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APPENDIX 2 

SUBSCALE STATIC TEST REPORT 

ABSTRACT 

This report describes subscale static tests of composite silo closure and 

closure support models performed by The Ralph M. Parsons Company as a part 

of the Closure Analysis and Test Study. A total of 1*1 tests were performed 

in two phases. The effect on total load capacity caused by varying a broad 

range of design parameters including strength and relative thicknesses of 

steel shell material, span-to-depth ratio, support configuration, and 

concrete strength vere investigated. Closure/closure support combinations 

with ultimate load capacities ranging from 1000 psi to 23,000 psi were 

tested. 

Manual, empirical and finite-element design and analytical techniques are 

presented which will yield accurate predictions of the ultimate load 

capacities of full-scale composite closures. 
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l.o INTRODUCTION 

This report de.orlbe. .ub.eal, et.tlo test, of oompo.lte ello olo.ure 

-d closure support „odel, performed es . pert of tb. Closure Acales and 

Tese (CAT) study by The Ralph M. Parsons Compaq. A total of hi test. ' 

ver. Performed In two phU.s. Tb, test. .„coBpu.ed . brotí rang, of test 

parameters and variables, .t ultimate !o.d capacities rangln, fr,„ i.000 to 

23,000 psi. The test variable. Included strength and relative thicknesses 

of materials; span-to-depth ratios; support stiffness and friction; sy^etry 

end silo configurations. These variable, .ere applied to both closure and 

silo support models. The predominant model scale va. approximately one to 

six. 

1.1 Background 

Prior to initiation of the CAT project, only a limited mount of 

research had been performed In the study of response characteristic, of com¬ 

posite concrete/steel plates. While studies exploring the strength of plain 

concrete under triaxial lorn conditions have been performed for many decade, 

structures had not been tested for the specific purpose of exmining these 

phenomena until very recently. The significant effort, in this are. ver. 

by the Illinois Institute of Technology Research Institut. (IITRI) i„ 196k 

•hd by the University of Illinois in 1967-1968. These tvo organisions 

studied the problem, associated vith composite closure design and explored 

the effect, of various types of shear reinforcing on the load capacity of 

small-scale models. 
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The conclusions drawn by both «roups of researchers were similar to the 

extent that essential agreement existed concerning the influence of the 

confining steel upon the apparent strength of the composite models. The 

extent of this influence however was not clearly defined by either effort. 

In an earlier related effort, the Armour Research Foundation (ARF) 

performed a similar series of tests on small-scale composite support structures. 

Although this was a very limited test effort (three specimens), results indi¬ 

cated clearly that significant increases in load support capacity could 

be attained by laterally restraining the concrete subjected to high bearing 

stresses. As in the other two efforts, the conclusions were somewhat 

qualitative. 

Scope of Analysis and Tests 

Recognizing the need for definitive research to advance the technology 

of hardened construction, and fully aware of the interesting research into 

composite construction described above, SAMSO/Aerospace outlined a compre¬ 

hensive and parametric plan to develop empirical design data applicable to 

advanced missile facility design and construction. This approach was structured 

(in the contract work statement) to identify the parametric nature of the 

necessary analytical and experimental work and specified a minimum level of 

effort. Implicit however was the latitude to restructure the effort to pursue 

significant findings. That this latitude was exercised on several occasions 

can be demonstrated by the fact that the proposed level of effort in the area 

of static tests and analysis was Increased threefold following the award of 

the contract. 

A2-2 
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The scope of the analyse and test efforts as amenrt.H 
orxs, as amended and redirected 

included the following: ’ 

«. Perro» of all lnfluenclne ftctor. Md dt<lgn both iao 

— ud ,il0 support !tructur, B0deli to mi >t u|i^d io^ 

1M‘ V're Prellmln‘TUy '■‘■‘“■'’«O “ '‘OOO, 8000, „8 12,000 p.! ud 

1,ter “pand'd t0 lnelude 20,000 «d 30,000 p,l. 

thb‘ E:'“ln' lnd Mtabll,h th‘ - —- or Mterlal .treBitl 
on the load capacities of the various structures r 

ous structures. Concrete strengths (f¿) 

tablished at 3000, 600C and 12,000 psi. steel strengths (fy) were 

«tablished at 36,000 , 70,000, 150,000 «d 180,000 pal. 

= • —ne end eatable th„ Innuen„ of .,.., ^ 

to atrength) upon tbe load c.p.citr «d ductllltp or the atruotura. 

a- Determine tbe errect. or motion at tb, cloaure/.upport lnt.rrac.i 

. value, .ere arbitrar!* eatabllabed at < 0.1. . 0.02 „d , ^ ^ 

errort to separate the errect. or motion from the Interaction or the oloaure 

- tb. .lio, tb. motion teat. ..re to be p.rro».d on a no*l,ldlng 

(nonsilo) support. 

e. Determine tbe errect. or oloaure/allo .upport Interaction „d. ir 

favorable to tbe gror. load capacity, develop dealgn. t0 

action under shock and vibration loads. 

r. Examine tbe effect, of .tructural .ymmetry lu „ tffort to 

Identl* variation, in load capacity, repon., and predictability. 
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g. Examine thick plate versus thin plate relationship, by varying 

opan-to-depth ratios. 

h. Examine the influence of relative bearing vldths, with the aim 0f 

establishing a practical minimum. 

i. Examine static and dynamic test result, in an effort to establish 

correlation and to identliy (. ranee of) dynamic load factors. 

J. From „.lysis of the static test results, develop a semi-empirical 

dMlgh technique applicable to lull-scale ccpo.lte structures. 

2.0 DESCRIPTION OF TEST HARDWARE AND INSTRUMENTATION 

As originally propose«, a faaximum of 6000 nsi va» «■„ v, 
oi ouuu psi was to have been sufficient 

for all static tests. At model scales of up to I/5, this auuimum ailed a 

rather straightforvard design solution. During the proposal effort, a test 

fixture ... designed that tested tvo specimens at a time (Figure 2-1) The 

•pocimens vere placed back to back and the top surfaces of both .ere loaded 

uith a flat jack. Reaction load, .ere taken, through the supports, by 

opposing platen, connected by tie-bolts. While somewhat primitive, this 

VM am adequate end inexpensive solution to the proposed maxis™ test 

pressures. 
\ 

When the maxis« test pressure was increased to 12.000 psi following 

contract award, this design could not be extrapolated, and parametric studies 

were made to develop an adequate technique. These studies are covered in 

Appendix 5, Test Hardware Description and Data, and require little elaboration 

here. A. a result of these studies, the test fixture pictured in Figure 2-2 
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FIGURE 2-1 

PROPOSED FIXTURE FOR SUBSCALE STATIC TESTS 
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and graphically presented in Figure 2-3 was proposed. This fixture develops 

12 million pounds of force at 15,000 psi and, with the adapters available, 

can hydrostatically load a uniaxial test envelope of up to 55 inches diameter 

by 111 inches high. This diameter could be increased to 65 inches by 

providing one additional adapter. The fixture was designed and fabricated 

by Parsons and assembled by Nuclear Weapons Effects Division (NWED) 

personnel of the Waterways Experiment Station (WEJ) at Vicksburg, Mississippi. 

The fixture was installed in the Central Firing System at WES, which has a 

reaction capacity of approximately 60 million pounds . 

As can be seen in Figure 2-3, the test structures were loaded by means 

of a contained elastomer, pressurized by the large (32-lA-inch diameter) 

hydraulic cylinder. Radial forces exerted by the elastomer were resisted 

by a heavy T section ring. The elastomer was sealed against extrusion by 

means of 3/l6-inch-diameter aluminum wire seals placed on each side of the 

leg of the section. Since the elastomer behaved as a fluid at pressures 

greater than approximately 100 psi, and was less than 6 percent compressible 

at 15 ksi, approximately three-eighths of the volume of the 1-inch-thick pad 

was available to deflect the test structures. This resulted in a centerline 

deflection capability of approximately 1 inch on the SP-lA-inch-diameter 

models, the limiting factor being the complete compression of t^e seal rings. 

Naturally, on larger (52-inch diameter) or smaller (12-inch diameter) models, 

the deflection capability varied proportionally since the seal diameter was 

3/16 inch for all models. On the tests with an anticipated ultimate unit 
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load capacity of lass than 12,000 p.i , full annealed (1100-0) aluminum wire 

was used for the seals. This wire has a yield strength of 5000 psi and made 

an excellent seal. At test pressures above 12,000 psi, 1100-Hll* wire was 

used, providing a yield strength of 17,000 psi. Both types of wire were 

heli-arc welded into continuous rings. 

2.1 Instrumentation 

Prior to the start of the tests, rather ambitious plans were made concern 

in* the inst™n*ntation to be used. It was hoped that by accumulating masses 

of strain and deflection data the failure mechanisms of the various models 

could be pinpointed, aiding in the correlation with the analytical data. 

Unfortunately, this correlation proved to be no simple tàsk. Three basic 

factors contribute to the problem: (l) throughout the tests, the quality of 

the strain data was somewhat suspect, being erratic and in some cases 

contrary to simple observations; (2) the responses of the various structures 

were relatively unknown and therefore it was difficult to range the instru¬ 

ments properly; and (3) receipt of the data rather late in the project lift 

insufficient opportunity for a comprehensive evaluation. 

However, so that others may benefit from our experience, the instrumenta¬ 

tion schemes used in the test project are described following. In the test 

descriptions (Section 3.0) it will be noted that primary emphasis is placed 

on the centerline load-deflection curves which proved to be the most useful 

data collected. 
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2.1.1 Phase I Instrumentation 

Strain Measurements 

Table 2-1 gives the number of strain measurements made for each of 

thÆ first 15 tests (Phase I). The arrangement for the closure models is 

shown In Figure 2-k. The arrangement for the silo models is shown in 

Figure 2-5. As shown in these two figures, strain measurements were 

recorded on the exterior of the steel shell and on 1/U-inch-diameter deformed 

instrumentation bars placed on the concrete fill. 

The strain gauges used in all tests were 120-ohm, epoxy foil backed 

gauges made by Micro-Measurements, Model Ko. EA-06-250BG120. These had a 

length of 1/U inch and a gauge factor of 2.095. Figure 2-6 shows a 

typically instrumented closure model being set up for testing. 

Deflection Measurements 

Model deflections were measured across the closure bottom, vertically 

at the support bearing, and laterally on the inner silo wall (Figure 2-7). 

The large gauges shown in the lower photograph are Bourns Model 156 with 

2-1/2 inches of travel, and the smaller gauges are Bourns Model Ikl with 

1/2 inch of travel. Both are linear potentiometers, with the smaller gauge 

of 5000-ohm resistance and the larger at 10,000 ohm. The gauge shafts were 

spring-loaded against the test specimen. 

Pressure Measurements 

Test pressures at the hydraulic cylinder were measured with a 20,000- 

psi Statham transducer. Model Pa-022-2OM. This proved to be an excellent 

instrument, almost perfectly linear to 10,000 psi, the capacity of the WES 
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dead-weight tester, and in Rood agreement with a 20,000-psi bourdon gauge of 

test quality above 10,000 psi. The bourdon gauce was used in most of the 

tests to verify the pressure traces read out on an X-Y plotter. 

Recording Equipment 

Analog test data was recorded on 36-channel CEC oscillographs and/or 

U-channel FM tape recorders. Signal conditioning was through SAM and DANA 
I 

dc amplifiers, coupled with galvo drivers. Quick-look data was recorded on 

X-Y or X-Y-Y plotters. 

2.1.2 Phase II Instrumentation 

The pause between the first and second phase tests gave us time to 

redesign the model instrumentation in an attempt to provide more useful data. 

The number of internal strain gauges was reduced drastically and the number of 

deflection measurements was increased (see Table 2-2). Figures 2-8 and 2-9 

depict the instrument arrays used in Tests 16 through 31 and Test 3^. The 

arrays for Tests 32, 33, and 35 are shown on Figures 2-10, 2-11 and 2-12, 

respectively. Closure bottom deflections only were recorded in Tests 36 

through Ul. All Phase II instrumentation was of the same type as that 

used for Phase I; the only revision was the redesign of the deflection gauge 

mounts to facilitate instrumentation setup (Figure 2-13). 

In the test descriptions (Section 3), it will be noted that selected 

data plots have been included for Tests 16 through 35. These plots result 

directly from the Phase II instrumentation plan and were received from WES 

in May 1969- Examination of these plots, as time permitted, gave us some 
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TABLE 2-2 

number and type of instrumentation channels 

Test 
Mo. 

16 

17 

18 

19 

20 

21 

22 

23 

26 

25 

26 

27 

26 

29 

30 

31 

32 

33 

31* 

35 

36 

37 

38 

39 

60 

61 

62 

63 

Closure 

M120-2Ï 

MI3O-I-7 

M3O-I-6 

M130-2-2 

M130-2-1 

MI30-3 

HI3O-6 

MI3O-7 

MI30-I-3 

KL30-5 

MI33-I 

MI33-2 
I 

MI3O-6 

►130-16 

MI30-I3 

MI30-7-I 

MI3O-9 

KI30-8 

m.30-7-2 

Ml27-0 

MI30-IO 

MI3O-7-3 

MI30-II 

Ml 30-IP 

MI3O-7-Ó 

Ml 30-7-5 

MI60-I 

MI60-2 

support 

low friction 

low friction 

Low friction 

low friction 

Low friction 

low friction 

Low friction 

low friction 

low friction 

low friction 

low friction 

Low friction 

low friction 

Low friction 

Low friction 

MI3I-I 

XI29-O 

Ml 23-0 

►131-2 

Ml 27-05 

KI3I-6 

KI3I-3 

Ml 31-7 

Ml31-6 

►131-10 

►r-31-9 

Hich friction 

High friction 

Instrurentation Cl-.onnels 

Closure 

strain 

Internair 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

2 

2 

2 

3 

3 

2 

2 

-xternais 

16 

16 

la 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

6 

6 

6 

6 

6 

6 

6 

Deflection 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

1 

6 

1 

1 

1 

1 

1 

1 

1 

1 

1 

Support 

Strain 

Internals 

2 

2 

2 

2 

2 

Externals 

Deflection 

3 

3 

3 

3 

3 

1 

1 

1 

1 

1 

1 

Pressure 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

Total 

Channels 

19 

22 

22 

22 

22 

22 

22 

22 

22 

22 

22 

22 

22 

11 

11 

26 

25 

26 

21 

3 

3 

3 

3 

3 

3 

2 

2 
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assurance that the conclusions drawn throughout this report are correct. Of 

particular interest are the deflections of the side shell of the closure. It 

will be seen that the applied load increased steadily until relatively minor 

deflections occurred in the side shell, and as the deflections increased the 

primary load/deflection curve bent over sharply. 

2.2 Model Construction 

All test specimens were designed and fabricated by Parsons and were 

then turned over to WES for instrumentation and concrete placement. Welding 

of the models was in accordance with Section VIII of the ASME code. It is 

significant that only two weld failures were experienced and these occurred 

in two high strength steel models constructed of 1*130 chrome molybdenum steel 

of 69-ksi and l80-ksi yield strengths and at test pressures of l6+ ksi and 

23 ksi, respectively. 

The Phase I (Tests 1 through 15) closure models are shown in Figure 2-11+; 

the support models are shown in Figure 2-15- The Phase II (Tests 16 through 1+1) 

nominal closure and nominal silo models are shown in Figures 2-l6 and 2-17, 

respectively. Table 2-3 gives a composite view of both closure and silo design 

parameters, by test. 

In an effort to correlate with previous REST results, two specimens were 

constructed to model structures tested in the Hercules (Test 32) test and in 

Rock Test I (Test 33). The silo supports for these tests are shown in Fig¬ 

ures 2-18 and 2-19, respectively. 

Test 35 represented the test of a prototype configuration of the rise 

and rotate closure concept and is shown on Figure 2-20. 
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FIGURE 2-18 

DESIGN GEOMETRY OF SILO 

M129-0 . TEST 32 (HERCULES) 
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FIGURE 2-19 

DESIGN GEOMETRY OF SILO M128-0 - TEST 33 

(ROCK TEST I ) 
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3.0 SUBSCALE STATIC TESTS 

Table 3-1 defines the geometry, material strength, and load capacity of 

the models tested. Low friction and high friction tests are also indicated. 

For the convenience of the reader, a typical cross section of a test model is 

included as part of this table. 

3.1 Phase I 

The first fifteen static tests, designated as Phase I, were conducted to 

provide a baseline for future tests, to validate the test hardware, and to 

allow us to check our design approach. 

Our initial plan was to duplicate all tests in the series. However, 

after the first four tests, where two pairs of identical models were tested 

with nearly equivalent load capacities and failure modes, it was decided to 

expend test effort in examination of closure/support variables rather than in 

duplication of test results. Thus, a great variety of variables were 

examined in Phase II of the series. 

Full-size structures were designed and scaled down for testing purposes 

in the preliminary effort. It was necessary to consider the closure and the 

closure support as uncoupled since little was known about interaction phenomena. 

The variables examined were closure plate thickness, closure geometry, closure 

support plate thicknesses, and bearing restraint. Two models containing 

conical sections across the predicted shear plane were also included to deter¬ 

mined if additional st, .ngth could be achieved with this type of section. 

The Phase I tests are described in the following paragraphs. 
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LEGEND - TABLE 3-1 

CLOSURE 

* DIAMETER 

A DEPTH 

t, SIDE SHELL THICKNESS 

BOTTOM PLAIE THICKNESS 

CLOSURE SUPPORT 

FOUNDATION 

df CLEAR INSIDE DIAMETER 

OF SUPPORT UNDER 

CLOSURE 

/ TOTAL DEPTH 

dQO OUTSIDE DIAMETER 

djß CLEAR INSIDE DIAMETER 

OF LOWER PORTION 

BEARING ASSEMBLY 

dg OUTSIDE DIAMETER OF 

BEARING RING 

h-4 

*00 

tg BEARING PLATE THICKNESS 

'r VERTICAL DIMENSION OF BEARING SHELL 

t, BEARING SHELL THICKNESS 

LINER AND CONFINING SHELL 

LINER PUTE THICKNESS 

lL VERTICAL DIMENSION OF LINER PLATE 

tc OUTER SHELL THICKNESS 



TABLE 3-\ 

STATIC TEST SPECIMEN GEOMETRY 

&/ For definition of terms, see page A2-34. 

1/ LF - low friction support as discussed in Appendix 2, Section 2. 

£/ HF = high friction support as discussed in Appendix 2, Section 2. 

d/ Expansive concrete. 



TABLE 3-1 

MEN GEOMETRY AND LOAD CAPACITIES «_/ 

lion, Inches 

osure Support 
Bearing Assembly 

36 

36 

36 

36 

36 

36 

36 

B 

0.50 

0.50 

1.50 

1.50 

1.50 

1.50 

1.50 

L 

6 

6 

6 

6 

6 

6 

6 

Liner and Confining Shell 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

0.10 

0.10 

0.62 

0.62 

0.10 

0.62 

0.10 

Strength, 
ksi 

f 
c 

8 

8 

7 

7 

7 

7 

8 

7 

8 

7 

8 

8 

7 

7 

8 

13 

7^/ 
3 

3 

11 

6 
8 
8 

6 

7 

7 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

70 

70 

150 

36 

36 

36 

36 

Load 
Capacity, 

ksi 

2.6 

2.6 

3.k 

3.6 

3.2 

3.0 

^.7 
6.1+ 

3.8 

6.8 

l+.i 

2.9 

8.8 

1+.2 

2.8 

5.5 

3.7 

2.8 

5.5 

6.6 

7.3 

^.9 
6.1+ 

3.1+ 

3.3 

1.0 

Remarks 

l/l+-in. shear cone in 

closure model 

l/l+-in. shear cone in 

closure model 

Shims 

Shims 

Shims 

Teflon on supports 

Shims 

TABLE 3-1 
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TABLE 3-1 (CONT I 

Test 
No. 

Model Identification 

Closure Support 

Specimen Dimension, Inches 

Closure 
Concrete Foundation 

Closure Support 

OD Sd 

Bearing 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 
40 

41 

ML33-2 

M130-6 

ML30-14 

M130-13 

M130-7-1 

M130-9 

Ml 30-8 

ML3Ö-7-2 

ML27-0 

M130-10 

ML 30-7-3 

ML 30-11 

MI3O-I2 

ML30-7-6 

ML30-7-5 

LF 

LF 

LF 

LF 

ML3I-I 

MI.29-O 

ML28-0 

ML31-2 

ML27-0 

ML31-4 

ML31-3 

ML31-7 

ML31-6 

ML3I-IO 

ML31-9 

32.3 

32.3 

32.3 

32.3 

32.3 

32.3 

32.3 

32.3 

31.0 

32.3 

32.3 

22 

22 

32.3 

32.3 

21 

21 

21 

8 

1k 

13.4 

14.2 

14 

13.2 

14 

14 

14.3 

9.5 
14 

14 

0.25 

0.75 

0.75 

0.50 

0.12 

0.31 
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TESTS 1 AKD 2 

These tests were performed to determine if models used in past closure test 

activities could be scaled up, and to determine the repeatability of the 

failure load. The models selected for Tests 1 and 2 were scaled-up versions 

of static test models previously tested by University of Illinois researchers. 

These tests essentially doubled the 1/lb scale used by the University of 

Illinois. Except for the bearing width which was somewhat narrower, all 

test variables were scaled up by a factor of two, as can be seen in Figure 3-1 

The tests were performed on a low friction support. 

CLOSURE GEOMETRY FOR TESTS 1 AND 2 

(UNIVERSITY OF ILLINOIS) 

FIGURE 3-1 

This section proved to be quite well proportioned since shear, bearing, and 

bending distress were all evident at the time of tie post-test inspection, 

as can be seen in Figures 3-2, 3-3, and 3-b. Note the cracks starting at 

t )e bearing in both tests. The dark areas in the photographs are caused by 

moisture resulting from the cutting operation and are not related to the 

tests. The bulge that appears above the area in contact with the bearing 

A2-39 



(Figure 3-1*) is due to the yielding of the steel from the load j-iuposed by ! he 

horizontal straining of the concrete; i.e., the outer steel ring is acting as 

a confinement vessel. 

Originally, the University of Illinois models were designed for 1000 psi; how¬ 

ever, failure occurred at 2150 psi. In the present tests, failure occurred 

at 2600 psi in both Test 1 and Test 2. The ductility of the model, as well as 

its ability to continue to carry a load even though 1 igh strain rates were 

being encountered, is evidenced in the load deflection diagrams (Figures 3-5 

and 3-6). 

The result*: of these tests established the fact that the failure load for the 

scaled-up models was essentially the same as that found by the University of 

Illinois for the smaller model. The ability to duplicate test results accur¬ 

ately vas also established. 
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TESTS 3 AND U 

The models in Tests 3 and I4 were designed for an ultimate load capacity of ^000 

psi. These tests were performed to check the validity of the design approach, 

to verify the repeatibility of the test results, and to provide a point of de¬ 

parture for further model designs. The model geometry for Tests 3 and U is 

shown in Figure 3-7. The tests were performed on low friction supports. 

S 

* 
1/4" A-36 

PLATE 

CLOSURE GEOMETRY FOR TESTS 3 AND 4 

FIGURE 3-7 

The section behaved as might be predicted for a deep section; steep shear 

cracks as well as bearing distress were observed at the time of post-test 

inspection. The punching of the l/l*-inch plate which can be seen in 

Figure 3-8 was caused by the sharp edge of the low friction bearing and is 

not indicative of a general-type failure mode for these models. This proved 

to be a test anomaly and was not evident in the models with heavier bottom 

plates. The maximum load capacity, however, was undoubtedly achieved before 

the punching action took place. In the later tests steps were taken to 

minimize this punching action by placing mild steel shims between the hardened 

bearing and the model. 
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rleur' 3‘9 ■hou' th' »h'n '»le» h*» b«en cut by . cutting torch (n^c cut) 

to expose the concrete and to sllou the »odel. to be cut In t.o vlth . dlsmond 

saw. Distress In the concrete In the area of the learln* and above th. bear¬ 

ing 1, also evident. Flares 3-10 and 3-11 shov close-up views of the failed 

area in the section. 

Ihe evident distress in the side shell support, th. hypothesis that this 

shell acts as a conflnin* rin* and carries a .liable portion of th. vertical 

load as well. Failure occurred at 3h50 psi 1„ Test 3 and at 3600 psi in 

Test h (see Figures 3-12 and 3-13). It should be pointed out that when th. 

pressure deflection curve, show sharp "op-off in the vertical load capacity 

this does not indicate a sudden failure, but is due to actually releasing the 

load on th. model. More ductility would have been achieved had the load been 

carried on for a longer period of time. 

The ability to duplicate test results was established as well a. the ability 

to provide resistance to pressures a, high as 3500 psi. Although th, model, 

failed below their predicted load capacity, the result, were .till .ati.fyin* 

.in vieu of the overall structural behavior. 
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DEFLECTION, IN. 

CLOSURE M120-2A TEST 3 - PRESSURE VS. DEFLECTION 

FIGURE *3 12 

CLOSURE M120-2B TEST 4 - PRESSURE VS. DEFLECTION 

FIGURE 3-13 
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TESTS 5 AND 6 

Tests 5 and 6 represented the first attempt to test a closure model on a 

silo support. The silo support was proportioned to fail at 5000 psi, with 

the expectation that a closure could be failed on this silo and the increase 

in closure load capacity due to support friction could be determined. 

The closure tested was identical to those used for Tests 3 and The model 

support geometry for Tests 5 and 6 is shown in Figure 3-lk. 

12 GA. 

sreci 

CONC. 
(f’■ 7000p«l) 

SUPPORT GEOMETRY FOR TESTS 6 AND 6 

FIGURE 3-14 

The radial load introduced into the support due to the expansion of the base 

of the closure was underestimated in initial calculations. The test failure 

was in the support structure which yielded an applied load of approximately 

3000 psi, as is shown in the deflection curves (Figures 3-15 through 3-18). 

Radial cracks were evident in the concrete as well as conical cracks progres¬ 

sing from the bearing plate (Figures 3-19 through 3-22). The failure appeared 

to occur after yielding in the outer steel confining shell. 



The distressed area of concrete directly under the inner confinement rinp; 

(Figure 3-20) was predicted and does not lead to failure or decrease in 

load capacity, but is caused by the vertical bearing of the inner confinement 

ring on the unconfined concrete. The spalling was expected to occur, and it 

did so on all the silo models tested. As can also be seen in this figure, a 

clip is welded to the inner confinement ring to support the displacement 

gauge. 

Figure 3-19 shows the radial cracks in the top of the support and another 

view of the spalled area directly below the inner confinement ring, as well * 

as the clip angles supporting the displacement gauge for the silo support. 

It should be noted on the load displacement curve for Ti'st 6 (Figure 3-18) 

that the closure did not fail but had a higher load capacity than the silo, 

which explains the sharp rise and return to zero on the displacement curve. 

The closure model remained elastic. Radial cracking was extensive in the 

failed support models (Figures 3-21 and 3-22), When the outer confinement 

ring was removed, the model fell apart. 

The tests demonstrated that the assumed support failure mode was essentially 

correct. The contribution of the outer confining shell was vividly portrayed. 

However, we did not have enough outer confinement to mobilize the strength of 

the model and therefore did not get enough load on the closure support to 

load the inner confinement ring. 
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SUPPORT M121-1A TEST 5 - PRESSURE VS. DEFLECTION 

FIGURE 315 

SUPPORT M121-1B TEST 6 - PRESSURE VS. DEFLECTION 

FIGURE 316 
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TEST 7 

The closure that failed the supporting structure in Tests 5 and 6 was next 

tested on a support designed for a ultimate load capacity of 10,000 psi. This 

10,000-psi level represents the load to be imposed on the total area of the 

closure; i.e., the unit load on the closure model, and not bearing stress. A 

10,000-psi load on the closure would result in a load of approximately 1*0,000 

psi on the bearings. The model support geometry for Test 7 is shown in 

Figure 3-23. 

SUPPORT GEOMETRY FOR TEST 7 

FIGURE 3-23 

The test was undertaken to determine the increase in closure strength from 

high bearing friction, which could not be achieved in the earlier tests. 

The support had enough inherent load capacity to allow the closure model to 

be broken at a load of l*66o psi without visible damage to the support 

structure (an apparent unit bearing stress of 18,640 psi). 

The pressure deflection curve for the silo (Figure 3-2¾) indicates essentially 

total recovery of the observed deflection and supports the contention that 

A2-55 



the silo did not fail. The ductility exhibited by the closure is evident in 

Figure 3-25. Examination of Figure 3-26 shows that no punching action took 

place between the support and the bottom plate of the closure, which further 

substantiates the belief that the shearing was caused by the hardened low 

friction bearing blocks. 

This test supported the contention that bearing friction could add considerable 

additional strength to a closure structure. In this particular situation the 

increased capacity was approximately 20 percent over that observed jn the low 

friction support. 
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TEST 8 

The support used in Test 7 was next used to support a stronger closure model 

than that used in the preceding test. The closure was proportioned to 

fail at the 8000-psi load level. This test was intended to show the behavior 

of a well-matched closure and support. 

The closure geometry for Test 8 is indicated in Figure 3-27. The closure sup¬ 

port structure is shown in Figure 3-2U (Test 7). 

1/2" A-36 

PLATE 

CLOSURE GEOMETRY FOR TEST 8 

FIGURE 3 27 

Failure was observed simultaneously in the closure and the silo at a load level 

of 6375 psi (an approximate bearing stress of 25,500 psi). However, examina¬ 

tion of the load deflection curves (Figures 3-28 and 3-29) indicates that the 

closure could probably have taken more load, as the curve was still rising 
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« can he »een in Pi^ 3.3!. ^ appMrt to ^ a ehirMterUtlc fiUure 

pattem for thi» support configuration. The vertical crack under th, bearing 

of the .no (Figure 3-31) is very similar to the crack in the closure (Figure 

3-30), and point, out the fact that the inner confinement ring is serving the 

sMe function for the silo as that provided by th. outer shell for the cloaure. 

The mode of support response ... the same ., previously observed. There »a, „0 

•hear crack in th, closure model after testing. Failure appeared to be local 

-a to have been caueed by yielding of th. steel shell. The ailo and th. 

closure appear to be rather closely matched in total load capacity. 
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SUPPORT M121-2A TEST 8 - PRESSURE VS. DEFLECTION 
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TEST 9 

A closure model with 1/2-inch plates was next tested on a silo which was 

similar to those used in Tests 5 and 6, but with a much thicker bearing plate 

(1-1/2 inch, compared with 1/2 inch for Tests 5 and 6). This test was per- 

fomed to detemine the increase in support strength from a thicker bearing 

plate and a stronger closure. 

The closure tested was identical to that of Test 0 (see Figure 3-2?). The 

support geometry is shown in Figure 3-32. 

SUPPORT GEOMETRY FOR TEST O 

FIGURE 3-32 

The failure occurred in the support structure, as had been predicted, at a 

load level of 3846 psi applied to the closure (see Figures 3.33 and 34). It 

should be pointed out that the slope in the losd deflection curve for the 

closure does not represent a yielding or a reduction in load capacity, but 

merely models the capacity of the silc. The closure was not damaged, but the 

silo failed. 
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After the teat event, the outer shell was removed from the support structure 

and the tendency of the structure to «row could be observed from the presence 

of a bend in the removed plate at its point of contact with the base of the 

test fixture. Note the yielded area in the lover section of the outer con¬ 

finement shell of the silo (Figure 3-35). The lowest edge of the outer con¬ 

finement ring was in contact with the steel base plate and could not move 

outward due to the friction generated between the two steel surfaces. 

Immediately above that a yield area can be observed - a curved section - 

which was caused by the horizontal loading from the concrete. This is con¬ 

firmed by the crack pattern in Figure 3-36. The apparent formation of an 

arch (Figure 3-36) is essentially the continuation of the closure structure; 

the closure and the silo support actually function as a single structure. 

In the ciack pattern shown on the right side of Figure 3-36 there is evidence 

of continuation of an arch forming, which throws both vertical and horizontal 

loading into the outer confinement ring provided on the silo. The strength 

of the silo influences the apparent load capacity of the model, and vice versa 

to some extent, emphasizing again that the silo support and the closure are 

really one structure, and should be analyzed as such. 

Figure 3-37 shows the closure specimen used to load the silo support in 

Test 9; note that it was essentially undamaged. Figure 3-38 illustrates the 

failed silo support. 

Comparison of Test 9 with Test« 5 and 6 demonstrates that increasing the 

bearing plate thickness apparently accounted for a 2 f-percent increase in 

load capacity, although some increase is probably due to the heavier closure. 
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TEST 10 

This test was designed specifically to examine the interaction phenomenon. A 

support equivalent to that of Tests 7 and 8 was loaded by a closure specimen 

with 3A-inch plates. The increased load capacity of the support structure 

when loaded with a stiff closure was to be examined. The closure geometry is 

shown in Figure 3-39. 

3/4" A-36 

PLATE 

CLOSURE GEOMETRY FOR TEST 10 

FIGURE 3-39 

There was an anomaly in the data recovery from this test which tends to 

discredit the apparent results. This anomaly is seen in the silo load 

deflection curve (Figure 3-UC), where there is a sharp rise in load capacity 

with no apparent displacement. This was caused by the bottoming out of the 

displacement gauge, therefore the vertical portion of the curve should be 

ignored. In the curve for the closure (Figure 3-1*1), none of the unloading 

portion of the test sequence is shown. 
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Evidence of silo failure, which occurred at a load level of 6800 psi, can be 

seen in Figures 3-^2 and 3-^3. The concrete in the closure does not appear 

to be distressed (Figure 3-UU) ; however, significant yielding had occurred in 

the bottom plate. The heavy confinement ring of 3A-inch steel has prevented 

a bearing failure on the closure. It appears that the strength of the com¬ 

bination vas controlled by the silo. 

Confirming the assumption that the closure probably had more load capacity is 

the fact that, in Test 13, a 3/^-inch closure was tested on a low friction 

support and attained an 8815-psi level. We are confident that this should 

be possible on a silo or rig'd support. 

Inspecting the model after the test, it was evident that the support collapsed 

as in previous tests and the closure distress was local due to yielding in the 

steel plates. 
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TEST 11 

To further explore the interaction phenomena, a 3/1.-inch clo.ure »as next 

used to test a support Identical to that used with a 1/2-inch closure in 

Test 9. The closure and the support con fleurât Ion are shovn in Heures 3-39 

(Test 10) and Figures 3-32 (Test 9), respectively. 

The pressure deflection curves (Figures 3-1.5 and 3-1.6) indicate that the 

support structure failed at a load of 1.081. p.l; no additional atrength vas 

observed over Test 9. This ehovs that for these particular models inter¬ 

action is no more pronounced then for a less stiff closure tested on an 

identical support. 

The general pattern of the radial cracks in Figure 3-*T is quit, to 

that observed in Test 9. Figur. 3-W shon the support at the time of post- 

test inspection. 
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FIGURE 3-46 
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TESTS 12 AND 15 

Before the test series began, there was a great deal of concern about shear 

failures in closures. In these tests, an attempt was made to increase the 

shear capacity of the models. A steel cone was placed in two of the lA-inch 

closure models, as shown in Figure 3-1*9. 

CLOSURE GEOMETRY FOR TESTS 12 AND 15 

FIGURE 3-49 

The models were tested on low friction and high friction (steel to steel) 

bearings, with identical results. The total load capacity of the models was 

decreased by the addition of the cone. The model on the low friction bear¬ 

ing failed at 2900 psi (Figure 3-50), while the model on the high friction 

bearing failed at 2792 psi (Figure 3-51). 

The cone introduced a vertical load component directly into the outer shell 

and caused buckling of this element at a low load level (Figures 3-52 and 

3-53). The concept could be used effectively only if the outer shell were 

stiffened considerably. 

Since other tests have shown that a shear-type failure is not critical, this 

concept should be eliminated from practical consideration. 
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TEST 13 

The Test 13 model was designed for an ultimate load capacity of 12,000 psi. 

This test was made to compare with the results of Test 10. The closure 

geometry is shown in Figure 3-51*. The test was performed on a low friction 

support. 

3/4" A 36 

PLATE 

CLOSURE GEOMETRY FOR TEST 13 

FIGURE 3-54 

The maximum test pressure reached was 8815 psi (Figure 3-55), which lends 

support to the assumption that the closure in Test 10 had additional load 

capacity available and that the load capacity of the combination was controlled 

by the silo. 

The test photograph shows a damaged zone of concrete extending all the way 

from the bearing to the top surface of the model (Figure 3-56). This is mis¬ 

leading since after the maximum pressure was reached vertical load was un¬ 

intentionally put into the side shell from the testing apparatus. The 

vertical point on the deflection curve (Figure 3-55) is the point at which 
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the deflection gau^e bottomed out Sinn» 
out. Since there vas no more capacity in the 

gauge, it indicates zero deflection v-i+h < 
ei lectin with „ increas. l„ ioaa. Because the 

deflection reading vas let durln, the test, the test „as continued to a 

Point „here the piston in the loading nachine ca.e in contact „ith the side- 

vens of the closure „odel. The true collapse node is thus not properlv in. 

«ted, although it is predicted that a local failure occurred as before due 

to yielding of the steel plates. 
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CLOSURE M120-5B TEST 13 - PRESSURE VS. DEFLECTION 

FIGURE 3-55 
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TEST 11* 

A closure model identical to those used in Tests 3, I4, 5, 6, and 7 was tested 

on a high friction (steel-to-steel) support in order to ascertain the increased 

load capacity from friction and to compare this with the additional load 

capacity obtained when testing the model on a model support structure. The 

high friction support consisted of a l*-foot outside diameter by 28-inch in¬ 

side diameter 2-inch-thick steel plate, which rested directly on the adjusting 

plates — the steel support within the fixture. Because of the detail of the 

support, the stiffness of the leveling plates was actually mobilized, as was 

the radial stiffness of the 2-inch plate that supported the model. The 

closure geometry is shown in Figure 3-57. 

CLOSURE GEOMETRY FOR TEST 14 

FIGURE 3-57 

One of the effects of the increased radial stiffness and friction of the 

support is to increase the shear crack angle (Figure 3-50). In this test, 

the shear crack angles were more nearly vertical than in Tests 3 and l'. The 
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increased radial stiffness of the support enhances the load capacity of the 

model, demonstrating again the general phenomenon of the interaction between 

the closure and the support. 

The closure failed at a pressure of 1*152 psi (Figure 3-59). This test result 

can be compared with the results of Test 7 where an identical closure mouel 

was tested to failure on a silo support. The closure in Test 7 failed at a 

load of 1*660 psi. After correcting the load capacity of the closure tested 

in Test ll* to account for the variation in concrete strength between the 

closure modeis, the apparent load capacities of the closures in Test ll* and 

Test 7 are 1*660 psi and ¡***50 psi, respectively. These load capacities are in 

good agreement and support the assumption that support interaction through 

friction can increase closure load capacity by as much as 20 percent. 
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3.2 Phase II 

After the first 15 tests, there was a pause in the test sequence in order 

to evaluate the information obtained in the first test series and to examine 

critical parameters identified in Phase I. Evaluation of these tests led to 

the following: conclusions: 

X‘ comP°site section is extremely efficient and can produce a hi*h 

load capacity closure. 

2. Bearing stresses are not as critical as originally imagined. 

Extremely high stresses can be tolerated merely by providing the 

effective confinement by the steel shell or the confinement ring 

on the silo. 

3. The mode of failure apparently changes as the stiffness of the steel 

section is increased. As the thickness of the closure shell was 

increased, shear crack failure changed to a general bearing distress 

or steel yielding failure. With the 8 inch-deep model and thin 

gauge confinement, three failure modes were observed: bearing 

failure, shear failure and bending failure - all within one model. 

Shear and bearing distress were predominant in the lU-inch-deep 

models. In the 1/2- and 3A-inch shells, the concrete apparently 

did not control the strength of the model. The stiffness prevented 

a bearing failure in the concrete until the steel shell had reached 

its yield point. 

The models for the Phase II tests were modified as indicated by the results 

of Phase I testing. The following parameters were investigated in the second 

phase of the testing: 

• Section depth 

. Bearing width 
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. Closure confining shell thickness 

. Closure bottom plate thickness 

. Closure bearing plate thickness 

. Bearing confinement shell thickness 

. Support outer confininer shell thickness 

. Bearing haunch configuration 

. Concrete strength 

. Steel strength 

. Reduced support friction 

. Interaction phenomena 

During the preparation of this report, data plots became available shoving 

not only load versus deflection curves, but also strain data. These have 

been included with the Phase II test descriptions that follow. 



TEST l6 

Test 16 was performed to determine the increase in load capacity with the use 

of hirçh strength concrete. The model geometry for this test is shown in 

Figure 3-60. The test was performed on a low friction support. 

1/4" A-36 

PLATE 

CLOSURE GEOMETRY FOR TEST 16 

FIGURE 3-60 

The load deflection curve shows the ductility evidenced by the model despite 

the relatively high strength of the concrete. The section failed at an 

applied pressure of 5526 psi (Figure 3-6l). This represents a substantial 

increase in load capacity over that of Test 3 and U models which failed at 

the 3500-psi level. 

The circumferential crack that can be seen Just outside the bearing area 

(Figures 3-63 and 3-61*) may be an indication that the high concrete strength 

is changing the failure mode. The bulging below this crack indicates that 

¡.he concrete in this section has flowed plastically, thus loading and yielding 

the outer confinement steel. 



In Figure 3-65» note the circumferential crack at the edge of the bearing; the 

gouges in the underside of the concrete were caused during the cutting operation 

and are not a result of the test loading. The apnarent burnishing of the con¬ 

crete in the bearing area is indicative of the applied stress, which is 

approximately 20,000 psi for this test. In Figure 3-66 burnishing is very 

evident on the bottom plate in the bearing area. The shell fell away from 

the model because of the deletion of the internal instrumentation bars. 

During Phase I of the test series, the bars had been welded to the outer con¬ 

finement shell, and therefore held the concrete section and the steel shell 

together. No horizontal or circumferential bars were welded to the steel 

side shell in Phase II; the only instrumentation bars welded are the vertical 

bars that are welded to the bottom plate. 

The results of this test support the contention that the concrete strength 

enhances the load capacity in approximately the same ratio as the square root 

of the unconfined compressive strength of the concrete. 
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CLOSURE M120-2E TEST 16 - PRESSURE VS. DEFLECTION 

FIGURE 3-61 
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TEST 17 

The effect of expansive concrete vas examinee < m 

vas examined in Test IT. The mix vas desimnec 

50 that e™ Shrlnkae' by the expansive admixtvre 

» - anticipated that the concrete shear streng conid he incased si*,, 

ficantly with this procedure. 

The closure geometry for Test 17 -ic ev, j 
IT is shovn in Fienre 3-67. The test va, per- 

formed on a low friction support. 

he expected increase in ioad capacitf vas not observad. Th, nedei f.a.d lt 

a ioad of 37ÍO psi ,PiKure 3-68, vhich compares veil vith the 3500-psi load 

capacity of the models for T*sts 3 and h. *om the test, perfocd, there vas 

no apparent strnctural advantage in nsinp exp.sive concrete; hovever, hec.nse 

Of increased shrinha«, in full-scale structures, the use of expansive concrete 

^ he advantageous in order to maintain the concrete in contact vith the 

inspection. 
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The effect of concrete strength was further examined by testing a model with 

a lower strength concrete. The closure geometry of the model is shown in 

Figure 3-71. The test was performed on a low friction support. 

CLOSURE GEOMETRY FOR TEST 18 

FIGURE 3-71 

The section failed at an applied pressure of 2752 psi (Figure 3-72). The 

failure mode was the same as that observed in Tests 3 and 1» with the excep. 

tion that greater bearing distress was observed with the lower strength 

concrete (Figure 3-7¾). This test supports the contention that the load 

capacity varies approximately as the square root of the unconfined compres- 

sive strength of the concrete. 
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CLOSURE M130-1-6 TEST 18 - PRESSURE VS. DEFLECTION 

FIGURE 3-72 
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TEST 19 

In Test 19 the effect of using high strength steel was examined to determine 

if failure was steel strength or deformation sensitive. The model geometry is 

shown in Figure 3-75. The model was tested on a low friction support. 

1/4" STEEL 

PLATE (fy* 70kti) 

CLOSURE GEOMETRY FOR TEST 10 

FIGURE 3-75 

The ductility of the model, as shown on the pressure deflection curve 

(Figure 3-76), is attributed to the high strength steel. It appears that 

the total steel strength is the critical factor since the model failed at u 

load of 5^97 psi. This compares favorably with the test of the 1/2-inch 

model on the support structure which failed at 6375 psi (Test 8); much greater 

load capacity was shown than that observed in Test 18 where an identical model 

constructed from A-36 steel collapsed at 2570 psi. The failure was attributed 

to bearing distress. 
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No shear crack could be observed (Figure 3-78). The increase in load 

capacity due to the high strength concrete noted in Test 16 was not as great 

as the increase noted in this test as a result of using high strength steel. 

It appears that a significant increase in load capacity may be attained by 

the use of high strength structural materials. 
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TEST 20 

In Test 20 the effect of both high strength steel and concrete was examined. 

The model geometry is shown in Figure 3-79; the test was performed on a low 

friction support. 

1/4 " STEEL 

PLATE (fy : 70 kti) 

CLOSURE GEOMETRY FOR TEST 20 

FIGURE 3-79 

The model collapsed at a load level of 658U psi (Figure 3-80); shear cracks 

were evident in the collapsed structure. There was also an unusual horizontal 

crack approximately 2 inches from the top surface of the model (Figure 3-82). 

There seems to be no explanation for the formation of these cracks, since no 

bearing distress was evident at the time of post-test inspection. However, 

these horizontal crack patterns were also noted in Test 21 (figure 3-86). 

This phenomenon is undoubtedly associated with the high strength steel shell 

snd the high strain that is being obtained in the model. 
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CLOSURE M130-2-1 JEST 20 - PRESSURE VS. DEFLECTION 

FIGURE 3-80 
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DATA PLOT - TEST 20 

FIGURE 3-81 
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TEST 21 

The effect of ultrahigh strength steel was examined in Test 21. The model 

was tested on a Jow friction support. The closure geometry for Test 21 is 

shown in Figure 3-Ö3. 

CLOSURE GEOMETRY FOR TEST 21 

FIGUKE 3 83 

The model failed at 7300 psi (Figure S-öU), a load lower than would be 

expected from extrapolation of previous test results. Many horizontal cracks 

were observed at the time of post-test inspection (Figures 3-Ö6 and 3-87). 

This indicates that a critical concrete strain situation was evidently 

reached. Therefore it is not possible to say that the total plate strength 

is the only critical design parameter. 

It has been postulated that the bearing strength of the concrete may be expressed 

in tens of the unconfined concrete compressive strength and a linear function 

of the confinement pressure available from the side steel shell. In this parti¬ 

cular test, observations of the strain records indicate that the steel remained 

elastic until failure. Thus the effective vertical stress in the side shell 

could be determined. The vertical load not carried in the side shell was assumed 

to be in the concrete. This indicates that the effective concrete bearing stress 

vas approximately 15,000 psi, which implies that in this case the concrete 

bearing strength could be expressed as O' «f-fsL rr 
concrete rc ^ ^confined. 
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In Test 22 the relative contributions of the side shell and bottom plate were 

examinee, by testing a model with a thick shell and a thinner bottom plate. 

The model geometry is shown in Figure 3-08; the model was tested on a low 

friction support. 

1/2" A-36 
PLATE 

1/4" A-36 

PLATE 

CLOSURE 3EOMETRY FOR TEST 22 

FIGURE 3-88 

Tht model collapsed at 1*871 psi (Figure 3-89) due to a local-type failure 

initiated by yielding of the steel plates. No shear crack was apparent at 

the time of post-test inspection (Figure 3-91). There was a 30-percent in¬ 

crease in load capacity over that for models with a l/l*-incb side shell and 

bottom plate (Tests 3 and 1*), and the failure mode was similar to that ob¬ 

served in the 1/2-inch model tested on a support structure (Test 8). 

A thicker outer shell appears advantageous from the standpoint of both failire 

mode and ultimate load capacity. 
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CLOSURE M130-4 TEST 22 - PRESSURE VS. DEFLECTION 

FIGURE 3-89 
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DATA PLOT - TEST 22 

FIGURE 3-90 
A2-122 

Ml I 



n

n
li

3
1

i

i
i



TEST 23 

T**t 23 represented the first test of a 1/2-inch model on a low friction 

support. The results obtained were correlated with those of Tests 8, 19, 

20 and 22. The model geometry for Test 23 is shown in Figure 3-92. 

CLOSURE GEOMETRY FOR TEST 23 

FIGURE 3 92 

The model collapsed at a load level of 636I psi (Figure 3-93), which is close 

to the 6375-psi collapse load observed on the support structure for Test 8. 

Examination of Tests I9 and 20 shows that total steel strength appears to be 

the critical design parameter since an equivalent strength steel model with 

3-ksi concrete failed at 5^97 psi and one with 12-ksi concrete failed at 

658!» psi. 

A2-12U 



The mode of failure was as previously observed, with shear cracks in evidence 

as well as severe bearing distress and the associated yielding of the steel 

Plates (Figure 3-95). It should be noted that no shear cracks were observed 

with the 1/2-inch model in Test Ö. In the first test series, the 1/2-inch 

model was tested on a silo, whereas in Test 23 the model was tested on a low- 

friction support, which suggests that the support condition has influenced 

the failure mode. 
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FIGURE 3-93 
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TEST 24 

A model similar to those used in Tests 3 and 4 was tested to investigate the 

effect of friction in the so-called low friction support. The test was ¡er- 

formed on teflon-coated blocks with a tested coefficient of friction of 0.005, 

Q3 opposed to 0.20 on the standard low friction bearing (Testa 3 and 4). The 

model geometry is shown in Figure 3-96. 

CLOSURE GEOMETRY FOR TEST 24 

FIGURE 3-96 

The model failed at 3409 psi (Figure 3-97), which was only a nominal decrease 

irom the previous 3500-psi load level. The failure mode was basically the 

same as that previously observed (Figure 3-99). This decrease in load capacity 

does not appear significant in light of other uncertainties involved in the 

testing. 
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TEST 25 

In Test 25 a much thinner section than had been used In earlier tests was 

examined to determine the effect of the closure section depth. It was antici¬ 

pated that the mode of response at this larger span-to-depth ratio would be of 

interest; flexural response might influ- ,ce the load capacity to some degree. 

Since the response mode observed in Tests 1 and 2 differed significantly from 

that of Tests 3 and 1. in terms of flexural cracks, this test was intended to 

farther explore the flexural response phenomenon. 

The model geometry is shown in figure 3-100. The model was tested on a low 

friction support. 

A-34 PLATE 

« 

CLOSURE SEOMETRY FOR TEST 25 

FIGURE 3-100 

lb. model failed at a load of 330T psl (Figure 3-101), which comp«-., very 

favorably with the result, of Test. 1, 2, 3 «d k. In Test. 1 and 2, identical 

model. 8 inches deep with 1/8-lnch plates failed at the 2600 psl level; in 

Test. 3 and b, Ik-inch-deep model, with lA-tnch plate, failed at the 3500-p.i 

level. 
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Bearing distress was evident in the model. Note the shear crack and the be¬ 

ginning of tensile cracks on the lower concrete surface (Figure 3-103). It 

is of interest to note that the load capacity of this model was only 

slightly less than that of the l'i-inch-deep models in Tests 3 and 1*. This 

tends to support the contention that the total load capacity is rather in¬ 

sensitive to section depth but depends rather on the steel plate thicknesses. 

deflection, in. 

CLOSURE M130-5 TEST 25 - PRESSURE VS. DEFLECTION 

FIGURE 3-101 
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TEST 26 

Test 2b was a test of a plain concrete model with no plate reinforcing. The 

model tested had a clear span of 28 inches , an outside diameter of 32-1/1* 

inches, and a section depth of 8 inches. The model was tested on a low 

friction support. The concrete had an unconfined compressive strength of 

7070 psi. 

The model failed at the 1000-psi load level (Figure 3-101*). Failure appeared 

to be basically due to excessive shear load. A crack formed from the inside 

of the bearing and rtn to the outside of the closure model, causing sizable 

pieces of concrete to spall off the model. 

The ring at the bottom of the specimen (Figure 3-106) served as an enclosure 

for the segmented blocks (which are Just visible above the ring). The large 

circular steel ring at the top of the specimen is the T-ring; immediately 

below this is the steel which was inserted in the model to provide a seal 

surface for the T-ring gaskets. Tensile cracks were apparent on the bottom 

surface of the closure (Figure 3-107), bu. it is postulated that this did 

not influence the total load capacity of the closure. 
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CLOSURE M133-1 TEST 26 - PRESSURE VS. DEFLECTION 

FIGURE 3-104 
A2-138 

t R 

£ ! 
I 1 

I 
i|m 

iii] 
» 

£ 

li 

0 
0 
e 
o 

i 
i 

« 

D 
0 



r 
»• 

I SCO 

» 1 
u K 

K 
ft. 

1.000 

100 

2 000 

ft 

? 

u c ft 

1 000 

-- 

7 

|m*T 

•thain /• in/in 
2.000 

NOT1: POSITIVE DCPLKCTlON INDICATE* OUTWARD 

MOVEMENT OP TNI CLOSURE WALL. 

0 OS 0 10 

OEELECTION, IN 

OH 0.2 

DATA PLOT - TEST 26 

FIGURE 3-105 
À2-139 



•‘S'via’'

TEST 26
FIGURE 3-106

\ ■ '1:7

m.-

f^7oo-iy*

TEST 26
FIGURE 3-107 

A2-1U0

fi
B
I

E
B
B
Q
D
0
D

D
0
u

0
D
D
0

7;; :i



TEST 27 

T«t 27 va, another teat of a plain ooncrete nodel vith no pl.t, reinforcing. 

This teat va, perfomed to deternine the effect of a deeper aection on the 

total load capacity. The nodel te.ted had a clear .pan of 26 inch,., an out¬ 

side diameter of 32-1/1. inch«, and a eectlon dept' of 21 inch,.. The nodel 

va. tested on a lev friction .upport. The concrete had an unconfined compre.- 

sive strength of 6190 psi. 

The nodel failed at 111.9-p.i applied load (Figure 3-106); failure ¿gain 

appeared to be due to exc... local ah.« lomi. A crack fomed frem the in.ide 

of the bearing and ran vertically for .one distance, c.u.ing .liable pl,c., 

of concrete to spül off the model (Figure. 3-110 and 3-111). Only on. 

ten.il, crack va. apparent on the bottom .urf.ee of the closure, but agein 

it la postulated that this response did not influence the total loi Capacity 

of the closure. 
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CLOSURE M133-2 TEST 27 - PRESSURE VS. DEFLECTION 

FIGURE 3-108 
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TEST 28 

In Test 28 the effect of the closure section depth was further examined by- 

testing a much thicker section than tested earlier. The mode of response was 

again considered to be of critical importance; flexural response might 

influence the load capacity. The closure geometry is shown in Figure 3-112. 

The model was tested on a low friction support. 

1/4" A-36 

PLATE 

CLOSURE GEOMETRY FOR TEST 28 

FIGURE 3-112 

Failure was observed at U076 psi (Figure 3-113). This was only a 12-percent 

increase in load capacity over the 3500 psi for Tests 3 and U, which tends to 

support the assumption that load capacity is not greatly influenced by section 

depth. 

A2-ll»5 



Hote the absence of cracks in the model (Figure 3-115). No distress was 

apparent, except in the bearing area. Results of Tests 3, 1», 25 and 28 

indicate that failure is initiated by yielding of the steel plates , but that 

collapse is a result of the interaction of failure modes that do depend on 

section depth - flexure, bearing and shear. 

CLOSURE M130-6 TEST 2« - PRESSURE VS. DEFLECTION 

FIGURE 3-113 
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TEST 29 

Test 29 was designed to examine the effect of span-to-depth ratio on total load 

capacity. The results were intended to correlate with Tests 13 and 30 where 

similar structures were tested. Figure 3-116 shows the closure geometry for 

Test 29. The test was performed on a low friction support. 

CLOSURE GEOMETRY FOR TEST 29 

FIGURE 3-116 

The maximum test pressure reached was 82T0 psi (Figure 3-117); this compares 

well with the pressures observed in Tests 13 and 30. The effect of a decrease 

in the span-to-depth ratio is not very significant for models with the amount 

of confining steel used in this test. The failure mode is the same as that 

observed in the other similar tests, suggesting that the failure mode depends 

on the steel plate thickness. Here again, a local failure due to yielding of 

the steel plates was noted. In Figure 3-119, minor distress is evident in the 

concrete over the bearing where the plate yielded. 
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TEST 30 

Test 30 was performed to examine the effect of span-to-depth ratio on total 

load capacity. The results were intended to show the correlation between 

this test situation and Test 13 where a similar structure with a smaller 

span-to-depth ratio was used. Figure 3-120 shows the closure geometry for 

FIGURE 3-120 

lhe maximum test pressure reached was 681*7 psi (Figure 3-121), which does not 

compare well with the test pressure of 8800 psi achieved in Test 13. In light 

of the other test results, the observed load capacity appears too low. The 

failure mode is apparently somewhat different from that observed in thicker 

sections with the same steel plates. After the model has been observed, there 

may be some doubt that the specimen actually collapsed. 
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TEST 31 

In Test 31 the effect of a wide bearing on total load capacity was examined. 

A support structure with a haunch under the bearinc; was also tested for the 

first time. It was anticipated that these parameters would influence the 

design approach. The model geometry for Test 31 is shown in Figure 3-123. 

MODEL GEOMETRY FOR TEST 31 

FIGURE 3-123 

The collapse load for the system was 6568 psi (Figure 3-12U), This load 

capacity may be compared with that observed in Test 8 (6375 psi) where a 

similar test was performed on a narrower bearing support without a haunch. 
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No distress was observed in the closure structure at the time of post-test 

inspection. The support structure failed because of a vertical shear crack 

propagating from the bearing to the bottom of the haunch inside the silo 

(Figure 3-126). Radial cracks can be seen in Figure 3-127. In Figure 3-128. 

which shows the bottom view of the silo looking toward the bearing area, note 

the circumferential crack at the base of the haunched area. There was no 

evident bearing distress in the support structure. 

The undamaged appearance of the concrete after it was sawed (Figure 3-129) 

was due to the increase in bearing area provided and the fact that the shell 

was 1/2-inch thick (which is not shown in the photograph). No distress was 

observed in the closure structure at the time of post-test inspection. 
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CLOSURE M130-7-1 AND SUPPORT M131-1 TEST 31 - PRESSURE VS. DEFLECTION 

FIGURE 3-124 
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TEST 32 

In Test 32 a scaled model of one of the Project Hercules test closures was 

loaded statically. This represented an attempt to correlate static and 

dynamic test data. The model geometry for Test 32 is shown in Figure 3-130. 

MODEL GEOMETRY FOR TEST 32 (HERCULES) 

FIGURF 3-130 

The closure model failed statically at 5330 psi (Figure 3-131) with no evi¬ 

dence of damage in the bearing structure. Pictures of the post-test closure 

are not available« but it is postulated that the failure was of the shear 

type and the high load capacity observed was due to the extremely large width 

of the bearing. Figure 3-133 shows the support at post-test inspection. 

It has been hypothesized that the bearing strength of concrete may be expressed 

in terms of the unconfined concrete compressive strength and a linear function 
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TEST 33 

In Test 33 • sealed model of the Bock Test I full sit. closure snd support 

structure »,s losded steticelly. This représentée „other attempt to correlate 

the static and dynamic test data. The model geometry is shovn in Plpure 3.13I1. 

The model failed at a static load of t500 psi (Figure 3-135). The observed 

failure .as in the support structure (see Figures 3-137 through 3-11.0). The 

dramatic failure of the silo support element is seen in Figure 3-137. Th. 

band of steel at the top of the silo model (on which the letter S 1. printed) 

is a 1/2-inch steel bar which provide, a gasket seal area and serve, no .true 

tural purpose. 

A2-167 



The closure model was recessed into the silo support which probably accounts 

for the lack of radial cracking in the top support section (Figure 3-1^0); 

also, the silo support did not have enough ductility to cause the concrete to 

crack. As soon as it strained a small amount, the concrete spalled off the outer 

reinforcing bars ani the test was terminated. While photographs of the closure 

model are not available, it would appear from the load/deflection curve that 

the closure was essentially undamaged. 

CLOSURE M130-8 AND SUPPORT M128-0 TEST 33 - PRESSURE VS. DEFLECTION 

FIGURE 3-135 

A2-168 



ms

n
n
0
0
Q
i
I

mil

1
1 i

’ ----------------

k ^ 1

—

i ; '
%

''v

s
i •

'''^
-------- j-------- i--------

s
---- ZT ^

1 1

I I
»S«

... •

ii«

Ukminil-l«l-
i

e

e

s I
•
«i

d

«
% 6

1
\

\ fis \\

s

9

A

9

g

\

H

s-k $

o-----s

s
1a

«

1

.ill-

CO
CO

V)
lil tx> »- ^

• cn 
H> ujo S

S2

<a

A2-169



TEST 33
FIGURE 3-137

•’j '■ • .

r ■■ ^ ■

TEST 33
FIGURE 3-138 

A2-170

im

|si:fc

0
n
D
D
D
0
D
0
0
D

0

D
D
0

0

■iU/



TEST 33
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In T**t 3¾ a aupport with a narrow bearing was tested with a closure model 

identical to that used in Test 31. The test was intended to show the effect 

of bearing width on the total load capacity of the closure support structure. 

The aodel geometry for Test 3¾ is shown in Figure 3-lUl. 

MODEL GEOMETRY FOR TEST 34 

'IGURE 3-141 

The collapse load for the system was 3860 psi (Figure 3-U2). The failure 

occurred in the support stricture due to excessive bearing load. Note the 

radial cracking and the ladentation In the steel bearing ring caused by 

the closure bearing on the support (Fiture 3-iU). There was no 

apparent distress in the closure structure after the test. 

A2-172 



Assuming that al.', the load is carried into the support structure by the con~ 

fined concrete, t e apparent bearing stress is computed to be approximately 

30,000 psi. This implies that the confined concrete strength may be expressed 

as ^concrete = + 

In the other support structures in the second phase of the testing, failure 

was observed due to pure vertical shear at the haunch. This type of failure 

was observed in Test 31, thi’s no direct correlation can be made with this test. 

CLOSURE M130-7-2 AND SUPPORT M131-2 TEST 34 - PRESSURE VS. DEFLECTION 

FIGURE 3142 

42-173 
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TEST 35 

In T..t 35 . scaled »odel of a typical rl.e-and-rot.te typ, („on.y™,etric) 

closure »„ tested. This test ... performed in order to ascertain the 

Increased load capacity of a nonayumetrical structure. The model tested had 

Imum outside diameter of 31 Inches. The support structure had an outside 

diameter of 52 inches, »hlch provided for a load as high a. 6000 psi on top of 

the entire support and closure structure. Pigur, 3-U5 shov. the model 

geoaatry for Test 35. 

MODFL GEOMETRY FOR TEST 35 (RISE AND ROTATE) 

FIGURE 3-145 

Th. «mel failed .t . static load of 5800 psi (Figur, 3-116), illustrating the 

sdditiocal load capacity of a model vlth a large bearing are. „d Urge non- 

nj-stical appurtenance. In Test. 3 «d k, similar sy.trlcel model, vlth 

1/k-inch plates vers tested to ultimate load capacities on the order of 3500 

esl. 
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The model was not sawed in half after the test was completed, and therefore 

the exact mode of failure is not known. However, in light of the teat results, 

further testing of nonsymmetric closures appears feasible. 

CLOSURE AN3 SUPPORT M127-0 TEST Í5 - PRESSURE VS. DEFLECTION 

FIGURE 3-146 
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TEST 36 

Tn Test 36 a support with a notched bearing was tested with a closure model 

identical to that used in several previous tests. The support was identical 

to that for Test 37 except that a notch, fitting the closure structure, was 

machined into the bearing ring. The theory was that the locking of the 

closure and support structure would enhance the load carrying capability 

of both elements. The model geometry for Test 36 in shown in Figure 3-ll»8. 

MODEL GEOMETRY FOR TEST 3S 

FIGURE 3-148 
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As shown in the pressure deflection curves (Figure 3-1^9), the collaose load 

for the system was 5293 psi, which was lower than the 6375 psi observed in 

Test 8. The collapse load and failure mode were nearly identical to that 

observed in Test 37 with tne inclined bearing. The rin^ can be seen in Fip;- 

ur* 3-150. In Figure 3-151. note the essentially uniform circumferential 

crack at the bepjinninR of the haunched section. 

Results of this test and Test 37 demonstrate that the lockin* effect has not 

been conclusively determined due to the premature failure of the support. The 

closure model in both tests survived essentially undamaged. 

A2-10O 
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TEST 36
FIGURE 3-150
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TEST 37 

In T«.t 37 . support with sn Inclín») boarl,* t..t,0 wth . clo.ur, «4,! 

Identical to that uaed In ser.rU prarlou. ,„ts. 77,. fat lr,tnM u 

Cl0*Ur*/“WOrt Interaction phenoa.na. It ™ pr0J)<>.^ ^ tf th, 

stress concentration c.u.,4 t, th. .brvpt d.scontlnult, at th. in.ld. of th. 

bearing could he ell.ln.t-. the tot- loan capacity of th. closur. .tructur. 

would be enhanced. 

It .as anticipated that, * .lopin, th. hearin, to alio. th. aod.l to rotaf 

»ithout conc.ntr.ted hearin,. th. stress concentration that occur, at th. -,. 

of th. hearin, uould be r.li.v.d. It ,., ,wt.4 ^ tMi ^ of 

support uould provide for con.ld.rabl. lockln, b.t»»n th. closur. ud th. 

FIGURE 3152 
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Th, ultl-t. I,., capacity for thl. .y.tcc w„ 5300 p.l, ., lndIc.ted on 

th. ■»•flection curv., (Fleure 3-153). Thu lov.r th„ th, é375 

oba.rv.. In Teat 8 for a .Inll.r .tructur, without th. Inclinad tearing 

Th.r.for,, 1, 1, doubtful that Inclinad bearing voulu offer „y 

particular advantages. 

In Figure 3-151 the „„chined arc. defined on the node! geocetry aketoh (Fig¬ 

ure 3-152) can be aeen. Thl. 1. not an Indentation c.uaed by the clo.ur. 

bearing but the actual „.chining that sloped the bearing ring. Figure 3-155 

1. a .1« looking upward toward the beginning of the haunch, »ote the unifom 

crack where the haunch section was failed. 

On th. bul. Of the available .hear are. and the total load applied, the pur. 

•hear atrength 1, approximately 0.21 f•, which compares very well with the 

value of 0.20 r established in the literature. 
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TEST 36 

In Test 38 a high strength closure/closure support combination was tested. 

The models were designed to provide an indication of the feasibility limit 

for this type of structure. The model geometry for Test 38 is shown in 

Figure 3-156. 

MODEL GEOMETRY FOR TEST 38 

FIGURE 3156 

The test specimen attained a load capacity of 23,000 psi (Figure 3-157) and 

failed in an interesting manner. A crack initiated at the weld between the 

bottom plate and the side shell and propagated uo the side shell, releasing 

stored energy rapidly. Figure 3-158 shows the torn section in the side of 

the shell and the failed weld area. This damage did not occur during the 

A2-187 



teat, but took place during the unloading cycle. The extent of the failed 

weld arta is evident in Figure 3-159, and characteristics indicate a brittle 

failure. It should be pointed out that during the entire testirur sequence 

this type of failure was apparent in only two models (Test 38 and Test 39). 

The burnished area in the concrete that can be seen in Figure 3-l60 is indica¬ 

tive of the high bearing stresses. The ratio of the load carried vertically 

by the 1/2-inch silo liner is insignificant compared with that carried by 

the concrete. No particular damage was evident in the support structure at 

the time of post-test inspection (Figures 3-l6l and 3-lo2). 

A2-188 



j 
i 

3 
3 
H 
] 
D 

» 

i 

CLOSURE MI30-11 AND SURPORT MI3I-7 TEST 3« - PRESSURE VS. DEFLECTION 

FIGURE 3157 
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TEST 38
FIGURE 3-158

TEST 38
FIGURE 3-159 
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TEST 39 

In Tnst 39 thn «edel» vere dnsisn.d to illudtr.te the feasibility of relatively 

hish load capacity closure structures. The mode! geometry fo- this test is 

shown in Figure 3-163. 

FIGURE 3 163 
The specimen failed at 15.769 psi (Figure 3-164) due to a veld failure bet.een 

the closure bottom plate and the side shell vhlch can be attributed to the 

lack of ductility evidenced in the steel. Weld failure «as experienced on 

only one other occasion (Test 38). 

The cracked »eld that led to the failure can b. aeon in Figure 3-165; in Fig. 

ure 3-166, the cracking of the concrete inside the steel .hell is evident. 

At the start of the tests, the concrete «as level with the steel sides of the 
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surface; at the conclusion o'“ the test, this amount oi‘ unrecovered deformation 

remained. The concrete was permanently compressed and was never recovered. 

The crack that is visible near the edge of the concrete in the closure model 

occurred above the failed surface. 

It has been postulated that the bearing strength of the concrete may be ex¬ 

pressed in terms of the unconfined concrete compressive strentrth and a linear 

function of the confinement pressure available from the side steel shell. In 

this particular test, calculations indicate that the effective concrete bearinp 

stress was approximately 1*2,000 psi, which implies that the confined bearing 

strength in this case can be expressed as er s f ♦ 9.2 
cone. c coni. 

Figure 3-166 shows the indentation in the concrete surface of the silo support 

which is caused by high bearing stresses. Although some distress was noted 

in the concrete of the ailo, the support structure was aderuately performing 

its function. The test illustrated the feasibility of designing a closure 

structure to withstand extremely high pressures. 



1 

C
L

O
S

U
R

E
 M

1
3
0
-1

2
 

A
N

O
 

S
U

P
P

O
R

T
 M

13
1-

Ó
 

T
E

ST
 
3
9
 -
 P

R
E

S
S

U
R

E
 

V
S

. 
D

E
F

L
E

C
T

IO
N

 

FI
GU

RE
 3

-1
64

 



- ■*

.. ^

TEST 39
FIGURE 3-165 

A2-196

fl
ru

0
0
D
0
D
n
0



D
0
0
II
fl
a
D
fl
I
1
1
!

1
I
!

1
I
1
]

TEST 39
FIGURE 3-166

TEST 39
FIGURE 3-167 

A2-197



LEST 

In Test UO e support structure with a 1/U-inch-^hick outer confinement shell 

was tested with a closure model identical to that used in several ■nrevious 

tests. A support structure that geometrically resembled those of Tests 31, 

31*, 36, and 37 was selected. It was anticipated that with the reduced thick¬ 

ness of the confinement steel the load capacity would be lower, which would 

be consistent with the results observed in previous support testing. The 

model geometry for Test UO is shown in Figure 3-168. 

FIGURE 3168 
As shown in Figure 3-169, the system failed at the 't'^-psi load level, 

which correlates well with all previous support data. 

Post-test inspection revealed radial cracks extending down into the silo area, 

as well as a shear crr.ck at the beginning of the haunch (Figure 3-170). The 
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vertical cracks a2ong the sidewall. (Figure 3 171) attest to the reduced 

stiffness of the outer confinenent ring, which allowed the section to 

grow, thus causing the cracke to form. 

CLOSURE M130-7-6 AND SUPPORT M13I-10 TEST 40 - PRESSURE VS. DEFLECTION 

FIGURE 3-169 
A2-199 



w m
Mk- ^

Wm

TEST 40
FIGURE 3-170

llllllll
%

TEST 40
FIGURE 3-171 

A2-200

0
n
ri

n

0

0

0



TEST lu 

«ft 

I 
I 
I 
I 
I 

m T„t U . support structure without s be.rin, plat, was tested with a closurs 

nodel identical to that used In several previous tests. The sup,ort structure 

W« selected so that it would resemble those of Tests 31. 3k, 36 and 37. The 

m°del 8'°"rtry f°' T'St 41 !» shown on Picure 3-172. It was anticipated that 

the load capacity of this structure would be relatively the same as the other 

structures since the confined concrete below the closure bearin* had previously 

exhibited high compressive strength characteristics. 

AS Shown in Figure 3-173. the collapse load for the system was bOOO psi. which 

compares well with the 5300- and 5500-p.i load capacity observed in Tests 36 

•nd 37. respectively. The load was l„er than the 6375 psi observed in Test 8 

A2-201 



in a similar structure with a bearing plate. This is apparently due to 

difference in the mode of response. In the Phase II support tests, vertical 

shear crack was observed at the bearing haunch which was not evident in Phase I. 

It is significant that the haunched structures with similar geometric configu¬ 

rations all failed at approximately the same load level. Therefore it may be 

concluded that the capacity of the silo support is governed by the shear on 

the haunch section; the bearing plate below the closure structure does not 

contribute to any extent to the load capacity of the support structure. Pres¬ 

sure seals, or other system requirements, would necessitate a bearing plate 

in an operational support structure. 

On the basis of the available shear area and the total load applied, the pure 

shear strength of the haunch is approximately 0.2U f¿, which compares well 

with the value of 0.2 f^ that is common in the literature. 

In Figure 3-17¾, a local failure is evidenced by the displacement of the con¬ 

crete in the area directly under the closure bearing. 
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CLOSURE M130-7-5 AND SUPPORT M131-9 TEST 41 - PRESSURE VS. DEFLECTION 

FIGURE 3173 
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^.0 SUMMARY AND CONCLUSIONS 

**•1 . Effects of Various Structural Parameters 

The subscale static tests performed as part of the Closure Analysis and 

Test (CAT) Study covered a broad range of test parameters and variables of 

both closure and silo support models. In the following paragraphs, the param¬ 

eters investigated and the effects of each ore summarized. 

1*.1.1 Steel Plate Thickness 

For steel of any particular yield strength, the plate thickness pro¬ 

vided in a composite closure significantly affectu the load capacity and 

also influences the failure mode. With thin plates, a sudden diagonal 

tension shear failure was observed; when the plate thickness was increased, 

the failure mode changed to a gradual or ductile local bearing failure which 

was initiated by yielding of the side steel shell. 

Available strain records indicate that the most severely stressed 

portion of the closure is the side shell near the bearing. Large vertical 

strain, presumably introduced by friction load transfer from the concrete 

was observed, as well as large hoop strain, presumably Introduced by the 

radial expansion of the concrete in the bearing area. 

The effect of the variation in plate thickness can be seen in Tests 1 

through U, 7, 8, 13, 14, 17, 22, and 2U through 30. Figure 4-1, which is a 

plot of load capacity versus plate thickness/span ratio, shows that a change 
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in plate thickness is of far greater significance than a change in any of the 

other variables tested under this study program. 
« 

^.1.2 Steel Strength 

Closure models with steel p.ates of various yield strengths were tested 

to ascertain if failure could be attributed to steel strength or steel deforma¬ 

tion. Tests 3, 1*. end 16 through 21 were used to examine this test variable. 

It appears that, except in the case of the 150-ksi steel, the ultimate 

strength of the steel plate is far more significant than the thickness as 

such. This influence is also noted in the observed failure modes which again 

are a function of total plate strength rather than steel stiffhess. 

The influence of the steel strength may be observed in Figure k-2, 

which is a plot of load capacity versus steel strength. 

^.1.3 Concrete Strength 

The effect of concrete strength was examined in Tests 3, 1», 16 through 

20, and 2k. It vas hyp Resized that the influence of the concrete strength 

would be linear since both the pure shear strength and the bearing strength 

of concrete va*y linearly with the unconfined compressive strength. The 

influence of this parameter can be seen in Figure k-3 where the load capacity 

versus concrete strength is plotted. 
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Span-to-Depth Fatio 

The effect of the span-to-depth ratio vaa examined in Tests 3, 13, 

17, and 2U through 30. The failure mode was essentially the same for the 

various ratios tested; however, in the thinner sections bending distress was 

evident in addition to the shear and bearing yielding mor» common in the 

thicker models. The influence of the concrete strength may be examined in 

Figure U-1» where the load capacity versus span-to-depth ratio is plotted. 

Fren these test results, it can be concluded that for practical 

design purposes the design thickness of the closure will be governed by 

radiation requirements. 

)(.1.5 Bearing Width 

The effect of the bearing width on total load capacity of closure 

structures was not fully examined in this test series since the program 

objectives somewhat limited the study to established bearing widths. Tests 

32 and 35, in which structures with wide bearings were tested, could not be 

correlated directly with other testing. Is is postulated that increased 

bearing width would yield somewhat higher load capacities for a given closure 

structural geometry. However, as increased bearing width poses system 

disadvantages because of the Increased closure mass and area, and high bear¬ 

ing stresses can be safely resisted by proper design, no Justification is 

seen for further examination of this variable. 
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U. 1.6 Interaction Phenomenon 

Before initiation of the static testing program, the influence of sup¬ 

port friction on total closure/load capacity had been videly discussed, but 

there vas actually very little knovn about this phenomenon. It was postu¬ 

lated that high friction vould cause the concrete in the closure to arch 

across to the bearing in the form of a dome, and vould thus greatly enhance 

the load capacity of the model. 

Most of the tests were performed on a low friction support. In some 

cases, duplicate tests vere performed on high friction bearings or on sup¬ 

port structures vhere steel-to-steel bearing vas available. Tests 7, 8, and 

lU are of interest as they may be correlated directly with lov friction 

tests. The load capacities obtained in Tests 7, 6 and lU are in good agree¬ 

ment and indicate that support interaction through high friction can increase 

closure capacity by as much as 20 percent. 

For practical design purposes, it is recommended that this phenomenon 

be ignored, since present test results indicate that it is probably of secon¬ 

dary Importance. If future testing is performed, this parameter could then 

be explored in more detail. 

b.1.7 Support Structure 

In the first phase of testing, support structures vere constructed 

vith different bearing rings and outer shells, but the inner confinement ring 

thickness vas held constant. In all supports collapsed during Phase I, the 



failure mode vu aimilar. Radial cracks vere «rident in the concrete as veil 

as the formation of an arch to the outer steel «hell. Teats 5, 6, and 8 

through 11, vhich explored the support phenomenon, indicate that the strength 

of the outer confinement ring significantly influences the load capacity of 

the support structure. This doe. not imply that the inner confinement ving 

i. not also of primary importance; hovever, as the vertical load i. distributed 

at an angle of 1*5 degrees from the edge of the closure, the vertical stress 

intensity is rapidly reduced. 

Figure fc-5 shove the loed capacity versus outer shell thlcknese/outer 

shell dl este ter rstlo, sod Figure h-6 shov. the lo«I capacity versus the 

bearing plate thickness/closure span ratio. 

In the second phase of testing, support structures vere ccm.tructed 

with haunches under the bearing area. The failure mode vas essentially the 

same for all of these models. A pure sh?ar crack formed at the top of the 

bearing surface and progressed to the haunch interface vith the main 

structure. The value of shear along this plane at coUapse compared veil 

vith the 0.2 f¿ common in the literature. This phenomenon is indicated in 

Tests 31, 36, 37, 1*0 and 1*1. In Test 3¾. vhere a narrov oearing va. tested, 

a local failure vas observed (as vas expected), but could not be correlated 

vith other test data. 

It is reconsnended that the failure mode of closure support structures 

be thoroughly investigated in future testing effbrts. 

A2-213 



B
E

A
R

IN
G
 

P
L

A
T

E
 

T
H

IC
K

N
E

S
S
 >
 1

-1
/2
 i

n
. 

S
T

E
E

L
 

S
T

R
E

N
G

T
H
 

• 
3

6
 k

si
 

C
O

N
C

R
E

T
E
 

S
T

R
E

N
G

T
H
 *
 6

 k
si

 

s ■ 
• • 

in 
o 
d 

tr 
tu 
h- 
LU 

< 
Q 

OJ 
Q 
O 

tu 
X 
V) 

a: 
LU 

3 
O 
(/> in 

U 
X 

m 
O 
o 
Ö 

tu 
I 
V) 
tr 
IU 

3 
O 

• • 8 
o 

J-1--1_L 
oo to ^ cvj 

!*>l ‘AllDVdVO QV0"1 

g 
i— 
< 
0£ 

at UJ 
H- Ui 
£ 
< 
Û 

l/> 

< 
O 3 

UJ l/l 
I- in UJ 
i- Z 
« * 
o y 

:=3 
1-3 

D 
iff -i 

D 
S OÉ UJ 

m 
> 

U 
< 
Q. 
< 
U 

a 
< 
O 

A2-211» 



I 

íi 

n 

. i 

i 
i 
i 
i 
i 
i 
] 
3 
1 

o 
< 

< 
a. 
to 

ui O 

>- ►- 
u 
< 

< u 
o 
< 
o 



h.2 Best Representation of Closure Data 

Representative closure test data were further analyzed to verify the 

assumed response inodes. To obtain the best representation cf the test data, 

load capacity vas plotted versus a nondimensional closure geometry and steel 

strength parameter (t/D) f8, 

where 

t * plate thickness 

D ■ clear span 

fB b steel yield point strength 

This plot is shewn in Figure U-7 ; here the effects of many cf the para¬ 

meters investigated may be observed. Examination and ccmparision of these 

parametric variations suggested that a regression analysis of the test data 

would be useful. This analysis is discussed in the following paragraph. 

U.3 Regression Analysis of Test Data 

Since the static tests explored many parameter variations in detail, 

a statistical model of the variation in collapse load Q with a given set of 

test parsmeters was developed to obtain an analytic expression for Q as a 

function of dlf h, ts, t^, f¿, and fB for the closure structure. 

From dimensioned studies it became apparent that a number of parameters 

could be grouped as single variables; then the linear regression analysis 
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baaed or these grouped variables Cviuld be used over most of the range of 

collapse load vrJLues. The functional model chosen vas 

Q ■ B° ’ Bl (ii f.) * B2 ^ , b3 

Bq, Bi, B2, B3 * the linear regression coefficients 

Using 23 sets of sampling data available, the regression coefficients 

Bo» Bl» *2* *** b3 w®re determined using a multiple-regression and correla¬ 

tion analysis. Their values were: 

B0 - O.UO 

B1 - 1».9 

B2 ■ 2.3 

B3 - 0.23 

The above constants are to be used in conjunction with stresses in kips 

per square inch. The following limits must be considered in light of the 

experimental data available: 

1.35 1 £ < 3.5 
CL 

0.00 < \ l \ £ 0.03 
d d 

36 ksl ¿ fg £ 70 ksi 

3 ksl ¿ i 12 ksl 
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H 

Th, multiple-regression coefficient for this model „es 0.9, .hieb sh«, 

good correlation indicating that the function fita the data well. 

^ Conclualone 

• A closure/closur. eupport structure mgr he designed to resist stmtlc 

load, slgnlflcsntly eboT, the 1-kllob.r pressure lerei, ihi, VM 

demonstmted In Tests 36 «id 35 where closure/closur. support, were 

teated to 23,000 pai and 16,000 pai, reapectively. 

• The most critical closure design per «ne ter 1. the strength cepecltj 

of the cloaure platea. 

. The total atrength capacity la more important than the atlffneaa 

of the platea up to the point where the critical atrain ia reached 

in the concrete. 

. The side shell 1. of prlnair design Importance since It not only 

acts a confinement vessel for the concrete In the bearing are. 

hut also carries much of tb. vertical lo» into the bearing 

structure. This vertid lo» cempement 1. .pparently introda«d 

Into the steel shell by friction between the concrete and stool. 

• For a given steel bottom plat, end side shall configuration, th. lo» 

capacity of capo.lt. closure, will vary a. . function of the ccmcrete 

strength. However, a. our »lilt, to defies the «tu» material 

properties of concrete 1. still rather priaitlve. It 1. recamad» 

that, for full-scale design., concrete strength r.,ulienats be 

limited to 6000 pai. 
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. The spen-to-depth ratio had minor effect on the total load capacity 

in the models tested. In the thinner section bending distress was 

evident, but this did not significantly influence the total load 

capacity. 

. Support/closure interaction phenomenon such as increased friction 

between the model and support does not appear to Increase the load 

capacity more than 20 percent in any situation. Therefore, it is 

reccnmended that for practical design purposes these effects be 

Ignored. 

. A closure support structure mey be designed to successfully resist 

static loads significantly above the 1-kilobar pressure level, as 

was shown in Tests 38 snd 39. 

. Failure in the structures with haunches below the bearing was due to 

a pure shear failure in the haunch. In all cases where this failure 

was observed, the shear stress along the failure plane was computed 

to be near the 0.2 f¿ referenced in the literature. 

. Failure in the support structures without haunches was due to radial 

cracks and the arch formations carrying load to the outside shell. 

. In the structures tested, the load capacity was most dependent on the 

outer shell strength. The bearing plate thickness has only minor 

influence, and the inner ring does not appear critical if sufficient 

confinement is provided for the concrete. 



A regression analysis of the test data for the cloaure structures 

yielded a simple functional representation of the failure load level 

in terms of closure geometric and strength parameters. 

The developed function had the form of 

Q = O.UO + 1*.9 

where 

s 

(ï '•) • (i '■) 
load capacity 

side shell thickness 

bottom plate thickness 

closure clear span 

steel yield point 

unconfined concrete compressive strength 

1¾. above constante «re to be used In conjunction vlth st«,.... In 

Mp« per square Inch. The follouln* Unit, nust be considered In 

light of the experimental data available: 

where 

1*35 < h < 3.5 
d 

h = section depth 

0.00 < S 4 S. < 0.03 
d d 

36 ksi £ fg £ 70 ksi 

3 k8i ^ £ 12 kai 
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