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FOREWORD 

The investigation reported herein was authorized by the U.S. Army Materiel Command under Project No. 

1 T021701A046, Task 05, dated 17 June 1960. The investigation was performed by the U. S. Army Engineer 

Waterways Experiment Station (WES}, Vicksburg, Miss., during the period of September and October 1967. 

The investigation was conducted under the general supervision of Messrs. W. J. Turnbull and A. A. 

Maxwell, Chief and Assistant Chief, respectively, of the Soils Division. Engineers of the Flexible Pavement 

Branch, Soils Division, WES, who were actively concerned with the planning, testing, analysis, and report phases 
of the study were Messrs. R. G. Ahlvin, C. D. Burns, M. J. Mathews, and J.E. Watkins. This report was prepared 
by Mr. Watkins. 

COL John R. Oswalt, Jr., CE, and COL Levi A. Brown, CE, were Directors of the WES during the conduct 

of this study and preparation of this report. Mr. J.B. Tiffany was Technical Director. 
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT 

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

Multi Ell By. To Obtain 

inches 2.54 centimeters 
feet 0.3048 meters 

square inches 6.4516 square centimeters 

square yards 0.836127 square meters 

gallons (U.S.) 3.785412 cubic decimeters 
pounds 0.45359237 kilograms 
tons 907.185 kilograms 

pounds per square inch • 0.070307 kilograms per square centimeter 
pounds per square foot 4.88243 kilograms per square meter 
kips 453.59237 kilograms 
mils 0.0254 millimeters 
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SUMMARY 

This investigation was conducted to evaluate the load-distributing capability of thin, very high-strength 
steel membrane. 

A test section was constructed of uniform-strength heavy clay and surfaced as follows: 15-mil steel 
membrane, 11-mil steel membrane, and neoprene-coated nylon membrane placed directly on the subgrade; 
15-mil steel membrane over subgrade sprayed with an asphalt tack coat; and one unsurfaced area. The test 
section was trafficked with a test cart with a 20.00-20.00, 22-ply C-130 aircraft tire inflated to 85 psi loaded 
with 30,000 lb. Observations and tests were made to evaluate the performance of the various membranes and 
the subgrade. 

Laboratory tests of the tensile strength of the steel membranes were made. Based on the results obtained 
by this study, it was concluded that: 

a. When placed on a subgrade of 5- to 6-CBR strength and trafficked with the load. cart 
described above, neither the 11-mil nor the 15-mil steel membrane exhibited any 
appreciable load-distributing capacity. 

b. Application of an· asphalt tack coat on the subgrade did not materially improve the 
performance of the steel membrane. 

c. Although very high in tensile strength, the steel membranes used in this test did not 
withstand the differential stresses and flexing imposed by rolling-wheel traffic. 
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EVALUATION OF THIN STEEL MEMBRANES 

PART I: INTRODUCTION 

BACKGROUND 

1. Since June 1960, the U. S; Army Engineer Waterways Experiment Station (WES), Vicksburg, 

Mississippi, has been engaged in a comprehensive test and development program for the U. S. Army Materiel 

Command (AMC), evaluating various types of membranes for use in the theater of operations (TO) as expedient 

surfacing for airfields and roads. These membranes are effective to various degrees as waterproofing and 

dustproofing materials, but they do not materially increase the load-carrying capability of the soils on which 

they are placed. 

2. It has been suggested that membrane fabricated from thin ( 11 to 15 mil*) steel sheeting of high 

tensile strength will not only provide waterproofing and dustproofing, but will also substantially increase the 

load-carrying capacity of the soil when anchored in tension over the soil. Inland Steel Company of Chicago, 

Illinois, fabricated thin steel membranes from a high tensile strength steel of 11- and 15-mil thickness and 
presented them at no expense.to the Government for testing. 

OBJECTIVES AND SCOPE OF INVESTIGATION 

Objectives 

Scope 

3. The objectives of the investigation reported herein were to: 

a. Evaluate the load-distributing capability of thin steel membrane for use as an expedient 
surfacing. 

b. Determine the benefits of asphalt tack coat on the subgrade underneath the membrane. 

4. The following tests were performed to obtain the desired data: 

a. Traffic tests were conducted on a specially constructed test section to study the load-distributing 

capability of the steel membranes and to observe the performance of the membrane under a 

rolling wheel· load, compared to both a neoprene-coated nylon fabric Tl 7 membrane and an 
unsurfaced control area. 

b. Laboratory tests were conducted to provide information on . the strength of the steel 
membranes. 

* A table of factors for converting British units of measurement to metric units is presented on page ix. 
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PART II: DESCRIPTIONOFMEMBRANES 

STEtL MEMBRANE 

Fabrication Features 
S: The steel membranes were fabricated .from sheets of 11- and 15·mil tinned steel, each sheet 

approximately 32 in. wide and 29 ft long; 26 sheets of 15·milstock and 1311,mil sheets were used. The sheets 
were joined into a single membrane at the factory as follows. Keyhole slots were punched at 8-in. intervals along 
the 29-ft side to prevent warping caused by expansion from the heat of soldering when the sheets were fastened 
together. ·.The sheets were·. overlapped . about 1· 1/2 in. and . soldered ·together·. with . a 50-50 solder compound, 
using first the 15-mil and then the 11-mil sheets. The keyhole slots were. not entirely effective; and a 
conside~able number. of wrinkles resulted. In fig. 1 the "built-in" wrinkles are apparent along the edges of the 

Fig. l. Wrinkles "built in" in fabrication process 

Physical Dimensions 
6. The fabricated membrane was approximately 97 ft long and 29 ft wide. This size permitted proper 

plac:ement on the subgrade and installation of the anchors, both of which will be discussed later. The 15-mil 
steel weighed 0.62 psf and the ll·mil steel, 0.45 psf. The completed membrane was rolled on a corrugated steel 
pipe for shipment. 

2 



Ancillary Items 

7. The manufacturer furnished the templates and punches shown in photograph 1 to be used to 
prepare the membrane for installation of the anchor plates. Also, the following hardware was supplied to anchor 
the membrane: · 

220 2-ft lengths of angle iron 
110 4-ft lengths of angle iron 

110 pairs of anchor plates 

110 cables 
1 box cable clamps and nuts 

1 box cable thimbles 

An explanation of where these ancillary items were used is given later. 

T17 MEMBRANE 

8. For this study, one section of Tl 7 membrane (a 2-ply, neoprene-coated, nylon fabric) 
approximately 37 ft long and 32 ft wide was used. The section consisted of 54-in.-wide runs of membrane 
joined together with 2-1/2-in.-wide, vulcanized, single-lap joints. The weight of the membrane was 0.33 psf. 
Large round-head anchors were furnished with the membrane. The membrane and anchors were from stock on 
hand at WES. 

3 



PART III: LABORATORY TESTS 

STEEL MEMBRANE 

9. Tensile tests were conducted on specimens of both the 11- and 15-mil steel membrane. The tests 

were conducted in accordance with U. S. Steel Co .. Test ACS for standard 2-in. gage length flat tensile 
specimens for sheet and ship material. A typical stress-str~in curve for each of the steel membranes is shown in 

plate 1. The average ultimate strengths of three individual tests on the 15· and 11-mil membranes were 2360 and 
2205 lb per in., respectively. 

T17 MEMBRANE 

10. As determined in a previous study, the Tl 7 membrane had an ultimate strength of 900 lb per in. 
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PART IV: TEST SECTION AND LOAD CART 

TEST SECTION 

11. The test section was located under a shelter to provide both protection from the elements and the 

conditions necessary for closely controlled comparative traffic tests. 

Description 

12. A layout of the test section is shown in plate 2. The test section was approximately 150 ft long by 

30 ft wide and consisted of five test items. Each item was approximately 30 ft long. 

Construction 

13. The test section was constructed of a heavy clay (CH) with a liquid limit of 73 and a plastic limit of 

25. The soil was processed to ensure uniformity and desired water content. Plate 3 shows the gradation and 

classification of the subgrade material. 

14. An area 150 ft long by 30 ft wide was excavated to a depth of 2 ft. This area was then backfilled 

with the preprocessed clay in four lifts of approximately 6 in. each. Each lift, after thorough processing in place 

with a pulvimixer, was compacted by applying eight coverages with a four-wheel, rubber-tired, towed roller 

loaded to 50,000 lb with tire inflation pressure of 90 psi. Immediately after compaction of each layer, 

construction control data were obtained for each item and, where necessary, adjustments were madein moisture 

content to obtain the desired soil strength. After placing the final lift, the test section was finished to final grade 

by use of a motor grader. 

15. Anchor ditches approximately 18 in. deep were cut across the section at the north end of item 3 and 

at the south end of item 1 for the steel membranes and at the north end of item 4 for the Tl 7 membrane 
(plate 2). 

MEMBRANE PLACEMENT 

Steel Membrane 

16. To prepare the steel membrane for placement, it was unrolled in a work area. Then, using the 

template and. punches provided for the purpose (photographs ·1 and 2) the entire perimeter was punched as 

required to install anchor plates and stakes (photograph 3). The membrane was rerolled on the shipping pipe 

(photograph 4), carried to the test area, and placed on the test section (photograph 5). The membrane was 

aligned so that the 15-mil portion was over the first 60 ft of the subgrade. The anchor plates were installed 

across the north end of the steel membrane (photograph 6), after which the end of the membrane was placed 
in the prepared anchor ditch, anchor stakes were inserted (J>hotograph-7),4nd-the--ditch-was-backfilied.- Anchor 
plates were-install-e-d at the rate of about four per man-hour. 

17. The opposite end of the membrane was rolled back to expose the subgrade of item 2. A tack coat of 

85-100 penetration asphalt was sprayed on this area at an application rate of approximately 0.4 gal per sq yd 

(photograph 8). The membrane was replaced, and anchor plates were installed along the south end of the 

membrane. Longitudinal tension was applied at the south end by two tractors through cables attached through 

the anchor plates at each edge and at quarter poii:its of the membrane. Tension was maintained during anchoring 

by placing I-ton lead weights adjacent to each other across the test section along the edge of the ditch. 
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Anchoring of the membrane was accomplished in the same manner as on the north end. The membrane was thus 

anchored in a ditch and the ditch backfilled. 

18. Anchor plates were installed along the sides of.the membrane. The west side of the membrane was 

anchored by stakes driven into the ground surface through the holes in the anchor plates. At the other side, 

transverse tension was applied by a D4 tractor equipped with street plates. The D4 tractor weighs about 11,000 

lb and will develop approximately 60 percent .of its weight in drawbar pull before slippage under normal ground 

conditions. Tension was applied until slippage was indicated through cables attached to every other anchor plate 

in tum. Anchor stakes were driven into the ground surface through the holes in the anchor. plates while the 

tension was maintained (photograph 9). One-ton lead weights were placed at 10-ft intervals along each s,ide of 

the steel membrane to provide additional anchorage. 

T17 Membrane 
19. One end of the Tl 7 membrane was placed in the anchor ditch at the north end of item 4 and 

fastened by driving round-head anchors on about 4·ft centers {photograph l 0). The ditch was then backfilled. 

The other end of the Tl 7 was bonded to the metal membrane with an adhesive {photograph 11 ). Lead weights 
were placed along the sides to secure the membrane, 

LOAD CART 

20. The traffic tests were conducted with a specially designed load cart using a 30,000-lb single-wheel 

load (fig. 2}. The load wheel had a 20.00-20.00, 22-ply C-130 aircraft tire with a contact area of 408 sq in., a 

tire inflation pressure of approximately 85 psi, and tire contact pressure of 74 psi. 

Fig. 2. Test load cart 
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APPLICATION OF TRAFFIC 

21. Traffic was applied to simulate the traffic distribution pattern that would be encountered in actual 

aircraft takeoffs and landings. This pattern approaches a normal distribution curve.* Traffic was started at one 

side of the test lane, and the load cart was driven forward and then backward in the same path for the length of 

the traffic lane. The path of the cart was shifted laterally 18 in. (the width of a tire print) on each successive 

forward trip. Thus, two coverages of the entire traffic lane were accomplished when the load cart maneuvered 

from one side of the traffic lane to the other. The interior 54 in. of the traffic lane was then trafficked for eight 

additional coverages. The net result was that the center 54-in.-wide strip of the traffic lane received 100 percent 

of the traffic, and the 18-in.-wide strips on each side of the center 54 in. received 20 percent (see plate 4). This 

pattern of traffic application was repeated until mat failure occurred. 

* P. J. Vedros, Study of Lateral Distribution of Aircraft Traffic on Runways, Miscellaneous Paper No. 4-369, Jan 1960, 
U. S. Army Engineer Waterways Experiment Station, CE, Vicksburg, Miss.; and U. S. Army Engineer Waterways Experiment 
Station, CE, Study of Channelized Traffic, Technical Memorandum No. 3·426, Feb 1956, Vicksburg, Miss. 
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PART V: CRITERIA FOR FAILURE AND DATA TAKEN 

FAILURE CRITERIA 

22. Failure was based on the extent of membrane tear or when the average roughness equaled 3 in., 
measured as departure from a 10-ft straightedge placed in transverse and diagonal positions. 

TYPES OF DATA RECORDED 

23. Subgrade densities, water contents, and in-place CBR's measured prior to traffic testing and at failure 
in each item are shown in table 1. These soil tests were made at depths of 0, 6, and 12 in., with a minimum of 
three values per depth. 

24. Elasticdeflectionswere measured at zero coverages in the membrane-covered items (1, 2, 3, and 4) 
by use of a level mounted on a special tripod and a short level rod graduated in tenths of an inch. In each item, 
initial readings were obtained at selected points along a line transverse to the direction of traffic. The load wheel 
was then positioned over a point at the center of the line, and readings were made at the same points. The 
difference in the two readings at any point was the deflection at that point. The deflections along the transverse 
line were plotted, and the deflection directly under the wheel was determined by extrapolation (plate 5). 
Deflections were not measured after failure because of the torn steel membranes in items l, 2, and 3 and because 
of the extremely rough conditions at each edge of the wheel path in item 4. Deflections of the unsurfaced soil in 
item 5 were measured at zero coverages and after failure using the cap and pin method.* 

25. Level readings (transverse and longitudinal) taken in every item prior to traffic and after failure are 
shown in plates 6 and 7. Visual observations of the membrane and subgrade behavior were recorded throughout 
the traffic period and were supplemented by photographs. Pertinent data will be discussed later in the report. 

* D. Ladd and H. Ulery, Jr., Aircraft Ground-Flotation lnvestigation, Part I · Basic Report, AFFDL-TDR-66-43, Part I, 
Auq 1967, Air Force Systems Command, Wriqht·Patterson AFB, Ohio. 

8 



PART VI: TRAFFIC TEST RESULTS AND ANALYSIS 

TEST RESULTS 

26. A general view of the test section prior to traffic is shown in photograph 12. A summary of traffic 
data is given in table 2. Included in the table are the rated CBR's for each item. The rated CBR, except for item 
4, is based on the numerical average of the CBR values measured at depths of 0, 6, and 12 in. prior to traffic and 
at failure. In item 4, the high CBR values measured at the 12-in. depth were thought to be located in small 
isolated dry areas and not .representative of the test item. Therefore, these values were omitted from 
the computations in rating the subgrade strength for item 4. 

Item 1 
27. Item 1 prior to traffic is shown in photograph 13. As the load cart traversed the item, a crackling and 

rumbling noise was audible. After two coverages, it was noted that the grooves in the tire tread were creasing the 
membrane as the tire passed over (photograph 14). It was thought that this creasing might cause early failure; 
and to alleviate the condition, the entire steel membrane was covered with WX18, a heavy-duty, 
rubberized-nylon membrane (photograph 15). Traffic was continued. At 12 coverages, the surface suddenly 
appeared to rut excessively. The WX18 membrane was removed for inspection. The steel membrane had failed 
approximately along the center line for about two-thirds of the length of the item (photograph 16). The item 
was considered failed at this time. It was noted that in the portion of the item where the membrane had not 
failed, the average subgrade differential deformation was only about 1.7 in., as compared to an average of 3.03 
for the failed portion. 

Item 2 

28. A general view of item 2 prior to traffic is shown in photograph 17. The same condition existed in 
item 2 after two coverages as was noted in item 1, and item 2 was covered with the WX18 membrane. The 
behavior of item 2 was for all practical purposes identical with that of item 1 at 12 coverages, and the item was 
considered failed (photograph 18). The only difference in the performance of items 1 and 2 was in the crackling 
and rumbling noise under traffic. The asphalt tack coat served as a damper and reduced the noise level 
significantly. 

Item 3 

29. Item 3 prior to traffic is shown in photograph 19. After twocoverages"the.membrane on item 3 was 
considered failed (photograph 20). Item 3 was also covered with the WX18membrane, and four post-failure 
coverages were applied. Photograph 21 shows item 3 after six coverages. The tear pattern in the 11-mil 
membrane over item~ was differ~t from- that-irr the 15-mirmemorane in items 1 and 2 in that the thinner 
membrane appeared to tear irregularly beginning at a seam rather than in a straight line along a crease. 
Photograph 22 shows a closeup view of the membrane after the four post-failure!coverages. 

Item 4 

30. A general view of item 4 prior to traffic is shown in photograph 23. There was considerable subgrade 
deformation during the application of traffic, and after 8 coverages the subgrade in item 4 was considered failed 
(photographs 24 and 25). Average permanent deformation in this item was 2.7 in. There was no apparent 
damage to. the Tl 7 membrane at failure. 
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Item 5 
31. Item 5 before traffic is shown in photograph 26. After one pass of the load cart, the average rut 

depth measured 1.37 in. Traffic was continued, and after 18 coverages the item was considered failed from 

roughness. Photographs 27 and 28 show the item at failure. 

ANALYSIS 

32. To evaluate the performance of the membranes and the subgrade, the ratedCBRof each item plotted 
versus the number of coverages at which failure occurred is shown in plate 8. Superimposed on the chart is a line 
derived from the current design criteria for aircraft operations on unsurfaced soils,* representing the 
CSR-coverage relation for a 30,000-lb single-wheel load with 74·psi tire contact pressure. The test results 
from items 1, 4, and 5 coincide with the design curve, while the points for items 2 and 3 are above the curve. 
This resulted because the thin steel membrane in item 3 failed before serious subgrade deformation occurred. 
Also, when the membrane failed in item 2, the subgrade deformation was slightly less than for items 1, 4, and 5. 
These data indicate conclusively that the steel membranes were not effective in increasing the load·carrying 
capability of the subgrade. 

33. From the measurements of differential deformation, there is indication that the 15-mil steel 
membrane was in sufficient tension transversely to have minor load-distributing capability. In the portions of 
item 1 where the membrane was unfailed after 12 coverages, the average differential deformation measured.1.71 
in., compared to 3.03 in. in the failed portion. 

* Ladd and Ulery, op cit., p 8. 
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PART VII: CONCLUSIONS 

34. Based on the data presented in this report, the following conclusions are believed warranted: 

a. When placed on a subgrade of 5- to 6-CBRstrength, neither the 11-mil nor the 15-mil steel 

membrane exhibited any appreciable load-distributing capability when trafficked by a load 

cart with a 30,000-lb single-wheel load on a 20.00-20.00, 22-ply aircraft tire with a tire 

contact pressure of 74 psi. 

b. Although very high in tensile strength, steel membrane of the types used in this study will 

not withstand the very high differential stresses and flexing under the traffic conditions of 

this study. 

c. The placing of asphalt primer on the subgrade will not materially improve the performance 
of the steel membrane. 

d. The method of anchoring used in this test would be unsatisfactory for field use because of 
the time-consuming installation of anchor· plates and because of the hazard created from 
the exposed stakes used in holding down the edges of the membrane. 
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Table 1 

Summary of CBR, Water Content, and Dry Density Data 

Water Dry 
Depth Content Density 

~ Coverages in. CBR % pcf Remarks 

1 0 0 5.0 26.9 93.7 
6 5.0 26.2 90.3 

12 _§,Q_ 27.4 .2U. 
Avg 5.0 26.8 92.4 

12 0 5.0 26.8 93.6 Membrane and sub-
6 4.8 28.4 92.5 grade failed 

12 ..21L 27.1 ~ 
Avg 5.6 27.4 . 93.2 

2 0 0 6.0 26.2 93.7 
6 5.0 27.2 91.8 

12 ~ 26,4 ~ 
Avg 6.0 26.6 92.8 

12 0 6.0 25.5 93.9 Membrane and sub-
6 4.4 26.2 93.2 grade failed 

12 ..1.:9_ 26.7 .21..4.. 
Avg 5.8 26.1 93.8 

3 0 0 4.9 27.2 92.8 
6 4.4 27.4 91.5 

12 6.5 25.9 94.0 
Avg ""5.3 26.8 92.8 

2 0 5.6 24.4 95.1 Membrane failed 
6 4.8 26.7 92.2 

12 ..§:Q_ 25.3 ..2U. 
Avg 6.1 25.5 .94.5 

4 0 0 5.0 27.1 92.8 
6 5.0 26.9 93.5 

12 9.0* 25.0 94.6 
Avg 6.3 26.3 93.6 

8 0 5.0 26.0 93.8 Subgrade failed 
6 4~6 21:2- 93.0 

12 10.0* 24.6 93.6 
Avg 6.5 25.9 93.5 

5 0 0 4.5 27.2 . 92.1 
6 5.0 26.5 91.7 

12 7.0 26.0 93.5 
Avg 5:5 26.6 92.4. 

18 0 4.8 26.7 93.2 Subgrade failed 
6 5.0 25.6 93.6 

12 ...2.Q_ ~ .9.il. 
Avg 5.3 26.0 94.0 

* Not included in rated CBR 



Item Type of Surfacinll 

l 15-mil steel membrane 

2 15-mil steel membrane 
over primed subqrade 

3 11-mil steel membrane 

4 Tl 7 plastic membrane 

5 Unsurfaced 

* Extrapolated. 
** Cap and pin. 

Rated Traffic 
CBR Cover~es 

5.3 0 
12 

5.9 0 
12 

5.6 0 
2 

4.9 0 
8 

5.4 0 
18 

Table 2 

Summary of Traffic Data 

Differential Elastic 
Deformation, in. Subgrade 

Transverse Diaqonal Deflection 
Max ~ ~ ~ in. Remarks 

0.50* Membrane and subgrade 
3.50 3.03 3.63 3.19 failed at 12 coverages 

0.70* Membrane and subgrade 
3.25 2.86 3.13 2.97 failed at 12 coverages 

0.45* Membrane failed at 
2.00 1.53 2.00 1.69 2 coverages 

0.55* Subgrade failed at 
4.63 4.16 5.00 4.18 8 coverages 

0.45** Subqrade failed at 
4.13 3.59 4.13 3.41 1.00** 18 coverages 



Photograph L Templates and punches 



Photograph 2. Template positioned on :membrane 



Photograph 3. Membrane punched to install anchor bars 



Photoqraph 4. Membrane rolled on pipe for transport 



Photograph 5. Membrane in place on test section 



a. Prior to installation . b. After installation 

Photograph 6. Installation of anchor plates 



Photograph 7. Membrane in anchor ditch with stakesin place 



Photograph 8. Application of asphalt tack coat on subgrade ofitem 2 



Photograph 9. Applying tension prior to anchoring 



Photograph 10. Tl 1 membrane and round-head anchors in ditch 



Photograph 1 L Application of cement for bonding Tl 7 to steel membrane 





Photograph 13. Item l prior to traffic 



Photograph 14. Creases made by grooves in tire tread 



Photograph 15. WX18 membrane over steel membrane 



Photograph 16. Failure of item l aftefl2 coverages 



Photograph 17. Item 2 prior to traffic 



Photograph 18. Failure of item 2 after 12 coveraqes 



Photograph 19. Pretraffic view of item 3 



Photograph 20, Close-up of failure in item 3 after two coverages 



Photograph 21. Item 3 after six coverages 



Photograph 22. Close-up of failed area in item 3 after six coverages 



Photograph 23. Pretraffic view of item 4 



Photograph 24. Membrane-covered item 4 after eight coverages 



Pr+otograph 25. Close-up of failed area in item 4 after eight coverages 



Photograph 26, Item 5 prior to traffic 



Photogx·aph 27. Item 5 after 18 coverages (considered failed due to roughness) 



Photograph 28. Ruts in item 5 after failure. at 18 coverages 
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