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ABSTRACT 

STRENGTH CHARACTERISTICS OF MORTAR-FILLED STEEL TUBES 

SHORT SERIES 

by 

Joseph William Fortey 

A Thesis Submitted to the Faculty in Partial Fullment of the 
Requirements for the Degree of Master of Science 

April, 1960 

A study of the strength of mortar-filled steel tubes was carried 

out by H. Salani and the Author during 1959-60. Long tubes under axial 

compression and under combined axial compression and bending were 

investigated by H. Salani, short specimens under axial compression and 

long tubes under lateral bending were considered by the Author. 

Preliminary investigations showed many more variables than 

had been considered by previous investigations in this field. Satisfac¬ 

tory consideration of these factors is shown to be essential before 

satisfactory strength characteristics may be determined and the inves¬ 

tigation delineates these preliminary areas for study. 

Previous work calls attention to the unsatisfactory methods 

used in casting test columns and control samples. Although these dis¬ 

crepancies were known they were usually neglected but are considered 

in detail in this report. The plastic flow of concrete under load has 

also been noted previously but assumes very considerable importance 
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in this present investigation. The effect of rate of load is investigated 

and finally the need for information on the plastic failure of axially 

loaded short steel tubes is pointed out. 

Previous work in this field is considerable and no attempt is 

made to evaluate this in.detail. However, summaries of some refer¬ 

ences are given in the appendix. 
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INTRODUCTION 

The use of steel tubes for constructional work is wide spread 

and the practice of filling these tubes with concrete and mortar is very- 

common. In some instances the filling is primarily designed as a pro¬ 

tection against corrosion, in other cases it is used to increase the 

strength of the tube. The use of steel tubing is very frequent in the oil 

industry and constructions involving concentric arrangements of several 

tubes often occur. Mortar filling between the tubes is often employed. 

It has been known for many years that mortar or concrete 

filling increases the strength characteristics of the composite member 

but little quantative information is available for design purposes. 

The variation in strength of concrete members due to pouring, 

particularly when poured in the vertical position, has been observed for 

many years (4, 11, 23). The results of this variation usually become 

obvious in tests by the premature failure of the concrete at certain 

points or may even be distinguished by visual inspection after removal 

of the form work. However, for mortar-filled tubes, the visual in¬ 

spection is not possible and one of the main aims of the investigation 

was to determine the effect of the pouring and curing of the specimens. 

Plastic flow of concrete under load forms a considerable part 

of the literature on concrete research. As far as is known, no work 

has yet been carried out on the plastic flow of encased concrete or 
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mortar. Again this forms an important part of the present work. 

The overall aim of this thesis was to investigate the strength 

characteristics of short mortar-filled steel tubes. The question of 

plastic flow and variation of strength due to pouring have an effect upon 

the characteristics of the specimens under load, but the overall concept 

of strength also involves consideration of "failure". Failure of a ten¬ 

sion member of many materials often means complete inability to carry 

any load, but failure of, say, a mild steel tension member, may imply 

that the deflections simply become larger than desirable, although the 

member may still carry even increased load. The failure of com¬ 

pressive members is even more involved. For many materials, if the 

member is one of several, "failure" may mean only excessive deflection, 

in which case the load may or may not be transferred satisfactorily to 

the other members. Reinforced concrete columns under compression 

tend to fail in one of two ways; columns having longitudinal reinforce¬ 

ment but little lateral reinforcement tend to fail suddenly, their load 

carrying capacity being reduced almost completely. On the other hand 

columns having considerable spiral reinforcement generally "fail" by 

having excessive deformation, although their load carrying capacity may 

even be still increasing. It was therefore an aim of the present inves¬ 

tigation to consider the question of strength and failure of these mortar- 

filled steel tubes in the widest sense. 
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The earliest method of predicting the strength characteristics 

of combined mortar and steel construction was to assume that the strains 

at a common point were the same in both materials. On this assumption 

the stress in each material was equal to the product of the strain and the 

modulus of the material. This procedure requires that the stress- strain 

relationship is linear. However, most mortar and concrete mixes pro¬ 

vide non-linear stress-strain curves, the modulus thus being a function 

of the stress or strain. In addition the properties of the mortar were 

known to depend upon time, and it was considered necessary to examine 

and separate these effects if possible. 
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Preliminary Tests 

The overall aim of this study was to determine the strength 

characteristics of mortar-filled steel tubes with particular reference 

to coaxial steel tubes under axial and lateral loading. 

A review of similar previous investigations and results of 

preliminary tests using available steel boiler tubes indicated that many 

more variable quantities were involved than were originally anticipated 

and considerable efforts were made to reduce the number of variables 

involved. 

During these preliminary tests axial loads were applied to 

mortar-filled steel boiler tubes. Loading was applied to the steel and 

mortar simultaneously in some tests and in others the loads were ap¬ 

plied to the mortar filling only. Using a hydraulic test machine for 

for these experiments it appeared that after a certain point, after 

which it was assumed that the mortar had become plastic, the load 

carrying capacity was dependent upon the rate of loading. Using a 

given rate of load the load soon reached a constant limiting value, 

while if the rate of loading was increased, the load reached a higher 

constant value. For this reason a fairly complete set of experiments 

was carried out using the standard tube and mortar. 

The initial method of casting the long specimens was to place 

the tube in a vertical position and to fill with the liquid mortar. It was 
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immediately apparent that this method was unsatisfactory due to the 

separation of the mix and although the method of filling could easily be 

altered for the purpose of these tests, it was decided to investigate the 

variation of strength resulting from casting concrete in the vertical 

position. This, of course, occurs when filling vertical steel piles and 

in casting in-situ concrete columns. 

The usual procedure for concrete and mortar is to test the 

specimens twenty-eight days after casting. Adhering to this twenty- 

eight day period would cause considerable delay since successive pro¬ 

cedure and tests would probably be based upon the preceding tests. For 

this reason it was also decided to investigate the relationship of the pro¬ 

perties at seven days to the corresponding properties at twenty-eight 

days, so that if possible, the tests results might be based on seven 

day tests. 

The means employed to apply the load, whether to the mortar 

only by using suitable steel mandrels or to the steel and mortar to¬ 

gether, obviously affected the strength and failure characteristics. 

In view of these and other difficulties the author decided to 

restrict his investigation to the compressive characteristics of short 

specimens and to the bending characteristics of long specimens. 

Investigations into the characteristics of long specimens under 

axial loading and of long specimens under combined axial and bending 

loadings were being carried out simultaneously by H. Salani. 
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Testing Apparatus 

Most of the compression tests were carried out on a Riehle 

60, 000 lb. machine. This had a positive screw driven head and the 

rate of movement could be preset to give any desired strain rate be¬ 

tween 0.025 in. per minute and 20.0 in. per minute. The strain rate 

was controlled by a thyraton circuit and proved very reliable. Cali¬ 

bration of this motion was carried out over the range of speeds used in 

the tests and results are plotted on graph 1 d. Using a partially col¬ 

lapsed steel tube it was possible to maintain a load of approximately 

20 kips for several strain rates in addition to the "no-load" figures. 

For large specimens and for tension tests on the tubes, use 

was made of the Tinius Olsen 300, 000 lb. hydraulic machine. The 

maximum length of compression members which could be tested in this 

machine was 5 ft. 0 in. and this was the limiting factor for the maxi¬ 

mum length of specimens. On the other hand, use of the screw type 

Riehle machine set a limit on the effective cross section and for the 

larger sizes of filled tube it was necessary to use the larger machine. 

Although the Olsen machine had no provision for maintaining constant 

strain rates it was fitted with a rate of load indicator. This indicator 

or pacer could be preset to indicate any desired rate of load and to 

achieve this purpose it was necessary to match this dial with the load 

pointer. In addition, a 60, 000 lb. Riehle hydraulic machine was used 
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for several of the mortar cylinder tests. 

All three machines were calibrated using a 100, 000 lb. ca¬ 

pacity proving ring. This had been calibrated in 1956 by the National 

Bureau of Standards, complying with Circular 822. Results of this 

calibration are given in appendix and are plotted on graphs la, lb, 

and lc. The calibrations showed that the indicated readings were ac¬ 

curate and indicated values were used as true values throughout the 

investigation. 

For compression testing on all machines a spherical bearing 

block was used at one end of the specimen, the other end being in con¬ 

tact with the fixed loading head of the machine. 

Bending tests were carried out by using the loading rig shown 

in figure 1. This pin jointed frame was primarily intended for com¬ 

bining lateral loading with axial loading of columns. Loading was 

applied by a hand operated hydraulic pump connected to the ram, and 

the force applied to the specimen was measured by a load cell forming 

the connecting rod. This load cell consisted of a length of mild steel 

tube designed to carry elastically the maximum force required from 

the ram. The strain gage arrangement used in the load cell is des¬ 

cribed below. 

Almost all strain measurements were obtained by use of 

Baldwin-Lima-Hamilton SR-4 strain gages. Two main types were em¬ 

ployed, A1 and A7, having gage lengths of 13/16 in. and 3/16 in. 
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respectively. For axial strains three longitudinal gages, spaced at 

120° apart around the specimen were connected in series. This 

positioning provided automatic average strain measurement and thus 

eliminated the possible bending effects. A lateral gage was also used 

on many specimens and allowed a determination of Poisson's ratio. 

Although not illustrated in this report, several types of adhesive were 

tested for use with these gages. All except two had defects which pre¬ 

vented their use, usually insufficient electrical resistance to ground 

or creep under load. Duco cement was used extensively although 

Eastman 910 proved very convenient for immediate testing. For metal 

specimens the use of either cement soon became a matter of personal 

choice and comparative tests of gages attached by either showed no 

measurable difference or creep. Actual application was probably 

quicker using Duco but the necessary drying period of some forty- 

eight hours was a disadvantage. The susceptibility of the Eastman 

cement to chemical contamination prevented its use on the plain mor¬ 

tar specimens. Particular care was taken in applying gages and 

generally a resistance to ground of the order of fifty megohms was 

obtained. 

The time used in attaching and connecting these gages set 

a limit on the number of specimens which could be usefully poured 

at any one time. This was of prime importance when testing samples 

at 7 days, as a delay of one day resulted in considerable variation of 
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results. An attempt was therefore made to devise a quicker means of 

measuring the strains and the strain rig shown in figure 2 was con¬ 

structed and used for some tests. The heavy steel base plate rested 

on the solid steel mandrel of the same diameter as the specimen under 

test in order to eliminate bending of the plate. The two dial gages read 

directly to 0.0001 in. with a range of 1.0 in. and their positions were 

adjustable for various sizes of specimen. A steel top plate was in 

contact with the specimen and gages. Comparative readings from this 

device and from electrical gages are given for some of the specimens, 

the main disadvantage being the variation in initial readings due to the 

irregularities of the ends of the specimen. However, with the sen¬ 

sitive dial gages used it served a useful purpose and has several ad¬ 

vantages over the normal clamp-on gage. 

The load cells used for the long pipe test and in the loading 

rig were essentially similar. Each gage arrangement consisted of 

eight A7 gages, four longitudinal, and four lateral. The gages were 

connected as shown in figure 3. Assuming Poisson's ratio for the 

steel to be 0. 3 it is seen that for each positive unit of strain in the 

axial gage there will be 0. 3 negative units of strain in the lateral gage. 

The effect was doubled by the other half of the bridge circuit and 

therefore each actual unit of axial strain is indicated as 2. 6 units of 

strain. 
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FIG. 3 

WATERPROOF COVER 

LARGE LOAD CELL. 

BRIDGE 
INPUT. ELECTRICAL ARRANGEMENT. 

BRIDGE 
OUTPUT. 
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A standard Baldwin SR 4 indicator was used to indicate the 

strains and for each specimen under test a similar specimen was used 

as a mounting for compensating gages. 
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TESTING MACHINE CALIBRATION GRAPH la 

INDICATED LOAD (KIPS) 

GRAPH lb. 
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TESTING MACHINE CALIBRATION. 

INDICATED LOAD (K IPS) 

GRAPH Ic. 

GRAPH Id. 

INDICATED RATE ( IN/ MIN) 



LOAD CELL CALIBRATION GRAPH 2a. 

BENDING TEST RIG CELL. 

FACTOR = 10,000 = 5,66 LB / MICROINCH 

1760 

800 1600 2000 

UNIT STRAIN (MICROINCHES) 
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LOAD CELL CALIBRATION GRAPH 2b 

LARGE LOAD CELL. 

FACTOR = I3QOOO = 49,0 LB/MICROINCH 

2650 
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Materials 

Except for the preliminary tests which were used as a guide 

and are not recorded in this report the respective materials were not 

varied throughout the investigation. 

Steel Pipe 

Measurements of the boiler tube used in preliminary tests 

and of other commercially available steel tube showed that consider¬ 

able variation in physical dimensions may be experienced. Seamless 

tubing was required to ensure symmetrical properties and the only 

available tubing which meet the requirements of uniform dimensions 

and consistent physical properties was used throughout. This tubing 

was purchased as being of A. I. S. I. standard C1015, finish annealed, 

and the nominal physical properties are stated overleaf. Several 

samples of the tubing were tested in axial tension and these results 

are plotted on graphs 3a, b, c, d, e, and tabulated overleaf. It will 

be observed that there was considerable variation in the physical 

properties of the section. For the thinner tubes measurement of wall 

thickness was of prime importance as variation of 0.001 in. resulted 

in a two or three percent variation in Young's modulus and ultimate 

strengths and considerable variation in moment of inertia. Variation 

in strength properties between the different sizes of specimens was 

not unexpected and is noted in other similar investigations (11, 19, 
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23, 33). 

Aluminum Tube 

Aluminum tube to specification 3003-H14 was used for some 

of the cased mortar specimens. Requirements of this specification 

are 

Tensile Strength Yield Strength Elongation 

lb. /in. ^ Offset = 0.2% % in. 2 in. 

21, 500 19, 000 8. 

A sample of the tube was tested in axial tension and results 

are plotted on graph 4. 

Cement 

The cement used for all tests was A. S. T. M. type 1 Portland 

,Cement. 

Sand 

Ottowa sand was used having a sieve analysis:- 

100% passing 40 mesh sieve (U. S. Std.) 

100% retained on 60 mesh sieve (U. S. Std.) 

Pozzolan 

This was supplied by the Halliburton Company and was a 

reactive silicate (fly ash) used to reduce the free lime in the cement 

and rendering the cement more resistant to the corrosive action of 

sea water. 
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Mortar 

As it was expected that the investigation would include the 

tests on coaxial steel tubes with a mortar-filled annulus the mix 

adopted was one which was suitable for machine pumping. For the 

majority of the samples this mix was very wet and was a direct 

cause of certain difficulties. However, it was considered preferable 

to use a uniform mix throughout the investigation. 

Mortar mix 

A. S. T.M. type 1 Portland Cement 70. 5 lb. 
Pozzolan (Pozmix'A') 18.5 " 
Ottowa sand 89.0 " 
Total weight of dry blend 
Absolute volume of dry blend 
Mixing water used 

178.0 " 
7. 66 gallons 
6.94 

Volume of mortar per sack of cement 1.95 cubic ft. 
Weight of mortar 16.95 lb/gallon 

The properties of the mortar used for each batch of tests 

was determined from control cylinders poured with the other speci¬ 

mens, and results of these tests are given with the appropriate 

specimen group. In spite of rigid control, identical mixes produced 

mortar with different properties. It was quickly found that machine 

mixing was essential, the maximum capacity of the available machine 

being some 1 1/4 cubic ft. This restricted the number of samples 

from any one mix but it was considered preferable to have two or 

more definite batches,, each of which was homogeneous, rather than 

attempt a continuous mix. 
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TENSION TEST GRAPH 3c 

STEEL TUBE 23/4in.O.D. x 0.035 in WALL. 
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Investigation of the Effects of Filling Procedure and Curing 

As mentioned previously it was decided to investigate the 

relationship of the properties of the seven-day-old mortar and of the 

twenty-eight-day-old mortar. This later period has become stan¬ 

dardized and enables comparisons to be made easily. The storage 

and resulting curing of specimens during this period is subject to 

many alternatives, three common methods of curing being 

a. To cover the specimens with (damp) sand. 

b. For the specimens to be kept in a moisture 

controlled box or room. 

c. To immerse the specimens in water. 

This, of course, introduces another variable but in view of 

the ultimate specimens, which were to be of considerable size, it was 

decided to use the sand covering method for exposed mortar surfaces. 

As noted later a few special specimens were cured under water. 

The first tests made on the cased mortar were combination 

tests of the effect of the filling procedure and the effect of the rate of 

loading. Six 5 ft. lengths of aluminum tubing 2 in. diameter x 0.035 in. 

wall were filled and cured in a vertical position. The mortar was 

poured directly into the tubing, no vibration or tamping being used. 

Twenty-eight days after casting the tubes were cut into 4 in. lengths 

using a carborundum disc and tested at various rates of strain in the 
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Riehle machine. Results are tabulated in appendix A and are plotted 

on graph 5 a together with the results of the average of three 4 in. 

aluminum cased control specimens. These were cast at the same 

time as the long tubing and tested at corresponding speeds after being 

cured in damp sand. All specimens were tested with the mortar still 

in the casings, the load being applied to both mortar and cement. 

Load at failure only is recorded. Two main types of failure were ob¬ 

served. Specimens from the upper end of the tube as cast (No. 12, etc.) 

failed by plastic flow of the mortar, the casing becoming barrel shaped 

and when cut open the flow of the mortar into this shape was observed. 

Specimens from the lower end as cast (No. 1,- etc.) showed a brittle 

failure of the mortar and the plane of failure being inclined at about 

30° to the axis of the cylinder. Typical samples are shown in fig. Al. 

The definite reduction in strength in the upper part of the 

tube is obvious and this effect was also noted by H. Salani in his initial 

tests with long columns under axial load. Failure took place at a 

point nearer the upper end as cast even though the tube was inverted 

for the test. Other investigators note this variation of strength of 

vertical concrete members (4, 11, 23) and although still other inves¬ 

tigators do not comment, photographs of tests indicate that this vari¬ 

ation is very common. 

From these tests it appeared that the rate of loading strain 

had little effect upon the ultimate strength of the specimens but further 
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tests in this connection are reported later. 

Pursuing the investigation into the effects of casting, double 

sets of similar tubes were poured, using a small amount of tamping to 

remove air bubbles. The sets were tested at seven days and twenty- 

eight days respectively; - 

a. Loading mortar and aluminum casing together. 

b. Using mandrels to load mortar only (still in aluminum 

casings). 

c. Loading mortar only, aluminum casing being removed. 

Results of these tests are plotted on graphs 5b and 5c. Al¬ 

though some tamping was used to consolidate the mix the variation in 

strength is still considerable. 

An equally interesting and important result of these three 

tests was that the strengths of the short control specimens which were 

cast at the same time as the long tubes were considerably less than a 

typical sample from the tube. This was considered to be due to the 

better curing conditions which exist within the tube and this point was 

investigated further, resulting in one of the most difficult parts of the 

whole investigation. 

Examination of the results of first tests indicated that the 

loss of strength occured at the upper end as cast and three aluminum 

tubes, considerably longer than the standard 5 ft. length, were there¬ 

fore filled in the vertical position, at the same time as the tubes 
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shown on graph 5b and 5c. Owing to other work being carried out on 

the Riehle machine it was not possible to test these cylinders until 

40 days after pouring. The results were plotted on graph 5d and show 

that the use of the extra length did not result in uniform mortar in the 

required length. 

A similar tube was cast vertically, using 4 ft. extension tube 

and employing considerable tamping, the extension being cut off as 

soon as possible, the specimen being cured in the horizontal position 

with the ends covered. An attempt was made to improve the curing 

conditions of the control samples, one group (A) being cured in damp 

sand and the other group (B) being tightly wrapped in aluminum foil 

and cured under the same conditions as the 5 ft. length. Graph 5e 

records the strengths of the specimens and again the strength of the 

control samples was below that of a typical specimen from the long 

tube. 

Obviously the mortar was being compacted by the fall down 

the tube, and the simultaneous increase in the water-cement ratio 

towards the upper end of the tube had a considerable effect upon the 

resulting strength. A further 5 ft. length was filled in the vertical 

position, tamped and consolidated and completely filled, both ends 

then being sealed. It was immediately turned end for end many times 

and cured in a horizontal position. However, during the sectioning 

at 28 days it was found that a space had developed at the upper part of 
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the tube, running the complete length of the specimen. This was pro¬ 

bably due to shrinkage of the mortar during curing and was sufficient 

to prevent satisfactory testing of the separate lengths. 

A standard length of the aluminum tube was then fitted with a 

2 in. diameter pipe elbow and a short length of vertical pipe, the 

aluminum being inclined at about 10° to the horizontal. Using con¬ 

siderable tamping the combined pipe was filled with mortar and cured 

for 28 days. One group of control samples was cured under similar 

conditions, i. e., under damp sand while the other group was cured 

under water. Graph 5f refers to this test. Uniformity of strength of 

the long specimen was better than any of the previous tests but the 

actual strengths were considerably lower than previously, although 

the control samples corresponded to previous tests. The lower over¬ 

all strength was explained as due to the lack of consolidation but the 

discrepancy between the long tube and the control specimens was 

again excessive, and of opposite magnitude to that previously observed. 

This lack of a definite relationship between the properties of 

the control samples and the material within the main specimens was 

of fundamental importance. Results of the tests during this investi¬ 

gation indicated that uniformity existed between specimens of similar 

size so that the properties determined by tests of small mortar cy¬ 

linders were effectively those of the mortar within short tubes. 

Pouring and curing of the plain mortar specimens and the short tubes 
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were identical but the different conditions regarding the long tubes 

made the estimation of their mortar properties unsatisfactory. 

As mentioned previously, the use of the very wet mix pro¬ 

bably contributed considerably to the variations in strength which 

were observed in the tests. This would be particularly noticeable 

in the vertically cast tubes and warrant further investigation for 

other mixes. 
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EFFECT OF FILLING PROCEDURE GRAPH 5b 
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EFFECT OF FILLING PROCEDURE GRAPH 5c 
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GRAPH 5d 
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EFFECT OF FILLING PROCEDURE GRAPH 5e 

28 DAY MORTAR 
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EFFECT OF FILLING PROCEDURE GRAPH 5f 
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Investigation of Effect of the Rate of Strain or Load 

It is a well known experimental fact that mortar or concrete 

under high stress exhibits plastic strain behavior (9, 17, 24) and the 

preliminary tests using mortar-filled steel boiler tubes suggested 

that this effect would be of major importance. With mandrels loading 

the mortar only within the tube and using a hydraulic test machine it 

was found that for a certain setting of the valve, the load remained 

.constant for long periods. Plastic flow of the mortar and steel was 

obviously taking place. Other valve settings produced other constant 

loads. The valve controlled the supply of oil from the pump and the 

ram and it was found that although most of the oil was producing strain, 

leakage was taking place past the piston. This leakage was not con¬ 

stant, depending both upon the rate of movement of the piston and upon 

the pressure. For this reason many of the tests were carried out on 

the Riehle screw type machine, for which the strain rate could be ac¬ 

curately present. 

However, plastic strain was taking place in the specimen and 

a series of five tests 6a, b, c, d, and e was carried out in order to 

determine the .effect, if any, of the rate of strain. At the same time 

the effect of the two different curing times would be shown. 

Test 6a consisted of determining the ultimate load of small 

mortar cylinders in axial compression. Three samples were tested 

at each strain and the average plotted on graph 6a. No observable 
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effect can be detected, the variation being typical of that experienced 

in testing mortar or concrete samples. 

For the other four tests the mortar was cased in steel tubes 

2 in. O. D. x 0.065 in. wall. Two sets were tested at seven days and 

at twenty-eight days respectively, both the steel and mortar being 

loaded, and for the other two the mortar only was loaded, using steel 

mandrels to apply the load. Results are given on the following graphs. 

As was expected from previous work, the seven day tests 

with load applied to mortar only showed the greatest effect of plastic 

flow. Yield of the steel jacket into a "barrel", due primarily to in¬ 

ternal pressure, is fairly well defined and the effect of the different 

strain rates is clearly shown. The total contraction refers, in this 

case, to the axial dimension of the mortar and this, as can be seen 

from the photographs, was considerably more than the axial con¬ 

traction of the steel. The "failure by disorganization" of Brandtzaeg 

and others explains the behavior after the initial yield. For low 

strain rate the plastic flow of the (green) mortar was sufficient for 

the greater part of the distortion but as the rate was increased inter¬ 

granular failure played an increasing role, with resulting lower load 

bearing capacity. Sectioning of the specimens clearly showed the 

disorganized state of the mortar in the more rapidly loaded specimens. 

Simultaneous loading of the steel and mortar at seven days 

showed no effect of change of strain rate. Although some increase 
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of strength is apparent at the maximum strain, this should be con¬ 

sidered with reserve in view of the very large contraction and distor¬ 

tion at this stage. 

Twenty-eight day mortar-filled tubes loaded on the mortar 

only gave the curves shown on graph 6d. As in the earlier test it was 

only after the "yield" that the effect of the rate of strain was impor¬ 

tant. This appeared to confirm the theories of failure already men¬ 

tioned except for the specimen loaded at 0.2 in. per minute. This 

soon increased its load capacity, and on this and several of the other 

specimens, readings ceased as the load approached the capacity of 

the machine. Again, contraction was very great. 

Specimens loaded on both steel and mortar showed much less 

variation in strength even when the contraction was considerable. 

Circumferential folds occured in the steel casing and were reflected 

in the wave-like form of the curves. 
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EFFECT OF RATE OF STRAIN. GRAPH 6a 
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EFFECT OF RATE OF STRAIN. GRAPH 6b 
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EFFECT OF RATE OF STRAIN GRAPH 6c 
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EFFECT OF RATE OF STRAIN. GRAPH 6d. 
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EFFECT OF RATE OF STRAIN. GRAPH 6e 

28 DAY MORTAR IN STEEL TUBES 4IN LONG. 

LOAD ON TUBE AND MORTAR. 

STRAIN RATE 0.05 IN./MIN. SHOWN  

« '■ 0.10 •• 
11
  

M 14 0.20 - w »•   

i» » o. 40 M 11 “   

H n |a00 11 11 11 ■ — 



44 

Axial Compression Tests of Empty Steel Tubes 

Several axial compression tests were made of empty steel 

tubes, the length being twice the outside diameter except where noted. 

Two typical graphs, 7 D and 7 E, follow and others are given in the 

appendix. 

Practically all previous work on the strength of steel tubes in 

axial compression has been for elastic failure and therefore requires 

very thin wall thickness (of the order of wall thickness = 1_) (14). 
radius of tube 500 

Some work has been carried out on the non elastic failure of 

aluminum tubes (20) but no satisfactory information is available for 

steel tubes of the proportions involved in the present investigation. 

Two methods of analysis would appear to be worth consider¬ 

ation. Use of the tangent-modulus theory offers probably the most 

convenient approach,, and the stress-strain curve for the material 

may be obtained from the tension test of a suitable length of tube. 

Alternatively, a more complete analysis may be based upon the true 

stress-strain curve obtained from coupons cut from the tube. The 

presence of residual stress is shown by the opening of the tube when 

cut longitudinally, and the effect of this circumferential stress upon 

the behavior under axial load requires consideration. This residual 

stress will definitely affect the behavior of the filled tube when sub¬ 

jected to the lateral stress from the mortar. Considerable differences 
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in the yield point behavior will be seen between specimens shown on 

graphs 7 D and 7 E. In addition, these graphs should be compared 

with graphs 3 C and 3 D; a point of particular interest being that the 

compressive yield point of the thicker tube was higher than its tension 

yield point. 
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COMPRESSION TEST. GRAPH 7e 

STEEL TUBE 23/4lN. O.D. x 0.049IN. WALL x5'/2lN. LONG 



FIG. A. 
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Axial Compression of Short Mortar-Filled Tubes 

In view of the many variables disclosed by the earlier part of this in¬ 

vestigation, most of the mortar-filled steel tubes which were tested 

in axial compression failed to give much useful information. The most 

obvious difficulty was the plastic flow which first occured at quite low 

stresses and strains. An example of this is shown on graph m F. 

Two identical specimens of steel tube, 2 3/4 in. diameter x 0.049 in. 

wall x 5 1/2 in. long, filled with twenty-eight day mortar, were loaded 

on both mortar and steel in the Tinius Olsen 300 Kip Machine. For 

specimen 1. the loading was applied at 20 percent pacer setting, being 

stopped only for a sufficient period for the gages to be read. Specimen 

2. was loaded at the same rate but the load was held constant for five 

minutes at each 5 kip increment. The plastic flow, which was occuring, 

resulted in the increased strains shown on the graph. It will be noted 

that the two curves are effectively parallel above 1, 000 microinches 

of strain. For both these specimens the longitudinal strains were 

measured by three A 7 gages in series mounted on the steel tube. No 

direct measurements were made of the strains in the mortar. 

The result of one of the few tests in which the load was ap¬ 

plied to the mortar only is shown on graph IH D. In this case all 

strain gages were on the steel casing, three A 7 gages for longitudinal 

strain, and one A 7 gage for lateral strain. Here the lateral restraint 
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effect of the steel tube is reflected in the very rapid increase of the 

lateral strain. No measurements were taken of the concrete strains, 

but it is felt that use of the strain rig shown in figure 2, with mandrels, 

would enable the axial deformation of the concrete to be measured. 

Compression of the mandrels would, of course, be included but could 

easily be calibrated by simple tests. 

For most of the tests on the composite members the effect 

of plastic flow upon the strain readings above 2, 000 or 3, 000 micro¬ 

inches was so great that no reliance could be placed upon them. For 

many readings the indicator movement was too great to allow more 

than an estimation of the reading. 
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Bending Tests on Mortar-Filled Tube 

A series of mortar-filled steel tubes, 5 ft. long and of various 

diameters, was used to determine the flexural characteristics of the 

composite construction. For the theoretical analysis it was assumed 

that all mortar in tension failed by cracking, and therefore, only the 

mortar which carried compressive stress was effective in bending. 

The resultant neutral axis was determined as the centroid of the trans¬ 

formed areas. For this purpose it was necessary to determine the 

first moment of area of a circular segment about its base B-B. The 

second moment of area of a circular segment about its base B-B was 

also required when determining the new inertia. Search of the litera¬ 

ture produced only one source of these values, and for the ranges re¬ 

quired in this investigation, the available graphs were not sufficiently 

accurate. Values of these two properties were therefore calculated 

and plotted. Calculations are outlined in the appendix, and it should 

be noted that owing to the form of the calculations, in which the dif¬ 

ference of two nearly equal quantities are involved, numerical work 

should be carried out on a calculator. As is shown in the calculation 

it is necessary to determine the value of MBB and for this purpose a 
X 

further graph is provided. 

The initial difficulty in the analysis arose in the determination 

of the modular ratio. For group n the modulus of elasticity of the 
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mortar was constant, as shown on graph n A and was taken as the 

average of two curves. For the mortar in group III the modular ratio 

depends upon the stress (or strain). At zero strain the modular ratio 

is approximately 10; at 1, 000 microinches the modular ratio is ap¬ 

proximately 14. 3. Bending stresses and strains vary throughout the 

depth of the section and the choice of the modular ratio requires further 

investigation. 

By consideration of the theoretical analysis outlined, it will 

be seen that the main effect of the mortar is to change the position of 

the neutral axis and hence, the distance to the extreme fibres. The 

increase of moment of inertia due directly to the concrete and due to 

the change of neutral axis is comparatively small, being a maximum 

of 20 percent increase. Comparative figures of the experimental re¬ 

sults and the theoretical are given in Table 3. It will be seen that there 

is some variation but generally the ratio of tensile strains to compres¬ 

sion strains is of the same order for both the theoretical and experi¬ 

mental values. 

Further tests of this nature were not carried out primarily 

because of the otherwise observed differences between the control 

specimens of mortar and the mortar within the tube. Based on these 

tests, however, it may be said that the "combined compression con¬ 

crete only - transformed area" method of analysis is sufficiently 

accurate for engineering purposes, based on the properties of the 
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mortar determined from small control specimens. 

It should be noted by reference to the tension of compression 

tests on the empty steel tube that the first sign of yield occurs at or 

near 1500 microinches of strain. This combined with the uncertainty 

of the stress strain curve for the mortar renders the consideration of 

the behavior of the composite beams to be unproductive for strains 

above this figure. 
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GROUP 3T GRAPH HA 
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GROUP n GRAPH UG 

MORTAR FILLED STEEL TUBE 2in O.D. x 0.065in WALL. 



L
O

A
D
 

W
 

( 
P

O
U

N
D

S
 )

 

61 

GROUP II GRAPH EH 

MORTAR FILLED STEEL TUBE 2in O.D. x O.I34in WALL 
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GROUP nr GRAPH 16. 

MORTAR FILLED STEEL TUBE 23/4 in O.D. x 0.035m WALL 
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GROUP IE GRAPH IE H 
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GRAPH 9a 
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GRAPH 9b 
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GRAPH 9c 
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Co-Axial Pipe Tests 

Supplementing the main series of tests of 5 ft. long specimens 

by H. Salani, and the short specimens by the Author, a large scale 

test was carried out on a very long axially loaded specimen. 

The construction of offshore well installations often results in 

the form of structure shown on figure 4. The production tubing is pri¬ 

marily supported at the Christmas tree, which is in turn attached to 

other tubular elements. The casing usually consists of two or more 

co-axial pipes, and may reach considerable unsupported length as the 

water depth increases. Much of the total weight of the tubing is carried 

on the Christmas tree, and therefore, the resulting construction is es¬ 

sentially a very long uniform strut carrying an axial compressive load. 

A very important condition is that the tubing acts as a tension member 

and resists any lateral displacement of the outer casing. From the point 

of theoretical analysis the nest of casing may be considered as a uniform 

strut on an elastic support. The form of construction ensures that the 

line of action of the load passes through the centroid of each cross- 

section and is discussed in detail by Sims (30). 

A somewhat similar arrangement occurs in the heated pipe lines 

used for the conveyance of molten sulphur. The inner tube carrying the 

molten sulphur is maintained at a suitable temperature by steam or hot 

water passed through the co-axial casing formed by the outer tube. A 
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particular example is an under-water line which is in use in the Gulf 

area. In operation the outer tube will be at a lower temperature than 

the sulphur pipe due to the loss of heat to the sea water. The difference 

in temperature between operating conditions and fabrication causes a 

structural condition similar but of reversed stresses to the production 

tubing in its casing. 

Considerations of the probable behavior suggest that the in¬ 

fluence of the lateral restraint will be to allow the axial load capacity 

to be independent of the length, and it was decided to combine an ex¬ 

periment based on this consideration with the study of the strength 

characteristics of the mortar-filled pipe. The experimental pipe 

consisted of an outer steel tube 3 in. O. D. x 0.065 in. wall thickness 

with a 2 in. O.D. x 0.065 in. wall thickness tube suitably spaced 

inside. The net length of the combined tube was 195 ft. using 20 ft. 

lengths of the standard tube as used in the remainder of the experiments. 

Joints were carefully prepared and gas welded and peg spaces were 

used to ensure the co-axial arrangements of the tubes. The completed 

tube was supported on vertical 3 in. diameter pipes at 10 ft. intervals, 

simple rollers allowing movement of the tube. Temporary end plugs 

were fitted to the compound tube and 1 in. pipe connections were made 

to the annulus at each end. Using the standard mortar mix, this an¬ 

nulus was pump filled by the Halliburton Company, the complete tube 

being rotated periodically after filling to ensure uniformity. Fourteen 
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days after filling, the ends were cut off and finished flush, 3 in. thick 

steel bearing blocks being fitted to the composite tube. A length of 

11/2 in. diameter bridge strand cable was passed through the inner 

tube and at one end was sweated into a tapared socket bearing against 

the end block of the tube. The other end of the cable passed through 

the large load cell, the hydraulic ram and the make-up length of heavy 

steel pipe. This end was then fitted with a socket similar to the other 

end. A diagram of the arrangement is given on figure 5. The load 

cell has been described previously, its strain gage bridge being con¬ 

nected to a Baldwin-Lima-Hamilton indicator for the test. 

Three longitudinal A 7 gages were mounted at the center of the 

pipe, at intervals of 120° around the circumference, and connected in 

series to a further indicator. A lateral A 7 gage was also employed 

at this position. For the test the hydraulic ram was supplied by an 

electrically driven pump and load was applied slowly up to a maximum 

of 60 kips as observed by readings of the load cell indicator. The 

strain readings at the center of the pipe are given in the appendix and 

are plotted on graph 8. 

For comparatively small axial loads (10 to 20 kips) long waves 

thirty to forty feet in length and approximately 6 in. amplitude appeared 

in the pipe. These increased smoothly in amplitude up to about 12 in. 

at 40 kips. It was noticed that the amplitude was greater near the ram, 

decreasing towards the other end. This was apparently due to the 
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transfer of load from the cable into the pipe by friction. This was not 

anticipated and some indication of the amount of transfer would have 

been possible if another load cell had been placed at the other end of 

the pipe. When the axial load was increased from fifty to sixty kips 

lateral displacements near the ram became excessive, and wrinkling 

of the outer tube was observed. Failure took place by this local 

buckling at around seventy kips. None of the welds failed although 

wrinkles occured very close to some of the welds, apparently due to 

heat treatment effects. As with the short specimens, failure was not 

accompanied by an abrupt reduction of load, the load being taken off 

primarily because of the excessive lateral deflections of the specimens. 

These deflections of the long tube reached a maximum of some 2 ft. 

and the load at this time was approximately 68 kips. 

5 ft. and 6 in. lengths of similar , co-axial tubing were pre¬ 

pared with the main pipe and were filled with the same mortar. The 

usual three longitudinal gages and the single lateral gage were applied 

and the specimens were tested under axial compression in the usual 

way. These values are also given in the appendix and are plotted on 

graph 8. From this graph it will be seen that the assumption of 

adequate lateral restraint provided by the internal tension member 

is fully justified. The short specimens and the 5 ft. lengths were 

filled by hand in the vertical position and were therefore subject to 

the usual resulting variations in the mortar properties. These are 
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reflected in the graphical results, the 195 ft. length being stiffer than 

the 5 ft. length which in turn was stiffer than the short specimen. It 

will be seen from the discussion on bending tests on mortar-filled 

single tubes that the transformed area of the mortar is small and that 

its main effect is to alter the position of the neutral axis. In the co¬ 

axial tubes the mortar area is such that even this effect is negligible 

and, of course, cannot be observed as the three strain gages were 

connected in series. For the co-axial construction the effect of the 

mortar is to maintain the two tubes in a concentric alignment. 
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COAXIAL PIPE TESTS. GRAPH 8 
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Conclusions 

The primary purpose of this investigation was to determine 

the strength characteristics of mortar-filled steel tubes. Progress 

has been made towards this goal, primarily in clarifying the problem 

and in separating the various factors which must be considered in de¬ 

tail. Before further progress can be made in the overall problem, 

these effects must be the subjects of individual investigations. For 

this reason the conclusions are subdivided into these areas for further 

study. 

First. Effect of filling procedure and curing. It will be seen from the 

tests of the specimens cut from long tubes that it is possible to obtain 

an effectively uniform ultimate strength by filling in the near horizontal 

position. Only one test of such a tube is given but it appears that the 

resultant strength is considerably below that obtained in vertical filling. 

In addition, the control samples do not have a constant relationship to 

the specimens cut from the long tubes. This disagreement has been 

noted by other investigators, and peculiar and.questionable methods 

have been used to overcome the difficulty. Obviously it is useless, 

even misleading, to attempt to rationalize experimental work when the 

basic properties of the materials involved are not adequately known. 

This is an essential, separate investigation,, and is a very necessary 

preliminary. A possible avenue of investigation is by the use of non- 
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destructive testing (sonic, etc.) although the combination of the two 

materials presents considerable difficulties. 

Second. Effect of rate of strain. As will be observed from the curves, 

the effect of plastic flow of the mortar is of prime importance. All 

available previous work into the time effects of the plastic flow of 

mortar or concrete upon its stress strain properties has been carried 

out at low stresses. In these tests the concrete has had a free surface, 

and brittle failure of the concrete occurs at low stresses. For the 

present investigation,, where the concrete is contained within the 

flexible shell, much higher stresses could be reached. It is well 

known from the phenomena of creep in composite columns of concrete 

and steel under constant load that the stress in the concrete decreases, 

while that in the steel increases, sometimes up to the yield point of 

the steel. This, of course, will require investigation, but is a long 

term project the initial plastic flow of the mortar is of direct im¬ 

mediate importance. For the specimens tested, failure was generally 

taking place in both steel and mortar, and it is suggested that a profi¬ 

table line of investigation would be to determine the characteristics 

of this plastic flow of concrete under controlled triaxial loading. It 

may be possible to extend the work of Jones and Erkmen (26, 52) in 

this respect. On a larger scale it is suggested that tests be carried 

out on mortar cylinders encased in very thick walled steel casings 
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or blocks. 

Third. Axial compression of steel cylinders. Failure of the composite 

specimens under axial load is accompanied by the failure of the steel 

shell, and for this reason the characteristics of the steel empty tube 

under this form of loading should be known. Practically all previous 

work has dealt with the elastic failure of thin walled tubes. This re¬ 

quires that R/t should be greater than 500 and is far from applicable 

to the majority of tubes. An approach by tangent modulus methods 

would appear most likely but the initial stress effects require con¬ 

sideration. This again requires individual investigation. 

Fourth. Testing procedure. The end restraint caused by the friction 

of the specimen on the loading plate of the test machine is known to 

affect the behavior. A possible step towards reducing this effect 

might be to load the specimen by means of short identical specimens, 

each say, three-quarters or one diameter in length. 

The use of the strain indicator rig would appear to be essen¬ 

tial either in addition to the electrical gages or alone. As will be 

seen from the graphs, the rig provides good results if the initial part 

of the curve is replaced by an extension of the main curve. 

Consideration must be given to the possible use of electrical 

strain gages with a long range in order to investigate strains well 
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into the plastic range of the specimens. Standard gages have a range 

of ±2 percent and this is insufficient for the deformations considered 

in this investigation. 
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A3 

Load-Cell Calibration 

Test No. 2 a Bending Rig Cell. 

1. 5 in O. D. x 0.109 in wall steel tube. Eight A 7 gages. Actual 
gage factor 1.94. 

Machine Load Bridge Reading Strain 
Kips >u,"/in 

0 12,960 ' 0 
1.00 12, 785 175 
2.00 12, 610 350 
3.00 12,435 525 
4.00 12, 260 700 
5.00 12, 085 875 
6.00 11,900 1060 
7.00 11, 730 1230 
8.00 11, 550 1410 
9.00 11,370 1590 

10.00 11,190 1770 

Test No. 2 b Large Load Cell. 

3 in. G. D. x 0.50 in. wall steel tube. Eight A 7 gages. 
Gage factor 2.0 

Machine Load Bridge Reading Strain 
Kips yu. "/in. 

0 14,715 0 
10.0 14, 515 200 
20.0 14,315 400 
30.0 14,115 600 
40.0 13,905 810 
50.0 13,705 1,010 
60.0 13, 500 1,215 
70.0 13, 300 1,415 
80.0 13,100 1, 615 
90.0 12, 885 1, 830 

100.0 12, 680 2, 035 
110.0 12, 480 2,235 
120.0 12, 275 2, 440 
130.0 12,065 2, 650 
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Effects of Filling Procedure A9 

All results given below refer to axial compression tests on 4 in. 
long specimens cut from the 2 in. diameter aluminum tube. Specimen 
numbering commenced at lower end of tube as cast. Loads shown were 
ultimate based on sudden drop in load carrying capacity under constant 
strain rate. Control samples in 4" lengths of aluminum tube were 
poured with each batch. 

Test No. 5 a 

28 day mortar specimens cut from 5'-0" length poured and cured in 
vertical position. No attempt was made to tamp or compact the mor¬ 
tar. Load applied to both mortar and aluminum. This test was the 
first one made and includes a variation of strain rate. 

Specimen Ultimate Load (lb) 

1 23, 000 24, 700 23, 800 26, 000 23, 400 25, 100 
2 24,400 24,400 23, 800 24, 500 24, 400 24, 400 
3 25,900 26, 200 24,000 24, 500 24, 700 24, 500 
4 23, 800 26, 400 24, 200 25, 500 24, 900 24, 600 
5 24, 500 23, 600 24,000 25,500 24, 400 27, 100 
6 22,100 21,900 23, 000 22,700 24, 300 24, 200 
7 20, 200 19,900 21,900 19, 700 22,200 20, 600 
8 17,800 17, 800 19, 300 18,100 19, 200 19, 700 
9 15,400 15, 000 15,900 16, 500 16, 400 16, 200 

10 13,000 12,200 13,000 14, 400 13, 300 13, 700 
11 11,100 10,400 10,200 12, 700 12,100 10, 800 
12 9, 300 8,900 9, 000 10,700 10,100 9, 500 
13 7, 600 7, 600 7, 500 8,300 9,100 7, 500 

Control 19, 700 19,200 21, 200 19, 000 19, 600 19, 300 
Rate of 
loading 0.025 0.05 0.1 0.2 0.4 1. 0 

(in/min) 



A10 
Test No. 5 b 

7 day mortar specimens cut from 5'-0" length poured and cured in 
vertical position. A small amount of tamping was employed in order 
to remove air bubbles. Strain rate was constant for all specimens in 
each group. 

Specimen Ultimate Load (lb) 

Mortar only 

(casing removed) 

Encased Mortar only Mortar and aluminum 

(mandrel loading) (loaded together) 

1 7, 500 7, 500 17, 600 16, 500 18,100 16, 300 
2 14, 500 13, 000 21, 600 20,100 21, 600 23, 500 
3 15,950 14, 600 24,800 22, 800 23, 800 26,100 
4 16,000 14, 300 27, 000 24, 800 25,400 25, 500 
5 16, 400 15,900 24, 800 26, 600 27, 000 27, 000 
6 15,200 17, 000 24, 600 26,300 26, 900 26, 800 
7 15, 200 16, 600 25, 900 24, 800 24, 900 24,200 
8 16, 750 15, 000 24, 000 24,700 24, 600 24,200 
9 15, 750 16, 200 22, 000 23,700 23,000 24, 000 

10 11, 000 12, 200 19, 600 21,000 18, 600 18, 200 
11 6,200 6, 200 13, 200 13,400 14, 200 15, 000 
12 1, 500 1,500 6, 000 7, 200 6,800 6,800 

Control 
Strain 

9, 500 8,900 16,100 15,900 15,000 13, 700 

rate 0.025 0.025 0.1 0.1 0.1 0.1 

(in/min) 



All 

Test No. 5 .c 

28.day mortar specimens cut from 5'-0" length poured and cured in 
vertical position. A small amount of tamping was employed in order 
to remove air hubbies. Strain rate was constant for all specimens 
in each group. 

Specimen Ultimate Load (lb) 

Mortar only Mortar & aluminum 
(casing removed) Loaded together 

1 19, 500 21, 700 32,000 31,000 
2 22, 500 19,200 29,400 29, 500 
3 19, 500 21,800 29,000 31, 800 
4 20, 000 22, 500 30,000 32,000 
5 22, 000 21, 300 30,200 31, 200 
6 20,100 22, 200 30, 800 31,000 
7 19, 200 22, 300 32,000 29, 600 
8 19, 200 18, 000 31,600 30,300 
9 18, 800 18, 600 27, 400 27, 200 

10 13,400 12,100 23, 300 25, 200 
11 9,100 11,000 18, 500 18, 500 
12 4, 500 4,000 13,000 11, 500 

Control 14,600 15,400 23, 500 22, 500 
Rate of 
strain 0.025 0.025 0.1 0.1 

(in/min) 
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Test No. 5 d 

40 day mortar specimens cut from 8' -0" length, poured and cured 
in vertical position. A small amount of tamping was used to remove 
air bubbles. The extra length was used in order to obtain uniform 
strength in the lower portion. Strain rate was constant for all 
specimens in each group. 

■ Specimen Ultimate load (lb) 

Mortar only Mortar & aluminum 
(casing removed) loaded together 

1 17, 400 25, 000 21, 700 
2 17, 800 36, 000 33, 200 
3 17,000 • 35, 600 36, 000 
4 20, 800 37, 500 36, 200 
5 20, 300 35, 600 36, 500 
6 19, 600 36, 700 37, 600 
7 20,100 35, 000 34, 900 
8 17, 000 34, 600 35, 500 
9 17, 200 32, 000 34, 800 

10 19, 000 30, 200 33, 800 
11 16, 000 29, 200 31, 500 
12 18, 000 30, 600 27, 000 
13 17, 000 22, 400 19,400 
14 16, 000 16, 000 14, 500 
15 unsuitable 15, 000 14, 800 
16 II 8,200 8, 400 
17 II 7, 500 7, 700 
18 II 7, 000 7, 000 
19 II 6,000 5, 700 
Control 14, 300 25, 000 25, 500 
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Test No. 5 e 

28 day mortar specimens cut from 5'~0" length. Aluminum tube was 
filled in a vertical position using a 4'-0" extension tube at upper end. 
Considerable tamping was used and on first day after pouring the 
extension tube was cut off and both ends of the 5'-0" length were 
covered completely. Curing took place with the tube in a horizontal 
position. One group (A) of control samples was cured in damp sand, 
the other group (B) was wrapped in aluminum foil and cured under 
same room conditions as 5'-0" specimen. Load was applied to both 
mortar and aluminum at a constant strain rate of 0.1 in/min. 

Specimen Ultimate load (lb) 

1 24, 600 
2 24, 800 
3 25, 500 
4 23, 400 
5 23, 800 
0 25,100 
7 27, 500 
8 20, 000 
9 27, 800 

10 27, 000 
11 21, 500 
12 18, 200 
13 15, 200 
14 13, 500 

Control (A) Control (B) 

19,200) 18, 200) 
19,000) 19,000 10, 800) 17, 000 
18,700) 17, 700) 
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Test No. 5f 

28 day mortar filled specimens cut from 5'-0n length. Aluminum 
tube was filled and cured in near horizontal position using pipe elbow 
and short vertical end pipe. One group (A) of control samples was 
cured in damp sand, the other group (B) was cured under water. 
Load was applied to both mortar , and aluminum at a constant strain 
rate of 0.1 in/min. 

Specimen Ultimate Load (lb) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

17, 000 
17, 300 
17, 500 
18, 200 
17, 300 
18, 500 
17, 500 
18, 600 
18, 400 
19, 000 
19, 500 
19, 000 
17, 500 

Control A Control B 

22, 500 
21, 200 22,100 
22, 500 

24, 500 
26, 400 
23, 400 

24, 800 
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Effects of Rate of Loading 

All results given below refer to axial compression tests of 
2 in. diameter.by 4 in. long specimens poured and cured in this 
size. Curing in.damp sand. 

Test No. 6 a 

1) 7 day uncased mortar. Three specimens tested at each strain 
rate. 

Specimen Strain rate (in/min) 
0.05 0.1 0.2 .0.4 1.0 

1 8,000 8,400 7, 900 7, 600 8,000 
2 U, 850 8, 900 7, 700 9, 300 7, 800 
3 8, 550 9, 500 8, 000 8, 800 8, 700 

Average 8,100 8, 900 7,900 8, 600 8,200 

2) 28 day uncased mortar. Three specimens tested at each strain 
rate. 

Specimen Strain rate (in/min) 
0.025 0.05 0.1 0.2 0.4 1.0 

1 14,000 13, 700 14,000 14, 600 13, 000 13, 900 
2 13,000 13, 000 12,900 13, 200 13, 400 13, 900 
3 13,100 12, 800 13,100 13, 000 14, 400 14, 100 

Average 13, 400 13, 200 13, 300 13, 600 13, 600 14, 000 
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Test No. 6 b 

7 day mortar, in steel tubes 2 in. O. D. x 0.065 in. wall. Mortar only 
loaded by using mandrel. One specimen tested at each strain rate. 

Strain Strain rate (in/min) 

time 
1/4 

0.05 0.1 

1/2 
3/4 

■4, 700 12, 000 

1 
1 1/4 

12, 500 21, 800 

1 1/2 
1 3/4 

18, 500 29,000 

2 
2 1/4 

23, 000 33,100 

2 1/2 34, 900 
3 

3 1/2 
30,900 35, 700 

4 
4 1/2 

36,200 37,100 

5 37, 500 38, 000 
6 38, 400 38,900 
7 39, 200 39, 600 
8 39, 800 40,100 
9 40, 200 41, 000 

10 40, 700 41,900 
11 41,000 42,900 
12 41,300 44,000 
13 41, 700 45, 400 
14 42,100 46, 200 
15 42, 600 
16 43,100 
18 44,100 
20 45, 500 
25 50,100 
30 55, 900 
33 60, 000 

0.2 0.4 1.0 
22, 000 34, 200 

22,000 35, 200 37, 000 
37, 700 37, 300 

34, 300 38, 200 37, 600 
38, 500 

37, 800 38, 300 39, 700 
42, 000 

38, 400 38, 500 45,000 
49, 500 

38, 600 39, 200 
38, 900 40,100 

41, 400 
39, 700 

41,000 
43,000 
46, 000 
49, 700 
54, 600 
56, 800 

43, 000 
44, 800 
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Test No. 6 c 

7 day mortar in steel tubes 2 in. O. D. x 0.065 in. wall. Mortar 
and steel loaded together. One specimen tested at each strain rate. 

Strain Strain rate (in/min) 

time 
1/8 
1/4 
3/8 

0.05 0.1 

1/2 
5/8 
3/4 

.8, 500 15, 000 

1 
1 1/4 

15,200 32, 000 

1 1/2 23,000 38, 600 
2 31, 500 39, 800 

2 1/2 37, 000 39, 800 
3 39, 700 39,900 

3 1/2 40, 000 
4 41,000 39, 800 
5 41, 200 40, 000 
6 41, 300 40, 200 
7 41,300 40, 300 
8 41,100 40, 500 
9 41,100 41, 700 

10 41, 300 40,700 
11 41,400 40, 600 
12 41, 600 41, 500 
14 41, 700 40, 400 
16 42,300 40, 700 
18 42,300 
20 42, 500 
25 42, 500 
30 42, 800 

0.2 0.4 1.0 
34,000 

13, 200 28, 000 41, 600 
42, 200 

28, 200 40, 500 42, 200 
42, 300 

38, 200 41,000 42,500 
39, 800 41, 400 

41, 700 
42, 700 
43, 700 

40, 500 42, 500 
40, 800 43, 200 
40,900 43, 700 
41,900 
44,000 
43, 400 
44,500 
46, 400 
48,600 

45, 200 
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Test No. 6 d 

28 day mortar in steel tubes 2 in. O. D. x 0.065 in. wall. Mortar only 
loaded by using mandrel. One specimen tested at each strain rate. 

Strain Strain rate (in/min) 

time 
1/8 

0.05 0.1 

1/4 
3/8 

500 3,000 

1/2 2, 500 13, 000 
3/4 7, 500 21, 500 

1 
1 1/4 

13, 000 28, 500 

1 1/2 
1 3/4 

21, 500 37, 900 

2 28, 600 40, 800 
2 1/2 34, 600 41, 600 

3 37, 600 41, 700 
3 1/2 42, 000 

4 39, 200 42, 400 
5 40,100 43, 000 
6 40,700 43, 600 
7 41,100 44, 300 
8 41, 500 44, 900 
9 41, 900 45, 600 

10 42, 300 46, 500 
11 42, 700 47, 500 
12 43,100 48,400 
14 43,900 51, 200 
16 45,000 55,000 
18 46,500 

47,900 
60, 000 

20 
25 53,100 
30 60,000 

0.2 0.4 1.0 
31, 000 

14,000 22, 000 39, 500 
•40, 500 

29,000 40, 200 41, 000 
38, 000 42, 300 42, 300 
41, 500 43, 200 42, 800 

43, 800 
41, 700 42, 800 45, 000 

48,100 
42, 500 43, 000 
43, 600 43, 600 
45, 000 44, 800 
46, 300 46, 500 
48,800 49,000 
51,700 56, 700 
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Test No. 6 e 

28 day mortar in steel tubes 2 in. O. D. x 0.065 in. wall. Steel and 
mortar loaded together. One specimen tested at each strain rate. 

Strain Strain rate.(in/min) 

time 0.05 0.1 
1/8 
1/4 6, 200 11, 500 
3/8 
1/2 13,500 26, 500 
5/8 
3/4 22, 500 

1 31, 400 43, 700 
1 1/4 38, 700 
1 1/2 42r000 45, 800 
1 3/4 

2 44, 300 45,900 
2 1/2 45, 200 46, 200 

3 45,200 47, 200 
3 1/2 44,800 47, 800 

4 45,200 48, 200 
5 46, 500 48, 600 
6 47, 500 48, 800 
7 47, 800 49,100 
8 -48, 000 49, 300 
9 48, 300 49, 600 

10 48, 500 49,400 
12 49, 800 

0.2 0.4 1.0 
27, 000 44, 500 

25,500 43, 000 45, 300 
45, 500 47, 000 

44,300 45, 500 47, 300 
47, 200 

46,500 46, 800 47,000 
46, 700 47, 300 48, 400 
46,700 47, 800 49,100 
47, 500 48, 200 49,100 
47, 900 48, 300 54,000 
48, 300 48, 300 
48, 300 47, 400 
48, 300 47, 400 

49, 000 
48, 300 
48, 000 

53, 600 



A20 

Compression Tests of Tubing 

Short specimens of the empty steel tubing were tested in compression 
in the Olsen hydraulic machines. Most strain readings were from three 
A7 gages connected in series, for longitudinal strains and one A7 gage 
for lateral strains. The dial gage rig shown in Fig. 1 was used for 
certain additional readings except where noted specimens were of 
length equal to twice the outside diameter and wall thicknesses are 
taken as average of six measurements. 

Test 7 a 

Steel tube 1 1/2 in. O. D. x 0.109 in. wall. Area =0.476 in.^length 4 in. 

Load Stress Longitudinal Gage Dial Gage 
Kips Kips/in. Indicated Difference Average Unit Strain 

0 0 8920 0 0 0 
2.5 5.25 8730 190 31 7.8 
5.0 10.50 8550 370 41 10.2 
7.5 15.7 8370 550 48 12.0 

10.0 21.0 8200 720 54 13.5 
12.5 26.3 8020 900 61 15.2 
15.0 31.5 7840 1080 68 17.0 
17.5 3,6.8 7640 1280 76 19.0 
20.0 42.1 7440 1480 86 21.5 
22.5 47.4 7220 1700 97 24.2 
25.0 52.5 6980 1940 110 27.5 
27.5 57.8 6670 2250 125 31.2 
30 63.1 6270 2650 145 36.2 
32.5 68.3 5590 3330 178 44.5 
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Test 7 b 

Steel tube 2 in. 0. D. x 0.065 in. wall. Area 
o 

= 0. 395 in. length 4 in. 

Load Stress Longitudinal Gage Dial Gage 
Kips Kips/in Indicated Difference Average Unit Strain 

0 0 10, 840 0 200 0 
1 2.53 10, 750 90 650 110 
2 5.07 10, 690 150 1200 250 
3 7.60 10, 600 240 1450 310 
4 10.15 10, 500 340 1750 390 
5 12. 66 10, 420 420 2100 470 
6 15.2 10, 310 530 2450 560 
7 17.7 10, 215 . 625 2750 640 
8 20.3 10,110 730 3150 740 
9 22.8 10, 025 815 3500 820 

10 25.4 9,910 930 3900 920 
11 27.9 9, 815 1025 ,4300 1020 
12 30.4 9, 710 1130 4750 1140 
13 32.9 9, 615 1225 5200 1250 
14 35.4 9, 510 1330 5650 1390 
15 38.0 9, 380 1460 6200 1500 
16 40.5 9, 290 1550 6600 1600 
17 43.0 9,160 1680 7100 1720 
18 45.6 9,020 1820 7700 1880 
19 48.2 8, 865 1975 8400 2050 
20 50.7 8,715 2125 9000 2200 
21 53.2 8, 530 2310 9800 2400 

55.7 8,280 2560 10800 2650 
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Test 7 c 

Steel tube 2 in. O. D. x 0.134 in. wall. Area =0. 786 in? Length 6 in. 

Load Stress Longitudinal Gage Dial Gage 
Kips Kips/in Indicated Difference Average Unit Strain 

0 0 10, 870 0 3400 0 
2 2.54 10,790 80 3900 125 
4 5.10 10, 705 165 4450 262 
6 7. 64 10, 625 245 4900 375 

.8 10.2 10, 545 
10,440 

325 5250 412 
10 12.7 430 5650 537 
12 15.2 10, 370 500 6000 650 
14 17.7 10, 265 605 6350 737 . 
16 20.3 10,180 690 6700 825 
18 22.9 10, 090 780 7100 925 
20 25.4 9, 990 880 7450 1012 
22 28.0 9, 900 970 7850 1112 
24 30.5 9, 800 1070 8200 1200 
26 33.1 9, 700 1170 8600 1300 
28 35.6 9, 590 1280 9000 1400 
30 38.2 9, 490 1380 9450 1512 
32 40.7 9, 375 1495 10, 000 1650 
34 43.3 9, 250 1620 10, 400 1750 
36 45.8 9,130 1740 11, 000 1900 
38 48.3 9, 000 1870 11, 550 2037 
40 51.0 8, 850 2020 12, 250 2212 
42 53.5 8,700 2170 12, 900 2375 
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Test 7 d 

Steel tube 2 3/4 in. O. D. x 0.035 in. wall. Area=0.298 in.^ Length 5 1/2 in. 

Load Stress Longitudinal Gage Lateral Gage 
Kips Kips/in Indicated Difference Indicated Difference 

0 0 11, 020 0 10, 525 0 
2.5 8.37 10, 775 245 10, 575 50 
5.0 16.75 10, 480 540 10, 680 155 
7.5 25.2 10,185 835 10, 775 250 

10.0 33.2 9, 905 1115 10, 865 340 
12.5 41.8 9, 600 1420 10, 960 435 
15.0 50.2 9, 290 1730 11, 060 535 
17.5 58.2 8, 690 2330 11, 260 735 
20.0 67.0 7, 300 3720 11, 700 1175 

Test 7 e 

Steel tube 2 3/4 in. O. D. x 0.049 in. wall. Area=0.416 in. Length 5 1/2 in. 

Load Stress Longitudinal Gage Lateral Gage 
Kips Kips/in Indicated Difference Indicated Difference 

0 0 10, 690 0 9015 0 
2.5 6.0 10, 515 175 9050 35 
5.0 12.0 10, 335 355 9100 85 
7.5 18.0 10,140 550 9150 135 

10.0 24.0 9, 955 735 9200 185 
12.5 30.0 9,780 910 9245 230 
15.0 36.0 9,590 1100 9290 275 
17.5 42.0 9, 390 1300 9345 330 
20.0 48.0 9,190 1500 9400 385 
22.5 54.0 8,985 1705 9470 455 
25.0 60.0 8, 740 1950 9550 535 
27.5 66.0 8, 370 2320 9680 665 
30.0 72.0 7,700 2990 
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Test 7 f 

Steel tube 3 in. O. D. x 0.065 in. wall. Area = 0. 600 in.^ Length 6 in. 

Load Stress Longitudinal Gage Dial Gage 
Kips Kips/in Indicated 

0 4.2 10, 280 
2.5 8.3 10,140 
5.0 12.5 10, 020 
7.5 16.6 9, 890 

10.0 20.8 9,750 
12.5 25.0 9, 620 
15.0 29.1 9, 480 
17.5 33.3 9,. 350 
20.0 37.4 9, 200 
22.5 41.6 9, 070 
25.0 45.8 8,930 
27.5 50.0 8,780 
30.0 54.1 8, 630 
32.5 58.3 8, 430 
35.0 .62.5 8,240 
37.5 .66.7 7, 950 
40.0 70.7 7, 550 
42. 5 76.0 6, 800 

Difference Average Unit Strain 

0 0 0 
140 14 2.3 
260 24 4.0 
390 33 5.5 
530 45 7.5 
660 53 8.8 
800 61 10.2 
930 70 11.7 

1080 80 13.3 
1210 89 14.8 
1350 99 16.5 
1500 110 18.3 
1650 121 20.2 
1850 134 22.3 
2040 147 24.5 
2330 167 27.8 
2730 193 32.2 
3480 246 41.0 
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Test 8 a 

Long Pipe Test 

Steel tube 3 in. O. D. x 0.065 in. wall surrounding steel tube 2 in. O. D. 
x 0.065 in. wall. Annulus filled with mortar slurry. • Strain readings 
were from three A 7 gages, connected in series, for longitudinal strains, 
and one A 7 gage for lateral strains. Wall thicknesses as average of six 
measurements. 

Load Longitudinal Gage Lateral Gage 
Kips indicated Difference Indicated Differ 

0 8,040 0 13,910 0 
5 7,908 132 13, 930 20 

10 7, 770 270 13, 975 65 
15 7, 650 390 14,010 100 
20 7, 510 530 14,040 130 
25 7, 383 657 14,086 170 
30 7, 265 775 14,115 205 
35 7,145 895 14,152 242 
40 7,025 1, 015 14,195 285 
45 6, 905 1,135 14,244 334 
50 6, 795 1,245 14,285 ' 375 
55 6, 667 1, 373 14, 344 434 
60 6, 543 1,497 14, 389 479 
65 Yield on longitudinal gages. 
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Test 8 b 

Short Coaxial Specimen 

Specimen length 6 in. Steel tube 3 in. O. D. x 0.065 in. wall surrounding 
steel tube 2 in. 0. D. x 0.065 in. wall. Annulus filled with mortar slurry. 
Strain readings were from three A 7 gages, connected in series, and one 
A 7 gage for lateral. This axial compression test was carried out in 
300 kip Olsen machine. Wall thicknesses as average of six measurements. 

Load Longitudinal Gage Lateral Gage 
Kips Indicated Difference Indicated Difference 

0 12,125 0 13, 485 0 
5 11,978 147 13, 559 74 

10 11,845 280 13, 608 121 
15 11, 700 425 13, 648 163 
20 11, 559 566 13, 688 203 
25 11, 391 734 13, 738 253 
30 11, 258 867 13, 782 297 
35 11,113 1,012 13, 832 347 
40 10, 962 1,163 13, 882 397 
45 10, 830 1, 295 13, 931 446 
50 10, 682 1,443 13, 982 497 
55 10, 519 1, 606 14, 058 573 
60 10,. 321 1,804 14,145 660 
65 10,092 2, 033 14, 272 787 
70 9, 795 2, 330 14, 452 967 
75 9, 380 2, 745 14,710 1, 225 
80 8, 510 3, 615 15,080 1, 595 
85 6, 662 5, 463 15, 941 2,456 
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Test 8 c 

5’-0" Coaxial Specimen 

Steel tube 3 in. O. D. x 0.065 wall surrounding steel tube 2 in. O. D. by 
0.065 wall. Annulus filled with mortar slurry. Strain readings are from 
three longitudinal A 7 gages connected in series, and three A 7 gages for 
lateral strain. Axial compression test in 300 kips Olsen machine. Wall 
thickness as average of six measurements. 

Load Longitudinal Gage Lateral Gage 
Kips Indicated Difference Indicated Difference 

0 13, 635 0 13, 380 0 
4 13,540 95 13, 400 20 
8 13,440 195 13, 430 50 

12 13,340 295 13, 450 70 
16 13, 230 405 13,480 100 
20 13,120 515 13, 500 120 
24 13,020 615 13, 530 150 
28 12, 900 735 13, 560 180 
32 12,800 835 13, 580 200 
36 12, 680 955 13, 610 230 
40 12, 570 1, 065 13, 640 260 
44 12,460 1,175 13, 670 270 
48 12, 330 1,305 13, 700 320 
52 12, 215 1,420 13, 735 355 
56 12,100 1, 535 13,770 390 
60 11,945 1, 690 13, 810 430 
64 11,750 1,885 13, 875 495 
68 11, 380 2, 255 13,975 595 
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GROUP I 

Compression tests on mortar filled steel tube. 

Test I A 

Plain mortar cylinder under axial compression. 2 in. diameter x 4 in, 
long. 
Area,= 3,14 in. % Strains measured by three longitudinal A7 gages. 

Load Stress Strain 
Kips Kips/in2 Indicated Difference 

0 0 9150 0 
1 3.2 9040 110 
2 6.4 8950 200 
3 9.6 8860 290 
4 12.7 8760 390 
5 15.9 8640 510 
6 19.1 8520 630 
7 22.2 8410 740 
8 25.4 8300 850 
9 28.6 8200 950 

10 32.0 8070 1080 
11 35.1 7940 1210 
12 38.3 7850 1300 
13 41.5 7740 1410 
Failure at 13, 900 = 44.3 k. s. i. 

Test IB 

Axial compression of mortar filled steel tube 1 1/2 in. diameter x 0.109 
in. wall. 3 in. long. Three longitudinal A7 gages. 

Load Specimen 1 Specimen 2 
Kips Indicated Difference Indicated Difference 

0 7500 0 -4750 0 
5 7170 330 4400 350 

10 6860 640 4070 680 
15 6550 950 3740 1010 
20 .6210 1290 3400 1350 
25 5850 1650 3050 1700 
30 5430 2070 2640 2110 
35 4900 2600 2100 2650 
40 4100 3400 1260 3490 
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Test. I C 

Axial compression of mortar filled steel tube 2 in. diameter x 0.065 
in. wall. 4 in. long. The longitudinal A7 gages. 

Specimen 1 

Load 
Kips 

Longitudinal Gage 
Indicated Difference 

Dial Gage 
Average Unit Strain 

0 7260 0 0 0 
5 6900 360 19.0 4.8 

10 6600 660 35.0 8.8 
15 6280 990 47.0 11.8 
20 5920 1340 59.0 14.7 
25 5550 1710 •' 61.5 15.2 
30 5210 2250 82.0 20.5 
35 -4450 2810 106.0 28.0 
40 3400 3860 165.0 41.2 

Specimen 2 

Load Longitudinal Gage 
Kips Indicated Difference 

0 10, 670 0 
2.5 10,510 160 
5.0 10, 360 310 
7.5 10,210 460 

10.0 10,060 610 
12.5 9, 870 800 
15.0 9, 670 1000 
17.5 9, 420 1260 
20.0 9,160 1510 
22.5 8, 890 1780 
25.0 8,580 2090 
27.5 8,250 2420 
30 7, 840 2830 
32.5 7, 300 3370 
35.0 6,700 3970 
37.5 6,000 4670 
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Test ID 

Axial compression of mortar filled steel tube 2 in. O. D. x 0.134 in. 
wall. 6 in. long. Three longitudinal A7 gages. 

Specimen 1 

Load Longitudinal Gage Dial Gage 
Kips Indicated Difference Average Unit Strain 

0 5770 0 0 0 
5 5570 200 16 2.7 

10 5390 380 28 4.7 
15 5230 540 40 6.7 
20 5030 740 54 9.0 
25 4830 940 68 11.3 
30 4640 1130 81 13.5 
35 ,4430 1340 95 15.8 
40 4200 1570 111 18.5 
45 3980 1790 128 21.3 
50 3690 2080 145 24.2 
55 3290 2480 170 28.3 
60 2850 2920 198 33.0 
65 2110 3660 244 40.7 
70 1000 4770 315 52.5 

Specimen 2 

Load Longitudinal Gage Dial Gage 
Kips Indicated Difference Average Unit Strain 

0 6370 0 0 0 
5 6170 200 18 3.0 

10 5960 410 29 4.8 
15 5770 600 44 7.3 
20 5580 790 58 9.6 
25 5400 970 71 11.8 
30 5180 1190 86 14.3 
35 4950 1420 101 16.8 
40 4700 1670 116 19.3 
45 4430 1940 134 22. 3 
50 4110 2260 154 25.7 
55 3720 2650 179 29.8 
60 3260 3110 205 34.1 
65 2400 3970 257 42.8 
70 1000 5370 324 54.0 



Test I- E 

Axial compression of mortar filled steel tube 2 1/2 in. O. D. x 0.065 
in. wall. 5 in. long. Three longitudinal A7 gages. 

Load Longitudinal Gage Dial Gage 
Kips Indicated Difference Average Unit Strain 

0 10,580 0 0 0 
5 10,280 300 18 3.6 

10 10,020 560 33 6.6 
15 .9,780 800 48 9.6 
20 9,460 1120 66 13.4 
25 9,160 1420 83 16.6 
30 8,820 1760 103 20.6 
35 8,320 2260 127 25.4 
40 7, 800 2780 155 31.0 
45 7,200 3380 186 37.2 
50 6,270 4310 236 47.2 
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Test I F 

Axial compression of mortar filled steel tube 3 in. O. D. x 0.065 in. 
wall x 6 in. long. Three longitudinal A7 gages. 

Specimen 1 

Load Longitudinal Gage Dial Gage 
Kips Indicated Difference Average Unit Strain 

0 10,120 0 0 0 
5 9850 270 31 5.2 

10 9630 490 50 8.3 
15 9430 690 66 11.0 
20 9270 850 80 13.3 
25 9050 1070 97 16.2 
30 8880 1240 112 18.7 
35 8670 1450 129 21.5 
40 8500 1620 143 23.9 
45 8320 1800 159 26.5 
50 8090 2030 179 29.9 
55 7820 2300 201 32.5 
60 7590 2530 220 36.7 
65 7240 2880 247 41.2 
70 6800 3320 279 46.5 

Specimen 2 
Load Longitudinal Gage Dial Gage 
Kips Indicated Difference Average Unit Strain 

0 7290 0 .0 0 
5 7060 230 33 5.5 

10 6850 440 54 9.0 
15 6640 650 71 12.0 
20 6450 840 86 14.3 
25 6260 1030 100 16. 6 
30 6050 1240 113 18.8 
35 5860 1430 127 21.2 
40 5650 1640 144 24 
45 5435 1855 160 26.6 
50 5150 2140 181 30.2 
55 4900 2390 201 33.5 
60 4500 2790 227 37.7 
65 4000 3290 263 43.9 
70 3300 3990 317 53.0 
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GROUP n 

Compression and bending tests on mortar filled steel tube. 

Test H A 

Plain mortar cylinders under axial compression. 2 in. diameter 
x 4 in. long. Three longitudinal A 7 gages. 

Load 
Kips 

Stress 
Kips/in^ Indicated 

Strain 
Difference Indicated Difference 

0 0 8430 0 9420 0 
1 3,2 8290 140 9260 160 
2 6.4 8185 245 9140 280 
3 9.6 8100 330 9030 390 
4 12.7 8010 420 8930 490 
5 15.9 7900 530 8820 600 
6 19.1 7835 595 8710 710 
7 22.2 7720 710 8570 850 
8 25.4 7620 810 8480 940 
9 28.6 7520 910 8360 1060 

10 32.0 7410 1020 8240 1180 
11 35.1 7310 1120 8130 1290 
12 38.3 7220 1210 8000 1420 
13 41.5 7120 1310 7860 1560 
14 44. 6 7020 1410 7750 1670 
15 47.8 6900 1530 7610 1810 

failure at 15*900 failure at 15, 600 

Test H B 

Axial compression of mortar filled steel tube 1 1/2 in. 0. D. x 0.109 
in. wall x 4 in. long. Three longitudinal A 7 gages • 

Load Longitudinal Gage Dial Gage 
Kips Indicated Difference Average Unit Strain 

0 9240 0 0 0 
5 8900 340 30 7.5 

10 8580 660 40 10.0 
15 8260 980 52 13.0 
20 7950 1290 67 16.8 
25 7610 1630 85 21.2 
30 7190 2050 106 26.5 
35 6600 2640 138 34.5 
40 5550 3690 190 47.5 
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Test H C 

Axial compression of mortar filled steel tube 2 in. O.D. x 0.065 in. 
wall x 4 in. long. Three longitudinal A7 gages. 

Specimen 1 

Load Longitudinal Gage 
Kips Indicated Difference 

0 10,410 0 
5 10r070 340 

10 9750 660 
15 9350 1060 
20 8930 1480 
25 8140 2270 
30 7310 3100 
35 6100 4310 
40 4000 6410 

Specimen 2 

Load Longitudinal Gage Dial Gage 
Kips Indicated Difference Average Unit Strain 

0 5400 0 0 • 0 
5 5050 350 30 7.5 

10 4720 680 53 13.2 
15 ,4380 1020 69 17.2 
20 4010 1390 85 21.1 
25 3590 1810 106 26.2 
30 3070 2330 132 33.0 
35 2400 3000 165 ,41.2 
40 1200 4200 222 55.5 
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Test IID 

Axial compression test on mortar filled steel tube 2 in. O. D. x 0.134 
in. wall x 6 in. long. Three longitudinal A I gages. 

Load Longitudinal Gage Dial Gage 
Kips Indicated Difference Average Unit Strain 

0 10,110 0 0 0 
5 9920 190 54 8 

10 9730 380 76 12.7 
15 9520 590 92 15.3 
20 9330 780 106 17.7 
25 9120 990 121 20.1 
30 8920 1190 136 22.7 
35 8720 1390 152 25.3 
40 8460 1650 172 .28.7 
45 8230 1880 188 31.3 
50 7950 2160 210 35.0 
55 7580 2530 235 39.1 
60 7050 3060 268 44.3 
65 6400 3710 311 51.8 
70 5600 4510 366 61.0 

Test IE E 

Axial compression of mortar filled.steel tube 2 1/2 in. O. D. x 0. 
in. wall.x 5 in. long. Three longitudinal A I gages. 

Load Longitudinal Gage Dial Gage 
Kips Indicated Difference Average Unit Strain 

0 10,040 0 0 0 
5 9780 260 18 3.6 

10 9530 510 38 7.6 
15 9290 750 52 10.4 
20 9020 1020 67 13.4 
25 8720 1320 83 16. 6 
30 8450 1590 99 19.8 
35 8040 2000 122 24.4 
40 7660 2380 144 28.8 
45 7100 2940 174 34. 8 
50 6350 3690 216 43.2 
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Test IIF 

Axial compression of mortar filled steel tube 3 in. O. D. x 0.065 in. 
wall x 6 in. long. Three longitudinal A I gages. 

Load Longitudinal Gage Dial Gage 
Kips Indicated Difference Average Unit Strain 

0 10,510 0 0 0 
5 10, 220 290 32 5.3 

10 10,000 510 50 8.3 
15 9780 730 66 11.0 
20 9590 920 79 13.2 
25 9370 1140 96 16.0 
30 9160 1350 114 19.0 
35 8940 1570 133 22.2 
40 8720 1790 151 25.2 
45 8510 2000 169 28.2 
50 8270 2240 189 31.5 
55 8000 2510 211 35.2 
60 7500 3010 246 41.0 
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Test n G 

Mortar filled steel tube 2 in. O. D. 
Bending due to central load on span 
on graph. 

Load Cell Load 

Difference lb 1 

0 0 0 
30 169 230 
60 339 520 
90 509 830 

120 679 1,100 
150 848 1,405 
180 1015 1,705 
210 1185 2,160 
240 1358 2,630 

Test IIH 

Mortar filled steel tube 2 in. O. D. 
Bending due to central load on span 
shown on graph. 

Load Cell Load 

Difference lb 1 
0 0 0 

30 169 140 
60 339 270 
90 509 420 

120 679 565 
150 848 710 
180 1015 850 
210 1185 995 
240 1358 1,. 135 
270 1527 1, 275 
300 1696 1,410 
330 1865 1,550 
360 2030 1, 690 
390 2200 1,830 
420 2370 1,960 
.450 2540 2,120 
480 2710 2,280 

0.065 in. wall x 5'-0M long. 
E 56 in. Gage positions shown 

Gage Differences 

2 3 4 

0 0 0 
210 260 70 
500 660 145 
920 1,110 240 

1, 285 1, 550 340 
1, 645 2, 035 440 
2,080 2, 770 615 
2, 640 4,065 850 
3, 350 6> 620 1, 350 

x 0.134 in. wall x 5r-0" long. 
of 56 in. A 7 gage positions 

Gage Differences 

2 3 4 
0 0 0 

170 190 50 
330 390 105 
495 580 155 
680 840 215 
835 1,040 265 

1,121 1, 255 315 
1,200 1,460 365 
1, 380 1,670 415 
1, 560 1,880 465 
1, 740 2,080 515 
1,910 2,290 565 
2,080 2,495 615 
2,260 2, 710 665 
2, 420 2,965 735 
2,590 3, 350 855 
2,775 3,940 1, 025 
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Group IH 

Compression and loading tests on mortar filled steel tube. 

Test HE A 
Plain mortar cylinders under axial compression 2 in. diameter x 4 in. 
long. Area = 3.14 in^. Strains measured by three longitudinal A 7 
gages and one lateral A 7 gage. 

Load Stress Longitudinal Strain Lateral Strain 
Kips Kips/in.z Indicated Difference Indicated Difference 

0 0 9485 0 12, 650 0 
1 3.2 9385 100 12, 680 30 
2 6.4 9250 235 12, 720 70 
3 9.6 9140 345 12, 765 115 
4 12.7 9050 435 12, 790 140 
5 15.9 8925 560 12, 830 180 
6 19.1 8800 685 12, 860 210 
7 22.2 8680 805 12, 895 245 
8 25.4 8500 985 12,935 285 
9 28.6 8385 1100 12,970 320 

10 32.0 8130 1355 13, 025 375 
11 35.1 7910 1575 13,080 430 
12 38.3 7715 1770 13,130 480 
13 41.5 7440 2045 13,190 540 

failure at 13, 400 

Load Stress Longitudinal Strain Lateral Strain 
Kips Kips/in. ^ Indicated Difference Indicated Difference 

0 0 9010 0 11,135 0 
1 3.2 8870 140 11,115 20 
2 6.4 8770 240 11,170 35 
3 9.6 8665 345 11,190 55 
4 12.7 8545 465 11, 220 85 
5 15.9 8400 610 11,255 120 
6 19.1 8300 710 11,280 145 
7 22.2 8170 840 11, 310 175 
8 25.4 8030 980 11, 350 215 
9 28.6 7890 1120 11, 390 255 

10 32.0 7710 1300 11, 430 295 
11 35.1 7460 1550 11, 490 355 
12 38.3 7220 1790 11, 550 415 
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Test nrB 

Axial compression of mortar filled steel tube 2 3/4 in. O. D. x 0.035 in 
wall x 5 1/2 in. long. Three longitudinal A 7 gages and one A 7 lateral 
gage. 

Load on mortar and steel. Load was maintained at each reading for 
approximately five minutes in order to allow flow or creep of concrete. 

Load Longitudinal Gage Lateral Gage 
Kips Indicated Difference Indicated Differen 

0 11, 000 0 10, 585 0 
2.5 10,910 90 10, 590 5 
5.0 10, 820 180 10, 605 20 
7.5 10,765 235 10, 630 45 

10.0 10,725 275 10, 665 80 
12.5 10, 675 325 10, 700 115 
15.0 10, 600 400 10, 730 145 
17.5 10, 515 485 10, 760 175 
20.0 10, 400 600 10, 810 225 
22. 5 10, 280 720 10, 885 300 
25.0 10,100 900 11, 000 415 
27.5 9, 870 1130 11,175 590 
30 9,. 665 1335 11, 285 700 
32.5 9, 380 1620 11, 450 865 
35.0 9,100 1900 11, 650 1065 
37.5 8, 580 2420 12,100 1515 
40.0 6r400 4600 14, 000 3415 
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Test HI C 

Axial compression of mortar filled steel tube 2 3/4 in. O. D. x 0.035 in. 
wall x 5 1/2 in. long. Load was applied to both mortar and steel and 
load rate was maintained, at 20% on Tinius Olsen machine. Three A 7 
longitudinal gages and one A 7 lateral gage. 

Load Longitudinal Gage Lateral Gage 
Kips Indicated Difference Indicated Difference 

0 11,150 0 13, 410 0 . 
5 11, 080 70 13, 460 50 

10 10, 970 180 13, 510 100 
15 10, 825 325 13, 585 175 
20 10, 725 425 13, 680 270 
25 10,615 535 13, 750 340 
30 10, 450 700 13, 850 440 
35 9, 730 1420 14, 200 790 
40 9, 000 2150 14, 500 1090 
45 8,200 2950 

Test IE D 

Axial compression of mortar filled steel tube 2 3/4 in. O.D. xO.i 
in. wall x 5 1/2 in. long. Load on mortar only. Load increased i 
5 minute intervals to allow flow or creep. Three A 7 longitudinal 
gages and one A 7 lateral gage,, all attached to steel shell. 

Load Longitudinal Gage Lateral Gage 
Kips Indicated Difference Indicated Difference 

0 10, 685 0 10, 240 0 
5 10,555 130 10, 320 80 

10 10, 445 240 10, 380 140 
15 10,330 355 10, 435 195 
20 10,180 505 10, 500 260 
25 9,980 705 10, 585 345 
30 9, 730 955 10, 725 485 
35 9, 450 1235 10, 940 700 
40 9,120 1565 11, 240 1000 
45 8, 540 2145 11,950 1710 
50 7, 635 3150 
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Test 331 E 

Axial compression of mortar filled steel tube 2 3/4 in. 0. D. x 0.049 
in. wall x 5 1/2 in. long. Load on mortar and steel. Three A 7 
longitudinal gages and one A 7 lateral gage. Load increased at five 
minute intervals to allow flow and creep. 

Load. Longitudinal Gage Lateral Gage 
Kips Indicated Difference Indicated Difference 

0 10, 565 0 9, 635 0 
5 10, 430 135 9, 655 20 

10 10,.355 230 9, 700 65 
15 10, 260 305 9, 745 110 
20 10,180 385 9,815 180 
25 10,010 555 9, 915 280 
30 9,650 915 10,050 415 
35 9,290 1275 10,140 505 
-40 8,930 1635 10,260 625 
45 8,400 2165 10,420 785 

Test IH F 

Axial compression of mortar filled steel tubes 2 3/4 in. 0. D. x 0.049 
in. wall x 5.1/2 in. long. Load on mortar and steel. Three A 7 
longitudinal gages. Specimen 1 was loaded at 20% pacer rate while 
specimen 2 loading was increased at five minute intervals. 

Load Specimen 1 Specimen 2 
Kips Indicated Difference Indicated Difference 

0 10, 670 0 11,105 0 
5 10, 620 50 11, 050 55 

.10 10,560 110 10,970 135 
15 10, 500 170 10, 900 205 
20 10, 400 270 10, 830 275 
25 10, 3,00 370 10, 710 395 
30 10,140 530 10,430 675 
35 9, 830 840 10,130 975 
.40 9,490 1180 9, 740 1365 
-45 9,140 1530 9, 400 1705 
50 8,760 1910 9,030 2075 
55 8, 250 2420 
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Test DIG 

Bending test on mortar filled steel tube 2 3/4 in. O. D. x 0.035 in. 
wall. Loading and gages shown on graph. 

Load Cell Load 2 W 
difference lb. 1 2 3 4 5 

0 0 0 0 0 0 0 
3.0 169 115 -10 15 105 20 
60 339 240 -15 15 245 60 
90 509 535 90 100 405 110 

120 679 745 120 130 535 180 
150 848 1135 210 240 735 200 
180 1015 1340 240 270 890 215 
210 1185 1555 270 310 1055 240 
240 1358 1785 320 355 1225 250 
270 1527 2025 370 410 1410 280 
300 1696 2535 485 540 1665 310 
330 1865 2820 570 625 1925 380 

Test m H 

Bending test on mortar filled steel tube 2 3/4 in. 0. D. x0.049 in. 
wall. Loading and gages shown on 

Load Cell Load 2 W 
difference lb. 1 

graph. 

2 3 4 5 
0 0 0 0 0 0 0 

20 113 30 -5 0 35 15 
40 226 110 -5 5 115 •45 
60 340 185 -5 0 190 65 
80 453 • 260 0 0 260 90 

100 566 400 45 30 330 140 
120 679 550 75 65 400 175 
150 848 685 125 90 515 220 
180 1015 840 175 125 665 295 
210 1185 1015 210 140 790 335 
240 1358 1260 240 150 920 375 
270 1527 1430 270 165 1060 425 
300 1696 1630 325 195 1190 495 
330 1865 1810 360 215 1340 540 
360 2030 2005 405 240 1470 580 
390 2200 2195 460 270 1625 630 
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STEEL TUBE fin. O.D. x 0.035 in. WALL 
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TENSION TE3T 

STEEL TUBE 2m. O.D. x 0.065in WALL 

GRAPH 3b 
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B3 

TENSION TEST GRAPH 3e 

STEEL TUBE 3 in. O.D. x O.U65 in. WALL 
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TENSION TEST GRAPH 4 

ALUMINUM TUBE 2in O.D. x 0.035rn WALL. 

UNIT STRAIN (MICROINCHES) 
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B5 

COMPRESSION TEST. GRAPH 7a. 

STEEL TUBE l‘/2 IN. O.D. 0.109 IN. WALL x 4IN. LONG. 
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B 6 

COMPRESSION TEST, GRAPH 7b 

STEEL TUBE 2IN. O.D. x 0.065IN. WALL x 4IN. LONG. 
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.COMPRESSION 
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TEST. 
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GRAPH 7c 
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B 8 

COMPRESSION TEST. GRAPH 7 f 

5TEEL TUBE 3 IN. O.D. x 0.065IN. WALL x 6IN. LONG. 
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GROUP I GRAPH IA 

PLAIN MORTAR CYLINDER. 2 IN. DIA. x 4lN. LG. 
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GROUP I GRAPH IB 

MORTAR FILLED STEEL TUBE I ^ IN DIA xO.I09 IN. WALL. 
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GROUP I GRAPH IC 

MORTAR FILLED STEEL TUBE 2m. DIA. x 0.065m WALL. 
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GROUP I GRAPH ID 

MORTAR FILLED STEEL TUBE 2in 00. x O.L34m. WALL 
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B 13 

MORTAR FILLED STEEL TUBE 2in.O.D. x 0065in WALL 
LOAD ON MORTAR ft STEEL. 
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GROUP I GRAPH IF. 

B 14 

MORTAR FILLED STEEL TUBE 3 in. O.D. x OO 65in. WALL. 
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GROUP I GRAPH ITB 

B 15 

MORTAR 
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FILLED STEEL TUBE 
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B 16 

MORTAR FILLED STEEL 
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MORTAR FILLED STEEL TUBE 2in.O.D. x 0.134m. WALL. 
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B 18 

GROUP n 

MORTAR FILLED STEEL TUBE z¥z in. O.D. x 0.065in WALL 
LOAD ON MORTAR 8 STEEL 
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GROUP IT GRAPH ILF 

MORTAR FILLED STEEL TUBE 3m. DIA. 
-OAD ON MORTAR 8 STEEL 

0.065 in WALL 
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B 20 

GROUP m GRAPH IB 

MORTAR FILLED STEEL TUBE 23/4 in O.D. x 0.035in WALL 

LOAD ON MORTAR 8 STEEL. 
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B 21 

ERQVP m 
MORTAR FILLED STEEL TUBE 23/4in DIA. x 0.035m WALL 

LOAD ON MORTAR a STEEL 
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GROUP m GRAPH m E 

MORTAR FILLED STEEL TUBE ZzA in O.D. x 0.049in WALL 

LOAD ON MORTAR 8 STEEL 
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Cl 

Total moment = 2 I (R2 + X2 - y2 - 21 J R2 - y2' ) 
J ° - dz 

JtRa + X2 ) y - ^3j - R2X 
^rsin - 1 y 

e + sin^e R 

= j~(R2 + X2 ) (R2 - X2)1/2 - (R2 - X2)3/2 -R2xj© +sin 26^ R 

Values of the above expression were calculated and are tabulated below. 

Second Moment of Area (Inertia) of Circular Segment about its base B-B 

3 Inertia of strip about base B-B = X dy, 
, 3 

I = -|y [ (r2 - y2 ) 3/2 - 3 X (R2 - y2) + 3 X2 (R2 - y2) 1/2 - X3] dy 

= 2 jy ^R4 cos4 6 d 6 - (3 X R2 - 3 Xy2 + X3) dy + 3 X2R2 cos2 6d 6 

-it 3 X R2 y - X y3 + X3 y + R2 X2 6 + sin .26 
J 2 

2 R 
3 

36 + sin 26 + sin 46 
8 4 . 32 



C2 

= R4 

1 9 9* i sin"-*- 

+ sin 20 + 4ft 
48 J 

+ R2 X2 

TT 

0 + sin 20 

sin"1 (Br - X^) 
R 

•‘Sin (R2 - X2) ^ 
R 

J o 

- 4 X (R2 - X2 )1/2 (R2 + X2 ) 

Values of the above expression are tabulated below 

C = First Moment of Area 

RK 

K = Second Moment of Area 

R 

F = First Moment of Area 

X R 

X/R C 

0 .667 
.05 .591 
.10 .519 
.15 .453 
.20 .391 
.30 .286 
.40 .195 
.50 .126 
.60 .074 
.70 .036 
.80 .013 
.90 .003 

1.00 0 

K F 

.393 oC 

.330 11.82 

.274 5.19 

.226 3.02 

.183 1.99 

.116 .95 

.068 .49 

.036 .25 

.017 .12 

.004 .05 



C3 

Mortar-Filled Steel Tube 

2" O.D. x 0.065" wall 

Area of steel tube 

Inertia of steel tube 

Area of mortar 

Radius of mortar 

Modular ratio 

= 0. 395 in. 2 

= 0.185 in.4 

= 2. 746 in. 2 

= 0.935 in. 

= 30 = 10 
3.0 

Moments about N. A. 

0. 395 x 10 x X = CR3 = CxO.9353 

3.95 = Moment = F R2 

From graph 9b 

X 

F = 3.95 = 4.52 
0.9352 

X/R = 0.11 

X = 0.11 x 0.935 = 0.103" 

iNA = KR* + Idia + AY 

= 0.265 x0.935 + 0.185 + 0.395 x 0.103^ 
10 4 = 0.0203 + 0.185 + 0.0042 = 0.2295 in.41 

Strain = WLxY x _I = WL x 0.897 = 65 WL for top 
2 I 30 2x0.2295 x 30 

LetL = 22" 

or = WL x 1.103 = 80 WL for bottom 

W 400 600 1000 1200 
et 570 860 143 1720 
eu 704 1050 176 2110 
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Investigation into the Flow of Marble". Philosophical 
Transactions of the Royal Society. Series A. Volume 
195. 1901 p.p. 363-401. 

An early work, commencing with a review of all available previous 

work. A description of the apparatus employed is given and shows that the 

cylindrical rock samples were encased in a tube of wrought iron. Axial 

loading was provided by a testing machine and deformation of wet and of dry 

samples was carried out. Test at high temperature were also made as were 

tests over extended periods of loading, up to 124 days. Most specimens be¬ 

came barrel shaped and, in general, the strength of the rock increased as 

the rate of deformation decreased. By sectioning the deformed specimens 

the structure of the material was examined. Cones at each end were ob¬ 

served as was the shearing and plastic movement of the grains. Only a 

qualatative description of the tests is given although the descriptions of the 

specimen materials before and after testing are comprehensive. 
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Lilley, W. E., "The Strength of Columns", Proc.Inst. 
Mech. Eng. London 1905, Part 3 and 4, p. 697. 

A report of some eight hundred experiments on columns made from 

small diameter (3/8 in. to 1 in.) and thin wall (16 to 20 gage) mild steel 

tubes. All specimens were pin ended and results were considered on the 

basis of the Euler and of the Rankine-Gordon formulae. Explicit details of 

the tests are not given and the data is presented in graphical form. It is 

pointed out that the thickness of the wall is of as much importance as the 

radius of gyration and shows that for large thin tubes failure takes place by 

wrinkling (secondary failure). For this failure the total length of the column 

has little effect. 



Mason, W.,- "Mild Steel Tubes in Compression and Under 
Combined Stress". Proc. Inst, of Mech. Eng. London 
1909, Parts 3 and 4, p. 1205. See also pages 1237 and 
1278. 

Using two sizes of tube, 3 in. diameter x 14 gage, and 2 3/4 in. dia¬ 

meter x 10 gage, tests were made with various stress conditions caused by- 

combinations of internal pressure and axial tension or compression. Only 

axial strains were measured, and note is made of the difficulty of obtaining 

tubes with uniform wall thickness. For many of the tests of axial com¬ 

pression failure occured, by wrinkling at a stress below the tensile yield 

stress. The appearance of "Luder’s Lines" on the tube surface was ob¬ 

served. Tests of particular interest are those on tubes subject to axial 

compression and simultaneous internal pressure causing hoop tension. The 

yield point was well defined and consistent, and the Luder Lines corres¬ 

ponded almost exactly with the plans of maximum theoretical shear stress. 

When these lines occured on the outside of the tube, their appearance ex¬ 

actly coincided with the first indication of yield. Considerable variation 

of the internal pressure made very little , difference to these lines and short 

tubes gave practically the same yield-point stress as long tubes. 

Yield stresses from the various tests are plotted on a perpendicular 

stress coordinate system and although not mentioned in the article, tend to 

confirm the energy-of-distortion theory of failure. 

Immediately following the above article is another report (p. 1237) 

on "Compound Stress Experiments" by C. A. M. Smith. 

A review of previous work is followed by a description of the appar¬ 

atus used in the new tests of torsion combined with axial stress on solid 
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steel specimens. Test results are tabulated and mention is made of the 

"time effect" or plastic flow after the yield point is reached. The conclusion 

is that Guest's theory of failure (maximum shear stress) applies to mild 

steel in torsion and compression and in torsion and tension. 

An appendix contains a note on the determination of true axial strain when 

the axial strains are measured at three points on the circumference, showing 

it to be the arithmetic mean. A further appendix shows how the bending 

effect may be obtained from the three readings and illustrates the consider¬ 

able variation existing between the individual gage readings; this empha¬ 

sizes that a ball and socket end bearing does not supply a true pin end. 

A considerable discussion follows. 
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Talbot, A. N. and Lord, A. R., "An Investigation 
■ of the Value of Concrete as Reinforcement for 

Structural Steel Columns.11 University of Illinois 
Engineering Experiment Station Bulletin No. 56, 
March 1912. 

This early work is a report of an experimental investigation of the 

strength of composite columns. 

The steel column section was of constant form in all tests, the com¬ 

bined, column being of three types. In the first (core type) the concrete 

was within the overall diameter of the steel core; in the second type (fire¬ 

proofed) the concrete completely eneased the steel with a minimum cover 

of 2" to represent a fireproof construction, and the final type consisted of 

a wire spiral in contact with the steel core, the concrete filling being flush 

with the outer face of the spiral. Plain steel columns of the standard sec¬ 

tion were also tested. 

Properties of the steel and aggregate are given but the concrete mixing 

procedure was hardly comparable to modern methods; for example the 

water proportioning was determined: "Water was added in sufficient quan¬ 

tity to produce a distinctly wet mixture which would run rapidly from the 

shovel. The whole was then turned until thoroughly mixed". Test cy¬ 

linders and cubes were made from each batch of concrete and cured in 

damp sand. Deformations were measured by wire would dial extenso- 

meters. 

Testing was carried out both at Lehigh and at Illinois and it is pointed 

out that for each reading the machine was stopped and the columns allowed 

to deform for a short period before taking readings. This is essential for 
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composite constructions and has been found essential in the present inves¬ 

tigation. 

Plain steel columns were tested, resulting in curved rather than 

straight load-deformation graphs. 

Core type columns showed small deformations, but at final failure 

"the crushing of the concrete was frequently more marked at the top of 

the column than elsewhere, due probably to the smaller density of the 

concrete at this place". It is suggested "within the limits of lengths 

tested the effect of length upon strength of columns is a function of the 

slenderness ratio of the steel itself and is almost independent of the slen¬ 

derness ratio of the concrete". As a simple determination of the load 

carried by the concrete curves were obtained by subtracting the load 

carrying capacity of the plain steel column from that of the composite 

column. These curves corresponded quite well with the curves obtained 

by load-deformation tests on the plain concrete cubes and cylinders. It 

is pointed out that for near ultimate loads on the composite section the 

concrete stress becomes nearly constant in value over a considerable 

range of shortening. Comparing the strengths of column and sample con¬ 

crete as above, a method of design was proposed by which the strength of 

the plain steel column is first determined by considering 1/r and then 

adding a value ("say two-thirds of cube strength") of strength of concrete 

core and then applying a suitable safety factor. 

Tests on the "fireproofed" columns were similar to those above. 

However it appeared that the stresses in the sheel concrete were of the 

order of one half the stresses in the core concrete. The corresponding 
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small deformation in the shell resulted in cracking and spalling only near 

the ultimate load on the column. 

Owing to greater loading carrying capacity of the spiral would columns, 

it was necessary to carry out some of the ultimate load tests at Lehigh and 

it was found that the extra delay of some three months caused the overall 

strength of the composite column to increase by some 30%. Tests on 

these "aged" columns resulted in almost linear load-deformation curves, 

ending in a pronounced yield failure, although those tested at 60 days gave 

curves similar to those of the other column types. The yield point took 

place at about the same load for columns with 3/4% of spiral reinforcement 

as for those with 1%. However, "during this later part of the test the dif¬ 

ference in spiralling becomes apparent and the heavier spirals show 

greater strength". It is pointed out any attempt to use an imaginary (Sic) 

spiral strength at working loads could result only in very high actual unit 

deformations. "The use of large percentages of spiral reinforcement in 

columns of the type here considered is hardly justifiable." 

The summary notes: - 

1) "Load-deformation diagrams diverge from a straight line at loads 

well below the maximum". 

2) In the concreted columns of the core type the stress taken by the 

concrete was almost independent of the slenderness ratio. 

3) The concrete of the columns was less strong or less stiff than that 

of the cylinder and cube samples. (This is the reverse of the results 

of present investigation). 

4) From the overall results the values of the modular ratio varied from 
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15 to 45 but in general was considerably higher (30) than the values 

generally used. 

5) For columns of composite type the use of heavy spiral reinforcement 

was not justified and "A basis for design which seems rational is to 

determine the strength of the steel column by the use of the column 

formula for the 1/r of the steel column and then to consider the con¬ 

crete of the core section (without reference to the length of the column 

for any ordinary length ratio, say a length of 15 diameters) to have 

a stress value proportional to the strength of the plain concrete, say 

two thirds of the cube strength. A suitable factor of safety would of 

course be somewhere applied." 
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Popplewell, W. C. and Carrington, H., "The Failure of 
Short Tubular Struts of High Tensile Steel". Proc. hist. 
Civil Engineering, Volume 203, 1916-17, p. 381. 

A fairly brief report of axial compression tests of thin walled tubes. 

Two classes of steel were used, "annealed" and "hard" and there is a 

6 considerable variation in the modulus of elasticity (from 26. 3 x 10 to 
0 

30.4 x 10° lb. per sq. in.). As with the present investigation, wrinkles 

formed first at the ends of the specimen in spite of different end conditions. 

For t/R greater than 0.1 a definite yield point was observed while for values 

just below 0.1 the yield was not clearly defined. 
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Brandtzaeg. "A Failure of a Material Composed 
of Non-isotropic Elements. " det kgl. Norske 
Videnskabers Selskabs Skrifter 1927 Nr. 2 
Trondhjem Norway 

Essentially a theoretical analysis of the mode of failure of a granular 

material. A short review of existing theories of failure points out their 

assumption of isotropic homogeneous material and leads to a discussion 

of Mohr's "Planes of Least Resistance" Theory, noting that by this the 

relevent stresses are the maximum and minimum principal ones, the in¬ 

termediate principal stress having no influence on the failure. The work 

of Karman and Boker is considered and the analysis is a development of 

Boker's treatment. 

The material considered is granular or crystalline and it is assumed 

that failure takes place either by splitting or by sliding. Splitting occurs 

as failure across a plane normal to the direction of the maximum tension, 

and is assumed to be abrupt, without plastic action. Sliding occurs when 

the resistance of the material is less than the tangential stress acting on 

a plane. It is assumed that the angular deformation is a linear function of 

the stress up to a limiting value of the stress. The deformation then be¬ 

comes plastic without increase of stress. By considering the material to 

be formed of small elements each of which has planes of weakness to 

sliding failure in a particular direction Brandtzaeg created the non-iso¬ 

tropic material. These planes have no relation to possible tensile failure 

and these planes, being within the "elements" or crystals make the 

analysis one of "intra-granular" failure although as the Author points 
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out it may easily be extended to inter-granular failure as between the 

grains or aggregate of concrete. 

It is assumed that a "unit volume" of the material contains sufficient 

"elements" each with its own "plane of weakness" so that a statistical ap¬ 

proach may be used. The elastic resistance T to sliding on such a plane 

depends upon the shear strength T and upon the compressive stress cr 

across the plane, which causes a frictional effect. 

i.e. T = T0 + f cr 

When this shear stress at a point reaches the elastic limit of the material 

plastic yielding takes place at the point. As the stress increases the 

plastic region increases and since the planes of weakness are arbitrarily 

distributed deformation may be plastic and elastic on different grains, IE, 

however, certain large deformations take place, some elements may fail 

other than along their plane of weakness, and in this case the material 

becomes "disorganized". 

Two cases of average stress considered; one in which the axial stress 

is greater than the other two equal stresses and the other in which the 

axial stress is less than the others. 

By considering the "elements" in unit volume to be very numerous, and 

each having a different direction of weakness, it is shown that these planes 

of weakness can be considered as forming a hemisphere. Obviously the 

position of a point on the hemisphere has no relation to the location of the 

corresponding element in the material. Until some elements begin to de¬ 

form plastically, the stress in each element is equal to the average stress. 

Attention is directed to the variations in the stresses which result from the 
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differences in the directions of weakness of different elements as plastic 

deformations begins. 

An essential assumption of the theory is that the deformation of all 

elements is the same and it follows that the volumetric change is the same. 

Using this basis and a corresponding "volume-stress" theory shows how 

plastic failure starts on a weakness plane represented by a point on the 

hemisphere and how the plastic region extends upwards and downwards 

from this lattitude as the average stresses on the unit volume increase. 

Equilibrium stresses are then determined for these plastic elements in 

terms of the angles of their respective planes of weakness. Similar equa¬ 

tions are also obtained for the elements which are still elastic and by 

suitable integration these stresses are summed for a unit volume to ob¬ 

tain principal average stresses. Equations for deformations of the unit 

volume are also obtained. 

These final equations form a relationship between the various pro¬ 

perties of the material and the extent of plasticity developed under stress. 

By using typical values for shearing and tensile strength, modulus of 

elasticity, Poisson's ratio and angle of internal friction, Brandtzaeg shows 

how plasticity develops in the material and gives graphs of various re¬ 

lationships. He shows that in order to increase the (plastic) stress in an 

element it is necessary to increase the lateral stress. Due to the plastic 

deformation of some elements, tension is developed in others and it is 

failure under this tension which caused ultimate failure of the element. 

These minute cracks can be expected to combine into continuous cracks 

causing "splitting". 
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A discussion of a hooped cylinder then follows. The hooping is assumed 

to be elastic and it is shown that since the lateral force is determined by the 

hoop stress, which in turn is determined by the lateral strain, the critical 

stresses are reached before the lateral deformation is sufficient to cause 

the required increase of lateral stress. However by assuming the hooping 

to be completely elastic for large deformations it is shown that the average 

axial stresses may be increased indefinitely, although deformations will 

be large. (As shown in the present work the hoop deformations required 

for this lateral stress are considerably beyond those causing plastic failure 

in the surrounding steel tubes). 

A general discussion of the applicability of the analysis to deformation 

and failure of concrete then follows. It is noted that concrete has planes 

of weakness, either at the surface of the aggregate or within the crystal¬ 

line structure of the aggregate. Evidence for internal friction affecting the 

resistance to sliding is mentioned in the form of experiments carried out. 

It is stated that the development of lateral stress in an axially loaded 

column is directly influenced by the percentage of. spiral reinforcement, 

and is not influenced by the deformation. Although not stated explicitly it 

is assumed that this remark applies for stresses in the elastic range; this 

is to be expected from simple theory. This assumption is confirmed by 

later mention of "plastic failure of concrete" in which large deformations 

are accompanied by little change of stress. It is also pointed out that the . 

numerical value used above are only typical values and that the assumed 

material is uniform whereas concrete may vary. 

A comparison of the theory with experimental data is made. The 
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tests consisted of concrete cylinders subject to simple axial load and graph 

are given of the theoretical and experimental curves. It is noted that values 

of the constants of the materials are chosen to make the curves agree. 

These curves show an appropriate effect at or near the "critical stress" 

(of splitting) and curves are given showing the volumetric change. As ex¬ 

pected the volume decreases within the elastic range but increases above 

the "critical stress" due to the minute cracks caused by "splitting failure" 

of elements. Tests in which lateral compression was applied are also 

mentioned as verifying the theoretical analysis. The experiments are also 

considered on the basis of other theories of failure and is considered that 

the new theory offers a much better explanation of the failure. 

The conclusion describes the three stages of failure as developed in 

the theory; first, a completely elastic condition, which due to variation in 

the properties of concrete may be very limited, secondly a stage where 

some elements are deforming plastically and others elastically, and thirdly 

the condition where the resulting tensile stresses cause the minute split¬ 

ting and the material becomes "disorganized". Failure often occurs as a 

"crumbling" of the material which under compression may appear as a 

"totally plastic" condition. Mention is made of the effect of rate of loading. 

"A specimen may fail in compression under stresses not much more than 

three-fourths of those which it could be made to carry in a short time 

test". 
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Robertson, A., "The Strength of Tubular Struts", Tech. 
Report of Aeronautical Research Committee, 1928-1929, 
Vol. H, p. 935. 

This important report first reviews and criticizes other investigations, 

both theoretical and practical. A description of the apparatus used by the 

author follows and it is noted that a mirror type extensometer is used, 

averaging strains on two diametrically opposite side of the specimen. Stan¬ 

dard tubes were used and some were further machined to ensure uniformity 

and suitable thickness while other tubes were formed from plat plate. Mild 

steel, nickel chrome steel, steel iron and carbon steel strip were materials 

used. 

For the first tests mild steel tubes were machined from solid bar. The 

yield for the material was 18 tons per sq. inch but it was only when the t/R 

ratio was lower than 0.02 that the compressive failure stress fell below this 

yield value. 

Mild steel tube tests showed that for t/R less than about 0.44 the tube 

sustained the yield stress and then collapsed. Even for very small values 

of t/R the compressive failure strength was equal to or greater than the 

tensile yield stress. 

For nickel chrome steel tubes tensile yields 28 to 39 tons per sq, in. 

were record but tubes of this material showed no signs of collapse under 

stresses of 72 tons per sq. in. 

Results are compared with those of Popplewell and Carrington and 

Robertson disagree entirely with their conclusions. 

Report of tests on built up tubes of steel and of spruce follow together 
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with a discussion and correction of Southwell's formula. Tests of tubular 

struts are also recorded, these being of high L/r ratios and good agreement 

with the Euler load is shown. 

The conclusions are that a) For mild steel the strength depends upon 

the yield stress and not upon the wrinkling stress provided that t/E, is 

greater than 0.02. b) For short compression tubes failure is at the yield 

stress or at a stress which is between 0.4 and 0. 6 of the yield stress. 
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Richart, F. E., Brandtzaeg, A., Brown, R. L., 
"A Study of the Failure of Concrete Under Combined 
Compressive Stresses" University of Illinois Bulletin 
No. 185. 1928. 

This study is a sequel to Brandtzaeg's theoretical analysis and con¬ 

sists of a large number of compression tests. A review of current theo¬ 

ries of failure, and of Mohr's theory in particular, offers evidence that 

these theories do not agree with experimental results. The work of 

Karman and Boker is mentioned specifically and this leads to a full dis¬ 

cussion of Brandtzaeg's theory. 

Various concrete mixes were used, mixing being by hand. Forms were 

removed 24 hours after pouring and specimens were stored in a moist ca¬ 

binet until tested at 28 days. Three series of tests were carried out. 

Series No. 2 Two dimensional compression produced by liquid pressure 

on the curved sides and simple axial compression tests on companion 

cylinders. Series No. 3A. Liquid pressure on the curved sides with 

greater axial stress supplied by testing machine. Series No. 3B. Liquid 

pressure on the curved sides with lower axial stress supplied by testing 

machine. 

In order to supply the liquid pressure used in some tests a hydraulic 

pressure chamber was constructed, the specimen passing through packing 

at the ends. Covering of various types was used around the specimens to 

prevent entry of the oil and the maximum pressure used for the lateral 

pressure was 4000 lb/ sq. in. Series 2. In these tests the cylinders were 

subjected to uniform lateral pressure only. Following Karman, the surface 

of the specimen was wrapped with extremely thin brass sheet in order to 
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prevent entry of the oil. Radial deformations could not be measured during 

the test but longitudinal changes were measured by dial extensometers. 

Friction of the cylinder in the packing was compensated for by trials on 

sliding similar cylinders through the packing. Generally the increase in 

length was proportional to the lateral pressure up to some point; as the 

pressure increased the elongations increased more rapidly until finally 

the extensions continued without increase of pressure denoting yielding or 
C' 

plastic failure. Total failure was usually by fracture across a plane 

normal to the axis of the cylinder. Load deformation curves are given for 

cylinders subjected to lateral pressure only and for companion cylinders 

tested in simple axial compression. It is remarked that the load or stress 

at failure is not a suitable criterion and suggests a comparison of the 

sharp bend which occurs in many of the curves; this is associated with 

"critical stress" of Brandtzaeg's theory. For the samples tested the 

strength in two dimensional compression was at least as great as the 

strength in simple compression. Series 3A. Lateral loading applied 

within the hydraulic cylinder with axial load applied by testing machine. 

The lateral (smaller) principal stress was kept constant in one test, the 

axial load being increased until failure took place. Lateral pressure used 

ranged from 250 to 4000 pounds per sq. inch. The specimen was en¬ 

closed within a rubber tubs and a spherical bearing block was used on one 

end to secure axial loading. Longitudinal measurements only were taken 

during each test and these were by dial indicators attached to the loading 

pistons at each end of hydraulic cylinder. The contraction of these pis- 
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tons under load was calibrated by a series of tests. At the initial appli¬ 

cation of axial load considerable movement of the dial indicators was 

observed probably due to the slight irregularities of the ends of the speci¬ 

men. (The effect also occured in the present study). In some tests the 

machine was stopped while readings were taken and at these times the 

load fell off. Starting at quite low loads this effect increased as the loads 

increased until appreciable yielding was observed; a point finally being 

reached where the load remained constant with the machine still running 

(the test machine had screw drive). One 8 inch specimen shortened by 

0. 65 inch. Graphs of the test results are given and show that, generally, 

higher lateral pressures are accompanied by higher axial strength. How¬ 

ever, on most of the curves a point of critical stress is not observable. 

It is stated that the graphs agree fairly well with the results of tests of 

spirally reinforced concrete of . Series 1, and therefore suggests the 

maximum unit load be considered as made up of the strength of the con¬ 

crete in simple compression plus an added strength equal to 4.1 times 

the lateral pressure developed at the time of failure. It is pointed out 

that in the above tests the lateral pressure is independent of lateral de¬ 

formation whereas in the spirally reinforced columns the lateral pressure 

is due to deformation. 

Considerable variation in the modulus of elasticity obtained from the 

triaxial tests and from the simple compression tests is apparent and this 

explained as being due to plastic action during preliminary lateral loading 

and to the inaccuracy of deformation measurements at low loads. Av¬ 

eraging the curves leads to the observation that as the lateral pressure 
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increased, so the rate of deformation at maximum load increased very 

greatly. In some specimens subjected to very high oil pressures a net 

reduction in volume occured; caused by compaction at the beginning of the 

tests. In others an overall increase was observed as expected by theory. 

Descriptions and photographs of specimens are given; most suffered very 

considerable deformation without fracture. 

Series 3B. Lateral pressure greater than axial pressure. Specimens 

were similar to those used in other tests being incased in brass or rubber. 

Three separate axial pressures were used; 500,. 1000 and 1500 pounds per 

square inch. The axial elongation produced by the lateral pressure re¬ 

quired the use of dead weight applied via levers to apply constant axial 

load through a range of axial deformation. Some specimens were frac¬ 

tured, but for most the lateral contraction caused leakage at the packing 

rings, particularly when the material became plastic. In later tests this 

was avoided by using short steel plungers passing through the packing. 

Graphs of the test results show no sudden change denoting a critical stress 

and it is suggested that in view of the mechanical difficulties experienced 

that this series of tests should not be considered as conclusive evidence. 

Consideration of these results and those of Karman and Boker on 

marble in relation to Mohr's theory then follows. The tests on marble 

fail to substantiate the theory since they show that the intermediate stress 

may affect the limiting curve. It is concluded that the tests on concrete 

tend to agree with those on marble but that they are not sufficient in num¬ 

ber or certainty to prove or disprove laws involving such small differences. 

Overall, however, it stated that the results indicate an increase of about 
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4.1 times the magnitude of the smallest lateral compression. 

Using specimens already tested in triaxial compression, simple axial 

tests were carried out. In spite of the obvious deformation existing in the 

tests, the strengths were consistant but it was noted that the new defor¬ 

mations were more than twice as great as usually found in normal concrete 

specimens. 

Observed changes in volume are considered and it is pointed out that 

the high stresses which can be resisted in three dimensional compression 

will always be accompanied by very large deformations, even when expan¬ 

sion normal to main compression is restrained or prevented. 

Discussion of theories of failure demonstrates that the theory of 

maximum tensile strain is not supported by these tests. Deformations 

expected from Coulomb's internal friction theory are quite different from 

those observed. It is shown that in general the observations agree with 

the predictions of Brandtzaeg's theory, a particular point being the large 

deformations without increase of stress at the maximum load. 

The conclusion mentions the increase in strength of concrete due 

to lateral compression; that the rate of increase of strength is indepen¬ 

dent of the mix; the large deformations experienced; the increase in 

axial strength of 4.1 times the lateral pressure; and the characteristics 

of the test observations which make Brandtzaeg's theory more valid than 

the previous theories. 

An appendix, being a summary of the derivation of Brandtzaeg's 

analysis, completes the bulletin. 
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Richart, F. E., Brandtzaeg, A. and Brown, R. L., 
"The Failure of Plain and Spirally Reinforced Concrete 
in Compression". University of Illinois Engineering 
Experiment Station Bulletin No. 190. April 1929. 

A companion report to Bulletin No. 185, and deals with the behavior 

of spirally reinforced concrete columns 40 in. long and 10 in. external 

diameter. The work was carried out with very great care and attention 

and the results have been widely used by later investigators. 

A constant concrete mix was used for all samples and the vari¬ 

ations were provided by the different materials and details of the rein¬ 

forcement. A striking point is the very consistent compressive strength 

of the concrete control cylinders, the maximum variation from the 

average being about 10%. Rolled mild steel bars, annealed drawn wire 

and suspension cable wire were used for the spirals in different tests 

and full details are given of the properties of these materials. 

After pouring, the test specimens were cured under wet burlap for 

24 days and were "tested at 28 days. Measuring instruments were of 

various types but all employed dial gages reading to 0.0001 in. and the 

report considers that the maximum unit strain error was less than 

0.00005. 

The mechanical testing machine was run at a constant speed of 0.05 

in. per minute and was stopped for each reading. 

Strain gage readings were taken on the plain concrete specimens and 

plastic deformation at maximum loading was observed. 

In tests on the reinforced columns it was noticed that several "maximum 

loads" occured. At some point in loading the load reached a stationary 
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value and then began to decrease. At this point the machine was stopped 

and strain readings taken. When the machine was started again another 

and slightly higher maximum load could be reached and this process 

could be repeated. The first maximum reached however, is considered 

to be the ultimate load for the test. 

A description of the physical behavior of the reinforced columns 

under loading is then given. In the columns loaded to failure this oc¬ 

curred by breaking of the spiral reinforcement. The outer concrete 

spalled off the test columns but for those with the higher percentage of 

reinforcement the loading was only applied until the deformations became 

excessive indicating plastic flow or "disorganization" of the concrete. 

Graphs of the stress-strain curves give longitudinal, radial and 

circumferential strains for most of the specimens. By using a scale 

for the radial deformation which was twice that for longitudinal defor¬ 

mation, the horizontal distance between the curves was considered as 

being proportional to the unit volumetric change. 

Tha main object of the tests was the study of the behavior of the 

material as it approached failure but, using the data obtained from the 

tests of the plain concrete cylinders, values for the modulus of elas¬ 

ticity, Poisson's ratio and the bulk modulus are derived. By comparison 

of the lateral and longitudinal strains above the "yield region", it was 

considered that internal discontinuity or splitting of the material was then 

taking place. This was supported by the volumetric changes which took 

place; up to two-thirds of the maximum, load the volumetric decrease was 

roughly proportional to the load. However, as the "plastic region" de- 
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veloped the volume increased until greater than original. Graphs are 

also given of the secant modulus of elasticity and of secant bulk modulus. 

Similarity between the observed failure and data and that predicted by 

Brandtzaeg's analysis is pointed out. 

For the tests on the reinforced columns it was observed that, under 

the constant rate of movement of the loading head, the load was taken 

steadily until the load corresponding to the maximum for the plain 

columns was reached. At this point the load came on more slowly and 

rather irregularly, this being considered as due to the large lateral de¬ 

formation required to bring the spiral reinforcement to bearing against 

the concrete. At loads near the ultimate the concrete was yielding plas¬ 

tically and the steel had reached a point far beyond the limit of propor¬ 

tionality. 

The report remarks that at low stresses the lateral stresses ex¬ 

erted by the spiral reinforcement are negligible. It was impossible to 

obtain corresponding "elastic" constants. 

Plastic flow or yielding was observed whenever the machine was 

stopped to read the strain indicators. These intervals varied from 7 

minutes to 20 minutes and at 90% of ultimate load this yielding reduced the 

measured loading by some 10 to 15 per cent. It was estimated that the 

rate of decrease varied roughly in inverse ratio to the square of the time 

interval. Mention is made of the need of further study of this phenome¬ 

non. 

Observation of successive maximum loads due to stoppage of the 

machine is noted and it is emphasized that the idea of a plastic condition 
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of the concrete is quite different from that of a loose granular material. 

By removing the spiral from a tested column and then retesting it was 

shown that the "plastic" material still retained considerable load carrying 

capability. 

The stress-strain conditions at or near the maximum load are then 

considered. By plotting maximum unit load in pounds per square inch 

against the lateral unit stress (both at maximum loading on column) the 

points for all the tests fall on a straight line, represented by the equation 

% = fc + 4.1 f2 

f^ = axial unit load stress 

fg = lateral unit stress 

f
c = compressive strength of plain concrete 

of the quality used. 

It is pointed out that this equation applied very well to the results 

given in Bulletin 185, where the lateral stress was independent of the de¬ 

formation. 

The same considerations are then applied to the behavior of the 

specimens in the "plastic" or "yield" range. As the percentage of rein¬ 

forcement increased, the proportion of the yield range increased until, 

for the most heavily reinforced columns the plastic range covered two- 

thirds of the range of load and 90 % of the range of deformation. These 

result in stress-strain curves which are fairly linear and which fit the 

above equation. However, it is pointed out that the coefficient 4.1 varies 

with the type of concrete. 

Volumetric changes are then considered in some detail and generally 
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support the theoretical analysis. Mention is made of variation observed in 

measurements at different positions on the specimens and of the possibility 

of deriving stress-strain relations within the spiral range. 

The application of the theory (Brantzaeg) outlined in Bulletin 185 to the 

results is then discussed and it is shown that the agreement is excellent. 

The conclusion is an outline of the stage of failure as predicted by 

theory and the equation f^ = fc + 4.1 fg is considered to apply at the 

maximum as well as at lower loads. The possible variation of the co¬ 

efficient with other concrete mixes or other forms of specimen is again 

noted. Attention is also drawn to the fact that in the spiral range the de¬ 

formations are very large, and that in some columns the concrete failed 

internally before the reinforcement reached its maximum possible stresses. 

Volumetric changes are considered to give valuable information on the 

general behavior of the column and although the material is not elastic, in 

the spiral range, there is a simple relationship. 

Finally it is pointed out that much of the strength of spirally reinforced 

columns cannot be utilized because of the attendant deformations and that 

the investigation does not relate directly to columns with both longitu¬ 

dinal and spiral reinforcement. 
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Wilson, W.M., and Newmark, N. M. "The Strength of 
Thin Cylindrical Shells as Columns". University of 
Illinois Engineering Experiment Station Bulletin No. 225. 
February 1933. 

An experimental study of the strength characteristics of thin steel shells 

under axial loading. Theoretical formulas for the elastic wrinkling strength 

are examined and it is pointed out that for elastic failure of steel, the value 

of t/R must be less than 0.00166. Thus in normal engineering practice 

failure could not occur by elastic wrinkling. Consideration is given to a 

formula for plastic instability by J. W. Geckler and then follows a modifi¬ 

cation of Southwell’s elastic formula by an experimental constant to corre¬ 

late results of experiments with theory. Southwell's formula gives the stress 

at which elastic buckling will occur; by dividing by E, the authors obtain 

the corresponding strain. By considering strain to be the criterion of 

wrinkling it is stated that failure will occur at this strain, whether the ac¬ 

companying stress is plastic or elastic. Using a typical value for Poisson's 

ratio for steel the equation is given as 

critical strain = e = 0.60 t 
R 

A short review of previous investigation is given and is followed by a 

description of the tests and apparatus. The specimens included seamless 

steel tube machined to definite dimensions and several large fabricated 

tubes. 

Tables and graphs of the test results are given and while most of the 

stress-strain graphs are linear at first some show a concave curve. In 

general the wrinkling stress seemed to vary practically directly with the 
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t/R ratio up to a certain.critical value (which varied for different materials) 

and for higher values of t/R the wrinkling stress seemed to be practically 

constant. In all cases where the wrinkling stress was approximately pro¬ 

portional to t/R, the constant of proportionality was always much less than 

that given by the equation given above. Values of 30 to 60 % of the theo¬ 

retical was obtained for machined specimens and only 20 to 25 % for the 

fabricated specimens. Rewriting the formula in the form e=CxO. 60 t/R 

values are tabulated for the constant C ranging from 0.45 to 0.18. 

The effect of length upon wrinkling stress was considered and although 

this should have no direct effect, it is shown that the greater occurrence of 

surface flaws and dents causes a reduction in strength. 

Tests were also made to determine the effect of . eccentric loading and 

it is concluded the effect of the eccentric load is to cause a proportional in¬ 

crease in stress at some point, the relationship of this stress to wrinkling 

being as in the axially loaded tube. 

Important points in the summary are: 

1) The theoretical wrinkling stress was not reached in any of the tests, 

the highest proportion reached being 60%. Incipient wrinkles cause 

premature failure. 

2) Wrinkling strength of the cylinders tested varied approximately di¬ 

rectly with the t/R ratio up to a certain critical value of this ratio 

(which varied from . 005 to . 01) and for higher values of t/R the 

wrinkling strength remained practically constant. 

3) For the C in the modified formula suitable values ranged from 0.18 

to 0. 37. 
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4) For machined specimens a variation in length had no effect upon the 

strength. 

5) For fabricated specimens a reduction of strength occured as the length 

increased. This was believed to be due to the increase in flaws and 

dents. 

6) Transverse joints in fabricated cylindrical shell is a source of weakness. 

7) Failure is almost always sudden and is accompanied by a large axial 

deformation. 



D30 

Richart, F. E. and Brown, R. L. "An Investigation of 
Reinforced Concrete Columns" University of Illinois 
Engineering Experiment Station Bulletin No. 267. June 1934- 

In 1929 the American Concrete Institute organized a large series- of 

column tests at University of Illinois and Lehigh University and this is the 

report of the investigation carried out at Illinois, where some 325 tests 

were made. 

Usual details of the properties of the materials are given and the in¬ 

vestigation was divided into eight series. Various concrete mixes were 

used and most columns were 8" diameter with a length of seven and one- 

half times the core diameter. Variations were also made in the amount 

of longitudinal and of spiral reinforcement. In some cases the longitudinal 

reinforcement was stopped some 2 in. from the end and in the other cases 

the reinforcement finished exactly flush with the end concrete or mortar 

skin. Most columns were stored in a moist room and the larger ones were 

cured under burlaps. Strain measurment was by Whittemore or Berry 

gages. 

Series 1 consisted of a study of the effect of different details. Some 

had reinforcing bars stopped off, while others had enlarged concrete ends. 

Testing was after 28 days moist curing. Both column and cylinder con¬ 

crete show unusual uniformity of strength. A "well established method 

of. expressing the ultimate strength of a column is to consider it made up 

of three elements: 1) the ultimate strength of the net concrete core area 

considered as plain concrete, 2) the load required to stress the compres¬ 

sive reinforcement to the yield point and 3) the load required to stress 
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the spiral reinforcement to its limit of effectiveness. 

i.e. P = CfcAc(l-p) + Asfy +Kp'Acfg 

and for a spiral column 

P = C fc Ac (1-p) + K pT Ac fg 

It is stated that previous and following tests show that the column concrete 

is of lower strength than the test cylinder strength and uses a value of 

C = 0. 85. By eliminating strength due to concrete and longitudinal re¬ 

inforcement from the tests results it is possible to determine the strength 

due to spiral action, giving K between 1.81 and 2. 57. 

Series 2. Effect of Rate and Manner of Loading. 

A wide range of columns was tested under two basic methods of 

loading. Under "fast" loading the load was applied to the column in ten 

or more increments with a time interval between increments of 15 minutes 

or less. In "slow" loading three-quarters of the estimated yield load was 

applied in eight to ten equal increments as in fast loading, subsequent 

loads were applied in 6 to 10 increments at intervals of four hours. The 

loading was maintained constant during these long intervals by a spring 

arrangement. Results indicate little difference in carrying capacity be¬ 

tween the two methods but a considerable difference in deformation. For 

the spiral columns this is explained as being due to the proportioned res¬ 

traint of the spiral. The effect of the strength of longitudinal reinforce¬ 

ment was also studied and it is concluded that the increase in column 

strength is very nearly proportional to the increase in average yield 

point stress of the steel. As in series 1. an estimate was made of the 

strength due to spiral action, giving a value for K of 2.10, with C being 
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taken as 0. 80. In these tests a yield point of column strength was obvious 

and for columns without spiral reinforcement this yield point was equal to 

the ultimate load. When spiral reinforcement was provided the carrying 

capacity still increased after this yield point. 

Series 3. Effect of Sustained Loading. 

Using columns of various concrete mixes and reinforcement, speci¬ 

mens were kept under axial loading for periods up to three and a half years. 

Unloaded specimens were maintained under similar conditions and measure¬ 

ments of shrinkage and creep, together with the resulting effect upon the 

stresses, were taken. Obvious difficulty in separating completely the ef¬ 

fects of shrinkage and creep prevented any definite conclusions on each. 

The effect of plastic flow in the concrete is also observed. Most of the 

variations measured occured in the initial period of the test and a study 

of the original paper is recommended. Probably the most important 

observation is the increase in steel stress, under constant column load. 

In one case,, over a period of three and a half years, the steel stress in¬ 

creased from 11,100 pounds per sq. in. to 33, 800 pounds per sq. in. 

While for an average of 16 columns, the increase was from 9900 to 25, 200 

pounds per sq. in. A considerable increase in the modulus of elasticity 

was also observed. Tests at the end of the twelve months showed that the 

characteristics of failure of spiral columns and tied columns were similar 

to those at say 28 days. Again, spiral effects were considered and in this 

connection the ultimate stress for the air stored columns is taken as 0. 85 

that of the test cylinders and 0.71 or 0. 64 for the moist stored columns. 

Using 0. 70 for the moist stored columns K = 2.46 and it is pointed out 
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that an error in one of these constants effects the other. 

Series 5. Effect of Sixe of Column. 

In order to determine any scale effect which may exist a series of 

tests was made on column of similar proportions but up to 28 in. dia¬ 

meter. Loading was "fast" and all columns failed very slowly, reaching 

maximum load without breakage of spirals. For 2000 lb. concrete 

K = 2.34, while for the other type of concrete, 3000 lb., k = 1.47. 

The average of these two,. 1.99, is considered to agree well with value 

of 2.10 found in series 2. 

Series 6. Effect of Protective Shells. 

It is in these tests only that a protective shell was used outside the 

reinforcing spirals. All diameters of columns were used. The tests 

verified "that where a protective shell is used on a spirally-reinforced 

test column, such a shell will have cracked loose before the spiral rein¬ 

forcement is brought into action as a load-carrying element". In small 

columns the spalling of the shell destroyed more carrying capacity than 

the spiral reinforcement was able to supply. 

Series 7. Effect of Kind of Spiral Reinforcement. 

Using either drawn wire or hot-rolled rod the tests showed the dif¬ 

ferent behavior at the yield point of the column. For the hot rolled wire 

breakage of the spirals took place almost immediately, followed by 

buckling of the longitudinal bars and violent failure of the adjacent con¬ 

crete. Drawn wire spirals, on the other hand, did not break, failure 

finally being due to excessive deformation of concrete. 
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Series 8. Effect of Bond Stresses in Vertical Reinforcement. 

A small number of . columns was made in which the vertical reinforce¬ 

ment did not extend quite to the ends, care being taken that no concrete was 

between the bar ends and the bearing blocks. Development of flow and 

shrinkage stresses were unaffected by these conditions while the ultimate 

column strengths were reduced by up to 10% of the corresponding column 

in which the bars extended to the ends. 

Series 31. Effect of Vertical Reinforcement of High Strength. 

For these tests , columns similar to those of previous tests were used 

but reinforced longitudinally with high strength bars. The yield point for 

this steel was followed by an increasing stress strain curve. It is con¬ 

cluded that this type of vertical reinforcement was fully effective in 

producing column strength. 

A discussion and summary of the results of the tests carried out both 

at Illinois and at Lehigh follows. Lehigh tests used a lower strength con¬ 

crete and used sperical ends in the machine. This caused a consistantly 

lower column strength than at Illinois. A further difference was the 

greater change in steel stresses over a period of . time at Lehigh. 

Series 4,. made at Lehigh, investigated the loads which may be 

carried indefinitely. Based on tests of similar columns, sustained loads 

of 70, 80, 90 and 95 per cent of ultimate were applied and again reference 

to the actual report is suggested. 

Finally, a summary of the principal test results is made. Impor¬ 

tant points are: 

1) The cylindrical column, with plane ends, is a suitable and repre- 
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sentative type for tests. 

2) "Rapid or "slow" loading of the test column have little effect upon the 

ultimate load. 

3) In loaded columns there is a considerable redistribution of stresses 

due to shrinkage and creep, but this does not appear to affect the ultimate 

load capacity. 

4) For small column the strength contributed by the shell is more than 

that contributed by the spiral. 

5) The spalling of the shell of spiral column is a warning of overload but 

there will not be the sudden failure as with tied columns. This is best 

recognized in the choice of factor of safety. 

6) There is no observable scale effect between large and small columns. 

7) Suitable column formulas are of the forms 

p = c fc 
A

c U-P) + Asfy +Kp'Ac f's 

and for spiral columns, 

P = Cf‘c Ag (1-p) + Pg Agfy 

where C may be taken as 0.85 and K between 1. 5 and 2, 5. 

Considerations of the choice of design formulas follow, and the ori¬ 

ginal report should.be consulted. However, in brief,it points out the need 

for specified minimum spiral percentages based on the type of steel and 

that the factor of safety should be greater for tied columns than for spiral. 

The conclusion points out the need for a similar investigation of 

eccentrically loaded columns. 
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Shank, J.R., "The Mechanics of Plastic Flow of Concrete" 
Proc. American Concrete Institute, Vol. 32. Nov. -Dec. 
1935. p. 149. 

This paper analyzes available data and presents methods and formulas 

for calculating deformations and stresses. Most of the data used refers to 

flow and creep over long periods although details are given of tests inves¬ 

tigating flow at 15 second intervals. All the concrete tested has its sur¬ 

faces exposed and therefore the stresses are below the ultimate for this 

condition. Using a formula of the form 

values of C and a are given for concrete in direct compression and in re¬ 

inforced beam flexure. 

Many varieties of mix are considered and the effect of the age at loading 

upon the rate of creep is noted. 

The mechanics of plastic flow is examined and it is pointed out that 

shrinkage of concrete in simple members produced effects which may be 

readily determined. The effect on flexural members is considered in detail, 

and the different effects of sustained loads and sustained strain on columns 

and beams are examined. 

Plastic flow tests on beams are treated at length and a comprehensive 

y = C 
where y = strain per unit stress 

x = age of concrete 

bibliography of some thirty references is given. 
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Jones, P.G. and Richart, F. E., "The Effect of Testing Speed 
on Strength and Elastic Properties of Concrete". Proc. 
A.S.T.M. Vol. 36, Part n, 1936, p. 380. 

On the basis of the present investigation this article is of considerable 

importance and should be read in full. 6 in. by 12 in. plain concrete cy¬ 

linders were tested to failure in periods ranging from 1 second to 4 hours, 

and results show an increase in strength as the rate of loading is increased. 

It is noted that measurable creep was observed even at load increments as 

small as 12 percent of ultimate and that as the maximum load was approached, 

the creep formed a very considerable part of the total deformation. 
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Sechler, E.E. and Dunn, L.G., "Airplane Structural 
Analysis and Design". J. Wiley, 1942, Ch. 8, p. 309. 

Elastic analysis is first applied to axial compression of circular tubes 

but it is pointed out that the values of R/t must be above 500. Empirical 

formulas are then given, however still being on the basis of very thin walls. 

The meager amount of experimental work and the variation of theoretical 

and experimental strengths are noted. The chapter concludes with con¬ 

sideration of thin walled cylinders under bending or torsion. Twenty-two 

references are given. 
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Loyse, I., "Compressive Strength of Concrete". Report on 
Significance of Tests of Concrete and Concrete Aggregates 
A. S. T. M. 1943, p. 3 (16 references). 

A review of the effect of variations in the methods and specimens used 

in concrete testing, including the relationship between the properties of the 

control specimens and of the main specimens. 
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Teller, L.W.r "Elastic Properties of Concrete". Report 
on Significance of Tests of Concrete and Concrete Acrcrrecrates 
A;S. T. M., 1943, p. 18 (25 references). 

A review of the effects of plastic flow on concrete compression tests. 

However, the stresses involved are low although the effects of flow at even 

one minute is noted. The modulus of elasticity and Poisson's ratio de¬ 

terminations are examined and the references are valuable. 
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Wessman, H. E., "Reinforced Concrete Columns Under 
Combined Compression and Bending". Proc. A. C. I. 
Vol. 18, No. 1, Sept. 1946 p.l. 

Essentially an algebraic solution of the equations arising in the design 

of columns carrying bending moments. Based on the simple theory of 

bending, the method is applied to cross sections of various shape. The 

method is not of use in the present investigation but in the discussion which 

follows the paper graphs are given for the properties of the segments of a 

circle. Unfortunately^for the values occuring in the current work^the graphs 

are not sufficiently accurate. 
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Washa, G. W„, "Plastic Flow of Thin Reinforced Concrete 
Slabs". Proc. A.C.L Vol. 19, Nov. 1947, p. 237. 

The paper presents the results of tests on end-supported reinforced 

concrete slabs subject to sustained loading for 5 years. Various methods 

of curing were investigated and in particular concrete with high water con¬ 

tent was shown to have high creep. Over the period of five years plastic 

flow or creep increased the initial deflection by over 100 per cent. 
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Richart, F. E., Draffin, J.O., Olson, T. A., and 
Heitman, R. H. "The Effect of Eccentric Loading, 
Protective Shells, Slenderness Ratios, and Other 
Variables in Reinforced Concrete Columns". 
University of Illinois Engineering Experiment 
Station Bulletin No. 368. October 1948 . 

An extensive series of column tests, the two major items being an in¬ 

vestigation of the resistance of various types of column subject to bending 

or eccentric loading and a study of the effect of shells on axially loaded 

columns. 

The introduction deals with the A. C.I. design formulas for axially 

loaded columns pointing out that at the maximum load both mild steel and 

concrete reach a phase of plastic deformation. Consideration of spiral re¬ 

inforcement includes the equation f-^ = f + 4.1 although it is stated 

that the coefficient (4.1) must be modified to suit the concrete and the end 

condition of the column. Simple equations for combining bending and direct 

stress are given and mention is made of possible plasticity at the extreme 

fibres due to loading and that such plasticity is necessary for spiral rein¬ 

forced columns to develop the potential capacity. However this condition 

of plasticity causes unstable equilibrium in many cases. 

Tests and data on the reinforcing steel and concrete constituents are 

followed by details of the shapes and sizes of the test columns. Many 

columns were tested with flat ends, some at 28 days, others at 60 days. 

Loading was in incremental steps with pauses in order to take strain 

measurements. 

Column under eccentric loading formed the first series of tests, the 

columns being placed on eccentric loading shoes on roller bearings. The 
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shoes were free to rotate. Under the different eccentricities used various 

columns failed in tension while others failed in compression. The com¬ 

pression failures developed plastic compression and a comparison of tied 

columns and spiral columns shows that, for tension failure, the tied columns 

were some 10 per cent stronger than the spiral ones; partly due to the more 

effective pattern of the reinforcement. Similar values hold for compression 

failure it being pointed out that the capa,city of spiral reinforcement to allow 

plasticity to develop in the concrete is not useable because of the unstable 

conditions existing when large amounts of concrete plasticity occur. The 

practice of allowing higher working stresses on spiral columns is attributed 

to their toughness or resistance to sudden crushing or shearing failure. It 

is also noted that for eccentric loading, where the spiral is highly stressed 

at one side only, it cannot be extremely effective in affording lateral re¬ 

straint to the adjacent concrete. Load-strain diagrams for spiral columns 

are given and show the characteristic linear relationship at low loads 

changing to very large deformation for little change of load at the "critical, 

stress". Data is also given of tests on columns carried out in England and 

Germany and generally these agree with the American tests. 

Equations are then developed for eccentrically loaded columns within 

the elastic ranges of stress and strain. These equations are based on both 

uncracked (no tension) and cracked sections. Some notes on factors of 

safety for the tested column are given. 

The other major part of the report is concerned with the behavior of 

columns of varying slenderness ratio. Loading on these columns was de¬ 

signed to be axial. Plain columns of all lengths failed suddenly at small 
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longitudinal deformations. Failure of the tied columns was similar usually 

be crushing of the concrete and local buckling of the longitudinal steel. For 

the spiral columns there was greater variety of behavior. All developed 

large deformations and most deflected rather considerably. Failure usu¬ 

ally occured by breakage of a spiral wire and local crushing. 

Plain specimens showed practically no effect of slenderness up to the 

maximum of 1/d - 20 and this is nearly true for the tied columns, the 

overall decrease being some 8 per cent. Spiral columns however showed 

a marked decrease in strength as the slenderness ratio increased; a total 

reduction of some 25 per cent. These results are consistent with the 

relatively large deflections and plastic deformations after the spiral rein¬ 

forcement came into action. 

" - there is little object in using spiral reinforcement in columns 

having lengths much greater than 20 diameters of the column, since rela¬ 

tively little strength is developed after the column yields enough to bring 

the spiral reinforcement into play, with the resultant instability and sus¬ 

ceptibility to a buckling failure". 

The theoretical consideration of buckling failure which follows is 

maily concerned with an equation developed by Engesser, based on the 

Euler formula but using the tangent modulus. Using values based on tests 

of short columns these equations enable the estimation of the strength of 

any long column. Application of the equations to the results of the tests 

is considered and curves are given comparing the experimental and theo¬ 

retical values. It is concluded that the equations apply successfully to 

spiral columns and that the rapid decrease in the strength of these columns 
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as the slenderness ratio increases (due to large plastic deformations) is 

convincingly explained. 

An examination of column design formulas is made and the slight penali¬ 

zation of the tied column is shown to be incorrect. The A. C.I. formulas 

are of the straight line type but are shown to be in reasonably good accord 

with the test results, although it is pointed out that the number of tests 

results is too small for a full comparison. 

The use of protective shells on concrete columns is then reviewed and 

it is noted that the protective shell on a spiral column is not considered for 

the design strength except in regard to the factor of safety permitted. The 

gross area of the column is used in structural calculations and sufficient 

spiral reinforcement is utilized to compensate for the possible loss of the 

protective shell. The most obvious reason for this procedure is the large 

deformations which must occur before the spiral reinforcement becomes 

effective. It is pointed out that the procedure implies that the spiral column 

will act structurally much as a tied column with small deformations right 

up to the yield point of the column. In this connection certain tests were 

carried out to determine the strength characteristics of the shells. De¬ 

tails of these column tests are given comparison with the normal design 

equation for spiral columns and the results indicated that the coefficient 

of 0. 85 ( = allowable concrete stress ) is rather high. A possible 
stress from plain concrete tests) 

variation of the equation is suggested. For tied columns also, the value 

of 0. 85 appeared higher than was justified by the test results. 

A group of miscellaneous column tests is considered next. These were 

many types including spiral, plain and tied columns, with and without pro- 
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tective shells. In contrast to the above tests, one of these groups indicated 

that the concrete in the columns was nearly as strong as the concrete in the 

control columns and that the 0. 85 was conservative. Generally tests on 

spirally reinforced columns indicated a "critical stress" and excessive de¬ 

formations after this point was reached. Tests on five year old concrete 

were also made giving ultimate stress increases of around 25% over those 

28 days. Fly ash concrete was also tested and some study was made of 

creep in columns under sustained loading over a period of twelve months. 

Conclusions are grouped under four main headings. For columns sub¬ 

ject to axial and bending stress the tests indicate that, for compressive 

failure, there is a considerable excess of column strength; while, for large 

eccentricities of load, failure was in tension of reinforcement. The greatest 

margin of strength occurred in tied columns and spiral columns show little 

excess strength. 

For slender columns there was little evidence of reduction in strength 

of plain or tied columns as the slenderness ratio increased. However this 

is not true for spiral columns and the large plastic deformation required 

to develop extra strength makes the column particularly succeptible to 

buckling failure. Generally the tests indicate the reliability of the Engesser 

formulas for columns which fail by buckling; and the A. C.I. formulas are 

conservative. 

The conclusions regarding columns with protective shells show that for 

spiral columns the gross area of the concrete should be used for design. 

After such shells spall off, excessive deformation occurs before the column 

can carry any extra load. However, tests on the tied columns indicated 
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that only 90% of the gross area should be used for design. Failure of these 

shells was sudden and without warning. 

In the conclusion on the miscellaneous column tests particular attention 

is given to the value of the spiral effectiveness factor K. 

For columns with vertical and spiral reinforcement, in which the spiral 

reinforcement is of sufficient amount to contribute additional strength after 

the shell fails, the maximum until load is 

P = 0. 85 (1 - p) f + pf + K p'f 
—c 

c y 

wherein 

P = maximum column load. 

Ac = area of column core (out-to-out of spiral). 

f = compressive strength of 6- by 12-in. concrete control 
cylinder. 

fy = yield point stress of vertical reinforcement. 

fg = useful limit stress of spiral reinforcement (assumed as 
the stress at a spiral deformation of 0.005). 

p = ratio of area of vertical reinforcement to the core area, Ac 

p' = ratio of equivalent area of spiral reinforcement to the core 
area, A 7 c 

Previous tests of triaxial compression indicated a very consistent value 

of K = 2.05, and this value was the average of these miscellaneous tests. 

However, in view of the comparatively small number of tests, and the 

variations observed, no firm conclusion is drawn. 

The general conclusion points out that by studying the behavior of 

columns, a selection of design formulas may be made, using the proper 

factors of safety. The resulting lower factor of safety for spiral columns 
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is justified by their toughness. Use of the gross area of columns with shells 

is considered to be satisfactory and points out that for the same factor of 

safety against maximum capacity the European type of design (extra core 

strength supplied by spiral) would have a much smaller factor of safety 

against spalling of the shell. 
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Peery, D. J., "Aircraft Structures". McGraw Hill Book 
Company. 1949, Ch. 14, p. 344. 

The usual elastic analysis is followed by consideration of the use of the 

tangent modulus equation. "Steel tubes will not fail by local crippling if the 

ratio of outside diameter to wall thickness is not greater than 50. If this 

ratio is increased, a point will be reached at which local crippling occurs 

before primary column failure occurs." 

Tangent modulus properties of alloy tubing are tabulated and examples 

given of the analysis of tubular struts on this basis. However, the only 

consideration of local buckling occurs in the use of experimental data for 

standard tubes. 

A further discussion of the axial compression of circular tubes occurs 

at the end of the chapter but is essentially concerned with very thin walls. 

It should be noted that the elastic waves shown in fig. 14.41 are not those 

associated with inelastic failure. 
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"The Strength of Concrete-Filled Steel Pipe Piles", Armco 
Drainage and Metal Products Inc., Middletown, Ohio. 
Report F P - 150 1950. 

A nine page booklet giving some details of axial loads on short concrete 

filled steel tubes. Most tests were on 10 in. and 12 in. diameter pipe and 

were carried out at the University of Illinois. Loading was applied to the 

steel only, to the concrete only, and to the steel and concrete together. Full 

details or graphs are not given but yield loads and ultimate loads are tabu¬ 

lated. The relatively high yield point is noted as is the restraint factor of 

the steel tube on the concrete, and the following formula is given. 

P = Ag Sy + Ac fc + 44, 500 p Ac 

where P = ultimate load in pounds. 

Ag= area of steel in cross section (sq. in.) 

Sy= yield strength of steel ( p. s. i.) 

Ac= area of concrete in cross section (sq. in.) 

f = crushing strength of concrete (p. s. i.) 

P = As 
Ac 

It will be noted that the strength of concrete in the column is taken 

as that of the test cylinder. Mention is also made of a test in which the 

steel tube was severed circumferentially so that the restraining action 

could be studied. 
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Hognestad, Eivind, "A Study of Combined Bending and 
Axial Load in Reinforced Concrete Members." University 
of Illinois, Engineering Experiment Station Bulletin No. 399. 
November 1951. 

Many points discussed in this treatise are of direct importance to the 

present investigation. 

A historical outline is followed by the usual description of materials, 

fabrication and test methods. Throughout the investigation S R 4 gages 

were used both on steel and concrete. Columns were cast in a vertical 

position and the effects of different casting positions is noted, particular 

mention being made of the resultant reduction in strength in the upper part 

when cast vertically, in spite of the use of vibrators. 

A considerable discussion of inelastic flexural theories is given, and 

leads to consideration of the experimental stress strain curves for the plain 

concrete together with the question of determining the properties of the 

column concrete. Standard cylinders are used for this purpose, a factor 

(less than 1) being used to determine the column stress from the cylinder 

stress. Mention is made of non destructive tests such as wave-velocity 

or indentation. At this point it is stated that all columns tested failed in 

compression in the upper half as cast. Comparison of the ultimate strains 

with the work of earlier investigators is made and mention is made of the 

possible time effects. Stresses caused in the steel by shrinkage of the 

concrete during curing were observed to be much smaller than predicted 

by other tests. The chapter concludes with consideration of the linear 

distribution of strains in bending. 

An account of the test results includes the volumetric changes in 
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concrete, uniaxial compression causing initial decrease in volume, followed 

by volume expansion (as basic in Brandtzaeg’s theory). For many of the 

tests failure was typical of centrally loaded spirally wound columns, large 

deformation taking place practically without any increase in load before the 

concrete failed and compression steel buckled. 

Final failure took place by crushing of concrete at an ultimate strain 

of about 3800 microinches, while for moderate eccentricities yield failure 

of steel occured before concrete failure. Tension failures developed much 

larger deflections before concrete failure than did columns failing in com¬ 

pression. 

Experimental results are then considered in the light of various theories 

of bending of reinforced concrete, followed by details of tests on eccentri¬ 

cally loaded, spiral wound circular columns. As for earlier tests at Illinois, 

even after failure of the outer shell, considerable load could be carried, al¬ 

though distortion was excessive. 

The question of interaction of various load systems on columns is then 

taken up, both for concentric and eccentric end loads. Columns with knife 

edge end loads are considered in addition to flat ended columns. 

A discussion of errors in tests and analysis follows. Reference to the 

actual paper is suggested particularly because of the statistical approach 

which is used. Of particular interest is the mention of the difficulty of 

obtaining true sample cylinders and the effect of casting. 

Numerous graphs of lateral deflections of the columns are given to¬ 

gether with a note on the consideration of composite columns on the basis 

of transformed sections and tangential or secant moduli. 
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Most of the conclusions are mentioned above and tend to confirm earlier 

work with particular note of the toughness of spirally reinforced columns, 

even under eccentric loads. 
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Watstein, D., "Effect of.Straining Rate on the Compressive 
Strength and Elastic Properties of Concrete". Proc. A. C. I. 
Vol. 45, p.. 729. April 1953. 

Small cylinders of concrete were tested at strain rates of 10“ ® to 10 

in. per in. per sec. using a drop hammer with rubber pads for the highest 

speeds. S R 4 gages were used and were read by a recording oscillograph 

(Instrumentation is described in detail). Results showed that both the ul¬ 

timate strength and the modulus of elasticity (initial) increased as the strain 

rate increased, a factor of 1. 84 applying to the ultimate strengths. However 

it must be pointed out that the stresses and strains considered in this article 

are below those in the present work. 
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Washa, G.W. and Fluch, P. G., "Effect of Sustained Overload 
on the Strength and Plastic Flow of Reinforced Concrete Beams" 
Proc. A.C.I. Vol. 50, p. 65, 1953. 

Reinforced beams of rectangular cross-section and with various rein¬ 

forcement were loaded to 85 per cent of ultimate for nine months and then 

gradually loaded to ultimate. Time-deflection curves are given. Concrete 

stresses are not comparable to those in the present investigation. 
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Jones, R. D., "The Design of Equipment for Conducting 
Strength Tests on Rock Subjected to Hydrostatic Pressure", 
Master of Science Thesis, Rice Institute, Houston. April 
1954. 

Essentially a description of the design and fabrication of apparatus for 

triaxial loading of small (1/2 in. diameter x 1 in. long) specimens of rock. 

A discussion of oil well drilling technique and of stresses at the bottom 

of the hole is followed by a specification of the equipment. Previous inves¬ 

tigations of rock behavior under pressure is then considered. Design details 

are then given including strength calculations for the cylinder, plates, bolts, 

etc. Instrument calibration and accuracy are discussed as is the question 

of specimen preparation. 

Details of some simple tests on rock samples are then given and a num¬ 

ber of illustrations of the apparatus and tests complete the thesis. 
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"Stress and Strains in Open-deck Beam Span Bridge on 
Concrete-Filled Pipe Pile Piers". Reprint of A. R. E. A. 
Bulletin 516. June-July 1954. 

Report on behavior of railroad bridge. Contains no information of use 

in the current investigation. 

J 
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Bredthauer, R. O., "Strength Characteristics of Rock 
Samples Under Hydrostatic Pressure". Master of 
Science Thesis, Rice Institute, Houston. April 1955. 

EssentiaHy an experimental report upon the strengths of various types 

of rock under triaxial compression. Using small specimens, one half inch 

diameter by one inch long subjected to fluid pressures up to 15, 000 pounds 

per square inch on the curved surface, the axial loading was increased until 

failure occurred. Specimens were jacketed in plastic tubing during the test. 

A most important point is the assumption used in determining strains. This 

was that "the volume of the specimen remained constant during the defor¬ 

mation process and that lateral deformation was constant along the length 

of the specimen. " Any direct comparison of this work with those at 'Illinois 

is therefore impossible. The stress-strain curves based on this assumption 

are given and generally show a "yield point" followed by a decrease in dif¬ 

ferential stress. 

An appendix gives petrographic description of the rocks and photo¬ 

graphs of failed specimens. 

A description and photographs of the high pressure test apparatus are 

also given. 
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Ode, H., "A Note Concerning the Mechanism of Artificial 
and Natural Hydraulic Fracture Systems". Quarterly of 
the Colorado School of Mines. Volume 51, No. 3. July 1956. 

This short paper is mainly concerned with the failure of fractured rock 

by fluid pressure. A discussion of Mohr's theory of failure is given and it 

is pointed out that at high confining pressures rupture is essentially a 

shear failure. Reference is also made to the Griffith's hypothesis of brittle 

failure based on the presence of random cracks, and note is made of his 

assumption of elastic action up to failure. The analysis is used to determine 

the ori entation of the crack carrying the largest tensile stress at its tip. 
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Boue, P., "Concrete-filled Steel Stanchions". Acier Stahl 
Steel. Vol. 22, 1957, No. 9, September, p. 351. 

Using the recent German Industrial Standard .(D. I. N.) 4114, the cal¬ 

culation of concrete filled compound stanchions and tubes is considered. 

It is shown that under this code only half of the compressive strength of the 

concrete is taken into account in order to allow for contraction, and to ensure 

that the whole load may be carried by the steel if the concrete core should 

fail. An important statement is that the load should be applied to the steel 

first and that load transfer to the concrete cor e alone must be avoided. 

The latter half of the article deals with five tests on concrete filled 

tubular stanchion and is therefore of no interest in this investigation. 
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Klbppel, Von K. and Goder, W. "Traglastrersuche mit 
ausbetonierten Stahlrohren and Aufstellung einier 
Bemessungsformel". Der Stahlbau January 1957 p.l. 

This is probably the most comprehensive experimental and theoretical 

investigation of the strength characteristics of concrete filled steel pipes. 

The main aims were to consider columns with a slenderness ratio less 

than 50 and the effect of creep of concrete in these conditions. 

Routine tests of the steel tube used showed considerable variation in the 

yield point and in ultimate load. In some cases the yield point was 60% 

above the nominal. 

Control samples of the concrete were cast both as cubes and as prisms., 

resulting in different strengths and moduli. The properties of the concrete 

within the tube could not be measured directly but were estimated from re¬ 

sults of tests on the composite bar. 

Description of the curing of the concrete control samples is followed 

by a description of the testing apparatus. Longitudinal strains were mea¬ 

sured by four separate Maihak gages and lateral strain by four Philips 

gages, complete sets of each being at quarter points of the specimen. The 

individual readings and those of dial gages arranged to measure lateral 

deflection of the columns allowed the bending effects to be determined. 

The tubes tested ranged from 3 3/4 in. diameter x 0.137 in. wall to 

8 1/2 in. diameter x 0.24 in. wall and a small number of tests was car¬ 

ried out using the empty steel tubes. For the filled specimens it was as¬ 

sumed that the strains were the same in both materials. Using then the 

modular ratio method,the effective inertia was calculated and with the ob- 
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served strain measurements it was possible to determine the modulus of the 

concrete. Changes in the stress strain relationship of both the steel and 

concrete as the stresses passed the limits of proportionality were noted. It 

is pointed out that the analysis described was very involved and then inves¬ 

tigates a similar analysis based on fewer observations. 

Use of the tangent modulus theory lead to the development of an Euler 

type equation for the critical loads on an empty steel tube. This is based 

on failure as a member, local buckling not being considered. Test ap¬ 

peared to substantiate the theory, although a very thin tube was noted to 

fail by local "bulging". 

Maintaining the concept of the Euler load, and again employing the tan¬ 

gential modulus, a further equation was developed for the buckling strength 

of the concrete filled tubes. For this experimental constants of the cased 

concrete were required and were plotted from the results of numerous tests. 

The uncertainty of these values was noted and the effect of the variation of 

the concrete modulus was examined and parameters introduced for this 

reason. Comparison of theoretical and test results showed satisfactory 

agreement. 

Consideration of the creep of concrete and its effect in composite con¬ 

struction was included in the report. As creep of concrete occured the 

load in the concrete decreased while the load in the steel increased. Se¬ 

veral pipes were spring loaded and deflection readings taken at two month 

intervals. An allowance for shrinkage effects was made and final com¬ 

pression tests indicated that the collapse load was not affected by the 

creep experienced under the long term loading. However, it was pointed 
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out that the long term loads were restricted by the available apparatus and 

were considerably below the maximum column load. In summarizing the 

effect of creep it was stated that under certain conditions of continuous high 

loading, the yield point of steel could be reached through the action of creep 

but concludes with the remark that the effect of the resulting transfer of 

load may be disregarded. 
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Sawyer, A. H. and Stephens, J.E., "Under-Reinforced Concrete 
Beams Under Long-Term Load". Proc. A. C.I. Vol 54, p.21. 
1957. 

Tests on reinforced beams into the plastic range. Of no interest in 

present investigation. 
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Bresler, B. and Pis ter, K.S., "Failure of Plain Concrete 
Under Combined Stresses", Transactions A. S. C. E., Paper 
2877. Vol. 122, 1957, p. 1049. 

A review of previous investigations, including that of Brandtzaeg, is 

followed by details of the test specimens and procedure. Using hollow con¬ 

crete cylinders, torsion and axial compression loads were applied, con¬ 

siderable effect being made to reduce frictional effects. It is noted that 

three control samples were tested, the observed compressive stress being 

taken as identical to the hollow specimen. 

The octahedral stress analysis gave good agreement with the test re¬ 

sults and based on this other experiments results were considered on this 

basis. However, triaxial conditions of loading was shown not to agree with 

this theory. Slight mention is made of the rate of loading and its effect. 

A considerable discussion follows and should be read in full. 
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Me Henry, D. and Kami, J., "Strength of Concrete Under 
Combined Tensile and Compressive Stress". Proc. A. C.I. 
Vol. 54, p. 829. 1958. 

Circular tubes of plain concrete were loaded axially in compression 

and simultaneously subject to internal pressure from an internal rubber 

cylinder containing water. 

Control samples were cast with the cylinders and it is noted that the 

compressive strength of the cylinders was approximately 80 percent of the 

solid control cylinders. 

Various combinations of the circumferential tensile stress and the axial 

compressive stress were used and appropriate graphs are given. However, 

Mohr's theory of failure did not prove satisfactory and the results were 

then considered in the light of the octahedral stress theory giving reason¬ 

able agreement. It is pointed out that the accumulation of test data is still 

necessary and that for the present a generalized failure criterion is not 

available. 
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Fluckj G. P. and Washa, G.W., "Creep of Plain and Reinforced 
Concrete". Proc. A. C.L Vol. 54, p. 879, 1958 (121 references) 

This article is a general discussion of the creep of concrete and although 

in general terms gives an overall view of the subject. The references are 

valuable but no mention is made of plastic flow at very high stress levels. 
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Hrennikoff, A., "Incremental Compression Test for 
Cement Research". Journal of the Engineering Mechanics 
Division Proceedings of the American Society of Civil 
Engineers. Paper 1604. April 1958. 

Presents a description of a testing method of cement and concrete 

which separates the creep from the immediate deformation. A definite in¬ 

crement of load is applied to the specimen and then the load is kept constant 

to allow creep to take place. When this creep reaches a selected proportion 

of its initial rate, a further load increment is applied. The process is re¬ 

peated until the required loading, or failure, is reached. If specimen is 

not failed, the load is removed in stages. The resulting stress strain curves 

are significantly different from the normal curves obtained by usual tests. 

Sloping portion of the graphs are effectively parallel, corresponding to a 

constant modulus, although the creep effect increases as the loading in¬ 

creases. 

Very considerable differences in the creep behavior of damp specimens 

and of dry specimens are noted. For dry samples creep is almost neg- 

ligable while for damp samples creep may account for one third of the total 

strain. 

It is strongly recommended that the original article should be read. 
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"Bending Stress Analysis of Reinforced Concrete Beam" 
SATJRINDRAMOHAN DEB. Indian Concrete Journal. 
September 1958. 

The author derives formulaes and graphs for the design of hollow cir¬ 

cular columns containing symmetrical longitudinal reinforcement. The 

derivation is purely mathematical and uses the equivalent area method for 

replacing the steel by concrete. 
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Hinsley, J. F. "Non-Destructive Testing". MacDonald & 
Evans Ltd. 1959. 

A short account of non-destructive testing of concrete occurs on page 

239. 
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Hrennikoff, A., "Shrinkage, Swelling and Creep in 
Concrete" Proceedings of the American Society of 
Civil Engineers, Journal of the Engineering Mechanics 
Division. July 1959. 

A theoretical and experimental consideration of shrinkage, swelling 

and creep in cement. Most of the paper is devoted to consideration of 

shrinkage and swelling by the active water theory but a short note on 

creep considers the cement grains and the water films to deform as solid 

bodies. The extreme thinness of the water films is the reason for their 

lack of effect upon the elastic properties of the cement. The fluid forces 

exerted by the film varies as the film thickness slowly alters until it 

balances the forces between the grains due to the applied load and inter¬ 

granular forces. The resultant very slow movement of the water films is 

considered as creep. 



Finnie, I. and Heller, W.R., "Creep of Engineering 
Materials". McGraw-Hill Book Company. 1959. 

Contains only small reference to concrete and is in general terms 

only, pointing out in particular the effect of excess water. 
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Winter, G., "Properties of Steel and Concrete and the 
Behavior of Structures". Proc. American Society of 
Civil Engineers. Feb. 1960, p. 33. (33 references). 

This is an excellent review of up to date knowledge of the properties 

of steel and concrete and is recommended to be read in full. 

Consideration of residual stresses present in steel sections shows that 

the stress strain curve is vitally affected. For samples of mild steel an¬ 

nealed so that the residual stresses are eliminated, the stress strain curve 

shows a definite yield point, while for unannealed specimens a "rounding 

off" of the curve occurs, making the yield point. The marked effect of 

these residual stresses on the behavior of steel columns is considered in 

some detail. Fatigue and brittle fracture are also described. 

The article points out that concrete is a more complex material and 

deals first with the cylinder strength. Consideration of the stress strain 

relationship follows, the question of the correspondence of the tensile 

stress being mentioned. Difficulties raised by the use of high strength 

reinforcement are dealt with at length, as is the question of failure under 

combined stress. However it is obvious that this treatment is adequate. 

Shear strength characteristics of reinforced concrete are followed by an 

examination of "time effects". This, of course, is of direct interest to 

the present investigation but the effects considered are those due to creep 

and plastic flow at comparatively low concrete stresses. If the concrete 

has an open surface, brittle fracture takes place at fairly low stresses but. 

for the cased concrete the effect of plastic flow is most important. The 

article concludes with some notes on ultimate strength design. 
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Orowan, E., "Fracture and Strength of Solids". Report on 
Progress in Physics XII, p. 185-232. 

This paper is essentially concerned with the fracture failure of metals 

under tensile stress. Some mention is made of other materials, mainly 

glass, but the effect of cracks upon the strength characteristic is the main 

consideration. It appears to be of little interest in the current investigation. 
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Barnard, R., "Pipe Piles for Bridges and Buildings" 
Bulletin 561. Armco Drainage & Metal Products, 
Middletown, Ohio. 

A booklet of 115 pages mainly concerned with the driving and load 

carrying capacity of pipe piles. The only information of the strength of 

concrete filled tubes is very brief, page 13, and refers to another Armco 

report (The Bending Strength of Concrete Filled Pipe). 
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Barnard, R., "The Case for the Ten - and Twelve - inch 
Pipe Pile". Armco Drainage & Metal Products, Middletown, 
Ohio. 

Reviews factors favoring use of standard size piles and refers to pre¬ 

vious Armco bulletins for axially loaded tubes. Sparse details are given of 

tests on the strength of concrete filled spiral welded tubes in bending. It 

states: 

"Summarized tests by Richert, Ruble, Armco and others have shown 

specifically that: 

1) The strain in concrete core equals 65% of the strain in the steel shell 

when the strain in the steel equals 600 micro inches per inch (600 "/") 

2) Modulus of elasticity of steel Es = 30 000 000 

Modulus of elasticity of 3000 lb. concrete Ec = 3 000 000 

3) When the strain in steel equals 600 ^u."/" 

Stress in steel S0 = 600 x 30 = 18 000 p.s.i. 
o 

4) When the strain in concrete equals 2/3 of 600 jjl'/" or 400 yu-"/" 

Stress in concrete Sc = 400 x 3 = 1200 p.s.i. 

5) The bending moment resistance of the composite section is 

!Mip = + !MQ 

Mo = S„ I for pipe s 

M = S I for concrete core" c c— 

The above statements are followed by descriptions of simple local¬ 

ized load tests on concrete and sandstone. 
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Philler, R. E., "Comparison of Results of Three Methods 
for Determining Young's Modulus of.Elasticity of Concrete" 
Research Laboratory Bulletin, Portland Cement Association 
No. 51. p. 461. (17 references). 

The article considers the elastic response of concrete to static, re~ 

sonance and pulse velocity tests and it is shown that due to the heterogenity 

of concrete, the results of the three methods do not necessarily agree. 


