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PREFACE 

Cathodic protectionp though beneficial in the prevention of corro= 

sion 9 may produce detrimental effects in various ways. One possibility 

is damage, through electrolysisD to nearby reinforced concrete structures. 

This paper describes a study to determine what effects such electrol­

ysis would have when the reinforcing is cathodic. Reinforced concrete 

specimens were prepared and electrolyzed under various applied voltages 

in a dilute salt solution. 

I wish to extend thanks to my major adviser~ Dr. Scott P. Ewing, for 

his valuable guidance throughout the experimental work; to the Civil Engi­

neering Department for helpful advice and the use of the material testing 

equipment; to Dr. Franklin Graybill for aid in the statistical design and 

evalua.tion of the experiment; and to the Carter Oil Company whose finan= 

cial support made this work possible. 
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CHAPTER I 

INTRODUCTION 

Cathodic protection1 is one of the principal methods of preventill8 

corrosion of underground and underwater pipe lines. If reinforced con-

crete structures are near cathodically protected pipe lines, a potential 

difference may be established between the reinforcing steel of the con-

crete and the surrounding electrolyte, resulting in electrolysis of the 

concrete. This difference in potential may result directly from contact 

with the pipe line or the direct current source, or indirectly by provid-

ing a low resistance path for current flow between the anode of the pro-

tection system and the cathodic pipe. 

In the des ign of a cathodic protection system in which electrolysis 

of concrete can occur, the effect of the elec~rolysis on the concrete and 

on the bond between the concrete and the steel should be known. This bond 

is the anchoring effect resulting from friction, adhesion, or lug action 

between the reinforcing s teel and the concrete. 

Electrolysis of concrete with the reinforcing steel as the anode, at 

sufficient voltage, results in corrosion of the steel. (13, 14). The 

corrosion products occupy approximately 2.2 times the volume of the steel 0 

resulting in a build-up of internal pressure. This pressure is suffi-

lncathodic protection is the use of an impressed current to prevent 
or to reduce the rate of corrosion of a metal in an electrolyte by making 
the metal the ca thode for the impressed current." (16, p 923). 
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cient to cause cracking of the concrete. The presence of chloride ion 

greatly increases the corrosion rate. (14). 

When the reinforcing rod is the cathode, the effect of elect.rolysis 

on the concrete and on the bond between the concrete and the reinforcing 

rod bas not been conclusively demonstrated. Experimental work at the 

National :Bureau of Standards on the electrolysis of concrete indicated 

that the concrete was softened at the cathode. (14). The area affected 

was clearly defined by darkening of the concrete around. the cathode. 

The darkened area. was not as well defined after the bloek: dried 9 and the 

concrete regained some of its initial hardness. The electrolyses were 

carried out at 57 to 59 volts until cumulated quantities of 24.?._to.~6 •. ? 

ampere hours per square inch were reached. Tests on four treated blocks 
.-,a~- ··- "-• •• ,,.. ~ -., -

when compared with those of four identical untreated blocks indicated a 

loss of approximately Bo% of the original bond strength. Chemical anal-

ysis of the concrete from the cathode area showed a build-up of sodium 

and potassium. The hydroxides of sodi,:un and potassium were ~elieved to 
,._ __ .. -- - -- . . 

attack the calcium and aluminum silicate yielding soluble silicates and 
. - - -- -- ·-· --------·- - .•... --.-"'"" ___ ..,.,., .. ·-·-- ,...., . . • -· - • -.. ""---.. -.--- _,, -•'--Z·-- .... ~- .. -. 

thus softening the concrete. 

To confirm the postulate of ~droxide attack a check was made by 

electrolyzing several sample blocks with. the reinforcing st.eel ~~d;c. • 

. The current was held at a very low value, and the electrolyte changed 

regularly until no sodium or potassium could be detected in the electro-

lyte. The current was then reversed and the blocks were electrolyzed 

with the reinforcing steel cathodic. Fracture of the treated blocks re-

vealed little evidence of softening around the cathode and no detectable 

damage to the concrete. 

)\~ 



~ {j,,,..,,. Small concrete test specimens were then treated with various con­

'1leentrat1ons of sodium and potassium hydroxides. Soluble si~i.-~~-~~~-were 

formed, evidence that the concrete was attacked. The concrete blocks 

were softened and in some instances the concrete was easily crumbled. 

The conclusion from this experimental work was that ~die ,,,ele£~­

trolysis of concrete would weaken the bond between the concrete and the 

reinforcing rod. There was no evidence of an:y detrimental effects in the 

absence of strong alkalies. .!he results appeared to depend only on t_h"~ 

total ampere hours rather than on the applied voltage. 
___ ,::-.e- - ·-· .••.. -.-,, .. 

A series of experiments were conducted by the :British Electrical and 

Allied Industrial Research Association to determine the effect of cathodic 

electrolysis on concrete during the curing period. (11, lJ)o At low cur= 

rent densities, less than _2?:pamperes per square centimeter, there was no 

detectable damage to the concrete or the bond. At current densities 

greater than 2,000 .,uamperes per square centimeter, however, there was a 

marked reduction of bond strength. The concrete was softened at the cath-

ode, and the soft area was a lighter color and not well defined. The loss 

·of bond strength was attributed to ex~e~sive gassing oceuring at the cath-

ode at the higher current densities. Tests conducted at current densities 
. w/..-" ·.7 

from 20 to 2,000 _Aamperes per square centimeter yielded bond strengths» . ...--:::r u'-

almost twiceias great as the untreated control blocks. Upon fracture of 

the blocks, white deposits were tightly adherent to the rods. Analysis 

revealed the deposits were calcium carbonateJ Further ,,experimental work 
~: 

indicated that under caref'ully controlled conditions, i .• e., a high ear-

bon dioxide concentration and low current density, carbon dioxide dif•­
l,' \ \ ... ~. \\ 

fused to the cathode faster than carbonate ions!were removed by the elec-

trolysis. The calcium ions at the cathode united with the carbonate ions 



and precipated calcium carbonate. These deposits resulted in the in­

~-~~~:d bondc strengt~ not~~· 

All the aforementioned experimental work was performed using 

smooth reinforcing rods. 

In 1913, Abrams (1) reported the results of a series of tests to 

determine the bond strength between concrete and the various types of 

reinforcing rods then available. As a result of this experimental work, 

many types of reinforcing rods became obsolete and the shortcoming of 

several other types were recognized. Further development along these 

lines lagged until the advent of World War Il 9 at which time interest in 

the development of improved reinforcing bars was revived. (12). Exten= 

sive research work was carried out to select the five or six best pat= 

terns available for deformed rods or to develop new patterns superior 

to any of them. 

Co=operation between the steel companies and the American Concrete 

Institute Committee 208 on Bond Stress, resulted in extensive tests by 

Arthur P. Clarke(?. 80 9) which led to the evolution of ASTM Specifi= 

cation A-305. (2). The ACI Building Code ruled that all bars not meet= 

ing the ASTM standards were to be classified as smooth rods. The result 

of this action gave the approved bars dominance in all up-to-date con­

crete construction. 

Although loss of bond strength has been found to occur in the elec= 

trolysis of concrete using smooth reinforcing rods 0 it does not necessar= 

ily follow that this loss would be so marked when approved .[tSTM bars are 

used. Softening of the concrete at the cathode does occur when electrol= 

ysis is carried out in solutions containing appreciable amounts of sodium 

and potassium ions, for example in sea water. The maximum concentration 
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of these ions before softening of the concrete will occur has not been 
-. ·-·-•--"-;··,-,_ __ •••• ,..--~ •. -:-::- ·-•. , •. C.:,.:C"~\,o:...--.:..~-.>:=..-c .• a •••• .c·."c •• _..; • -.• 

determined. 

This work was initiated to determine the effects of cathodic elec-

trolysis on the bond between high strength concrete and ASTM approved 

reinforcing bars using a _dilute syn~:tl~_tic sea water as the. _13lec~_~olyte. {{ ~ 
These conditions approximate those found in Lake Maracaibo, Venezuela. 



CHAPTER II 

M.A.TF.RIALS AND EQUIPMENT 

Concrete Test ~locks 

The concrete test blocks used in the experimental work were cast in 

cylindrical steel molds 6 inches in diameter by 12 inches long. A 6 inch 

diameter by 3 inch spacer with a center hole J/4 inch diameter by 1 inch 

deep was used in the bottom of the mold. A J/4 inch by 24 inch herring­

bone deformed rod, meeting ASTM A-305 Specification, was centered in the l_,.,.... 

l 
mold by the center hole in the spacer and a spider clamp at the topo The' 

resulting block was then a 6 inch diameter by 9 inch cylinder, affording 

the 9 inch rod imbedment specified for vertically imbedded bars in the 

ASTM 0-234 bond test method. (6). The concrete mixer and molds are shown 

in Plate I. 

The concrete, which was :qai:x:ed in a laboratory concrete mixer. con-

sisted of a l:l.6:2.7 ratio by weight of Lehigh !l'ype I Portland cement 

(approximate analysis in Appendix A), graded Arkansas River san4, and 3/4 

inch washed limestone aggregate, with 4.8 gallons of tap water per sack 
.• 

of cement. The coars.e and f'ine aggregate met ASTM C-33 .Specification .. 

(3). This mix resulted in a 5000 pounds per square inch concrete with 

a slump of approximately 2 inches. 

6 
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Curing, Electrolytic Treatment, and Storage 

The complete experimental set up, exclusive of the electrical cir-

cuit. consisted of two steel tanks, 60 inches by 30 inches by 37 inches 

deep, interconnected by piping. Circulation of the electrolyte between 

the tanks was maintained by an Ea.stern D6 centrifugal pump. One tank: 

was used for electrolytic tre.atment and the other !or aging an,d storage . 
of the control. untreated, and treated blocks. The treating tank: con-

tained an aluminum a.node fabricated from 1/4 in.ch pla~e. This a.node was 

in the form of a grid 54 inches by 27 inches by 12 inches deep contain~ 

ing eighteen 8 3/4 by 8 3/4 inch compartments. Aluminum was used in pre-

ferenee to steel because the insoluble aluminum corrosion products set-

tled to the tank bottom and there was no staining of the concrete. The 

experimental apparatus is shown in Plate U. 

Power for the electrolysis was supplied by four 12-volt storage 

batteries in series, and one 6-volt storage battery. The desired volt-

ages for each block were then obtained by tapping the proper terminal. 

The batteries were kept near full charge by use of battery chargers eon-

nected at all times to the batteries. The current to ea.eh block was 

determined by measuring the voltage drop across a calibrated resistance 

with a Leeds-Northrup Potentiometer. The circuit diagram is shown in 

Figure I. 

The electrolyte was synthetic sea water, given by Uhlig (16, p. 1121) 0 

diluted to a chloride concentration of 400 ppm. The pH of the electrolyte 

ranged from '7.2 to 9 • .5 while the specific resistance varied from 460 to 

950 ohm centimeters. The eleo.trolyte w,1:,ts maintained at a level which Just 

covered the concrete blocks. The solution was drained and replaced with 

fresh electrolyte when the pH reached 9 . .5. 



1. Aluminum Anode 

1 UTE II 

Electrolysis Equipment 

2 . Tr eatin~ Tank 
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Testing Equipment 

The pull-out tests to determine the bond strength of the concrete 

were made with a hydraulic 60,000 pound universal testing machine. Oom-

pression tests were made on a 200 9 000 pound Olsen Compression Tester. 

In the pull-out tests the bearing surface of the concrete block 

rested on a Cellotex cushion 9 which was supported by a bearing plate9 

consisting of two machined 7 inch diameter tapered steel plates with a 

l inch center hole. The total thickness of the two plates was 0.75 

inches. The bearing plate, in turn 0 was supported by a 5 inch diameter 

by 6 inch slotted cylindrical bearing block with a 2.25 inch center hole. 

This block was placed directly on the testing machine. The slip1 at the 

loaded end of the block was measured by dial micrometers reading to 0.001 

inch clamped in a yoke attached to the lower end of the test block with 

set screws. The stem of the micrometers rested on a cross bar which was 

clamped to the reinforcing rod by means of a collet. The slip at the 

free end of the block was measured with a 0.001 inch dial micrometer 

clamped to the. block with a spider clamp and set screws. The test set 

up and equipment are shown in Plate III .. 

1 
Slip is the movement, as measured by the dial micrometers, of the 

rod relative to the concrete block. 



PLATE III 

Slip Measuring E~uipment 

1. As sembled View 

.....___ 

2. Exploo.ed View 
I-' 
I'\) 



CHAPTER III 

EXPERIMENTAL PBOCEDURE 

Preparation of the Concrete Test ]loqks 

The concrete for the test block& was mixed and cast following the 

procedures prescribed in the ASTM Tests C- 192 and C-234 (5~ 6) with one 

modification. The concrete test blocks were cast as cylinders 6 inches 

in diameter by 9 inches long. A more even current distribution could _be - -- --
expected on t he c~lindrical concrete blocks than would be the case for --- --- ...... ~ - ~_..------

the 9 inch cubes recommended in ASTM Test C-2J4. 

Si~ pull-out test cylinders and one compression test cylinder were 

cast fr om each batch of concrete , thus requiring 7 batches of concrete 

for the 42 blocks used in the experiment. Three blocks from each batch 

were treated; the remaining t hree were used a s control blocks. 

The blocks were removed from the molds 24 hours after casting and 

stored in a curing room at 75° F. and 100% humidity until they were 

transferred to the storage tank. The compression test cylinders re-

mained in the curing room until they were tested. 

The blocks to be electroly.zed were allowed to dry approximately 12 

hours after removal from t he cur ing room. The top and bottom surfaces of 

the cylinders and t he reinforcing, rods were painted with Tarset~ thus in-

sulating these surfaces so all current f low would be radial through the 

1Manufactured by the Pittsburgh Coke and Chemical Company - 7 

lJ 
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cylinder ,with no leakage directly to the rod. When the coa ting had set, 

the blocks were placed in the storage tank. 

Application of Current 

The concrete blocks were allowed to cure for at least 28 days be-

fore being _subject ed to electrolysis. The cured blocks were suspended 
' 

by means of a pipe framework as shown in Plate II, so that each block 

was centered in a cell of the anode grid. The rods were insulated from 

the framework by rubber washers and polyethylene sheets placed between 

the reinforcing rod and framework . The blocks wer e then placed in the 

c i rcuit by brazing the lead wire from the proper terminal of the bat-

tery through a calibrated resistor to the end of the reinforcing rod. 

The current to each block was measured two or three times daily by 

measuring t he voltage drop across a known resistance. The current was z 
' 

then determined and , using average values , the ampere hours were calcu-

lated. When the ampere hours summed over the trea ting period reached 

the desired value , the block was removed from the electrolys i s tank and 

placed in the storage tank. When all blocks in one batch bad been 

treated, pull-out tests were made on all blocks in the batch to determine 

the effect of the treatments. 

Experimental Design 

To provide a sound basis for statistica l analysis of the data de-

rived from the bond tests, and to aid in the correlation of the elec-

trolytic treatments with bond damage both within batches and a mong batches, 

the design utilized a J by J simple lattice as shown in Figure 2. (10, p. 

261). A replication of all treatments in the lattice was made and compar-



Ba'tch 
Number 

5 

2 

3 

Definitiens of Treatments 

~ 
6 12 24 48 

. 

e 
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250 .· "' D Ii' .... F 

500 = - G H 

1000 - = - I 
I 

Distribution of 'l'reatments Among Batches 

Repo I 

A B C 

D E F 
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Batch 
Number 

4 

6 

7 

Rep. II 

A D 

B E 

C F 

I 

G 

H 

. Figure 26 Lattice Design for Experiment Sh:01/'ling Tree~tments 
and Distribution Among Batches 
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ison among treatments was possible. F.ach block of t he latt i ce contained 

test specimens from one batch of concrete. 

The electrolytic treatments applied to the test blocks exceeded t he 

voltages a nd cumula ted quantity of el ectri c i t y per unit area (amper e 

hours per square inch) which might be expected to occur in practice. 

These trea tments wer e made at 6, 12, 24, and 48 volts , and for J Op 60 , 

125 , 250, 500 and 1000 ampere hours. (1000 ampere hours is equivalent ~ 

to 45.4 a mpere hours per squar e inch based on the nomina l area of t he 

rods.) The treated blocks fro m ba tch one we r e not included in t he 

lattice design so the te s t results from these blocks wer e excluded from 

the analysis of variance for the lattice. 

Te sting Procedure 

The ASTM Te st Method C-234 with modifications was used for t he pull­

out te sts. A spherica l bearing block was unavailable; t herefore, to in­

sure that t he r einforcing rod wa s normal to the bearing surfa ce of t he 

block , t he t apered steel plates were so adjusted that t he bearing surfa ce 

of t he plates wa s normal to t he r einf orcing rod. Load ing was continued 

until t he concrete split or the rod broke. Measurements were taken a t 

the loaded end until t he load exceeded the elastic limit of t he steel. 

The important values for the analysi s were the diffe r ences in slip va lues 

among t he samples , not t he absolute va l ues of slip for individual blocks. 

Therefore , by positioning the cross p iece on the r einf orcing bar the same 

distance from the bearing surface of t he concrete block each time, , by t he 

use of a jig , neces sity of correcting f or bar strain was eliminated . Top 

gauge r eadings were taken until t he concrete split Qr t he load reached 



2.5,000 pounds .. The top gauge was then removed to prevent its being 

damaged .. 

17 

The compression test cylinders were capped with sulfur and tested 

'by ASTM Test C-39. (4). Complete data :for compression and pull-out 

tests are given in Appendix B. 



CHAPT:ER IV 

RESULTS AND DISCUSSION 

From the evaluation of the test data it became apparent there were 

two main factors to be considered: The effect of the electrolysis on the 

bond between the concrete and reinforcing rod, and changes in electrical 

resistance of the concrete. These factors are considered in t he follow-

ing discussion. 

Effect on the Bond 

The results obtained from t he pull-out tests were evaluated for loads 

required to produce slips of 0.005 and 0.010 inches and f or slips result-
., 

ing from loads of 16,000 and 18,000 pounds. When loading exceeded 18,000 

pounds the steel was at or near its yield point. Once the yield point was / 
. / 

reached the s l i p could not be determined independently of the strain of 

the rod. The ASTM C-234 bond test method recommends that in evaluating 

the results of pull-out tests comparison be made for slips not exceeding 

0.010 inches. The data for these values are given in Table I. 

Analysis of variance was made on the data for the control blocks to 

det ermine if there were significant differences among the batches of con-

crete. (15, p. 260). The results shown in Table II indicated no signifi-

cant differences existed among ba tches. Therefore, no correction for 

batches was neceasa ry. 

18 



TABLE I .... 
'° COMPOSITE OF BOND TEST DATA 

Batch Block· Treatment Load, Pounds; for. Slip, Inches, urtima te Load, Age- of Blocks, Dii',; 
Number V A. H. Slip of From Load of Pounds 

Current Cur:irm:it-/- Bond 
0.005" · 0.01011 16,000# 18,000# Applied RemO'tfed Tested 

5 1 24 .143+ 12700 20150 0.0067 0.0072 27725* 44 54· 106 
2 12 125 14850 18525 0.0061 0.0089 24275* 35 54 lOb 
3 6 125 14725 19650 0.,0058 Og0072 27400* 35 71 lo6 
4 = ... -= -13725 19775 o.oo61 0.0073 25575* -- -- 106 
5 -- . -- 124no 19475 0.00'71 0.0086 26550* -- -~ 106 
6 -= == 17225 19575 0.0045 0.0055 27925* -- -- lo6 

2 • 7 48 250 10875 -17900 0.0074 0.0102 25050** 47 58 91 
8 24 250 13575 -18725 o.~)065 0.0090 26520** 49 66 96 
9 12 250 1~$50 20200 o.o_o65 0.0075 26125** 47 87 96 

10 -- .c;oc., 13450 19475 0.0064 0.0073 26150** -- -= 91 
11 -= =- 14525 19475 ··0.0059 o.ocrn 25800* -- -- 96 
12 -~ -- U850 18700 0.0059 0.0001 26150* -- == 96 

3 13 48 500 _ 11225 18025 0.0000 0.0100 26150** 56 74 103 
14 24 500 lll50 18400 0.0001 0.0096 25800* 45 86 103 
15 48 1000 12775 18550 0.00'71 0.0089 26150** 57 79 103 
16- ="" -= 13725 17375 0.0072 0.0114 25300** -- -- 103 
17 =- -- 14050 .19925 0.0061 0.0074 26150** -- -- 103 
18 == =- 12475 17100 0.0085 000125 - 25850** -- -- 103 

4 19 24 125 13150 18175 0.00'71 0.0096 ·24925** 51 64 91+ 
20 48 250 13450 19650 0.0065 0.0079 23650* 31 46 94 
21 48 500 _-9600 17350 0.0007 Oo0105 25650* 36 55 94 
22 -- -- 14750 18975 0.0059 o.no79 23100* -= -- - ~~: 2,'.3 -- -- 16200 19000 o.r.049 0.0072 25150** -- --
24 -- =- 13950 18550 0.0070 0.0086 22175* 



Batch 

6 

7 

1 

,_.) 

Block Treatment 
Numbe.r V A. H. 

25 12 125 
26 24 250 
27 24 500 
28 -- --
29 =- --
30 -- --
31 6 125 
:32 12 .. 250 
33 48. 1000 
34 --
35· --
36 --
37 48 
38 48 
39 48 
40 --
4-1 --
42 --

*Concrete broke 
**Rod broke 

------
125 

60 
30 --

-= 

--

TABLE I (Continued) 

Load, P01IDds, for Slip,. Inches','' 
Slip of From Load of 

0.00511 0.010" 16,000# 18,000# 

13300 18225 0.0068 0.0091 
10225 17475 o.or.e9 0.0104 
8875 15000-._ 0.0109 0.0130 

13200 18125 . 0.0071 0.0095 
10175 16575 0.0095 0.0126 
13700 19700 n.0063 0.0078 
12075 17550 0.0081 0.0109 
10850 17175 0.0086 0.0113 
9925 15975 0.0100 O.f:129 

13900 19000 0.0062 0.0081 
12175 17575 0.0078 0.0108 
12275 19325 0.0070 o.ncs9 . 
12150 18450 0.007-4 0.0093 
12850. _ 17250 0.0079 0.0121 
10750 .... 15225 0.0118 0.0162 
13900° 18338° 0.00.63° 0.0004° 
14975 18425 0.0055 0.0074 
12800 18250 0.0070 0.0094 

Ultimate Load, Age of Blocks, Days 
Pounds 

Current Current Bond 
Applied Removed Tested 

24.250* 30 57 81 
24000** 45 61 81 
254n0* 30 68 81 
24425* -- -- 81 
24325* -- -- 81 
21+20~ -- -- 8.1 
24800* 30 83 101 
2360~-- 29 73 101 
27520** - 29 58 1n1 
26600* -- -- 101 
26100* -- -- 101 
26175* -- -- 101 
23000* 51 64 . 88 
23700* 51 54 88 
21000* 51 52 88 
27800* -- -- 88 
26700* -- -- 88. 
26;1.50** -- -- 88 

0 Data are uncertain therefore averages of 41 and 42 were used _ir.. analysis. 
+ Value result of e~-perimental error, difference was small so no correction was made. 

~{ 

N 
0 



T.Al3LE II 

ANALYSIS OF VARIANCE INTER-INTRA :BATCHES (CONTROL) 

Evaluated at a Slip of 0.005 Inches 

Source of Degrees of Sum of Mean F Probability 
Variation Freedom Squa:rgs Squarg Level 

X lO :x lO 

Individuals 14 29.003 2.072 1.266 35% 

. :Batches 6 15.737 2.623 

Total 20 

Evaluated at a Slip of 0.010 Inches 

Source of Degrees of Sum of Mean F Probability 
Variation Freedom Squargs Squarg Leve.l 

:x lO :x 10 

Individual• 14 12.059 .861 1~098· ~ 

:Batches 6 ,5 .. 669 .945 

Total 20 
I 

Evaluated at a Load of 16,0001-".ounds 

Source of Degrees of Sum of Mean F Probability 
·· Varia ti o:n ·Freedom Squa.rgs Squarg I,evel 

X 10 :it 10 

Individual a 14 16 • .6? Ll9 1.26 34% 
:Batohea 6 8.98 1.50 

Total 20 

Evaluated at a Load. of 180 000 Pounds 

Source of' Degrees of· Sum of Mean :r ;probability 
Varie.t.ion Freedom Squares Square Level 

X 106 , X 106 

Individuals 14 38 .. 26 2,. 73 lo67 21j 

.:Batches 6 27 .. 33 4 .. S6 

Total 20 
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T.AllLE III 

ANALYSIS OF VARIANCE OF LATTICE (TREATED BLOCKS) 

Evaluated at a Slip of Oo005 Inches 

Source of Degrees of Sum of Mean F Probability 
Variation Freedom Squares Square Level 

Total 17 51,8.53&924 

Blocks 5 2luS00o382 

Treatment 8 26»2880124 3»286,016 3.23 10% 

Error 4 40 065 0 418 1oOl6oJ52 

Evaluated at a Slip of 0 • .010 Inches 

Source of Degrees of· Sum of Mean F Probability 
Variation Freedom Squares Square Level 

'.rotal 17 3005400 000 

Blocks .5 16 0 .52? 9 .500 

Treatment 8 9ol24o.625 101401)581 .,_9334 

Error 4 408870848 111.2210962 

Evaluated at a Load of 160 .000 Pol.llldS 

Source of Degrees of Swn of Mean F Probability 
Variation Freedom Squares Sq"Uare Level 

X 108 X 108 
' Total 17 

Total l.7 30227 

:Blocks 5 lo?7'7 

Trea·bment 8 lo3JO 166 .. 2.5 5 • .54 7% 
Erro.~ 4 120 30.00 



T.A:BLE II! (continued) 

Evaluated at a Load of 18 0 000 Pounds 

Sou.rce of Degrees of Swn of Mean I!' Probability 
Variation Freedom Sq1.w.res Squar§ Level 

X 108 X 10 

Total 17 4~932 

:Blocks 5 2r950 

Treatment 8 19377 172.1 1.136 48% 

E,~ror 4 60.5 15lo5 

The effect of' di.fferent treatments was analyzed m:ing the simple 

lattice design given by Cochran and Cox. (lO)o From the ratio of var-

ianees shown by Table III only the data. for 0 .. 00.5 inch slip and 16 9 000 

pounds loading gave any significant correlation betwee11 bond strength 

and electrolyt:lc treatment .. 

The curves shown in Figu-res 3, 4 and 5~ confirm t;he above analysisb 

At a. slip of 0.,005 inches the curves are separated sligb:tly and the 

,::u.rves for the treated blocks a.re, i:n generaJ., displaced slj.ghtl;y to 

1,he right of those for the control blocks. A:t a slip of o. 010 inch~s 

and load of 18,000 poun.dsD however 0 the cu.'l.."ves approach one anothe:.r a.nu 

in some cases int~rsecto This can be seen. in l!'igu.re .5 at 00008.5 :i~2ches 

slip. As the curves tend ·to the horizo:o.tal no consistent difference~ 

:,:,esulting from treatment are n.o·ticeable. 

Comparison of 'i;he mean. values for the treated blocks with the e.ve:r,~ 

age :for the control blocks shows a slight trend 'Goward a weakened bond a~ 

the ampere hours increased. ( See Table IV)., This trend is m,.:.ch mor(f) 

pronounced at a slip of 0.005 inches., 



24 

1000 
-

-- ~ -~ - - - ~ - - -,- a , I ~, ,= 
- - -- '-

900 ,... 

• I 

I 

800 
I. I 

** I 

I 

700 

,, 
II I 

,h 

600 I ,. 
l ,. 

I-~~~-

0 
I 

•rl 
Ol .500 p. 

... 
' 

LEGEND 
Ol 
{/) 
Q) 
H 

+> 
r:J) 

400 
"d 
§ 

• Noo l= 24v. 125 A.H. 
---6---- No. 2= 12v. 125 A.H. I 

I 

6v • . 125 ---o--- No. )= A •. R. 
a:i -----o----- No. 4-, Control 

I 
6= Control ____ _. ____ 

Noo 
300 

18, OOOi *Equivalent to 

**Equivalent to 16 0 000~ 

I 

I 

' 200 

I 

100 

0 
0 15 20 

Slip, Inches x 103 
JO }5 25 .5 10 

Figure Jo :Pond StreH···Slip Curves 



1000 

. 
•rl 
f/l p.. 

"' f/1 
(I) 
(l) 
1-< 
.p 
Cl) 

'O 
§ 

a:i 

900 

* 

800 

** 

700 

600 

.500 

400 

JOO 

200 

100 

0 

• 

11 

r, 
I 

I/ 

' 

I 

j 

I 

• I 

T 

, 

1, .5 

2.5 

~,-
~ ' - -,~ 

,_ ., -
L' 

I J 

-

LEGEND 

• No. 2Q.a. 48v .. 2.50 A.H. 

---A-- No. 26- 24v. 250 A.H. 

---o--- No. 32= 12v. 2.50 A.H. 

- ----o-- -- No. f8· Control 

------1::s----- No. 34,. Control 

*Equivalent to 18,000iJ= 

**Equivalent to 16,000#= 

10 0 0 15 2 
Slip, Inches x 103 

25 3 )5 

Figure 4. Bond Stress=Slip Curve• 



1 000 

900 

800 

** 

700 

0 6 00 
•r-l 
Vl 
Pt 

400 

J OO 

200 

100 

0 
0 

I 

J 
I 

" 
II 

I 
J 

I 
I 

I 

~ 

l 

I 

. 

1 -, 

1 • 
II 

I 

J J 
~ ' • J 

II 
J 

J 

i, 

I 

11 
I 

-

5 

26 

- -- -·- - -- - ·-~ ,_ . 
~ 

,. -- ~ ,- ~, ... - - --
"" 

' 
I : 

·-

LF.GEND 

• No . 13= 48v. ,500 AoHo 

-- --£-- Noo 14= 24v. ,500 AoJlo 

- - -o--- No., 33= 48v.1000 A. H. 

-----0--- -- No. 16= Control 

- - ---1:::.-- -- Noo 35·= Control 

*Equivalent to 180 000/J: 

**Equivalent to 16»000# 

10 1.5 20 
Slip 0 Inches x 1oJ 

25 JO 35 

Figure 5o Bond Stress=Slip Curves 



'\.;. .. 

T.A:BLE IV 

MEAN VALUES FOR TEST BLOCKS 

Loads Resulting in a Slip of Oo00.5 Inches (Pounds) 

Voltage 

Ampere 
Hours 

12.5 

2.50 

.500 

1000 

6 12 

13 0 400 130700 

11»8.50 

Mean Load Value of Control Blocks 13 0 700 

24 

120925 

Loads Resulting in a Slip of 0.010 Inches (Po1mds) 

Voltage 

Ampere 
Hours 

12.5 

2.50 

500 

1000 

6 12 

18~675 

Mean Load Value of Control Blocks 180 775 

24 

16,700 

Slip Resulting From a Load of 16,000 Pounds (Inches) 

Voltage 

Ampere 
Hours 

12.5 

250 

.500 

1000 

6 

.0070 

12 

.0065 

.0076 

Mean Slip Value of Control Blocks 0~0066 

24 

.0069 

• 00'77 

.009.5 

27 

48 

48 

180775 

170675 

17,275 

48 

.. 0070 

.0084 

.0086 



TABLE IV (continued) 

Slip Resulting From a Load of 18,000 Pounds (Inches) 

Voltage 

Ampere 
Hours 

125 

250 

500 

1000 

6 

.0091 

12 

.0090 

.0094 

Mean Slip Value of Control Blocks 00008? 

24 

.0084 

• 0097 

oOll.3 

48 

00091 

• 010.3 

.0109 

Rupture of the blocks (either as a result of breaking during test or 

splitting open after testing when the rod broke) revealed differences in 

bond failure between treated and control blocks. The reinforcing rods 

from the treated blocks had large areas covered with adherent concrete ; 

however, those from the control blocks were almost free of any concrete. 

(See Plate IV). The failure of the bond in the treated concrete appeared 

to be failure of the concrete, that for the control, actual bond failure 

at the surface of the rods. Int hose cases of rod failurep some treated 

blocks showed no indication of bond failure at any point, since the pat-

tern in the concrete from the deformations was clearly defined. The con-

trol blocks gave evidence of initial bond failure at the loaded end in all 

cases; the deformation pattern had b een destroyed by the action of the rod 

drag. Even on rod failure evidence of slip extendeu two to four inches into 

the cylinder . 

The area surrounding the rod in the treated blocks appeared to be 

softened and in some cases there was darkening of the concrete in this 

area. These results, although not nearly so marked~ confirmed observa-



PLATE IV 

Comparison of Bars from Treated and Untreated Blocks 

Three Bars on Left from Untreated Blocks 
Three Bars on Right from Treateu Blocks 

29 
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tions reported by the National Bureau of Standards for the cathodic 

electrolysis of concrete at higher concentrations of sodium and potas­

sium ions. (14). The softening apparently increased the plasticity of 

the concrete surrounding the rod, permitting the distribution of the 

load over a greater area. Initial loading, therefore, gave a higher 

value for the slip of the treated blocks than for the control. Since 

initial bond failure occurred at lower loads for control blocks than 

for treated blocks the length of rod contributing tothe total slip 

measurement was greater for the formero Once the initial failure oc­

curred, the measured slip of the control blocks increased faster than 

that for the treated blocks. This results in the intersection of curves 

previously noted. The preceeding discussion is evidenced in Plates IV, 

V, VI, and VII. 

As previously statedv there appears to be some correlation between 

ampere hours and bond damage. However~ the data was not sufficient to 

provide a clearly significant correlation between bond damage and treat-

ment. 

Changes in Electrical Resistance 

Electrolyses of concrete in tap water performed at the National 

Bureau of Standards (14) resulted in increased resistances from initial 

values of less than 100 ohms to an average resistance greater than 70 000 

ohms. This increase was manifest in anodic treatment for 4 to 5 ampere 

hours per square incho Similar treatment with the reinforcing bar as the 

cathode caused an increase in resistance, but from only 2 to 5 times the 

initial value. When an aqueous three precent sodium chloride electrolyte 
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PLATE V 

Treated anu Untreated Blocks 

1 . Treated Block, 6 Volts-125 Ampere ours 

2. Control Block 
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PLATE VI 

Treat d and Untreated BlocKs 

1. Treated Blocks , 24 Volts-500 Ampere Hours 

2. Control Blocks 
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PLATE VI I 

Treated and Untreated Blocks 

1 . Treat ed Block , 48 Volts-1000 Ampere Hours 

2. Control Block 
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was used, anodic treatment reduced the resistance of the concrete, and 

cathodic treatment increased the resistance only 25 to 5o'fo. 

The increased resistance for the anodic treatments with no salt 

present was attributed to the transfer of calcium ions to the surface 

of the test block where calcium carbonate was precipitated by carbon 

dioxide in the electrolyte. Cathodic polarization by hydrogen evolu­

tion in cathodic treatment caused the increased resistance. The re­

duction in resistance when the sodium chloride 2olution was used was 

attributed to the action of the acidic chloi·ine ion in preventing the 

formation of calcium ca.rbonateo The results reported by the National 

:Bureau of Standards were corroborated by the research work of Mole •.. (lJ)o 

The experimental work reported here gave little indication of such 

a resistance rise. In only one case was there an appreciable increase in 

the resistance of a test block. The resistance of the block subjected to 

48 volts and 125 ampere hours increased from 80 to 117 ohms. All remain= 

ing test samples either had no significant change or a decrease in resist= 

ance up to 60% of the initial value; all treatments exceeding 250 ampere 

hours decreased in resistance as shown in Table v. Electrolysis in a di= 

lute salt solution effects the movement of soluble cations toward the neg= 

atively charged cathode. This migration of ions to the cathode increases 

the conductivity of the electrolyte in the pores of the concrete. The 

decreased resistance resulting from the increased ion concentration in 

the concrete is offset, to a certain e:z:tent O by polarization of the cath= 

ode by the evolution of hydrogen~ A third factor in the resistance of the 

block is the effectiveness of the insulating mastic which covered the top 

and bottom surfaces of the test cylinders. Defects in the coating, espe= 

cially on the bar, w~uld present a lower resistance path for the current. 
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However, these defects were nullified by the gas film arising from the 

evolution of hydrogen and the diffusion of the hydrogen through any 

such pinholes. It was assumed that the final resistance was the result 

of a balance between the increased resistance from gas polarization and 

the decrease from the increased ion concentration in the concrete. 

TABLE V 

APPARENT ELECTRICAL RIDS I STJD'WE OF THE CONCRETE ]LOCKS 

:Block Voltage Ampere Ini.tial Final Difference 
Number Hours Resistance Resistance 

o:b..ms ohms ohms 

.39 48 30 67.6 64.9 - .,2o 7 
38 48 60 .54 • .5 61.f..9 + 10.4 
3 6 125 93.7 61.2 -·32°..5 

31 6 12.5 74.1 30.2 - 43. 9 
2 12 125 41.4 44.4 + 3 .. 0 

2.5 12 125 61 • .5 48.0 -13 • .5 
l 24 125 40.7 42.9 + .2.2 

19 24 125 38.7 41.4 + ·.2.7 
.37 48 12.5 80.0 117 .. 0 -:-.37.0 

9 12 250 75.0 34.2 - 1.J.o. 8 
32 12 250 60. O J6.4 '-'-2J.6 

8 24 250 .53 .. .3 40.0 -1.3 .. 0 
26 24 2.50 41.4 J8.l - .3 • .3 
7 48 250. 48.5 41.l - 7.4 

20 48 250 67.6 28.9 -38.7 
14 24 500 68.6 27.3 -41.3 
27 24 500 64.9 29.6 - 3.5 • .3 
13 48 500 41~7 33 • .3 - 8.4 
21 48 500 42.5 27.9 -14.6 
15 48 1000 61.5 .33.1 -28.4 
33 48 1000 60.8 24 .. 6 .;__36.2 

The effect of electrolysis on the resistance of concrete is obvi= 

ously important. A large increase in resistance will reduce the cur= 

rent to negligible proportions and reduce further electrolytic da.mageo 

On the other hand 9 a decrease in resistance would increase the current 

and the damage. In electrolysis of concrete under conditions similar 

to those in this experimental work 9 change in resistance does not ap= 



pear to be an important contributing factor to either increasing or 

decreasing possible damage. 
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CHAPTER V 

SUMMARY .AND CONCLUSIONS 

The experimental work reported in this paper was an attempt to 

determine the effect of cathodic electrolysis on the bond between con= 

crete and reinforcing steeL Electrolyses of 21 test blocks were car= 

ried out in synthet.ic sea water diluted to a chlorine concentration of 

400 ppm. The procedure was so designed as to permit statistice,1 eval,... 

u.ation of all test data, and to provide a basis for the correlation of 

bond damage 0 if any, with ampere hours and/ or applied voltage. The con·-

crete samples were tested using the ASTM 0-234 Comparative bond test 

method with modifications. 

Analysis of variance of the pull-out test data for the control 

blocks indicated there were no significant differences in bond strength 

arising from differences in the six batches of concrete used in casting 

the cylinders .. 

The variance of the treated blocks when analyzed at a slip of 00005 

inches or 16vOOO pounds 9 by the method for simple lattices indicated dif-

ferences in bond strength resulting from trea.tment; analysis at O. 010 

inches or 18,000 pounds revealed no differences arising from treatmento 

Examination of the average values for treated and untreated blocks 
., 

reveals a slight trend toward a weakened bond with increasing ampere 

hours. This trend is more pronounced at a slip of 0.005 incheso 

37 
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Visual examination of the rods and area around the rod after rup= 

ture of the blocks (either as a result of breaking during test or split­

ting open after tests in which the rod broke) revealed differences in 

the manner in which the bond failed. The failure in the control blocks 

was failure of the concrete surrounding the rod; that for the control, 

bond failure at the surface of the steel. The concrete surrounding the 

rod was softened by the electrolysis and in some cases the softened area. 

was defined by a darkening of the concrete. 

The electrical resistance of the concrete determined from current 

voltage relationships tended toward reduced valueso This decrease was 

a balance between two major factors--gas polarization at the cathode and 

increased ion concentration in the concrete .. 

As a consequence of observations and analysis these conclusions 

were derived. 

The bond damage shown by analysis of the test data is a result of 

deterioration of the concrete and not a result of reducing the adhesion 

of the concrete to the steele 

The damage from the applied treatments was not extensive; however, 

its significance would have to be determined by the initi&l design fac­

tors of individual structures. 

Since there was no increase in resistance from the electrolysisi 

no :protection from electrolytic damage by reduction in current could be 

expectedo 

Recommendations for Future Work 

As an outgrowth of this worki the following recommendations for 

future work are made~ 
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The use of various concentrations of salt both in the electrolyte 

and in concrete blocks to provide data for a correlation of salt con­

centration to bond damageo 

Fracture of blocks a.t different loads during testing to study dif­

ferences in bond failure produced by electrolytic treatment. 

Chemical analysis of the concrete at various points in the con= 

crete for inspection of chemical changes effected by treatment., 

Continue treatment of blocks at 0 2,, 4, 6, :J.2, ~nd 24 volts and 12.51) 

250, 500, and 1000 ampere hours to obtain data for lower voltages and 

longer exposure time~ 
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APPENDIX A 

T.A:BLE VI 

COMPOSITION OF ELECTROLYTE 

Salt Concentration 

Na.Cl 

MgC12 

MgS04 

CaOlz 

KCl 

Na.IICOJ 

Na:Br 

42 

ppm 

560 

51.7 

63.5 

24.2 

l5oJ 

4 .. 3 

1.7 



!.AJ3LE VII 

fiPICAL .ANALYSIS OF LEHIGH TYPE I 

POR!;L.AND CEMENT USED IN EXPERIMENT 

CHEMICAL, Percent 
Silica ( Si02 ) 
Aiumina (Al2o3) 
Ferric Oxide \Fez03) 
Magnesia (MgO) 
Sulfuric Anby"dride (S03) 

When 3Ca.O.A12o3 is over 8. o.'fo 
Ignition Loss 
Ca() 
Potential Compounds 

Trica.lcium Silicate (3CaP.SiOz) 
Tricaleium Aluminate (30aO•Alz03) 

PHYSICAL 
Fine:nen, Specific Surface, (Wagner) 

(:Blaine) 
Soundness. Autoclave Expansion 
Time of Set (Gillmore) 

Initial (Hr. : Min.). 
Jinal (Hr. ; Min. ). 

Teneile Strength, psi. 
3-day 
?-day 

Compressive Strength, psi. 
3-day 
7-day. 

20.9 
5.7 
3,.2 
3.2 

1.a 
1.0 

63 .. 5. 

.52. 
10. 

17.30 
3000 
. 0.2 

3:30 
6:00 

3.30 
430 

1700 
3000 

43 



APPENDIX B 

TABLE VIII 

COMPRESSION TEST DATA 

:Batch UltiI!l2,te Load Crushing 
Number Strength. 

Pounds psi 

1 1492.50 .51.30 

2 1.3.5800 47.50 

3 14.5900 .5140 

4 148.500 52.50 

.5 158790 5610 

6 150000 5300 

7 14.3190 5060 
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ll'A:BLE IX 

STRESS-:BOND SLIP DATA 

:Block No. 1 :Block No. 2 :Block No. 3 

b or ,Slip~) Stress ~ . Slip_.-.. Stress - ~. fil:ll._ Stress 
Iiiches x io3 Pounds Inches x 103 Pounds Incnes :x io3 Pounds 

Loaded Free Loaded Free Loaded Free 
End End End End End End 

0.25 0.00 152.5 0 • .50 o.oo 462.5 0.2.5 3225 
0.75 o.oo 272.5 1.00 0.00 .59.50 1 • .50 7400 
1.10 o.oo 3800 1.75 o •. oo 7.500 2.2.5 8700 
2.25 o • .oo 6775 2.25 o • .oo 922.5 3.00 10675 
4.00 o.oo 10325 3.00 o • .oo 10700 3.50 11950 
5.00 o.oo 12700 3.7.5 o.oo 1272.5 4.00 1312.5 
6.50 o. oo 15500 4.so o.oo 141.50 .5 • .z.5 1.512.5 
7.25 o.oo 180.50 5.25 o.oo l.5200 6 • .50 17200 
8.50 o.oo 192.50• 6 • .50 o.oo 16450 8.00 18900 
9.00 0.00 19575 8.00 o •. oo 1742.5 8.75 194.50* 
9.2.5 0.05 19975 9 • .50 o. 0.5 1837.5 9.50 1957.5 

10.25 0.0.5 2022.5 11.50 o.os 19000• 11 • .50 19875 
11.2.5 0.05 2032.5 14.25 0.10 19300 1.5.00 19800 
21.75 0 • .05 201.50 16 •. 00 0.10 1947.5 17.00 19775 
23.50 0 •. 05 20000 20 •. 00 0.10 196.50 19.00 19675 
26.00 o. 05 i99.50 21.50 0.10 19.500 21.50 19700 
26.7.5 o. os 198.50 2.5.00 0.10 1957:.S 22.7.5 1977.5 
27.00 0.05 198.50 30 •. 00 0.20 19500 26.00 19800 
28.00 0.05 19925 3.5.00 0.20 19550 29.00 19800 
31.00 o. 0.5 19850 39.00 0.20 19600 31 •. 00 196.50 
36.00 o. 05 20125 40.50 0.20 19675 32.00 19700 
42.25 o. OS 200.50 44.25 0.20 198.50 3.5 • ..50 19800 
.53.50 0.05 21400 52.00 0.20 20950 36.00 19800 
62.so o. 05 22100 58 • .,50 0.20 21100 41.00 19600 
71.00 0.10 22700 66.00 0.2.5 220.50 45.50 2007.5 

0.10 23350 80 • .00 0.40 22800 so. 00 20400 
0.20 2417.5 0.70 24000 .56 • .5 O 21400 
0.2.5 24.525 0.80 241.50 65.00 21975 

:Breaking LOO 24400 75.00 22.550 
Strength 27400 1.20 24000 83. 00 230.50 
Ultimate 1.30 23875 :Breaking 
Strength 27725 L.50 24000 Strength 27150 

1.70 24300 Ultimate 
1.90 243.50 Strength 27400 
2.10 24350 
2.JO 243.50 
2.40 242.50 
3.00 24275 

:Br ea.k: ing 
Strength 2427.5 
Ultimate 

*Yield Point Strength 24275 
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T.Al3LE IX (continued) 

B-l-0ck No .. 4 Block l\To .. .5 :Block No •. 6 

Stress ... Slip ... 3 Stress •·· Stress Slip. _ .. Slip . 
Inches x 103 Pounds Inches x 10 Pounds Inches x 103 Pounds 

Loaded Free Loaded Free Loaded Free 
End End End End End End 

0.60 o.oo 2800 0.2.5 o.oo 1350 0.50 o.oo 6450 
1.60 o .. oo 6100 0 • .50 o .. oo 1600 1.50 o.oo 7800 
2.25 o.oo 7.500 0.7.5 o.oo 197.5 1.7.5 o.oo 8?00 
3.50 o.oo 10050 1.00 o.oo 2950 2.00 o.oo 94.50 
J.7.5 o.oo 11225 1.50 o.oo 4200 2.50 o.oo 113.50 
4.7.5 o.oo 131.50 2.00 o.oo 52.7.5 3.00 o.oo 12600 
5.50 o. 00 14900 2.2.5 o.oo 6725 3.7.5 o.oo 14100 
6.00 o.oo 15800 2.75 o.oo 7600 4.oo o.oo 14925 
6.75 o.oo 17175* 3.50 o.oo 9200 4.50 o.oo 16000 
7.2.5 o.oo 178?.5 4 • .50 . o.oo 11150 4.7.5 o.oo 16850 
7 . .50 o.oo 182.50 5.00 o.oo 12400 .5 • .50 o.oo 18000 
8 •. 25 o.oo 19000 .5.50 o.oo 1367.5 6.50 o.oo 18475 
9.25 o.oo 19.57.5 6.50 o.oo 146.50 8.50 o.oo 1957.5 

10.00 o.oo 1977.5 7.00 o.oo 1.5700 10.00 o •. oo 19.57.5 
12.00 o.oo 2007.5 7.50 o.oo 167.50 1.3.00 o.oo 19600 
14.7.5 o.oo 20200 8.50 o.oo 1'782.5 16.00 o.oo 196.50 
17 • ..50 o.oo 20.32.5 9.2.5 o.oo 18900 19 • .50 o.oo 19700 
21 • .50 o.oo 20600 11 .. .50 0.0.5 20600 23.00 o .. oo 19800 
24. '7.5 o.oo 2082.5 12.50 0.0.5 21.500 30.00 o,oo 1992.5 
29.2.5 o.oo 208.50 14.00 0.10 22100 .33 • .50 o •. oo 19775 
34.7.5 o.oo 206.50 1.5.7.5 0.10 22.5?.5 36.00 o.oo 19900 
41.2.5 o.oo 2067.5 17.50 0.20 2312.5 40.50 o.oo 2022.5 
.52 • .50 o.oo 20800 20.00 0 •. 20 2.36.50 47.00 o.oo 208.50 
60.00 0.00 21900 22.50 .- ,0.20 241.50 .54.oo o.oo 21.500 
68 • .50 

I 

0.0.5 22200 25.00 0.2.5 2452.5 .58.50 o.oo 22000 
74.oo 0.20 23100 27.7.5 0.30 24900 63 .. 00 o.oo 2232.5 

0 • .50 24000 0.30 2.52.50 68.00 0.05 2262.5* 
0.70 2437.5 25.5.50* 72 • .50 o. 0.5 229.50 
0.80 2467.5 Breaking 0.10 23400 
0.90 248.50 Strength 26.5.50 0.15 2.5000 
1.00 25000 Ultimate Breaking 
1.20 2.5200 Strength 26.5.50 Strength 2792.5 
1.40 243.50 Ultimate 
1..50 25400 Strength 2792.5 
1.70 2.5.500 

Brea.king 
Strength 25200 
Ultimate 
Strength 2.557.5 

*Yield Point 
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TABLE IX (continued) 

Block No. 7 Block No. 8 Block No. 9 

Slip ..d. Stress Slip Stress Slip . Stress 
Inches x 103 Pounds Inches x 1o3 Pounds Inches x 1o3 Pounds 
Loaded Free Loaded Free Loaded Free 

End End End End End End 

1.10 o.oo 3100 0.2.5 o.oo 2100 0 • .50 o.oo 2600 
2.10 o.oo .5200 0.7.5 o.oo 34.50 1.10 o.oo 4000 
3.80 o.oo ffi 00 1.10 o.oo .527.5 2.00 o.oo 6000 
7.20 o.oo 122.50 1.75 o.oo 6475 2.25 o. oo 70.50 
9.50 o.oo 1.58.50 2.25 o.oo 77.50 2.90 o. oo 8400 

12.30 o.oo 17650 3.25 o.oo 9700 4.2.5 o.oo 11400 
14. 70 o.oo 19000 4.40 0.00 122.50 6.05 0.00 14850 
16.00 o.oo 19400 5.25 0.00 1412.5 7.05 o. oo 17600 
16 • .50 o.oo 19400 6.00 o.oo 15400 8.90 o.oo 19100* 
19. 50 o.oo 19600 7.50 · o.oo 12125 10.00 o.oo 20200 
22.00 o.oo 19700 9.2.5 o.oo 181.50* 12 • .50 o. oo 20500 
24. 70 o.oo 19800 10.00 0.00 1872.5 16.20 o.oo 24200 
29.00 o.oo 199.50 14.00 o.oo 195.50 19.00 o.oo 20200 
34.oo o.oo 19900 20 • .50 o.oo 199.50 22.30 o.oo 20300 
39 • .50 o.oo 19650 26.50 o.oo 1987.5 25.25 o.oo 204.50 
44.10 0.00 202.50 38.00 0.00 196.50 28.00 o.oo 20.500 
47.20 o.oo 20.500 40.00 0.00 20000 33.00 0.00 20000 
47 • .50 o.oo 20400 44 • .50 o.oo 2007.5 38.00 o.oo 20150 
.57.00 o.oo 21100 48 • .50 o.oo 20175 4.5.50 o.oo 22800 

0.05 246.50 54.7.5 o.oo 211.50 48.00 o.oo 23200 
Rod :Broke at 25725 60.2.5 0.00 216.50 .53. 00 o.oo 238.50 

69.50 o.oo 2222.5 Rod :Broke at 27900 
0.10 2.50.50 
0.20 2.5700 
0.30 2.5775 
0.40 2.592.5 
o • .50 26100 
0.60 2632.5 
0.70 27.550 
0.80 26600 
0.90 267.50 
1. 00 26900 
1.10 26975 
1.20 27000 

:Breaking 
Strength 27000 
Ultimate 
St r ength 27000 

*Yield Point 
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TABLE IX (continued) 

:Block No. 10 :Block No. 11 :Block No. 12 

: Slip __ 3 Stress Slip .. Stress Slip . Stress 
Inches x 10 Pounds Inches x 103 Pounds Inches x 103 Pounds 

Loaded Free Loaded Free Loaded Free :·i 

End End End End End End 

o.6.5 o.oo 3000 0.10 0.00 4.500 0.50 o.oo 3200 
1.7.5 o.oo 61.50 0.17 o.oo 6100 1.00 o.oo 4700 
2.2.5 o.oo 7200 0.20 o.oo 7000 1.8.5 o.oo 7600 
2.7.5 0.00 84.50 0. 27 0.00 9100 2.85 o.oo 10100 
3.30 o.oo 96.50 0.3.5 o.oo 10650 3.50 o.oo 12000 
3 • .50 o.oo 10300 0.41 0.00 12500 4.25 o.oo 13650 
4.00 0.00 11500 o.44 o.oo 13400 5.25 o.oo 15250 
4.5.5 o.oo 12350 0.52 1 0.00 15000 6.50 o.oo 16800 
4,7.5 o.oo 128.50 0.62 : o. 00 164.50 7.50 o.oo 17650 
5. 00 o.oo 134.50 0.70 o.oo 17.500 8 • .50 o.oo 18250 
.5.25 o.oo 13925 0.84 o.oo 18500 11.50 o.oo 19150* 
5.50 o.oo 144.50 0.10 0.02 19550 16,50 o.oo 19650 
.5.7.5 o.oo 1.5000 0.13 0.06 20300 18.2.5 o.oo 195.50 
6.35 o.oo 16000 0.16 0.06 20400* 22.8.5 o.oo 19850 
7.3.5 o.oo 18100 0.19 0.08 20700 40.00 0.00 19900 
7.9.5 o.oo 1902.5 22.10 0.09 20750 48.50 o.oo 20450 
8 • .50 o.oo 19300 26.00 0.10 208.50 32. 50 o.oo 20900 
9.25 0.00 19500* 33 • .50 0. 10 20.5.50 62.00 0.10 21600 

11.40 o.oo 194.50 37.50 0.10 20.5.50 67.50 0.10 220.50 
12.60 0.00 19600 4,5.00 0.10 20850 74.00 0 • .50 22.500 
17.00 o.oo 19.500 50. 00 0.10 20.550 81.00 0.80 23000 
20.00 o.oo 19300 .57.00 0.10 20750 90 • .50 0.11 23.500 
22 • .5 0 o.oo 19300 61.00 0.12 22000 97 • .50 0.13 23.500 
28.7.5 o.oo 19700 66.25 0.13 22450 0.18 244.50 
32.7.5 o.oo 1972.5 71.70 0.16 226.50 0.20 25550 
36 • .50 o.oo 19300 78 • .50 0.19 23100 0.2.5 25700 
41. 00 o.oo 19750 0.20 234.50 0.30 25800 
46.50 o.oo 1992.5 0.30 24900 o.4o 2592.5 
.52 • .5 0 0.00 2007.5 ::Breaking 0 • .50 260.50 
61.00 o.oo 21375 Strength 26520 0.60 26100 
72.00 o.oo 2212.5 Ultimate 0.70 2612.5 
76.75 0.30 224.50 Strength 26.520 0. 80 2612.5 

0.10 234.50 0.90 2612.5 
0.15 24100 1.00 2612.5 
0.20 24400 1.20 26125 
0.25 24700 ::Breaking 
0.30 2.50.50 Strength 2612.5 

Rod :Broke at 2.50.50 Ultimate 
Strength 2612.5 

*Yield Point 



1.Al3LE IX (continued) 

Block No. 13 Block No. 14 :Block No. 1.5 

· ·s11p · Stress Slip·. Stress ····. Sli:i;! '·· Stress 

Inches :x: 103 Pounds Inches x 103 Pounds Inches x 103 Pounds 

Loaded Free Loaded Free Loaded Free 

End End End End End End 

0.25 o.oo 2200 0.2.5 o.oo 2000 0.2.5 o.oo 2400 
0.60 o .. oo 2825 0.7.5 o.oo 2700 o .. 7.5 o .. oo 367.5 
1.10 o.oo 3800 1 • .50 o.oo 4975 1.25 o.oo .5175 
1.50 o.oo 462.5 2.2.5 0.,00 6475 2.00 o.oo 6875 
2.25 o .. 00 5875 3.40 o .. oo 8300 3.2.5 o.oo 9400 
3.50 0.,00 8JOO. 4.40 ·o .. ruo 997.5 5.50 o .. oo 13725 
4.50 o.oo 10350 4.90 0.15 10950 7.00 o.oo 15900 
5.60 o.oo 12250 5.40 0.,20 11900 7,,75 0.00 16800 
6.50 0.00 13900 6.05 . 0.25' 13100 8"50 o .. oo 17425 
7.40 o.oo 15125 7.00 0.25 14550 9.25 o .. oo 18200 
8.00 o.oo 16075 8.50 0.30 164.50 10.25 o .. oo 18650 
8.50 o.oo 16800 9 • .50 0.35 179.50 11.25 o .. oo 19300 
9.00 o.oo 1'7325 10.4.5 0.3.5 18800* 13.00 o .. oo 19800* 
9.40 o.oo 1762.5 11. 7.5 0.35 19900 18.,50 o.oo 20100 
9.,75 o.oo 17900 16.00 0.3.5 20550 22.25 o.oo 20300 

10 .. 25 o.oo 18175 20.25 0 .. 38 20350 25.7.5 o .. oo 20375 
lL.00 o.oo 186.50 23 .. 00 0 .. 40 20400 29.00 o.oo 2032.5 
13 .. 00 0.00 19400 26.00 o .. 40 20300 34.50 o.oo 20400 
22.00 o.oo 19700* 32.75 0 .. 40 204.50 JB .. 75 o.oo 20400 
25.25 o.oo 1992.5 35.,.50 o .. 4o 20400 43 .. 75 o .. oo 20300 
28.7.5 o.oo 20100 43.00 Oo40 203.50 49.25 o.oo 20100 
27 • .50 o.oo 20125 48.00 0.,40 205.50 .52.25 o.oo 20.500 
35.50 o.oo 2007.5 .52. 75 o .. 40 209.50 53 .. 25 o.oo 20450 
42.50 o.oo 2012.5 54.00 0~.55 20700 55 .. 00 o.oo 21200 
49 •. oo o.oo 20300 0 .. 90 20900 59.50 o.oo 2142.5 
.52 • .50 o.oo 20700 9.90 21050 65.00 o.oo 2187.5 
6} • .50 o.oo 216.50 ~,95 22900 75.00 o.oo 22525 
70.75 o.oo 2207.5 :o._9s 2.5500 80.00 o.oo 228.50 
76.2.5 0.,00 2247.5 Brea.king 83.7.5 o.oo 2307.5 
86.50 o.oo 23150 Strength 2.5800 Rod Broke at 261.50 
97 • .50 o.oo 238.50 Ultimate 
Rod Broke at 261.50 Strength 2.5800 

*Yield Point 



:Block No. 16 

Slip Stress 
Inches x 103 Pounds 

Loaded Free 
End End 

0.40 
0.7.5 
1.25 
2.00 
2.75 
3.75 
4._50 
5.2.5 
6.00 
6 .. 75 
7., 75 
8.75 
9.75 

10. 75 
12.00 
13 • .50 · 
15.25 
16.7.5 
24.75 
30.2.5 
32.00 
35 • .50 
38.75 
40 • .50 
48.75 
60. 25 
70.00 
80.00 

o .. oo 
o.oo 
0.00 
o.oo 
o.oo 
o.oo 
o~oo 
o. 00 
o.oo 
o. 00 
o.oo 
o .. oo 
o.oo 
o.oo 
0.00 
o.oo 
0.00 
o.oo 
o.oo 
o.oo 
o.oo 
o.oo 
0.00 
o.oo 
o.oo 
o .. oo 
o.oo 
0 • .50 
0 • .50 
1.. 00 
1 .. 50 
2.00 
3.00 

Rod Broke at 

*Yield Point 

3150 
3950 
5450 
6400 
9425 

11375 
12900 
1412.5 
15000 
1.5750 
16300 
16800 
17275 
17725 
1827.5 
18775 
19125* 
1937.5 
1937.5 
19200 
19425 
19175 
19275 
19300 
202.50 
211.50 
21900 
22650 
233.50 
23.575 
23800 
243.50 
24950 
25300 

TABLE IX (continued) 

Block No. 17 

~.·· ·Slip . .. 
Inches xl03 

Loaded Free 
End End 

0.,50 o.oo 
1.45 o .. oo 
2.00 0.00 
2 .. 70 o.oo 
3.25 o.oo 
3.90 0,,00 
4 • .50 o .. oo 
.5 .. 10 o.oo 
.5.7.5 .. o.oo 
6.40 o.oo 
7.00 o.oo 
8.25 o.oo 
8.7.5 0.00 
9o2.5 0.00 
9.7.5 o .. oo 

10.50 o.oo 
12.50 o.oo 
13.25 o.oo 
14 .. 75 o.oo 
19.25 o.oo 
28.25 o .. oo 
3.5. 00 o .. 00 
42.00 0.00 
48.00 o.oo 
53 .. 00 o.oo 
59 .. 50 o.oo 
68.25 o.oo 
74.00 o.oo 
79.00 o.oo 

Rod Broke at 

Stress 
Pounds 

3100 
5700 
7300 
8800 

10200 
11625 
12975 
14275 
15350 
16450 
17.525 
19100 
19900 
20025 
20000 
197.50 
19900 
20100 
19925 
19800 
19900 
19900 
20000 
2047.5· 
20850 
21.500 
22200 
22600 
22.500 
24000 
26150 

50 

Block lfo. 18 

Tc. Sli · ..... 
Inches ";_- 103 

Loaded Free 
End End 

0.7.5 0.00 
1.00 0.00 
1.,.50 o .. oo 
2.10 o.oo 
2.75 o.oo 
3 .. 50 0.,00 
4.25 o.oo 
5.25 o .. 00 
7.25 o.oo 
9.00 o .. oo 
9.75 o .. oo 

10 • .50 o.oo 
11.,2.5 o.oo 
12.00 o.oo 
12.75 0.,00 
13.7.5 o.oo 
14.50 o.oo 
15.2.5 o.oo 
16.25 o.oo 
17.,75 o.oo 
21.00 o .. oo 
23.75 o.oo 
31 • .50 o.oo 
34. 75 o .. oo 
38.50 o.oo 
47 • .50 o .. 00 
52.50 o.oo 
60.7.5 o .. oo 
66.50 o.oo 
71 • .50 o .. oo 

Rod Broke at 

Stress 
Pounds 

3100 
3900 
5400 
6825 
8250 
9700 

11100 
12925 
14850 
16400 
16900 
17275 
175.50 
17725 
18125 
18500 
18625 
1877.5 
18825 
18975 
'19225* 
1922.5 
19600 
19.500 
20125 
200.50 
20250 
20900 
21375 
217.50 
23675 
258.50 
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TABLE IX (continued) 

:Block No. 19 :Block No. zo Block: No. 21 

Sli,E, Stress Slip Stress Slip Stress 
Inches x 103 Pounds Inches x 103 Pounds Inches x 103 Pounds 

Loaded Free Loaded Free Loaded Free 
End End End End End End 

o. 05 o.oo 33.50 0.25 o.oo 197.5 0 .. 75 o.oo 2300 
LOO o.oo 4100 0.75 o.oo 3500 1.55 o.oo 3525 
1.25 o.oo .5300 1.25 o.oo 4875 2.10 0.00 4575 
1.75 o.oo 6250 2.00 OoOO 7300 2.90 o.oo 5625 
2 .. 00 o. 00 7600 2.90 0.00 9275 3.50 o.ou 6850 
2.75 o.oo 8900 3.75 o.oo 10850 4.40 o.oo 8300 
3.50 0.00 10800 4.75 o.oo 13050 5.10 o.oo 982.5 
5.00 0.00 13150 5.75 0.00 14700 5.75 0.10 10875 
.5. 75 o.oo 14550 6.75 o.oo 16500 6.50 0.20 12300 
6.50 o.oo 15425 8.25 0.00 18400 8.00 o.20 14900 
7.00 o.oo 15800 9 .. 2.5 o.oo 19100 8.75 0,25 16175 
7.25 o.oo 16900 10,,00 0.00 19650 10.25 0.30 17600 
9.00 o .. oo 17500 12.50 o.oo 19850* 10 .. 50 0.30 18000 
9.50 o.oo 17975 15.25 o.oo 19625 11..50 0.50 19400* 

10 • .50 o.oo 1837.5 18 • .50 0,00 19800 12.00 0.50 19425 
12.00 0.00 19100 22.75 o.oo 19800 13 • .50 0 • .50 197.50 
16.75 o.oo 19.525 27.50 o.oo 201.50 20 • .50 0.50 19100 
23. 2.5 o.oo 198.50 32 • .50 o.oo 20200 24.00 0 • .50 19500 
31 . .50 o.oo 19950 38.75 o.oo 20025 28.00 0 • .50 19400 
39.00 o.oo 199.50* 42.75 o.oo 19975 34.50 0.55 19300 
41.50 o.oo 20200 48.00 o.oo 201.50 0.70 20400 
48.00 o.oo 20300 .55~00 o.oo 20200 0.80 22550 
53 • .50 o.oo 19900 63.00 o.oo 213.50 0.90 23150 
.57.00 o.oo 21025 67 .. 75 o.oo 21670 \);.., 00 238.50 
6.5 • .50 o.oo 216.50 72.00 o.oo 2002.5 B:realdng 
79°25 o.oo 22.57.5 83.75 0.00 22700 Strength 24950 

0.05 23300 0.10 24750 Ultimate 
0.10 23425 o.zo 24750 Strength 25650 
0.20 2382.5 0.30 24750 
0.30 24200 o.4o 24150 
o .. 4o 24050 0.50 24100 
0 • .50 24275 0.60 24025 
0.60 24450 L 70 23950 
0.70 24.550 0.80 23900 
0.90 24775 0.90 238.50 
1.10 24900 1 .. 00 23800 
1.30 24800 Breaking 
1.50 24700 Strength 23650 

Bod Broke at 2492.5 

*Yield Point 
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T.A:BLE IX (continued) 

:Block No. 22 Block No. 23 :Block l~o. 24 

Slip Stress Slip Stress Sli:g Stress 
Inches X 103 Pounds Inches :x 103 Pounds Inches X 103 Pounds 

Loaded Free Loaded Free Loaded Free 
End End End End End End 

0.75 o. 00 3300 0.75 o .. oo 4800 0.75 o.oo 4225 
1.50 0.00 5900 1.2.5 o.oo 7100 1.2.5 o.oo 5800 
1.75 o.oo 7050 1.75 o.oo 8400 2 • .50 o.oo 82.50 
2.50 0.01 8875 2.00 o.oo 91.50 3.00 o.oo 1022.5 
3.25 0.,01 11500 2:r15 o .. oo 109.50 3.7.5 o.oo 12125 
4.,00 0.02 13125 3.25 o .. oo 1182.5 5.20 o.oo 14300 
4 .. 7.5 0 .. 02 14400 ' J .. 50: o .. oo 12.500 6.75 0.,00 l.5200 
5.75 o .. .os 1.5825 3.7.5 0.00 13.550 7.00 o.oo 16200 
7.00 0.06 170.50 4~00 o.oo 14.500 7.50 o.oo 1707.5 
8.00 0.09 180,50 4.7.5 o .. oo 1.547.5 8.7.5 0.,0.0 18100 
9 • .50 0.10 1872.5 .5. 00 o.oo 16200 9 • .50 o.oo 18200• 

11.20 0.11 19600 6 .. ,50 0.00 16800 11.00 o ... oo 192.50 
14 .. 20 0.15 20200* 7 .. 00 o.oo 1787.5 12.00 o .. oo 19400 
18 .. 25 0.19 20550 8.00 o.oo 1847.5 16.00 Gl..10 1947.5 
22.50 0 .. 21 20750 11.50 o.oo 19400* 19.00 O.l:O 19.500 
26.00 0.25 208.50 13.00 ·' o.o.o 19400 22 .. 50 0.20 19450 
34.00 0.28 20800 14.2.5 o .. oo 19700 22.50 0.20 19.525 
37,,50 0.29 20950 18.00 0~00 1987.5 30.00 0.20 195.50 
44.00 0~.32 209.50 21.50 o.oo 19875 38.00 0.20 19600 
54.50 0.33 21~00 24.00 o. 00 19700 42.00 0 .. 20 19625 
59.50 o .. ,, 21250 3.5.50 o.oo 20025 Oo,30 194.50 
68.00 0.38 22250 41.50 o.oo 2017.5 0.50 21000 
78.50 O.J8 22800 48.00 o.oo 2087.5 o.60 2127.5 

o .. _65 2325011: 57.00 o.oo 21700 O.f/0 21375 
Ov70 23.550 64.00 o.oo 22000 0.80 21.575 
0,80 23750 71 .. 00 o.oo 22300 o.eo 21750 
1 .. 00 24000 0.01 24850 :h .. 00 21850 
l,lO 24100 0.02 25150 l.l.Q 21950 
1.20 24100 0.04 25425 li.ZQ 22000 
1.30 24100 Rod :Broke at 2.51.50 llo)9 21075 
1,40 23850 ID.~O 21100 
1.70 23700 :3.,:,g 22100 
1.90 23600 ~.oo 22175 
2,20 23550 :Breaking 
2,80 23450 Strength 2217.5 
3.50 232.50 Ultimate 
4,00 23150 Strength 2217.5 
4 .. 70 23100 

:Breaking 
Strength 23100 
Ultimate 
Strength 23100 
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TA:BLE IX (continued) 

:Block No. 25 ]lock No. 26 l3lock No. 27 

Slip Stress Slip Stress Slip Stress 
Inches x 103 Pouna_s Inches x 103 Pounds Inches x 103 Pounds 

Loaded Free Loaded Free Loaded Free 
End End End End End End 

0.2.5 0.00 1900 0.35 o.oo 20.50 l. 70 o.oo 4275 
0.75 0.00 342.5 1.00 o.oo 3200 2.50 o.oo 5550 
1.10 o.oo 4525 l. 2.5 o.oo 3875 3.25 o.oo 6700 
1.75 0.00 6000 2.00 o.oo 5100 4.00 0.00 7725 
2.00 o.oo 6925 2.75 o.oo 6450 4.90 0.00 8700 
2.75 o.oo 867.5 J.60 o.oo 7900 5.50 0.00 9725 
3.50 o.oo 10600 4.50 o.oo 9450 6.25 o.oo 10725 
4.50 o.oo 12425 5 • .50 0.00 11000 7.00 0.,00 11600 
5.25 o.oo 1372.5 6.40 o.oo 121.J-'75 ? 0 75 o.oo 12400 

-~5. 75 o.oo 14675 7 .4b o.oo 1.3800 9.10 o.oo 13925 
6.25 o.oo 15500 8.J.5 I o.oo 15200 10.60 o.oo 15700 
?.2.5 0.00 16425 9.35 .. 0.00 16625 12.25 o.oo 17200 
8.25 o.oo 17400 10.25 o.oo 17800. 13.75 o.oo 1872.5 
8.90 o.oo 17950 11.00 o.oo 18625 . J..5. 00 0.00 1987.5 
9.35 o.oo 18050 11.95 .o. 00 191.50 15.90 o.oo 20400* 
9.50 o.oo 182.50 12.6.5 0.00 1952.5 19.60 o.oo 20.500 

10 • .50 o.oo 18200 17.50 0.00 1967.5 22.25 o.oo 20.550 
11.25 0.00 18.500 20.00 0.00 20050 26.00 o.oo 20.5.50 
12.00 0.00 19200 2.5 • .50 o.oo 1997.5 31.25 o.oo 20750 
13 • .50 0 .. 10 19575 28.00 0.00 197.50 36.50 0.00 20750 
15.25 0,10 19725 3L25 o.oo 19800 , 42 • .50 o.oo 20700 
20 • .50 0.20 20100 37 . .50 0.00 19675 47.50 o.oo 207.50 
28.00 0.2Q 20250 40. 7.5 o.oo 19?50 .53.7.5 o.oo 20750 
33.50 0.2Q 20150 48.7.5 o.oo 199.50 60.25 o.oo 206.50 
37 • .50 o.20 20300 5.5.25 o.oo 19700 67.25 0.00 21700 
42.00 o.20. 20050 60.00 0.00 197.50 76 • .50 o.oo 22225 
48 • .50 0.2Q 20200 72.00 0.00 20200 :Breaking 
.52.7.5 0.20 208.50 Rod Broke at 24000 Strength 25400 
63.00 0.2Q 21700 Ultimate 
68.00 0.20 21900 Strength 25400 
76.00 0.20 22325 
Breaking 
Strength 238.50 
Ultimate 
Strength 242.50 

*Yield Point 
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TABLE IX (continued) 

:Block lf o. -28 :Block No. 29 :Block Jo. JO 

Slip Stress . · Slip Stress Slip Stress 
Inches :x: 103 Pounds I~ches x 103 Pounds Inch®S x 103 Pounds 

Load~d Free Loaded Free Loaded Free 
End End End End End End 

0.75 o.oo 2.500 0.50 o.oo 2100 0 • .50 o.oo 2350 
1.50 o.oo 482.5 1.2.5 o •. oo 3600 0.10 o.oo 332.5 
2.00 o.oo 7125 ~.oo o.oo 5350 2.10 o.oo 7050 
2.50 o.oo 8200 2.50 o.oo .59.50 2.75 0.00 862.5 
3.00 o.oo 947.5 2.90 o.oo 6100 3 • .50 o.oo 10.500 
3.7.5 o.oo 107.50 3.50 o.oo 7700 4.2.5 0.00 12200 
4.40 o.oo 12000 4 •. 65 o .. oo 8900 5.75 o.oo 15200 
.5.00 o.oo 13200 5.75 0.00 11500 7.7.5 o.oo 18000 
5.7:5 o •. oo 14000 6.50 o.oo 127.50 8.50 o.oo 182.50 
6.7.5 o.oo 15.52.5 7.50 o.oo 1392.5 9.50 o.oo 196.50* 
7.50 o •. oo 164.50 8 • .50 o .. oo 149.50 12 • .20 o.oo 19950 
8.25 o.oo 17300 10.00 o •. oo 16575 18.00 o.oo 20100 
8.50 o.oo 17600 13.50 o.oo 18425 29.50 o.oo 200.50 
9.00 o.oo 17900 14.75 o .. oo 18700 38.50 o •. oo 20100 

12.50 o.oo 18675* 17.25 o.oo 1907.5 46.50 o.oo 20100 
13 . .50 0.00 :J..867.5 19.50 0.10 1922.5 48.25 o.oo 199.50 
14.2.5 o.oo 18875 23.50 0.10 19500 .50.50 o.oo 208.50 
16 • .50 o.oo 1932.5 26.2.5 0 •. 10 1962.5* .57.25 o.oo 210.50 
21.00 o.oo 194.50 38 • .50 0.10 19700 68.50 o.oo 217.50 
28.00 o.oo 19.500 51.50 0.10 19950 78.50 o •. oo 22975 
35.00 o.oo 19525 62.00 0.1.5 21025 0 •. 10 238.50 
43 •. 2.5 o •. oo 19800 73.00 0.2.5 2192.5 Breaking 
.51.00 0.10 20800 79 .. 50 0.30 223.50 Strength 24200 
.59. 00 0.20 213.50 0.50 23300 Ultimate 
67.00 0.25 21900 0.60 2367.5 Strength 24200 
73.00 0.30 223.50 o .• 7.5 24100 

o •. 4o 230.50 1 .. 00 239.50 
0.50 23300 1.20 23900 
0.60 24000 1.30 24000 
0.70 2422.5 1.50 2412.5 
0.80 24300 1.7.5 24200 
1.00 24250 2.00 24200 
1.10 24250 2.50 2422.5 
1.30 242.50 3.00 243.50 
1..50 24200 3.20 2437.5 
1.80 24000 3 • .50 24300 

Breaking 3.70 24300 
Strength 24000 J •. 90 243.50 
Ultimate J3reaking. 
Strength 24425 Str®ngth 22725 

Ultimate 
*Yield Poin.t Strength· 24325 
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TABLE IX (continued) 

Block No. 31 Block lfo. 32 Block No. 33 

Slip Stress Slip Stress Slip Stress 
Inches x 103 Pounds Inches x 103 Po'Wl.dS Inches x 1o3 Pounds 

Loaded Free Loaded Free Loaded Free 
End End End End End End 

0 • .75 o.oo 3600 1.00 o.oo 262.5 0.50 o.oo 2200 
1.50 o.oo 5500 2.50 o.oo '6600 1.00 o.oo 3050 
2.25 o.oo 6875 4.00 o.oo 902.5 2 •. 40 o.oo .53.50 
3.00 o.oo 862.5 4.50 o.oo 10100 3.25 0.60 7000 
3.75 o.oo 10800 .5 .so o.oo 11625 4 • .50 · 0.70 8950 
4.25 o.oo 111.50 6.00 o .. oo 12700 5.00 0.75 992.5 
.5.00 o.oo 1207.5 7.2.5 o.oo 14.5.50 6.00 0.7.5 11400 
6.00 o.oo 1377.5 8.00 o.oo 1.5600 6.75 0.75 12300 
7 •. 00 o.oo 1.50.50 9.2.5 0 •. 10 16400 8.00 0.75 13950 
8 •. 25 o •. oo 16150 10.00 0 •. 10 1717.5 9.00 o._75 15200 
9 •. 00 o.oo 1682.5 11 • .50 0.20 18150 10.25 0.75 1617.5 
9.90 o •. oo 17500 12 • .50 0 •. 20 1862.5 13.50 0.75 18400 

11.7.5 o.oo 18425 14.00 0.25 1912.5 16.50 0.75 19400 
13.25 o.oo 18850 17 • .50 0 •. 25 19400* 21.2.5 · 0.7.5 19800 
16 •. 00 0.10 19200 19 .. 50 o • .z.5 19.500 26.00 0.7.5 19820 
18.50 0.10 19350 21..50 0.2.5 19625 29.25 0.75 19750 
22.75 0.10 19525 26.00 0.30 19775 40 • .50 0.75 19800 
25.50 0.10 19650 32.50 0.30 i985o 49.25 0.75 198.50 
32.00 0.10 lj7_50 37.00 O.JO 201.50 1 •. 00 21300 
40.,50 0.20 19725* 44.oo 0.30 20·000 1.25 22000 
44 • .,50 0.20 20325 50.00 O.JO 20400 1 •. 60 22600 
55.00 0 • .25 2162.5 58.SO O.JO 20925 1.7.5 22725 
62.50 0.30 22175 Breaking 2.,10 23050 
67.50 O.JO 22.500 Strength 22850 2.25 23600 
81.00 o •. 4o 23350 Ultimate 2.50 23900 
92.00 o •. 4o 23850 Strength 23600 2.70 2412.5 
Breaking 2 •. 80 24250 
Strength 24800 3 •. 00 244.50 
Ultimate 3.20 2472.5 
Strength 24800 3.2.5 2477.5 

3.30 24850 
*Yield Point 3.50 25025 

Rod :Broke at 27520 
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T.A:BLE IX (continued) 

:Block No. 34 :Block No. 3.5 Block No. 36 

Slip Stress Slip Stress Slip Stress 
Inches x 103 Pounds Inches x 103 Pounds Inch.es :x: 103 .P.ound.s 

Loa.de.cl Free Loaded Free Loaded F.ree 
En<i End End End End. End. 

0 • .50 .0 .. 00 277.5 1.00 o.oo 4050 0.25 o.oo 1250 
1.00 o.oo 4900 1.6.5 o.oo 5450 0.6.5 o.oo 23.50 
1.65 o.oo 6250 2.50 o.oo 667.5 1 .. 75 o.oo 53.50 
2.2.5 o. 00. 8250 3.00 o.oo 7950 2.3.5 o •. oo. 6750 
3.2.5 o.oo 10050 3.7.5 0.00 9700 3 •. 00 0.00 82.50 
4.25 o.oo 1232.5 5.50 0.00 13175 5.00 o.oo 12275 
5.50 o.oo 14950 6.7.5 o.oo 15100 6.2.5 o.oo 1462.5 
6.7.5 o.oo 169.50 9.,00 0.00 17000 7.25 o.oo 16400 
8.25 o.oo 18200* 11.7.5 o.oo 18.5.50 8.50 o.oo 1767.5 
9.00 o.oo 18800 13.7.5 0.10 19125 9.50 0.00 18.5.50* 

11.00 0.00 1922.5 15.00 0.10 19400 10._7.5 o.oo 19625 
13 • .50. 0.00 19.500 16.7.5 0.10 1967.5 13.00 o.oo 19900 
17.00 o ... oo 197.50 19.00 0.10 1992.5 16.,50 o.oo 2002.5 
22.50 o .. oo 19700 21.75 0.10 19800 21 • .50 o.oo 1982.5 
29.50 o.oo 19525 24.75 0.10 1987.5 24.00 o.oo 1977.5 
33 • .50 o.oo 19900 28 • .50 0.10 19800 28.00 o.oo 19900 
43.00 o.oo 198.50 32.00 0.10 1972.5 41.50 o.oo 200.50 
.51..50 o.oo 20600 39. 00 0.10 19900 48.7.5 o.oo 201.50 
66.00 0.10 21800 47.50 0 •. 10 20100 ,54 • .50 o.oo 208.7.5 
78.00 0.10 22700 .51.00 0.10 1982.5 62 • .50 0.00 21450 

0.20 23400 61.50 0.10 214.50 72 • .50 0.10 22050 
0.3.5 241.50 75.15 0.10 22500 78 • .50 0 •. 10 22475 
0.-.30 24_500 0 .. 30 232.50 0.20 2.38.50 

Breaking ! . •.J ' 0 •. 40 24300 0.2.5 24.3.50 
Strength 26600 o.4.5 2.5000 0.-30 2477.5 
Ultimate Breaking 0.40 25150 
Strength 26600 Strength 2.5800 o .. 4.5 253.50 

Ultimate :Breaking 
*Y:i,eld Point Strength 26100 Strength 2617.5 

Ultimate 
Strength 26.500 
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T.A:BLE IX (continued) 

Block No. .37 Block lfo • .38 Block No • .39 

Slip Stress Slip Stress Slip Stress 
Inches x 10.3 Pounds Inches x 10.3 Pounds Inches x 103 Pounds 

Loaded ]'ree Loaded Free Loaded ]'ree 
End End End End End End 

0.50 o.oo .3500 0.50 o.oo 2800 0.50 o.oo 2000 
LOO 0.00 4400 1 .. 00 0~00 .3700 1.00 o.oo 3600 
1.50 o.oo 5250 1.,50 o.oo .5700 1.85 o.oo 5600 
2.00 o.oo 6250 2.25 0.00 7750 2.75 o.oo 7350 
2 • .50 o.oo 7350 2.50 o.oo 9350 .3.80 o.oo 9100 
3.00 o.oo 8400 4.00 0.00 11300 5.00 0.00 107.50 
3.60 0.00 9600 .5. 00 0.00 12850 .5.90 o.oo 12000 
3.90 o.oo 10150 '6.15 o.oo 13850 7.75 o.oo 13100 
4.25 o.oo 10800 6.50 o.oo 14750 8.50 o.oo 14100 
5.25 o.oo 12700 7.25 o.oo 1.5400 9.60 o.oo 1.50.50 
.5.55 o.oo 13700 8.00 o.oo 16100 11.40 o.oo 1.5800 
6.25 o.oo 14200 8.75 o.oo 16700 1.3. 00 o.oo 16550 
7.10 o.oo 15600 10.00 o.oo 172.50 14.60 o.oo 17250 
8 • .50 o.oo 17300 1.3.50 o.oo 192.50 18.00 0.00 18700 
9.50 o.oo 18200 22.50 o.oo 19300 21.60 o.oo 19200* 

10.75 o.oo 18[l00 25.00 0.00 19.300 28.00 o.oo 19.300 
12.00 o.oo 19.300 31. 00 0.20 193.50 .33.75 o.oo 19400 
13.10 o.oo 19700 3.3.7.5 0.20 19400 37.00 o.oo 19425 
14.75 0.00 198.50 40.00 0.20 19600 45.75 o.oo 196.50 
17.25 o.oo 20150 45.00 0.20 19700 0.05 21650 
20.75 o.oo 20150 55.00 0 • .50 206.50 0.10 217.50 
25.75 o.oo 202.50 61.00 0.50 21100 0.15 21900 
30. 75 o.oo 203.50 1.00 21600 0 • .30 22250 
34.25 o.oo 20300 1.50 222.50 0 • .50 22400 
4J.75 0.00 20150 2.00 22550 0.70 22.500 
48.2.5 o.oo 20400 2 • .50 226.50 0.90 224-.50 
53.50 0.00 21000 3.00 22650 1.10 22400 

0.05 22700 5.00 22650 1.JO 22375 
0.10 21900 7.00 22650 1..50 22J50 
0.15 22800 8.00 22300 2.00 22200 
0.20 22900 Breaking 2.20 221.50 
0.25 22900 Strength 22700 2,,70 22000 
0.30 . 22900 Ultimate 3.50 21800 
0 • .50 2.3000 Strength 22700 4.oo 22650 

Breaking 4 • .50 22.500 
Strength 23000 5.00 21.3.50 
Ultimate .5 .50 21200 
Strength 23000 6.00 21000 

Breaking 
*Yield Point Strength 21000 

Ultimate 
Strength 21000 
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~.AJ3LE IX (continued) 

:Block No. l+O :Block No. 41 :Block No. 42 

Sli:g Stress Slip Stress Slip Stress 
Inches x 103 Pounds Inches x 103 Pounds Inches x 103 Pounds 

Loaded Free Loaded Free Loaded Free 
End End End End End End 

1.00 0.00 2000 0.25 0.00 4000 0.50 o.oo 2150 
2.25 o.oo 2700 1.40 o.oo 6300 1. 0.5 o.oo 3600 
3.00 o.oo 3000 2.40 o.oo 8800 2.10 e.oo 6200 
3.40 o.oo 3300 2.90 o.oo 9900 2.65 o.oo 7550 
4.2.5 o.oo 3700 3.40 o.oo 11000 J.25 o.oo 8900 
5.10 0.00 4300 3.90 0.00 12150 3.75 0.00 10175 
5.85 0.00 55.00 4.40 o.oo 13500 4.55 o.oo 11950 
6.90 o.oo 5950 4.90. o.oo 14750 6.15 o.oo 15000 
7.25 0.00 7350 5.40 0.00 15850 7.55 o.oo 16700 
7.75 o.oo 8050 7.40 o.oo 18200 9.00 o.oo 17850 

10.10 0.00 14100 8.75 .o.oo 19000 J,.0 • .50 o.oo 18450 
10.50 o.oo 15500 10.75 b.oo 19150 .12.25 o.oo 18725 
11.25 o.oo 17300 15.40 o.oo 19350 13.40 '0.00 18900 
12.75 o.oo 18500 22.50 o.oo 19800 14.75 o.oo 18975 
14.50 o.oo 19800 28 • .50 0.00 19400 18.25 o.oo 19075 
18.J5 o.oo 20250 29.25 o.oo 19450 21,40 o.oo 19250 
20.40 o.oo 20.5.50 32.25 o.oo 19200 28.50 o.oo 19350* 
21 • .50 o.oo 20600 41.75 o.oo 19500 32.75 o.oo 19400 
23. 2.5 o.oo 20650 48 • .50 o.oo 20400 36.00 o.oo 193.50 
25.00 o.oo 20550 53.50 o.oo 20800 42 • .50 0.00 19650 
29.25 o. 00 21000 60.00 o.oo 21500 51.00 o.oo 20900 
34.00 o.oo 20900 66 • .50 o.oo 21950 0.-.30 24000 
39.25 o.oo 20900 71.00 o.oo 222.50 0.50 24250 
44.25 o •. oo 20900 75.2.5 o.oo 22550 1.00 24750 
49.2.5 o.oo 22050 0.20 25000 2.00 25900 
54.40 o.oc 22900 0.50 25800 Rod :Broke at 26150 

0.50 26700 1.00 26500 
1.00 27750 1.50 266.50 
1 • .50. 27800 2.00 26650 

:Breaking .5.00 26700 
Strength 27800 :13:reaking 
Ultimate Strength 26700 
Strength 27800 Ultimate 26700 

Strength 26700 
*Yield Point 
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