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PREFACE 

The investigation reported herein was authorized by the Office, 

Chief of Engineers, in a letter to the Director, Waterways Experiment 

Station, dated 24 January 1951, subject, "Criteria for Designing Runways 

Surfaced with Landing Mat and Membrane-type Materials -- Project No. 

8-69-04-064. 11 Responsibility for prosecution of the investigation was 

assigned to the Waterways Experiment Station. 

The over-all landing- mat investiga-tion is- bein& conducted_ under_ 

the direction of a Board of Consultants comprised of the following 

members: 

Professor S. J. Buchanan 
Professor A. Casagrande 
Professor D. W. Taylor 
Professor N. M. Newmark 

Dr. 
Mr. 
Mr. 
Mr. 

P. 
R. 
0. 
w. 

C. Rutledge 
R. PhiliPI:e 
J. Porter 
J. Turnbull 

Mr. T. A. Middlebrooks was a member of this board until his death in 

January 1954. 

The theoretical landing mat studies reported herein were conducted 

under the direction of a special working group composed of the following 

members: 

Mr. R. R. Philippe 
Mr. E. P. Bone 

(formerly with ORDL) 
Mr. W. B. Spangler 
Mr. W. J. Turnbull 

Mr. C. R. Foster 
Professor D. W. Taylor 
Professor Gerald Pickett 
Professor N. M. Newmark 

In addition to the working group, engineers actively concerned 

with the planning, testing, analysis, and report phases of this study 

were Mr. Frank Mellinger and Miss Ruth Meineke of the Ohio River Divi

sion Laboratories, and Messrs. 0. B. Ray, C. D. Burns, J. F. Redus, 

B. G. Schreiner, and M. J. Mathews of the Waterways Experiment Station. 

This report was prepared by Professor N. M. Newmark of the University of 

Illinois, Professor Gerald Pickett of the University of Wisconsin, Mr. 

Frank Mellinger and Miss Ruth Meineke of the Ohio River Division Labora

tories, and Messrs. C. R. Foste~, C. D. Burns, R. G. Ahlvin, and J. H. 

Bigham of the Waterways Experiment Station. 
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THEORETICAL LANDING MAT STUDIES 

PART I: INTRODUCTION 

Background 

1. The effort and cost re~uired to produce and deliver landing 

mat to theaters of operation are so great that efficient use of the mat 

is essential. Also, inefficient use of the mat may prevent the timely 

accomplishment of important assigned missions. Accordingly, Project No. 

8-69-04-004, 11Criteria for Designing Runways Surfaced with Landing Mat," 

was established in December 1950:, 11 to provide- data- from traffic tests. 

and theoretical studies on the service life of landing mats and membrane

type materials under varying conditions of subgrades, wheel loads, and 

contact pressures . . . for use by Engineer commands in designing, con

structing or evaluating airfields surfaced with landing mats in theaters 

of operations. 11 This report is concerned with the theoretical phase of 

the project. 

2. At the first meeting of the Board of Consultants on Landing 

Mat Design Criteria, it was recognized that the action of landing mat in 

distributing load to the subgrade was complex and that little was known 

on the subject. The Board recommended a series of traffic tests to es

tablish CBR design curves for a range of wheel loads from 10,000 to 

50,000 lb and a range of tire pressures from 40 to 300 psi. The Board 

also recommended that the theoretical studies include (a) tests on full

scale landing mats, (b) analytical studies, and (c) model studies. 

3. The program of traffic testing has been completed and tenta

tive results have been published (4, 5)*. A final report of the traffic 

tests is being prepared. The results of the various phases of the theo

retical studies, which have been presented informally to the Board of 

Consultants, are summarized herein. 

* Numbers in parentheses refer to the bibliography that follows the 
text of this report. 
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Scope and Assignments 

Tests with full-scale landing mat 

4. The tests on full-scale landing mat were carried out by the 

Waterways Experiment Station and involved determination of the charac

teristics or structural properties of landing matJ stress and strain 

produced in mat by simulated wheel loadings, and the effect of mat on 

subgrade protection. The relative magnitudes of mat characteristicsJ 

which were required for the mathematical analyses, were determined early 

in this_s_tudy. Also, measurements of strain were made at critical points 

in a typical section of mat and in a simplified section of mat which were 

placed on a low CBR subgrade and subjected to various loadings. Later 

stresses resulting at various depths from various loads were measured 

in the weak subgrade both mat-surfaced and unsurfaced. These tests 

demonstrated the measure of protection accorded a subgrade by landing 

mat. 

Analytical studies 

5. The analytical studies were carried out by Professor Gerald 

PickettJ partly at Kansas State College and partly at the University of 

Wisconsin. The first study made use of comprehensive work already per

formed by Professor Pickett in connection with the action of rigid pave

ments (8) .. This study gave results for both dense liquid and elastic 

solid subgrades overlaid by an isotropic mat taken as a member capable 

of: (a) flexural strength alone) (b) tensile strength aloneJ and (c) 

both flexural and tensile strength. His later study extended the work 

to give results for an orthotropic mat on an elastic subgrade. In this 

work flexural strength alone was considered, but for a wide range of 

combinations of lateral) longitudinal, and torsional stiffnesses. 

Model tests 

6. The model tests were conducted by the Ohio River Division Lab

oratories. An idealized model of prototype conditions was established 

and aircraft wheel loads were simulated in the model. This permitted 

the measurement of strains in the mat and deflections of the mat and 

rubber subgrade. Results were obtained for isotropic and orthotropic 



mats. Simulation of the effect of end connections between mat sections 

was also attempted in a few cases. 

Pertinent findings 
from traffic tests 
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7. The application of simulated aircraft traffic to landing-mat

surfaced test sections in order to develop empirical design criteria is 

not a part of the analytical studies; however, certain findings and ob

servations from this related study are pertinent to the analytical work. 

The traffic testing and analysis of data obtained therefrom were carried 

out at the Waterways Experiment Station. 
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PART II: TESTS WITH FULL-SCALE LANDING MAT 

Structural Tests 

Description of mat 

8. The structural tests were performed on 10-gage, pierced, type 

M8 mat which is a heavy, deep-ribbed, steel mat. The individual planks 

are approximately 12 ft long and 22-1/2 in. wide; they weigh approxi

mately 140 lb. As can be noted from phot~graph 1, the M8 mat has bayo-

-nets or side connectors on one -side _and bayonet slots on the other side. 

The edge opposite the bayonets is rolled under the bayonet slots so as 

to present a smooth contour at the subgrade and furnish additional 

strength along the side joints. When laid on a subgrade, the planks 

overlap at the ends and are keyed together with end connectors. The 

tubulated holes in the mat were intended primarily to lighten the mat 

and improve surface traction. A complete description of the M8 mat is 

given in WES 'IM 3-324 (3). 

Test program 

9. Structural tests were performed on the M8 mat to obtain data 

from which various properties of the mat could be determined for use in 

connection with the analytical and model studies. The types of tests 

performed were as follows: 

Tensile tests on mat material 

Longitudinal bending, single plank 

Lateral bending, single plank 

Torsional bending, single plank 

Longitudinal bending, group of planks 

Lateral bending, group of planks 

Modulus of stretch, group of planks 

Longitudinal tension, end joints 

Lateral tension, side joints 

Shear test, end joints 

Shear test, side joints 

Shear at interface between mat and subgrade soils. 
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Description and results of tests 

10. Tensile tests. Tensile tests were made on 1-in.-wide steel 

strips cut from an M8 plank. The modulus of elasticity as determined 

from the tests was 30.5 million psi. The average yield point was 40,500 

psi and the ultimate strength was about 48,600 psi with an elongation of 

18 to 19 per cent. 

11. Longitudinal bending, single plank. Bending tests were made 

on individual planks supported as simple beams with a concentrated load 

applied at mid-span of a 10-ft-long span. The planks were loaded with 

a CBR jack attached to the back of a loaded truck. The deflection was 

measured with a precise level. The Ioad was applied in- h1erements until 

an appreciable amount of permanent set occurred in the plank. 'Ihree 

planks were tested. 'Ihe test results are shown as load-deflection curves 

in fig. 1 of plate 1. The longitudinal rigidity, D1 , of the M8 mat was 

computed from the test results in the following way. The deflection can 

be computed from the usual formula for deflection due to a concentrated 

load applied at the middle of a simply supported beam: 

where: 

0 = center deflection 

p = load 

L = length of simple span 

w = width of plank 

Dl = longitudinal rigidity. 

By solution of the preceding equation for D1 , one obtains the result 

1203 
= 48 x 21 x 380 = 650,000 in.-lb 

in which 

~ = slope of load-deflection curve in fig. 1, plate 1. 

12. Lateral bending, single plank. Bending tests on a portion of 

a single plank supported at the sides were performed in the laboratory 
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using a Baldwin-Southwark testing machine. The loading arrangement is 

shown in photograph 2. Three separate planks were tested and the loading 

was continued until an appreciable amount of permanent set had been pro

duced. The test results are shown as load-deflection curves in fig. 2 

of plate 1. The lateral rigidity, n
3

, of the M8 mat was computed from 

the test results by use of a relationship similar to the preceding one, 

with an interchange of length and width to provide for the difference in 

the important dimensions. The notation applying to this case is as 

follows: 

L' =width of portion of single plank tested 

W = span of plank in the transverse direction, or width of 
original plank 

p = P/L' =load per unit of width of beam tested 

n
3 

= lateral rigidity. 

The result is as follows: 

w3 P/L' 183 
n

3 
= 48 x 0 = 48 x 36 = 4370 in. -lb 

where 

P/~' = slope of load deflection curve in fig. 2 of plate 1. 

13. Torsional bending, single ~lank. Two tests were performed in 

a planer machine at the Waterways Experiment Station on a mat section 

7.5 ft long (effective length 7 ft). In the first test the mat section 

was supported by point supports about 3 in. from the corners in the first 

channels of the mat on one end, point loads were applied at the same lo

cation on the opposite end, and the mat was supported on the loaded end 

by a point support midway between the two loading points. The twisting 

force was applied by screw jacks and proving ring arrangements, and the 

deflection or twist of the mat was measured with dial indicators. Pho

tograph 3a is a general view of the test setup, and photograph 3b is a 

close-up of the loading arrangement with the mat twisted. The twisting 

force was applied at a constant rate at both load points so that the 

angle of twist from the center support was equal for both load points at 

all times. The same procedure was used in the second test, except that 



the mat section was supported and loaded at the extreme corners. The 

loading for both tests was repeated three times, and practically the 
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same results were obtained. In one repetition of loading, the center 

support on the loaded end of the mat was released, but the same results 

were obtained. The results of the tests are shown in fig. 3 of plate 1. 

The torsional rigidity, D2 , of the M8 mat was computed in the following 

manner. The angle of twist per unit length of the mat is computed by 

dividing one half the total twisting moment by the total torsional 

rigidity. The factor 1/2 comes from the fact that the loading desired 

is one distributed through the plane of the cross section of the element 

rather than acting in the form CJf c-oncerrtrated loads at the- ends- of the 

element. It can be shown from the elementary theory of elasticity that 

in a rectangular cross section of a thin strip the relation between these 

two kinds of loading involves the factor 1/2. The total torsional rigid

ity is equal to the product of the width of the strip by the torsional 

rigidity per unit of width. However, it is more accurate to use the 

spacing between the concentrated loads making up the twisting couple 

rather than the width of the strip in this product. The result is as 

follows: 

in which 

1 
9 2 M P(2y) 
X = 2yD

2 
= 4yD

2 

9 X = angle of twist per unit of length of the plank 

M = P(2y) = the product of the concentrated load making up 
the twisting couple multiplied by the spacing between 
the two loads 

y = distance from the center line of the section to one of 
the concentrated loads making up the twisting couple 

D2 = torsional rigidity. 

Then the torsional rigidity can be determined by the solution of the 

preceding equation as follows: 

P(2y) 1 
D2 = 4y 9/X = 4ys

2 
= 

1 = 7000 in.-lb 1 1 1 
4 x 8.875 x 30 x 57.3 x 144 
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where 

the slope of the curve in fig. 3 of plate 1 re
lating angle of twist to twisting moment. In 
this figure 82 is determined as 1/30 degrees per 
lb-ft2. These units must be converted to radians 
per lb-in.2 as is done in the numerical solution 
for D2 above. 

14. Longitudinal bending, group of planks. Bending tests were 

made on a group of interlocked planks; four planks wide by two planks 

long; forming a 20-ft span simply supported near the ends. The planks 

were staggered in the usual manner so that six end joints were included 

in the span; two at mid-span; and two 4 ft from each support. The test 

was performe-d with improvisea eq_uipment consisting of neavy tim-bers and 

steel angles for supports; and a wooden box resting on steel angles as 

the loading device (photograph 4) . 'I'he load was applied in increments 

by adding sand to the box. Deflection measurements were made with a 

precise level. Two tests were performed from which load-deflection 

curves were plotted. The longitudinal rigidity of the interlocked 

planks computed from the test results is approximately 450;000 to 500;000 

in.-lb. 

15. Lateral bending, group of planks. A group of interlocked 

planks has no flexural stiffness across side joints between planks as 

the side joints form a continuous hinge as demonstrated in photograph 5. 

16. Modulus of stretch, group of planks. Tension load tests were 

made on a group of interlocked planks; seven planks wide by one and one

half planks long (i.e.; 11.3 by 18 ft). The mat section was supported 

on 2-in.-diameter steel pipes placed on a sand subgrade and perpendicular 

to the long axis of the mat. The load was applied in the horizontal 

plane of the mat through seven dynamometers spaced uniformly along one 

side for perpendicular loading and along one end for parallel loading. 

The horizontal movement or stretch of the mat was measured by means of 

dial indicators. The test setup for perpendicular loading is shown in 

photograph 6. Tension loads were applied in increments ranging from 395 

to 1383 lb per lin ft of mat for the perpendicular loading and up to 2150 

lb per lin ft for parallel loading. After each increment of loading the 
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load was released, allowing the mat to rebound. The loading cycles were 

repeated three times. 

17. Plate 2 shows load-deflection curves obtained from the per

pendicular loading. In this plot the horizontal movement of the mat is 

e:iq:iressed in per cent based on the total length of mat over which move

ment was measured. The tension loads expressed in pounds per linear foot 

are based on the total load applied through the seven dynamometers di

vided by the length of section (1-1/2 plank lengths or 18 ft). All of 

the movement shown on plate 2 does not represent stretch in the mat as 

there is always some slack in the side connection joints between planks 

under normal laying conditions. The load-deflection curves indicate 

that when sufficient tension is a:-p-.fYl±e-a: to- remove- all slack from the mat 

and then released, the mat rebounds sufficiently to create some slack. 

It may be seen that the amounts of horizontal movement for the three 

separate loading cycles were very nearly the same, and that between 800 

and 1400 lb per lin ft of tension the load vs deflection curve is essen

tially a straight line. 'I'hus, by projecting the straight-line relation

ship to zero tension, the indicated slack in the mat section is 0.5 per 

cent. Assuming then that the straight-line relationship represents 

stretch in the mat, the mcdulus of stretch M eQuals 2500 lb per lin ft 

per 1 per cent stretch. Therefore, for a load of 2500 lb per lin ft, 

the total movement including a slack would be 1.5 per cent, 0.5 per cent 

slack plus 1 per cent stretch. Based on observations and other struc

tural tests performed on M8 mat, most of the stretch that occurred under 

the perpendicular loading is believed caused by spreading of the ribs. 

18. Plate 3 shows a load-deflection curve for the parallel loading. 

For these tests there was only one end joint for each of the seven runs 

of planks. The load-deflection curve indicates that a horizontal move

ment of about 0.025 per cent was caused by slack in the end joints and 

that the modulus of stretch for tension loads applied parallel to the 

long direction of the mat planks is about 9600 lb per lin ft per 1 per 

cent strain. In the parallel tests, in addition to the horizontal move

ment measured over the total length of mat, 1-1/2 planks long, measure

ments were also made from points on each side of the end joints. These 
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measurements indicated that all the horizontal movement that occurred 

went back to the end connection joints and that no actual stretch or 

permanent elongation of the body of the planks occurred under the amount 

of tension applied. 

19. Langi tudinal tension on end .ioints. Three separate tension 

tests were conducted in the laboratory, utilizing the Baldwin-Southwark 

testing machine, on the end joint between two planks interlocked at the 

ends in the usual manner with the three connector hooks. Views of the 

progression of the test are shO'wn in photograph 7. The end joints re

sisted a tensile load of approximately 9000 lb per connector with 0.4-in. 

movement at the joints. The load-deflection curve was roughly linear up 

to the 9000-lb load at which failure occurred by shearing of the metal 

in the upper plank on which the connector hook bore. 

20. Lateral tension on side .ioints. Three tension tests were made 

on side joints of two planks interlocked in the usual manner with bayo

nets. Very little movement occurred across the joints prior to failure 

of the bayonets which sheared across one side. The yield point of the 

side joint occurred at approximately 2000 lb per bayonet. 

21. Shear on end .ioint. End joints were tested with a tension 

load applied through plates welded in a position perpendicular to the 

interlocked planks along the joint so that the pull was centered over 

the locked end of the connectors. The tests were designed to determine 

the behavior of the joints when subjected to shearing forces. Test re

sults indicated the yield point of the joint to be about 2000 lb per con

nector. Rupture of the metal on which the connector hooks bore occurred 

with a load of about 3200 lb per connector. 

22. Shear on side ,ioint. Shear tests were made on side joints sim

ilar to the tests conducted on the end joints. The side joints resisted 

a shearing force of about 1300 lb per bayonet with 0.15- to 0.2-in. de

flection before the shanks of the bayonets failed. 

23. Shear at interface between mat and subgraJe soils. Shearing 

resistance tests were made between single M8 planks and subgrade soils. 

Two different soils were used, a fat clay with a CBR of 5, and a lean 

clay with a CBR of 15. 'Ihe planks were firmly embedded in the subgrade 
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soils with the soil starting to protrude through the tubulated holes in 

the mat. Each soil was tested with three separate planks under vertical 

or surcharge loads of O, 50, and 100 lb per sq ft of plank area, respec

tively. The horizontal load was applied endwise to the planks. Typical 

stress-strain curves, resembling direct shear test data, were developed 

from the tests. The shearing stress of the fat clay was about constant 

for the three different vertical loads and was approximately 270 lb per 

sq ft of mat area. The shearing stress of the lean clay varied from 150 

lb per sq ft for a zero surcharge to 340 lb per sq ft for a surcharge of 

100 lb per sq ft of mat area. Observations showed that the soil was 

actually sheared around the tubulated holes of the mat and by bayonets 

along the sides of the planks. The test results do not refTect tne 

proper shear strength of the soil as the actual area of sheared soil is 

considerably less than the total area of the planks. 

Stress Studies, Landing Mats 

Description and procedure 

24. The tensile and flexural stresses produced in landing mat by 

simulated wheel loadings were determined by testing MB steel mat in place 

on a low-strength fat clay subgrade (CBR of 5 per cent). Two special 

planks (designated planks 4 and 5 herein) without ribs or tubulations 

were used for the tensile stress measurements, and three planks (desig

nated planks 1, 2, and 3) with ribs but without tubulations were used for 

the flexural stress measurements. The mat stresses were computed from 

readings of SR-4 strain gages which were installed on both the top and 

bottom of the special mat planks. 

25. Typical cross sections and plans of the two types of special 

mat planks, showing the location of strain gages, are included on plate 

4. The strain gages on planks 1, 2, and 3 were all placed in a position 

parallel to the long axes of the planks. In general, the gages on the 

top surface were located on the member between the ribs, and the gages 

on the bottom of the planks were located on the bottom of the ribs. 

Gages on planks 4 and 5 were installed both parallel and transverse to 
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the long axes of these planks, and in all cases the bottom gages were 

directly underneath the top gages. 

26. Plate 5 is a plan of the test section showing the location of 

the special mat planks, four of which were meshed into a section of 

standard MS mat, and the locations at which loads were applied. 'Ihe 

circled numbers are referred to as load location numbers and indicate 

the sequence of loading. Loads 1 and 2 were applied using a 250-sq-in. 

circular loading plate, and their purpose was to determine the differ

ence in flexural stresses when a load is applied on a single plank and 

when it is applied on a plank within a meshed section. All other loads 

were applied using a 500-sq-in. circular loading plate. A medium-soft 

rubber plate, 1/2 in. in thickness, of +,he same diameter as the steel 

loading plate was used directly under the steel plate in order to assure 

uniform loading and to protect the strain gages. Loads were first ap

plied on the mat surface with the mat in a loose or normal state, as 

shown in photograph Sa, and then with the mat under tension, as shown in 

photograph Sb. Loads were applied at the different load locations to 

produce mat deflections under the center of the load plate of 0.25, 0.5, 

1.0 in., and, in the case where the mat was under tension, up to 2.0 in. 

Strains within the mat were measured for each load. Typical data are 

presented below. 

Results 

27. Only typical data obtained from this study are presented in 

this report. However, complete deflection and strain data for loads ap

plied at all locations indicated on plate 5 are on file at the Waterways 

Experiment Station. 

2S. Mat in loose state. Data obtained from loadings centered at 

the mid-point of plank 2 (load location 2) with the mat in a loose state 

are shown on plate 6. The location of the strain gages and the position 

of the load plate on the plank are shown in the plan, fig. 1, at the top 

of the plate. Fig. 2 also includes the deflection profile for loadings 

prcducing a deflection under the center of the load plate of 0.5 and 1.0 

in. Fig. 3 shows the deflection across the planks (section B-B) for the 

same loadings. The stress profiles corresponding to the deflections 
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shown in fig. 2 are also presented in fig. 4, and the stress across plank 

2 (section B-B) corresponding to the deflection shown in fig. 3 is pre

sented in fig. 5 of plate 6. Deflection measurements and strain gage 

readings obtained on plank 3 for the above loadings showed very little 

deflection or mat strains as a result of loading plank 2. 

29. 'I'he pattern and magnitude of mat strains resulting from loading 

a single plank outside the meshed section were similar to that shown for 

loads applied on plank 2 in the meshed section. 

30. Deflection and strain data obtained for a load centered over 

the side connection joints between special planks 2 and 3 (load location 

6) are shown on plate 7. The location of the strain gages and the posi

tion of the load plate on the planl~s are shown in fTg. r. llie defTectibn 

profile along the side joints (section A-A) for a load producing a de

flection c>f 1 in. under the center of the plate is shown in fig. 2. The 

deflection and stress profile along the center of plank 2 (section C-C) 

resulting from the same loading is shown in fig. 3 and the deflection 

and stress profiles along the center of plank 3 (section D-D) are shown 

in fig. 4. The deflections and stresses measured across planks 2 and 3 
(section B-B) are shown in fig. 5. From these data it can be seen that, 

where the mat underneath and near the load plate is deflected downward, 

the strain gages on top of the planks show compression and the gages on 

the bottom show tension. Away from the load, where the mat deflection 

curve tends to flatten out or reverse, the top gages show tension and 

the bottom gages compression. It can also be noted from fig. 5 that the 

maximum stresses produced in the mat in the transverse direction appear 

to be around the edge of the load plate. 

31. Typical data obtained from a loading adjacent to one of the 

tension planks (load location 4) with the mat in a loose state are pre

s.ented on plate 8. 'I'he deflection of plank 4, resulting from a loading 

at the location shown in fig. 1 of plate 8, producing a deflection under 

the center of the load plate of 1.0 in., is shown in fig. 2 of plate 8. 

Corresponding mat stresses indicated by the parallel gages, and the mat 

stresses indicated by the transverse gages are also shown in fig. 4 of 

plate 8. As previously stated, tension planks 4 and 5 had no ribs nor 
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tubulations and the gages on the bottom of the planks were directly be

neath those on the top. Therefore, membrane stress for the data shown 

on plate B is considered to be the difference between the top and bottom 

stresses as indicated by the dashed line in figs. 3 and 4 of plate B. 

32. Mat under tension. For loads applied at load location 4, the 

amounts of tension measured as a result of loadings producing mat de

flections under the center of the load plate of 0.5, 1.0, and 2.n in. 

are shown in figs. 1, 2, and 3, respectively, of plate 9. From these 

data it can be seen that practically no tension due to the 0.5-in. verti

cal deflection was measured. For 1.0-in. deflection (fig. 2) a maximum 

tension of Bo lb was measured, and for the 2.0-in. deflection (fig. 3) 

a maximum of 700 lb was measured. The stresses produced in the mat by 

loadings with the mat under tension were of about the same magnitude and 

pattern as those produced with the mat in a loose or natural state. 

Conclusions 

33. From these data it is evident that with the present type of 

connectors on the MB mat the tensile stresses transmitted across the 

joints are negligible, and that the primary source of strength in the 

mat is its flexural characteristics. In other words, membrane action 

of the mat is not of great importance. 

Stress Studies, Subgrade 

Description and procedure 

34. Induced subgrade stresses resulting from static loads applied 

directly on a low strength subgrade, and on the same subgrade surfaced 

with MB landing mat, were measured to determine the degree of protection 

accorded a subgrade by landing mat. The tests were made on a specially 

prepared uniform clay subgrade having a CBR of about 4 per cent. The 

subgrade stresses were obtained by means of 6-in.-diameter pressure cells 

installed in the subgrade on a horizontal plane at an initial depth of 

24 in. The pressure cells were placed in the form of a cross on 12-in. 

centers. Static loads were applied using a 250-sq-in. circular loading 

plate resting directly on either the subgrade or the MB landing mat. The 
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subgrade stresses were measured directly beneath the center of the load 

plate and at various offset distances in both the longitudinal and trans

verse direction of the mat planks. Surface deflections were obtained 

for all loadings directly under the center of the load plate and in both 

the longitudinal and transverse directions as far out as movement oc

curred. 

35. Stress measurements were made at depths of 24, 18.5, 12, 6, 

and 1 in. below the surface of the subgrade. This was accomplished by 

removing the material over the cells in increments after all desired 

measurements at a given elevation had been obtained, and repeating the 

loading tests for the lower depths. 

Results 

36. Stress distribution data obtained at a 6.0-in. depth for a 

surface load of 50 psi are shown on plate 10. Fig. 1 shows a plan of 

the section with the load plate centered over the center of a mat plank. 

The values shown in fig. 1 indicate the measured stress values at the 

6.0-in. depth directly beneath the center of the load plate and at the 

indicated offset distances. The solid-line curve in fig. 2 shows the 

stress-distribution pattern in the longitudinal direction of the mat 

planks, and the broken line indicates the surface deflection of the land

ing mat. Fig. 3 shows the stress distribution and surface deflection in 

the transverse direction. Similar data (not shown) were obtained for 

loads centered over the bayonets or side connection joints, and showed 

about the same load distribution as that for loads over the center of 

the mat planks. The stress-distribution data for the load applied 

directly on the subgrade are shown in figs. 4, 5, and 6 of plate 10. 

37. Subgrade stresses were also measured at the 6-in. depth for 

surface loads of 25 psi. Plots of stress at the 6.0-in. depth versus 

offset distance for surface loads of 25 and 50 psi applied directly on 

the subgrade and on the M8 mat are shown on plate 11. The figures by 

the curves indicate the maximum surface deflection under the load plate. 

For the loads applied on the landing mat, the deflection measurements do 

not indicate the true deflection of the subgrade as the mat was not em

bedded into the subgrade prior to loading. While the measurements do 
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not show true subgrade deflections they do indicate the depth to which 

the deep ribs of the mat became embedded in the subgrade under load. 

38. Subgrade stress distribution data obtained at a 1-in. depth 

for surface loadings of 50 psi are presented on plate 12. Similar data 

to those shown for the 1.0- and 6.0-in. depths, for surface loadings of 

50 psi, were also obtained at depths of 3.0, 12.0, 18.5, and 24.o in. 

The maximum stress measured at each elevation for each condition of 

loading and the surrmation of the vertical stresses under the stress

distri bution curves are presented in table 1. From these data it can 

be noted that the summation of stresses down to about a 12.0-in. depth 

is in fair agreement with the total applied load. Below a 12.0-in. 

depth the surrJI!led values are less than the applied load. 

39. Pressure bulbs developed from the stress data obtained at the 

various depths are shown on plate 13. The effect of landing mat in dis

tributing the load to the subgrade can readily be seen from the pressure

bulb diagrams. In the longitudinal direction of the mat planks (fig. 1, 

plate 13) the mat behaves as a somewhat flexible footing in distributing 

the load to the subgrade. In the transverse direction, fig. 2, the major 

part of the load distribution extends only over one plank width. For the 

unsurfaced subgrade, the steel loading plate acted as a rigid footing, 

and the pressure bulb conforms with accepted concepts of pressure dis

tribution for a rigid footing on a highly cohesive soil. 

Conclusions 

40. The important conclusions from the subgrade stress study are 

as follows: 

a. M8 landing mat is effective in distributing a load to a 
subgrade and reduces the maximum subgrade stress by about 
one-half. 

b. The major part of the load distribution from M8 landing 
mat is in the longitudinal direction of the V.8 plank. 

c. For loads applied on a 250-SQ-in. circular loading plate, 
M8 landing mat is about as effective in distributing the 
load to the subgrade when the load is over the bayonet 
joints between two planks as when the load is over the 
center of the mat plank. 
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PART III: ANALYTICAL S'IUDIES 

Bases of Studies 

41. Two reports of analytical studies were made by the working 

group of the Board of Consultants on the landing mat investigation. In 

the first report (9) the following alternative idealized assumptions in 

regard to landing mat were considered: (a) membrane of soap-film type; 

(b) membrane of thin-plate type; (c) isotropic thin plate with rr.embrane 

stresses neglected; (d) isotropic thin plate with both flexural rigidity 

and membrane stresses considered. 'I'he performance of each type on liquid 

subgrade and the performance of the first and third types on an elastic 

solid subgrade were investigated. 

42. In the second report (10) the landing ma.t was assumed to be an 

orthotropic thin plate, and the subgrade was assumed to be an elastic 

solid. Membrane stresses were neglected. The difference between an 

orthotropic and an isotropic thin plate is best shown by their differen

tial equations. 

q - p 

is the differential equation for the deflection w of an orthotropic 

thin plate, where q is the intensity of loading and p is the in

tensity of reactive pressure. If all three D's, representing longitu

dinal, torsional, and transverse rigidities, are equal, the plate is 

isotropic. 

43. The method of analysis used in these two reports was in general 

the same as that used in KSC Bulletin 65 (8), where the theoretical per

formance of concrete pavements was studied. The assumptions for each 

case studied are stated; then solutions of the appropriate differential 

equations which meet the given boundary condition are obtained. Numer

ical evaluations of the solutions are given in tabular form and presented 

graphically. 
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Studies of Isotropic Mats 

44. It is believed that the most significant results from the 

studies of isotropic mats (described in first report, (9)) are those that 

considered both flexural rigidity and membrane stresses. Representative 

results are shown on plate 14 where w/a is plotted against q/ka for 

various values of the ratios ¢/k , E(l - µ
2

)h/ka
2 

, D/ka
4 

• 'Ihe numer

ators of these nondimensional ratios are defined as follows: 

w is the deflection at the center of the loaded area 

q is the intensity of loading 

¢ is the mcdulus of subgrade restraint against relative horizontal 
movement of the mat and the subgrade 

E(l - µ
2 )h is the modulus of stretch and therefore is the prin

cipal property upon which membrane stresses depend 

D is the flexural rigidity. 

The denominators of the ratios contain a , the radius of the loaded 

area, and k , the modulus of subgrade restraint against deflection. 

45. The effect of horizontal restraint is relatively small, as 

shown by the small reductions in deflection produced by increasing ¢ 
from zero to 200k. Compare curve 2 with 1, and 4 with 3. Curves 1, 3, 
6, and 7 show the effect on deflection of increasing the flexural rigid

ity. As the rigidity is increased, the deflection is decreased. Com

parison of curves 3 and 5 shows that coupling of the modulus of stretch 

does not quite compensate for a 50 per cent reduction in flexural rigid

ity in the ranges used. Comparison of curves 8 and 3 shows the effect 

of increasing the modulus of stretch from a relatively small value to a 

relatively large value with flexural rigidity present. The curves differ 

only slightly for small deflections. Curve 8 is practically a straight 

line and is tangent to curve 3 at the origin. Deviations from tangents 

at the origin are the effects of membrane stresses. 'Ihese effects are 

small for small deflections or for small values of modulus of stretch 

compared to flexural rigidity. 'Ihe ratios of these quantities are given 

for each curve, and the indications are that the lines are essentially 
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120/a2 or smaller. 

Studies of Orthotropic Mats 
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46. Certain results of the study (described in second report, 10) 

are given in tables 2 and 3. Table 2 gives maximum deflection for a 

load uniformly distributed over a rectangular area 2a by 2b in size for 

various values of a and b and for ten different combinations of rel

ative rigidity. The corresponding deflections for no mat are also given. 

Table 3 shows the effect of changes in each of the three rigidities on 

deflection for a particular case. The case studied is that-a~ a 

20,000-lb wheel load distributed over 200 sq in. of area in the form of 

a rounded rectangle of width six-tenths the length. 

47. A study of these tables shows that: 

a. Small increases in transverse rigidity (D3) are very ef
fective if transverse rigidity is small, being much more 
effective than an equally small change in longitudinal 
rigidity (D1 ). 

b. When transverse and longitudinal rigidities are about 
equal, small increases in either are about equally effec
tive. 

c. Increases in torsional rigidity are of little effect, the 
relative effect decreasing as the three rigidities become 
about equal. 

d. The mat rigidities become of less relative importance com
pared with subgrade rigidity when the load is more widely 
distributed. 

48. 'I'he first finding is shown by comparing mats 1, 2, 3, 4, 5, and 

6 of table 3. Increasing n
3 

from zero to 60,000 in.-lb reduced the de

flection from .3758 to .3635 in. Increasing D1 from 600,000 to 660,000 

in .. -lb caused only about one-third as much reduction. Nearly the same 

relative results were found when the increment was 300,000 in.-lb 

49. The second finding is shown by mats 7 and 8. Very little 

change in deflection is noted when 200,000 in.-lb of rigidity is trans

ferred from one direction to the other if the two are about equal. 

50. The third finding is revealed by comparing mats 4, 9, 10, and 
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11. Adding the first 30,000 in.-lb of torsional rigidity reduced the 

deflection .0025 in. The next 120,000 in.-lb caused a further reduction 

of .0088 in. The next 150,000 in.-lb caused a reduction of .0097. 

51. The fourth finding is shown by table 2, where it is noted that 

the differences in deflection for the various mats and for no mat de

crease as the loaded area is increased. 

52. The deflections given in table 3 were obtained by use of plate 

15. For example, for mat 1: 

t = (600,000/1500)1/ 3 = 7.368 in. 

A/t2 = 200/7.3682 = 3.684 

For an abscissa of 3.684 the curve for D2 = O, n
3 

0 has an ordinate 

of N = 1530. Therefore, deflection w is 

w 
4 100 x 7.368 x 1530 

2000 x 600,000 0.3758 in. 
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PART IV: MODEL TESTS 

Introduction 

53. In connection with the development of design curves for use in 

the design of airfields to be surfaced with landing mat and in the design 

of areas to be left unsurfaced, small-scale model tests were made to 

check the mathematical analyses and to aid in the correlation of the 

mathematics with full-scale tests. Two series of model tests were con

ducted: the first to study membrane action in a mat and stresses in the 

subgrade, and the second to study mats having other than equal longitu

dinal, torsional, and transverse rigidities. The results of these tests 

have been reported in detail by the Ohio River Division Laboratories 

(1), (2). The tests conducted and typical results obtained are sum

marized herein. 

Test Equipment 

54. The subgrade for the model tests was simulated by a 24- by 

24- by 12-in.-thick block of natural rubber placed on a rigid concrete 

table. The sides of the block were restrained. It had been determined 

previously that the natural rubber had a value of G/(l - µ) of 111 psi 

and no appreciable creep. The quantity G/(l - µ) is a property of the 

subgrade involving G , the modulus of elasticity in shear for an elastic 

solid, and µ , the value of Poisson's ratio. The relationship of these 

quantities to the deflection of the subgrade and other properties is 

developed in Kansas State College Bulletin No. 65 (8). The model mats 

were placed on the surface of the rubber block and loads were applied 

through footprints by means of a lever arm. Desired footprint loads 

were obtained by loading the end of the lever arm with appropriate 

weight. Photograph 9a shows the rigid concrete table, the rubber block 

with restrained sides, and the lever arm with fulcrum at one end and 

weight at the other to give a footprint load at an intermediate point. 

The various model mats used were 0.018-in.-thick steel, different 
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thicknesses of isotropic magnesium sheets, and magnesium strips placed 

side by side. Photograph 9b shows a typical view of mat loading. 

Tests and Results 

First test series 

55. Study of membrane action. For this study a 12-in.-diameter 

0.018-in. steel mat was placed on the natural rubber subgrade and loaded 

at the center through several types and sizes of footprints. The strains 

resulting from these loads were read by means of pairs of SR-4 gages lo

cated at various positions on the mat. These gages were so arranged 

that one gage of each pair was on top of the mat and the other on the 

bottcm, the orientation of both being the same. The strain carried by 

membrane action at a particular point in the mat was considered to be 

the difference between top and bottom strains at that point. 

56. Figs. 1 and 2 of plate 16 have been chosen as representative 

of the data obtained from these tests. These figures present strains 

resulting from loads applied through rigid and pneumatic types of foot

print. The rigid foot had a 1/8-in. natural rubber pad on the face in 

contact with the mat to prevent the development of high local stresses. 

It can be noted that the membrane strain at the point where the bottom 

strain was a maximum was 29 per cent and 25 per cent, respectively, of 

the maximum strain, which means that 29 per cent and 25 per cent of the 

load was carried by membrane action in the model mat in its appropriate 

case. In these two cases the footprint radius was 0.5 in. It was ob

served from further testing that as the radius increased, the per cent 

of load carried by the membrane action decreased. Although these' model 

tests showed that membrane action carries a portion of the load, presence 

of this action in a prototype mat is questionable because it is unlikely 

that there is tension in a full-scale mat under load. 

57. Study of stresses in subgrade. In order to study the relief 

of vertical deflections and stresses afforded the subgrade by a mat, 

plaster casts of the centrally loaded subgrade surface with and without 

a 12-in.-diameter, 0.018-in. steel mat were applied to the rubber block 
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so that their axes of symmetry were along the edge. Double-exposure 

photographs of the vertical grid-marked face of the rubber were taken 

with and without the subgrade being loaded through the plaster patterns. 

The difference between the location of respective points of the grid with 

load on and load off was considered to indicate the displacement of the 

subgrade throughout the interior on a vertical plane through the axis of 

symmetry of a center load. Fig. 1 of plate 17 is a comparison of the 

vertical displacement of the rubber subgrade directly under the 28.78-

lb load applied through a 1-in.-diameter footprint on the bare rubber 

and on a 0.018-in. steel mat. Fig. 2 is a comparison of the relative 

vertical stresses in the rubber subgrade directly under the load, con

sidering stress the rate of change or first fferivatiVe or tlie defTection 

curve of fig. 1. The fact that the maximum stress in the subgrade with 

the mat is one fourth as great as the maximum stress without the mat in

dicates that the 0.018-in. steel mat relie~'~S appreciably the stresses 

in the subgrade under a given load. 

58. Plate 18 shows a deflection curve for the 12-in.-diameter, 

0.018-in. steel mat under a load of 28.78 lb applied through a 1-in.

diameter footprint, and is included at this point to provide complete 

data on this particular loading. 

Second test series 

59. Study of rigidities. 'Ihis study was conducted to check the 

mathematical analyses for mats having other than equal transverse and 

longitudinal rigidities. Magnesium mate having various rigidity condi

tions were placed on the natural rubber subgrade and loaded at the center 

through footprints of 1-in.-thick natural rubber. Plate 19 presents a 

portion of the deflection data collected. 'Ihe curves of plate 19 show 

the effect on center deflection of doubling and tripling the thickness 

of .an isotropic mat and of reducing the transverse stiffness of a mat. 

60. Comparisons of the test data with the mathematical analyses 

showed discrepancies ranging from 20 to 30 per cent. These discrepancies, 

which were constant percentagewise for any one test, were attributed 

primarily to the fact that the subgrade in the theoretical case is con

sidered to be of semi-infinite extent, whereas the model test subgrade 
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was a finite layer 12 in. thick. Aside from this fact, the model tests 

and mathematical analyses were in agreement. This comparison is shown 

on plate 20. 

61. Study of action of plank ends. In order to study the action 

of plank ends, tests were made on magnesium mats consisting of strips 

cemented to isotropic sheets. These mats were placed on the natural 

rubber subgrade and loaded through footprints of 1-in.-thick natural 

rubber. Plate 21 covers the particular case of 45 strips, 0.061 by 0.25 

by 15 in. in size, cemented with a spacing of 0.015 in. to a 0.0168- by 

15- by 15-in. sheet. The action at plank ends was simulated by cutting 

alternate groups of three strips transversely at the center and continu

ing the cut through the underlying 0.0168-in. sheet. Plate 21 gives the 

maximum center deflection under center load before the strips and sheet 

were cut and the deflection curves for the mat after the strips and sheet 

were cut. A comparison of the center deflections shows that increasing 

the joint stiffness at plank ends from zero to a value equal to the 

longitudinal stiffness elsewhere in the plank decreases the deflection 

12.5 per cent, indicating that considerable structural advantage can be 

obtained by stiffening the end joints of the planks. 

Conclusions 

62. The following conclusions have been drawn from the model tests: 

a. Membrane action carries a portion of the load, the amount 
being dependent on the size of the loaded area. 

b. A mat relieves the vertical stresses in the subgrade. 

c. When transverse rigidities are small, adding a small 
amount to the transverse rigidity is more effective than 
adding an equally small amount to the longitudinal rigidity. 

d. Stiffening the joints at plank ends increases the struc
tural advantage by reducing the deflections. 
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PART V: PERTINENT FINDINGS FROM TRAFFIC TESTS 

63. Accelerated traffic tests have been conducted by the Waterways 

Experiment Station on unsurfaced subgrades and on subgrades surfaced with 

landing mats and membrane-type materials (3, 4, 5, 6, and 7). During 

the traffic tests certain observations of the behavior of the mats and 

membranes were made that are pertinent to the analytical studies and may 

influence the future design of landing mats. These observations are 

discussed in the following paragraphs. 

Movement of Mat during Traffic 

64. In general, the traffic tests conducted by the Waterways Exper

iment Station on landing mats have been on relatively short traffic lanes 

60 to 150 ft in length. Normally the mat is laid with the long direc

tion of the planks transverse to the traffic lane as shown in photograph 

10. Observations have shown that there is a tendency for the mat to 

move slightly (approximately 1/2 in.) during traffic in the direction of 

traffic. This movement is more pronounced during the early stages of 

traffic before the mat is firmly embedded in the subgrade. There have 

been no observations of lateral movement of the mat during traffic. 

Movement of Soil during Traffic 

65. Numerous observations have shown that the soil near the point 

of subgrade failure moves laterally out from the area of load. In gener

al, the mat planks have a tendency to project upward at the end connec

tion joints and soil ridges form under the end joints as illustrated in 

photograph 11. The soil also moves out to the edges of the traffic lane 

as the load wheel is shifted laterally from one side of the traffic lane 

to the other. 

Tension 

66. There is always a certain amount of slack in a section of 

32812 
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landing mat laid in the normal manner as indicated from the modulus of 

stretch test discussed in paragraph 16. This slack occurs at the mat 

joints where the planks are fastened together. Traffic tests have been 

performed on mat sections from which all the initial slack was removed 

prior to traffic. The slack was eliminated by anchoring the mat at one 

end of the section and pulling out the other end with cables connected 

to tractors. When all slack was removed, the cable end was anchored so 

that the mat was in tension. After only a few coverages of traffic the 

tension was relieved and slack was observed at the mat joints. 

Membranes 

67. Traffic tests have been performed on subgrades surfaced with 

vinyl-coated duck membranes, woven-wire hardware cloth, and thin (24-

gage) aluminum sheeting (7). The woven-wire hardware cloth and the alu

minum sheeting could possibly have developed some tensile stress under 

traffic; however, in behavior and in protection of the subgrade they 

were no better than the vinyl-coated duck membranes. 

Effect of Mat 

68. Comparisons were made of the load-carrying capacity of unsur

faced subgrades and subgrades surfaced with M8 landing mat. Typical ef

fects of the mat in terms of additional load-carrying capacity are 

tabulated below: 
Load-carrying Capacity 

Service Life Unsurfaced Mb Mat 
of Subgrade Loaded Sub grade Wheel Contact Wheel Contact 
Expressed in Tire Area Strength Load Pressure Load Pressure 

Coverages sq_ in. CBR lb psi lb psi 

40 248 4 10,000 i~o 27,000 109 
40 91 10.5 10,000 110 24,ooo 264 

700 248 8.5 10,000 40 25,000 101 
700 91 22 10,000 110 21,000 230 

40 476 6 25,000 52 47,000 98 
40 232 12 25,000 108 50,000 216 

700 476 12.2 25,000 52 48,ooo 101 
700 232 27 25,000 108 54,ooo 232 
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From the above tabulation it can be noted that, for a given loaded area, 

MB landing mat increases the load-carrying capacity of a subgrade approx

imately 2-1/2 times for a light wheel load (10,000 lb) or doubles the 

load-carrying capacity for a 25,000-lb wheel load. These values of in

creased load-carrying capacity, as determined from accelerated traffic 

tests, are of the same magnitude as the reduction in vertical subgrade 

stresses discussed in paragraph 4oa. 

Fastenings 

69. At present, the individual planks of the mats are fastened 

together by hinge-type connectors. As has oeen demonstrated, there is 

always some slack at the connection joints and, therefore, very little 

stress transfer across the side joints and only a small percentage 

across the ends. Also on current types of mats, failures usually de

velop at or near the joints first. 

Im~roved Joints 

70. Traffic tests have been conducted on MB mat to determine the 

effect of a more nearly perfect end joint. For these tests, steel bars 

were welded in the mat channels across the ends joints, as shown in pho

tograph 12. This resulted in a rigid joint which increased the longitu

dinal rigidity of the mat, and approximately doubled the service life 

of the mat. 
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PART VI: DISCUSSION 

General Concepts of Landing Mat Behavior 

71. The action of landing mat is a function of the properties of 

the mat and the properties of the subgrade on which it is placed. In 

general, landing mat acts to distribute the tire loads from aircraft to 

the subsoil in such a way as to cut down the maximum stresses and de

flections that would exist if the mat were not present. In this respect 

landing mat acts in the same general way as a pavement, distributing 

loads and affecting stress distribution by virtue of its strength and 

stiffness. However, there is a primary difference from the action of 

pavement in that the behavior of the landing mat is affected to a major 

degree by certain practical features of its design. The fact that the 

mat must be constructed of small parts which are easily transportable 

puts certain limits on the degree of rigidity and the amount of strength 

that can be provided in the mat to perform its function. Practical con

siderations have dictated the use of mat in the form of long, narrow 

planks. Because of the necessity of being able to connect these planks 

along all their edges, it is very difficult to provide for flexural con

tinuity in the direction transverse to the long dimension of the plank. 

Consequently, the properties of the individual planks are not adequate 

measures of the properties of the landing mat in place because the action 

of the joints and connections must be taken into account in determining 

the behavior of the mat in place. Another important aspect of the problem 

is concerned with the degree of required strength and stiffness. If the 

mat is stiff enough so that it adequately performs its function of pro

tecting the subgrade, it will in general be subjected to much smaller 

destructive influences than would be the case if the mat were not stiff. 

The amount of relative motion between the different sections of the mat, 

and the tendency to tear at the connections, are influenced to a great 

degree by the amount of distortion and deformation of the mat. The 

stiffness is called into play in order that the mat can act effectively. 

However, the strength is required only wh0n the stiffness becomes 
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inadequate either because of deformations of the subsoil or inadequacy 

of the mat. It is entirely possible that adequate strength to resist 

complete disruption of the mat may not prevent completely inadequate 

performance on the subsoil after stiffness is lost. 

Action of Landing Mat in Protecting Subgrade 

Flexure vs tension 

72. A protective surface such as a landing mat can act either in 

flexure, in tension, or in both ways at once. The studies described in 

parts III, IV, and V of this report indicate that ordinary landing mat 

acts primarily in flexure and practically not at aII 1n tens1on as a 

membrane. Moreover, the flexural strength provided by the mat is pri

marily in the longitudinal direction of the plank. There appears to be 

little, if any, flexural resistance transverse to the length of the 

planks and only slight torsional resistance, once the planks are con

nected together in the form of a complete mat. Traffic tests on present 

mat and measurements of physical properties support the above-described 

nature of the action. However, traffic tests, analytical studies, and 

model tests indicate that such action is not ineffective. For example, 

comparison of appropriate curves of plate 14 indicates the relative ef

ficiency of flexural action of a landing mat as compared with membrane 

action. This can be seen most readily by a comparison of curves 3 and 8. 

The former is for a mat with high membrane action and a moderate amount 

of flexural behavior. The latter curve is for a mat with the same flex

ural resistance but with only one-twentieth the membrane stiffness of 

the former mat. The differences in deflection for the same load are 

relatively small. Moreover, from the general nature of the behavior of 

plates, it is known that tensile stresses in the plane of the plate, or 

membrane action, can be developed only when the deflections become large 

and when the plate tends to stretch. Since the stretch in the plate is 

determined by its change in length, which can occur only when large 

changes in slope take place, membrane action is ineffective in general 

unless the deflections are large enough to be troublesome in the subgrade. 



30 

For this reason and from practical considerations governing the design 

of landing mat, it appears necessary to depend only on the flexural re

sistance of the landing mat in performing its function. 

Spreading of load on subgrade 

73. The manner in which landing mat acts to reduce the stresses 

transmitted to the subgrade is shown on plates 10-13. The magnitude of 

the reduction in vertical stress in the subgrade immediately beneath the 

mat from the stress that would exist if no mat were used is dependent 

on the properties of the mat, and primarily on its flexural stiffness. 

The maximum shearing stresses in the subgrade are probably reduced in 

about the same degree as the maximum vertical stresses. The spreading 

of the load is, of course, primarily in the direction of major stiffness 

of the landing mat. 

74. A reduction in deflection and in shearing stress accompanies 

the reduced vertical stress in the subgrade. Numerical data on the reduc

tion in deflection are contained in ~he test data reported herein. Ana

lytical results are also given on plate 15 and in tables 2 and 3, from 

which the deflection of landing mat for various combinations of charac

teristics of the mat can be determined. It can be seen from the tabulated 

results of the analyses that the reduction in deflection for a landing 

mat, compared with direct application of the entire load to the subgrade, 

is less when the load is spread over a relatively large area than when 

the load is concentrated. Consequently, it appears that less rigid and 

strong mats are required when the loading is spread widely, rather than 

concentrated over a small area. Moreover, it appears that the reduction 

in deflection is essentially a function of the pattern of the mat rigid

ity as well as of the absolute values of the different stiffnesses. An 

isotropic mat is much more effective in distributing load to the subgrade 

than one which has all of its stiffness in one direction. However, a 

mat with equal transverse and longitudinal stiffness is only slightly 

less effective than an isotropic mat. In general, the influence of 

torsional stiffness is relatively minor compared with the influence of 

flexural stiffness in the two directions. 

75. As a rough guide to the influence of the various rigidities, 
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for a concentrated load on mats of different properties the deflections 

are approximately equal when the sum of the torsional rigidity plus 

three times the square root of the product of the longitudinal and trans

verse flexural stiffnesses is a constant. For loads distributed over 

an area this relationship is not applicable when one of the flexural 

rigidities is zero. 

76. Additional data are required on the influence of the mat on 

the stresses in the subgrade. However, such data are not available as 

yet. In lieu thereof it appears reasonable to consider that the reduc

tions in maximum normal stress in the subgrade and in maximum shearing 

stress also are roughly of about the same order as the reduction in de

flection. 'Ihe small amount of data that are available appear to- support-

this statement fairly well. 

Required strength of landing mat 

77. The measurements of stresses produced in landing mat by simu

lated wheel loadings, reported in paragraphs 24 through 33, indicate that 

the stresses are quite high and that strains corresponding to the begin

ning of yielding can be obtained for certain conditions of loading on 

moderately poor subgrades. However, these measurements are not indica

tive necessarily of the strength required. A better indication of the 

required strength of landing mat is furnished by the studies, reported 

in part V, of traffic tests. Additional studies reported in "Comparative 

Engineering Traffic Tests of 10-, 11-, and 12-gage M8 Steel Landing Mat," 

Waterways Experiment Station Technical Memorandum No. 3-400, throw 

further light on this problem. It was concluded from these tests that 

on a subgrade having a CBR value of about 15 per cent, the 10-gage mat 

sustained 700 coverages of a 50,000-lb, single-wheel load with a tire in

flation pressure of 200 psi, whereas the 11- or 12-gage mat could sus

tain without maintenance only 280 coverages. Even with maintenance in

volving replacement of up to 10 per cent of the failed mat, the thinner 

gages would have a service life of only 380 coverages in all. 

78. Stress analyses of landing mat under conditions corresponding 

to the behavior in a subgrade have not been made in sufficient detail to 

permit a rational design procedure to be developed. It appears possible, 
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however, to make a rough stress analysis from the magnitude of the moments 

in the mat when data become available on these moments for the different 

conditions of loading. Extension of the analytical studies to the deter

mination both of stresses in the subgrade and stresses in the landing 

mat appears necessary. 

79. Naturally, the required strength of the mat as well as its re

quired stiffness is a function of the properties of the subgrade. The 

more flexible or more deformable the subgrade, the greater the stiffness 

of mat that is required to prevent damage to the subgrade. In general, 

the greater the required stiffness of the mat, the greater is the re-

. .quired ..s.treng.th _of' "the _mat. However, as described above, the primary 

requirement in the landing mat is that of stiffness. When the subgrade 

is extremely weak, it may be necessary to add a base course in order 

that the landing mat can perform its function adequately. 

Bo. The primary requirement of strength in the landing mat is in 

the fastening of one element of mat to another. The tearing action that 

tends to destroy the mat arises primarily when the relative deflections 

of the adjacent parts become large. The deformability of the mat must 

be small enough and its rigidity must be high enough to prevent large 

relative motions tending to tear apart the separate planks in the mat. 

These tendencies are affected by the size of the loaded area as well as 

by the subgrade capacity. 

Increasing Ca~acity of Landing Mat 

Bl. To provide for increased capacity of landing mat for either 

relatively poor subgrades or for heavier and more concentrated loadings, 

several possibilities are available. These include stiffening and 

strengthening of the joints between the planks, increases in the stiff

nesses in various directions of the elements, changes in shape of the 

planks, and possibly new types of surfaces. It has been demonstrated by 

traffic tests (paragraph 70) that welding steel bars in the mat channels 

across the end joints increased the longitudinal rigidity of the MB mat 

through the joint and approximately doubled the service life of that mat 
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under traffic tests. Probably not much greater efficiency of the end 

joints can be achieved than was obtained by the expedient described. It 

does not seem possible to increase the rigidity of the joint much more 

than by the welding of steel bars in the mat channels. Probably the in

crease achieved in this way increased the rigidity practically to the 

value in the interior of the plank. 

82. On the other hand, a great deal of benefit seems possible if 

means can be found to increase the stiffness of the joints at the sides 

of the plank. There is now practically no resistance to flexure along 

these joints in the MB plank. Whether a revision in the design can be 

achieved, either by modifying the joints or by adding auxiliary members, 

is as much a practical consideration as it is a design prooiem. However, 

probably the greatest potential increase in the capacity of present land

ing mat can be achieved by even a small strengthening and stiffening in 

the transverse direction including the joints. 

83. Present landing mat is weak in stiffness in the transverse 

direction in any case. The transverse stiffness is less than one per 

cent of the longitudinal stiffness. But this stiffness drops even lower 

when one considers the stiffness of a series of planks connected along 

the long sides. From a consideration of the data in tables 2 and 3 it 

appears that even a slight increase in transverse stiffness will provide 

a major reduction in the deflection of the plank on the subgrade. An 

increase in transverse stiffness to 10 per cent of the longitudinal 

stiffness would be more effective probably than doubling or tripling the 

longitudinal stiffness of the mat. An increase in the transverse stiff

ness will almost inevitably increase the torsional stiffness as well, 

with consequent additional minor benefits. 

84. If no means can be found for increasing the stiffness of the 

joints along the sides of the plank, then the only means of increasing 

the effective transverse stiffness is to increase the stiffness inter

nally in each plank and to make the plank wider at the same time. The 

joints will still be a source of weakness, and the load distributing 

capacity will be materially less near the joints than in the interior of 

the plank. However, practical considerations may rule out any change in 



the rectangular shape of the plank because of the difficulty in handling 

a plank which is nearly square in shape. 

85. Other possibilities exist, however, in changing the general 

nature of the way in which the landing mat is put together. If suitable 

connecting devices can be developed it might be possible to lay the 

plank in such a way that some elements are in one direction and some in 

another direction so that a better balance in stiffness in the various 

directions can be achieved. 

86. If practical and other considerations rule out the possibil

ities of increase in transverse stiffness through the joints and changes 

in the shape of the plank, the only means for making the present design 

of landing mat more effective appears to be a general longitudinal stiff

ness increase including better joints in the longitudinal direction. An 

increase in moment of inertia in the longitudinal direction by a factor 

of 2 or 3 can probably be attained with excellent promise of beneficial 

results. This expedient accompanied by either welding or other means of 

strengthening the longitudinal joints should provide for a several-fold 

increase in the service life of landing mat. 

87. Finally, consideration should be given to other types of sur

face including membrane protection or other means of preventing infil

tration of water into the subgrade. However, no type of membrane protec

tion seems capable of providing the necessary strength and stiffness to 

distribute loads to the subgrade. Membranes and similar related surface 

treatments can possibly achieve their result by preventing weakening of 

the subgrade from infiltration of water but they cannot under any cir

cumstances provide mechanical strengthening because such strengthening 

can be developed only with extremely large deflections. It appears 

necessary to have flexural resistance in any surface treatment for air

fields unless the subgrade itself can achieve the necessary resistance 

merely by being protected against the infiltration of water. 
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PART VII : CONCLUSIONS 

88. In general, the data obtained from the analyses, model studies, 

and field stress studies agreed very well, and these data agreed qual

itatively with results of traffic tests, as to the action and effects 

of landing mat on subgrades. This is an indication of the reliability 

of the data obtained and of the validity of conclusions supported by 

these data. Furthermore, extrapolations from the present mat charac

teristics of strength and stiffness based on analyses and model tests 

may be made with a reasonable degree of confidence. 

89. The means of fastening together adjacent mats is one of the 

most critical factors in the performance of landing mat. Because onry 

a limited amount of information is available on the necessary character

istics and the proper design of mat fastening, detailed consideration of 

this problem is excluded from this report. 

90. The landing mat reduces the deflection of the subgrade and the 

maximum stress in the subgrade. For an area of loading of about 250 sq 

in., the present MB landing mat reduces the vertical stress in the sub

grade immediately beneath the mat to about one-half the magnitude of the 

surface intensity of loading. The reduction in deflection is of the 

order of 30 per cent for the san:e conditions. The reductions in stress 

and deflection are less for larger areas of loading. 

91. The load-carrying capacity of a subgrade surfaced with landing 

mat is increased by about the same factor as the vertical stresses in 

the subgrade are reduced. 

92. The beneficial effects of landing mat are dependent on its 

longitudinal, transverse, and torsional stiffnesses, but the longitudinal 

and transverse stiffnesses are more important that the torsional stiff

ness. If longitudinal and transverse stiffness can be attained with 

equal facility, the most efficient mat would be one having the same 

amount of transverse stiffness as of longitudinal stiffness. Further

more, when the transverse stiffness is very small, the greatest gain in 

effectiveness is obtained by increasing the transverse stiffness. How

ever, under practical conditions, it may be more economical to increase 



only the longitudinal stiffness, and satisfactory behavior of the mat 

can be obtained in this way. It is important to note that the above 

statements are concerned with the effective stiffness, including the 

joints. Therefore, increase in effective transverse stiffness requires 

joints and connectors that will develop this stiffness, and may neces

sitate a major change in landing mat design, such as changing the shape 

from a narrow to a wide rectangle, and adding rigidity at the joints. 

93. Present landing mat acts primarily in flexure, and only to a 

negligible degree in tension. Because of slack in the connections and 

practical considerations in laying the mat, little, if any, over-all 

membrane action is possible. 

94. Adding rigidity to the mat or adding stiffness at the joints 

increases the effectivensss of the mat. The welding of bars across the 

end joints of the planks added considerably to the smoothness of the 

operating surface under traffic conditions and added somewhat to the 

load-carrying capacity, and approximately doubled the service life of 

the mat. 



PART VIII: RECOMMENDATIONS 

95. The recommendations based on the findings presented in this 

report are divided into two categories, as follows: 
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a. With regard to design of physical characteristics of land
ing mats: 

(1) Attempts should be made to develop practicable means 
of fastening together the sections of mat that would 
be capable of developing flexural stiffness across 
the joint, both at the end joints and at the side 
joints. If this added stiffness cannot be developed 
in both directions, it should be attempted at least 
in one direction. 

{ 2) Attempts should be made to increase- the- latera-1 sti-f'f'
ness of the landing mat. If this is possible, but in
creased effectiveness of the side joints cannot be ob
tained, then it is desirable to consider increasing 
the plank width in order to make the increased lateral 
stiffness effective. 

(3) If no improvement in lateral stiffness of plank or in 
stiffness of side joints is feasible, then attention 
should be concentrated on increasing longitudinal 
stiffness of the plank and increasing the efficiency 
of the end joints or connections. 

b. ~1ith regard to improvement and extension of design criteria 
for use in constructing airfields surfaced with landing mats 

(1) For either the present mat or for new types or mod
ifications which may be developed, correlation of the 
available studies should be undertaken to develop 
means of extrapolation of design criteria proposed in 
Waterways Experiment Station Miscellaneous Paper No. 
4-29 (5). 

(2) Additional data are required for this recommended cor
relation. Such information may be obtained by anal
yses, model tests, and field stress-distribution 
tests, or by combinations of these procedures. Ad
ditional data that now seem necessary are: 

(a) Stress distribution in the subgrade beneath a mat 

(b) Effect of joint flexibility on the load-
distributing properties of landing mat. 

(c) Criteria governing failure of the subgrade 
under mat. 

(d) Effects of traffic tests on mat with improved 
joint characteristics. 
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Table 1 

Vertical Stresses in Subgrade under M8 Mat 

250-sq-in. Plate, 50-psi Contact Pressure 

No Mat 
Depth Peak Sum* Load over Bayonets Load over Center of Plank 

in. psi lb Peak, psi Peak, psi Sum*, lb 

1 51 11,700 27 22 12,300 

3 45 11,800 24 21 11,800 

6 40 12,700 21 20 13,100 

12 28 12,900 12.5 13 10,700 

18.5 17 10,300 9 9 9,800 

24 10.5 8,300 6 6 8,100 

Note: Total load on plate = 12,500 lb. 
* Sum of stresses over area up to about 48-in. radius. 



Table 2 

Values of Deflection Coefficient C 

P*t2 
in Formula w = C ---

3 "{3 D
1 

where t 2 = [< l - µ) D1/G J 2/3 in which G is the shearing mod.Ulus of 

the subgrade and µ the value of Poisson's ratio 

0.5 
1.0 
-l.5 
2.0 

0.5 
1.0 
1.5 
2.0 

0.5 
1.0 
1.5 
2.0 

0.5 
1.0 
1.5 
2.0 

0.5 
1.0 
1.5 
2.0 

1.0 1.5 

Case l D
2 

= O, n
3 

= 0 

i.54366 
1.14420 

1.66477 
l.2lo44 

_o_.96693 
0.82273 

Case 2 

1.63222 
i.20365 
0.96627 
0.82297 

Case 3 

1.64655 
1.20322 
0.96374 
0.81959 

_o_.9264_o 
0.78408 

1.37330 
1.05700 
0.85688 
0.73321 

D2 = O, n3 = 0.01 D1 
1.51291 1.34820 
1.13697 1.05035 
0.92443 0.85594 
0.78415 0.73354 

D2 = 0.01 D1, n3 = 0 

1.51302 1.34653 
1.13445 1.05259 
0.91379 0.85563 
0.77984 0.73223 

Case 4 D2 = 0.01 D1, n
3 

= 0.01 D1 
1.60248 
1.19770 
0.96466 
o.82o48 

Case 5 

1.37934 
i.14796 
0.95944 
0.82413 

1.47479 1.31777 
1.12818 l.o4546 
0.91437 0.85564 
0.78079 0.73312 

D2 = O, n3 = 0.1 n1 
1.27433 1.15233 
1.07821 0.99624 
0.90776 o.84707 
0.78401 0.73537 

(Continued) 

* P is uniformly distributed load over a rectangle 2a by 2b. 

2.0 

1.19611 
0.96461 
0.79209 
0.67888 

i.17655 
0.95827 
0.79075 
0.67907 

J..17322 
0.96037 
o.79o84 
0.67829 

i.15398 
0.95293 
0.79011 
0.67900 

1.02497 
o.9o691 
0.77898 
0.67980 



Table 2 (Continued) 

b/~/t 0.5 1.0 1.5 2.0 

Case 6 D2 = O, n3 = 0.5 D1 
o. 5 1.12724 Lo4475 0.95442 0.86098 
1.0 1.01910 0.95473 0.88134 0.80289 
1.5 0.90888 0.85792 0.79829 0.73219 
2.0 0.80797 0.76754 0.71836 0.66214 

Case 7 D2 = O, n3 = D1 

0.5 1.02135 o.947o4 . 0.86741 0.78532 
1.0 0.88613 0.81780 0.74534 
1.5 0.76029 0.69686 
2.0 o-.64159 

Case 8 n2 = 0.1 n1, n3 = D1 

0.5 1.00988 0.93781 o.86o47 0.78030 
1.0 0.87840 0.81185 0.74093 
1.5 0.75553 0.69325 
2.0 0.63875 

Case 9 D2 = O. 5 D1, n3 = D1 

0.5 0.97181 o.9o655 0.83618 0.76200 
1.0 0.85195 0.79087 0.72484 
1.5 0.73853 o.68oo4 
2.0 0.62834 

Case 10 Dl = D2 = D3 

0.5 0.935 0.876 0.811 0.746 
1.0 0.826 0.769 0.712 
1.5 0.717 o.668 
2.0 0.622 

Case 11 - No Mat 

o. 5 2.91556 1.98979 1.54416 1.28167 
1.0 1.45778 1.21722 0.99490 
1.5 0.97185 0.82606 
2.0 0.72889 



Table 3 

Deflection Versus Mat Rigidities 

·wheel load = 20 ,ooo lb 
Tire pressure = 100 psi 

Shape of loaded area = rounded rectangle b = o.6a 
G/(l - µ) for subgrade = 1,500 psi 

w Dl 
D2 D3 Dl+D2+D3 Mat in. in.-lb 

1 .3758 600,000 0 0 600,000 

2 .3714 660,000 0 0 660,000 

3 . 3-635 600,000 D 6D,DDD 660 000 
' 

4 .3612 300,000 0 300,000 600,000 

5 .3599 900,000 0 0 900,000 

6 .3328 600,000 0 300,000 900,000 

7 .3113 600,000 0 600,000 1,200,000 

8 .3136 800,000 0 400,000 1,200,000 

9 .3587 300,000 30,000 300,000 630,000 

10 .3499 300,000 150,000 300,000 750,000 

11 .3402 300,000 300,000 300,000 900,000 

12 .3450 1,200,000 0 0 1,200,000 

13 .5216 0 0 0 0 



Photograph 1. Top and bottom views of M8 landi~ mat plank 



a. Before start of test 

b. At end of test 

Photograph 2. Bending test, single plank supported at sides 



a. General view of the torsional bending test setup 

b. Loading arrangement of torsional bending test 

Photograph 3. Torsional bending test setup 



Photograph 4. Langi tudinal bending, grou;p of planks 



Photograph 5. Lateral bending, group pf planks 



Photograph 6. Test setup for perpendicular loading 



a. Test specimen b. Before start of test 

c. After test 

Photograph 7. Tension test of end joint 



a. Mat in a loose or normal state 

b. Mat under tension 

Photograph 8. Mat loading tests 



a. Model test equipment included rigid con
crete table, rubber block with restrained 
sides, and lever arm fulcrumed at one end 
and weighted at the other applying load at 

center of rubber subgrade 

Photograph 9. 

b. View of' a typical mat loading showing the 
surface o:f the 12-in. -thick rubber subgrade, 
a magnesiurr+ strip mat in place at the center, 
lead cubes :for insuring contact o:f mat with 
subgrade, 1.-in. -radius :foot with 1-in. nat
ural rubber in loading position, and lever arm 

Model test equipment 



t. ················~._ •..•••.•. 9;;~- ., •••••.• ···z·'.JI 
Photograph 10. M8 landing mat in place priOl." to traffic 



Photograph 11. M8 landing mat after 40 traffic coverages. Note the tendency of the mat planks to curve 
upward at the end connection joints and the forming of soil ridges under the end joints 
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Photograph 12. One-inch steel bars welded across end joint 
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