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As an aid in the selection of an appropriate wearing surface for the 
new orthotropic (steel-plate) bridge across San Francisco Bay at San 
Mateo, the Division of Bay Toll Crossings initiated a test program to 
investigate the properties of designated materials. The program re
quired the preparation of special composite beam test specimens 1n 
which the paving material is compacted on top of a steel plate. Neces
sary beams for the testing program were prepared by special techniques 
and were ultimately tested for flexural fatigue at the California Mate
rials and Research Laboratory. 

A theoretical analysis of the behavior of composite beams in flexural 
fatigue reveals that relatively large tensile strains can be expected in 
the paving material during the fatigue test. This finding is based on 
properties of the paving materials calculated from the stiffness of the 
binders in the mixes at the designated rate of loading. The refa.tively 
large strains produced during the test provide an explanation for the 
short fatigue life of the asphalt-concrete mixes. An experimental ma
terial which was also included in the program showed a significantly 
longer fatigue life which is attributed to an improved strain tolerance 
of the material. 

In a subsequent series of tests, actual strains measured showed 
reasonably good agreement with calculated strain values. This in
dicates that fairly reliable estimates of composite beam behavior can 
be accomplished through application of theoretical principles. 

•CONSTRUCTION of a new ·orthotropic bridge across San Francisco Bay at San Mateo 
is to be completed in 1967. The orthotropic bridge (from the words "orthogonal" and 
"anisotropic") is a recently developed type of steel plate deck construction in which the 
steel deck is welded to the structural supports (1). In the construction of such a bridge, 
a wearing surface is provided to protect the deck from corrosion and to offer a smooth 
riding surface. Because the orthotropic structure is such a recent development, no 
extensive background of service has been established in the United States which can 
serve to define the properties needed in the wearing surface. Performance records 
of orthotropic pavements in North America are relatively scarce (2). The Port Mann 
Bridge at Vancouver, B. C., which opened in 1964 and is paved with 2 in. of asphalt
concrete, is the only major orthotropic structure to be completed to date (3). Other 
large orthotropic spans are soon to be built, however. These include the new Poplar 
Street Bridge across the Mississippi River at St. Louis, Mo. ( 4), scheduled for com-
pletion during summer 1966. -

In the United States, attention has centered on the use of asphalt-concrete, or some 
modification of it, as a paving material for orthotropic bridges. This differs from 
European practice in which the emphasis is placed on the use of asphalt mastics for 
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bridge pavements. Problems involved in the use of mastics are different from those 
with asphalt-concrete; consequently, European experience cannot be applied directly 
to practice in this country. A knowledge of foreign projects, however, provides a 
useful background against which an investigation of orthotropic pavements can be ini
tiated. 

In England, the Road Research Laboratory began a series of field trials in 1949 ( 5) 
to investigate pavements for steel plate decks. It was found that 11/2 in. of a single-
course, stone-filled mastic gave satisfactory performance for about five years under 
heavy traffic. Construction practices in Holland (6) are similar to those in Germany 
(7, 8, 9). Both countries are influenced by the extensive use of hand-troweled mastics 
for briage applications. German experience, which is the most extensive on r ecord, 
indicates that mastics exposed to heavy traffic tend to show some plastic instability. 
In an attempt to overcome this problem, the deck plates of new bridges frequently have 
steel ribs welded in place while the bridge is under construction. Although expensive, 
it is hoped that this measure will effectively reduce lateral displacement in the mastic 
surface(9). 

After careful consideration of information available from all sources, engineers of 
the Division of Bay Toll Crossings decided to initiate their own testing program to 
evaluate some of the possible paving materials for the San Mateo Bridge. Included are 
flexural fatigue tests performed on the special composite beam test specimens. The 
beams represent full-scale reproductions of the orthotropic deck between the individual 
supporting ribs. The materials in the first series of tests included conventional 
asphalt-concrete and an experimental paving material containing a thermal-setting, 
asphalt-modified resin binder. The experimental binder is not considered a commer
cial material at present. Other variables in the program included the type of corro
sion resistance (sprayed metallic zinc, or zinc-filled coating) and the use of a bond 
coat (tar-modified epoxy resin). Actual testing of the composite beams was undertaken 
in the California Division of Highways Materials and Research Laboratory at Sacra
mento. 

A reasonable estimate of the behavior of the two paving materials in the flexural 
fatigue test requires an understanding of the theoretical behavior of composite beams 
and a substitution of known (or estimated) properties of the materials into theoretical 
equations describing the behavior. Composite beams are made of separate materials 
combined to act together as a single or composite unit. Methods are readily available 
to investigate stress-strain relationships of such beams. Methods such as these were 
previously employed by Nijboer (10) in his equivalent slab analysis. Use of these theo
retical tools contributes to a better understanding of the requirements to be met by the 
paving material and the properties to be attained for satisfactory performance. 

PREPARATION OF COMPOSITE BEAM TEST SPECIMENS 

Mineral aggregates used in the preparation of composite beam test specimens are 
representative of locally available materials in the San Francisco Bay area that can 
be used in conventional asphalt-concrete paving mixes. 

Materials 

Aggregates were combined to provide a grading to meet the California specification 
for %-in. asphalt-concrete (11). Gradings of individual materials ai.·e given in Table 
1. The aggregate gradation '(Fig. 1) was used in the preparation of the experimental 
paving mix as well as the asphalt-concrete mix. 

Mix Properties. -To provide a thorough background for the design uI the asphalt
concrete /:nixes, design data were obtained by use of both the Marshall and Hveem 
methods (12). Mix design curves produced by these two methods are shown in Fig
ures 2 and3. 

In the selection of the asphalt content for the mixes, information from both the 
Marshall and Hveem curves was taken into consideration. On this basis a single con
tent was selected at which the mix properties would meet the requirements of both 
methods of design as closely as possible. The selected content of the mix is 6. 0 



Item 

Aggregates 
l4 x dust 
/1e-in. and 

Bloomquist sand 

Combined grading 
75% l1 x dust 
19~ /1e and sand 

6% Dolomark 

Specifications (11) 
California % in. 

asphalt-' concrete 

80 

20 

TABLE 1 

GRADATIONS OF AGGREGATES IN MIXES 

Cumulative Percent Passing Sieve No. 

%-in. 4 

100 81 

100 

100 85 

95-100 65-85 

75% 1/4 x DUST 
19% 3

/16" PLUS SAND 
6% DOLOMARK 

8 

56 

72 

62 

50-70 

/ 
/ 

16 

40 

47 

45 

/ 
/ 

/ 

30 

30 

30 

34 

28-40 

I 
/ 

I 
I 

50 

22 

18 

26 

CALIFORNIA 3
/8" 

ASPHALT CONCRETE 
SPECIFICATION LIMIT 

SCREEN NUMBER 

Figure 1. Gradation of combined aggregates in paving mixes. 
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100 200 

13 7 

8 3 

17 12 

7-14 

percent based on aggregate ( 5. 66% by wt total mix). Properties of the mix containing 
regular 85/100 asphalt (penetration 92, softening point 114) are given in Table 2. 

On the basis of laboratory testing of the experimental paving mix, a binder content 
of 7. 5 percent based on aggregate (6. 97% by wt total mix) was selected as the design 
content. This resulted from the use of a reduced compactive effort in the preparation 
of the laboratory specimens. The reduced effort is equivalent to 20-blow Marshall 
hammer compaction and represents the compaction that might reasonably be expected 
to be produced by a roller during field construction. Marshall stability properties are 
given in Table 2. 
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TABLE 2 

DESIGN PROPERTIES OF PAVING MIXES 

Method 

Marshall 
Marshall stability (lb) 
Flow value (O. 01 in.) 
Bulle specific gravity 
Voids in mineral aggregate ( % ) 
Percent voids filled 
Air voids (%) 

Hveem 
Stabilometer value 
Bulle specific gravity 
Voids in mineral aggregate ( % ) 
Percent voids filled 
Air voids ( % ) 

Asphalt
Concrete 

2,685 
11 

2.377 
17.9 
75. 0 
4. 5 

29 
2.381 

17.7 
76.0 
4.2 

Experimental 
Paving 

Material a 

10, 625b 
9 

2.360 
19.5 
85.0 

2. 9 

aProperties of experimental binder: tensile strength at 77° F (psi), 
233; elongation at break (4 ), 234; initial stiffness (psi), 149; and 
glass transition temperature (° F), 9 

bCompoction equal to 20 blows of Marshall hammer. 

Composite Beam Specimens 

The testing program required the preparation of 40 composite beam test specimens 
4 in. wide anci 18 in. long. Preparation of the beams involves compaction of 1% in. 
of the paving material on top of a %-in. steel plate (ASTM A 36 structural steel). 

Steel Plate 
5/8 inch thick 

1 1/2-inch Pavement Layer 

In the preparation of the composite beam test specimens there are several variables 
involved in addition to the type of paving material placed on the plate, including (a) the 
type of corrosion protection (two types of inorganic zinc paint), (b) the type of bond 
coat on top of the corrosion protection (tar-modified epoxy resin), and (c) the type of 
tack coat (asphalt emulsion SS-lh or experimental binder). 

Compaction of Mixes , -Because of the relatively large size of the test specimens, 
no standard procedure could be followed for compaction of the materials, and it was 
necessary to develop a special technique for the purpose. Of greatest importance in 
the development of this technique was the necessity for the method to produce specimens 
having both uniform and adequate compaction. Compaction by the method should be 
capable of producing materials that would be reasonably representative of materials 
used in the field. 
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Figure 4. Completed composite beam specimen 
on removal from mold. 

To meet these requirements within the 
short time available, compaction with the 
pneumatic hammer was investigated. This 
instrument is a Thor size 83 hammer which 
operates at a 60-psi line air pressure, and 
is equipped with a timing device (Appendix 
A). For compaction of the beams, the 
air hammer was equipped with a square 
compaction foot. After several trials, a 
suitable technique was established by which 
uniformly well-compacted beams could be 
produced with the air hammer. The meth
od involves compaction of the beam in 
segments. During development of the 
method, it was learned that compactive 
resistance of the material in the mold 
varies according to the longitudinal posi
tion along the beam. The material in the 
end of the mold is more difficult to com-
pact than material at the center; conse
quently the c9mpactive effort and sequence 

of compaction must compensate for the effect. Figure 4 shows the completed beam 
specimen after removal from the compaction mold. Appendix A contains the procedure 
followed in the compaction of the beams. 

Properties of Materials Compacted on Beams.-During development of the compac
tion technique, uniformity of compaction was checked by sawing the trial beams into 
equal segments and then measuring the specific gravity of each segment. Unconfined 
compression tests at 140 F were also performed on the segments and Marshall sta
bility values estimated from the unconfined compressive strengths. These estimations 
are based on a previously developed relationship between the two types of test (13). 
Tabel 3 indicates properties of segments takenfrom thecenterofthe beamspreparedby 
the same technique used in the preparation of the actual test specimens. The specific 
gravity of the asphalt-concrete (2. 362) is close to the specific gravity produced in the 
Marshall design specimens (2. 377). However, the estimated Marshall stabilities are 
somewhat lower than the 2, 685-lb stability of the design specimens. Although the 

TABLE 3 

PROPERTIES OF MATERIALS ON BEAMS 
(TEST TEMPERATURE: 140 F) 

Bulk Air Unconf. Est. a 

Material Specific Voids Compr. Marshall 
Strength Stability 

Gravity (~) (psi) (lb) 

Asphalt-concrete b 
2.362 4.9 116. 5 1, 945 

Experimental paving 
12, 590 material 2.371 2.6 754 

bFrom previous-ly developed relationship with unconfined compression test (13) 
The higher binder content of the experimental mix (7.5 as compared to 6.0percent 
bdSed on aggregate) accounts for the lower air void content of the materia l. Differ
ence in Mor>hol I stabilities is a reflection difference between binder5. Aspholt
concrete contains a convefitional, thermal-plastic asphalt, whereas the experimental 
material contains a thermal setting resin binder of much greater strength. 



STEEL 

PAVEMENT 
LAYER Ez 

E 1 =ELASTIC MODULUS OF THE STEEL PLATE 
E 2 =ELASTIC MODULUS OF THE PAVEMENT LAYER 
n = E 1 /E 2 =MODULAR RATIO 
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e

0 
= COMPRESSIVE STRAIN IN STEEL 

e1 =TENSILE STRAIN IN PAVEMENT LAYER 

Figure 5. Stroin distribution in composition beom. 
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stabilities appear slightly low, it is believed that the asphalt-concrete on the composite 
beams is well compacted and provides realistic test specimens. 

For the experimental paving material, the estimated Marshall stability in excess 
of 12, 000 lb is slightly higher than the 10, 625-lb stability of the Marshall design speci
men. Specific gravity of the beam segments is also slightly higher than the 2. 360 
gravity of the Marshall specimens. Thus, as for the asphalt-concrete materials, the 
experime11tal paving material on the beams also appears to be well-compacted. 

THEORETICAL BERA VIOR OF COMPOSITE BEAMS 

The flexural fatigue test to which the beams are subjected involves the application 
of a 700-lb load at the center of a 15-in. span at a rate of 5 cps. The beams are posi
tioned so that the paving layer is loaded in tension. Figure 5 shows the dimensional 
and modular relationships for the beams (left), and the theoretical strain distribution 
(right). For this analysis, the conventional assumptions for beam behavior are em
ployed: stress-strain proportionality, etc. Strain continuity (no slippage) across the 
interface is also assumed. 

Location of Neutral Axis 

Location of the neutral axis depends on the modular ratio (E1/E2) between the ma
terials: 

t _ t a 2 + n ( 1 + 2a) 
0 - 2 

2a(a + n) 

The equation in Figure 6 shows that when the modular ratio is greater than 5. 76, 
the neutral axis is located above the interface between the steel plate and the paving 
layer (the paving layer is in tension throughout its thickness). 

(1) 

For modular ratios greater than 100, the neutral axis is close to its limiting posi
tion at the center of the steel plate (t0 = 1. 8125 in.). For this condition, the applied 
load is largely carried by the steel plate, and the pavement layer contributes little to 
the strength of the beam. 

For a given position of the neutral axis, the moment of inertia of the transformed 
beam (i.e., the moment of inertia of a beam consisting of one material, but with the 
same strain distribution as the composite beam): 
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Beam Deflection 

%bt: [1 + n/a3 (1 + 3a + 3a2
)] - bt2 (n/a + l)t2 

0 

The deflection (d) at the center of the beam under a 700-lb load on a 15-in. span: 

d 

where 

P = load at center of beam, and 
I = beam span. 

700 (15) 3 

48 E21
0 
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(2) 

(3) 

The plot of deflection against modular ratio in Figure 7 indicates that for modular 
ratios in the range of 10 to 100, deflections are in the r ange of 2 to 10 mils. At higher 
modular ratios, deflections approach the limiting value of 20.16 mils (E1 = 3 >< 10" psi) . 

Tensile Strain in the Pavement Layer 

Maximum tensile strain at center of beam under load: 

(4) 
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Figure 8. Relation of tensile strain to modular ratio. 
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where 

M = resisting moment (700-lb load at center of 15-in. span), and 
c = distance from neutral axis to tensile fiber (t0 ). 

Figure 8 shows that strain increases as modular ratio increases (i.e. , modulus of 
the pavement layer decreases). A greater part of the applied load is carried by the 
steel plate as the pavement modulus is reduced, but strain in the pavement continues 
to increase. 

Tensile strain is related to beam deflection: 

et= (12t /1 2)d = (t/18.75)d 
0 0 

( 5) 

ESTIMATED PERFORMANCE OF COMPOSITE BEAMS IN FLEXURE 

From the foregoing theoretical stress-strain relationships for composite beams, it 
is possible to estimate the reaction of the beam in flexure if the elastic modulus of the 
paving layer is known. Combining this modulus with the dimensions of the beam and 
the load applied in the flexural fatigue test permits tensile strain in the paving layer to 
be calculated. Calculated strains can then be compared with appropriate fatigue data 
and the fatigue life estimated. 

Because of a lack of specific information on the properties of the materials at the 
designated rate of loading in the fatigue test ( 5 cps), it is necessary to estimate these 
properties from available data. 

Asphalt-Concrete 

The stiffness of asphalt-concrete at 72 F and 5 cps indicated in Table 4 is estimated 
from the relationship between the stiffness of an asphalt/aggregate mix and the stiff
ness of the asphalt in Figure 9 (Heukelom and Klomp, 14). Asphalt stiffness is cal
culated from the nomograph (15) in Figure 10. The estimated stiffness of the mix of 

TABLE 4 

ESTIMATED PROPERTIES OF COMPOSITE 
BEAM SPECIMENS 

Property 

Asphalt-Concrete 

Stiffness of asphalta 
Stiffness of mix (Fig. 9) (E2) 
Elastic modulus of steel (Ei) 
Modular ratio (E1/E2) 
Beam deflection (Fig. 7) 
Tensile strain in asphalt (Fig. 8) 
Number of load repetitions (Fig. 11) 

Estimate 

ca 70 kg/cm2 

2 x 105 psi 
3 >< 107 psi 
150 
12. 0 mils 
1, 200 µin. /in. 
less than 1, 000 

Experimental Paving Material 

Stiffness of mix (E2) 
Modular ratio 
Beam deflection (Fig. 7) 
Tensile strain (Fig. 8) 
Number of load repetitions (Fig. 11) 

°From nomograph, Figure 10. 

ca 3. 5 x 105 psi 
86 
9. 5 mils 
900 µin. /in. 
9 x 104 
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200, 000 psi corresponds to an asphalt stiffness of 70 kg/cm2
, or approximately 1, 000 

psi (Fig. 10). For an assumed elastic modulus of the steel of 3 x 107 psi, the modular 
ratio between steel and asphalt-concrete is 150. Beam deflection at the center of the 
span corresponding to this modular ratio is 12 mils (Fig. 7). Tensile strain in the 
pavement layer is 1, 200 µin. /in. (Fig. 8). When this strain is compared to provisional 
fatigue data for asphalt-bound mixes employed by Heukelom and Klomp (16), it is 
evident that the asphalt-concrete cannot be expected to withstand strains this large 
without failure within a relatively short time. Fatigue life estimated from the curve 
in Figure 11 is less than 1, 000 cycles (less than 3 min. in the fatigue test). 

Experimental Material 

Modulus of the experimental paving material in Table 4 is estimated from dynamic 
tests with a three-point bending apparatus. The modulus of 350, 000 psi is obtained by 
extrapolation from tests on a material similar to that prepared for the composite beams. 
This modulus produces a modular ratio between steel and pavement layer equal to 86. 
Midspan deflection for this ratio is approximately 9. 5 mils (Fig. 7). Tensile strain 
in the pavement layer is equal to 900 µin. /in. {Fig. 8). Comparison of this strain with 
fatigue data (Fig. 11) indicates an estimated fatigue life of 90, 000 to 100, 000 repeti
tions of loading. This is significantly longer than the estimated life of the asphalt
concrete, and it might be expected that this experimental material would sustain ap
proximately two magnitudes of loading more than asphalt~concrete in the fatigue test. 

FLEXURAL TESTS ON COMPOSITE BEAMS 

Tests performed on composite beam test specimens are described in a report by 
the California Division of Highways Materials and Research Department ( 17). After 
completion of the tests, results were obtained for comparison with data for the esti
mated performance of the beams. 



Test Procedure 

The test procedure for the flexural fatigue test as described by the San Francisco 
Division of Bay Toll Crossings (17) is as follows: 

Test Results 

The cyclic load for flexure test shall be sufficient to procedure a stress 
of 10,000 psi in the extreme fiber of the steel plate in contact with the 
overlay material. The cyclic flexure load shall be applied at a rate 
between 5 and 50 cycles per second. The test shall be continued until 
the overlay material shows signs of severe cracking, at which time the 
total number of cycles $hall be recorded, Flexure test shall be stopped 
after 1,000,000 cycles. [Two beams of each type are tested in flexure.] 
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Complete results of flexural fatigue tests on composite beams are given in Table 5. 
Results are separated according to the type of corrosion protection or bond coat applied 
to the steel plate before application of the pavement layer. 

Results clearly show that theI'e is a marked difference in the fatigue resistance of 
the experimental material and the conventional asphalt-concrete beams. As expected, 
all asphalt-concrete beams have a relatively brief fatigue life, and they failed soon 
after the start of the test. Maximum fatigue life of any asphalt-concrete specimen is 
only 13, 800 cycles, and one specimen failed after only 2, 100 cycles. This means that 
all asphalt-concrete specimens failed within an hour's time (2, 100 cycles is only 7 
min). The experimental material, however, showed a somewhat better endurance. 
Six of the eight experimental beams sustained more than 500, 000 applications, and 
three beams exceeded more than 1, 000, 000 load applications; thus, the majority of 
these beams lasted longer than 27 hr (applications) in the fatigue test and some sur
passed 55 hr. 

Comparison of Results with Theoretical Estimates 

The estimated fatigue resistance of the composite beams (Table 4) shows the same 
relative evaluation of the pavement materials as is demonstrated in the actual tests. 
Estimated fatigue lives, however, are somewhat less than the values established dur
ing testing. Theoretical fatigue life of asphalt-concrete is less than 1, 000 cycles, but 

TABLE 5 

RESULTS OF FLEXURAL FATIGUE TES'rS ON COMPOSITE BEAMS 

Corrosion Protection 

Paint A bond coata 
Tar epoxy 
None 

Paint B bond coata 
Tar epoxy 
None 

alnorganic zinc. 

Flexural Fatigue 
(cycles at first crack) 

Asphalt-Concrete Experimental Paving 
Material 

1 2 1 2 

3, 800 3,000 <108 167,000 
2,100 11, 000 505, 000 213,000 

4,100 10,000 <108 992,000 
13,800 8,000 <108 794,000 
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TABLE 6 

STRAIN MEASUREMENTS ON COMPOSITE BEAMSa 

Item 

Beam no. 1 
Gage 1 
Gage 2 

Beam no. 2 
Gage 1 

Beam no. 3 
Gage 1 
Gage 2 

Beam no. 4 
Gage 1 

Tensile Strain in 
Asphalt Layer 

(µin. /in.) 

Midspan Offsetc 

Asphalt-Concrete 

1, 450 

1,100 
1,250 

1, 350 

Compressive Strain 
in Steel Plate 

(µin. /in.) 

Offset 

250 
250 

240 

Experimental Paving Material 

1,300 
1,325 

1,400 

1,300 
1,300 

1,300 

Steel Plate Alone 

310 

210 
215 

200 

280 

aStrains produced in composite beams by exerting 700-lb load on beam at 
center of 15-in. span at 5 cps. 

bstrain gage at midspan located on line with applied load (location of maxi-
mum moment). · 

CStrain gage offset by 1 ~-in. from midspan to avoid damage by loading head. 

test specimens withstood 2, 100 to 13, 800 repetitions of loading before cracks were de
tected. Estimated fatigue life for the experimental material is 90, 000 to 100, 000 
cycles, and the majority of these specimens exceeded 500, 000 cycles. 

These differences between theory and practice are not entirely unreasonable however, 
when the difference between the criteria of failure in the two methods is recognized. 
Failure of the composite beam in the actual tests occurs when a crack is visibly evident 
in the material ( 17). Theoretical fatigue criteria, however, are based on the relation 
between force and deflection during the test. When a material is tested in a laboratory 
fatigue test, failure is said to occur when there is a sharp reduction in the force re
quired-to produce a given deflection in the test beam. Thus, it is possible for failure 
to occur within this concept without the formation of a crack. This consequence causes 
the theoretical criteria to be more restrictive, and some difference in fatigue life ac
cording to the two methods might be expected. fu the actual tests, a composite beam 
might undergo many repetitions of loading after it is initially weakened (theoretical 
failure), but before the crack can be detected (actual failure). With this understanding, 
the differences between actual and estimated fatigue lives of the composite beams do 
not appear excessive. 
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STRAIN GAGE MEASUREMENTS 

To check the accuracy of the theoretical calculations, an additional series of four 
beams was fitted with strain gages and the beams were tested in the flexural fatigue 
apparatus at the Materials and Research Laboratory. Results of these strain measure
ments in Table 6 provide an additional insight into the behavior of the composite beams. 

Two beams with the experimental material and two with asphalt-concrete were used. 
Strain gages were positioned so that tensile strains could be measured at midspan and 
also at a position offset 1%-in. from midspan (Fig. 12). The tensile offset gage is 

paired with a compression gage on the steel 
plate in a similar offset position. (It was 
necessary to offset the gage to remove it 

Figure 12. Composite beam specimen with gages 
attached for strain measurements. 

from a position under the loading head. ) 
The use of tension and compression gages 
in pairs permits an investigation of the 
"effective" modular ratio between the steel 
and pavement material. 

Measured tensile strains in the beams 
(Table 6) are somewhat higher than antici
pated on the basis of theoretical calcula
tions. Tensile strains in the experimental 
material of 1, 300 to 1, 400 uin. /in. are 
greater than the predicted value of 900 
µin. / in. This signifies that the effective 
modulus of the experimental material is 
lower than predicted. Measured strains 
of this magnitude correspond to elastic 
moduli in the range of 120, 000 to 150, 000 
psi (Fig. 8). Thus the modulus is less than 
the theoretical value of 350, 000 psi. 

Tensile strain in the asphalt-concrete 
of 1, 450 µin. /in. is also higher than the 
calculated value of 1, 200 µin. /in., but the 
difference is not large. The effective 
modulus of the asphalt-concrete equal to 
this strain level is 100, 000 psi compared 
to a calculated value of 200, 000 psi. This 
is not an unreasonable difference and the 
theoretical estimate is in fairly good agree
ment with the measured value. Fatigue 
resistance at this fairly high measured 
strain level is not very great. On this 
basis, it appears doubtful that conventional 
asphalt-concrete could withstand any long 
exposure to these strains without cracking. 
The relatively short fatigue life of the 
asphalt-concrete beams is more easily 
understood when the strain level is con
sidered. 

The steel plate alone was tested in 
flexure to investigate the accuracy of the 
estimated modulus of the steel. The com
pressive strain of 280 µin. /in. at the 
offset gage corresponds to a modulus of 
30, 000, 000 psi which is the value used in 
calculations. 

Compression gages on the beam speci
mens show that the addition of the pavement 
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layer is effective in reducing the strain in the steel. (This tends to substantiate the 
assumption of "composite" beam action.) If the pavement layer made no contribution 
to the strength of the beam, compressive strain in the steel would have its maximum 
value of 280 µin. / in. by asphalt-concrete, and to 200 to 215 µin. / in. by the experi-
mental material. .-

INFLUENCE OF TEMPERATURE ON FLEXURAL FATIGUE 

In respect to the test temperature of 72 F for the flexural fatigue tests, the question 
arises as to what significance this particular temperature has in relation to the results 
of the tests. For example, what would happen if the test were performed at some other 
temperature? Fortunately, there is sufficient information available from which a 
reasonable estimate can be made of the fatigue properties of the asphalt-concrete 
through a wide range of temperatures. (Similar information concerning the influence 
of temperature on the fatigue behavior of the experimental material is incomplete.) 

Figure 13 shows the influence of test temperature on the tensile strain in the asphalt
concrete of the composite beam specimens. This graph is based on values of the moduli 
of asphalt-concrete calculated for different temperatures (and at the rate of loading in 
the flexure test of 5 cps). Similar information on the relation of temperature to modulus 
has been published in a report on layered-system analysjs ( 18). Tensile strains cor
responding to· the respective moduli ar e shown in Figure 8. F igure 13 shows that as 
the temperature rises, tensile strains also rise and ultimately approach the limiting 
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Figure 13. Effect of temperahlre on tensile strain in asphalt concrete in composite beams. 



value of 1, 950 µin. /in. (strain value as the modulus of the asphalt-concrete ap
proaches zero). As temperature goes down, tensile strains similarly grow smaller 
and approach a value slightly greater than 200 µin. / in. at a temperature near 0 F. 
Thus, within this temperature range, strains can be expected to range between 200 
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and 1, 950 µin. /in. If all other factors were equal, composite beams might be expected 
to be most susceptible to fatigue failure when strains are highest; i.e., they would be 
most susceptible at high temperatures. This does not seem to be the case, however, 
for when the strain curve is compared to the fatigue resistance at different tempera
tures, the greatest susceptibility to fatigue in the composite beams does not occur at 
either high or low temperatures, but at an intermediate temperature, 

The curve in Figure 14 is the result obtained by comparing the tensile strain at any 
given temperature with the corresponding fatigue lift (number of load repetitions) at 
the s·ame temperature. This information is developed by superimposing the fatigue 
curves for asphalt-bound materials (16) on the curve (Fig. 13) representing the tensile 
strain in the asphalt layer. The tensile strain curve intersects the various fatigue 
curves at different temperatures. These intersections represent the fatigue life cor
responding to the temperature at the intersection. When a plot is made of the intersec
tions between the tensile strain curve and the various fatigue curves, the graph in 
Figure 14 is produced. 

This curve (Fig. 14) emphasizes that the adopted testing temperature of 72 F is 
particularly critical for asphalt-concrete in this test. The curve passes through a 
minimum at a temperature near 70 F. At temperatures both higher and lower than 
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Figure 14. Effect of temperature on fatigue life on asphalt concrete composite beams. 
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this, the curve rises, reflecting the improved fatigue resistance. If the test had been 
accomplished at 50 F instead of 72 F, fatigue resistance of the beam would be expected 
to improve, but the improvement would be relatively small. Load repetitions would 
increase from an estimated low value of 900 up to approximately 3, 500 repetitions. 
This small difference is probably within the experimental error of the test. By a re
duction in temperature to 32 F, fatigue resistance is improved by approximately one 
magnitude. The improved resistance at temperatures below 70 Fis largely the product 
of the reduction in tensile strain caused by the increase in the elastic modulus of the 
asphalt-concrete. Extremely low (brittle range) temperatures are not included. These 
are outside the temperature range for the bridge site. 

Although 72 F appears to be a critical temperature for this test, use of another 
temperature would not have a significant influence on the evaluation of asphalt-concrete 
for use in composite beams. It would not tend to improve the fatigue behavior of 
asphalt-concrete to a level that might exceed 500, 000 load repetitions. Approximately 
the greatest improvement that could be expected would be one magnitude or 10, 000 
repetitions. 

SIGNIFICANCE OF ELASTIC PROPERTIES OF PAVING MATERIALS 

Although the foregoing example demonstrates the reasons for which asphalt-concrete 
can be expected to have a relatively short fatigue life in the flexural test, it also points 
up the properties that a material should have for satisfactory performance. Generally, 
the elastic modulus should be large enough to keep strains within acceptable limits. If 
the elastic modulus is small (approximately 100, 000 psi), the material must have the 
resilience to resist relatively large strains (approximately 1, 400 to 1, 500 uin. / in.). 
If the elastic modulus is large enough to make a significant reduction in strain, the 
material must retain a similar ability to resist the smaller strains. The acceptable 
material must be able to tolerate the applied strain whether it is large or small. 

Obtaining reliable information on the properties of the materials involved in an in
vestigation of this type permits a comparison to be made of the severity of the loading 
conditions and the ability of the material to resist those conditions. Information such 
as this is invaluable in measuring the ability of a material to fill a need. 

CONCLUSIONS 

1. A method has been devised for the preparation of composite beam test specimens 
which are required for a testing program to evaluate paving materials for orthotropic 
bridges. 

2. Paving materials compacted by the method are reasonably representative of the 
materials as they would be used in service on a bridge deck. Specific gravities of the 
compacted materials approach the values that can be accomplished in service. 

3. Use of theoretical methods permits a reasonably accurate analysis of the flexural 
behavior of composite beam test specimens. 

4. Theoretical behavior agrees fairly well with the results of actual fatigue tests on 
composite beams. A possible explanation for the difference in theoretical and actual 
fatigue resistance can be found in the differences in failure criteria in the two methods. 

5. Measured tensile strains indicate that effective moduli of the pavement materials 
during the tests are lower than the calculated moduli. 

6. The exceptionally large tensile strains imposed during the flexural tests provide 
an explanation for the relatively short fatigue life of the asphalt-concrete beams. 

7. The use of a test tP.mpP.raturP. of 72 F is found to be fairly critical for flexural 
fatigue of the asphalt-concrete beams. Fatigue resistance passes a minimum value 
near this temperature and tends to increase at both higher and lower temperatures. 
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Appendix A 
COMPACTION PROCEDURE FOR COMPOSITE BEAM SPECIMENS 

The following procedure was adopted for the compaction of asphalt-concrete 
beams: 
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1. Place the 4- by 18- by %-in. steel plate in the bottom of the heated beam mold. 
Spread the hot mix (280 ± 20 F) uniformly in the mold on top of the steel plate. (For 
the mix used in preparation of these specimens, 4, 200 gm of material is required for 
a compacted thickness of l 1/2 in.) 

2. By use of the special leveling tool, spread the mix in the mold until it is dis
tributed to a uniform depth in the mold. 

3. Apply 20 blows to the mix with the Marshall hammer fitted with a square foot 
(31%6 in. square). Space the blows evenly over the surface of the mix. (This initial 
compaction with the Marshall hammer serves to stabilize the mix in the mold so that 
the mix can be effectively compacted with the air hammer.) 

4. Apply the principal compaction to the beam specimen with the air hammer 
(air pressure 60 psi), as shown in Figure 15. Compactive effort is applied through a 
square compaction foot (3% in. square). Compact the material in the mold in the 
following sequence: (a) compact the opposite ends of the specimen using a residue 
time of 10 sec; (b) compact the next adjacent areas (closer to the center of the beam) 
using a residence time of 7 sec, and overlap the initial compaction areas by approxi
mately % in.; and (c) compact the remaining center section using a residence time of 
5 sec. 

5. Following compaction with the air hammer, apply a static leveling load to the 
surface of the specimen: (a) place heated ( 260-300 F) steel plate ( '12 by 17% by 4 in.) 
on surface of specimen; (b) place flange of 4-in. H-beam (17 in. long) on top of steel 
plate; (c) apply load to H-beam at rate of 0. 05 in./min until a load of 25, 000 lb is ac
complished and then release the load, 

Figure 15. Air hammer used for compaction of 
composite beams. 

6. Chill the beam and mold in a water 
bath (approximately 3 min required), and 
then press the completed composite beam 
specimen from the mold by pressing 
against the bottom of the compaction mold. 

For the preparation of the experimental 
material, a procedure similar to the fore
going was followed with the exception that 
a reduced compactive effort was employed. 
Compaction sequence with the air hammer 
involved the application of 4-sec compac
tion to the ends of the beam which was 
followed by 3-sec compaction on the ad
jacent areas, and then 2-sec compaction 
on the center section. The 25, 000-lb 
static leveling load was also employed, 

Appendix B 
FLEXURAL FATIGUE TEST 

The apparatus used in performance of 
flexural fatigue tests (Fig. 16) is a ma
chine previously developed by the State of 
California for the fatigue testing of ordi
nary asphalt-concrete beams ( 19). The 
equipment is installed in the California 
Materials and Research Laboratory at 
Sacramento, and it was adapted to the 
testing of the composite beam specimens 
by a few simple modifications. 
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Figure 16. Flexural fatigue apparatus with beam in position for testing. 

Essentially, the machine can be described as a "constant deflection" type of instru
ment in which the test beams are simply supported at each end, and the load is applied 
at the center of the beam. A cam and lever arrangement is used to apply the load. 
Deflection of the beam is controlled by a threaded screw adjustment at one end of the 
lever system. 

In the performance of the fatigue test, the beam is positioned so that the center of 
the beam is under the loading head. (For composite beam tests, the beam was posi
tioned so that the paving material would be in tension.) The loading head is then 
brought into contact with the beam and a load is applied to the specimen by changing 
the position of the lever mechanism. This changes the deflection produced at the center 
of the beam under the lever arm. Thus, the load on the beam is controlled through 
control of deflection. 

For the composite beam tests, a "constant load" technique was specified. This 
required the exertion of a 700-lb load (at 5 cps) on the center of the beam throughout 
the test. To provide this load, the deflection of the beam was adjusted until the speci
fied load was accomplished. This deflection was then maintained through control of 
the lever system which was used to apply the load. 

Load on the beam was measured by load cells (steel members equipped with strain 
gages) placed under each end of the beam. Initially, the apparatus was calibrated by 
adjusting the lever system until the sum of the loads indicated by the load cells was 
equal to 700 lb. During the progress of a test, load was monitored through load-cell 
readings, and the beam deflection was adjusted to compensate for any change in the 
load. Under this procedure, it is conceivable that stress and strain conditions were 
not maintained at a constant level throughout the test. 

Individual fatigue tests were continued until a crack could be detected in the pave
ment layer. Quite often, the inception of a crack was difficult to determine. Fre
quently, the crack had progressed some distance through the material before it was 
large enough to be seen. Consequently, this presented somewhat of a problem in the 
establishment of a reliable criterion of failure. Some consideration was given to the 
use of strain gages (which would break when the crack formed) as an aid in crack de
tection, b,1t this practice also failed to give conclusive results. 




