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Foreword 

The investigation reported herein was first proposed in a letter 

dated 19 November 1965 from Mr. Herman G. Protze, Materials Technologist, 

Wellesley, Mass., to Mrs. Katharine Mather, Chief, Petrography and X-Ray 

Section, Engineering Sciences Branch, Concrete Division, U. S. Army Engi

neer Waterways Experiment Station (WES). Mr. Protze, hired by Fay, Spofford 

and Thorndike, Inc., Engineers, Boston, Mass., as a consultant, stated in 

his letter that he was forwarding concrete samples from Dry Dock No. 2, 

Charleston Naval Shipyard, S. C., for examination. By letter dated 3 Decem

ber 1965 to the Director, WES, the Southeast Division, Bureau of Yards and 

Docks (BuDocks), authorized the performance of the examinations proposed by 

Mr. Protze. MIPR R-66-5 was f'urnished to cover cost of the work. Progress 

reports were furnished under dates of 14 January and 4 February 1966. They 

are included herein as Appendixes A and B. These progress reports were also 

included as Inclosures E and F to "Report on the Present Condition of the 

Concrete in Dry Dock No. 2," dated February 1966, submitted to the Director, 

Southeast Division, BuDocks, by Fay, Spofford and Thorndike, Inc. 

The data developed were reviewed in conversations with Mr. Protze, 

Mr. Royal C. Flanders of Fay, Spofford and Thorndike, Inc., and representa

tives of the Southeast Division, BuDocks. By an amendment dated l June 1966 

to MIPR R-66-5 additional funds were provided to cover the preparation of a 

report. 

The investigation was conducted at the WES Concrete Division during 

the period December 1965-June 1966 under the. supervision of Messrs. Bryant 

Mather and R. V. Tye by Mr. Alan D. Buck and Mrs. Mather. Mr. Buck and 

Mrs. Mather prepared this report. 

Directors of the WES during the conduct of this study and the prepa

ration of this report were COL John R. Oswalt, Jr., CE, and COL Levi A. 

Brown, CE. Technical Directors were Messrs. J. B. Tiffany and F. R. Brown. 
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Conversion Factors, British to Metric Units of Measurement 

British units of measurement used in this report can be converted to metric 

units as follows: 

Multiply 

inches 

feet 

By 

2.54 
0.3048 

ix 

To Obtain 

centimeters 

meters 



Summary 

Eight concrete cores from Dry Dock No. 2, Charleston Naval Shipyard, 
S. c., were examined to determine whether evidence could be found that 
alkali-silica reaction had occurred in the concrete and whether, if this 
reaction had occurred, it was still continuing. 

The appearance of some of the concrete and of the associated white 
porcelaneous secondary reaction product (gel) indicated alkali-silica re
action had occurred. However, the quartz aggregate used in this concrete 
is not among types of material usually considered to be reactive. In ad
dition, the gel material was definitely more crystalline than alkali
silica gel has usually been found to be. 

Various tests and examinations were made of the gel, the aggregate, 
the cement paste, and the concrete. None of the data suggested that the 
aggregate would be diagnosed as reactive by normal criteria. It apj_)_eared 
that only one source of aggregate had been used in the concrete. 

Chemical analysis of a 0.4-g sample of gel from the reacted concrete 
showed it to consist largely of water, silica (Si02), lime (Cao), and 
potassa (K20); the last amounted to 19 percent. The approximate chemical 
formula of this material, CaO.K20.5Si02.5H20, is reasonable as a generalized 
formula for impure alkali-silica gel; the microscopical examinations 
showed that this gel consisted of at least three different crystalline 
phases. One of these included amorphous material that is probably alkali
silica gel. 

After consideration of all of the available data it is concluded that 
alkali-silica reaction has occurred and that the effects of this reaction 
have essentially terminated. 

Since the alkali portion of the gel was high in K20 and low in Na
2
o, 

it is believed that the source of this alkali was the cement rather than 
the sea water to which the concrete was exposed. 

The rather unusual environment of the dry dock with its unequal pe
riods of wetting and drying of the concrete probably resulted in moving con
centration fronts or local concentrations of alkali from the cement which 
together with other environmental factors caused the reaction to occur. 
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Not all of the concrete exhibited alkali-silica reaction. This may 
signify that two cements were used and reaction was confined to the concrete 
made with the one of higher alkali content, or it may be due to an undeter
mined environmental factor. It seems more probable that cements of dif
ferent alkali contents were involved. 

Progress reports 1 and 2 are included as Appendixes A and B, and WES 
Technical Memorandum No. 6-224 is included as Appendix C. 
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CONDITION OF CONCRETE IN DRY DOCK NO. 2, 

CHARLESTON NAVAL SHIPYARD, S. C. 

Introduction 

1. A laboratory investigation of concrete cores from Dry Dock No. 2, 

Charleston Naval Shipyard, Charleston, S. C., was undertaken by the U. s. 
Army Engineer Waterways Experiment Station (WES) to provide answers to the 

two following questions. Has a deleterious chemical reaction occurred in 

some or all of the concrete? If a deleterious chemical reaction has oc

curred, do its physical effects continue to produce expansion and cracking 

in the structure today? It is assumed that a continuing chemical reaction 

that had no undesirable physical consequences on the volume stability or 

strength of the concrete would be of no concern because it would have no 

practical consequences. 

2. The answers to these questions were needed to assist in deciding 

whether 0r not the existing concrete walls can be incorporated in proposed 

modifications to the dry dock. Dry Dock No. 2 was constructed in 1942 by 

the McDougal Construction Co. 

Samples 

3. Two 4-in.-diameter concrete cores from Dry Dock No. 2 were re

ceived on 29 November 1965. Six more 4-in.-diameter concrete cores were re

ceived on 16 December 1965. All were provided by Mr. Herman G. Protze.* 

The locations in the structure from which the cores were taken are shown in 

plate 1. 

4. Identifying data for the samples are shown on the following page: 

* Mr. Herman G. Protze, Materials Technologist, 41 Martin Rd., Wellesley, 
Mass., Consultant for Fay, Spofford and Thorndike, Inc., Engineers, 
Boston, Mass. 
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Date 
CD Serial Field Rec'd Depth, Back of 
No. BYD-1 No.* 1265 Dock Face 2 in. Condition 

CON-3 lS-6 16 Dec 41-3/4 to 49 Cracked; reaction product 

CON-4 2S-4 16 Dec 39-1/2 to 53-3/4 Cracked; reaction product 

CON-5 3S-3 16 Dec 28 to 38 No visible cracks or deposits 

CON-1 4s-4c 29 Nov 48 to 52 No visible cracks or deposits 

CON-6 6S-l 16 Dec Oto 12 Cracked; reaction product 

CON-7 4N-5 16 Dec 32-1/4 to 44-3/4 No visible cracks or deposits 

CON-8 6N-l 16 Dec 0 to 15 Cracked; reaction products 

CON-2 6N-3 29 Nov 27-1/4 to 39-1/2 Cracked; reaction products 

* s in the field number refers to the south and N to the north wall of 
the dry dock. 

All cores were taken from elevations -10.6 to -17.9** except core 3N which 

was taken at an elevation of +0.7 and 3S which was taken at an elevation 

of +o.8. Unless core 3N shows evidence of reaction, the cores that show 

reaction represent the lower third only of the wall, so that there is no 

representation of reacted concrete in the upper two-thirds of the wall 

that has been examined here. The lateral distribution of the cores along 

each wall indicates reacted concrete in both walls near the inboard end 

(cores 6N and 6s) and toward the outboard end (lS and 2S, and 2N as examined 

by Dr. Levi S. Brownt) with regions of unaffected concrete midway on each 

side (4N, 4s, and 3S, and 5S as examined by Dr. Brown). 

5. Eleven soil samples from two boreholes located about 60 ~ from 

the inboard end of the dry dock were received on 14 December 1965 from Fay, 

Spofford and Thorndike, These soil samples were believed to be representa

tive of soils adjacent to the dry dock. The samples are identified as 

follows: 

** All elevations (el) cited herein are in feet referred to mean sea level. 
t Dr. Levi S. Brown, Consulting Engineer, Portland Cement and Concrete, 

570 Northwest Highway, Des Plaines, Ill., acted as a consultant for Fay, 
Spofford and Thorndike, 
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Field 

CD Serial Borehole 
No. BYD-1 No. 

SS-1 9 
SS-2 9 
SS-3 9 
SS-4 9 
SS-5 9 

SS-6 10 
SS-7 10 
SS-8 10 
SS-9 10 
SS-10 10 
SS-11 10 

Visual and stereo
micros copic examinations 

Identification 
Sample 

Sample Taken at 
No. Depth 2 ft Description 

1 5 Blue clayey sand 
2 10 Gray clay 
5 25 Marl 
6 30 Marl 
8 40 Marl 

1 5 Gray fine silty sand 
2 10 Soft blue clay 
3 15 Brown medium sand 
4 20 Marl 
5 25 Marl 
6 30 Marl 

Test Procedure 

6. The cores were examined with the naked eye and with a stereo

microscope when they were received. The first two cores received (4s-4c 

and 6N-3) were sawed longitudinally, and these sawed surfaces were also 

examined. One-half of each of these two cores was stored in water for 

several days with its sawed surface above the water. These surfaces were 

examined at intervals for the development of or enlargement of the gel 

reaction product during this storage. Fragments of the gel were placed in 

dilute hydrochloric acid and observed for possible reactions. 

7. Since all of the cores had been drilled horizontally, various 

features were studied to determine the orientations of the cores. Once 

these were known the orientation of the cracks in the structure was known 

from the cracks present in the cores. 

Photographs 

8. Six photographs were taken of four of the five cores that showed 

cracking and deposits of gel (see figs. 1-4). 

Examinations by polarizing microscope 

9. Thin sections were prepared from cores 4s-4c, 6N-3, lS-6, and 

2S-4 for examination with a polarizing microscope. 

10. Samples of deposits in voids and of the gel present in the 
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sample 6 from the 30-ft depth of borehole 10 were examined as follows. A 

water slurry of each sample was allowed to dry on a glass slide. This sur

face was X-rayed air-dry and after saturation with glycerol. 

15. X-ray conditions. All of the diffraction patterns were ma(le with 

an X-ray diffractometer using nickel-filtered copper radiation. The emis

sion pattern was made on a similar unit arranged for emission spectroscopy; 

the examination was made in a helium atmosphere with a PE'T analyzing crystal 

and with chromium radiation. 

Chemical analysis 

16. Gel. The sample of gel gathered for chemical analysis amounted 

to 0.4 g of material after drying to constant weight at 450 C. It was 

analyzed for major oxides by wet chemical methods except that the amoW1ts 

of K
2

0 and Na
2

0 were determined by the use of a flame spectrophotometer. 

17. Quick chemical test of aggregate. A san~le of coarse accregate 

from the reacted concrete (cores 6N-l, lS-6, 28-l+, and 68-1) and from the 

unreacted concrete (cores 38-3 and 4N-5) was prepared as follows. Small 

cores (0.35 in. in diameter) were taken from several coarse aggregate parti

cles exposed on the large core surfaces; all adhering mortar was trim.med 

away with a diamond saw. The resulting aggregate samples were crushed and 

sized to pass the No. 50 sieve and be retained on the No. 100 sieve. All 

adhering fines were removed by washing. The amount of each sample remaining 

was about 32 and 30 g. This material was then tested for potential reactiv

ity by immersing in alkali solutions in accordance with CRD-C 128-62
1 

ex

cept that only a single determination was made because of the small ammmt 

of material available for test. 

Differential thermal analysis (DTA) 

18. A sample of gel was examined by DTA. This sample was j_dentical 

with that used for chemical analysis and for some of the X-ray examinations. 

Field data 

19. 2 
The records of movement in and of the dry dock as indicated by 

reference metal plugs were studied and tabulated. 

Progress reports 

20. Progress Reports 1 and 2 were prepared during the study. They 

are included herein as Appendixes A and B, respectively. 
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Results 

21. The results are presented below as they were obtained from tests 

on the concrete cores, the coarse aggregate, the gel, and the soil samples, 

respectively. 

Cores 

22. Orientation studies of the cores revealed that in all of the 

cracked cores, the cracks dipped downward into the basin of the dry dock. 

23. Five of the cores (6N-3, 6N-l, 18-6, 28-4, and 68-1) showed 

evidence of deleterious reaction. The evidence was the old cracks in the 

cores and the white porcelaneous gel that coated the crack surfaces. This 

gel also was found in voids and lining aggregate sockets in the cores. Core 

6N-3 probably exhibited the most signs of reaction. Three of the cores 

(4s-4c, 38-3, and 4N-5) exhibited no signs of deleterious chemical reaction; 

they were not cracked nor were tney ooserved to contain any gel. Aside from 

the evidence of reaction in five of the eight cores, there were no observed 

differences in the concrete. 

24. No brown stalactites were observed in or on any of the eight 

cores that were examined. (Mr. Protze's letter of 19 November 1965 mentioned 

that brown stalactites were common on exposed concrete surfaces at the seams 

in the dry dock.) 

25. In fig. 2 the white porcelaneous gel can be seen on the surface 

of core 28-4. The small drill holes that are visible in figs. 1-4 in many 

of the coarse aggregate particles on the core surfaces represent the cores 

of coarse aggregate removed for the quick chemical test • 

.£.?ncrete 

26. Examination of thin sections of reacted concrete from cores 6N-3, 

2S-4, and lS-6 and of thin sections of nonreacted concrete from core 48-4C 

indicated: 

a. The coarse aggregate was quartzite. Some of the particles 
were strained. There may have been some vein quartz pebbles. 

b. The fine aggregate was a natural sand composed of quartzite, 
quartz, and feldspar grains. 

c. None of the aggregate particles showed definite signs of 
having reacted. 
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d. The appearance of the residual unhydrated cement in the 
cement paste suggested that the original cement was high 
in aluminoferrite content. The cement paste was not car
bonated and there was abundant calcium hydroxide, although 
calcium hydroxide was depleted near some reacted coarse 
aggregate particles. 

e. The gel was very common in the thin sections of reacted con
crete; it was not recognized in the thin sections of the 
nonreacted core. 

f. Cracking was very apparent in the thin sections of the re
acted concrete; cracking was not found in the thin sections 
of the nonreacted concrete. 

_g. There was no apparent difference in the aggregate or cement 
used in the reacted and nonreacted concretes. 

27. X-ray examination was made of the paste from three cores: 

(a) 28-4 reacted concrete, (b) 68-1 reacted concrete, and (c) 38-3 non

reacted concrete. This examination indicated that about the same amounts 

of normal hydration products were present in each core. No peaks attribut

able to the gel were detected in any of these patterns. There did seem 

to be a decrease in the amount of calcium hydroxide present as the amount 

of visible reaction increased in the concrete. 

28. Calcium sulfoaluminate was present as clusters of tiny white 

rosettes of needles partially filling some voids in the concrete. The 

amount and type of occurrence appeared to be normal. 

29. The data in tables 1 and 2, which concern vertical movements of 

the dry dock since 1945 and horizontal movements since 1953, suggest that 

the amount of movement became less with increasing age of the structure. 

Coarse aggregate 

30. The results of the quick chemical test, shown in fig. 5, do not 

indicate a potentially reactive aggregate. These results are discussed in 

Progress Report 2 (Appendix B). 

31. As mentioned earlier, the coarse aggregate in all of the cores 

is quartzite with perhaps some vein quartz particles. The X-ray examination 

of several quartzite particles from the reacted concrete of core 6N-3 indi

cated that all of the rock was quartz. There were no other minerals 

present. 
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32. There were at least three distinctly different phases present in 

the white porcelaneous material that was found in voids, in aggregate 

sockets, and on old crack surfaces of the reacted concrete. Most of the 

laboratory tests were made on this multiphase gel. As stated in Progress 
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Report 2 (Appendix B), the gel gave every indication of being alkali-silica 

gel. The fact that it was more crystalline than the usual gel of similar 

appearance is now known to be due to the fact that several phases, some 

crystalline ones, were present. 

33, Some of the properties determined by test of the multiphase gel 

are recorded below: 

a. When part of core 6N-3 was stored in water for several days, 
the gel exposed on a sawed surface of the core swelled be
cause of imbibi.tion of water. 

b. When placed in dilute hydrochloric acid, the gel dissolved 
with very little effervescence and left a soft, transparent, 
probably siliceous, residue. 

c. Quartz grains and carbonate grains were usually present as 
minor contaminations in the gel samples. 

d. The chemical analysis of a 0.4-g sample of this gel is shown 
in table 3. The data indicate that the generalized formula 
for this sample is 

This is certainly not the actual formula since the sample 
contained several phases, but it is probably approximately 
correct and is satisfactory for an alkali-silica gel. X-ray 
emission examination of some of this same material indicated 
that it was composed largely of silica, potassium, and cal
cium. Since the X-ray method does not detect the hydrogen 
or oxygen present in the water, these results were in good 
agreement with those of the chemical analysis. 

e. X-ray diffraction and DTA examinations were made of some of 
the same material that was used for chemical analysis. No 
successful identifications were made. The probable reasons 
for this are discussed later. 

34. The results of the examination of the separate phases of the gel 

are discussed below: 

a. White porcelaneous gel from a 1/4-in. void. The optical 
and X-ray data showed that this material consisted of at 
least two unidentified phases plus minor amounts of calcium 
carbonate. One of the unidentified phases was the tan 
layered material which is discussed below. The material 
typical of the gel in this 1/4-in. void is crystalline. It 
is transparent in plane-polarized light and has a salt 
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and pepper type of texture under crossed nicols. Many 
cherts have a similar texture. The average refractive 
index of this material is about 1.494. 

b. Tan layered material. This material is hard, brittle, and 
has a layered structure like that common to opal. The ma
terial was found coating one void. An X-ray pattern was 
made of this material which is believed to be one crystal
line phase. The X-ray data indicate that this phase was 
also present in the gel from the 1/4-in. void and in the 
composite gel sample used for chemical analysis. If the 
fibers in this material are uniaxial then they are length 
slow positive crystals with positive elongation. They 
have low or moderate birefringence and parallel extinction. 
The refractive index lies between 1.510 and 1.544. 

c. Alkali-silica gel. This was one of the three phases present 
in the composite gel sample used for chemical analysis. In 
powder immersion mounts it looked like alkali-silica gel. 
There were clear and brownish translucent fragments with the 
properties shown below: 

Clear Fragments 
Amorphous Crystalline 

n > 1.45 n < 1.45 

Brownish Translucent 
Fragments 

Amorphous Crystalline 

n ~ 1.45 n ~ 1.45 

It seems probable that this too may be a multiphase material. 

35. The probable assignments of lines comprising the bulk of the 

X-ray pattern of each of the crystalline gel phases just discussed are 

tabulated below. The material in column 2 was found as a pure phase and 

mixed with the material in column 1. The materials in columns 1 and 2 were 

both found mixed with the material in column 3. 

Crystalline 
Phase in Gel 

from 1/4-in. Void 

11.5 

8.6 

6.7 

5.0 

3.6 

3.5 

Interplanar Spacings, d 
Tan 

Layered 
Material 

10.8 

3.06 

3.01 

2.78 

1.83 

(Continued) 
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' A 
Crystalline Phase from 
Composite Sample Used 
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13.2 

12.2 

7.0 

6.5 

3.8 

3.2 



Crystalline 
Phase in Gel 

from 1/4-in. Void 

3.04? 

2.9 
2.7 
2.6 

2.5 
2.23 
1.74 

Interplanar Spacings, d 
Tan 

Layered 
Material 

' A 
Crystalline Phase from 
Composite Sample Used 
for Chemical Analysis 

2.93 
2.73 

36. The presumed three phases were not successfully identified. The 

interplanar spacings of the tan layered material include three of the char

acteristic spacings of semiamorphous hydrous calcium silicates. No patterns 

for the other two phases were found in the ASTM powder diffraction file 3 or 

other sources· available here. 

Soils 

37. The mineralogical composition of each of the 11 soil samples is 

shown in table 4. Their composition does not suggest any reason to suspect 

the soil adjacent to the dry-dock walls of causing movement of the structure 

due to volume change of the soil. 

Discussion of Results 

38. The rather unusual environment of the dry dock with its unequal 

periods of wetting and drying of the concrete probably resulted in moving 

concentration fronts or local concentrations of alkali from the cement which 

together with other environmental factors caused the reaction to occur. 

39. Not all of the concrete exhibited alkali-silica reaction. This 

may signify that two cements were used and reaction was confined to the con

crete made with the one of higher alkali content, or it may be due to an 

undetermined environmental factor. It seems more probable that cements of 

different alkali contents were involved. 

40. All of the preliminary visual and low-power microscopical ex

aminations indicated that deleterious alkali-silica reaction had occurred 
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in five of the eight cores. This was indicated by the cracked concrete 

and the presence of copious amounts of what appeared to be typical gel 

reaction product. However, more detailed examinations indicated that the 

coarse aggregate was not among the types known to be reactive and the gel 

appeared to be more crystalline than such gel characteristically is. Since 

the preliminary examinations, the bulk of the work accomplished was the in

vestigation of the unusual features of the aggregate and the gel. It was 

believed that this information would help to decide if alkali-silica reac

tion had occurred. 

41. The results given in WES Technical Memorandum No. 6-224, en

titled "Investigation of Reactivity Between Alkalies in Portland Cement and 

Aggregates Proposed for Use on Santee-Cooper Project, Moncks Corner, S. C.," 

are discussed in Progress Report 2 (Appendix B). Technical Memorandum 

No. 6-224 is appended to this report as Appendix c. 
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Table 1 

Lateral Movements 2 in Inches 2 of D~ Dock 

As Measured at Edge of Top of Dry Dock,* 
16 June 1953-12 June 1963 

Location on North Wall South Wall 
Dock Scale 16 June 12 June 16 June 12 June 

ft** 1953 1963 Difft 1953 1963 Difft 

454 0.50 0.56 +0.06 0.81 o.88 +0.07 

{ 436tt 0.19 0.25 +0.06 0.50 0.62 +0.12 
433 11.94 12.12 +0.18 0.06 0.19 +0.13 

[ 384tt 0.12 0.25 +0.13 0.31 0.19 -0.12 
382 0.62 0.56 -0.06 0.62 1.50 +0.88 

{ 388tt 0.25 0.38 +0.13 0.06 0.19 +0.13 
336 0.69 0.69 o.oo 0.50 0.75 +0.25 

{ 292tt 0.38 0.31 -0.07 0.19 0.25 +0.06 
287 0.31 0.19 -0.12 0.19 0.19 o.oo 

[ 236tt 0.75 0.81 +0.06 0.87 0.94 +0.07 
234 o-.94 1.00 +0.06 O.b2 0.50. =0.12 

[ 182tt 0.94 1.00 +0.06 0.75 0.81 +0.06 
180 0.25 0.25 o.oo 0.62 1.00 +0.38 

{ 123tt 0.19 0.25 +0.06 0.81 0.87 +0.06 
121 0.12 0.62 +0.50 o.94 i.69 +0.75 

{ 28tt 0.12 0.12 o.oo 0.37 0.31 -0.06 
26 5.69 6.56 +0.87 0.37 1.44 +1.07 

A to B 0.50 0.69 (+0.19) 
C to D o.oo 0.25 ( +O. 25) 

Cumulative +1.92 +3.73 

As Measured from Plugs in Floor 
Near East and West Ends 

Location 
on Dock 16 June 12 June 

Scale 2 ft 1953 1953 Difft 

W end 454 0.19 2.50 +2.31 

E end 0.0-2 0.19 o.94 +0.75 

* See reference 2(c). 
** The western plug of each pair is located with respect to the nearest 

Point shown on the dock scale in reference 2(c). 
t Plus sign (+) indicates elongation; minus sign (-) indicates contraction. 

tt Pair located on opposite sides of a construction joint. 



Date 
Measured 

7-11-45 

4-22-53 

Differ-
ence 

4-22-53 

6-14-63 

Differ-
ence 

Total 
differ-

Table 2 

Vertical Movements 2 in Feet 2 in and Adjdining DE;l Dock 

Plugs Adjoining Plugs Adjoining 
North Wall Plugs in North Wall S,outh Wall 

4 11 18 5 12 19 10 . 17 24 

July 1945-AEril 1953 

o.475 o.458 0.638 0.612 0.613 0.601 o.448 o.467 0.501 

o.478 o.461 o.64o 0.701 0.651 0.661 o.437 o.462 0.506 

+0.003 +0.003 +0.002 +0.089 +0.038 +0.060 -0.011 -0.005 +0.005 

A£ril 1253-June 1263 

o.478 o.461 o.64o 0.701 0.651 0.661 o.437 o.462 0.506 

o.477 o.426 0.631 0.752 o.666 0.698 o.436* o.452* o.488 

-0.001 -0.035 -0.009 +0.051 +0.015 +0.037 -0.001 -0.010 -0.018 

Jul;y 1245-June 1963 

Plugs in South Wall 
9 lb 23 

0.570 0.615 0.595 

0.632 0.620 0.631 

+0.062 +0.005 +0.036 

0.632 0.620 0.631 

0.695 0.614 0.710 

+0.063 -0.006 +0.079 

ence +0.002 -0.032 -0.007 +0.140 +0.053 +0.097 -0.012* -0.015* -0.013 +0.125 -0.001 +0.115 

Note: Plugs adjoining the north and south walls of the dry dock are in fill. The fill subsided on both 
sides of the dry dock. 

* Reading taken 3-26-57; plug subsequently destroyed. 



Composition 

Table 3 

Chemical Analysis of Secondary Reaction 

Product (Gel) in Concrete Cores 

Percent 

H2o (loss at 450 C) 17.23 

Si0
2 66.oo 

R203* 1.88 

Cao 11.54 

MgO o.oo 

Na
2

o 1.30 

K2o 19.00 

Cl- 0.39 

so3 Trace 

Total 100.11 

Moles per 100 g 
of Dried Sample 

1.16 

1.10 

0.02 

0.21 

o.oo 

0.02 

0.20 

Negli-gible 

Trace 

Note: Underlined values are the major constituents used in calculating the 
general formula in paragraph 33d. 

* Assumed to be A12o3 ; actually there is a trace of iron and perhaps 
other elements present also. 



Table 4 

Mineralo~ical Co;!!!Eosition of Soils Adjacent to Dry Dock No. 2 

Based on X-Ray Diffraction Examination 

Depth, ft 5 10 15 20 25 30 4o 
Boring 9 Sample No.-.- 1 2 5 6 8 
Boring 10 Sample No.-.- 1 2 3 4 5 6 
Field Description --- Clayey Sand, or Gray or Browri Medium 

Silt;y: Sand Blue Clay Sand Marl Marl Marl Marl 
Borins; No. 9 10 ..2 10 .10 10 ..2 10 -2 10 _9_ 

Clay mineral: 
Kaolinite x x s s x Tr 
Mica x x s s x x x x x x 
Montmorillonite type x ? s s s x 
Mixed layer (mica-

chlorite or mica-
vermiculite) x x x 

Carbonates : 
Calcite x x x s s s 
Dolomite s x x s x x 

Quartz s s x x x s s x s x s 
Feldspars x x x x x x 
Gypsum x x 

Note: S = major constituent; X = moderate or minor constituent; Tr = trace; -- = absent. 
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APPENDIX A: CONCRETE CORES FROM DRY DOCK NO. 2, CHARLESTON, S. c., 
PROGRESS REPORT NO. 1, 14 JANUARY 1966 

1. During a conference by telephone on 31 December 1965 among 

Mr. H. G. Protze, Mr. R. C. Flanders, and Mr. Bryant Mather, it was agreed 

that the work being done at the U. S. Army Engineer Waterways Experiment 

Station (WES) on the subject cores would be briefly summarized and tentative 

conclusions indicated in a progress report that would be completed on or 

before 15 January 1966. 
2. The information and samples made available by Messrs. Protze and 

Flanders have been studied. The question that the investigation is in

tended to answer--or assist in answering--concerns whether major portions, 

specifically the north and south walls, of Dry Dock No. 2 should be incor

porated in a modified and enlarged dry dock, or whether the present con

dition and anticipated future condition of these walls are such as to indi

cate that they- should not- [J~ s-o- incorporated. It is- unders-tood that a 

conclusion favorable to their incorporation would permit a major savings 

in cost of the contemplated modification and that their removal and re

placement at the time of modification would add to the cost of the modifi

cation to an extent that is not excessively greater than would be expected 

to be incurred were such removal and replacement required at a later date. 

3. Concrete cores taken from the walls have been examined. The 

cores were taken by drilling horizontally from within the dry-dock chamber. 

Some cores represented concrete that can, by inspection of the cores and 

the portions of the structure from which they were taken, be seen to have 

undergone rather severe cracking and deterioration; other cores represented 

concrete that did not show such features. 

4. Essentially all the aggregate that can be seen in and on the cores 

is natural quartz sand and gravel having the appearance of that making up 
s .. 
lmilar deposits that occur frequently along the Atlantic Coast from Long 

Island to Florida. Such aggregates have often been tested for reactivity 

With alkalies but, so far as is known, no laboratory tests for reactivity 

have suggested a degree of reaction such as to indicate a need for precau

tions to be taken to avoid expansion of concrete. WES Technical 
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Memorandum No. 6-224, October 1946, "Investigation of Reactivity Between Al

kalies in Portland Cement and Aggregates Proposed for Use on Santee-Cooper 

Project, Moncks Corner, S. C.," included studies of two sources of sand and 

gravel: Becker County Sand and Gravel Co., Cheraw, S. C., and Lawrence 

Stone and Gravel Co., Hamlet, N. C. Mortar bars made with these materials 

indicated no significant expansion; parallel specimens made with known re

active aggregate showed severe expansion. Quartz is regarded as "nonre

active" or "innocuous 11 from the standpoint of reactivity with alkalies. 

5. Samples of aggregate particles were cut with a small (0.35 in.) 

diamond core drill from cores from the dry dock representing both damaged 

(cracked) (cores 6N-l, lS-6, 2S-4, and 6S-l) and undamaged concrete (cores 

3S-3 and 4N-5). These aggregate cores were prepared and tested in accord

ance with ASTM Designation: C 289-65, "Standard Method of Test for Poten

tial Reactivity of Aggregates (Chemical Method)" (also see CRD-C 128-62) ,1* 
except that only 30-35 g of material in the fraction passing the No. 50 and 

--reta:i:ned on the No. 100 sieves were available i'or testing. The results 

were: 

A~gregate from Core No. s R c c 

3S-3, 4N-5 31 0 

6N-l, lS-6, 28-4, 68-1 25 0 

Fig. 2 of ASTM C 289 provides a basis for evaluating these results. Points 

plotted to the left of the line represent "innocuous aggregates." Point 

No. 66 on this figure represents quartz from near Denver, Colorado (see 

table 5, pp 202-203), 4 and has coordinates 8 = 31 , R = 31 and is re-c c 
garded as innocuous. The points representing the tests reported herein are 

not regarded as significantly different from point No. 66. The value of O 

for R 
c 

is regarded with suspicion; if this value were in the range 10 to 

30 it would be more reasonable, and were it in this range the interpretation 

would not be different. Possibly the low R indicates alkali in the ag
e 

gregate particles not completely removed during preparation of the test 

samples. 

* Raised numbers refer to similarly numbered items in the Literature Cited 
at the end of the main text of this report. 
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6. The study of the aggregate therefore indicates the following: 

a. By direct petrographic examination the aggregate is indicated 
to be essentially quartz. 

b. By the quick chemical test the aggregate is found to behave 
as quartz is expected to behave, and would be classed as 
innocuous. 

c. Similar aggregates previously examined petrographically and 
tested in mortar bars and for chemical reactivity have given 
similar indications of innocuousness. 

7. The damaged concrete is clearly damaged. The evidence both from 

the concrete itself and from reports of examinations of the structure 

strongly suggests damage by cracking and crushing due to internal expansion 

of the sort induced by the alkali-silica reaction. Examination of the 

damaged concrete reveals an abundance of white reaction product superfi

cially similar to that found in other structures that have shown cracking 

due to internal expansion produced in consequence of the alkali-silica

reaction (compare "Cracking of Concrete in the Tuscaloosa Lock" by Bryant 

Mather). 5 This material, upon X-ray diffraction study, differs from alkali

Silica-reaction product previously studied in being better organized (more 

crystalline) and containing X-ray diffraction lines that have not yet been 

identified as belonging to substances for which patterns have been recorded. 

8. The tentative hypothesis is that the reaction that has occurred is 

the alkali-silica reaction and that the cracking in the structure, insofar 

as it is a manifestation of the behavior of the concrete as a material, is 

wholly or predominantly due to the internal expansion that is a consequence 

of this reaction and the expansion of the reaction product. This hypothe

sis does not provide an explanation for the reactivity of the quartz aggre

gate which should not be reactive nor does it provide an explanation of the 

unusual degree of crystallinity of the reaction product. The existence of 

both of these anomalies may well have been contributed to by the environ

ment of the structure, particularly the fact that it has been periodically 

filled with and emptied of sea water. Evidence of damage due to the charac

teristic attack of sulfates in sea water on aluminates in hydrated cement 

Was noted, but to a materially smaller degree than was the evidence of 

reaction producing the product previously described. However, the role of 
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the ions in sea water in enhancing the solubility of silica, the presence 

from the sea water environment of an essentially unlimited supply of sodium 

ion, and the role of the sea.water in chemically altering the alkali-silica

reaction product are regarded as potentially significant and meriting fur

ther investigation. 

9. It is recalled that dry docks at both Brooklyn, New York, and 

Norfolk, Virginia, presumably made using aggregates of a similar nature to 

those in the Charleston Dry Dock, have manifested expansion and cracking. 

In both cases the expansion presumably ceased or essentially ceased a~er 

a time. It is believed possible that the abnormal nature of the reaction 

product found in the concrete under study may have resulted from alteration 

over a considerable period of exposure subsequent to its having been formed. 

Data regarding recorded vertical and horizontal movements in the period 

1953-1963 in the dry dock fail to indicate progressive expansion. 

10. It is therefore concluded: 

a. The damage that has tak-en placB is due to the expansion of 
the concrete caused by expansion of the product of the re
action between alkalies and silica in the aggregates. 

b. The aggregates are of a type not regarded as reactive with 
alkalies to an extent such as to cause expansion; but pos
sibly the environment is such as to render them reactive in 
this situation. 

c. The indications are that the expansion that produced the 
cracking has ceased and the structure has become relatively 
dimensionally stable. other dry docks on the Atlantic Coast 
appear to have manifested such behavior. 

d. In the interests of economy it would appear proper to include 
the walls of the present structure in the modified structure. 

e. In future construction of dry docks and modifications of dry 
docks along the Atlantic Coast, and particularly at Charles
ton, S. c., the allowable types of concrete aggregates should 
not include natural gravels composed primarily of quartz. 
The cement should be required to meet the provisions of ASTM 
or Federal Specifications for type II (low-alkali). 
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APPENDIX B: CONCRETE CORES FROM DRY DOCK NO. 2, 
CHARLESTON, S. C,, PROGRESS REPORT NO. 2, 

2 FEBRUARY 1966 

1. During a telephone conservation between Mr. R. C. Flanders and 

Mr. Bryant Mather, it was agreed that a brief second progress report to 

supplement the progress report of 14 January 1966 would be prepared at the 

U. S. Army Engineer Waterways Experiment Station (WES) and transmitted 

before 4 February 1966. 

2. A total of eight core sections have been received for stud,_y, as 

follows: 

Field 
No. --

lS-6 

28-4 

38-3 

4s-4 
6S-l 

4N-5 

6N-l 

6N-3 

Depth 
Back of Face, in. 

41-3/4 to 49 

39-1/2 to 53-3/4 

28 to 38 

48 to 52 
O to 12 

32-1/4 to 44-3/1~ 

0 to 15 

27-1/4 to 39-1/2 

Condition 

Cracked 

Cracked; reaction product 

No visible cracks or deposits 

No vis±ble- cracks- or deposits 

Cracked; reaction product 

No visible cracks or deposits 

Cracked; reaction products 

Cracked; reaction products 

All cores were taken from elevations -10.6 to -17.9, except 3N whic:h was 

taken at an elevation of +O, 7 and 38 which was taken at an elevation of 

+0.8, Unless core 3N ;;hows evidence of reaction, the cores that show re

action represent the lower third only of the wall, so that there is no 

representation of reacted concrete in the upper two-thirds of the wall that 

has been examined here. The lateral distribution of the cores along each 

Wall indicates reacted concrete in both walls near the inboard end (6N, 6s) 

and toward the outboard end (lS and 28, and 2N which was examined by 

Dr. Brown) with regions of unaffected concrete midway on each side (4N, 4s, 

and 3S, and 5S which was examined by Dr. Brown). 

3. Visual examination of all cores, and examination of thin sections 

of cores 4s-4, 6N-3, lS-6, and 2S-4 did not furnish evidence to establish 

that more than one source of coarse aggregate is represented in these cores. 
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If two or several sources are represented, they were very similar in com

position and history. Examination of the thin sections failed to reveal 

evidence that more than one source of cement is represented; discrimination 

between two cements in thin sections of concrete is sometimes but not 

usually possible. 

4. A sample of the gel-like reaction product was handpicked from 

cores lS-6, 2S-4, 6N-l, and 6S-l. A chemical analysis of the 0.4-g sample 

was made after drying the sample at 450 C. This ignition temperature was 

chosen because differential thermal analysis of the gel indicated loss of 

all the water by that temperature. The results are shown below, based on 

weight of dried material. 

Calculated Moles 
Weight in 100 g of 

Determination Percent Dried SamJ2le 

:H2o (lost at 450 C) 17.23 1.16 

Si02 66.oo l.lO 

R203* 1.88 0.02* 

Cao 11.54 0.21 

MgO o.oo o.oo 

Na2o 1.30 0.02 

K20 19.00 0.20 

Cl - 0.39 Negligible 

so3 Trace Trace 

Total 100.11 

* Assuming all R2o3 is alumina. A trace of 
iron, and possibly other elements, was 
present. 

If the proportions of principal constituents are expressed based on 2 moles 

of K20 , assuming loss at 450 C in water, they are: 
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5. The composition of the reaction product establishes the hypothe

sis, tentatively accepted in the progress report of 14 January 1966, that 

the principal reaction that has damaged the concrete is alkali-silica re

action. The original assumption in the earlier progress report that the 

unlimited supply of sodium ion from sea water played a part in the reaction 

appears to be wrong, since the ratio of sodium to potassium in the reaction 

Product is 1 to 16.4, and in sea water the ratio of sodium to potassium is 

1 to 0.0358. The predominance of potassium over sodium in the reaction 

Product suggests that the alkali was derived from the cement, since potas

sium is more abundant than sodium in most cements produced in this country. 

6. The absence of magnesium, the low proportion of Al2o
3 

(R
2
o

3 
of 

the analysis), and the low amounts of chlorine and sulfate ion support the 

conclusion that normal sea-water attack on concrete is not the reaction that 

has taken place. The characteristic reaction products of sea-water attack 

are ettringite (3CaO.A12o
3

.3caS0
4

.31H
2
0), magnesium hydroxide (Mg(OH)

2
), 

gypsum, and silica gel.- The chemical anaLysis_ of_ the_ p:tlncipaL r-eadion 

Product, microscopic examination of the concrete, and X-ray diffraction ex

amination of cement paste concentrates all indicate relatively low amounts 

of ettringite, no gypsum, and no more magnesium hydroxide than would be ex

pected from hydration of MgO from the cement clinker. 

7. The damaged cores were oriented as they were orginally located in 

the structure, and general direction of elongation and inclination of the 

l'llajor crack planes were determined (fig. Bl). If it is assumed that the 

concrete expanded toward the free side and consequently cracked normal to 

the available expansion direction, a crack pattern like the one shown would 

be produced. Only trends are shown in the figure; the extent in length or 

in depth in the wall of the crack system is not known. 

8. Length-change measurements and changes in elevation have been ana

lyzed. The lateral measurements cover the period June 1953 to June 1963. 

Considering the north wall, the length changes from the plug at 454 ft on 

the dock scale to the plug at approximately 121 ~ on the scale total 

0.55 in. (see table 1, main text). From the plug at approximately 121 ~ 

through that at 26 ~, the movements total 1.37 in. On the south wall, from 

the plug at 454 ft to the plug at 121 ~, the movements total 1.97 in., and 
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- ----

Fig. Bl. Sketch plan and cross section, Dry Dock No. 2, showing direc
tions of elongation and inclination of major crack systems in damaged 
cores. The sketch indicates only direction and inclination, not extent 

or distribution 

from the plug at 121 ~ through that at 26 ~, 1.76 in. On both walls, 

there is most movement in the outboard 100 ft. No clear trend in rate is 

discernible. 

9. The relevant measurements of change in elevation concern three 

plugs on the north and three on the south wall, and cover the period 1945 

to 1963. Changes in elevation were considered in two sets, from 11 July 

1945 to 22 April 1953, and from 22 April 1953 to 14 June 1963. During the 

earlier, eight-year period, two of the three plugs in the north wall (plugs 

5 and 19) moved 0.089 and 0.060 ft, respectively, but in the next ten years 

they moved 0.051 and 0.037 ft, respectively, showing a decreasing rate of 

movement. In the south wall, plugs 9 and 23 moved 0.062 and 0.036 ft, 
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respectively, during the first eight years; during the next ten years, the 

movements were 0.063 and 0.079 ~, respectively, showing a decrease in rate 

for plug 9 but an increase for 23. On both walls, the western and eastern 

ends rose more than the middle as far as the measurements show. Plug 23, 

toward the east end of the south wall (opposite 45 ~ on the dock scale, 

drawing H 302-1086 on Charleston Plan No. 66456), has shown an increased 

rate of movement in the period 1953 to 1963 (see table Bl). 

10. Conclusions and recommendations of this report are: 

a. The composition of the reaction product establishes that 
alkali-silica reaction is the agent that has damaged the 
concrete. 

b. The source of the alkali for alkali-silica reaction must be 
assumed to be the cement, because the preponderance of potas
sium over sodium in the reaction product eliminates sea water 
as the source. 

c. 

d. 

e. 

~· 

h. 

We have no explanation of the fact that quartz, a material 
inert in alkali-silica reaction at normal laboratory tem
peratures, reacted in this case. Quartz is known to react 
with alkali at elevated temperatures. Research on the con
ditions that can develop alkali reactivity of quartz in con
ditions that exist in structures is needed. 

Plug 23 on the south wall (opposite 45 ~ on the dock scale) 
has moved at an increased rate in the period 1953-1963 as 
compared to 1945-1953 (table Bl). The total change in ele
vation is 0.115 ft. The rest of the data on rate of movement 
shows that changes in movement in the wall went on at a lower 
rate in 1953-1963 than in 1945-1953. 

It is recommended that the present elevation of the plugs 
along the north and south walls be checked to establish 
whether plug 23 is moving at an increased or a diminished 
rate since 1963. 

Cumulative lateral movements in the period 1953-1963 were 
1.92 in. in the north wall and 3.73 in. in the south wall. 
East of 123 ~ on the dock scale, the north wall elongated 
1.37 in. and the south 1.76 in. On the south wall, an elon
gation of o.88 in. at the plug opposite 382 ft on the dock 
scale and an elongation of 0.38 in. at the plug opposite 
180 ~ are the greatest values on either wall west of the 
123-ft mark. 

It is recommended that the lateral measurements on the walls 
be checked to establish whether movement has slowed since 
1963. 

The upper two-thirds of the wall are represented by only two 
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cores, 38 from elevation +0.8 and 3N from elevation +0.7. 
All the other cores represent elevations -10.6 to -17.9. 

i. Unless inspection of the structure has established the con
dition of the upper two-thirds of each wall so that it can 
be adequately compared with that of the bottom third, it is 
recommended that vertical cores be taken near the eastern 
and western ends of each wall in the section it is desired 
to retain. The cores should be located between the upper 
tunnel and the dry-dock basin. When a wall or pier is af
fected by alkali-silica reaction, the upper, more lightly 
loaded part of the structure usually shows more advanced 
reaction than the lower. It would be undesirable to reach 
a conclusion about the utility of the wall based on samples 
that may represent the better rather than the average con
dition of the concrete. 

J_. Assuming the recommended measurements of changes in length 
and elevation confirm the general indication that expansion 
is slowing in most of the structure, it would appear proper 
in the interests of economy to include the existing walls 
in the modified structure. 

k. In the modification and in :future dry-dock construction along 
the Atlantic coast, allowable concrete aggregates should not 
include natural gravels composed primarily of quartz. The-
cement should be required to meet the provisions of ASTM or 
Federal Specifications for type II (low-alkali). 
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Table Bl 

Chans;es in Elevation 2 Plug 23 2 1945-1953 

Change from Cumulative 
Elevation Previous Change to 

Date ft Reading 2 ft Date 2 ft Remarks 

7-11-45 0.595 o.o o.o 
10-30-45 0.605 +0.010 +0.010 
2-1-46 0.601 -0.004 +0.006 
5-10-46 0.603 +0.002 +0.008 
8-15-46 0.592 -0.011 -0.003 No significant changes 
1-2-47 0.594 +0.002 -0.001 during this period 
4-1-47 0.597 +0.003 +0.002 
10-1-47 0.599 +0.002 +0.004 
4-1-48 0.601 +0.002 +0.006 
4-1-49 0.598 -0.003 +0.003 

4-1-50 0.624 +0.026 +0.029 l 4-30-51 0.621 -0.003 +0.026 
4-1-52 0.621 o.o +0.026 
4-22.53 0.631 +0.010 +0.036 
4-26-54 o.641 +0.010 +0.046 At least three significant 
4-18-55 0.659 +0.018 +0.064 changes during this 
4-5-56 o.668 +0.009 . +0.073 period 
3-26-57 o.666 -0.002 +0.071 
10-1-62 o. 710 +o.o44* +0.115 
6-14-63 0.710 o.o +0.115 

* Change at an average rate of 0. 0088 ft /yr. . 
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INVESTIGATION OF REACTIVITY BETWEEN ALKALIES 

IN PORTLAND CEMEN'I' AND AGGREGATES 

PROPOSED FOR USE ON 

SAN'I'EE-COOPER PROJECT, MONCKS CORNER, S.C. 

sn!OPSIS 

1. An investigation or the potential reactivity between certa.in 

aggregates and portland cements proposed for use in concrete construc

tion on the Santee-Cooper Project was made nt the request of the South 

Carolina Public Service Authority. This investigation involvod the 

fabrication or- sets or- mortar bs:rs- cnnrtrr.ming- nine- diff'~rent ~gate-s

combined with a cement of normal-alkali content and with a high-alkali 

cement, and of control bars made with a stancnrd reactive aggregate. 

The bars were stored at 70°F in sealed cans over W!lter for six months 

Rnd observations of length change were made. 

2. The aggreeates submitted for test did not show expansion 

either with cements of normal- or high-alkali content. They are there

fore regarded as non-reactive. Ehen a control aggregate of known 

reactivity was used with the cement of highest Na20 content of those 

submitted, severe expansion occurred, indicatin~ that the cenents with 

high-alkali content were capable of ~roducing deleterious reaction. The 

cement or normal-alkali content did not react with the control reactive 

a~gregate to cause deleterious expansion. 
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I?lTRODUCTIO?f 

3. The investigation reported herein was requested by J'.r. J. H. 

Moore, Chief Engineer 1 South Ca rolir.a Public Service Authority, Moncks 

Corner, s. c., in a letter dated 29 October 1945 to the Chief of 

Engineers. Reply to this letter was made by the Office, Chief of 

Engineers, under date of 6 November 1945 stating that the tests requested 

could be made by the Central Concrete ;aboratory, Ht. Vernon, lr. Y • (now 

the Conc·rete Research Division, u. s. "iJaterwa.ys Experiment Station). 

Further arranr;ements were made by correspondence between l.\r. Moore and 

the Office, Chief of Engineers; the investigation was authorized in 

letter from the Office, Chief of Engineers, to the Division Engineer, 

North Atlantic Division, dated 5 January l946. 

4. The investigation wns accomplished at the Central Concrete 

Laboratory, Mt. Vernon, lJ. Y., under the supervision of Ur. c. E. Vluerpel, 

Engineer-in-Charge. J~r. Wuerpel was assisted in the testing program by 

Messrs. Bryant l~ather, William Vialton, Chaja Vleinbaum, Albert Vfeiner, 

and Alexander Brody, and by Mrs. Katharine l~ather and Hiss Rhoda Klein. 

This report was prepared by Mr. Bryant Vather. 
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PART I: PREPARATION OF MATERIALS AND TEST SPECIMENS 

Materials Submitted for Test 

Aggregates 

5. Samples of nino ae;.gregates were raceived in accordnnce with 

requests made to the producers by the South Carolina Public Service 

A.uthority. These aggregates consisted of two sands, two gravell!l and 

five crushed. stones, as listed on table 1. 

6. Samples of twelve cements were also received in accordance 

With requests made to tho manufacturers oy tne South Caronna Publio 

Service Authority. These c~ments are listed in table 2. 

Control Materials 

7. In addition to the ag~retates and cements submitted for 

test, an aggregate of positive reactive nature was prepared in the 

laboratory by blending siliceous sand from Long Island, N.Y., with 

3 per cent crushed opaline chert from California. A standard high

alk~li cament was also selected from stocks at the laboratory for 

use as a control. It is listed on table 2 as cement no. 13. 

Preparation of Materials 

~gregates 

a. Each or the nine a~gragates was prepared by crushing and 

pulverizing a~ required, and by sievin~, to provide the required number 
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or batches, each of the following woight and grading: 

Sieve l~o. Individual Weight, 
Passing Retained on Per Cent grams 

4 8 19 192.375 

8 16 19 192 ,375 

16 30 19 192.375 

30 50 19 192.375 

50 100 19 192,375 

100 Pan 5 50.625 

Total 100 1012.500 

9. The laboratory-m~de reactive aggregate was prepared to 

this same grading. 

Cements 

10. Each of the thirteen cements was subjected to chemical 

analysis for determination of per cent Na2o, K2o, and total water

aoluble alkali. The results of these analyses are given in table 2. 

On the basis of these results cement no. 3 (Lehigh, Binningham, Ala.) 

was selected for use in the major group of test specimens since its 

total alkali content, calculated as Na20, was most nearly 0.50 per 

cent and also most nearly equa.l to the average total alkali c~ntent of 

the twalve cements submitted. 

11. The laboratory standard high-alkali cement, no. 13 with 

0.04 per cent Na20, 1.18 per cent K20, and 0,82 per cent total alkali 

calculated as Na2o, was used for the second group of specimens. 

12. These two cements. plus cement no. 1, Lone Star, Norfolk, 

Va •• lllhieh had the highest Na20 content, 0,10 per cent, were used in the 
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third group of specimens m~de with the laboratory-prepared reactive 

ag~regate. 

13. All throe of the cements used in making mortar test spaci-

mens were sub.jected to complete chenical analysis, the results of which 

are given in table 3. 

Prr.;Jpu ration of Specir.1ens 

14. A total of 135 specimens were me.de from 45 batches of mortar 

representing 21 different tost conditions. The distribution of speci-

mons was as· follow:::: 
Bars Tote. l 

Cement Rounds Ae;f;re[ates Per Round Bars 

ff 3 'Z 9 :i_ 81 .,-

f/:13 1 9 3 27 

* l 3 1 3 9 

I 3 3 1 1S 9 

*13 3 1 3 9 

Total: 135 

15. Each mortar batch contained 1012.5 ~ of agcregato, graded 

as shown in par. 8 above; 450.0 g of the indicated cement; and 225.0 g 

Of water. In the cases where three rounds were made to repres.;int the 

same ccmbination, each round was mad0 on a different day. 

16. Ench specimon consisted of a 1- by 1- by 11-in. b<:i.r molded 

With its long axis horizontal and containing embedded reference points 

in each end with 10 in. effective gag~ length bst?reen the points. After 

~Olding, the speci.Jnens were stored in fog in their mold~ to an age of 44 

+ . 
_ 4 hr, after which they were stripped and tr.eir lengths were determined. 
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PART II: LENGTH-CHANGE MEASUREMENTS 

Storage 

17. Immediat9ly a~or the initial lentth had been determined, the 

bars waro placed in metal cans for exposure. The exposure cans were 

stored in a constant-temperature room maintained at 70°+ 2•F. The 

spdcimens were supported i~ each can in a vertical position, the lower 

end of each bar resting on the false bottom of the can. E~\ch can wo.s 

sealed and the air surroundinb the specimens was maintained at a rela-

tive humidity of 100 per cont by partly filling the space below the 

false bottom of the can with fresh ~~ter. All of the specimens in any 

one can were maae with the same cement. 

Mea eu rernen ts 

18. Measurements of length were made in the storage room by means 

of a·dial-gage length comparator graduated in ten-thousandths or nn inch, 

Exposure was continued and measurements made until the specimens reached 

an age of a~proximately six months • . 
19. The average values for length-change of each group of three 

bars and of the three rounds of similar bars at each ar.e are given in 

table 4. The average values for each test condition are plotted in 

plates 1-3. 
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PART III: RESULTS AND CONCLUSIONS 

Cement No. 3 ~ith Test Aggregate 

20. The bars representing the nine test aggregates and ce~ent 

no. 3 a 11 showed s lieht expansion at the early ages, the maximUl!l. 

expansion shovm b:,r nny cet being 0.008 per cent at 35 days. The early 

expansion was followed by shrinkage in all cases, the maximum net 

shrinka~e by any one set being 0.029 per cent at the six-month ago. 

Length chflnges of this magnitude are regarded as negligible. These 

aggregates may therefore be rer,arded ns non-reactive with nore,al 

cements such as no. 3. 

High-.?.lka li Cement i'li th Te st Ag grc gate 

21. The bars representing the nine test aggregates and the 

standard high-alkali cement no. 13 all showed slight expansion at the 

early ages, the maximum. expansion sho~rn by any ono set being 0.004 per 

cent at 28 d!\ys. This early expansion, it will be noted, is even 

~ller than that sho~n by these aggregates with the normal cement no.3. 

As in tho group with the normal cement, the ·early expansion was followed 

by a shrinkag3, the ~aximurn net shrinkabe by any one set being 0.030 

per cent at 168 days. On the basis of these data, the aggregates may be 

regarded as non-reactive with high-alkali cements such as no. 13. 

Reactiv~ ~~?rcgate Control Series 

Cement no. 3 and reactive ag~regate 

22. The bars made with the normal ce~ent no. 3 and tha reactive 
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opaline ag;regate showed less length chan~e, on the average, than any 

other test condition included in this series. The fir~t round or bars 

in this series showed a slight net expansion throu~hout the test, 

fluctuating from a minimum of 0.004 per cent at 3 days and 56 days to 

a maximur.:i of 0.013 per cent at 126 days and 0.009 per cent at 6 months

The second round vrn.s intemedia.te in behavior and the third round 

showed e.l.most no expansion. Tha third-round bnrs showed a maximum 

shrinkage of 0.026 per cont at 63 days and 0.021 por cent at 6 months. 

On the basics of the:::e negligible leng;tr: changes, cements such ns no. 3 

may be regarded as potentially incapable of causing deleterious re

action even v1hon used with reactive e.geregates. 

Cement no. 1 and reactive aggregate 

23. The bars made with the relatively high-lla.20 cement no. l 

and the reactive aggregate showed progressive e.nd marked expansion 

reaching a maxi~u.~ of 0.611 per cent at 168 days when the test was dis• 

continued. It appeared at that time that the potential expansion at 

greater agas would have been still greater. A length change of this 

magnitude is regnrded as indicating severe deleterious reaction. Cement 

no. 1 may therefore be rogarded as one which might be expected to 

partici~ato in deleterious reactivity if used with a markedly reactive 

aggregate. 

High-alkali cement and reactive a~gregate 

24. The control series of bars made with hieh-alkali cement 

(no. 13) and the reactive aggregate showed severe expansion indicating 

marked deleterious reaction. The average expansion of 1.125 per cent at 
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168 days is believed to be considerably less ti-an that Vll:ich would have 

been attained had the test been continued to later ages. 

Conclusions 

25. The results or this investigation indicate that: 

a. 

b • .... 

Co 

The aggrcGates sutmittod are apparently non-reactive with 
cements of either nornal or high-alkali content. 

The cenent from tho group sutmitted which h'.ld an alkali 
content nozt nearly equal to that of the average for the 
group apparently will not cause deleterious reactivity 
vihen u:;ed with o.ny of the a.ggrq;ates submi ttod or 
with an aggregate of known reactivity. 

The cement from the group submitted which had the highest 
Na20 content will. when used with an aggrer;ate of knovlll 
react-ivity, cause deleterious expnnston. 
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TABLE l 

AGGREGATES WBnTTED FOR TESTING 

Sand 

l. Beckor County Sand and Gravel Compuny, Gretchen (Cheraw), South 
Ce.rollna. 

2. Lawrence Stone and Gravel Company, Hamlet, lforth Carolina 

Gravel 

3. Becker County Sand and Gravel Company, Gretchon (Cheravr), South 
Carolina 

4. Lawrence Stone and Gravel Company, Hamlet, North Carolina 

Crushed Stone 

5. Rion Crushed Stone Corapany, Rion, South Carolina (granite) 
_s_, _Ealne'tt_o Q.ua_rrie s_, Columbia_, Routh Carolina (granite) 
7. Blair Q.uarries, Columbia, ~outh Carolina (granite) 
e. Weston and Brooker, Columbia (Cayce), South Carolina (granite) 
9. New York Trap Rock Company, Clinton Point, lfo?r York (dolomite) 

Cl2 
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TABLE 2 

PORTL!J.fD CF.UEI:TS TESTED 

San toe- Total , H2C -sol. 
Cooper Na20 K2o calo ?Ia2+K20 Ua20+ K20 
Number Cement 1' K20 as Nazo as lfo.,O as No.20 

t1 

13 RC-130 
Alpht'I. I 
Birmingham, Ala. 0.04 1.18 0•78 0.82 0,69 

1 RC-131 
Lono Star, 
Norfolk, Virginia 0 .. 10 0.11 0.07 0.77 o.oa 

2 RC-132 
Lone Star, 
Birminghrun, Ala, 0.21 0.94 0.62 0.83 0.4:7 

3 RC-133 
Lehigh,_ 

Ala. Bi rminc:;ham, o.oa 0.67 0.44 o.s2 0.19 

RC .. 134 
Lehigh, 
Fordwick, Virginia 0.06 0.81 0.53 0.59 0.51 

5 RC-135 
Penn-Dixie, 
Clinchfield,, Ge.. 0.02 o.1e 0.12 0.14 0.01 

6 RC-136 
Penn-Dixie 
Richard City,Tenn. o.oa · 0.45 0.30 o.3a 0.21 

7 RC-137 
Penn-Dixie,, 
Kin~soort, Tenn. 0,09 0,35 0.23 0.32 0.09 

a RC-138 
National, 
Ragland, Alabama 0.07 0.18 0.12 0,19 0,03 

9 RC-139 
Alph~, 

Birmin~ha:n, Alabama 0,05 1.07 0.11 0.76 0.36 

(Concluded on next page) 
• 
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Santee-
Cooper 
Number 

10 

11 

12 

TABLE 2 (Cont'd) 

Total HzO ·sol. 
Na2o K20 calc ua2+K2o Na 2o+-K2o 

Cement ;i KzO as ?fo.zO as Na2o as l!a 2o 

RC-140 
Universal Atlas, 
Birmingham, Ala. o.o9 o.s1 0.44 o.s3 0.14 

RC·l41 
Southern States, 
Rockmart, Georgia 0.01 0.42 o.2s 0.35 0.14 

RC-142 
Volunteer, 
Knoxville, Tenn. 0.04 0.47 0.31 Oo35 0.11 

The Lehi~h, Birmingham, Alabama (RC-133) cement most 
-cl~s-ely -approxim1rtes 0,50 per cent total alkali content, 
calculated as Na20• 
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TABLE 3 

COJ.i?LETE CHEMICAL ANALYSIS OF CEMEJiT:: USED nr TESTS 

Si02 
b.1203 
Fe203 
Cao 
MgO 
S03 
Ibr11tion Loss 
Total 
Insoluble Residue 
P205 
Mn.203 
lls.20 
K20 
H2o Soluble ?7a20 
H20 Soluble K20 
Fraa Cao 
Compounds 

C3S 
C2S 
c3A. 
C4AF 
CaS04 
Cao Saturation 

Ratios 

Cl5 

No. 13 
Alpha, 

Binningham 
RC 138 

Per Cent 

20.76 
5.43 
2.53 

61.75 
2.92 
1,63 
3.36 

98.38 
0.10 
0.087 
0.040 
0-.-04 
1.18 
0.05 
o.so 
0.73 

48.79 
22.79 
10.11 
7.69 
2.77 

65.87 

2,66 
2.15 
2.58 
2.97 

No. 1 
Lbne Star, 
Norfolk,V9.o 

RC 131 
Per Cent 

21 .. as 
;s.93 
4.91 

63088 
1.01 
1046 
lolO 

98~14 
Ooll 
0.230 
0.058 
0.-70 
0 .. 11 
0.06 
0.03 
o.1a 

56.34 
20.23 
2.12 

14.93 
2.48 

68.94 

2.63 
a.so 
2.39 
2.92 

No. 3 
Lehigh, 
Birmingham 

RC 133 
Per Cent 

22.25 
4.38 

. 3.62 
62.~l 
3.02 
1.53 
0.99 

98.60 
0.16 
0.010 
0.046 
o.os-
0.67 
0.02 
o·.22 

47.57 
27.99 

5.49 
11.00 
2.so 

69.72 

2.56 
1.21 
2.76 
2,82 



TABLE 4 

LF.:MGTH CF .. AMGES OF TEm' f;P~CIMEl! GROUPS 

Len~tlt Change, in Ten-Thousandths of an Inch. at the hges Shown Belovt 

Set{a) Age in Dnys 
no. 2 3 5 7 14 21 28 35 42 49 56 63 70 77 84 98 112 126 140 168 182 

3 h-1 0 +5 +5 +4 +5 +3 +4 +6 +6 +4 -+-1 .. 1 -3 -4 -:... -9 -8 -9 -9 -11 -10 
B-1 0 -+-2 +3 +4 +2 +5 +2 +2 -2 -7 -9 -12 -15 -16 -18 -20 -16 -18 -15 -14 -15 
C-1 0 +2 +3 +4 +4 +2 -3 ... 7 -8 .. l2 -13 -15 -19 -20 -20 -17 -19 -17 -23 -20 -23 

Avg. 0 +3 +4 +4 +4 +3 +1 0 -1 -5 -7 -9 -12 -13 -15 . -15 -14 -15 -16 -15 -16 

(") 3 A-3 0 +s +s +5 +3 -t-4 +4 +6 +s +4 +2 0 -2 -4 -6 -9 -9 -9 -9 -12 -13 I-' 
CJ'\ B-3 0 +5 +s +5 -t-3 +3 +1 0 -5 -7 -10 -13 -15 -18 -19 -20 -16 -18 -15 -17 -17 

c-~ 0 +2 +3 +3 +2 0 -3 -6 -7 -11 -13 -15 -18 -19 -18 -15 -17 -18 -22 -19 -23 

Avg. 0 -t-4 +5 +4 +3 "t2 +l 0 -2 -5 -7 -9 -12 -14 -14 -15 -14 -15 ... 15 -16 -18 

(a) Each set as originally prepared contained 3 bars. Unle$s ot:herwi se noted, ea.ch value .shown for 
a set of bars is an avera~e of 3 readings. 

Notes: 
0.52~ Na2o . Cementa Lehigh 

Aggregates: 1. Becker County Sand and Gravel co •• Cheraw, s. c. Sand 
3. Lawrence stone and Gravel Co., Hamlet, N. c. - Sand 

{Continu~d on next page) 



TABLE 4 (Continued) 

Leni;th Change, in Ten-Thousnndths of an Inch, at t~e h~es ~hewn Below 
Set Ace in Days 
Uo.(a) 2 3 6 7 11 21 20 35 42 49 56 63 70 77 84 98 112 126 140 168 182 

3 A-4 o+S -r" .., +5 -t-4 ;-4 -t-5 -r8 +7 +5 -r3 +l -1 -3 -6 -9 -9 -9 -8 -15 -10 
B-4 0 +4 +4 ;-S T3 ;-4 +2 0 -5 -7 -10 -14 "'117 -18 -20 -22 -18 -18 -lG -18 -19 
C-4 0 +2 ;- 3 +4 +3 -t-2 -2 -6 -6 -11 -13 -15 -·18 -20 -20 -16 -19 -18 -19 -19 -21 

.hvg. 0 -t4 -r4 ;-5 -t-3 ;-3 +2 +l -1 -4 -7 -9 .,.12 -14 -15 -16 -15 -15 -14 -17 -17 

(3)A-5 0 -t5 +4 +4 T3 +1 T2 '1"'4 +4 +2 0 -2 -4 -6 -9 -12 -11 -12 -11 -13 -13 
b E-5 0 +4 +4 ;-6 +3 +3 -rl 0 -3 -7 -11 -14 .. ,.16 -18 -19 -21 -17 -17 -18 -18 -20 

0 
-r5 +2 +l -2 -5 -6 -ll -14 -1€ .. ,.19 -21 -20 -17 -20 -20 -20 -21 -26 t-' C-5 0 +3 -r 4 

--.J 
;--8 ;-l -7 -10 -13 -15 -18 •,·19 -19 -19 -17 -15 -17 -16 -20 D-5 0 -rd -t"7 "f"4 -4 

Avr;. 0 ;-4 +6 ;-6 +3 -t-2 -1 -2 ... 4 -7 -10 -12 •,•14 -16 -17 -17 -16 -17 -16 -18 -20 

(a) En ch set l,s originally prepared contained 3 bnrs. Unlos~ otherwise noted, ecch Vd.lue ::;hown for 
a. set of bars is an average of 3 readings. 

(b) Value sho\··n is average of 2 bars. 

Notes: Cement: Lehigh o.s2) Nn2o 
4ge;ree;r1 tos: 4. Bec}:er County Sand and Gra'Vel Co., Cperaw, C' c. - Gravel '-'. 

s. Lawrence Ltone and Gravel Co., Hnmle·~. jJ. c. - Gravel 

(Continued on next rage)' 



TABLE 4 {Continued) 

Len~th Change. in Ten-Thousandths of nn Inch, at the A~es Shown Below 
Set :cr;o in Days 
l'o• (a) 2 3 5 7 14 21 28 35 42 49 5G E'.3 ,70 r: 84 98 112 l?.6 140 168 182 

3 A-6 0 -t-5 +s +·1 ,..4 +2 +3 +6 +6 +4 +1 0 -2 -4 -6 -9 -9 -10 -9 -11 -10 
(b)a-s 0 +4 +4 +5 "1"2 "1"1 "1"1 -1 -6 -9 -13 -16 .:.17 ?'" -Zl 

.,..., 
-18 -18 -20 -19 -20 -.. ~ -L.w 

C-6 0 +2 +3 +4 "1"2 ... 1 -3 -6 -8 -11 -13 -15 : .. 1a -21 -20 -19 -20 -19 -21 -22 -24 
D-6 0 "1"4 +8 ... g -t-6 ... ~ -1 -4 -7 -10 -12 -1~ :-16 -15 -15 -13 -12 -1·1 -13 -15 

avg. 0 +4 +7 ..-7 -t-3 ;.2 0 -1 -4 -7 -9 -11 :-13 -15 -15 -16 -15 -15 -16 -17 -18 

3 A-7 0 +5 +4 +4 +4 ..,.4 +5 -t-8 +6 +4 -t-3 +l -3 -3 -~ -9 -10 -8 -8 -10 
o (c)B-7 0 +4 +4 "t'G -+-3 +3 +2 +2 -1 -5 -a -11 -13 -15 -16 -18 -15 -16 -17 -16 -17 
t-' 
0: C-7 0 .... 2 +3 .... 4 +Z +2 -3 -7 -9 -12 -14 -15 -19 -21 -20 -18 -18 -19 -20 -21 -24 

D-7 0 +3 +3 ;-4 +5 -r5 +4 .,-4 +3 0 -2 -4 -5 -6 -7 -8 -7 -6 -8 -9 

Avg. 0 +3 -r3 ;-4 ... 3 +3 +2 ...2 0 -~ -5 -7 -10 -12 -13 -13 -12 -13 -13 ... 13 -17 

(a) Each set at ori~inally prepared contained 3 bars. Unless other~ise noted, each vE>.lue shO\'m for a 

set of bars is an uveraee of' 3 readings. 
(b) Volue shown is average of 2 b!lrs. 
(c) Value shov.rr rep re sent s measurement of l bar. 
Uotes: C~ment: .:...elil rch o. 52J 1ru2o 

Ag~rog;ntc".': f, • Rion Crushed Stone Company - Crushed Eto!1e .. 0 ulmetto ~uarries, Columbia, ~. c. - Cru:.:~ietl grunite 

(Continued on next page) 



TABLE 4 (Continued) 

Length Change. in Ten-Thousandths of an Inch, at the Ages Shown Below 
Set Ago in D:iys 
No. (a) 2 3 5 7 14 21 28 35 42 49 56 63 70 77 84 98 112 126 140 168 182 

3 A-8 0 +4 +5 +5 +4 +3 +6 +8 +~ ;-5 ;-4 +3 0 -3 -7 ... a -9 -10 -9 -11 -10 
(b)B_a 0 +3 +4 +5 +3 +6 +5 +2 -3 -7 -10 -13 -15 -18 -20 -22 -17 -17 -17 -16 -20 

C-8 0 +1 +3 +3 -1 +l -3 -7 -8 -11 -13 -15 -17 ... 20 -21 -10 -21 -20 -24 -22 -24 
D-8 0 +3 +4 +5 +4 +6 +5 +5 +2 -1 -3 -5 -7 -6 -7 -9 -10 -7 -12 -13 

Avg. 0 +3 +4 +5 -t-2 -t-4 +3 +2 -1 -3 -5 -7 -10 -12 -14 -14 -14 -14 -16 -16 -18 

3 A .. 9 0 +4 +4 +4: +4 +4 +6 +8 +7 +4 +2 0 -2 -5 -7 -8 -9 -10 -11 -11 -10 
B-9 0 +3 -+4 +4 +l -t3 0 -3 -7 -10 -13 -17 -19 -22 -23 -24 -21 -20 -22 -21 -23 
c-9 0 +2 -1-4 -t-5 -t-2 -t-3 -4 -8 "-9 ... 12 -14 -16 -19 -21 -21 -19 -20 -20 -25 -22 -25 

0 
I-' 
\.0 

AVf':,e 0 +3 i-4 +4 +2 +3 +l -1 -2 -6 -8 -11 -13 -16 -17 -17 -17 -17 -23 -18 -19 

3L.-10 0 +4 -13 +2 +3 0 +4 +4 +2 0 -2 -~ -7 -9 -12 -13 -15 -16 -16 -19· -18 
B-10 0 +4 +4 +4 +3 +5 +l -1 -7 -10 -13 -16 -19 -(21 -23 -2~ -22 -21 -22 -22 -23 
C-10 0 +1 +1 +l -3 ·O -6 -11 -13 -17 -19 -21 -23 -26 -26 -24 -26 -26 -28 -27 -29 

Av~. 0 +3 +3 +2 +l +2 0 -4 -6 -9 -11 -14 -16 -19 -20 -20 -21 -21 -22 -23 -23 

(a) Each set as originally prepared containod 3 bars. Unles~ otherwise noted, each value shown for a 
set of bars is an avara~e of 3 readings. 

{b) Value shown is average of 2 bars. 
Uotess Cement: Lehigh, 0.52,.% lln20 

Cr:ushed granite .hggre~ates: a • Blair Quarries, Blair, s. c. 
9. Weston and Brooker Cayce, s. c. - Cr.u shed granite 

10. New York Trap Rock Co., Clinton Point, N. Y. - Dolomite sand 

(Continued on next F!age) 



TABLE 4 (Continued) 

Length Change, in Ten-Thousandths ot an Inch, at the Ages Shown Below 
Set .hge in Days 
Mo. (a) 2 3 5 7 14 21 28 35 42 49 56 63 ,70 77 84 98 112 126 140 168 162 

13 A-1 0 +l +l ... 2 0 +l +2 -2 -4 -5 -8 -12 ..:14 -16 -18 -21 -20 -18 -16 -17 -17 
II .h.-3 0 +2 +2 -t2 -2 -1 0 -3 -4 -6 -9 -12 ..:14 -17 -19 -21 -20 -18 -16 -17 -20 
" A-4 0 +3 +4 +4 +1 +2 -t4 -1 -1 -3 -6 -10 •12 -16 -15 -18 -18 -16 -13 -13 -17 
" .A-5 0 +3 +3 -+2 -3 -2 -2 -7 -1 -9 -13 -17 ..:19 -22 -22 -25 -25 -23 -21 -22 -2Z 
II A-6 0 +2 +2 -r2 -1 +2 +2 -2 -1 -4 -7 -12 -13 -16 -17 -19 -18 -17 -16 -15 -16 
II A-7 0 +2 +l 0 -3 -1 +2 -3 -3 -5 -9 -13 •14 -18 -19 -22 -22 -20 -19 -16 -18 
II A-8 0 +2 +l 0 -6 -4 -4 -a -8 -10 -12 -17 ..:.19 -22 -23 -25 -25 -23 -22 -21 -21 
11 A-9 0 +2 +2 ;-2 0 +3 +4 +l -1 -4 -6 -10 •·12 -14 -17 -19 -18 -16 -16 -16 -14: 

" A-10 O +3 +1 -1 -7 -6 -5 -10 -10 -13 -16 -20 ..:22 -Z5 -27 -30 -30 -28 -27 -30 -27 . 
0 
I\) 
0 

(a) Each set as originally,prepared contained 3 bars. Unless otherwise noted, each value ehovm for a 
s~t of bars i~ an average of 3 readings. 

Notess Cementi Alpha, 0.82/'" Na.20 
.hggre~ates: A-11 Sand Becker County Sand and Gravel Co., Cheraw, s. c. 

.L.-3 Sand Lawrence Stone and Gravel Co •• Hamlet, N. C • 
1 .. -4 Gravel Becker County Send and Gravel Co", Cho raw. s. c. 
li.-5 Gravel Lawrence Stone and Gravel Co., Hamlet, N. C. 
A-6 Crushed Stone Rion Crushed Stone Co. 
A-7 Crushed Granite Palmetto Quarries, Columbia, s. c. 
li.-8 Crushed Granite Blair Quarries. Blair, s. c. 
A-9 Crushed Granite Weston and Brooker, Cayce, s. c. 

A-10 Dolomite Sand !Jew York Trap Rock Co., Clinton Point, N. Y. 

(Concluded on next page} 
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TABLE 4 (Continued) 

Length Change. in Ten-Thousandths of nn Inch. at the Ages Shown Below 
Set Age in Days 
No.Ca) 2 3 5 7 14 21 28 35 42 49 56 63 70 77 84 98 112 126 140 168 

SC-1-A 0 +4 +3 +3 -r3 +4 +5 +6 +14 +24 +57 -t-129 -1"'236 +316 +376 -+461 +493 +609 +659 +149 
B 0 +l +l +2 +3 +3 +3 +3 +7 +14 +28 +57 +129 +208 +z79 +364 +ti.29 +501 +541 T6QG 

(b)c 0 +2 0 -2 -2 -2 -2 +3 +5 +s +11 ..-24 +ss +122 +173 +249 +255 +306 +430 +479 

Avg. 0 +2 +l +l -t-1 +2 +2 +4 +9 +15 +:s2 +70 +141 +215 -.-276 '-t-253 -r 392 +472 +543 +611 

SC-3-11. 0 -t-4 +4 +5 -t-5 +7 +9 +10 +3 +5 +4 +6 ·-r 5 +5 +5 +5 +7 +13 +12 +9 
D 0 +3 +6 +5 +1 -1 -6 -8 -12 -14 -15 -17 -19 -18 -18 -14 -11 -10 -12 -10 
c 0 +l +1 0 -9 -12 -14 -18 -20 -20 -23 -2G -:24 -22 -20 -21 -21 -23 -23 -21 

.iLV{!,e 0 -t-3 +4 -t3 -1 -2 -4 -5 -8 -10 -11 -12 -13 -12 -11 -10 -8 -7 -B -7" 

SC-13A. 0 +2 +1 -t-l 'i" 13 1-320 -t-552 +669 -t-787 -1-864 ~19 -t-1005;-1053+1085-t-l:!.20+1151+1189 +120-1 +1223+1289 
B 0 +2 +4 -t-6 +25 -t-34.5 +463 +581 +650 +667 +690 +753 +812 +827 +838 +875 ""888 +923 +949 -tl.019 
c 0 +2 +2 +l -t-10 +237 -t-419 +555 +661 -r728 +800 +850 ·.+892 -+"917 +g49 -t-970 -t-997 +999 +:l.010 "*1067 

A.vr,. 0 +2 +2 +3 +16 +301 +478 +602 +699 +753 +803 +869 +919 +943 +969 +999+1025 +1042 +1061+1125 

(a) Each set ns originally preparod contained 3 bars. Unles~ othorwise noted. each value shown for a 
set of bars is an average of 3 readings. 

(b) Value shown is average or 2 be.rs. 
Notes: Cement: 1 ::: Lone Stnr, 0.771""., }!a20 Aggregate: Long Island Sand+ ~} Opaline Chert 

3 a: Lehigh. o.s~? l~a.20 
13 a:= Alpha. o.e2,,v NazO 
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+ 0.005 
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trr~~.::-:::::jf---___. _ __.._-+---+---4----+--+--~ CEMENT : LEHIGH CEMENT CO.,BIRM:NGHAM,A:....A. 0.52 O/oCAl-C. Na2 0 
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SAND, BECKER cou~:·y SAt~!) A~JD GRAVEL co. 
GRAVEL, BECKER COUNTY SAND AND GRAVEL CO. 
SAND, LAWRENCE STON::O AND GRAVEL CO. 
GRAVEL, LAWF:EN:.E STONE AND GRAVEL CO 

- 0.015 -~-1-

- 0.020 ~-~--+--~-....--+--+--+----1---t---.-
-------- ·-·-4-. .-:.=:-:=__-:...:_~ ---~----~~-~ -~---- -~--~-~--......;;.::.-........i 
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+- 0.030 ~==~===~===~===~===~==~===~===~===~==~===~=~=====~========================================~===~==~ o.o 1 o LEGEND 
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- 0.030 0 14 21 28 35 42 49 56 63 70 77 84 98 112 126 140 
AGE, DAYS 

PROGRESSIVE LENGTH - CHANGE OF TEST SPECIMENS 

TEST AGGREGATES WITH NORMAL - ALKALI CEMENT 
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