t5e caencrete. Cores of 150. 200 and 250 mm
cametars were cut from concrete with aggregate of 170
mm maximem size: all yielded similar mean strengths !9,
T=e tesung ersor again increased as the ciameter of the
csres wwas redused,

Arciter investigationt! involvec the testing of cores

¢f 3%, 30. 75 and 100 mm ciameter with mixes having
max.mum agzregate sizes of 4, 8 and 16 mm. It was founc

=
cste

Table 3 Relative strength of cores of different diameters.

Reference Number of su“q"' of 100 mm-cia. cores
cores Strengtn of 150 mm cia. cores
6 50 0838
9 716 104
28 48 0-80*
n — A 1-00
36 128 1-05

*Several investigatars have commented upon this result Dyt there
seems 10 be no explanation for its contrasting with cther evicenze,

pressive strength of concrete with aggregate of 30 mm
maximum size is permitied by the relevant Swiss staa-
dard"'¥,

Apart from tests on cores having a diameter less than
three times the maximum 2ggregate size, the effect of size
upon the compressive st :ngth of cifferent types of speci-
men, including cores, cylinders and cubes, has besn
studied by marty investigators's:8.9.°1.13-3)_ |2 (g cenerally
accepted that the strength tends t0 inc:2ase with cecreas-
ing size of specimen, there being several influer.cing facters
which are discussed by various authors!®:17.38.37.41) pny
difference between the compressive strengths of 100 mm
and 150 mm cubes is, however, so small that both
RILEM 3! and CEB'*Y suggest that it is of no significance.

Results of substantial programmes of tests on cores of
100 and 150 mm diameter, given in Table 3, indicate that,

genera'ly, the ciameter ~as little, if any, effect uoon the
measu. .3 strength. —

Lengt//diameter ratio of cores

The measured strength of a core decreases 2s 1n2 ratio of
its length t0 its diameter, ). increases. This report recom-
mends that, when capped reacy fortest. acore should heve
a length/diameter ratio of between 1-0 and 12, It i3,
therefore, convenient to correct the measured strength of
any core to obtain the strength which would have besn
obtained had the core a length/diameter ratio of 1-0.

The effect of the length/ciameter ratio upon the streng:h
of a cast cylinder or a core has been studied by many
investigators 13.19.30.57,29,13,36,18,40.44-49) . the results of e
tests are summarized in Table 4, all the data being basad
upon a specimen having a length/diameter ratic of 1-0.
It is evigent that there is 3 considerable range in the firz-
Ings: it seems cClear. nowever, that the relationshic given in
8S 1881'" underestimates the cifference in measurs¢
strength asscciated with achangein length/ciareserrasa.

A detaileg study of the results cbtained in t=e varicus
investigatior:s suggests that the strength, 7, 2% 3 ¢ore
having 3 length/diameter ratio of 1, can be estimzrec frcm
the strength. ;. of a core having a length/diameser ratic of

.v'.eormua ]OSD 27]

It follows from this formula that the strengi™ % of a c2r2
having a length/ciameter rzuio cf 2, is yieiced by

2 54

f-
. 85 + 1/




. Part 5. Evidence from research and practice Lo PUOR UR,G,NA[

Intreduction

The procecures for estimating Actual and Potential
Strengin recommended in Part 3 are based upon informa-
1:0n gained from practice and research. The object of this
Fart s 12 summarize the available knowlecge, so enabling
the valicity and limitations of the recommendations to be
assessed and incicating aspects of the subject which
would ment further investigation.

Relationship between Core Strengtk and Actual
Strength
The main factors which need to be considered when
relating the Core Strength to the Actual Strength are:

(1) ciameter of core;

(2) iength/diameter ratio of core;

(3) direction of drilling:

(4) shape of specimen;

(5) method of capping:

(8) effectof crilling operation;

(7) reinforcement;

(8) curing of core:

(8) maisture condition of core: |
(10) flaws in core. ¢ 4 k

Diameter of core

Britsh Standard 18871Y states that cores shall have a
cizmeter of snher 100 or 150 mm. This standard does not
relate the permissibie ciameter of the core 1o the maximum
aggregzte size, but standards'*+’ of other countries state
that the ciameter of the core should be at least three times
the neminal maximum size of the aggregate.

Several investigators®-1¥) have examined the results of

cnlling cores with 3 diameter of less than three times the
nomingl maximum size of the aggregate. For example,
ccras having a diameter of 50 mm have been taken from
corcret2 made with aggregate of 20 mm maximum size'®.
For a2 given height/diameter ratio, little, if any, difference
waes ncied between the mean strengths yielded by cores of
80 anc 100 mm ciameters, but the smaller cores tended to
procuce more variable results. Similar results were ob-
tained curing an investigation on the strengths of cores of
8C. 100 and 150 mm ciameter dniled from concrete with 3
max:mum aggregate size of 30 mm™. In this case, it was
shown that the testing error associated with 30 mm diam-
eier cOras was about twice that associated with 150 mm
ccres. Tnis implies that, to obtain a similar degree of
2czurecy. more cores should be crilled if these are of small
ciametar,
Ev:cence is aiso available on the strengths of cores
having a diameter equal to the maximum size of aggre-
ga2t2 in the concrete. Cores of 150, 200 and 250 mm
c.amerters were cut from concrete with aggregate of 150
mm maximum size: 3l! yieiced similar mean strengths‘i®:,
T-e tesung error again increased as the diameter cf the
€s2s ~vasrecuced,

A=zim2r invastigation* involved the testing of cores
of 32 0. 73 and 100 mm diameter with mixes having

max ~,Maggregaie sizes of 4, 8 and 16 mm. ltwas found,

Table 3 Reiative strengt" of cores of cifferent diameters.

Refarence Number of Strengin of 100 mm dia. cores
cores Strength of 130 mm dia. cores
6 50 088
9 716 104
N - 1-00
36 128 108

*Several investigaiors have commented upon this result but there
seems 10 be no explanation for its ccitrasting with other evidence.

pressive sirength of concrete with aggregate of 30 mm
maximum size is permitted by the relevant Swiss stan-
darg"¥,

Apart from tests on cores having a ciameter less than
three times the maximum agg egate size. the effect of size
upon the compressive strength of different types of speci-
men, including cores, cylinders and cubes. has been
studied by mary investigators'¢.#.9.11.13-38) 1t is cenerally
accepted that the strength tends 10 increase with decreas-
ing size of specimen, there being several influencing factors
which are discussed by various authors'®17.38.37-41) Any
uifference between the compressive strengths of 100 mm
and 150 mm cubes is, however, so smali that both
RILEM'“? and CEB"Y suggest that it is of no significance.

Results of substantial programmes of tests on cores of
100 and 150 mm diameter, given in Table 3. indicate that.

generally, the ciamdter has little, if any, effect upon the
measured strength. P
—
Length/diameter ratio of cores

The measured strength of a core decrezses as the ratio of
its length to its diameter. ), increases. This report recom-
mends that, when c2pped ready for test, a core should have
a length/diameter ratio of between 1-0 and 1-2. It is.
therefore, convenient 1o correct the measured strength of
any core 1o obtain the strength which would have been
obtained had the core a length/diameter ratio of 1-0.

The effect of the length/diameter ratio upon the strength
of a cast cylinder or a core has been stucied by many
investigators (13.19,30.37,39.35.36,38,40,44.49) - the rasuits of the
tests are summarized in Table 4, all the cata being based
upgon a spacimen having a length/diameter ratic of 1-0.
It 1s evident that there is a considerable range in the find-
ings. it seems clear, however, that the relationship given in
8S 1881'Y underestimates the difference in measu-ed
strength associated with a change in lergth/diameter ratio.

A detailed study cf the results obtained in the varisus
investigations suggestis that the strength, /. ¢ a core
having a length/diameter ratio of 1, can be estimated from
the strength, £, of a core having a leng:h/ciameter ratia of
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It follows from this formula that the streng:™. % of a core
having a length/diameter ratio of 2. is yie.ced by the

2:54

f‘-1'5+1/1
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irection of drilling
ny heterogeneity in the concrete which is related tc the
ection of casting may have a different effect upon the
rength of the core, depending upon the direction of dril-
~g. Evidence regarding the effect is conflicting. The
'sults of an investigation'®-% on cores drilled from
slumns indicated that the strength was about 12% less if
1e cores were tested at nght-angles to the direction of
lacing. More extensive tests by the san«e author®® indi-
2ted a difference of only 3%. which is not statistically
gnificant.

Johnson'*®’ found that cylinders cast with their axes
orizontal had a compressive strength about 5% less than
1at of cylincders cast in the normal manner; Bloem“!
sund the difference t0 average 15%. Other results/i3-33-30)
1dicate that the compressive strength of cubes tested in
1e direction of casting may be similar to that of cubes
isted at right-angles to the direction of casting or up to
0% higher.

Recogmzing the dlscrepanc:u bﬂwnn results reported

y the various investigators, Johnston¥ cast prisms from

range of 23 mixes. The findings from this carefully con-
-olled programme indicated that the strength of prisms
<as 8% higher if these were tested in the same orientation
s cast. The magnitude of this difference was similar for all
.ormal-weight structural concrete.

This finding was in accord with results obtained by the
jureau of Reclamation‘®" from a total of 237 cores
‘rilled verucaily and horizontally from two dams. These
wo investigations indicated that, on average, vertically
inlled cores were stronger than horizontally drilled cores
y 7 ang 8% respectively.

Shape of specimen

Acst of the available information relating the strengths of
sylindnical and cubical test specimens is based upon tests
’n cast specimens rather than samples cut from a larger
:ancrete mass. The measurements are usually made on
;tancard test cubes and cylinders and so any observed
slationship includes the arientation effect.

The cansicerable volume of information(3.33.3,30,36,4.30,
171 ingicates that the relationship between. cylinder and
-ube strengths is nctunigue butdegends ugen factors such

15 1ne concrete mix and the crecise methods of test. Asum-
=ary sazer produced by RILEMUY ghows that the ratio
-erneen the strengths of cubes and of cylinders with a
sngin/ciameter ratio cf 2 has been founz to vary from 08
:nd 1-5. A swcy of the information suggests that it is
=ifficult 10 be more precise than to 2ssume that the
~eranmtn af 3 cube 1s-1-25 umes that of 2 ovlincer having a

rocommmditions made by RILEM“® and CEB' and is
specified in BS 1881 for converting a corrected cylinder
strength, obtained from a core test, (0 the equivaient cube

strength.

Method of capping

Before being tested in accordance with BS 1881, the two
ends of a core mustbe capped with a high-_lumina-cement
mortar, a sulphur-sand mixture or by other suitable means.
The thickness and composition of the caps have some
influence upon the strength of a core, as evidenced by
several authors'13.46.37.32,9.7184) byt the effect is generally
of no practical significance. provided that the capping
material is not inherently weaker than the concrete and
that the caps are sound and flat and perpendicular to the
axis of the core, within the tolerances quoted in BS 1881.
This conclusion is in agreement with the finding7*-4% that
the same compressive strength is yielded by cylinders
capped with neat cement or a mixture of sulphur and fire
clay as is obtained from cylinders having ground end faces.
It has been reported'®, however, that filled polyester
resins are not suitable for capping. as they reduce the
strength by up to0 20%. It has also been found™® that the
use of filled polyester resins increases the variation in
measured strengths.

Effect of drilling operation

It has been suggested that the operation af drilling can
damage a core and hence reduce its compressive strength.
Such camage is sometimes apparent when dnlling im-
mature or inherently v.2ak concrete, but normally it is not
possible 1o see any deleunous effects on the cut surface
of a core.

Acore may be inherently weaker than a cvlinder because

the surface of 3 core includes cut pieces of aggregate.
many of which wili only be retained in the specimen by

adhesion to the matrix. Such particles are likely to contri-
bute little to the strength of the core.

In the course of two investigations, sleeved cylinders
have been cast within concrete slabs. Campbell anc
Tobint* cast 150 mm diameter metal sleeves in each of
four 300 mm thick slabs. At ages of 28, 56 and 91 cavs
the strengths of pairs of these cylinders were compared
with the strengths of pairs of cores of the same size anz
shape. On average, the cylinders had a strengis 3°:
greater than the strength of the cores.

Similar tests are descrnbed by Bloem'® Pairs of slzas
were cast from each of three concrete mixes, one being
well cured and one poorty cured. Each slab was provices
with 36 plastics inserts to enable cylinders to be abstracted

..
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of 38 corresponding cores taken from each slab. The cor-
relatnn between the strengths of the push-out cylinders

&nG17e cores was good ana incicated that the compressive

sirength of the cylinders was 7% greater than the strength

rres Ing cores.

Reinforcement

The effect of reinforcing bars upon the strength of cylincers
has teen studied in the United States'™, A toral of 68
cylincers was cast, some unrainforced, some with one bar
cerzencicular to the axis and others with two mutually
perpendicular bars, both perpendicular to the axis. The
particular location of the bars was found to have little
effect upon the strength of the cylinders. The average
reductions in strength are given in Table 5.

Similar tests'®.71) haye been concuctedon 170 cylinders,
2300 mm long x 150 mm diameter, some of which contained
single bars of 10 or 20 mm diameter, set at various depths
and distances from the axis. The cylinders were tested after
teing stored for 26 cays in air followed by 2 days in water.
The average percentage reductions in strength are given
in Table 6.

A series of tests conducted in Germany®® involved the
testing of more than 300 cores. 151 mm high and 39 mm
In diameter, cut in a vertical direction from slabs. Variables
included the percentage reinforcement, the number of
Sars. the positions of the bars and the strength of the
concrete. The results indicated that as much as 3-4% by
velume of reinforcement (two 18 mm bars) had little effect
upon the measured strength, the maximum reduction
ceing 3%.

Table5 Average reductionin strength due to presence
of one or two bars. 9"

D-ameter of bar Number of bars Reduction in strensth
(mm) (%)
. 1 8
" 2 1
1 9
2 2 13

Table 6 Average reduction in strength due to presence
of tars at cifferent positions. .7

Diameter Distance Reduction in strength (%) at
of bar from axis cistance from 10p of cylincer of
(=m) {mm) SOmm  150mm 250 mm
10 0 15 26 38

50 33 18 -0 4
20 0 35 118 -0

30 10¢ 86 54

Curing of core

Cnce a core has been cut, the methos of curing, and
hence e rete of strength cevelapment, will ciffer from
irat of the parent concrete. The di%erence in sirength at
ine time cf test will degend upen the maturity.of the con-

PNNR"NRIGIN
time of drilling anc ary ditference in the su uentlﬁ:n.

tion of the specimen and the parent concrete is l.kely 12 be
small; in any case, it will be very cifficult to make a realistic
allowance for the effect any difference may have upon the
relative strengths of the core znd of the concrete it repre-
sents.

Moisture condition of core
The measured strength of a core is cependent upon its
moisture condition'®). BS 1881 requires that a core shall
be immersed for a period of at least 48 h prior to test and
that it shall sull be wet when tested: this requirement is
similar to that which applies to compressive tests on other
concrete snecimens including cubes. In principle, the effect
of the mois ure content at the time of test is not censidered
to be a characteristic of the concrete affecting its inhesent
strength Bu. v De a parameter asscciated with the testing
technique. Thus. it is akin {0 the rate of lcacing. which
similarly affects the measured strength and is, therefore,
also standardized. Provided 2 core is tested wet, therefore,
it is not necessary 1o allow for the difference in moisiure
content when inferring the strength of the parent concrete.
Some authorities 433,350 g6 not share this opinion
and advocate that the core at the time of test shoul¢ be
dry or have a moisture condition similar 10 that of the
parent concrete in the structure. Account must be taken of
the moisture condition at the time of test when reviewing
results quoted by various investigators.

Flaws in core F

There are many faults which can occur in a core: these
include cracks due to 2 vanety of causes, voids due to
water gain beneath horizontal reinforcement and vcids
left upon removal of an immersion vibrator from a mix of
low workability. The information gained upon examining
such a core can be of consideraole value, but the measured
strength of the core is likely to be low and not indicative of
the Actual Strength of the concrete.

Estimation of Actual Strength

The definition of the Actual Strength of the concrete within
an element must be related 10 a specific test method. It
would be possible to base the strength upon tests on a
core of a given length/diameter ratio or on a sawn cude.
The resuits of tests on the latter type of specimen wouid
not. however, be directly comparable with strengihs mea-
surec on cast cubes. Differences berween Actua! and
Potential Strength would reflect both real cifferences ze-
tween the two materials and effects of the differen: soesi-
mens. The latter effect can only be eliminated by exz-25s-
ing the Actual Strength in terms of tests on cas: cuces,
although these are nypothetical test specimersin 1~a::-~ay
cannot De procuced from the concrete in the elemens,

The Actual Strength can be assessed from tre Care
Strength by considering the six specimens 'lust-ata= in
Figure 5. These are:

1(2) corecrillez horizon ally®, length/diamater = 3.

1(b) corecrilled vertically, length/diameter = &

1(c) corecnlled vertically, length/diameter = 2

2(2) cylinZerwithtop layer removed. length/diamete” = 2

» 2(b) cviinder as cact lonmth /Hiamarar — 2 -.

e T —

1050 274



u '///
v/ /'/

“zzZ; POOR ORIGINAL

100 Wyer a8 cam - md
G, e L r-um.nmn—-
o wet
< *) »
. . 5
| - ! | ”
| | : : ‘
| : | | E
: ; | '
1. Cores 2. Cyncers 3:Cude

Figure 5 Types of specimen used in relating Core Stength and
Actual Cube Svengin,

The conversion process is as follows.

1(a) 10 1(b) Thedifference between the strengths of these
specimens s associated with the direction of drilling. On
average, the strength of a core drilled vertically is about 8%
greaterthanthatof a core drille 3 horizontally. If the strength
cf 1(a) is p. the estimated strength of 1(b) is 1-08p.

1(5) to 71(c) The effect of tha length/diameter ratio upon
core strength is such that

the strength of 1(¢) = x the strength of 1(b)

. .
15+ 1A
2-16p

- - e ——— -

15+1A
I(e)t02(a) Thedifference between the strengths of these
cpecimens is associated with the fact that the cylinder has
a cast, rather than a cut. surface. Experiments have indi-

cated that 2 specimen with 2 cast surface has a strength
about 6% greater than the core. Therefore,

the strength of 2(2) = 1-08 x the strength of 1(c)

- 2:2%
1'5+1Nn

£(8) 10 £(0) INnesuUengln Of INE 1atter IS Iower because of
the presence of the weaker material near the top. There is
little direct evidence on the magnitude of this decrease but
a general examination of the reduction in strength towards
the top of a laycr of concrete, the strengths of cores crilled
from cubes and the relaticnship between actual and
potential strength suggests that a value of 15% will yield
results consistent with the available evidence. On this
basis, it can be estimated that

the strength of 2(b) = the strength of 2(a) x %3
2 -—2-2—

. 15+1A
2(b) to 3(a) There is a considerable volume of data on
the relationship between the strength of a cube, tested on
its side. and a cylinder. The best average estimate is that
the cube strength is 25% greater than the cylinder strength.
Hence

the strangth of 3(a) = 1-25 x the strength of 2(b)
2 2:50
15+1A

It may be noted that if A = 1, the strength of 3(a) = p.
This means that the strength of a core of length/diameter
ratio 1, drilled horizontally, is similar to that of a cube; this
is in line with evidence provided by tests made upon cores
drilled from cubes. This is summarized in Table 7.

The Estimated Actual Strength, fq
by the equaticns:

is, therefore, yizided

2:5A4
15+1/A

if cores are drilled in a horizontal direction;

2-3f
15 +1IN

if ceres are drilled in a vertical direction.

Table 7 Evidence on relationship between core strength and cube strength.

Ref,

Core syength

Cube size Core diameter L/0 of cores, wre UMY Approximate cube
Cube strengtn suvength
(mm) (mm) b (N/mm?)
5 ¢ 200 PR 112 1-04° 101050
. 1-02t01-05 3
30 150 ang 200 160 and 150 1 0861116 88 and 80¢
o 4 103 60
- ¥ - " . . 097 w1050
100 1-08 121070
38 200 150 . 100 12w 70
32ana 38 150 70 anc 100 1 1-04 25 and 60

.
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oA I.'t;lo 11 Relative strength of cores from structures and test cubes. MR nn lnlN Al
Ref.

Dwection Core str Core swength 28 day Age of cores
of aniling Cyhinger Cube cube srength
e d e T (N/men) . ey
»/ sV 088 ©71) 1610 39 28 10
o b 094 089 18
084 074 n . 28 4g
078 064 49
091 (0-73)
pe bl 4 93 81
Vertcal 081 (0-65) 28 %0 102
063 (0-50) 47
070 (0-56) 6 30 ggw
o (0-62) 32
082 (0-68) 27 93 8
o-u_,% (0-70) 8 9 114®
(©oss) o s : 3 70
085 (0-63)
o0 (0-65) 37 93 81
073 (0-58) 27 93 8
Honzontal (113) 091 £g
(110) 088 52 o e
(0-89) on 451075 28 32w
085 (0-68) 37 9 ' 114
Both \099). 068~ - 28 121
Notes

(1) Cores taken from full depth of siab

(2) Cores tested in moist condition

(3) Core strengths corrected from esuits of tests on cores withl = 1-0
(4) Core sirengths comrected from results of tests on cores with i = 1-1
(5) Core strengths corrected from resuits of tests on cores with A = 3-0

Table 12 Relative strength of standard cylinders and
cores from structures.'*” -

(6) Cores tested in dry condition
(7) Results based upon tests on 24 siles

Table 14 Relative strength of concrete from actual
structures and in cubes. '*"

Strength of Strength Reducuon a T— M ’
standard cylinders of cores in strength ement um ean ratic of Actual Streng
(N/mm?) (N/mm?) (%) of sites to Potential Strength
= B - Columns 3 0-68
30 27 10
- > Walls 2 059
= -l e Slabs 2 045
50 425 15

*Figures mathematically inconsistent

Table 13 Comparison of strength values yielded by use of formulae recommended here for Potential Strength and

by use of data in BS 1881.

Metnoe Direction of erilling ] 5 0 7
Honzental Verical O 2 6
Aw1* Aim 1:2° Aw 2 im 1t Aiwm1-2° iw )
A Formuiae 1-30A4 1-39A 1-62A 1-20A4 1:29A 1-5CA
1150 1170 1-2%A

8: BS 1831 1-13A 1174 1-25A
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:'(‘)(;‘ gtcn:cr_ number Lo give the same precision of the mean: five to six
(6""n;m~ ( b:::z‘fgncrclc cubes would be required instead of three 150 mm
) cubes**? or five 12 mm (J-in) mortar cubes instead of two

in indirect tension.* ** Fig. 8.19 shows the relation between mean strength
and specimen size for cubes, and Table §-4 gives the relevant valucs for

in.
0 2 4 6 8 10 100 mm (4-in.) cubes fron .
10 : V the same batch or | G
/ l)B a Alroy:l 2” Ceclitar @ler ' from nominally similar batches.® +* S 10w i) et v
* Horman S0 - p r- C
[ am g% ‘k"‘119"' . 6" C‘“(-"J‘ 27 W (?g(‘ /‘ '71F1» l-[.t.’(( dl“l ‘y/."’
§ - \ 'l‘Zdur b e bt ‘ 2" =& h “ /¥ Z} "' 5 .
§ |
6000
& A "Cube
‘é‘.m -~ s
& ) ‘ ’
. .
g 9 ? 4000
é’ ' n‘ M~
L v o
H 3000 o~
90o 51 02 ¥2 20) 254 1502 150mmi6aben)  4...q =
- 150% 300N itm 24y b
Cube Size - mm muuomg.u..,,v::: 2000 L
Fig. 8.19. Compressive strength of cubes of different sizes® > i 10§~ = 1508 30O meiEa2ing o
e ismy —
{ 200x410MentBaGin) ¢ e g —
standard deviation. Prisms® 2% *3" and cylinders exhibit a similar be- e 150mmi6n) L+ geg [ 1000
haviour (Fig. 8.20). The size cflects are, of course, not limited to concrele, - 3 200mn(Bi)  @eeeg |
and have been found also in anhydrite®** and other materials. - | |
It is interesting to note that the size effect disappears beyond a cerlain ' o
- 28doys Imanihs o

size so that a further increase in the size of a member docs not lead to a
ovrease in strength. According to the Burcau of Reclamation,®™ the
strength curve becomes parallel to the size axis at a diamcter of 457 mm
(I8 in.), i.c. cylinders of 457 mm (18 in.), 610 mm (24 in.), and 914 mm
(36 in.) diameter all have the same strength. The same investigation
indicates that the decrease in strength with an increas=s in size of the

Fig. 8.21. Fffeer Age(qu e

ﬂ;s‘ o~ (mi;’I i ;v.gc on Il;c compressive sirength of specimens of different shape and
i&'p.ﬂ-hnm Size and Aggregate Size

! tis clear that a test specimen has to be appreciably larger than the

specimen is less pronounced in lean mixes than in rich ones. For Instance,
the strength of 457 mm (18 in.) and 610 mm (24 in.) cylinders relative to
152 mm (6 in.) cylinders is 85 per cent for rich mixes but 93 per cent for
lean (167 kg/m? (282 1b/yd?)) mixes (¢/. Fig. 8.20).

These experimental data are of interest as it could be speculaed that,
il the size cffect is extrapalated to very large structures, a dangerously low

strength might be expected. Evidently this is not so.
The various test results on the size eflect are of interest because in the

Inrpest si j i i
"xg e ":;l:d u:' :#:,:ﬁf’:ﬁm (;atlu::s n the concrete. Various authoritics
] ‘ues for the raiio of the mini : i
—— o ' C muntmum dimcasion of
Cmaximum aggrepnte size. For i
1970 presceibes o | EBrepnte size, Forinstance, 1S, 1881 -
est cube not smaller than 100 i .
(O in) N ; n mm (€ in) when 25 mm
1 J ; A avatio of 4. A S T.M. St b
. : . AS.T.M. whard -6
:lil’i::ll's“ll;c;::l:(:'nf lacsdl':mlcl"r of the cylinder 1o the muximum :;'::)cinﬂt:
| Sy it the ULS. Burean of Reclamation :
. ; i o4 A value lw
Jand 4 4 eenerally accepted as satisfactory. PR

The I : - .
e imitation of size arises from the “wall eflect™ ('ef)er de pared):



- s . . S Y — -~

- T ! P S "'":-m-g?‘ 'ﬁ" ‘v'."’—'am‘ & ¢
i P — DA T SRR T AR ey T % I ey o § ot \_-,tq{ﬁ. T ;:—-.t:g A
__--.f.:‘,; —_— = w’-:;lt? ' - =i j e, e v e eIy P - 5T . ‘i : izl

S
¥ o

. Aioy “Lp.
= DA TN o Lok § VR 2 Sy S I Oy A
SR L R S SR s BACte s e B s i
Rl R, o P R A ey e Sy a B et 7 S ol : PR T ~<
P . = ’,ﬁ‘:’L ~ "7“;'41’.""’\; s ‘1\—{5’! N,J«*'ﬁ’ ARG o P o o A
P B R R T i A
. - — " ’- — - — - - ’.."--'-.4 e ‘.‘_’42-.- %zh 3 ‘..." -
R ey = T s e
' ,r_" ¥
/ & — ’ / - L '__ﬂ‘
' ﬂ‘,g : 14-'5/ /;, l/:/‘.// pﬂ"%_/?’ /ﬁj% E;;?.‘;" o
7 4S8 Fisas
D "?.)-,‘ o = 7 g5 < :
ISCUSSION ON Moomrrep Coee Coxpression Tesr 415 P RRTR ey e
G ,\@I i
larger that . e , . g TR S T e
: b‘:xgh y the relative uniformity possible of attainment 3‘2“ i"?*-s'—“ ) e
| b ;I two methods of test can be more definitely determined. ‘g,’:{"? Ve
' e Zsses. H. J. Gtzg\'{ AND GLENN Mroppmyt (By letter).~When ;;,;; %ﬁ s ." "ols
& Jm‘;‘r;if:: bt:smu available, the writers were laying out a serjes ' Fg;?;f el “".'_;‘»‘ifgg. <
A on a aumber of 2.in. : A ER Do 6 S e T
z ¥linders and 2 by 2 by ¢in. prismg (sige cast) Lnon?:f:ﬁ 34y by e G
12-in. i BAGELE g AT N
erir, o v g gL % P el s Bt
‘ cling those described | : AT et e
{rom these tests are tabulated below: ed in the paper. Kesults 2r rs J;‘.-_-,A"‘ffr,".
) . '-’-::g:_ L :;tiu:}-‘rim-'
e . R s
- e e s e
POUR UR'G'NA'. i c.:LC‘.‘.‘,. " e | e L% s/ ‘tt'*‘:a‘ “?i;—’;%q@‘“g?'
- Moaled| 7 B (Metbed| T Py oo .5'¢ Y *"""""k b
Numbder of — — , - - " Lk ;‘Y‘ . e
;'::ﬂ'v-r_.:‘t.n-.h a3 ,Sg nige 3 1 0 ) i < wbe g
:E‘?:m-—-'ii"&' 'O e | o | oo | T2 e | o= e 4 e
M: ll;h 70 3400 U0 urs 200 ans - - ‘i‘:
-;..'..........'......“.... B0 ) 20 | 70 | 500 9% | 0w | o | s o B g :
. 3 . AWM Py ~
l'hu-h:'um.hb'* C"“-un—-uumm.ui-u-.undm /;l'tffl'-'l’- 3 }}::'3‘ e {:"'"’. =~
- spelimens | Hg 0T €8 .l 12 X
. Froxg these h:nited tests the following comments are ventured, @@= —— - 1::;‘;:“ 4 3375 "
T\u]:o;)ort is found for conclusions Nos. 1,2, 3,4 and 8 of the pa " — st BRI i
cusb:s ctllx:ck oa conclusion No. 1, for half of the 24 prisms testedpeu' ,f.f?;’::jz: %--:. ) :;
length a:du}or t.lexed ::hbe ¥ tahken i the middle 2 in. of the 4.in. ::‘:";:‘: v 3—'3:”:: o
g ers, as ¢ i 5 R s
! GeTan dovs noc ({ ¢ead 2 in.  Moregver the zone of f:‘.-.-.-,;-g et R L
icked § ot (for the mortar used) extend beyond the boundary 4 SRR T
picked for the cube. For tests in which the modified cube was taken CI EneT e
\.:r:.:aﬁndi 4F e prism, the other 2 in. was undunaged and gave g ’g.‘,f: o b & =3 ;v.' e
Y t3¢ same strength as the end tested frs : 5 S T
: . Sometimes the ' Reis ’ £ e
strength of the fragment was higher rather than lower, Still o e b ; - g
Staking was the fact that the two end fragments result.ing from :;: ; FERR R paadne et
(est waen the middle 2 in. were used as the cube gave a strength whi 25T 1] s R
equaled that of the middle 1 ; 4 812 which ST PR WL T
. . = 1n. at the 0“81311 test. "B e 4 Qe Oy %‘2’!—)
It is difScult ¢ understand why a prism tested as a modis Ferin w;ﬁ:::’-'-“'—.;:f*’;,
cube should be weaker than a cube. I¢ : MoRhed FE It ‘$’.~,.-r§§z‘..‘_;";s§"vf-'-;_,
sk cude. It is common experience as Bas ST T Re LS
T=extoned at the bottom.of Page 409 of the Paper, that cubes 'a.re R i, .;;a'é-‘ ‘::f'e:
stronger than standard cylinders (our 7-day test resul | F s PR RATT N
nqt‘nthsmdia : £ B siresults to the CDntrary r fe 3, a ’é'Q‘OW.,'q. 3. o
ey §). Th}xs waile the evidence available seems to support RSyl Er "4;'{2}"-\’
on & NO. 3 " . N ] A = e 4o Pyl ST 2
» @ satisfactory explanation is not yet apparent, ] [ ‘;-‘ te ¥ ey Sor LA
! Frofesor ang Heuad, and Assigrage T . ‘ :

) ' » , IS0 3 gg
Seczasics, lowa Suaze Coliege, Amnes, :.:-"m’ﬂlb.m&'nnww.\”lid { e . o

2
Ao e

ST R

e o "
R s St re
e
N B ‘,3-, Q
T R oh




APPENDIX E

"POSSIBLE CAUSES OF RETROGRESSION OF STRENGTH OF CONCRETE"
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Possible Causes of Retrogression of Strength of Concrete

There are several possible causes of retrogression of strength
of concrete.

Unsound cement due to an excess of free lime,
magnesia, and/or calcium sulfate.

- Alkali-silica and alkali-carbonate reactions.
3. Sulfate attack.

4. Leaching of lime and soluble alkali salts from the
concrete.

S Other deteriorating exposures, i.e., freeze-thaw,
acid, etc.

None are considered to be pertinent to the reported retrogres-

sion of strengths of concrete cylinders between the ages of 28
and 90 days.

Neville(l) discusses Item 1 in his book "Properties of
Concrete,® p. 50, copy attached. The autoclave expansion test
specified in ASTM C-150 guards against excess magnesia and free
lime, and the SO3 requirement guards against excessive sul-
fate. The Ash Grove cement used in the construction satisfied
all requirements of ASTM C-150.

Item 2 - Alkali-silica and alkali-carbonate reactions can cause
loss of strength at later ages, generally noted after a good
number of years. ASTM C-342 "A Test Metnod for Potential Volume
Change of Cement-Aggregate Combinations" is a method designed

to accelerate such reactions, if any, so that they occur within
a period of about one year. We did not run this test because
low alkali cement was specified and used and no evidence of
deleterious reactions was revealed by microscopic examination.

Item 3 - Svlfates from soil and water may react with hydrated
calcium aluminate to form calcium sulfoaluminate, causing
expansion and deterioration of concrete. The concrete under
discussion was not subjected to these conditions and no evi-
dence of such reactions was observed.

Items 4 & 5 - There was no opportunity for leaching or delete-
rious exposures in the subject concrete cylinders.

Items 2, 3, 4, and 5 are briefly discussed in the BuRec Concrete
idanual, Pages 7-11, attached.
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constriction technolooy laboratories

Conclusions

We do not have any explanation for tne reported retrogression
of strength between 28 and 90 days, other than faulty handling
and testing procedures and we can not readily identify these.

J. J. Shideler, Director
Administrative and Techni~sal Services

JJ5/md
CT-0539

February 27, 1979
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S0 Propertles of Concrete

It is essential that a cement paste, once it has set, docs not undergo a
large change in volume. In particular, there must be no appreciable
cxpansion, which under conditions of restraint could resultin a disruption
of the hardened cement paste. Such expansion may take place duc to the
delayed or slow hydration or other reaction of some compounds present
in the hardened cement, namely free lime, magnesia, and calcium
sulphate. e e =

If the raw materials fed into the kiln contain more lime than can com-
bine with the acidic oxides, the excess will remain in a free condition,
This hard burnt lime hydrates only very slowly, and since slaked lime
occupics a larger volume than the original fre~ calcium oxide, cxpansion
takes place. Cements which exhibit this expansion are known as unsound.

Lime added to cement does not produce unsoundness because it
hydrates rapidly before the paste has sct. On the other hand, frec lime
present in clinker is intercrystallized with other compounds and is only
partially exposcd to water during the time before the paste has sct.

Free lime cannot be determined by chemical analysis of cement since
it is not possible to distinguish between unrcacted CaO and Ca(Ol),
produced by a partial hydration of the silicates when cement is exposcd to
the atmosphere. On the other hand, a test on clinker, immediately after it
has left the kiln, would show the free lime content since no hydrated
cement is then present.

A cement can also be unsound duc to the presence of MgO, which
reacts with water in a manner similar to CaO. However, only periclase
(crystalline MgO) is delcteriously reactive, and MgO present in glass is
harmless.

Calcium sulphate is the third compound liable to cause expansion:

in this case calcium sulphoaluminate is formed. It may be recalled thata

hydrate of calcium sulphate—gypsum—is added to cement clinker in
order to prevent flash sct, but if gypsum is present in excess of the amount
that can react with C3A during sctting, unsoundness in the form of a slow
cxpansion will result. For this reason, B.S. 12: 1958 limits very strictly the
amount of gypsum “hat can be added to clinker, but the limits are well on
the safc side as far as the danger ol unsoundness is concerned.*-*?

Since unsoundness of cement is not apparent until after a period of
months or ycars it is essential to test the soundness of cement in an
accelerated manner: a test devised by Le Chatcelier is prescribed by
D.S. 12:1958. The Le Chatelicr apparatus, shown in Fig. 1.23, consists of
a small brass cylinder split along its generatrix. Two indicators with
pointed ends are attached to the cylinder on cither side of the split; in (his
manner the widening of the split, caused by the expansion of cement, is
greatly magnificd and can be casily measured. The cylinder is placed ona
plass plate, lilled with cement paste of standard consistence, and covered
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with another glass plate. The whole assembly is then immerscd in water at
18 to 20°C (64 to 68°F) for 24 hours. At ihe end of that period the distance
between the indicators is measured, and the mould is immersed in water
again and brought to the boil in 30 minutes. Alter boiling for one hour the
mould is removed, and after cooling the distance between the indicators

Fig. 1.23. The Le Chatelier apparaius

is again mcasured. The increase in this distance represents the expansion
of the cement, and for Portland cements is limited to 10 mm. I the
cxpansion excceds this value a further test is made after the cement has
been spread and acrated for 7 days. During this time some of the lime
may hydrale or even carbonate, and a physical breakdown in size may
also take place. At the end of the 7-day period, the Le Chatelicr test is
repeated and the cxpansion ef nerated cement must not exceed S mm. A
cement nol satisfying at least one of these (ests should not be used.
—_The_Le Chatclier_test_deiccts_unsoundness due to free lime only.

. Maognoesia_is_rarely present in large quantitics in the raw malcrials from
hicl : g T S gAY P I PP P

ulactured in England, bul is encountered in other
*F is reason, in the United States for instance, soundness

of cement is checked by the autoclave test, which is sensitive to both frce

mannesin and free lime. In this test, prescribed by A.S.1.M. Standard
C 151-71, a ncal cement bar 25 mm (or | in.) square in cross-scclion an
with n 250 mm (or 10in.) gauge length is cured in humid air for 24 hours.
The bar is then placed In an autoclave (a high pressure sicam boiler),
which is raised to a temperature of 216°C (420°F) (steam pressure of

* An example is India, where low-magnesia limesione occurs only 1o & limited extent. The
resulting Jmm has therefore & high MgO content but expansion can be significantly
reduced by the additlon of active siliccous material such as pulverized fuel ash or finely
ground burnt clay, .
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2 £ 007 MN/m?(2951b/in?)) in onc hour, and maintained at this tempera-
ture for 3 hours. The expansion of the bar due Lo autociaving must not
exceed 0-5 per cent. The high steam pressure accelerates the hydration of
both magnesin and lime.

The results of the autoclave test arc aflected by, in addition to the

compounds causing expansion, the C,A content, and arc also subject to

— ———

other anomalics. The test pives, therefore, no more than a broad indica-

tion of the risk of long-lerm expansion n practice.™™

No test is available for the detection of unsoundincss due Lo an cxcess of

n asil

_analysis.
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\, calcium sulphate, bul its conten

Strength of Cement

The mechanical strength of hardened cement is (he property of the
material that is perhaps most obviously required for structural use. Itis
not surprising, therefore, that strength tests are prescribed by all speci-
fications for cement.

The strength of mortar or concrete depends on the cohesion of the
cement paste, on its adhesion to the aggregate particles, and to a certain
extent on the strength of the aggregate itscll. This last is not considered
at this stage, and is climinated in tesis on the quality of cement by the
use of standard apgregatces.

Strength tests are nol made on a neat cement paste because of dillicul-
tics of moulding and testing with a conscquent large variability of test
results. Cement-sand miortar and, in some cascs, concrew =7 prcscribcd
proportions and made with specificd materials under strictly controlled
conditions are used for the purpose of determining the strength of
cement.

There are several forms of strength tests: direct tension, direct com--

pression, and flexure. The latter determines in reality the tensile strength
in bending because, as is well known, cement paste is considerably

~strone ¢ in compression than in tension. Since the flexure test is not

used in Great Britain and little used clsewhere it will not be further
discussed.

The dircct tension test used to be commonly employed but pure tension
is rather difficult to apply so that the results of such a test show a fairly
large scatter. Furthermore, since structural techniques are designed
mainly to exploit the good strength of concrete in compression, the tensile
strength of cement is often of lesser interest than its compressive strenpth.
For these reasons the tension test has gradually given way to compression
fests,

lHowever, the tension test has been retained In D.S. 12:1958 as a
permitied test for a one-day strength of rapid hardening Portland
cement. In this test a 1:3 cement-sand mortar with a water content of

o
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8 per cent of the weight of the solids is mixed and moulded into a briquetic
of the shape shown in Fig 1.24. The sand is the *andard Leighton
Buzzard sand obipined from a quarry near the village of that name in
Dedfordshire. This sand consists of pure siliccous material and is

ractically all of one size; all particles are ncarly spherical and are smaller
than a 850 m (No. 18 B.S.) sicve and at least 90 per cent of the sand is
retained on a 600 gem (No. 25 B.S.) sicve.

76mm(3 00in) ————=

TSRS

Fig. 1. 24. Driwzite for the tension fest of ortar

The briqueties are moulded in a -tandard manner, cured for 24 hours
at a temperature between [8and 2 C(64 and 68°F) in an atmosphere of
at least 90 per cent relative humidit;, and tested in direct tension, the pull
being applicd through special jaws engaging the wide ends of the bri-
quette. B.S. 12: 1958 prescribes the minimum one-day strergth of rapid
hardening Portland cement as 21 MN/raz (300 Itfin?), taken as the
average value for si.' briquetics.

There are two stancard methods of testing the compressive strength of
cement: one uscs mor ar, the other concrele.

In the mortar test, a ! : 3 cement-sand mortar is used. The sm?d isagain
the standard Leighton Buzzard sand, and the weight of water in the mix
is 10 per cent of the weight of the dry materinls. Expressed as a water/
cement ratio this corresponds to 0-40 by weight. A stadard procedure,
prescribed by B.S. 12:1958, is followed in mixing, and 70-6 mm (2:78 in.)
cubes are made using a vibrating table with a frequency of 200 Hz
applied for two minutes. The cubes are demoulded after 24 hours and
further cured in waler until tested in a wet-surface condition. The
B.S. 12: 1958 requircments for minimum strengths (average valucs for
three cubes) are given in Table 1 °7

The vibrated mortar test gives fairly refiable results but it has been
suggested that mortar made with onc-size aggregate .leads to a grealer
scaiter of strength valucs than would be obtained with concrete made
under similar conditions. Morcover, the values of strength oblained ina
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the same slump. In the two views at the right, the specimens have been
apped with the tamping rod as prescribed in designation 22, The, €on-
crete in the vpper view is a harsh mix, with a minimum of fipés and
water. It may be cllicient for use in slabs, pavements, or mass concrele
where it can readily be consolidated by vibration, but it w?ul(l be quile
unsuitable for a complicated and heavily reinforeed plncc;l( nt. The con-
crete in the lower view is a plastic, cohesive mix; the su:? us workability
is needed for a diflicalt placement. However, il it is used where it can be
casily placed and vibrated, such a mix would be inéflicient because it
contains cxcesses of cement, fines, and water. Thy$, it is cvident that,
while measurement of slump zives a valuable indication of consistency,
workability and clliciency of the mix can be j{/dgcd only by how the
concicte goes into place in cach part of the struglure and how it responds
to consolidation by good vibrition. Eflicient /mixes do not have much
surplus workability over that nceded for good results with thorough
vibration.

The influence of temperature on the slyfap of concrete is indicated in
figure 3. /
For Burcau of Reclamation work, thd maximum permissible slump of
concrete, after the concrete has been gleposited but before consolidation,

T T T T I |
- Each polint sepresents Lhe average oblained
T with 12 cembnts
3 n "
- |
~
\\ l'/-l h max, aggregale

5 \(lllh 5 -inch max. aggrog
[} b
;‘ ~d f\\
w ~
s § \< —
T : ~
i , _
; J \\ \\\
> - \\0 [

2 With G-inch rvx.aggregale S —~—

\‘
1 g
Mix proportions maintalned constant for sll t wperatures
o I L I |

40 50 60 10 60 00 100
TEMTERATURE, DEGREES FAMRENNEQLT

Figuro 3.—NRelationship betwoen slump and lomperature of concrelo mado
with two maxlinum sires of aggrepates, As tio temporature of the Ingredients
Increases, the slump decreases. 200-D-1080,

CHAPTER 1—-CONCRETE AND CONCRETE MATERIALS 7

is restricted by specifications to 2 inches for concrele in tops of walls,
picrs, parapets, curbs, and slabs_that arc horizontal or nearly horizontal;
4 inches for concrcte in arch-iind sidewalls of tunncls; and 3 inches for
concrele in other parts pistructures and in canal linings. The slump of
mass concrelc is usmllf restricted to a maximum of 2 inches. If concrete
cannot be placed pdithout exceeding specified slump limitations, it may be
concluded thaythe mix proportions are in nced of adjustment. The mini-
mum slump”that ean be vsed, commensurate with desired workability,
requires the least amount of cement and water, In general, the wetter the
consistency, the greater the tendency toward bleeding and scgregation of
coarse aggre. . from wne mortar,

6. Durability,—A durable concrete is onc that will withstand, to a sat-
isfactory degree, the effects of service conditions to which it will be sub-
jected, such as weathering, chemical action, and wear. Numerous labora-
tory tesis have been devised for measurement of durability of concrete,
but it is extremely diflicult 1o obtain a direct corrclation belween service
records and laboratory findings.

() Wearhering Resistance.—Disintegration by weathering Is caused
mainly by the disruptive action of freezing and thawing and by cxpansion
and contraction, under restraint, resulling from temperature variations
and alierante wetting and drying. Concrete can be made that will have
excellent resistance o the clfeets of such exposures il carclul attention
is given to the sclection of naerials wnd to ol other phases of job control.
The purposcful entrainment of sm I bubbles of air, as discussed in
section 14(b), has also helped to improve concrete durability by de-
creasing the water content and improving placeability characteristics. 1t
is also important that, where practicable, provision be made for adequate
drainage of exposed concrele surfaces.

Much has been learned regarding the resistance of air-entralned con-
crele lo frost action, especinlly with respoct to the influence of internal
pore structure oa durability. Dry conerete, with or without entrained air,
sustains no damaging cflects from freezing and thawing. Non-air-cn-
traincd concrete with high cement content and low water-cement ratio
(0.36x) develops good resistance to freczing and thawing primarily
because of its relatively high density and attendant high impermeability
(or watertightness) which reduce the free (or freezable) water available
to the capillary system nnd/or through inflow under pressure. Towever,
within the wsual range of water-cement ratio specificd for exposcd <truc-
tural concrete (maximum 0.47 to 0.53 ), grently increased resistance to
freczing and thawing is elfected b e purposelul entralnment of air,
This enteninment, In the form of multhudinous alr bubbics runging In
size from less than 20 micrometers (submicroscopie) to about 3,000
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dicated, an approprinte swlace covering or treatment
cmploved,
When coment and water combine, one of the compounds forme:!
i hydiated e, which s readily dissolved by water (often made
more agpressive by the prosence of dissolved carbon dioxide) passing
theoweh cracks, alone improperly treated  construction planes, or
theoush interconnceted voids, The removal of this or other solid ma-
terial by leaching may seriously impair the quislity of concrete. The
white dCJTait, or efMlorescence, commonly scen on concrete surfaces
is the result of leaching and subsequent earbonation and cvaporation.
(21 Certain agents combine with cement to form compounds
which have a low solubility but which disiapt the concrete becnuse
their volume s greater than the voluwae of the cement paste from
which they were forme:d. Disintegration may be attributed to a com-
bination of chemical and physical forces. In dense concretes this
type of attack would be largely superficial. Porous conerete would be
alfected throughout the mass. Most prominent among ageressive sub-
stances which aflect Bureau concrete structures are the sulfates of
e sodivm, magnesiom, and ealcivm, These salts which are known as
O white alkali nre frequemtly encountered in the alkali soils and ground
O waters of the western hall of the United States.
S Five stronger the concentration of these salts the more active the
corrosion. Sulfate solutions increase in strength in dry seasons when
'&; dilution is at a minimum. The sulfates react chemically with the
~J hydrated lime und hydrated calcium aluminate in cement paste to
form calcium sulfate and calcium sulfoaluminate, respectively, and
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Figure 5.—Disintegration of concrete caused by sulfate attack. PX-D-32050,

UR’rR,B’N CHAPTER |.CONCRETE AND CONCRETE MATERIALS
should be J ALI«- 2. —Attack on concrele by solly and walers containing various

-

sulfate concentrations X
Helntlvw depree of sulfnie Percent water-soluble suifate F/m sulfate (ns SO0
mMinck (08 SO¢) in solt sampics oweier sampics
Negligible ., ........ - 0.00 to 0.10 0 to 150
Positive ' . ....... o 0.10 10 0.20 150 10 1,300
S 0.20 to 2.00 1,500 to 10,000
Very severe® o..ocovevse 2,00 or more 10,000 or more

' Use type Il cement,
*Use lype V ocoment, or approved portlang joxrolan cement providing comparable sulfate
resistance when used In concrele.

» Use type V cement plus approved porzolan which has been determined by tests 1o Improve
sullate resistance when wsed In concreie with type V cement,

these reactions arc accompanicd by considerable cxpansion and dis-
ruption of the paste. Figure § illustrates the effect of sulfute attack
on concrete in a canal lining and a turnout wall. Concrete contain-
ing cement with o low content of the vulnerable calcium aluminate is
highly resistant to attack by sulfate-laden soils =nd waters. (Sce scc.
15(b).) The :clative degrees of attack on concrele by sulfates from
soils and ground waters are given in table 2.

(3) Where concrele is subjected to alternate wetting and drying,
certain sults, such ns sodium carbonate, may cause surface disin-
legration by wrystallizing in the pores of the concrete. Such action
appears 1o be purely physical.

(4) In environments such as flash distillation chambers of de-
sulination plants where concrele is exposed (o condensing cool-to-
hot water vapors or the resulting flowing or dripping of distilled
waler, the concrete is rapidly attacked by this mineral-free liquid.
The liquid rapidiy dissolves available lime and other soluble com-
pounds of the cement matrix, Subsequent rupid deterioration and
cventual decomposition result. The only pallintive know.: at this
time is complete insulation of the concrete from the mineral-free
walcr by coutings or lining materials which arc not affected by the
waler.

(5) Conerclc in desalination plants is adversely affected by the
feed waicr, sea water, or brine from wells. At these plants, high-
quality concrete has been found unsuitable for use in brine cxposurcs
ol temperatures of 290° FF but suitable at 200° 10 250° ¥ provided
adequate sacrificlnl concrete Is made available for surface deterlorn-
tion. Niclow about 200° F no provision for sacrificinl conerele is gen-
crally required. Deterioration such as occurs at the higher tempera-
ture is a chemical alteration of the peripheral concrete paste which
results In extensive microfracturlng with resultant reduction of com-
pressive strength, cffective cross-sectionnl arca of the member, and



