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A Rationale for Analysis of 
Pavement Performance 
P.E. IRICK, W.N. CAREY, Jr . , and R. C. HAIN, respectively. Chief, Data Analysis 
Branch; Chief Engineer for Research; and Assistant Chief, Data Analysis Branch; 
AASHO Road Test, Highway Research Board 

A hypothetical road test quite similar to the AASHO Road Test 
is used to illustrate a rationale for determining an association 
of pavement performance with variables that describe pave­
ment design and applied loads. The rationale used for the i l ­
lustration is essentially that used in the analysis of perform­
ance data for the factorial experiments at the AASHO Road 
Test. 

The performance of a pavement is defmed by a curve 
that shows its serviceability trend as axle load applica­
tions are uicreased. A mathematical form or model is 
selected for the association, then procedures are defined 
for fittmg the data to the model so that all constants m the 
model are evaluated. When pavement design is given, the 
evaluated model can be used either to predict serviceability 
after a given number of specified loads has been applied, 
or to predict the number of specified load applications re­
quired to produce a given serviceability loss. 

Many details of the rationale are given as the example 
proceeds from hypothetical data to the performance equa­
tion. Limitations and alternatives for the rationale are 
discussed, a table of discrepancies between predicted and 
observed performance is given, and the illustrative analysis 
ends with curves that may be used m the practical applica­
tion of the derived equation. 

• T H E F I R S T O B J E C T I V E for the AASHO Road Test is to find significant relationships 
between pavement performance and certam characteristics of pavement design and 
and applied loads. To carry out this objective detailed specifications are needed in 
three areas. First, pavement performance must be defined so that performance data 
can be obtained for every test section in the investigation. Second, there must be 
experimental designs that give details for pavement design and load characteristics of 
the sections. Finally, it is necessary to set out definite procedures that lead to the 
required relationships. Several papers and talks have described Road Test specifica­
tions in the f i rs t two areas, and it is the main purpose of this paper to discuss specifi­
cations m the third area. However, the three sets of specifications are interrelated m 
that analytical procedures are determined to a large extent by the nature of the experi­
mental designs and by the nature of the performance data. For this reason pavement 
performance and experimental designs are discussed before turning to a rationale for 
analysis. Use is made of a numerical illustration that differs from the AASHO Road 
Test pavement performance studies in certain details but not m prmciple. As a conse­
quence, rationale for the illustration is applicable to the Road Test, and unless specific 
reference is made to the illustration, the following discussion pertains to the Road 
Test. 

It is evident that there are alternatives for virtually every specification that may be 
given m any of the three areas; thus there are many possibilities for the total set of 
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specifications. Because it may be supposed that a number of these possibilities are 
equally acceptable for meetmg the f i rs t objective of the Road Test, it cannot be claimed 
that the rationale to be described represents the best, nor the only way to satisfy the 
objective, but it is assumed that any other acceptable rationale would produce essential­
ly the same conclusions. 

PAVEMENT PERFORMANCE DATA 
Inasmuch as a rationale for analysis is rather meanmgless unless the data that go 

into the anlayis are well defined, it is necessary to pin down the specific nature of 
performance data. The concepts and specifications to be described in this area have 
evolved after consideration of many alternatives. 

It IS supposed that the present serviceability history of a pavement section plays a 
very useful role in performance evaluation. At any particular time the section's 
present serviceability is a measure of its ability to serve high-speed, high-volume 
traffic, and m a previous paper U) a system for the development of present service­
ability index formulas was described. Separate formulas were presented for flexible 
pavements and for rigid pavements. When appropriate measurements of surface de­
formation and deterioration are made on day, t , substitution of the measurements mto 
the index formula gives an index value, pt', for the index day. The complete service­
ability history of a pavement section consists of mdex values for a series of index days 
that begms when the section is f i rs t constructed and ends when serviceability loss is 
such that major mamtenance or replacement is required. In both the illustration and 
the AASHO Road Test, serviceability index values are obtained for every section on 
bi-weekly index days, and the serviceability history of a section is considered to be 
completed if and when its index falls to 1. 5 on a scale where maximum serviceability 
is 5.0. Although not all bi-weekly index values are plotted. Figure 1, which shows the 
serviceability histories of two sections used in the illustration, indicates a completed 
history for section 3212 after about 17 index days. As in the case of the AASHO Road 
Test, i t is supposed that the illustrative road test is stopped after 55 index days with 
the expectation that at least some sections wi l l st i l l have high serviceability at the end 
of the test. One such section is shown in Figure 1, where section 3222 has a service­
ability index of about 3.2 after 55 index days. 

The general continuous pattern of a serviceability history is called a smoothed ser­
viceability history. Smoothed histories for the two sections in Figure 1 are indicated 
by the solid Imes. The smoothed history for a section is defined by a moving average 
that includes at least three (generally five) successive index values and that uses the 
end values for the history as end values for the smoothed history. Smoothed service­
ability history values on index days are denoted by pt. 

A second element of performance for a pavement section is its history of load appli­
cations. Although theories (2) and procedures exist for dealmg with mixtures of axle 
loads, reference in this paper to any particular number of applications implies that 
each application represents the same axle weight. For the illustration. Figure 2 gives 
both the number of axle load applications between successive index days and the accumu­
lated number of applications for any index day. The respective notation for these two 
quantities is nt and Nt. If more than one traffic lane is represented by nt and Nt, it is 
assumed that lane-to-lane variation in nt is negligible and nt is averaged for all lanes 
before the accumulation, Nt. Whenever i t is necessary to evaluate accumulated appli­
cations between index days, linear mterpolation is performed between successive 
values of Nt. 

Before specifications are given for performance data, one more Mstory is discuss­
ed—a history that is associated with the general state of environmental conditions at 
any particular time. This history is called a seasonal weighting function. Relative to 
a specified norm, or base, it may be supposed that the conditions at any time or loca­
tion are either normal, better than normal, or worse than normal. It is considered 
that the seasonal weighting function reflects serviceability loss potential, and that any 
particular section may or may not lose serviceability during a period when the weight­
ing function is high. No specific formula for a weighting function is given in this paper. 



but it ,is supposed that such a formula has been evolved to give values, vt, for every 
index period as shown in Figure 3. This function presumably depends m general on 
changes m moisture-temperature states, and has the value vt = 1.0 for normal condi­
tions. A value of zero is considered to be a lower bound at which no serviceability-loss 
potential exists for any pavement-load combination. 

The seasonal weightmg function shown in Figure 3 averages to be about 1.0 so that 
environmental conditions for the two years average to be normal even though there is 
much seasonal variation. Relative to the selected location, this index might not average 
to be 1.0 at a second location, whether or not the same seasonal variation occurred at 
the two locations. 

For any index period, let the product of the weighting function value with axle load 
application be wt, the number of weighted applications for the period. Thus wt = vtnt 
can be obtained by multiplication of index day ordinates from Figures 2 and 3. Also 
let Wt be the accumulation of weighted axle load applications through any index day. 
Graphs for both w^ and are shown m Figure 4. If the weighting function were taken 
to be 1.0 on every index day, the curve of Figure 3 would be horizontal at unit height, 
and Figure 4 would be identical with Figure 2. Thus, Nt is a special case of Wt if vt 
is always 1.0. In all the discussion that follows accumulated axle load applications are 
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Figure 1. Present serviceability histories for two illustrative pavement sections. 
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represented by W, but i t should be remembered that any difference between W and N 
depends on the values prescribed for vt. 

Al l of the variables just described have values that are observed and computed at 
pomts in time. If smoothed serviceability values for a pavement section are plotted 
against accumulated axle applications rather than against time, the resultant curve is 
called the section's serviceability trend. Coordmates of points on the serviceability 
trend are denoted by p and W, and the trend of p with W is defined to be the pavement's 
performance. 

Trend plots for the two sections of Figure 1 are shown in Figure 5 for the case when 
applications are not weighted; that is, when vj = 1. Coordinates for the trend curves 
in Figure 5 were obtained from ordinates of Figures 1 and 2 on common index days. 
Similarly, Figure 6 shows trend curves for the same sections when the seasonal 
weighting function of Figure 3 is used to obtain W. That is, coordinates for Figure 6 
were obtained from ordinates of Figures 1 and 4 on common mdex days. 

Summarizmg the definitions of the various serviceability-time-applications relation­
ships: 

Serviceability history is the plot of observed values of serviceability, pt', on a 
time scale; 

Smoothed serviceability history is the plot of the five-pomt moving average of the 
serviceability history values on a time scale and smoothed history values are designa­
ted by Pt; 

Serviceability trend is the plot of smoothed serviceability history values, p, on an 
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accumulated axle application scale, W, where axle applications may be weighted or un­
weighted; and the 

Performance of a pavement is given by its serviceability trend 
The fmal step in the specification of performance data is to suppose that for nu­

merical analysis a small number of pairs of coordmates from any trend curve can be 
selected to represent the curve satisfactorily. In the Road Test rationale five pairs of 
coordmates were selected from every trend. If the trend was complete (that is, p had 
fallen to 1 5), the trend was represented by five values that spanned the range of p. 
Specifically, W was noted when p was 3. 5, 3.0, 2. 5, 2.0, and 1. 5. In the case of m-
complete serviceability trends (p at the end of the Road Test was greater than 1. 5) the 
observations were spanned by noting pairs of W and p at specific times (at 11, 22, 33, 
44 and 55 index days). In both cases it is more convenient to record and use all W 
values in logarithmic form so that recorded performance data appear in the form p, 
log W. Thus if p = 2. 5 when W = 200, 000 applications, the recorded performance 
data would be 2. 5 and 5.30 for p and low W, respectively. 

In the example only three pairs of coordinates are used to represent serviceability 
trends. For the complete curves W is noted when p = 3. 5, 2.5 and 1. 5, and for m-
complete trends W and p are noted at 15, 35 and 55 index days. For the two sections 
shown in Figure 1, Table 1 gives performance data as just defmed, using both weighted 
and unweighted applications. 

EXPERIMENTAL DESIGNS FOR PAVEMENTS AND LOADS 
As details are given m the second area of specification for the illustration, the 

reader who is familiar with experimental designs at the AASHO Road Test wi l l recognize 
that the illustration parallels m prmciple the mam factorial experiments of the Road 
Test. 

Suppose that the illustrative road test involves three rigid pavement tangents, 1, 2, 
and 3, each havmg two 12-ft traffic lanes, 1 and 2, on either side of its center Ime. 
Axle load specifications for the six traffic lanes wil l be: tangent 1, 4-kip single m lane 
1, 8-kip single m lane 2; tangent 2, 16-kip smgle in lane 1, 30-kip tandem in lane 2; 
tangent 3, 24-kip single in lane 1, and 36-kip tandem axle vehicles in lane 2. Figure 
2 shows the illustrative specifications for frequency of axle load applications over a 
two-year period. 

Suppose the objective for the illustration implies that differences in pavement de­
sign for test sections are determmed by only two factors, thickness of portland cement 
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TABLE 1 
PERFOBMANCE DATA TOR TWO ILLUSTRATIVB SgCTlONS OF FIGURE 1 

SccUon 
n5 BEtSfT 

3212 Com- IS J 
plele le 0 

17 0 

Perfarmimce Data tor v from 
t» Performance DaU for T» . 1 Figure 3 ' P I M W - leaW 

5 39 
5 49 
t Si 
« 45 
5 89 
8 oe 

i 38 
8 84 
8 89 
8 48 
8 81 
8 OS 

«ay at vhlcb uaotbed Hi rv t evBl j l I l t j r hlrtory cquala p 

concrete surfacing and thickness of a 
granular subbase material. Al l other 
specifications for basement soil, pavement 
materials, and construction procedures 
are supposed to be identical for every 
test section. 

Three fundamental principles of ex­
perimental design are balance, replication, 

randomization, and these principles are to be used in the design of the illustrative 
road test. The principle of balance is used to rule out undesired confusion among the 
effects of experimental factors on performance. By the effect of a factor is meant to 
change in performance that can be attributed to a change in the factor (for example, 
surface thickness effect is a change in performance that is clearly attributable to a 
change in surface thickness). It wi l l be supposed that balance should be maintained in 
each test tangent for surface thickness and subbase thickness, so that the analysis can 
determine whether performance differences are due to one or the other of these factors 
or possibly to their interacting effect. In the absence of prior knowledge about their 
interacting effect, a sound experimental design for surface and subbase thickness is 
the complete factorial experiment that includes all possible combinations of levels 
selected for these two factors. In each tangent let each factor have three levels (that 
is, three values). Then the complete factorial experiment in each tangent requires 
3 x 3 , or nine, different pavement designs. As indicated in Table 2, levels for subbase 
thickness wi l l be 3, 6, and 9 in. in each tangent, but levels for surface thickness are 
selected so that thicker pavements are used for heavier axle loads, there bemg one 
common surface thickness, 5. 5 i n . , across all three tangents. Thus, although balance 
is maintained for surface and subbase thickness in each tangent and loads are balanced 
with subbase thickness across all tangents, load and surface thickness levels are un­
balanced so that uninteresting surface thickness-load combinations w i l l not occur. 
However, the load effect can be observed across the 5, 5-in. surface thickness, and if 
there is no interaction between load and surface thickness effects, the load effect at 
5. 5-in. surface thickness could serve as the general effect of axle load on performance. 

Replication (that is, repetition) of observations for controlled factor combinations 
provides a way to find how much the observations are influenced by residual variables 
that are uncontrolled. Replication can be performed in many categories. For example, 
the illustrative road test mig^t be repeated in toto at a different location, or at a dif­
ferent time, or both. At a selected location and time, any tangent might be completely 
replicated by including a fourth tangent that has the same specifications as one of the 
tangents in Table 2. An axle load might be replicated in both lanes of the same tangent, 
or serviceability index values might be replicated for any index day. If there is suf­
ficient replication in any category where conclusions are to be drawn about the effects 
of controlled factors within the category, it becomes possible to discern between per-

TABLE 2 

LEVELS FOR THE EXPERIMEMTAL FACT0H3 IN THE ILHraTHATION 
Factorial Combinations 

Load* 
Slab Subbase Nomber SLib Subbase Number 

Total 
Number 

Tansent Lane 
Load* T U c ^ s s Thickness of Test TUckness lliickness of Test of Test 

Tansent Lane (UDS) (U. ) (In ) Sections (in ) (In ) Sections Sections 
1 1 43 2 5 3 2 5 6 

4 0 8 9 4 0 e 2 11 
5 9 9 

11 

2 8S 2 S » 2 9 e 
4 0 
6 5 

8 9 4 0 s 2 11 

2 1 l i s 4 0 3 4 0 8 
5 5 6 9 5 5 6 2 11 
7 0 0 

11 

2 SOT 4 0 3 4 0 9 
> 9 S 9 5 5 « 2 11 
7 0 9 

11 

3 1 24S B 5 3 9 5 6 
7 0 e 9 7 0 9 2 11 
6 5 9 

11 

2 S6T S 9 
7 0 
8 8 

3 
e 
9 

0 
5 5 
7 0 

9 
0 2 11 

Total 54 12 89 

• B los la -ax le load, T • \emA 



formance changes that can be attributed to controlled effects and those changes that 
must be attributed solely to uncontrolled or residual effects. For the latter effects, 
replication provides estimates needed to assess the reliability of controlled effects. 

In the illustration, as in the Road Test, replication is provided only for certain 
pavement designs within each tangent. Table 2 indicates that two different pavement 
designs are to be once replicated within each tangent; thus there are to be eleven test 
sections in each of the six traffic lanes, or 66 test sections in all . More replication 
might be required if the illustration were an actual road test, as the number of repli­
cates should be sufficient to obtain reliable estimates of residual variation (within 
tangents). 

The third principle, randomization, is closely associated with the prmciples of 
balance and replication. As was stated, balance is necessary to prevent confusion 
among controlled factor effects, but it is also important that there be no confusion between 
controUedeffectsandresidualeffectsonperformance. If, for example, the sections in each 
tangent were constructed so that surface thiclmess increased from thin to thick along 
the tangent, and if an uncontrolled construction variable that could affect pavement 
performance, say humidity, also increased as the tangent was paved from one end to 
the other, any conclusion about surface thickness effect would be confused to an un­
known degree with effects attributable to humidity during pavmg. It is well known that 
systematic uncontrolled variables operate durmg almost any experimental investiga­
tion, so randomization is necessary in order to minimize the risk that residual effects 
wi l l be mistaken for controlled effects. As in any sampling situation, randomization 
is also necessary for obtaining proper estimates of residual variation. For example, 
i f each replicate were constructed adjacent to its companion section, i t might be ex­
pected that an underestimate of residual variation in the tangent would be obtamed. 

In the example, the eleven sections in each tangent are assigned a random order of 
occurrence within the tangent. As a result i t can be expected that conclusions about 
surface and subbase effects are not biased or confused by the presence of systematic 
residual variation within any tangent. 

The major performance studies in the AASHO Road Test have experimental designs 
that involve balance, replication, and randomization, in much the same way as de­
scribed for the illustration. In addition, s t i l l other experimental designs appear in the 
Road Test in order to provide for special studies whose objectives are somewhat dif­
ferent from the f i rs t Road Test objective. 

Specifications have now been given for pavement performance data and for experi­
mental designs within which the performance data are obtained. It is rather obvious 
that many alternatives were available for nearly every specification. Nevertheless, 
the net result of the selected specifications for the example is a set of performance 
data as given in Table 3. The performance data consist of three pairs of p and log W 
values for each of the 66 test sections when the weighting function of Figure 3 is used. 
Table 3 includes data previously given in Table 2 for sections 3212 and 3222. In this 
paper section numbers are codes for factor levels. Section 3212 appears in tangent 
3, lane 2, at the first surface thickness level and the second subbase thickness level. 
Similarly, section 3222 is in the second lane of the third tangent and has the second 
level of thickness for both surface and subbase. 

Any section whose serviceability history was complete has p values of 3. 5, 2.5, 
and 1. 5 in Table 3. Al l remaining sections had incomplete histories. 

For the AASHO Road Test, tables that correspond to Table 3 cover five tangents 
and involve five pairs of p and log W values for each of 284 flexible pavement sections 
and 264 rigid pavement sections. 

PROCEDURES FOR ANALYSIS 
The analysis consists of procedures that produce an empirical formula wherein 

performance is associated with load and pavement design variables. In order to use 
mathematical procedures it is necessary to assume some algebraic form, or model, 
for the association. In addition to the experimental variables the model involves con­
stants whose values are either to be specified or to be estimated from the data. Thus, 
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the analytical procedures are for the esti­
mation of constants whose values are un­
specified in the model—constants that m-
dicate the effects of design and load vari­
ables on performance. The procedures 
also mclude methods for estimating the 
precision with which the data f i t the 
assumed model. 

In essence the model is an equation 
for serviceability trends as illustrated 
by Figure 5 or Figure 6. When pave­
ment design and axle load are specified 
for a pavement section, the equation is 
supposed to predict the section's service­
ability after a given number of applica­
tions. The equation should also be use­
ful for predicting the number of applica­
tions the section wi l l experience before 
reaching a pre-assigned serviceability 
level. 

There are many different mathematical 
forms that could be used as models for 
serviceability trends, and a large number 
of these may fi t the data with more or less 
the same precision. Only one of the 
numerous models investigated at the Road 
Test is used for the illustration in this 
paper. Further discussion of models is 
given after the illustration is completed. 

Let Pp denote the initial serviceability 
trend values for a particular test section. 
Then pg- p is the serviceability loss ex­
perienced by the section when its trend 
value I S at p. It wi l l be assumed that 
Po does not depend on pavement design 
variables in the range of interest, and 
that the best estimate for Po is CQ, the 
average of all initial trend values for 
sections considered m the analysis. For 
the example, C Q wi l l be 4. 5. 

The assumption to be used for the 
nature of serviceability trends is that 
serviceability loss is a power function of 
axle load applications; that is, 

p = KW P (1) 

where p is a positive power and K and/or 
P may depend on load and design variables. 
Let p = ci be a serviceability level such 
that whenever p for a section falls to ci, 
the section is "out of test" and no longer 
observed. Thus, the number of applica­
tions experienced by the section when 
p = ci may be called the experimental 
life of a section. For the example, as 
at the Road Test, c i = 1. 5. Let p be the 
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value of W in Eq. 1 when p = c i . Then C Q - C i = KpP , or K = (CQ - Ci)/pP , and Eq. 1 
may be written m either of the forms. 

C o - p = ( c ^ , - C i ) i ( ^ ) ^ (2) 

or 

P = C o - ( C o - c . ) ( W ) P 

where ci = p = C Q . (3) 

For any particular section, p and p have fixed values, but it wi l l be assumed that 
if P is not constant for all designs and loads, p decreases whenever p increases from 
one section to another. If B 1, eq. 3 indicates that the serviceability trend wil l decline 
along a steeper and steeper curve as applications mcrease. If p = 1, the serviceability 
loss is Imear with applications, and if P<1 , serviceability decreases along a curve 
that I S concave upwards. Curves of Eqs. 2 or 3 are shown m Figure 7 for three dif­
ferent combinations of p and p. When p = 2.0 the trend is the right half of a parabola 
that opens downward, when P = 1 the trend is linear, and when p = 0. 5 the trend is 
the lower half of a parabola that opens to the right. 

In the f i rs t stage of the analysis, performance data for each section are used to ob­
tain preliminary estimates of p and p for the section. If logarithms are taken on both 
sides of Eq. 2, 

log (co - P) = log (CQ - ci) + P (log W - log p) (4) 

or 

log ^o ' P = p [log W - log pi 
Co - c i j J 

Calling the left side of Eq. 5 gives 

G = l o g | - ^ ^ | (6) 

where G is undefined unless P - ^ ^ C Q . G has a negative value whenever p is between C Q 

and c i , and G = O when p = c i . Substituting Eq. 6 in Eq. 5 gives 

G = p log W - log p ' (7) 

In G , log W coordmates, the graph of Eq. 7 is a straight line whose slope is p and 
whose intercept on the log W axis is log p. Figure 8 shows curves of Eq. 7 for the 
P , p, combmations of Figure 7. Thus the curves in Figure 8 are linearizations of the 
performance curves shown in Figure 7. To show the connection between G and p, both 
scales are shown in Figure 8. 

For each section, pairs of values for p and W are converted to corresponding 
values for G and log W, then a straight Ime is fitted to the G , log W points. Figure 9 
shows transformed data and fitted lines for four sections whose data were given in 
Table 3. Sections 3212 and 3222 are the previously used illustrative sections, whereas 
sections 1133 and 1233 are included in Figure 9 in order to brmg out cerUin rules used 
in the rationale. The fitted Imes for sections 3212 and 3222 have slopes ̂  = 1.97 and 
^ = 1.09, respectively, and have log W intercepts log"^ = 5.61 and l o g ^ = 6.44. 
These estimates are determined by lines that minimize the sum of squared vertical 
deviations from the data for each section. 
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Section 1133 represents a case where not only is there no G value corresponding to 
the one p value that exceeds C Q = 4. 5 (Table 3), but the remaining two values also are 
the same, p = 4.4. Thus for this section ^ = 0 and log ̂  is infinite. Section 1233 has 
p values 4.4, 4.4, and 4.3, so that little decrease in serviceability has been observed 
during the experiment. It is supposed that very little information about p and log p is 
given by data and graphs for sections whose serviceability loss is hardly outside the 
realm of measurement error. For such sections special rules are applied in order to 
obtain values of ^ and log ^ . After examining all f values for sections that experienced 
an appreciable serviceability loss, a minimum value is assumed for p, and if the data 
for any section give ̂  less than the assumed minimum, the minimum p is assigned as 
the section's ^. For the example, minimum p is taken to be 1.0, and both sections 
1133 and 1233 are given the value f = 1.0. After this assignment, log ? is obtained by 

fitting a line whose slope is 1.0 to the ob­
served points. Using this rule, log p is 
7.41 and 7.16, respectively, for sections 
1133 and 1233, as indicated in Figure 9. 
If all p values for a section are equal to 
or greater than C Q = 4. 5, as for section 
1132 in Table 3, not only is f assigned to 
be 1.0, but also log p is set at the median 
log ^ for al l sections that differ only in sub-
base thickness from the section that has no 
G data. Table 4 gives f and log ? values. 

Co=45 

40 

39 

25 

2.0 

^ "0.5 
• _ g 'lOjOOOPOO 

- ^ =10 
- ^ = 6 0 0 1 0 0 0 

_ ^ = 2.0 
f = 100,000 

• 

1 2 3 4 5 6 7 8 9 10 
W (hundreds of thousands) 

Figure 7. Graphs of p = U.5-3 

After I has been determined for each 
section, the f values are plotted against 
pavement design and load variables, and 
an analysis of variance is made in order 
to infer the nature and extent of any de­
pendence of f on design and load variables. 
Neither the plots nor the analysis of vari­
ance are shown here, but both proceed 
from the assumption that p, is related to 
design and load variables accordmg to 
the model 

0 
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log t ° 70 
I.S 
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42 

4.3 

AO 4/4 4.8 9.2 U 6J0 &4 68 72 
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Figure 8. G = ing /u.5-p\ 
\3.0 / 

= P log W - log p . 

( L I + U ) ^ ' 

B i Bs 
(biDi + baPa + bs) La 

(8) 

in which Pg is a minimum value for P; 
L i is the nominal load axle weight in kips 
(that is, load values as given in Table 3); L 2 is one for single-axle vehicles, two for 
tandem-axle vehicles; Di is the f i rs t pavement design factor, slab thickness, in inches; 
and D2 is the second pavement design factor, subbase thickness, in inches. 

The remainmg symbols on the right side of Eq. 8 are positive constants whose val­
ues are either to be assumed (as is done for PQ ) or to be estimated from the values. 



I n genera l Eq . 8 i m p l i e s tha t p 
increases as axle load increases and 
that p decreases as pavement design 
increases f o r a f i x e d load ing . K the re 
w e r e t h r ee pavement design f a c t o r s , 
as at the Road Tes t , the t h i r d f a c t o r . 
Da, w o u l d have been in t roduced i n the 
combina t ion biDi + baD^ + bsDj + b 4 . The 
constant t e r m i n the design combina t ion 
(bs i n E q . 8) appears so that p i s not 
neces sa r i l y i n f i n i t e when the re i s no 
th ickness f o r Di and Dg, and La has been 
added t o L i so that p does not neces sa r i l y 
approach Po as L i approaches z e r o . 

F o r the example , graphs and va r iance 
ana lys i s f o r ft show l i t t l e o r no depen­
dence of p on subbase th ickness , so ba 
I S t aken to be z e r o . W i t h only one v a r i ­
able, Di, i n the des ign combina t ion , the 
e f f e c t of Di can be r e l ega ted to the power 
Bi by ass igning values to bi and bs. F o r 
the i l l u s t r a t i o n , le t bi = bs = 1.0. Then , 
as Po has a l ready been ass igned to be 
1.0, E q . 8 i s r educed t o 

( L , + U ) ^ 

p = 1 . 0 + - 2 g (9) 
(Di + 1)^^ 

m w h i c h only B Q , B I , Bt and Bs r e m a m 
to be e s t ima ted f r o m the ^ data. T a k i n g 
the l o g a r i t h m of E q . 9 g ives 

l o g (p - 1.0) = l o g B Q + Bs l o g ( L i + La) 
-Bs l o g La - B I l o g (Di + 1) 

(10) 

F o r each lane, E q . 10 r ep resen t s a 
s t r a i g h t l i ne when l o g -1.0) i s p l o t t e d 
against l o g (Di + 1), and l i n e a r r eg re s s ions 
of l o g ( f - 1.0) on l o g (Di + 1) g ive lane 
es t imates f o r the s lopes , Bi- O m i t t i n g 
lane 1 of tangent 1, because the m a j o r i t y 
of 'P values i n t h i s lane w e r e 1.0 by as­
s ignment r a t h e r than values obtained 
f r o m p e r f o r m a n c e data, the r e g r e s s i o n 
slopes a r e averaged to g ive Si, the f i n a l 
e s t ima te f o r Bi . The average s lope f o r 
the r e m a i n i n g lanes i s 3i = 5.90. 
T r a n s p o s i t i o n of E g . 10 g ives 

l o g (p - 1.0) + B i l o g (Di+1) = 
l o g B Q + Bz l og (L i + La) - Bs l og La 

(11) 

w h e r e the l e f t s ide of E q . 11 i s now e s t i ­
ma ted by l o g (p - 1.0) + Bi l o g (Di + 1) 
f o r eve ry sec t ion . F o r any lane, average 
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Figure 9. Illustrative estimates for p and log p from section data. 
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log ( ^ - 1 . 0 ) + average Bi l o g ( D i + 1) i s c a l l ed an ad jus ted lane mean, and acco rd ing 
to Eq . 11 the ad jus ted lane means depend l i n e a r l y on l o g (L i + 1,2) and l o g L j . F i g u r e 
10 shows the s ix ad jus ted lane means f o r the example , and includes l ines that a r e o b -
t amed f r o m a l i n e a r r e g r e s s i o n ana lys i s . The common slope of s i n g l e - and t a n d e m -
axle Imes i s an es t imate . Be, f o r 62- ^ h e in t e rcep t of the s i ng l e - ax l e l i n e on the a d ­
ju s t ed me^ns ax i s i s an es t imate , log B^, f o r log B Q , and the d i f f e r e n c e between i n ­
te rcep t s of the s ing l e -ax l e and tandem-axle Imes produces an es t imate , B3, f o r B3. 
F o r the i l l u s t r a t i v e data, l o g §0 = 0- 66 o r &o = 0.22, % = 4. 54, and 8, = 3,12. Sub­
s t i t u t i o n of these values i n Eq . 9 g ives a new e s t ima t ion f o r m u l a f o r p, 

p = 1.0 + 0.22 ( L i + La)^-^'^ 

(12) 

Values f o r p f r o m Eq . 12 a r e g iven i n Table 4. ^ 
The second phase of the a n a l y t i c a l p rocedures begins by u s m g P values to obta in 

new es t imates f o r log p f r o m the data f o r each sec t ion . The f i r s t es t imates f o r l o g p 
w e r e denote4^by l o g ^ and w e r e obtamed as l o g W in te rcep t s ( F i g . 9) f o r l ines whose 
slopes w e r e p . Us ing the same r u l e s as f o r ob taming l o g ^ , the new es t imates , l o g 
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f , a r e obtained as l o g W in te rcep t s f o r l i nes whose slopes a r e p. Tab le 4 gives v a l ­
ues f o r l o g f o r each sec t ion i n the i l l u s t r a t i o n . In essence, the r a t i ona l e supposes 
that es t imates f o r p f r o m E q . 12 a re be t te r than es t imates based only on i n d i v i d u a l 
sec t ion p e r f o r m a n c e data, and tha t as a consequence, l o g 'f values r ep resen t be t te r 
es t imates f o r l o g p than do the log va lues . 

A s was done w i t h the p va lues , l o g f values a r e p l o t t e d against the design and load 
va r i ab l e s , and an ana lys i s of va r iance i s made to i n f e r how and w i t h what s ign i f i cance 
the l o g $ values depend on des ign and load v a r i a b l e s . The a lgeb ra i c f o r m f o r the 
assoc ia t ion of l o g p w i t h des ign and load va r i ab l e s i s assumed t o be 

A Q (aiDi + azDii + as)^' U^^ 
(L i + U ) ^ 

(13) 

i n w h i c h A Q , A I , Ag, As, a i , a2, and as a r e pos i t i ve constants . Eq . 13 i m p l i e s that p 
increases w i t h pavement des ign and decreases w i t h axle load . The constant as i s i n ­
c luded so that p i s not nece s sa r i l y ze ro i n the absence of s u r f a c e and subbase, and L2 
i s added to L i m the denommator so that p i s not n e c e s s a r i l y i n f i n i t e when L i i s z e r o . 

F o r the i l l u s t r a t i v e data, even casual inspec t ion of Tab le 4 indica tes l i t t l e o r no 
assoc ia t ion between l o g ^ and subbase th ickness , so a j i s taken to be z e r o . As was 
done f o r b i and bs i n E q . 8, both a i and a, a r e set at 1.0. In l o g a r i t h m i c f o r m , E q . 13 
thus becomes 

l o g p = l o g A Q - Az l o g (L i + Lz) + As l og Lz + Ai l o g (Di + 1) (14) 

F i g u r e 11 shows how l o g ^ values v a r y w i t h co r re spond ing values f o r log (Di + 1) 
f o r two lanes. L i n e a r r e g r e s s i o n s of l o g ^ on l o g ( D i + 1) m each lane produce slopes 
that a r e es t imates of Ai, and when^the slopes a re averaged f o r a l l but lane 1 of tangent 
1, the es t imate ob tamed f o r Ai i s Ai = 6 . 7 9 . 

T r a n s p o s i n g Aj l o g (Di + 1) m Eq^ 14 ad jus t s l o g p f o r s u r f a c e th ickness , and f o r 
each lane, average log f - average l o g (Di + 1) i s an ad jus ted lane mean that should 
depend on l o g (L i + Lz) and l o g La. F i g u r e 12 shows ad jus t ed lane means versus log 
( L i + La) f o r s ing le and t andem axles , and shows the Imes obtained f r o m the r e g r e s s i o n 
ana lys i s . As ind ica ted i n F i g u r e 12, l o g ^ Q = 5 .98. = 4 . 4 0 , and Ss = 3 .17 . Thus 
the p rocedures have p roduced a f i n a l e s t i m a t i o n equation f o r l o g p , 

4 .40 l o g ( L i + La) + 3 .17 l o g La + 6.79 l o g (Di + 1) (15a) l o g j = 5.98 

o r 

P = 
1 0 5 - 9 8 ( D , , i ) 6 . 7 9 ^^3 .17 

(L i + La)4-40 

(15b) 

Es t ima tes f o r log p g iven by E q . 15 a r e 
g iven i n Table 4 . 

The r e s u l t s of the ana lys i s can now be 
s u m m a r i z e d . I f i t i s d e s i r e d to e s t ima te 
p when W i s g iven , Eqs . 3 ,12 and 15 
combme to g ive 

p = 4 . 5 - 3 . 0 ^ (16) 
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I f i t I S d e s i r e d to es t imate l o g W when 
p i s g iven , Eqs. 5, 12 and 15 combine 
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Figure U . Log ^ vs log (D̂ +̂l) for two 
lanes. 
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l o g W log-p 
l o g 

4 . 5 - p" 
. X O 

(17) 

P 
Eqs . 16 and 17 thus r ep re sen t the f i r s t goa l o f the analysis—to associate the p e r f o r m ­
ance data w i t h design and load v a r i a b l e s . 

The r e m a i n d e r of the r a t i o n a l e f o r ana lys i s i s concerned w i t h s u m m a r i z i n g the p r e ­
c i s i on w i t h w h i c h es t imates can be made us ing Eq . 16 and 17 to es t imate p and l o g W , 
r e s p e c t i v e l y . I 

Values i n parentheses m Tab le 5 a re e i the r s e r v i c e a b i l i t y es t imates obtained f r o m 
Eq . 16 f o r a l l sect ions whose s e r v i c e a b i l i t y d i d not f a l l t o Cj = 1. 5, o r a r e l o g W e s t i ­
mates obta ined f r o m E q . 17 f o r a l l sec t ions whose s e r v i c e a b i l i t y ^ d r e a c h 1 . 5. E s t i ­
mates a re g iven at 15,35 and 55 mdex days i n the f i r s t case and at p = 3. 5, 2 . 5, and 
1. 5 f o r the second case. D i f f e r e n c e s between co r r e spond ing e s t ima ted values (Table 
5) and observed values (Table 1) r ep resen t r e s idua l s that a r e not accounted f o r by 
Eqs . 16 and 17. Table 6 g ives a s u m m a r y of mean r e s i d u a l s and mean absolute r e s i ­
duals f o r bo th types of e s t ima tes , c l a s s i f i e d bo th by lane and by mdex day o r s e r v i c e ­
a b i l i t y l e v e l . ] 

F o r a l l sect ions tha t w e r e " i n t e s t " a f t e r 55 index days, t he upper ha l f of T a b l e 6 
gives the number of such sect ions i n each lane, and the average r e s i d u a l p - p , both 
a lgebra ic and absolute . F o r the 31 sect ions i n v o l v e d , the average ,a lgebra ic r e s i d u a l 
i s shown t o be 0 . 0 2 , and the average absolute r e s i d u a l i s 0 . 1 0 . The re does not appear 
to be any t r e n d w i t h r espec t to load, but i n n e a r l y a l l lanes the r e s idua l s inc rease 
w i t h t i m e o r app l ica t ions . However , even the l a rges t mean r e s idua l s a re only t w o o r 
th ree tent l i s and i t may be concluded that the p es t imates a r e qui te close to t h e i r r e ­
spec t ive obse rva t ions . 

I n the l o w e r ha l f of Tab le 6, r e s idua l s i n l o g W a re s u m m a r i z e d f r o m d i f f e r e n c e s 
obtained by s u b t r a c t i n g l o g W values i n Tab le 3 f r o m c o r r e s p o n d i n g l o g W values m 
Table 5 f o r a l l sec t ions whose s e r v i c e a b i l i t y f e l l t o p = 1. 5. The mean a lgebra ic 
r e s i d u a l i n l o g W i s n e a r l y ze ro , w h i l e the mean absolute r e s i d u a l i s about 0 .04 . 
These r e s idua l s appear to have about the same magni tude at each s e r v i c e a b i l i t y l e v e l 
and a re not f a r f r o m be ing equal i n each lane. No l o g W res idua l s a r e shown f o r lane 
1 of tangent 1 because no sec t ion was "ou t of t e s t " i n t h i s l ane . 
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A p a r t i c u l a r log W r e s i d u a l can be 
conver t ed t o the r a t i o o f e s t ima ted to ob­
se rved appl ica t ions . F o r example , i f . 
l o g W - log W = 0.10,_W_ = 10°'^°, o r W = 

W 
1.26W. I f t h j i l o g W r e s i d u a l had been 
- 0 . 1 0 , then W = 0 .79W. T h r o u g h such 
convers ions , average L o g W r e s i d u a l s 
may be used to ob tam an ind i ca t i on of the 
agreement between p r e d i c t e d app l ica t ions 
and observed app l i ca t ions . F o r the e x ­
ample , the average absolute r e s i d u a l 
r ep resen t s about a 10 percent devia t ion 
f r o m the observed va lue . I n the Road 
Tes t p e r f o r m a n c e analyses, the c o r -
r e spondmg average r e s idua l s a r e about 
0 .2 f o r l o g W es t imates . 

F o r both the presen t example and f o r 
the Road Tes t data, r e s idua l s i n l o g W 
p r e d i c t i o n s compare f a v o r a b l y w i t h d i f ­
f e rences i n l o g W between r e p l i c a t e sec­
t i o n s . F r o m Table 3, the average abso­
lu te d i f f e r e n c e i n l o g W between r e p l i ­
cate sect ions i s about 0 .09 , so that the 
average dev ia t ion of two r e p l i c a t e sect ions 
f r o m t h e i r own mean i s about 0 .045 . 
Thus , the p r e d i c t e d l o g W f r o m E q . 17 
deviates about the same dis tance f r o m 
l o g W as does l o g W f r o m the mean of 
l o g W values obse rved f o r the same de­
s ign and load . F o r t h i s reason i t i s u n ­
l i k e l y that any apprec iab le decrease i n 
l o g W re s idua l s can be made by f i t t m g 
the i l l u s t r a t i v e observa t ions w i t h another 
m o d e l o r by u s m g another set of p r o ­
cedures . 

Both Eq . 16 and E q . 17 a r e r a t h e r 
complex and d i f f i c u l t t o use m the f o r m 
g iven . However , graphs of these equa­
t ions can be made f o r whatever c o n d i ­
t i ons may be u s e f u l . F i g u r e 13 shows 
the curves of Eq . 17 f o r eve ry c o m b i n a ­
t i o n of s u r f a c e th ickness and load ing 
used i n the i l l u s t r a t i o n — a l l f o r the case 
that p = 2 . 5. F o r a p a r t i c u l a r load , the 
p l o t t e d cu rves shows the n u m b e r of a p p l i ­
cat ions expected f o r any s u r f a c e th ickness 
at the t i m e when the s e r v i c e a b i l i t y l e v e l 
has dropped t o 2 . 5, A p p l i c a t i o n s beyond 
l O ' r epresen t ex t rapo la t ions f o r a l l 
cu rves , and each load cu rve has been 
extended beyond the l o w e r and upper 
s u r f a c e th ickness l e v e l used i n the e x ­
p e r i m e n t . Cor respond ing cu rves , of 
course , cou ld be p l o t t e d f o r o the r values 
of p . 

T o show how close the observa t ions 
a r e to the cu rves o f F i g u r e 13, F i g u r e 
14 repeats th ree of the curves f r o m 
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T A B L E 6 

S U M M A R Y O F RESIDUALS 

Lane 
I t e m 11 12 21 22 31 32, A l l Sections 

No. Sect. 9 6 5 3 3 5' 

A v g . 
( p - p ) 

t = 15 
t = 35 
t = 55 

0 .00 
0 . 0 1 
0 .06 

0 . 0 1 
0 . 0 1 

- 0 . 0 5 

0.02 
0.03 

- 0 . 08 

- 0 . 0 1 
0.09 
0.09 

0 .02 
0 .08 
0 .05 

-0 .03 
0 .07 
0.03 

0 .00 
0 .04 
0 . 0 1 

A l l 0 .02 - 0 . 0 1 - 0 . 0 1 0 .06 0 .05 0.03 0.02 

A v g . 
|P - PI 

t = 15 
t = 35 
t = 55 

0 .04 
0 .09 
0 .10 

0 .04 
0 .08 
0 .08 

0 .04 
0.12 
0 .25 

0 . 0 1 
0 .09 
0.09 

0 .04 
0 .09 
0.13 

0.1:5 
0. i 2 
0.3!5 

0.05 
0 .10 
0 .16 

A l l 0 .08 0 .07 0.13 0 .06 0.09 0 . 2 1 0 .10 
No. Sect. 0 3 4 6 6 4 

( log W -
l o g W) 

p = 3. 5 
p = 2 . 5 
p = 1.5 

- 0 .05 
-0 .03 
- 0 . 0 1 

0 .02 
0 .04 
0 .06 

0 .00 
0 . 0 1 
0 .00 

0 . 0 1 
0 .00 

-0 .03 

- 0 . 0 1 
0 .00 
0 . 0 1 

-0 .01 
0 . 0 1 
0 . 0 1 

A l l - 0 . 0 1 0 .04 0 .00 0 .00 0 .00 0 . 0 1 

Avg .A 
1 l o g W -

l o g W | 

p = 3 .5 
p = 2 . 5 
p = 1.5 

— 0 .06 
0 .05 
0 .08 

0 .07 
0 .06 
0 .06 

0 .04 
0 .02 
0.03 

0 .04 
0.03 
0 .04 

0 .04 
0 .03 
0 .05 

0.05 
0 .04 
0 .05 

A l l 0 .06 0 .06 0 .03 0 .03 0 .04 0 .04 

F i g u r e 13 and includes appropr i a t e data given as observa t ions m Tab le 3. Data f o r 
only those sect ions whose p reached 2 . 5 can be shown i n F i g u r e 14. The dotted curves 
r ep resen t the band f o r m e d by - 0 .08 ; that i s , p lus o r m m u s t w i c e the mean absolute 
r e s i d u a l m l o g W . I f r e s i d u a l devia t ions have a n o r m a l f r equency d i s t r i b u t i o n about 
the curves as shown m F i g u r e 14, then p lus o r minus two mean absolute devia t ions 
should include about 90 percent o f a l l m d i v i d u a l r e s i d u a l s . 

extropoloted 
region region 

10' 10^ lO* 10° 
Applications, W 

Figure 13. Performance equation (Eq. 17) for test loads (p = 2 .$) . 
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Another f o r m of F i g u r e 13 i s g iven i n F i g u r e 15, w h i c h shows the associa ted s u r ­
face th ickness and load f o r se lec ted appl ica t ions expected when p = 2 . 5. F i g u r e 15 
se rves to b r i n g out the e f f ec t of load on s u r f a c e th ickness r e q u i r e m e n t s . 

When bands f o r r e s i d u a l v a r i a t i o n a re added to the graphs , e i the r o r both of F igu re s 
13 and 15 const i tu te a s u m m a r i z a t i o n of the data given i n Tab le 3, and p resumab ly 
s a t i s f y ( f o r p = 2 . 5) the s ta ted ob jec t ive f o r the inves t iga t ion . 

I I n i l 1 1 r - I 
Observed ' extrapolated region 

Applications, W 

Figure li*. Performance equation (Eq. 17) for three selected loads (p =. 2,5). 

12 

10 

£ 8 
in in o 

6 h 

5 4 h 

2 h 

10^ a x l e a p p l . _ ^ 
( e x t r a p o l a t e d ) 

t a n d e m a x l e l o a d —v ^ 

s ing le a x l e l oad l o " ax l e a p p i 

10* axle a p p I 

J . -L ± 8 12 16 20 24 
S i n g l e A x l e L o a d ( k i p s ) 

I I I I 
16 24 32 40 48 

T a n d e m A x l e L o a d ( k i p s ) 

28 

Figure 1$. Perfomance equation (Eq. 17) for selected applications (p = 2.5). 
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S U M M A R Y A N D DISCUSSION | 

The ra t iona le j u s t desc r ibed def ines both p e r f o r m a n c e data and p rocedures f o r 
ana lyz ing the data. The p rocedures inc luded the se lec t ion of a gene ra l m a t h e m a t i c a l 
m o d e l f o r the assoc ia t ion of e x p e r i m e n t a l v a r i a b l e s , the ass ignment of values to c e r ­
t a i n constants i n the mode l , and r u l e s f o r e s t i m a t i n g values f o r j a i l r e m a i n i n g c o n ­
stants i n the mode l . The end r e s u l t of the r a t iona le was g iven by Eqs . 16 and 17, by 
a r e s i d u a l s u m m a r y m Tab le 6, and by F igu re s 13, 14, and 15, w h i c h a re meant to 
b r i n g out the na ture of the equations and t h e i r r e s i d u a l s . 

I f the e x p e r i m e n t a l ob jec t ives a re s a t i s f i e d by curves such as i n F igu res 13 and 15, 
i t i s i m p o r t a n t to know how d i f f e r e n t the curves m i g h t be i f the r a t iona le w e r e to be 
changed in one o r m o r e ways , say by the se l ec t ion of a d i f f e r e n t m o d e l o r by choosing 
d i f f e r e n t e s t ima t ion r u l e s . 

E f f o r t s to answer t h i s ques t ion at the Road Tes t a r e r ep resen ted by the i n v e s t i g a ­
t i o n of many ra t iona le s , each of w h i c h produces a r e s i d u a l s u m m a r y as i l l u s t r a t e d by 
Tab le 6. A r a t i ona l e i s cons idered to produce an adequate f i t t o the data i f mean a lge ­
b r a i c r e s idua l s a re near z e r o and i f mean absolute r e s idua l s a re of the same m a g n i ­
tude as devia t ions of r e p l i c a t e observa t ions f r o m t h e i r own mean. In t e r m s of F i g u r e 
14, th i s c r i t e r i o n i m p l i e s that the c e n t r a l curves should t end to pass th rough median 
observed pomts and that r e p l i c a t e observat ions should be sca t t e r ed about the curves 
to the same degree as a re un rep l i ca t ed obse rva t ions . I f the f i r s t of these condi t ions 
i s not met i t may be supposed that the e s t i m a t i o n r u l e s have produced biased es t imates 
f o r constants m the mode l , and i f the second condi t ion does not ho ld the mode l may 
not be appropr i a t e . I n e i ther case the r a t i o n a l e can be m o d i f i e d u n t i l the c r i t e r i o n i s 
me t . I t i s notewor thy that e x i s t m g theo ry f o r pavement p e r f o r m a n c e gives l i t t l e o r no 
guidance i n the a rea o f m o d e l s e l ec t ion . 

Changes i n the r a t i ona l e may a lso change the curves i n the ex t rapo la t ion reg ions of 
F igu re s 13, 14, and 15. A c t u a l p e r f o r m a n c e data f o r these reg ions w o u l d be necessary 
i n o r d e r to appra ise the v a l i d i t y of the ex t rapo la t ions . 



Calibration and Use of BPR Roughometer at the 
AASHO Road Test 
W . R O N A L D HUDSON, Ass i s t an t R i g i d Pavement Research Engineer , and 
R O B E R T C. H A I N , Ass i s t an t Chief , Data P roces s ing and A n a l y s i s , ,1^ 
AASHO Road Tes t , Highway Research B o a r d 

The p r i m a r y p r o b l e m i s u s ing the B u r e a u of 
Pub l ic Roads roughomete r a t the AASHO Road 
Tes t has been the v a r i a b i l i t y of the i n s t r u m e n t . 
Frequent c a l i b r a t i o n has been found to be nec­
essa ry . Us ing the Road Tes t p r o f i l o m e t e r as 
a s tandard, a method has been developed w h e r e ­
by the whole dynamic sys t em of the roughomete r 
can be c a l i b r a t e d . T h i s paper desc r ibes the 
c a l i b r a t i o n technique f o r the roughometer and 
i t s use at the AASHO Road Tes t , i nc lud ing 
methods f o r m a k i n g p resen t s e r v i c e a b i l i t y de ­
t e r m i n a t i o n s . 

# T H E P R I M A R Y PURPOSE of a h ighway o r h ighway sys t em i s to serve the r i d i n g 
p u b l i c . A pavement that p r o v i d e s a smooth r i d e i s p r e s u m e d to be s e r v i n g be t te r than 
one w h i c h o f f e r s a rough r i d e , other f a c t o r s be ing equal . The impor t ance of pavement 
roughness has long been recogn ized . Many devices , i n c l u d i n g s ing le -whee l i n d i c a t o r s 
and m u l t i w h e e l p r o f U o m e t e r s , have been developed to measure roughness . One of the 
e a r l i e s t of these i n s t r u m e n t s was developed f o r use on the Bates Road Tes t i n 1923 (1). 
Numerous devices have f o l l o w e d (J, 3, j4, 5). I n 1941 a r e l a t i v e l y s i m p l e , s t andard-
izab le i n s t r u m e n t , the road roughness i n d i c a t o r , was in t roduced by the Bureau of Pub l ic 
Roads. F o r s i m p l i c i t y t h i s m s t r u m e n t i s r e f e r r e d to i n t h i s paper as the B P R r o u g h ­
ome te r (6). Since i t s conception, cons iderable development w o r k has been done on 
t h i s device by the B u r e a u of Pub l i c Roads, the U n i v e r s i t y of C a l i f o r n i a (7̂  j8), and 
Purdue U n i v e r s i t y (9), among o thers ; and many i m p r o v e m e n t s have been made i n i t s 
ope ra t ion . A t p re sen t the B P R roughomete r i s the mos t w i d e l y used type of r o a d 
roughness ind ica to r i n the Uni ted States. Table 1 g ives the agencies owning one of 
these i n s t r u m e n t s . 

The basic roughometer used at the AASHO Road Tes t was cons t ruc ted by the Bureau 
of Pub l ic Roads. The de ta i l s of the device a re those r e p o r t e d by Buchanan and Catudel 
(^) i n 1941, w i t h s l i gh t m o d i f i c a t i o n s . The complete p lans a re ava i lab le f r o m the Bureau 
of Pub l ic Roads (10). The roughomete r cons i s t s of a s ing le -whee l t r a i l e r towed b y a 
l i g h t t r u c k ( F i g . TJ. The whee l i s suspended on two s ing le - l ea f sp r ings ( F i g . 2). A 
smooth t r ead 6. 70 x 15, 4 -p ly t i r e i s mounted on the w h e e l . I r r e g u l a r i t i e s of a pave­
ment su r face a re r e c o r d e d as d i f f e r e n t i a l movement of the axle r e l a t i v e to the f r a m e of 
the dev ice . T h i s movement i s t r a n s m i t t e d by a s t r o n g w i r e cable to a double -ac t ing 
b a l l - c l u t c h i n t eg ra to r that conver t s the upward v e r t i c a l m o t i o n to u n i d i r e c t i o n a l r o t a r y 
m o t i o n . T h i s r o t a r y m o t i o n actuates a m i c r o s w i t c h that r e c o r d s roughness i n inches 
on a mechanica l pu lse counter i n the towing v e h i c l e . The dashpot damper s have b a l l -
j o i n t end connectors but do not employ " O ' r i n g s . 

The Roughometer and the Presen t Se rv i ceab i l i t y Concept 

The p r i m a r y purpose of the AASHO Road Tes t was to de t e rmine s i g n i f i c a n t r e l a t i o n ­
ships between a known number of spec i f i ed axle loads and the p e r f o r m a n c e of pavements 
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T A B L E 1 

O R G A N I Z A T I O N S P R E S E N T L Y P O S S E S S I N G R O U G H O M E T E R S 

1. AASHO Road Test 13. 
2. Illinois Toll Road 14. 
3 . BPR Region 9 15. 
4. BPR Division of Research 16. 
5. Waterways Experiment Station 17. 
6. Alabama State Highway Department 18. 
7. Connecticut State Highway Department 
8. California State Highway Department 19. 
9 . Illinois State Highway Department 20. 

10. Indiana State Highway Department 21. 
11. Iowa State Highway Department 22. 
12. Kansas State Highway Department 23 . 

24. 

Louisiana State Highway Department 
Maryland State Highway Department 
Michigan State Highway Department 
Minnesota State Highway Department 
Missouri State Highway Department 
North Carolina State Highway Depart­

ment 
North Dakota State Highway Department 
Oklahoma State Highway Department 
Oregon State Highway Department 
South Dakota State Highway Department 
Virginia State Highway Department 
Wisconsin State Highway Department 

4 cable 

lead counterweight spring 

tongue 
wtieel 

revolution 
com 

frame 

wheel 

ntegrator 

dash pot 
dampers 

Figure 2. Schematic diagram of BPR rougho-
meter. 

Fig i i r e 1. Standard BPR roughometer. 

of various designs. To help define per­
formance, a broad term with several def­
initions, the concept of present service­
ability was established. This concept is 
fully described elsewhere (11). Briefly, it 
consists of having a panel representing 
highway users subjectively rate a section 
of pavement usually y4 mi long. The aver­
age panel rating of a section is defined as 
its present serviceability. The present 
serviceability ratings of several sections of pavement are regressed on physical meas­
urements of these sections made coincidentally with the ratings. For any pavement, 
an estimate of mean panel serviceability rating can then be made at any time, using 
physical measurements alone. 

The following definitions are taken from Carey and Irick (U): 

Present Serviceability— The ability of a specific section of pavement to serve high-speed, 
high-volume, mixed (truck and automobile) traffic in its existing condition. 

Present Serviceability Rating (PSR)—The mean of the individual ratings made by the 
members of a specific panel of men selected for this purpose by the Highway Research 
Board. 
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Present S e r v i c e a b i l i t y Index (PSI) o r E s t i m a t e d Presen t Se rv i ceab i l i t y Rating—A mathe­
m a t i c a l combmat ion of va lues , obtained f r o m c e r t a i n p h y s i c a l measurements of a 
l a r g e number of pavements , so f o r m u l a t e d as to p r e d i c t the PSR f o r those pavements 
w i t h i n p r e s c r i b e d l i m i t s . 

Slope Var i ance (SV)—A s u m m a r y s t a t i s t i c w h i c h desc r ibes the v a r i a t i o n i n slope, s a m ­
p l e d at 1-f t m t e r v a l s , of a continuous slope r e c o r d p roduced by the AASHO p r o f i l -
o m e t e r . 

F o r c l a r i t y , o ther notat ions and d e f i n i t i o n s w i l l be u s e f u l , as f o l l o w s : 

B R g = Roughness r eadmg , i n inches p e r m i l e , of the s tandard B P R roughomete r o p e r ­
a ted at a speed of s m i l e s p e r hour . 

ARg = Roughness r eadmg , i n mches p e r m i l e , of the AASHO Road Test m o d i f i e d r o u g h ­
ome te r (AASHO roughomete r ) opera ted at a speed of s m i l e s p e r hou r . 

PSIahc = A n e s t ima ted s e r v i c e a b i l i t y r a t i n g , where abc i s a t h r e e - d i g i t code w h i c h 
un ique ly i d e n t i f i e s the p a r t i c u l a r equation used to e s t ima te PSR. T h i s code i s 
necessary to i d e n t i f y the e s t i m a t i o n equation w i t h r e g a r d to th ree f a c t o r s : 

a = type of pavement to w h i c h appl icable ; i . e . , r i g i d o r f l e x i b l e ; 
b = data used to d e r i v e the equat ion. A s the r a t i n g panel r a t ed m o r e sect ions new 

equations w e r e developed f r o m the add i t iona l data . A s add i t iona l data w e r e 
gathered to r e l a t e slope v a r i a n c e to ARio, new equations w e r e developed; 

c = measu r ing i n s t r u m e n t . The re a re equations i n v o l v i n g each of the th ree methods 
used to measure roughness; i . e . , the p r o f U o m e t e r , the roughomete r , and the 
r u t depth gage. 

C ( r i g i d pavement ) = M a j o r c r a c k i n g , i n f ee t p e r 1,000 square f e e t of pavement a rea . 
M a j o r c r a c k s a re sealed c r a c k s and those c r a c k s w h i c h a re spa l led to a w i d t h of 

i n . f o r one-ha l f t h e i r length on the slab su r f ace . Measurement i s made on the 
longi tudinal*or t r ansve r se p r o j e c t i o n of the c r ack , wh icheve r i s g r ea t e r . 

P ( r i g i d pavement) = B i t u m m o u s pa tchmg, i n square fee t p e r 1,000 square f ee t of pave­
ment a rea . A r e a c r a c k i n g w h i c h i s a w a i t i n g matinenance m a y a l so be inc luded i n 
t h i s ca tegory . 

C ( f l e x i b l e pavement) = A r e a c r a c k i n g , i n square fee t p e r 1,000 square fee t o r su r face 
a rea , w h i c h has p r o g r e s s e d in to a d e f i n i t e p a t t e r n j o ined m bo th d i r e c t i o n s . 

P ( f l e x i b l e pavement) = Repa i r of the su r face e i the r by s k i n pa tch ing o r deep pa tch ing , 
în square f ee t p e r 1,000 square f ee t of su r face a rea . 

R D = Average r u t depth of bo th wheelpaths , i n inches, measured at the center of a 5 - f t 
span i n the mos t deeply r u t t e d p a r t of the wheelpath . The measurements a re made 
at 2 0 - f t i n t e r v a l s on long sect ions (over 500 f t ) and at 5 - f t i n t e r v a l s on s h o r t sect ions . 

The p h y s i c a l measurements u s e f u l i n f o r m u l a t i n g a PSI have been as f o l l o w s : 

1. M a t h e m a t i c a l f u n c t i o n s of wheelpath p r o f i l e . 
2 . Responses of veh ic l e s to wheelpath roughness . 
3. Pavement r u t t i n g . 
4 . P h y s i c a l damage. 

I t should be noted that c e r t a i n m a t h e m a t i c a l f unc t ions of these measured v a r i a b l e s , 
combined i n a m u l t i p l e r e g r e s s i o n , s a t i s f a c t o r i l y p r e d i c t PSR. However , these meas ­
u r e d v a r i a b l e s on ly approx imate the o v e r - a l l t h r e e - d i m e n s i o n a l p r o f i l e of a pavement . 
Other f unc t i ons , o r m o r e comple te t h r e e - d i m e n s i o n a l p r o f i l e s , m i g h t y i e l d s t a t i s t i c a l l y 
be t t e r p r e d i c i t i o n s of PSR. 

The roughomete r e s sen t i a l ly measures the response of a veh ic l e to wheelpath r o u g h ­
ness. T h e r e f o r e , as cou ld be expected, i t s output i s c o r r e l a t e d w i t h PSR. The s e r ­
v i c e a b i l i t y r a t i n g sessions f r o m w h i c h data w e r e obtained to r e l a t e p resen t s e r v i c e a ­
b i l i t y to p h y s i c a l measuremen t s a r e desc r ibed b y C a r e y and I r i c k (11). D u r i n g two of 
the sessions the AASHO roughomete r was used to obta in p h y s i c a l measurements . F i g ­
u r e s 3, 4, 5 and 6 show the associa t ions between average wheelpath slope va r i ance 
(SV), average wheelpath roughness (ARio), and p resen t s e r v i c e a b i l i t y r a t i n g (PSR). 
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Analyses of these data show that there i s 
a h igher s t a t i s t i c a l a ssoc ia t ion between PSR 
and l o g (J_+ SV) than there i s between PSR 
and l o g ARio . However , a l though l o g ARio 
does no t explain_as m u c h of the v a r i a t i o n i n 
PSR as l o g (1 + SV), i t does exp la in a s i g ­
n i f i c a n t amount i f the hypothesis of no asso­
c i a t i o n i s used. T h e r e f o r e , the roughomete r 
i s an i n s t r u m e n t w h i c h can be used to p r e ­
d i c t s e r v i c e a b i l i t y . 

USE OF R O U G H O M E T E R A T ROAD T E S T 

M o d i f i c a t i o n s 

Due to the widesp read use of the rougho­
m e t e r , one was purchased f o r use at the 
Road Tes t . O r d i n a r i l y the B P R roughometer 
i s not used on pavements as s h o r t as Road 
Tes t sect ions w h i c h v a r y i n length f r o m 100 
f t t o 240 f t . On a 100 - f t sec t ion the s tandard 
counter , w h i c h counts i n inches , has a r e s ­
o l u t i o n of (5280/100) R = 52. BR inches p e r 

m i l e , whe re R i s the roughness of the sec t ion i n inches . On a 2 4 0 - f t sec t ion the r e s o ­
l u t i o n i s 22R inches p e r m i l e . These i nc r emen t s a re not s m a l l enough f o r m e a s u r i n g 
s m a l l changes i n the roughness of a s h o r t sec t ion . A d d i t i o n a l e r r o r i s encountered on 
sho r t sect ions because of the 2 0 - m p h speed. A t t h i s speed i t i s d i f f i c u l t to m a r k the 
beginning and end of a sec t ion . To a l l ev i a t e t h i s p r o b l e m , the ope ra t ing speed was r e ­
duced to 10 mph and a d i g i t a l output counter was cons t ruc ted to r e c o r d roughness i n 
tenths of inches . A d i scuss ion of these changes f o l l o w s : 

^ e e d . The dynamic c h a r a c t e r i s t i c s of the roughomete r v a r y w i t h speed. T h i s 
v a r i a t i o n has been s tudied at the AASHO Road Tes t . The r e s u l t s ( F i g . 7) show that the 
m a x i m u m r e c o r d e d roughness occu r s at a p p r o x i m a t e l y 8 m p h . A t s lower speeds the 

0 100 200 300 
Mean AASHO roughness (in /mi) ~ A^,g 

Figure 3. Slope variance vs roughness. 
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Figure 1*. Present serviceabi l i ty rating vs log mean AASHO roughness. 
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i n s t r u m e n t shows l ess r eac t i on and at 
f a s t e r speeds the f r equency response of 
the i n d i c a t o r i s s lower than the inpu t . 
Other r e s e a r c h has shown t h i s same type 
of r e l a t i onsh ip between speed and i n d i ­
cated roughness (9) . F u r t h e r m o r e , the 
roughness r e c o r d e d at 10 mph i s h i g h l y 
c o r r e l a t e d w i t h the roughness r e c o r d e d at 
20 mph , as shown i n F i g u r e 8. Knowing 
of t h i s c o r r e l a t i o n , the roughness of sho r t 
sect ions can be p r e d i c t e d . Compar i sons 
can then be made w i t h o ther roughomete r s 
r u n at s tandard speed (20 mph) . F r o m 
these cons idera t ions the 10-mph t r a v e l 
speed was selected f o r use at the Road 
Tes t . 

Counter System. Severa l methods w e r e 
tested to r e c o r d roughness i n un i t s s m a l l e r 
than 1 m . These methods inc luded (A) de ­
c r ea s ing the c i r c u m f e r e n c e of the input 
d r u m on the i n t e g r a t o r f r o m 6 i n . to 1 m . , 
thus i n c r e a s i n g the counts on the s i x - l o b e 
c a m to s ix p e r inch ; (b) m a g n i f y m g the 
v e r t i c a l d i sp lacement of the cable th rough 
a t h ree - to -one p u l l e y sy s t em, thus i n c r e a s i n g the count to three p e r inch ; and (c) r e ­
p l a c i n g the c a m and m i c r o s w i t c h a r r angemen t w i t h a f l e x i b l e shaf t d r i v e and a h i g h ­
speed mechan ica l counter , thus i n c r e a s i n g the count to ten p e r i n c h . A l l of these 
methods w e r e u n s a t i s f a c t o r y . The f i r s t two f a i l e d because the s tandard pulse counter 
has a m a x i m u m speed of about 600 counts p e r second. On rough pavements the i n ­
c reased count r a t i o s o f t en r e s u l t e d i n counts w h i c h exceeded the m a x i m u m speed of 
the counter . Method three f a i l e d because the f o r c e r e q u i r e d to t u r n the shaf t and the 
gears was excess ive . Wear and sl ippage i n the b a l l - c l u t c h was i nev i t ab l e . 
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To ove rcome the counter -speed de f i c i ency , an e l ec t ron ic counter sy s t em was devised 
by H e n r y C . Huck ins , Chief of the In s t rumen ta t i on B r a n c h at the Road Tes t . Two 5 - i n . 
d i ame te r d i s c s w i t h 30 holes evenly spaced a round t h e i r p e r i p h e r i e s w e r e at tached to 
an extension of the i n t eg ra to r sha f t ( F i g . 9 ) . The holes i n one d isc w e r e o f f s e t an equal 
p e r i p h e r a l distance f r o m the holes i n the o ther d i s c . A f i x e d l i g h t source between the 
d i scs was used to impu l se a p a i r of photoce l l s as the l i g h t passed th rough the holes i n 
the r o t a t i n g d i s c s . A f l i p - f l o p c i r c u i t was used to accept impu l se s f r o m the two pho to ­
ce l l s a l t e rna t e ly . T h i s a r r angemen t was necessary to p r even t f l u t t e r i n the impu l se 
p ickup i f a hole stopped i n l i n e w i t h the l i g h t source . The f o l l o w i n g r e l a t i onsh ip i s t r u e 
w i t h t h i s counter : 

60 counts p e r r e v . . - 5 - : = = 10 counts p e r i n . 6 m. p e r r e v . 
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The counts a re d i sp layed on a v i s u a l decade counter and r eco rded by hand. F i g u r e 
10 shows the w i r i n g d i a g r a m s f o r t h i s count ing sys t em. T h i s method p r o v e d to be the 
mos t s a t i s f a c t o r y f o r the Road Tes t use. Au toma t i c r e c o r d m g equipment should be 
cons idered f o r contmuous opera t ion over long p e r i o d s of t i m e . 

W i t h the except ion of these two m o d i f i c a t i o n s , the AASHO roughometer ( F i g . 11) 
and i t s method of opera t ion at the Road Tes t w e r e s tandard . 
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Figure 8. Roughometer speed correlation. 

Roughness H i s t o r y of Tes t Section 

The Road Tes t s taf f f e l t that i t w o u l d be w o r t h w h i l e to r e c o r d the roughness of a l l 
tes t sec t ions p e r i o d i c a l l y w i t h the roughomete r i n o r d e r to p r o v i d e a r e c o r d that cou ld 
be used to compare the h i s t o r y of Road Tes t sect ions w i t h pavements i n s e rv i ce i n the 
v a r i o u s States. Such compar i sons cou ld be h e l p f u l i n adapting the r e s u l t s of the Road 
Tes t f o r f u t u r e use. To f u l f i l l t h i s need, the roughometer was r u n over a l l sect ions 
on the Road Tes t eve ry f o u r to s ix weeks . The r e c o r d of these runs w i l l be made a v a i l ­
able a long w i t h o ther Road Tes t data f o r f u t u r e c o m p a r i s o n . F i g u r e s 12, 13, 14, and 
15 show sample p l o t s of ARio v s axle appl ica t ions f o r some f a i l e d and u n f a i l e d f l e x i b l e 
and r i g i d test sec t ions . 
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1 

Figure 9 . Side view (a) and top view (b) of e l e c t r o n i c counter. 

Rapid Determination of PSI 

The main use of the roughometer at the Road Test was the rapid, efficient estimation 
of present serviceability. Normally the PSI was obtained biweekly using profilometer 
slope measurements. However, when a single section was in acute distress, it was 
easy to send the roughometer to make the measurements. It was primarily to provide 
this service that all development work was done on the roughometer. 

At the beginning of the Road Test the following equations were used to rapidly esti­
mate PSR: 

PSI 113 = 11.92 - 3.95 log ARio - 0. 03 \ / cTP 
PSI 213 = 9.37 - 2.61 log ARio - 0.12 VC + P 

(1) 
(2) 

It quickly became apparent that these equations were giving a biased estimate of ser­
viceability and that a new correlation was necessary. The primary causes of this bias 
were (a) the development of the final electronic counter after the development of the 
serviceability equations, (b) the continual change of the dynamic response characteristics 
of the instrument as ^ s e r v e d on a standard pavement, and (c) a discrepancy between 
log ( l + SV) and log ARio caused by the different numerical range of these variables. 
As two numbers become smaller the logarithm of their average moves closer to the 
logarithm of the larger number. Slope variance normally varied between 0 and 100, 
whereas ARio varied between 70 and 400 in. per mile. Therefore, log ( l + SV) re­
flected more the influence of a rougher wheelpath than did log ARio. This effect was 
most apparent and troublesome on sections where the two wheelpaths had widely dif­
ferent roughnesses. 

These three characteristic differences between the profilometer and roughometer 
equations were remedied by, first of all, finding an equation 

! SV = Ko + KiARio (3) 

in which 
A 

SV 
ARio 

Ko, K i 

= estimated slope variance; 
= wheelpath roughness (inches per mile) of the AASHO rougho­

meter at 10 mph; and 
= constants determined by least squares regression analysis. 
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Eq. 3 was then substituted into the profilometer slope variance equation 

PSI 211 = Ao - Ai log (1 + SV) - Aa 7c + P (4) 

to derive 

PSI 214 = Ao - Ai log (1 + Ko + KiARio) - Aa s/c +V (5) 

To obtain estimates of Ko and Ki supple­
mentary investigations were made. During 
a three-day period, in fact a normal period 
for taking pavement profiles, the profilo­
meter and roughometer were run as coinci-
dentally as possible over all Road Test sec­
tions. 210 rigid pavement and 150 flexible 

^^^B j-W ~ kW 'I pavement sections were selected for this 
^ W ^ ^ v ^ ^ J j f wr^"! study. Wheelpath SV and ARio were correlated 
K J ^ r f f l ^ B ^ 4I. forthe420rigidand300flexiblewheelpaths. 
^ ^ ^ ^ ^ H it /[ However, only about b percent of the 
^ ^ ^ ^ ^ H | i ji ^ rigid pavement wheelpaths were even mod-
^^^^^^^•^^m "fffw 1 erately rough (i.e., had a slope variance 
^ ^ H ^ ^ M^m IkflpU larger than 10). A poor squared correlation 
^^Sfr yy H^V^ I coefficient (r^ = 0.47) resulted, but the root 

^Lf ^^^J^m 1 mean square error (rmse = 13 slope units) 
^W.- ' ^ ' " ^ ^ - v H H I H S - ' satisfactorily low. Because the result-

ĵ̂ g equation (PSI214) better represented the 
correlations between PSR, SV, and ARio for 
short Road Test sections than did the rating 
session equation (PSI 213), it was used until 
more short, rough sections became available 
for correlation. 

For flexible pavements the squared cor-
i relation coefficient was 0.31 and the root 

mean square error was 12 slope units. This 
correlation suffered from the same defect as the rigid correlation—there were relatively 
few rough sections available. Nothing more was done with a roughometer equation for 
flexible pavements because other methods of estimating PSR were available. 

A more complete experiment was performed in the spring of 1960. Within a two-
week period the profilometer and roughometer were run coincidentally on 20 rigid pave­
ment sections. The sections were either 120 or 240 ft long. The roughness readings 
(ARio) in inches per mile were corrected using the calibration concept explained in a 
later section. The corrected roughnesses and slope variances for the 40 wheelpaths are 
given in Table 2. The regression equation obtained is shown in Figure 16. It should be 
noted that both SV and ARio were assumed to be measured with error. Therefore, there 
were two possible regression lines. Slope variance was regressed on ARio inasmuch as 
this is the way the equation was used. 

The equation, 
SV = 0. 40 ARio - 34 (6) 

was substituted into the Road Test profilometer equation 

Figure 11. Rear view of AASHO roughometer. 

to obtain 

or 

PSI 221 = 5. 41 - 1. 80 logd + SV) - 0. 09 V C + P (7) 

PSI 225 = 5. 41 - 1. 80 log(l + 0. 40 ARio - 34) - 0. 09 \fcTV (8) 

PSI 225 = 5. 41 - 1. 80 log(0. 40 ARio - 33) - 0. 09 / c T P (9) 
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E q . 9, which was used to determine serviceabi l i ty indexes for sections as needed, 
has the advantage of giving, through use of the calibration concept, an unbiased e s t i ­
mate of serviceability—thus correct ing a l l three discrepancies previously described. 

T h i s analys i s as sumes that the relationship between SV and corrected ARio does 
not change significantly. However, this must be checked periodical ly . The resu l t s of 
severa l such checks on Vi-mi sections of highway pavements are given m Table 3. 
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T A B L E 2 

D A T A F O R 40 S E L E C T E D R I G I D P A V E M E N T W H E E L P A T H S 

Inner Wheelpath Outer Wheelpath 
Section 
Number 

Section 
Length (ft) 

Roughness 
(ARio) 

Slope 
Variance 

Roughness 
(ARio) 

Slope 
Variance 

226 120 106 4 114 14 
384 120 97 1 99 5 
402 120 117 15 154 26 
490 120 136 17 224 56 
506 120 96 4 141 31 
643 120 123 24 134 31 

Osage A 240 264 41 276 52 
Osage B 240 286 87 262 85 

490-a 120 158 22 229 100 
494 120 132 17 174 39 
506-a 120 95 3 161 26 
226-a 120 117 4 180 28 
234 240 109 3 183 28 
643-a 120 117 25 132 24 
650 120 139 21 152 20 
704 120 108 4 200 87 

Osage C 240 267 99 330 117 
Osage D 240 262 45 237 46 
Osage E 240 271 51 262 37 
Osage F 240 267 99 266 82 
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It should be noted that there are at least two reasons why slope variance and ARio 
w i l l never be perfect ly correlated. These are: 

1. The profi lometer and roughometer probably do not measure the same elements 
of pavement roughness. The roughometer runs faster than the profilometer and has an 
entirely different t i re and suspension system. 
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2. The instruments have different frequency response charac ter i s t i c s . 

E V I D E N C E O F V A R I A T I O N W I T f f l N T H E R O U G H O M E T E R AND 
B E T W E E N R O U G H O M E T E R S 

Statistical Concepts 

The roughometer may be used to estimate two variables—present serviceabi l i ty 
rating and slope variance—associated with roughness. In such an estimating procedure 
two sources of variat ion, or effects, are encountered and estimated, a s follows: 

1. The amount of change in P S R or slope variance explained by or associated with 
a change in roughometer reading. In other words, this te l ls how wel l the rating of a 
pavement can be predicted with the roughometer. 

2. Res idual Variat ion . The amount of change in P S R or slope var iance which can­
not be explained by a change in roughometer reading. It can also be thought of a s the 
deviations observed when a straight line i s passed through a plot of P S R vs log A R w . 

TABLES 
EQUATIONS FOR UNCORRECTED AND CORRECTED ROUGHOMETER OUTPUT 

Pavement 
Type 

Date of 
Correlation 

Uncorrected Corrected Pavement 
Type 

Date of 
Correlation Equation r ' rmse Equation r ' rmse 

Rigid May 5, 1960 SV = 0 34 UARu - 33 0 0 97 6 SV = 0 34 ARu - 33 0 0.97 6 
Oct 13, 1980 SV = 0 40 UARio - 38 9 0 91 8 SV = 0 35 ARio - 33 2 0 91 8 
Nov 16, 1960 SV = 0.36 UARio - 37 5 0 92 7 SV = 0 33 ARig - 32 5 0 91 8 

Residual variation, in addition, i s made up of the following two different types of 
variation: 

1. Inherent Variat ion. T h i s variation i s analogous to variation encountered when a 
coin i s flipped and lands heads or ta i l s . Inherent variation i s caused by c l imat ic con­
ditions, chance phys ica l changes in the instrument, and chance changes in the opera­
tion of the instrument. Chance e r r o r s in process ing the data may also , for the current 
purposes, be c lass i f i ed a s inherent variat ion. 

2. Assignable Variat ion . That variation which i s stat ist ical ly significant compared 
to inherent variat ion. It may be caused by a phys ica l change in the mstrument (chang­
ing a t i re , breaking a spring, e t c . ) or it may show up as an "out-of-control" point on 
a control chart with no detectable change m the mstrument. 

Inherent variat ion m indicated roughness may be estimated by measuring the rough­
ness of an unchanging pavement. Assignable variat ion may also be detected with this 
technique. A control chart i s a method of picturing these variat ions. A control chart 
uses the variation (e. g . , range) between runs which a r e c lose together (15 min in this 
case) a s a yardst ick to discover excess ive variat ion (out of control) between runs made 
hours or days apart. The control charts for four pavements of unchanging roughness 
are shown in F igure 17. 

P h y s i c a l Aspects 

A major problem in estimating variat ion i s to find an acceptable standard against 
which to check. At the Road T e s t two such "standards" were available: (a) mean 
panel rating and (b) ou^ut of the profi lometer (SV) . Through continuous comparison 
of the roughometer with these two "standards ," it became apparent that the magnitude 
of the assignable variat ion in the roughometer could be great. F o r example, the 
ear ly plots of roughometer history of some test sections might show wide fluctuation 
f rom smooth to rough and back to smooth in four to six weeks. In real i ty these changes 
did not occur, as was seen by comparison with the profi lometer. T h i s i s best i l l u s ­
trated by the control charts in Figure 17, where out-of-control points occur many t imes . 
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In other words the apparent roughness of a 
section was significantly different f rom its 
true roughness. 

Actual phys ica l changes in the rougho-
meter can resu l t in rad ica l changes in its 
ou^ut ( e . g . , the change from a treaded to 
a smooth t ire resulted in a detectable change 
in indicated roughness, a s did the introduc­
tion of the new counter system). General 
wear and tear on the instrument causes a 
gradual change in the output because the 
response of the instrument to roughness i s 
an integral part of the output. 

Variat ions Among Instruments 

Standard plans for the B P R roughometer 
do exist (10); however, many organizations 
have made modifications, either major or 
minor, which affect the output of their de­
v ice . Some example modifications mclude: 
(a) those made on the Road Tes t rougho­
meter; (b) the I l l inois Department of High­
ways transports and operates its device 
from a special ly constructed t ra i l er and 
records the resul ts e lec tr ica l ly through a 
potentiometer c ircui t ; (c) Minnesota has 
made severa l modifications, including the 
addition of an electronic integrator (12). 
Comparison runs have been made with the 
AASHO, I l l inois , Indiana, Michigan, and 
Missour i roughometers. These comparisons 
were run as par t of correlat ion studies with 
the profi lometer. In every case a formula 
was generated for determining the P S I with 
the various State instruments. A correlat ion 
equation was also generated comparmg each 
instrument to the AASHO roughometer. These 
equations (Table 4) adequately i l lustrate the 
variation between roughometers. 

C A L I B R A T I O N P R O C E D U R E T O M I N I M I Z E 
E F F E C T O F A S S I G N A B L E V A R I A T I O N 

IN T H E R O U G H O M E T E R 

Fundamental Cal ibrat ion Concepts 

One normally applied calibration proce ­
dure consists of checking a measuring de­
vice against a standard and then adjusting 
the device either mechanically or e l e c t r i ­
cal ly until the ou^ut i s equal to the stand­
ard by definition. A second common type 
of calibration i s that applied to a device 
such as a proving r ing. Several known loads 
are applied to the r ing and the corresponding 
deflections are recorded. T h i s procedure i s 
repeated severa l t imes and the mean def lec­
tion for a given load i s established. A best 
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fitting line i s passetl through the points and a calibration curve resu l t s . F r o m this 
curve it i s then possible to predict an unknown load f r o m a known deflection of the r ing. 
In this type of cal ibration, an accurate loading platen, such a s a Universa l testing 
machine, i s used as the standard. 

Dynamic Cal ibrat ion 

T h i s applies to static measuring devices . Some instruments, however, a r e used to 
record dynamically, and their output depends not only on the accuracy of the static 
calibration, but also on the method and speed with which the devices react to dynamic 
excitation. F o r example, the leaf springs and the integrator of the roughometer can 
be calibrated separately for a known input of deflection or displacement. It i s impos­
sible f r o m this static calibration, however, to predict the response under dynamic 
conditions. T h i s situation i s borne out by the variation in roughometers previously 
reported. 

TABLE 4 

EXAMPLES OF VARUTIONS BETWEEN ROOCHOHETERS 

Pav't 
Instromem Typ« Date 

Correlation with AR C^orrclatloa with A R M fitfloe Variance Pav't 
Instromem Typ« Date Eqoatlcn r* rmaa Equation r i rmse Equation r' rmeo 

b d Rigid 9/22/59 ARu - 1 SQINRM - 18 6 0 95 17 A R M - 1 59INR» - 30 7 0 90 19 SV • 0 441NRM-33 0 87 7 
F i n ARi. • 1 T9INR> - 27 1 0 02 22 AR« - 1 9eiNRM - 23 3 0 99 16 SV - 0 94INRM - 96 0 76 U 

Uo Rigid 5/5/60 ARu - 1 45HR. - 12 0 0 99 19 ARn - 1 45MRM - 35 0 0 00 12 SV o 0 4eHRM - 30 0 92 8 
Flex Insnfflclent data A R M - 0 06UR« + 11 0 0 09 9 SV - 0 44URM - 30 0 70 4 

m Rigid 10/19/60 ARn • 1 U n U i - 4 1 0 9S 12 ARai - 1 IOIRM + 2 2 0 99 19 SV - 0 90IRM - 34 0 00 10 
Flex ARia - 1 45IRn - 19 2 0 02 20 A R M - 0 04IRM + 17 7 0 00 23 SV • 0 18IRM - 0 0 70 8 

BUcb Rigid 11/16/60 A R M - 0 OOIURM - 9 4 0 00 15 A R M ' 0 67UlRa « 6 1 0 98 7 SV . 0 2eMlRM-3e 0 0 89 0 
Flex ARu - 0 65M1RW . 22 0 0 77 20 A R M - 0 73M1RN - 1 0 0 90 18 SV - 0 20M1RM- 10 7 0 82 7 

Road T e s t Cal ibrat ion 

A s the roughometer was used it became more apparent that the variabi l i ty in indi­
cated roughness made it impossible to record the actual roughness history of test s e c ­
tions with the des ired degree of accuracy . It was c lear that a method of dynamic c a l i ­
bration had to be developed if the roughometer was to become a useful tool at the Road 
Tes t . 

Theoret ical ly it i s possible to calibrate the roughometer direct ly against the p r o f i l ­
ometer every day. T h i s , however, would defeat the purpose of using the roughometer 
in the f i r s t place. It was decided instead to establish standard sections which p r e s u m ­
ably did not change during the two years of the Road T e s t . The true or "constant" 
roughness of these standard sections could be established through correlat ion between 
the roughometer, the profi lometer and the rating panel . After that, it was possible to 
recal ibrate the roughometer through another correlat ion on the standard section. Any 
time the resul ts appeared questionable, a recorrelat ion with the profi lometer could be 
run. 

If the control charts show the roughometer to be out of control, the output must be 
adjusted to bring it into control. B y t r i a l and e r r o r , t ire pres sure , travel speed or 
mechanical parts can be adjusted until the roughometer reads the calibration course 
correct ly . T h i s would be a time consuming technique and concommitant changes in 
s evera l parts would be unwise. In l ieu of phys ica l change, i t i s possible that mathe­
matical correction of the output can be employed as in the case of the proving r ing , 
which i s calibrated periodical ly to insure against change due to mater ia l adjustment or 
fatigue. The principle i s the same; the difference i s mere ly one of t ime. The proving 
r ing needs checking only every three or four months, whereas the roughometer should 
be checked daily. 

Experimentation with the roughometer indicated that the variation on any one day 
might not be constant throughout the entire range of roughness. T h i s indication, plus 
common sense, dictated that any calibration should investigate the entire range of i n ­
terest ( i . e . , interpolation i s normally more accurate than extrapolation). With this in 
mind, four calibration sections were set up: smooth (80 to 100 in . per mi) , medium 
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(100 to 160 in. per mi), medium rough (180 to 200 in. per mi) and rough (230 to 250 
in. per mi). The primary factor involved is that the course must remain constant in 
roughness. Secondly, the four sections should be adjacent for convenience. It was 
felt that these two conditions could not be met by utilizing naturally rough pavements 
with cracks, patches and faults. A pavement with bumps and potholes could be cast 
out of steel, but this is impractical. Instead a new, heavy-duty portland cement con­
crete pavement was chosen, over which no heavy traffic and minimum of light traffic 
was allowed to travel. 

To simulate roughness, a series of artificial bumps were installed which could be 
standardized for use elsewhere. Bars of tempered aluminum were chosen as readily 
available and corrosion resistant. Bars of varying width and height were used to sim­
ulate various types and severity of bumps, and the proper number of bumps required 
to produce the range of roughness desired was installed (Figs. 18 and 19). A layout 
of the course as used is shown in Figure 20. It is understood that this type of course 
may not indicate the exact response of the roughometer to all types of roughness, par­
ticularly flexible pavements. However, the results thus far indicate that it does an 
acceptable job, because the amount of roughness is more critical than the character 
of the bumps. The mean or constant roughness for the calibration sections was esta­
blished by averaging ARio for 50 roughometer runs per section made within a period 
of five days. At the same time a correlation was made between ARio and SV on 40 
rigid pavement sections. Thus the constant values were obtained for a correlation be­
tween the profilometer and the roughometer. 

Steps in Calibration Procedure: 
1. Run the roughometer at least 1 mi 

to get the whole system warmed up and s j 
eliminate any flat spot developed in the ' 1 
tire. «• • I '• 

2. Run the four calibration sections, 
which are laid out in random order, three 
times in each direction for a total of six 
readings on each course. (Using both 
directions is a convenience). 

3. Average the six runs for each course 
and convert the four averages to ARio (in. 
per mile). 

4. Plot the average indicated roughness 
for each section against the constant 
roughness for that section (Fig. 21). 

5. The least squares regression line 
for these points becomes a calibration or 
correction factor from which the output on 
any test section can be corrected to the 
standard (Fig. 21). 
Validity of the Calibration Procedure 

The calibration procedure makes use 
of a well-known, well-defined statistical 
concept, regression analysis. This tech­
nique is such that the sum of squares of 
the observed points from the regression 
line is a minimum. Two assumptions are 
that the independent variable is fixed (that 
is, measured without error) and that the 
dependent variable is random (that is, 
measured with error). The slope vari­
ance and ARio are both measured with 
error, so two regressions are possible. Figure 19. Aluminum C a l i b r a t i o n Bar 

(1/2 X 2 X 2U"). 

Figure 18. General view of c a l i b r a t i o n 
course. 
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»— 
Smooth course 200 ft 

J Z L JZL 
-36*- -+ 20' * - -30- -40- -44 -30 

Medium smootti course 200 ft. 

LIZIJ J Z L 
H 18" M 21- -30'- -49- -34'- -40i'-

Medium rougl) course 200 ft. 

-28! >|3'K -34'-
J Z L jSZL 

-35- -28' H2V-
Rough course 200 ft g ^ ^ - , ^ -

Figure 20. AASHO roughometer calibration course. 

Only one was chosen, the regress ion of SV on ARio, because this i s the way the equa­
tion i s used. 

An assumption about the calibration course i s that its roughness i s not changing. 
T h i s can be true by definition, a s in the case of a meter bar in the Bureau of Standards, 
or the variation m roughness can be acceptably smal l . Any change in roughness could 
be measured only by an instrument whose variation i s l e s s than the variation m rough­
ness of the calibration course . With a suitable calibration course, it should be p o s s i ­
ble over any period of years to correc t any changes in the roughometer back to an i n i ­
tial condition when the actual roughness of the course was established. T h i s technique 
gives a solid foundation for discr iminat ing between changes in roughness of a pavement 
in s erv ice and changes in the roughometer. 

If it i s des ired to estimate P S R or SV, the roughometer can be cal ibrated against 
the profi lometer or rating panel each time it i s run. However, as long as it can be 
assumed that the relationship between the original corrected roughness and P S R or 
SV stUl holds, this need not be done. 

Setting up a Permanent Calibration Course 

There are certain problems involved in 
setting up a calibration course for use out­
side the Road Tes t ( e . g . , the long life r e ­
quired). There i s no previous experience 
to indicate exactly how to establish such a 
course . Poss ib ly a continuously re in for ­
ced concrete pavement would do the job 
successful ly . It would probably be helpful 
to locate the calibration course on a r e s i ­
dential street, which would have some 
continuous traff ic of low magnitude to 
serve as conditioning traf f ic . On the other 
hand, it may be that a special ly construc­
ted course not on any normal thoroughfare 
would best do the job. In any event, some 
detailed thought must be given to develo­
ping a permanent standard calibration 
course. 

300 

a: 
< 

E 2 0 0 ^ 

100 J -

C A R „ = 99AR 

100 200 300 
Observed roughness, in. /mi. (AR,o) 

Figure 21. Sample roughometer calibraxion 
curve. 
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Smooth couTM (protito) ' »<»' 

Medun smooth courea (profite) ' ° ° 

Metfium rough course (profile) ^ 

W W - y 1 Y W r " , 
Rough course (profile) 

AH dbtances ore coordinates from start of section to center of bump 

metal bumps 7 

5 0 0 ' • • V 500 ' 
I 0 - I 2 ' | l I I I I I I B I rn'oni • I I I • I m D M 

Medhjm anwoth Smooth Rough Madum rough 

Plan view 

Not. l - f . l V 8 - f . 2 " 

Figure 22. Proposed layout for permanent calibration course. 

It would be necessary to check the roughness of the course periodical ly . A rod and 
level survey could be used to detect any general changes. Use of the present AASHO 
profi lometer would be more prec i se . If the profi lometer could be used every year or 
two to check the calibration course, the uniformity of the course could be assured or 
the calibration could be adjusted to the new level of roughness. A rating sess ion could 
and should be held periodical ly to check the resul ts of the roughometer output against 
an actual rating panel. 

F o r setting up a calibration course, it i s hoped that some standard set of bumps 
can be established m order to make it possible to standardize measurements between 
agencies without actually transporting the equipment. One possible layout for such a 
course i s shown in F igure 22. 

S U M M A R Y 

Four roughometers have been used to establish PSI equations, either by direct 
correlat ion with the rating panel or by cros s - corre la t ion with the prof i lometer. These 
correlat ions a l l indicate a high degree of success in predicting P S I with reasonable 
accuracy , as shown in Table 4. The data were obtained in a relat ively short time and 
thus were not affected greatly by long-term variation of the indicator. Table 3, how­
ever, shows the variation of the Road Tes t roughometer m predicting slope variance 
before and after application of the cal ibrat ion-correct ion procedure. It can be seen 
that correct ing ARio resu l t s in more stable coefficients. Sufficient data are not a v a i l ­
able for a comparison on flexible pavements. More data w i l l be obtained. 

The roughometer i s one answer to the problem of measuring roughness or per for ­
mance. The Road Tes t profi lometer, however, does a better job of predicting P S R as 
judged by correlat ion coefficients and res iduals . T h i s system i s costly and requires 
detailed summary work. Other instruments are also being used, such as the C a l i ­
fornia and Michigan profi lographs. At present, development work i s being done at the 
Road Tes t on a profi lometer using a summary recording device which el iminates the 
necessity for reading charts . Such a development would greatly decrease the cost. 

It i s s incere ly hoped that continued development w i l l soon place at the disposal of 
the highway departments a more perfect means of measuring roughness. Until such 
devices become generally available, the B P R roughometer with a calibration proce ­
dure can do an acceptable job of estimating roughness or serviceabi l i ty within a 
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reasonable budget. I t i s hoped that the roughometer w i l l help expand the use of the 
pavement serviceabi l i ty performance concept. 
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A Theory for Transforming AASHO Road Test 
Pavement Performance Equations to Equations 
Involving Mixed Traffic 
F . H . S C R I V N E R , Rigid Pavement R e s e a r c h Engineer, AASHO Road Tes t , Highway 
R e s e a r c h Board 

The general equations to be developed at the AASHO Road 
T e s t relating pavement performance, pavement design and 
axle load w i l l describe the behavior of these pavements when 
subjected to repeated applications of an axle load of a given 
type and weight. The theory proposed herein can be used 
to derive f rom each such equation a corresponding equation 
which, by hypothesis, w i l l predict the behavior of these 
pavements if subjected to mixed traff ic of any given composi­
tion. The theory may be of use in the application of Road 
Tes t resul ts to the design of highway pavements to c a r r y 
a known distribution of axle loads. 

/ . General Description^ Application to Pavement Design 

M I X E D V S S I N G L E - L O A D T R A F F I C 

• I N C L U D E D in the off ic ia l reports of the AASHO Road Tes t r e s e a r c h w i l l be two 
general pavement performance equations, one applying to flexible and the other to 
r ig id pavements. E a c h equationwill describe the performance of apavement of a given de­
sign when subjected to repeated applications of an axle load of a given weight and type (single 
or tandem). Such an equation w i l l be r e f e r r e d to hereafter as a "single-load" equation. 

Neither of the two equations w i l l directly yie ld information as to the behavior of 
pavements acted on by mixed traf f ic ; that i s , normal highway traf f ic composed of both 
smgle and tandem axles of a variety of weights. 

Without question the usefulness of the forthcommg Road Tes t s ingle-load equations 
w i l l be enhanced if they can be transformed to multiload equations applicable to 
mixed traf f ic . A technique for accomplishmg such a transformation i s described here -
m so that interested highway engmeers may, if they wish , apply the transformation 
procedure to the AASHO Road T e s t equations when they are published. In the interest 
of brevity, the procedure w i l l be r e f e r r e d to hereafter as the "mixed-traff ic theory." 

DISCUSSION O F ASSUMPTIONS 

Certa in assumptions are being made in connection with the derivation of the AASHO 
Road Tes t s ingle- load equations They may be stated as follows: 

1. At the moment a new pavement i s opened to traf f ic , damage to the pavement 
begms to accumulate, and contmues to accumulate throughout the life of the pavenoent. 

2 Accumulated damage can be measured, and the measurement expressed as a 
single number. (Occasionally the letter g w i l l be used hereafter to represent this 
number . ) 

3. A mathematical relationship exists between accumulated damage on the one hand 
and pavement design, traff ic and environment on the other. 

39 
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The mixed-traff ic theory res t s on the preceding assumptions as we l l as two addi­
tional assumptions, the f i r s t of which is : 

4. Two or more pavements with the same value of g w i l l react to a given axle load 
in the same manner, if the pavements a r e of the same design and exist m the same 
environment. 

Before stating the fifth assumption, cer tam implications of the f i r s t four w i l l be 
i l lustrated by applymg them to the graphical solution of a problem involving mixed 
traf f ic of a part icularly s imple kind. The problem may be stated as follows: 

Two test pavements, designated Pavements 1 and 2, respectively, exist m the 
same environment and are of the same design. Pavement 1 has been extensively tested 
under an axle load, X , and Pavement 2 under an axle load, Y . Measurements of a c ­
cumulated damage, g, have been made on both pavements at frequent mtervals , and a 
curve of accumulated damage versus axle applications has been plotted for each 
pavement, as indicated by the sol id lines in F igure 1. 

A new pavement, designated as Pavement 3, i s to be subjected to 1,000,000 appl i ­
cations of l oadX, followed by 1,000, 000 applications of load Y . Pavement 3 i s of the 
same design as Pavements 1 and 2, and exists m the same environment. Two ques­
tions bearmg on the performance of Pavement 3 are to be answered by the use of the 
assumptions; namely, (a) how may a curve of g versus axle applications be plotted 
for Pavement 3, short of actually measurmg the accumulated damage, and (b) what is 
the accumulated damage of Pavement 3 after the 2,000,^000 appl icat ions? 

F o r the f i r s t 1, 000, 000 applications, the required curve tracks the curve for Pave ­
ment 1, ending at pomt A (see Figure 1). F r o m point A it para l le l s segment U V of the 
curve for Pavement 2 for the next 1, 000,000 applications (AU and B V being para l l e l 
to the applications ax i s ) , and terminates at point B . The required curve is O A B and 
the accumulated damage is the g coordinate of pomt B . A comparison with the assump­
tions previously stated w i l l show that the procedure followed m a r r i v m g at these 
answers i s consistent with the assumptions. 

But if the loads X and Y had been applied to Pavement 3 ui the r e v e r s e order, 
curve O A ' B ' of F igure 1 would have resulted, and the total accumulated damage would 
have been the g corrdinate of pomt B ' mstead of B as m the previous case . It can be 
seen at once that both the shape and the t e r m m a l point of the damage-application curve 
for Pavement 3 depend upon the order in which the two loads are applied. 

If, on the other hand, the curves of Pavements 1 and 2 had been straight Imes , as 
shown in Figure 2, the curve for Pavement 3 would have been the connected Ime seg­
ments, O A B , if load X had been applied f i r s t , or O A ' B , if load Y had been applied 

1 2 3 4 
Axle applications ~ millions millions 

I 2 
Axle applications 

Figure 1. Accumulated damage as a curvi­
linear function of axle applications. 

Figure 2. Accmulated damage as a linear 
function of axle applications. 



41 

f i r s t . F o r this case, then, the shape, but not the terminal point, of the damage-appli­
cation curve depends upon the order in which the loads are applied. 

One IS forced to the intuitive conclusion that a complete and unique answer to a 
mixed-traff ic problem cannot be obtained by a technique based on the f i r s t four assump­
tions alone; in addition, the order of application of the loads must be known or assumed. 
Rather than make such an assumption in solvmg pract i ca l problems, the issue is 
avoided by assuming, mstead, that the traf f ic i s wel l mixed. T h i s , the fifth and last 
assumption may be stated as follows: 

5. Whenever a pavement i s subjected to more than one weight and/or type (single 
or tandem) of axle load, it i s assumed that a representative sample of this traf f ic 
passes a f ixed point in the pavement within a period of t ime so short, when compared 
to the life of the pavement, that this period may be treated as a differential quantity 
without excessive e r r o r , and the traf f ic i s sa id to be "well mixed." 

If the traf f ic applied to Pavement 3 had been wel l mixed, for the s traight-Ime 
case i l lustrated in F igure 2 it can be shown that the curve of g versus applications for 
this pavement would have been the straight Ime O B . F o r a solution to the curved line 
case shown in F igure 1, it i s necessary to turn to the calculus (see Part I I ) . 

A l l f ive assumptions may be summarized in a smgle equation which has proved to 
be useful m the development of the mixed-traff ic theory. The equation is stated as: 

The rate of change of accumulated damage, g, with respect to applications of 
an axle of a given weight and type = a mathematical function of pavement de­
sign, environment, axle weight, axle type, and g (1) 

A s w i l l be shown later, any Road Tes t smgle-Ioad equation can be reduced to the 
spec ia l differential f o r m previously given. Given this differential relationship, de­
velopment of the corresponding multiload equation is a matter of s traight-forward 
mathematics (see P a r t II) which i s deferred for the present, to pass , instead, directly 
to a discussion of the treatment of prac t i ca l problems. 

P R E S E N T S E R V I C E A B I L I T Y I N D E X 

A measure of pavement condition being extensively used at the AASHO Road Tes t i s 
the present serviceabi l i ty mdex, developed by the Road Tes t staff. T h i s mdex has 
been described in detail e lsewhere (1_). F o r present purposes it is sufficient to report 
that its.value depends p r i m a r i l y upon the relat ive smoothness of the pavement, and to 
a l e s ser extent upon the amount of vis ible damage — crackmg, patching and rutting — 
present in the pavement. The mdex var ies between a minimum value of zero for a 
very rough, badly damaged pavement to a maximum value of f ive for a perfectly 
smooth pavement with no vis ible damage. 

The serviceabi l i ty index, together with the design and load factors , w i l l be the 
variables m the Road Tes t smgle-load equations now in the process of being derived. 
Some function of the serviceabi l i ty mdex w i l l be used as the measure of accumulated 
damages, g, required by the mixed-traff ic theory, as i l lustrated m the foUowmg 
section. 

A H Y P O T H E T I C A L S I N G L E - L O A D E Q U A T I O N 

A hypothetical s ingle-load equation applymg to r ig id pavement is given here, and 
its multiload version in the next section. These examples are given to i l lustrate , in 
one speci f ic mstance at least, the resul t of applymg the mixed-traff ic theory. The 
equations should not be construed as ref lect ing the resul ts of the AASHO Road T e s t . 

The single-load equation i s 

n = lO^g (2) 

m which n is the number of applications of an axle load of a specif ied type (single or 
tandem) and specif ied weight required to reduce the serviceabi l i ty mdex of a given 
pavement from an mit ia l value, P Q , to the value P; the accumulated damage, g, i s 
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given by 

g = logw (1 + Po - P) (3) 

and f represents a function of s lab thickness and axle load, and has separate forms for 
single and tandem axles . F o r smgle axles , 

f = 7.0 + 0. 5D - 0. B N / L T (4a) 

and for tandem axles , 

f = 7 . 0 + 0 . 5 D - 0 . 7 v / i r (4b) 

In E q s . 4a and 4b, D i s the s lab thickness in inches and L is the axle load in kips . 

C O R R E S P O N D I N G M U L T I L O A D E Q U A T I O N 

Before writing the multiload version of the foregoing single-load equation ( E q . 2), 
it i s necessary to provide an appropriate mechanism for character iz ing the tra f f i c . 
Accordingly, the following rules applymg to the counting of tandem axles and steering 
axles a r e observed. 

Tandem axles: The two c lose ly-spaced axles forming a tandem unit a r e counted as 
a unit, and a tandem axle load i s understood to be the total load c a r r i e d by the two 
axles making up the unit. 

Steermg axles: Steering axles are counted on passenger c a r s , p ick-ups, panel-
bodied trucks , buses and empty trucks , but not on loaded trucks . 

Except for those steering axles excluded under the ru le s , a l l the axles applied daily 
to one lane of a highway are divided mto a specified number of categories, with each 
category containing a specified number of axles a l l of the same type (single or tandem) 
and approximately of the same weight. 

Table 1 is an abbreviated example of such a subdivision of t ra f f i c . Here each cate­
gory I S given a sequential number, i , and it i s presumed that every axle in the category 
can be represented by a specif ied load, L . The symbol, C , represents the proportion 
of a l l axles occurring in the ith category.^ The total number^of categories i s represented 
by k and the number of s ingle-axle categories by k'. 

T A B L E 1 

' F I C P A R A 

(F igures apply to one lane) 

E X A M P L E O F T H E T R A F F I C P A R A M E T E R S , L . , C . , k' and k 

Axle Category Load, No. Axles 
Type No. , 1 L . (kips) per Day C^ 

Single 1 6 300 0.30 
2 12 180 0.18 
3=k' 18 110 0.11 

Tandem 4 24 230 0.23 
5=k 32 180 0.18 

Total 1,000 1.00 

With these defmitions established and by application of the theory described in 
P a r t I I , the multiload equation may be written as follows: 

N-iel!E (5) 
^ A + B 
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in which g is defined by Eq. 3 
h = 7 . 0 + 0 . 5 D ^ (6) 

k' 
E 
1=1 

k 

A = E C . 1 0 ° - « ^ (7) 

B = E c ioO -^v^ (8) 
i=k'+l ^ 

and N represents the total number of applications of axles of all types and weights (ex­
cepting those steering axles excluded under the rules) required to reduce the present 
serviceability index from Pg to P. 

APPLICATION TO DESIGN OF PAVEMENTS 
An illustration of the use of a multiload equation in pavement design is as follows: 
Suppose that it is desired to compute, from Eq. 5, the thickness of concrete pave­

ment required to carry the traffic given in Table 1 for a period of 20 years, the ser­
viceability index meanwhile being permitted to drop from an initial value of 4. 5 to a 
value of 2 . 5 (It being beyond the scope of this paper to discuss the effect of changes in 
environment or materials on pavement behavior, it is assumed that this pavement is 
to be constructed in the same environment and of the same materials as those existing 
at the Road Test.) 

The computation is made as follows: 
g = log (1 + PQ - P) = log (1 + 4 . 5 - 2 . 5) = 0 .47712 

N = 20 years x 365 days x 1,000 = 7.3 x lO' appl. 
A = 0 . 3 0 X IQO- « ^ . 0 . 1 8 X 10°- « ^ . 0 . 1 1 x lO^' - 406 

B = 0 .23 X loO- ^ 0 . 1 8 X loO- = 2 ,259 

7 . 3 X 10 - ^ 6 + 2259^' ' 

Solving for h, and then for D (Eq. 6) , one^obtains D = 7.2 in. 

LIMITATIONS ON APPUCATION 
The general limitations on the application of AASHO Road Test smgle-load equations 

to pavement design have been discussed elsewhere (2). It need be added here only that 
these limitations apply also to the corresponding multiload equations. An additional 
limitation on the latter stems from the fact that they cannot be obtamed directly from 
AASHO Road Test data, but arise instead from the mdirect use of these data in the 
mathematical theory described in Part n . Thus predictions from the multiload equa­
tions can be checked directly only by comparmg them with the observed behavior of 
highways subjected to mixed traffic of known composition. 

Nevertheless, it is well known that practicing engineers fmd ways of overcommg 
the limitations both of theories and experiments and are able to turn the findings from 
both to practical advantage. Perhaps such wi l l be the case in the present mstance. 

/ / . Mixed Traffic Theory 
GENERAL MULTILOAD EQUATION 

Consider a highway of design D, where D is some function of the pavement design 
parameters such as surface thickness, base thickness, etc. The design, materials 
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and environment are similar to those at the AASHO Road Test. The highway is sub­
jected to mixed traffic. 

The daily traffic in a selected lane of the highway is characterized by the parameters 
k, k', L i and Ci, defined m Part I under "Corresponding Multiload Equation." It is 
assumed that these parameters do not change with time; i . e., the traffic is well mixed. 

Let N be the number of axles of all weights and types which have passed a fixed 
pomt in the lane from time t = O (taken as the time the highway was f i rs t opened to 
traffic) to time t = t i . Let P be the present serviceability index at time t = t i . 

Let g(P) be any function, g, of P, continuous in the mterval 0<P<Po, where Po is 
the initial value of P (i . e., P = PQ when N = O). As before, it is assumed that g is a 
measure of damage accumulated under traffic and therefore can be expressed as a 
function of the traffic passmg over the pavement in the interval, t = O to t = t i , and of 
the pavement design D, as follows: 

g = a function of the variables N i , N2, . . . , Nj, . . . , Nk, 
and the constants Lx, L 2 , . . . , L^ . . . , Lj^ , and D, (9) 

where Ni = CiN, N2 = C2N, . . . , Ni = CiN, . . . , Nj^ = C^N, and is the number of axles in 
in the ith category which have passed a fixed point in the lane from time t = O to t = t i . 

In the interval t = t i to t = t i + dt, there is a change, dg, in g, given by 

Because Ni = CiN, it follows that dNi = CidN. Substitution of CidN for dNi in the 
ith term of Eq. 10, gives ^ 

dg = ECill^-dN (11) 
1 

According to the differential equation given in Part I (Eq. 1), each partial derivative, 
ag/SNi, appearmg in Eq. 11 can be expressed as a function of L i , D and g. Let this 
function be Yi . Then 

1^ = Yi = a function of the constants L j and D, and the variable g (12) 

It follows from Eq. 12 that the variables g and N of Eq. 11 can be separated. 
Consequently, 

constant of mtegration (13) 

in which each Yi is to be derived from the appropriate Road Test smgle-load equation, 
and the constant of mtegration is to be found from the initial condition that P = PQ 
when N = O. 

DERIVATION OF THE RATE FUNCTION, Yi 
Either of the Road Test smgle-load equations now bemg derived can be expressed 

in the general form: 
ni = X(Li, D, g) (14) 

in which X(Li, D, g) is a function, X, of L i , D and g and n^ is the number of applica­
tions of the axle load, L i , required to reduce the serviceability index of a pavement 
of design, D, from Po to P. The function Y of L i , D and g is defined as 

Y(Li, D, g ) = | f ^ (15) 
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in which L i and D are regarded as constants. Then 

or, in a briefer notation, 
Yi = 1 (16b) 

in which Yi = Y(Li, D, g) and X j = X(Li, D, g). 
Thus the rate function, Yi , appearing in the multiload equation (Eq. 13) may be 

readily obtained by differentiating the appropriate single-load equation with respect to 
g, and inverting the result, as indicated in Eq. 16b. 

MULTILOAD EQUATION FOR SINGLE AND TANDEM AXLES 
For a given pavement type (flexible or rigid) there wi l l be two forms of the function 

X, say X' for single and X" for tandem axles. Derived from these there wi l l also be 
two forms of the function Y, say Y' for smgle and Y" for tandem axles. In terms of 
Y'andY", EOL 13 becomes 

^ = A ^ ^ i ; (17) 

in which the functions g, Yi and Y"i are to be taken from the appropriate Road Test 
single-load equation. 

AN APPLICATION 
As an illustration the transformation procedure is applied to the hypothetical single-

load equation for portland cement concrete pavement given in Part I and repeated here 
in a slightly different notation. ^ 

ni = 10 ^g (18) 
in which g is defined by Eq. 3 and n^ is the number of applications of an axle load, L i , 
required to reduce the serviceability index of a pavement of thickness D from an initial 
value PQ to the value P. For single axles, 

f i = 7.0 + 0.5D - C S ^ L i (19a) 
and for tandem axles, 

f i = 7.0 + 0.5D - 0.7V/LI (19b) 
L i is expressed in kips, and D In inches. According to Eq. 16b and 18, 

Yi=10"* i (20) 
It follows from the defmition of Y' and Y", and from the two forms of the function f, 

that 
Yi = 10-(7.0 + 0.5D - O.SvTi)" (21) 

and 

Yi' = 10 -(7.0 + 0. 5D - 0. iVfli). (22) 

Noting that Y[ and Yi' are here independent of the variable g, one arrives at 
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N -h ^ ^ - Y ^ = P (2^^ 
5̂  CiYi + 23 CxYi' ^ CiY[ + 1 
1 k'+ 1 1 k' + 1 

by performing the integration indicated by the general multiload equation for single 
and tandem axles. 

•niat the constant of integration is zero follows from the condition that N and g are 
both zero when P = PQ; for, when P = Po, N is zero by defmition and g = logio(l + PQ 
- Po) = 0. , „ 

When the expressions for Yj and Y^'given in Eqs. 21 and 22 are substituted in Eq. 
23, the result is the multiload equation (Eq, 5) already given m Part I . 

The task of finding the multiload transform of Eq. 18 was made easier by the fact 
that ni was linear m the damage function, g; thus, the integration of the general multi-
load equation offered no difficulty. On the other hand, it seems possible at the present 
writing that the fmal form of the Road Test single-load equations may not be linear in 
the damage function. In this event it may be necessary to employ some numerical 
technique m the mtegration of the general multiload equation. 
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Skid Studies at the AASHO Road Test 
REX C. LEATHERS, Engineer of Special Assignments, AASHO Road Test, Highway 
Research Board, and R.IAN KINGHAM, Official Observer (AASHO Road Test) for the 
Canadian Good Roads Association 

A series of six studies conducted periodically 
throughout the traffic testing period on the 
AASHO Road Test offered the opportunity to 
relate the effect of a number of variables on 
skiddmg resistance. The design of the skid 
resistance experiment and the controlled fea­
tures of the test road made possible the iso­
lation of these variables. 

Various plots, diagrams and charts show 
the effect on the coefficients of friction of 
number of load applications, magnitude of 
load, number and spacmg of axles, pavement 
design, and speed of the testing equipment. 
Certain seasonal -or weather effects are also 
indicated. 

# STUDIES of the resistance to skiddmg of wet and dry flexible-and rigid-type pave­
ments of known design and traffic treatment were conducted at the AASHO Road Test 
in connection with the primary research. 

The five traffic loops, each carrying a selected single- and tandem-axle load in the 
inner and outer lanes, respectively, were made up of test sections of variable design 
thicknesses for both the flexible and rigid pavements. 

Design variables for the flexible pavement sections were subbase thickness, base 
base thickness, and surfacmg thickness; those for the rigid pavement sections were 
subbase thickness, surfacing thickness, and surfacing reinforcement. Al l materials, 
mix designs, and construction procedures were identical for all test sections. 

The uniformly constructed test facility and the controlled test traffic operations 
offered a unique opportunity to observe the effects of the axle load and arrangement 
(single or tandem), axle load applications, pavement design and skid test vehicle 
speed on the skid resistance of the pavement surface. 

The experiment included 80 test sections of different design. Sixteen sections, 
eight in each traffic lane, were selected from each of the five test loops. Six series 
of tests are reported m this paper. The first was completed prior to any traffic opera­
tions and the sixth after more than 1,000,000 loaded axle applications. 

The main part of this report is a general discussion of the experiment and the ob­
servations. The details of the experiment are included m the appendix. The test 
data may be obtamed in tabular form from the Highway Resarch Board at the cost of 
reproduction (AASHO Road Test Data System 4340). 

THE EXPERIMENT 
Five controlled variables were selected for evaluation in this experiment. They 

were pavement design, axle load and arrangement (Tables 1 and 2), speed of the skid 
test equipment, pavement surface condition, and load applications. An outline of the 
f i rs t three variables is given in Tables 1 and 2. 

In addition to the main experiment, a partial study of the effect of the condition of 
the pavement surface (wet or dry) was included. Al l of the sections noted in Tables 1 
and 2 were tested in the wet surface study, but only selected sections were mcluded 
in the dry surface study. 

U7 
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T A B L E 1 

OUTLINE OF SKID STUDY^, F L E X I B L E PAVEMENTS 

Axle Sub- 2-Inch Surface 3-Inch Surface 4- Inch Surface 5-Inch Surface 6-Inch Surface 
Load' ' base 3-In. 6-In. 3-In. 6-In. 3-In 6-In. 9 - I n e- in 9 - In . 3-In. 6-In. 9-In 
(k lBS) (in ) Base Base Base Base Base Base I lase Base Base Base Base Base Base 

2KS 0 X X X X _ _ _ _ _ _ _ 

4 X X X X - - - - - - - -
exs 0 X X X X - - - - - - - -

4 X X X X - - - - - - - -12KS 4 - - X X X X - - - - - -
8 - - X X X X - - - - - -24KT 4 - - X X X X - - - - - -
8 - - X X X X - - - - - -

18K5 8 - - - X X - X X - - -
12 - - - X X - X X - - -

32 KT 8 - - - X X - X X - - -
12 - - 1 _ X >x - X X - - -

22.4KS 8 - - - - X X - X X - -
12 - - - - X X - X X - -

40KT 8 - - - - X X - X X - -
12 - - - - X X - X X - -

30KS 12 - - - - - ~ - X X X X 
16 - - - - - - - X X X X 

48in' 12 - - - - - - X X X X 
16 - - - - - - - X 2 X X 

a i oectlonB t e s t e d at 30 mph, underline sections a t 10, 30, and 50 mph. 
"S . s i n g l e a x l e , T = tanddn a x l e . 

T A B L E 2 

Axle Sub- 3. 5-In Surface 5 0 - In . Surface 6 .5- In Surface 8 .0 - In . Surface 9 . 5 - I n . Surface 11 .0- In . Surface 
Loadb base Non- Non- Non- Non- Non- Non-
(kips) ( In . ) Reinf. Reinf Reinf Relnf. Reinf Relnf. Relnf. Relnf. Relnf. Relnf. Relnf. Reinf. 

2KS 3 X X X X - - - - - - - -
6 X X X X - - - - - - - -

6KS 3 X X X X - - - - - - - -
6 X X X X - - - - - - - -

12 KS 3 - - X X X X - - - - - -
6 - - X X X X - - - - - -

24KT 3 - - X X X X - - - - - -
6 - - X X X X - - - - - -

18KS 3 - - - - X X X X - - - -
6 - - - - X X X X - - - -

32 KT 3 - - - - X X X X - - - -
6 - - - - X X X X - - - -

22.4K5 3 - - - - - - X X X X 
6 - - - - - - X X X X - -

40KT 3 - - - - - - X ^ X X X - -
6 - - - - - - X X S. - -

30KS 3 - - - - - - - X X X X 
6 - - - - - - - - X X X X 

48KT 3 - - - - - - - - X X X X 
6 - - - - - - - - X X X X 

*Aia sections t e s t e d a t 30 mph, underlined sections a t 10, 30, and 50 mph. 
o single a x l e , T ° tandem a x l e . 

Design variables for the rigid pavement sections included two levels of surfacmg 
and subbase thickness for each axle load and arrangement. To insure a reasonably 
balanced experiment for the duration of the Road Test the higher levels of design for 
each axle load were selected for study. The possible effect of the joint spacing was 
observed by the inclusion of both reinforced and plain concrete sections. Transverse 
contraction joints, formed by sawing, were spaced at 40 f t in reinforced sections and 
15 f t in nonreinforced sections. 

Similarly, the design variables for the flexible pavement sections mcludedtwo highest 
levels of surfacing, base and subbase thickness for each axle load and arrangement. 

The possible effect of the speed of the skid test vehicle was investigated in a partial 
study. A l l sections given in Tables 1 and 2 were included in the main experiment at 
30 mph. In addition, those underlmed were tested at 10 and 50 mph. 

The most pronounced effect on the skid resistance coefficients was anticipated to be 
as a result of the accumulation of load applications. To determme this possible effect, 
the six series of tests were scheduled at fairly regular mtervals durmg the test 
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TABLE 3 
HISTORY OF AXLE APPLICATIONS 

Series Date 
Accum. Axle 
Applications 

1 FaU 1958 0 
2 Spring 1959 108,000 
3 Summer 1959 232,000 
4 Spring 1960 586,000 
5 Summer 1960 851,000 
6 Fall 1960 1.101.000 

traffic phase of the Road Test. The date of each series and the accumulated axle 
applications are given in Table 3. 

A total of 6 single- and four tandem-
axle loads was selected. The pavement 
designs for the single-axle loads of 2, 
6,12,18,22.4 and 30 kips and for the 
tandem-axle loads of 24, 32, 40 and 
48 kips are given in Tables 1 and 2. 

Other variables in the test could 
be classified as uncontrolled. Of 
these the most important appeared to 
be the environmental conditions. A-
mong the environmental conditions 
measured independently were the air 
temperature, pavement temperature, 
and the rainfall preceding the test 
series. Air temperature varied be­
tween 36 and 94 F, pavement temp­

erature between 37 and 123 F, and the two-week rainfall prior to the test series varied 
from 0.36 to 1.77 in. 

The dry surface studies were run in three series of tests. The sections selected 
for this study were those chosen for the special speed study and were in traffic lanes 
carrying vehicles with axle loads of 22.4 kips single and 40 kips tandem. 

The mix designs, method of placement and finishing techniques of the surfacing 
courses, either asphaltic or portland cement concrete, were essentially the same 
throughout the Road Test. Figure 1 is a typical example of the surface texture of the 
two pavement types at the start of test traffic. 

The General Motors skid trailer (Fig. 2) was used in all test series of the skid 
study. The skid resistance is described by the coefficient of friction and is computed 
from the known characteristics of the testing equipment and the measured force re­
quired to pull the trailer with the wheels locked (1̂ ). 

TEST RESULTS 
Despite rigid inspection of the finishing operations for both types of pavements, 

substantial differences were noted in the coefficients of friction before the start of test 
traffic. Values of the coefficients of friction for the flexible pavement sections ranged 
from 0.76 for those designed for the 2- and 6-kip single-axle loads to 0.67 for those 
designed for the 40-kip tandem-axle loads. For the rigid pavement sections the range 
was from 0.70 for those designed for the 2- and 6-klp single-axle loads to 0.60 for 
those designed for the 22.4- and 30-kip single-axle loads. Thus, the initial coeffi­
cients of friction for both rigid and flexible pavements were higher for those sections 
designed for the 2- and 6-kip single-axle load sections. An explanation of this might 
be in the lighter Iroller weights used on the thinner designs for the flexible sections 
and in the stiffness of the mix required for the rigid sections. 

Standard deviations of the mean coefficients of friction for the first series were 
0.030 for all flexible pavement sections and 0.050 for all rigid pavement sections. 
The initial variations between the pavements for each load were observed throughout 
the testing period. However, variations within sections for the same load were reduced 
considerably with each series of tests. Standard deviations for the last series of tests 
were 0.020 for all flexible pavement sections and 0.025 for all rigid pavement sections. 
The test indicated the replication error of the testing equipment was within 0.020 units. 

Effect of Pavement Design 
The design variable was investigated because of the belief that the increasing rough­

ness of the thinner pavement designs might introduce an increase in the coefficients of 
friction. With reference to Tables 1 and 2, the range of design thicknesses incorporated 
within this experiment is from 5 to 31 mches for the flexible pavement sections and 
from 6. 5 to 17.0 inches for the rigid pavement sections. 
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Figure 1. Typical example of surface texture of ( l e f t ) asphaltic concrete and ( r i g h t ) 
Portland cement concrete a t s t a r t of t e s t t r a f f i c . 

Table 4 allows comparison of mean coefficients of friction for wet pavements a-
cross the various design levels. Comparisons can be made to examine the effect of 
surfacing, base and subbase thicknesses and the effect of joint spacing in the portland 
cement concrete on the coefficients of friction. Results from the six test series were 
combined to develop these means. 

For example, the greatest difference between the coefficients for the effect of the 
concrete reinforcement or joint spacing is 0.01 units. This difference, occurring in 
all loops, is well within the replication error of the experiment and cannot be con­
sidered significant. 

Similar comparisons of the effect of the design variables on the coefficients of 
friction indicated quite clearly that, within the limits of the study, pavement design 
has no significant effect on the resistance to skid. 

Effect of Axle Load and Arrangement 
The effect of axle load and axle arrangement (single or tandem) on the pavement 

surface wear is shown in Figures 3 and 4. The reduction of the coefficient of friction 
is plotted against wheel load with the reduction plotted upwards, indicating a decrease 
in the coefficient. Each plotted point is the mean of 48 tests, six series on the eight 
sections for each load. There appears to be a clear distinction between the single-
axle loads and tandem-axle loads, the tandem-axle loads causing a greater reduction 
in the coefficients of friction. 

Figure 2. General. Motors skid t r a i l e r . 
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There is little indication of any over-all trend that would suggest a reduction of the 
coefficient of friction due to an increase in load in the lighter axle loadmgs. However, 
there is a slight indication that this may be true for the heavier axle loadings. For 
both the flexible and rigid pavements a greater reduction of the coefficient of friction 
was experienced with the 30-kip single- and 48-kip tandem-axle loads than for the 22.4-
kip smgle- and 40-kip tandem-axle loads. 

The high reduction m the coefficient of friction for test sections designed for the 
3-kip wheel load suggests a possible effect of the front axle. The only axle loads 
counted as axle load applications were those with the selected load. To keep the rate 
of selected load applications the same for pick-up trucks and tractor-trailer combina­
tions, it was necessary to have double the number of vehicle trips carrymg the 3-
kip wheel load. The greater number of uncounted steering axles may account for the 
high reduction in the coefficient of friction. 
Effect of Test Vehicle Speed 

Figures 5 and 6 show the effect of the speed of the testing vehicle on the coefficient 
of friction measured on wet pavements. In each figure, the curves show, along with 
the mean relationships for all series of tests, the relationships when the test sections 
were newly constructed and at the end of the traffic testing period. 

For each test series the results of the measurements on the 2-kip and 6-kip single-
axle load sections were deleted because of incomplete data. Thus a point on the curve 
is the mean of 32 tests—four tests for each of the remainmg loads. A point on the 
curve for all test series is the mean of 192 tests—four tests for each of the remaining 
loads for each series. 

For all tests on wet pavements the measured coefficient of friction was substantially 
reduced with an increase in speed of 20 mph. The relationship appears to be curvilinear 
within the range of the test data. For tests on dry pavements the speed of the testing 
equipment had very little effect. 

Dillard and Allen (2) have shown that for an excellent pavement the coefficient of 
friction was only slightly affected by the speed of the testing equipment, whereas for 
a poor pavement there was a substantial reduction. The curves for test series 1 and 
6 (Fig. 5 and 6) clearly indicate that the condition of the pavements on the Road Test 
had little effect on the influence of the speed of the test vehicle. 

Effectof^Pavement Surface Condition 
Figures 7 and 8 for the rigid and flexible pavement surfaces, respectively, show 

the effect of pavement surface conditions (wet or dry) on the coefficient of friction. 
Each point is the mean of four coefficients of friction of four test sections. 

Dry tests show to a marked degree an increase in the coefficient for both pavement 
types. The over-all trend of the dry surface coefficient of friction is a decrease with 
the increasing load applications. Differences between axle loads and axle arrange­
ments do not appear to influence the coefficient within the range of the tests. Also 
the seasonal variations do not appear to have any significant effect on the dry surface 
condition coefficients. 

Effect of Axle Load Applications 
With a range of loaded axle applications from 0 to 1,100,000 for all loads, the in­

fluence of the number of applications on the coefficient of friction was expected to be 
the most significant finding of this experiment. 

As mentioned previously (see Table 3), the six test series were conducted as 
nearly as possible at regular intervals throughout the test traffic phase of the Road 
Test. 

A typical set of data representing the change in coefficient of friction at 30 mph 
with increasmg load applications for the 22,4-kip single-axle load is shown in Figure 
9, 

The over-all trend of the data is a decrease in the coefficient of friction with an in-
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crease in axle applications. However, the coefficients show an increase for two periods: 
from the summer 1959 test series to the sprmg 1960 test series, and from the summer 
1960 to the fal l 1960 test series. 
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Figure 3. Influence of vbeel load on r i g ­
i d pavement coefficient of f r i c t i o n . 
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The f i rs t increase may be attributed 
to the influence of the freeze-and-thaw 
cycles and the scouring of the pavement 
surface by heavy rainfall immediately 
prior to the tests. The second mcrease 
could be associated with rainfall before 
the latter test series, which reduced the 
accumulation of dust and oil slicks on 
the pavement surface. Furthermore, 
the heavy rainfall prior to the summer 
1959 tests may have reduced the dust and 
oil slick on the pavement surface, result­
ing in a higher coefficient of friction than 
one would normally expect. The scour­
ing effect of heavy rainfall would appear, 
therefore, to have a significant effect on 
the coefficient of friction. Table 5 gives 
the rainfall accumulation for the two-
week period precedmg each test series. 

Other weather phenomena recorded durmg the test series are also given in Table 5. 
No apparent effect of these phenomena was observed, but further investigation of 
possible interactions may show some influence on the coefficient of friction. 

^ 0.50 

o 0.40 

Figure 

0 4 8 
Axle applications x 10 ' 

9. Influence of axle applications 
on coefficient of f r i c t i o n . 

TABLE 4 
MEAN COEFFICIENT OF FRICTION FOR VARIOUS COMBINATIONS^ OF 

PAVEMENT DESIGN AND LOApb 
Axle Load 

Design 12 KS 18KS 22.4KS 30KS 
Feature 2-6KS 24KT 32KT 40KT 48KT 

Rigid pavement: 
Reinforced 0.57 0.50 0.52 0.50 0.46 
Nonreinforced 0.56 0.49 0.53 0.50 0.47 
Surface thickness: 

Second level 0.57 0.49 0.53 0.50 0.46 
Third level 0.57 0.51 0.52 0.50 0.47 

Subbase thickness: 
3 in. 0.57 0.51 0.53 0.49 0.47 
6 m. 0. 57 0.49 0.52 0.50 0. 46 

Flexible pavement: 
Surface thickness: 

First level 0.62 0.56 0.56 0.54 0. 50 
Second level 0.62 0.53 0.55 0.54 0:47 

Base thickness: if 

First level 0.62 0.53 0. 56 0.54 0.49 
Second level 0.62 0.56 0.56 0.55 0.48 

f l e x i b l e subbase values not shown—incomplete study. 
A l l values are the mean of six series of tests except those for the 12-kip single- and 

24-kip temdem-axle loads, which were the mean of four series. 
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TABLE 5 
RECORDED WEATHER PHENOMENA 

Rainfall, Temperature Range (°F) 
csoricQ Weeks Preceding 

Air Rigid Pvt. Flexible Pvt. 
1 1.22 80--47 84- 55 73--91 
2 1.77 86--45 102-45 107--46 
3 1.63 94--73 113-78 123--84 
4 0.53 63-•36 63- 37 65--37 
5 0.36 88--65 119-80 117--81 
6 0.79 60--37 62-40 67--39 

SUMMARY 
In the research investigation reported here, the unique characteristics of the de­

sign, construction and treatment of the test sections on the AASHO Road Test pre­
sented an opportunity to evaluate certain controlled variables fully. 

From the observations made previously in this report, the following briefly sum­
marizes the effect of the variables on the coefficient of friction: 

1. The coefficients of friction remained reasonably constant throughout the entire 
range of design thicknesses selected for study. However, this observation is limited, 
because the pavements selected for skid testing represented the thicker designs in 
each loop. 

2. The coefficients of friction of pavement sections exposed to tandem-axle loads 
were considerably less than those for pavement sections exposed to single-axle loads. 
There appeared to be little effect of axle load on the coefficients of friction, except 
possibly for the increases observed with the heavier loads m the experiment. 

3. A pronounced effect of the test vehicle speed on the coefficients of friction 
measured on wet pavements was noted in all test series. Pavement conditions from 
very good to fair did not appear to influence the relationship. 

4. The findings of the surface condition study were as predicted. The coefficients 
of friction for the wet surface condition were in all instances considerably lower than 
the coefficients for the dry surface conditions. 

The influence of axle load, axle arrangement, test vehicle speed and pavement de­
sign was not significant in the dry surface study; however, a general downward trend 
in the coefficients of friction was noted when related to the number of axle applica­
tions. 

5. The most pronounced influence on the coefficients of friction was noted when 
viewed with the number of axle applications. This relationship, however, is affected 
by certain environmental factors. Careful observation of the phenomena contributing 
to the seasonal vairations allows for an explanation of the deviations from the down­
ward trend. 
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Appendix 
DETAILS OF THE EXPERIMENT 

Measurement of Coefficient of Friction 
The coefficient of friction is defined in this report as the ratio of the horizontal 

force required to pull the trailer at a constant speed with the wheels locked to the ver­
tical reaction at the wheels. The vertical reaction is determined by subtracting from 
the static weight on the trailer wheels the force exerted by a couple produced by the 
force in the drawbar and the wheel friction. Thus, by measuring the drawbar force the 
coefficient of friction may be determined. The General Motors skid trailer is de­
signed to measure this force. 

Materials Specification and Fmishmg Techniques 
Portland Cement Concrete. Two coarse aggregates and one sand were blended to­

gether for the Portland cement concrete. Both the coarse aggregate and the sand were 
obtained near the project site: the aggregate was predominantly dolomite and the 
sand was mostly siliceous. 

The two coarse aggregates had maximum sizes of 2/4 in. and \% m. and the sand 
had a fineness modulus of 2.90, The sieve analysis for the coarse aggregates and 
sand are given in Table 6; the lithological analysis for the coarse aggregates, in 
Table 7. Type 1 Portland cement was supplied by one manufacturer from one con­
tinuous grinding and burning operation. 

The design characteristics of the portland cement concrete are given in Table 8. 
Mean 14-day compressive strengths for concrete containing the 2% in. and 1% in. 
maximum size aggregates were 3,966 and 4,004 psi, respectively. Mean 14-day 
flexural strengths for concrete containing the 2% m. and 1/4 in. maximum size ag­
gregates are 636 and 668 psi, the means of 394 and 67 tests, respectively. 

The Portland cement concrete was finished by the non-vibratory method. After the 
concrete had been deposited and spread between the forms, it was accurately struck 
off, screeded and consolidated with at least two passes of a non-vibrating finishing 
machine. It was further smoothed and consolidated by a mechanical longitudmal float. 
The floating operation was continued until the surface of the concrete was smooth, and 
at the proper crowiVand grade. 

The surface was checked with a 10-ft straightedge; when most of the water sheen 
had disappeared, it was belted with one application of a mechanical belt. This was 
followed by edging, and fmal fmish was obtained with two passes of a double thickness 
burlap drag. 

Immediately after the finished concrete had attamed sufficient set it was covered 
with two layers of burlap, which was saturated with water and kept wet until moved. 
The morning following the placement of the concrete, the forms and burlap were 
removed and the surface and edges of the pavement were covered with a layer of clean 
straw. The straw was then saturated with water, attaining a wet thickness of approxi­
mately 8-in,, and was kept wet for the f i rs t three days. It was thoroughly wet down 
on the morning of the fourth day and remained in place until after test beams indicated 
that the concrete had attained a flexural strength of at least 500 psi. 

Asphaltic Concrete, Surface Course. The coarse aggregate was predominantly crushed 
dolomitic limestone from near the project site. The maximum size for the surfacing 
course was in. Two sands, coarse and fine, were blended together for the fine 
aggregate to a specified fineness modulus of 2,35, The grain size analysis and per­
cent of asphalt for the 96 extraction tests on surface course material is given in 
Table 9. 
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TABLE 6 
SUMMARY OF GRADATION TESTS ON PCC AGGREGATES 

Gradation Mean Percent 
Sieve Formula of Material Standard 
Size Tolerances Passmg Deviation 

(a) Coarse Aggregate Size A (170 Tests) 

2/4 in. 100 100 _ 

2 in. 90-100 96.3 3.45 
\% in. 62^7 63.5 6.11 
1 in. ioi5 10.6 3.18 
% in. 0-5 3.8 2.14 

(b) Coarse Aggregate Size B (171 Tests) 
\% in. 100 100 _ 

1 in. 90-100 94.1 1.30 
% in. 38^5 37.9 1.65 
No. 4 0-10 1.5 0.78 

(c) PCC Sand (80 Tests) 
% in. 100 100 _ 

No. 4 95-100 99.0 0.97 
No. 8 85^5 84.1 1.55 
No. 16 67-4 67.0 1.83 
No. 30 46^4 45.4 1.51 
No. 50 13t3 12.3 0.73 
No. 100 3^2 2.7 0.46 

TABLE 7 
LITHOLOGICAL ANALYSIS OF PCC COARSE AGGREGATES 

Rock Type 
Percent Passing, by Weight 

Rock Type 2 - l y . ly , - 1 I - V 4 % - y. % - No. 4 
Dolomite 38 47 38 64 59 59 
Argillaceous lime­

stone 28 27 23 9 12 14 
Soft sandstone 15 12 11 8 1 1 11 
Hard sandstone 0 5 6 4 5 3 
Chert 13 4 18 8 7 7 
Diabase 4 0 0 2 2 2 
Granite 2 2 2 3 3 4 
Quartz 0 3 2 2 1 0 

Other characteristics of the surface material are: Marshall stability, 2,000 lb; 
flow, 0.11 m. ; voids by volume, 3.6 percent; and voids filled with asphalt, 77.9 
percent. 

Bituminous construction was performed in lane widths. Two spreading and finish­
ing machmes were used, one for each lane. While construction operations were being 
performed in one lane, the other machine was being positioned in the opposite lane so 
that the crew could move back and immediately start spreading in that lane. Sufficient 
material was kept on hand at all times to msure a continuous spreading operation 
throughout a test section. Delays in operation were confined to transition areas, ex­
cept on rare occasions due to equipment failure. 
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TABLE 8 
DESIGN CHARACTERISTICS PORTLAND CEMENT CONCRETE 

Surface Thickness 
Item 5 In. and Greater 2. 5-3. 5 Inches 

Cement content (bags/cu yd) 6.0 6.0 
Water-cement ratio (gal/bag) 4.8 4.9 
Volume of sand (% total agg. vol.) 32.1 34.1 
Air content (%) 3-6 3-6 
Slump (in.) 1. 5-2.5 1.5-2.5 
Maximum aggregate size (in.) 2.5 1.5 

TABLE 9 
SUMMARY OF EXTRACTION TEST RESULTS^ 

Sieve Mix Mean Standard 
Size Design Value Deviation 

^ m . 100 100 _ 

'Am. 90+5 92 2.43 
% i n . 80±5 81 3.17 
No. 4 64^5 63 4.06 
No. 10 45i4 46 2.99 
No. 20 31^4 34 1.66 
No, 40 20-4 22 2.06 
No. 80 11^3 13 1.07 
No. 200 5^1 5.9 1.16 
Asphalt°(%) 5.4i0.3 5.2 0.18 

Ninety-six tests on surface course mixture. 

Percent asphalt by t o t a l weight of mix. Control tests have shown that the extraction 
tests underestimated asphalt by 0.1 to 0.2 percenteige points. 

TABLE 10 
ROLLING WEIGHTS AND TEMPERATURES FOR BITUMINOUS CONCRETE 

CONSTRUCTION 
Roller Roller Weights (lb/in. width) Section 

Set Three Wheel^ Pneumatic Tired Tandem Thickness^ (m.) 
Heavy 

Intermediate 
Light 

300 300 250 

214 250 190 
180 200 120 

15 (also all 9" 
base sections) 

8 to 15 
8 or less 

Mat Rolling Temperatures ( " F ) 
Three Wheel Pneumatic Tired Tandem 

250 - 275 190 - 220 
^ a s e d on 9 -in. t i r e tread, inflation pressure 75 p s i . 
^Subbase plus base. 
*^While mat was s t i l l workable but had cooled sufficiently to prevent shoving. 
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TABLE 11 
TIRE SIZES AND PRESSURES 

Axle Load (kips) Tandem or Single Axle Tire Size Tire Pressure (psi 

2 S 6:70x15 24 
6 S 7:00x16 45 

12 S 7:50x20 75 
24 T 7:50x20 75 
18 S 10:00x20 75 
32 T 9:00x20 70 
22.4 S 11:00x20 75 
40 T 11:00x20 75 
30 S 12:00x24 80 
48 T 12:00x20 80 

Compaction of each layer of bituminous mixture required the use of a three-wheel 
roller followed by a self-propelled pneumatic-tired roller, with final rolling by a 
tandem roller. Pneumatic-tired rollers were not being used extensively for compactmg 
bituminous concrete, but experimental work indicated that the attamed level of density 
more nearly corresponded to that produced by traffic on existing highways. The other 
requirements pertaming to the time of rolling and the speed and procedure for com­
pacting the bituminous concrete courses were in line with normal construction practice. 

The thickness of the subbase plus base was used as a guide in selecting the proper 
set of rollers for each structural section. At any indication that a section was bemg 
damaged or might be damaged, the set of rollers being used was immediately re­
moved and replaced with the next lighter set of rollers or the number of passes of the 
rollers was reduced. Roller weights and mat temperatures used are given in Table 
10. 

Usually one pass of the three-wheel roller followed by eight passes of the pneu­
matic-tired roller was sufficient to obtain the required density on the layer being 
compacted. The tandem roller was considered only as a finish roller to remove the 
roller marks of the three-wheel and pneumatic-tired rollers, and sufficient number of 
passes were made over a layer to accomplish this. Experimental work indicated that 
little, if any, additional increase m density was obtamed with the tandem roller. 

A steel bristle broom drag was placed behind the spreading and finishmg machine 
for the placement of the surface course to correct any slight tearing that might occur. 

Tire Sizes and Pressures 
Table 11 gives details of tire sizes and pressures for each load. Numerous makes 

of new tires and types of recaps were used m the operation and no attempt has been 
made to assoicate any make with a particular axle load. The pressure shown should 
be considered as nommal cold measurement. 



Cooperative Materials Testing Program at the 
AASHO Road Test 
J, F. SHOOK and H. Y. FANG, respectively, Materials Engineer and Soils Engineer, 
AASHO Road Test, Highway Research Board 

During the construction of the AASHO Road Test in 1957 and 
1958, samples of embankment soi l , subbase material, and 
base material were sent to more than 60 interested agencies 
as part of a cooperative materials testing program. Returns 
f r o m 61 State highway, university, Canadian proviniclal , and 
other laboratories are summarized in this report. 

The pr imary purpose of the program was to provide f o r the 
interested agencies a f i rs t-hand knowledge of the Road Test 
materials, to be used in applying Road Test findings to their 
areas. A second purpose was to secure mformation and test 
data not available through normal faci l i t ies at the Road Test 
site. 

Because each laboratory was f ree to select its own test 
procedures, there was considerable variation in both pro­
cedures and test values. This report summarizes the data 
by type of test, gives pertinent information on test variables 
and procedures, and allows comparisons of values where pos­
sible. Discussion of the data and comparisons among labora­
tories are included. 

• THE AASHO Road Test was p r imar i ly a scientific study of the performance of high­
way pavements of various designs when subjected to repeated applications of known 
loads. The test fac i l i ty , located near Ottawa, 111., in an area where climate and soils 
are typical of many areas of the nation, was constructed of one type soi l , subbase, 
and base material considered typical of national practice. Both flexible and r i g i d 
pavements of various design thicknesses were mcluded. 

Analyses of data f r o m the AASHO Road Test w i l l provide engineering information 
which w i l l be of value to highway administrators and engineers. However, i t should 
be noted that the findings w i l l relate specifically to the soils and materials actually 
used m constructing the test pavements. Information on the history and background 
of the project, design, construction, properties of materials, and other features is 
given in other Highway Research Board publications (1, 2). 

Preparation of specifications and construction of the test faci l i t ies were directly 
under the supervision of engineers f r o m the lUmois Division of Highways. General 
guidance in choice of test methods and construction procedures was given by commit­
tees of the American Association of State Highway Off ic ia ls . Of necessity, only a 
l imited variety of tests could be included in the specifications, and most of these 
followed practices of a majori ty of State highway departments as determined in a 1953 
national survey. 

A summary (2) of physical test data, properties of materials, and construction con­
t r o l test data obtained during the construction phase of the AASHO Road Test summarizes, 
fo r the most part, tests which apply directly to the specifications. 

Additional information on the properties of materials was obtained by the Materials 
Branch of the Road Test staff, by Il l inois and other State highway department labora­
tories, by the Bureau of Public Roads, and by other agencies. Nevertheless, i t was 
not possible to cover completely the range of interest. Therefore, i t was decided 
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early during the construction phase of the Road Test that interested agencies should be 
given an opportunity to secure an intimate knowledge of the basic materials of con­
struction using their own test methods. Such information would be of value to them in 
applying the Road Test findings to their areas. At the same time i t would provide an 
opportunity to secure data not otherwise available. 

As a result, a program for cooperative tests of AASHO Road Test materials was 
planned. More than 60 State highway, university, Canadian provincial , and other 
laboratories participated in the study. Large stocks of the soi l , subbase material , 
and base material were secured and made available to the participating agencies fo r 
testing by them using their own test methods and procedures. Test results f r o m most 
of those who received samples are reported herein. 

This paper has been prepared with several purposes in mind. As previously i n ­
dicated, there are many different tests and methods used in the United States f o r 
evaluating soils, subbase, and bases for potential use in highway substructures. The 
cooperative program resulted in collection of much information of this type of ma­
terials used at the AASHO Road Test, where performance has been wel l documented. 
Many of the participating agencies have indicated an interest in using the information 
in making a t i e - in with their own experiences and in comparing their test data with 
those reported by the other laboratories. Additional requests f o r data such as ob­
tained m the t r i ax ia l test and for comparative data such as between the Hveem stabilo-
meter and the California Bearing Ratio test have made publication of the results of the 
cooperative program desirable. 

Most of the data are presented in tabular and graphical f o r m . Some discussion and 
interpretation of the methods used are given, but it is usually assumed that the reader 
is fami l ia r with the various test procedures. A brief discussion and summary of the 
indicated physical properties and some indications of laboratory-to-laboratory var ia­
tions are made. However, the data are presented fo r the use of the reader, and no 
inferences are mtended as to the relationship of indicated physical properties of the 
material to the performance of the Road Test pavements. 

I t IS possible, using data f r o m this report, to make t r i a l pavement thickness de­
signs usmg published procedures. However, no attempt was made to do this in the 
report . I t is suggested that conclusions based on such designs be tempered by the 
knowledge that a complete understanding of the various factors involved cannot be had 
unti l a l l Road Test data are in and published. 

Limi ted comparisons between laboratories are possible f r o m the data given. The 
materials were obtained at one source and, though of large quantity, were carefully 
prepared and divided mto individual samples. Because of the randomizing which was 
done, there should be no systematic bias among laboratories. There was, no doubt, 
some sample-to-sample var iabi l i ty . Singlmg out one laboratory fo r special discus­
sion is not valid, however, because each laboratory tested only one sample. General 
discussion of variabil i ty is valid. 

A major source of variation in reported test values arises f r o m the freedom with 
which each laboratory was allowed to select its own test procedures. Because of this 
fact, care w i l l have to be taken i n assessing some of the reported data. For the same 
reason indiscriminate application of the reported data to evaluation of Road Test r e ­
sults w i l l also be dangerous. 

NOMENCLATURE 

The terms and symbols used throughout this report conform generally to "Tenta­
tive Definitions of Terms and Symbols Relating to Soil Mechanics" (ASTM Designa­
tion D 653-58T), as follows: 

Symbol Definition 

abs. = Absorption; 
C = Cohesion; 

Cy = Coefficient of consolidation; 
CA = Coarse aggregate; 
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CBR = California Bearing Ratio; 
^max ~ Maximum dry density; 

e = Void rat io 
eo = In i t ia l void rat io; and 
ef = Final void ra t io . 

FA = Fme aggregate; 
Ga = Specific gravity (apparent); 

Gm = Specific gravity (bulk); 
Giii(SSD) = Specific gravity (bulk, surface saturated dry); 

Gg = Specific gravity (soil solids); 
K = Coefficient of permeability; 

Pji = Transmitted horizontal pressure (Hveem stab.); 
Pv = Applied vert ical pressure (Hveem stab.); 
PI = Plasticity mdex; 

PL = Plastic l i m i t ; 
R-value = Resistance value (Hveem stab.); 

r = Pr imary consolidation rat io; 
W= Moisture content; 

W q = Optimum moisture content; 
(Ti = Major principal stress; 
(Ts = Minor principal stress; 
4)= Angle of internal f r i c t i on ; 

SCOPE OF PROGRAM 

The cooperative program f o r testmg Road Test materials included only the embank­
ment soi l , the crushed stone base material , and the subbase material . The embank­
ment soi l and subbase were common to both r i g i d and flexible pavements. The crushed 
stone base was part of the flexible pavement only. 

A l l State highway departments and representatives on the National Advisory Com­
mittee for the AASHO Road Test, representing universities. State highway departments, 
and other organizations, were invited to participate in the cooperative materials test­
ing program. In addition, many Canadian provincial highway departments and other 
groups asked to be included and were supplied material as were one private testing 
laboratory and four agencies of the Federal Government. A l l groups which returned 
test data included in this report are named in Table 1 with the abbreviations used in 
the tabulations of test data. 

Each agency was f ree to select the tests and test methods i t wished to per form. No 
effor t was made to control the conditions of the tests which each laboratory chose. A 
standard report f o r m was provided in an attempt to get some uniformity, but in each 
case the agency was f ree to report as much or as l i t t l e as i t wished, ^ e c i f i c a l l y , 
each was requested to report the following: 

1. Grading, results of sieve analysis or hydrometer analysis. 
2. Liquid and plastic l imi t s , wi th method of preparing sample and running tests. 
3. Specific gravity and method of test. 
4. Moisture-density relationship, specifically at optimum condition, and method of test. 
5. Results of California Bearing Ratio, Hveem stabilometer, and t r i ax ia l tests 

with test details. 
6. Other tests and comments. 
Other data reported included f i e ld moisture equivalent, shrinkage factors, consoli­

dation, direct shear, permeability, f ro s t susceptibility, soundness, abrasion, and 
petrographic analyses. 

Almost a l l agencies reported results of sieve analyses, tests fo r moisture-density 
relationship, and Atterberg l i m i t s . Such tests as California Bearing Ratio, Hveem 
stabilometer, and the t r i ax i a l were reported by 10 to 30 laboratories in varying detail. 
One agency reported complete CBR curves on a l l three materials; others reported 
tests on only one set of conditions. Many other tests were made by only one or two 
laboratories. 
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AGENCIES PARTigPATING m COOPERATIVE MATERIALS TESTING PROGRAM 
Name of Agency AVbrev 

AASHO Road Test Rd Test 
Arctic Construction and Frost AC PEL 

Effects Laboratory, U S Army 
Alabama Highway Department Ala 
Alberta Department of Highways Alta 

Arizona Hl^way Department Ariz 
Arkansas Highway Department Ark 
The Asphalt Institute At 
Banff Materials Testing Laboratory, Banff 

Dept of Public Works of Canada 
British Columbia Dept of Hwys BC 

Bureau of Public Roads BPR 
California Division of Hwys Calif 
Delaware State Highway Dept Del 
Federal Aviation Agency FAA 

(formerly CAA) 
State Road Dept of Florida Fla 
State Hwy D ^ t of Georgia Ga 
Hawaii Highway Department Hawaii 
Idaho Dept of Hl^ways 
Illinois Division of Hwys ni 
State Hwy Dept of Indiana Ind 
State Hwy Commission of Kansas Ifan 
Kentucky Dept of Hl^^ays Ky 
Louisiana Dept of Highways La 
Maine State Hwy Commission Me 

Manitoba Hi^^ays Branch, Man 
Province of Manitoba 

Maryland State Roads Commission Md 
Massachusetts Dept of ^ b l l c Works Mass 
Michigan State Hwy Dept Mich 
Mississippi State Hwy Dept Miss 
Missouri State Hwy Commission Mo 
National Research Council of Canada NRC 
Nebraska Dept of Roads Neb 
Nevada Dept of Highways Nev 
New Brunswick Dept of Public Works NB 
Newfoundland Dept of Hwys Newf 
New Jersey State Hwy Dept NJ 
New Mexico Sate Hwy Dept NM 
New York Dept of Public Works NY 
North Carolina State Hwy Comm NC 
North Dakota State Hwy Dept N Dak 
CHiio Dept of Highways Ohio 

Oklahoma State Hwy Comm Okla 
Omaha Testing laboratories Omaha 
Ontario Dept of Higtiways Out 
Oregon State Highway Dept Ore 
Portland Cement Association FCA 
Pennsylvania Dept of Hwys Peon 
Puerto Rico Dept of Public Works PR 
Quebec Department of Roads Que 
Rhode Island Dept of Public Works RI 
Saskatchewan Dept of Hwys and Sask 

Transportation 
South Carolina State Hwy Dept SC 
Texas Highway Department Tex 
University of Minnesota U Minn 
State Road Commission of Utah Utah 
Virginia Dept of Highways Va 
Washington State Hwy Comm Wash 
Waterways Experiment Station, WES 

U S Army 
State Road Comm of W Virginia W Va 
State Hwy Comm of Wisconsin Wis 
Wyoming State Higliway Dept Wyo 

Ottawa, m 
Waltham, Mass 

Montgomery, Ala 
Edmonton, Alta , 

Canada 
Phoenix, Ariz 
LitUe Rock, Ark 
CoUege Park, Md 
Banff, Alta^ Canada 

Victoria, B C , 
Canada 

Washington, D C 
Sacramento, Calif 
Dover, Del 
Indianapolis, Ind 

Gainesville, Fla 
AUanta, Ga 
Honolulu, Hawaii 
Boise, Idaho 
^irlngfleld, Dl 
Indianapolis, Ind 
Topeka, Kan 
Frankfort, Ky 
Baton Rouge, La 
Maine Technology Experi­

mental Station, University 
of Maine, Orono, Me 

Winnipeg, Man , Canada 

Baltimore, Md 
Wellesley Hills, Mass 
Lansing, Mich 
Jackson, Bliss 
Jefferson City, Mo 
Ottawa, Ont, Canada 
Lhicoln, Neb 
Carson City, Nev 
Frederlcton, N B , Canada 
St John's, Newf , Canada 
Trenton, N J 
Santa Fe, N Mex 
Albany, N Y 
Raleigh, N C 
Bismarck, N Dak 
CAlo State Unlv , Columbus, 

Ohio 
Oklahoma City, Okla 
Omaha, Nebr 
Toronto, Ont, Canada 
S^em, Ore 
amUe, m 
Harrisburg, Pa 
Stoturce, P R 
Quebec City, Que , Canada 
Providence, R I 
Regina, S ^ , Canada 

Columbia, S C 
Austin, Tex 
Minneapolis, Minn 
Salt Lake City, Utah 
Charlottesville, Va. 
Olympla, Wash 
Vicksburg, Miss 

Charleston, W 
Madison, Wis 
Cheyenne, Wyo 

Va 

Most of the test data received are included. When convenient, they are presented 
in tabular and graphical f o r m . To s impl i fy the rather extensive explanatory notes, 
these have been collected in Appendix A . 

Text has been confmed p r imar i ly to explanatory information in the f i r s t part of the 
paper. Some data are included In this f o r m , however. Fallowing the presentation of 
the data, some discussion of the mdicated physical properties of the materials is 
given. Summaries are also included here. Finally, comparisons are made among 
laboratories where valid and meaningful comparisons can be made. 
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PREPARATION OF ORIGINAL MATERIALS 

A l l materials fo r this program were prepared f r o m samples selected to represent 
the average material used during construction. The embankment soil was removed in 
the sprmg of 1957 f r o m embankment constructed late in 1956. It was secured by coring 
with a 12-in. diameter auger. Each loop was divided into ten blocks and individual 
bormgs were located by random selection within each block. They were, however, 
restr icted to areas not immediately under a test section. 

Material f r o m each core hole was deposited on a large concrete slab for drying, 
pulverizmg and mixing. The soil was pulverized by ro l l ing with a lawn ro l le r on the 
concrete slab. I t was then mixed thoroughly by blending samples of each quarter of 
the total sample m a concrete mixer unti l the entire supply had been processed several 
times. Individual bags of mixed material were then f i l l e d with portions again obtained 
successively f r o m each quarter of the entire pile. About 10,000 lb was prepared in 
this way. 

Subbase and base were taken, respectively, f r o m material^produced in 1957 and 
1958. In each case a truck load of the material which had previously been proportioned 
by weight and mixed in a concrete paving mixer was secured to f o r m the basic stock. 
This was then placed in individual bags by samplmg f r o m successive portions of the 
stock sample. 

Pr ior to shipping the soi l samples, individual bags were selected at random fo r 
basic tests (moisture-density relationships, liquid and plastic l imi t s , grain size 
analysis, and specific gravity) as a check on the uniformity of the sample and the 
efficiency of the mixing operation. An analysis of variance of the test data indicated no 
significant differences between the individual bags, compared to withm-bag variabi l i ty . 

Due to the pressure of construction activities in 1957 and 1958 no s imilar tests were 
run on the subbase or base. A few samples of subbase and base material were lost m i 
shipment and were replaced f r o m a stockpile of material obtained about the same t ime. 
Wherever possible the particular data involved have been checked and consideration 
taken m evaluating the test results. 

EMBANKMENT SOIL TEST DATA 

Description of Soil 

The embankment soil used on the AASHO Road Test was a yellow-brown clay having 
characteristics of the A-6 classification used by the American Association of State 
Highway Officials (3). It was a C-horizon material available on the Road Test site. 
The soi l was quite uniform, although there were small pockets of sand located within 
the borrow material . A few pebbles and small boulders were also found. 

Only two of the laboratories reported results of tests for identification of clay 
minerals. New Mexico reported that "results of nitro-benzene qualitative analysis 
indicate this material contams no bentonite. " The Bureau of Public Roads reported 
that "the clay fractions are predommantly i l l i t e (about 60 percent) with about 30 per­
cent chlorite and 5 to 10 percent montmori l loni te ." 

Test Data 

The method used in preparing the embankment soil samples fo r testing and the r e ­
sults of mechanical analyses on the samples are given in Table 2. Figure 1 is a plot 
of the mean results f r o m mechanical analyses on the soi l , with upper and lower l imi ts 
shown to indicate the range in test values. Liquid and plastic l imi t s , specific gravity, 
maximum density, and optimum moisture content are given in Table 3. Most labora­
tories reported using AASHO method T-87^, dry preparation, for preparing the samples 
f o r these tests. A few mdicated only air drying or oven drying followed by pulverizing 
to break up the lumps. There was variation in technique for breaking up lumps, but 
because this information was not generally available no specific methods are given. 

Also given in Table 3 are the AASHO classifications with corresponding group i n ­
dexes of the soils accordmg to AASHO Specification M 145-49. Maximum densities 
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TABLE 2 

MECHANICAL ANALYSIS OF EMBANKMENT SOIL SAMPLES* 
Method Percent Finer Than' 

of No No No 0 OS 0 02 A m 
Agency Prep 4 40 200 nun mm mm mm 

Rd Test T 87' 98 1 90 3 78 2 74 2 61 1 35 5 21 9 
ACFEL . 99 0 87 5 74 5 70 0 98 0 - -
Ala Oven dry 99 4 89 0 73 2 - 69 6 47 6 33 8 
Alta Dry 96 0 89 0 76 0 - 66.0 42 0 30 0 
Ar iz - 99 0 88 0 76 0 72 0 60 0 35 0 21 0 
Ark T 87 98 9 89 9 77 0 - - - -
A I T 87 96 9 94 4 79.9 77 0 67 0 44 0 34 0 
Banff D 4 2 1 ' 100 94 1 81 0 77 0 66 0 41 0 18 0 
BC D421 99 6 88 4 75 1 74 5 67 6 44 5 30 0 
BPR T 87 97 0 90 0 77 0 74 0 60 0 40 0 28 0 
Calif T 87 99 0 90 0 77 0 73 0 63 0 40 0 28 0 

-Del. T 87 88 2 69 1 59 7 . - . -
FAA - 97 0 89 0 79 0 73 0 98 0 36 0 21 0 
Fla T 87 98 0 94 0 80 0 74 0 65 0 43 0 22 0 
Ga T 87 99 0 89 0 74 0 73 0 99 0 36 0 22 0 
Hawaii T 8 7 97 0 88 0 73 0 72 0 67 0 50 0 42 0 
Ida T8 7 96 0 88 0 79 0 72 0 62 0 46 0 32 0 
n i . T8 7 96 4 88 7 74 7 73 0 64 0 40 0 -
Ind T 8 7 91 4 83 4 71 5 69 4 - 36 4 -
Kan Oven dry 100 94 0 80 0 77 0 64 0 38 0 25 0 
Ky D 421 - 93 6 75 2 . - 47 5 -
La T8 7 94 0 86 0 72 0 68 0 81 0 37 0 29 0 
Me - 97 3 90 3 78 4 76 4 65 1 44 2 30 2 
Man D 421 100 89 0 76 0 • - - 37 0 -
Md T8 7 93 4 86 2 73 8 - - 41 0 -
Mass T 8 7 97 1 88 6 75 2 - - -
Mich T8 7 96 0 - 77 8 76 0 74 0 51 0 39 0 
Miss T 87 100 94 0 79 0 73 0 58 0 33 0 23 0 
Mb - 95 0 89 1 76 0 69 0 - 37 0 -
NRC Air dry 98 9 92 0 80 0 76 9 66 0 44 0 31 5 
Nebr T8 7 100 91 0 77 0 73 0 63 0 41 0 29 0 
Nev T 87 96 7 88 0 74 7 - - - -
NB - 96 0 82 8 75 3 71 0 63 0 50 0 41 0 
Newf. T 87 97 0 90 0 77 0 - - - -
NJ T 87 97 0 88 0 76 0 73 0 - 49 0 -
NM - 9S 3 85 8 73 8 - - - -
NY Ai r dry 96 6 88 0 74 7 48 9 - 23 0 
NC Ai r dry 94 0 82 0 70 0 68 0 - 26 0 -
N Dak T 87 100 - - 61 0 93 0 33 0 29 0 
Ohio D421 97 0 91 0 78 0 73 0 61 0 41 0 28 0 
Okla T 87 99 0 94 0 80 0 75 0 61 0 38 0 26 0 
Omaha - 99 0 88 0 74 5 73 0 65 0 42 0 30 0 
Ont. - 96 0 89 0 76 0 73 0 62 0 42 0 30 0 
Qreg T 8 7 96 8 88 4 74 4 73 5 63 0 42 7 21 9 
PCA - 96 4 86 0 76 0 72 0 64 0 43 0 31 0 
Penn T8 7 92 0 86 0 74 0 72 0 57 0 40 0 32 0 
PR T8 7 95 0 86 0 74 0 - - - -
Que D421 96 8 94 3 70 5 58 3 44 0 28 8 24 2 
Sask T 8 7 100 91 0 75 0 72 0 62 0 42 0 27 0 
SC Ai r dry 97 0 89 0 76 0 - - - -
Tez T US' 96 0 88 0 73 0 72 0 63 0 40 0 28 0 
U Minn - 96 8 89 2 76 1 72 4 61 1 41 3 30 6 
Ut - 97 4 92 1 78 0 - - - -
Va. T87 96 1 87 7 75 3 70 9 60 0 38 5 27 9 
Wash T 8 7 96 0 88 0 75 0 73 0 61 0 29 0 10 8 
WES - 99 5 88 1 75 6 - - - -
W Va T8 7 97 0 89 6 78 4 76 7 63 2 41 5 33 0 
Wis D421 96 0 88 0 75 0 72 0 63 0 40 0 29 0 
Wyo T8 7 100 89 0 75 0 - 62 0 37 0 21 0 

No of tests 98 97 98 42 42 47 40 
Mean 96 6 88 6 79 5 72 3 61 9 40 3 27 6 
Std dev 2 29 3 90 3 16 3 98 5 07 5 40 6 08 

*For foo tno te explanat ions see Appendix A 

reported included both the standard and modified AASHO procedures, plus a few local 
variants. 

Table 4 gives the f i e ld moisture equivalent, shrinkage factors, dust rat io, and sand 
equivalent values for the embankment soi l . 

Data fo r California Bearing Ratio tests on the soil samples are given in Table 5. 
There were two generally different test methods used by the different laboratories. 
Seven laboratories used the procedure suggested by Stanton^' m which the specimen is 
molded at a static pressure of 2,000 psi and no correction is made for curvature in 
the load-deformation curve. Nineteen used variations of the drop-hammer compactmg 
technique, following procedures suggested by the Corps of Engineers^. Two labora­
tories reported different techniques. 
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Some agencies reported data fo r only 
one moisture and density condition, 
while one reported a complete set of 
moisture-density-compactive effor t 
curves. Others conducted their tests for 
a range m density at about optimum 
moisture and reported CBR values fo r 
95 or 100 percent of maximum density. 
For the most part, 10-lb surcharge 
weights and 4-day soaking periods were 
used. 

-Lacui »t n •Stat 

tzzi 

Man al «t 
V 

1 -

Figure 1. Grain-aLze distribution curve 
for embankment soil . 

ATTEHBERG LnOTS, SPECIFIC GRAVITT, AND MOISTURE-DENSITT RELATIONSHIPS OF 
EMBANKMENT SOIL* 

Agency 

AASHO 
Classi­
fication" 

Attert>erg ^ 
Limits ' 

StKClflc 
Gravity 

Moisture-Density 
Relationship 

Agency 

AASHO 
Classi­
fication" L L PL PI Method Gs Method Wo Dmax 

Rd Test A-6(I0) 29 5 15 8 13 7 T 100* 2 77 T99" 13 0 117 5 
ACFEL A-6(9) 27 3 15 4 11 9 T 100 2 74 _ _ _ 

Ala A-6(8) 29 2 17 4 11 8 T 100 2 75 T99 14 6 116 7 
T 180" 10 9 128 0 

Alta A-e(io) 29 7 15 2 14 5 T 100 2 74 T99 13 2 119 7 
Ariz A-edo) 28 0 13 0 18 0 T 133' 2 83 T99 9 5 119 0 
Ark A-«(S) 27 3 14 8 12 5 T 100 2 75 T99 12 8 122 7 
AI A-4(8) 27 3 17 0 10 3 T 100 2 73 _ _ 

Banit A-6(8) 28 9 14 1 12 8 D 854* 2 69 T90 13 5 120 3 
BC A-6(9) 28 4 14 7 11 7 D854 2 68 T99 13 6 120 4 
BFR A-e(6) 29 0 17 0 12 0 T 100 2 72 T99 13 0 122 0 
Calif A-e(lO) 29 0 15 0 14 0 C 208-B'° 2 89 C 218-C" 12 0 129 0 
Del A-6(6) 28 1 14 9 11 2 " _ _ T 180 11 5 128 0 
FAA A-«(10) 27 0 13 0 14 0 T 100 2 78 T99 13 5 121 0 

A-6{11) 
T 180 10 7 129 0 

Fla A-6{11) 31 0 15 0 16 0 - _ _ _ 

Ga A-6(9) 24 8 13 2 11 4 T 100 2 72 T99 12 3 119 0 
Hawaii A-6(8) 28 0 13 0 13 0 T 100 2 74 _S9 9 5 132 3 
Ida A-6(8) 25 8 14 5 11 3 T 100 2 78 T99 12 5 122 1 
ni A-6(8) 27 0 18 0 11 0 - _ T99 13 3 121 8 
lod A-6(8) 28 0 15 1 12 9 T 100 2 73 T99 14 1 118 5 
Kan A-e(io) 29 0 15 0 14 0 C 188r 2 70 _ B 13 0 119 0 
Ky A-6(9) 28 5 14 9 11 8 D 854 2 76 T99 12 8 120 2 
La A-«(7) 22 5 15 1 10 4 T 100 2 77 T99 13 8 118 8 
Me A-6(9) 27 0 16 4 10 8 T 100 2 77 T99 14 8 117 5 
Man A-6(9) 28 0 18 0 12 0 2 70 T99 12 9 110 5 
Md A-8(8) 29 7 18 8 12 9 - _ T99 13 4 118 4 
Mass A-e(IO) 25 0 10 3 14 7 - - T 180 9 7 132 0 
Mich A-6(10) 28 2 14 4 13 8 T 100 2 68 T99 14 5 116 2 
Miss A-g(lO) 29 0 15 5 13 5 T too 2 67 T99 14 5 118 1 

A-e(io) 
_» 13 0 110 0 

Mq A-e(io) 29 0 13 0 18 0 T 100 2 72 T99 14 0 117 0 
NRC A-6(9) 29 3 15 8 13 5 D 854 2 78 T99 12 8 lie 0 
Nebr A-8(8) 28 0 17 0 11 0 T 100 2 75 T99 14 0 119 2 
Nev A-8(9) 28 8 13 4 13 2 T 100 2 63 C 216-C 10 0 128 3 
NB A-8(10) 27 0 13 0 14 0 T 100 2 67 T 134" 13 5 119 0 
Newt A-6(9) 28 2 15 7 12 5 T 100 2 75 T 180 10 5 129 0 
NJ A-8(9) 28 7 14 1 12 6 T 100 2 80 T99 13 5 119 4 
NM A-8(8) 28 9 15 3 11 6 D 854 2 72 T99 15 2 114 7 
NY A-e(lO) 27 5 13 4 14 1 T 100 2 74 T99 13 5 121 0 
NC A-e(g) 29 0 15 0 14 0 _ » 2 70 T99 12 4 119 0 
N Dak. - 25 0 14 0 11 0 _u 2 65 T09 13 0 121 0 
Ohio A-8(9) 27 0 IS 0 12 0 D854 2 72 D 698" 12 5 120 0 
Okla A-e(io) 32 0 18 0 14 0 T 100 2 77 T99 15 0 117 1 
Omaha A-6(9) 28 8 15 5 11 S T 100 2 75 T99 13 3 121 1 
Ont A-6(9) 27 2 14 2 13 0 T 100 2 70 T99 14 0 118 4 
Oreg A-4(8) 28 0 18 0 10 0 C 188 2 72 13 5 120 8 
PCA A-8(1I) 30 0 14 0 18 0 T 100 2 68 0 898 15 5 114 0 
Peon A-e(9) 27 0 IS 0 12 0 T 100 2 78 T99 12 3 121 2 
PR A-8(8) 28 2 15 0 11 2 _ _ T 180 8 5 127 6 
^ e A-4(7) 28 9 17 4 9 5 D 854 2 73 T99 14 4 118 1 
Saak A-4(8) 27 7 17 0 10 7 T 100 2 73 T99 13 5 119 5 
SC A-8(10) 29 0 14 0 15 0 T 100 2 73 T99 13 4 119 4 
T ^ A-6(ll) 34 0 18 0 18 0 T 100 2 70 T99 13 7 116 1 
U Minn A-6(8) 27 2 17 0 10 2 T 100 2 78 T99 14 2 119 1 

A-8(8) 
T 180 12 0 128 0 

Ut A-8(8) 25 8 14 6 11 0 D8S4 2 73 T99 15 0 117 7 
Va A-8(10) 27 0 IS 0 12 0 T 100 2 72 T99 13 0 121 0 
Wash A-e(io) 31 3 16 8 14 5 D 854 2 74 T99 14 1 119 5 
WES A-6(9) 28 0 15 0 13 0 D 854 2 75 T 180 9 4 132 5 
W Va A-6(9) 26 1 13 9 12 2 D 854 2 74 THD83"' 13 2 120 1 
WU A-8(9) 28 8 15 2 11 8 D854 2 74 T99 11 9 125 1 
Wyo A-e(lO) 30 4 15 9 IS 0 T 100 2 65 T99 13 0 121 2 
No of tests 54 59 59 59 _ 53 44 44 
Mean A-e(9) 27 7 15 1 12 6 _ 2 72 T99 13 5 119 2 
Std dev - I 91 1 40 1 77 - 0 042 • I 0 2 2 

«For footnote explanations n a Appendix A 
«»Acconlljig to AA5U0 Specification H m5>Ji9; mmbers In parenthesea refer to group Index 
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TABLE 4 

F I E L D MOISTURE EQUIVALENT, SHRINKAGE FACTORS, DUST RATIO AND SAND EQUIVALENT FOR 
EMBANKMENT SOIL* 

Agency 

Field 
Moisture 

Equivalent" 
Shrinkage 

Limit 

Shrinkage Factors of Soils'' 
Shrinkage Volumetric 

Ratio Change 

1 
Lineal 

Sirinkage 
Dust 

RaUo" 
Sand 

Equivalent" 

Rd. Test 19.7 12.7 2.02 14.1 4.5 - -
Calif. - - - - - - 6 
Ida. 18.2 - - - 4 8 - -
Ind. 22 8 13.6 1.90 17.5 5.2 - -
Ky. 17.3 13.9 1.99 6 8 - - -
Man. - 13 7 1.96 - - - -
Mich. 20.4 - - - - - -
Miss. 22 0 13.0 1.89 13.0 - 84.3 -
NB - 12.3 1 86 22.3 7.0 - -
NY _ 11 9 2.09 9.8 8.2=" - -
N. Dak. 16.0 13.0 1.98 5.0 - - -
Okla. 27.0 14 3 1.93 24.1 - - -
Va. - 11.0 1.90 - - - • 

No. of tests 8 10 10 8 5 - -
Mean 20.4 12.9 1.95 14.1 5.9 84.3 6 
Std dev. 3 51 1.0 0.07 6.88 1.59 - • 

«For footnote explsnatlons see Appendix A. 

Most of the data received f r o m the different laboratories have been included in 
Table 5. Data f r o m four agencies were too extensive fo r Table 5 and are given in 
separate tables. Table 6 and Figure 2 show tests conducted at several surcharge 
weights over a range in densities. Table 7 includes tests at several moisture-density 
conditions. Table 8 and Figure 3 show data fo r a complete set of CBR curves fo r a 
different molding densities, water contents, and number of blows of the drop hammer. 
Both soaked and unsoaked CBR values are also included. 

Results of Hveem stabilometer tests on the soil were reported by eight laboratories. 
Details are shown m Table 9 and plots of R-values versus exudation pressure m 
Figure 4. Variations in compaction procedure, mdicated in the footnotes, were invol­
ved in three cases. The other f ive made use of AASHO method T 173-56* . R-values 
are shown for 400 psi exudation pressure. Values at other exudation pressures may 
be selected f r o m Figure 4. Some data on swell were also included. Those reported 
as pressures are given m Table 9. A few agencies indicated design thicknesses or 
equilibrium R-values, but smce these 
involved using estimated thicknesses and 
densities of overlymg courses, they are 
not mcluded m this report. 

North Dakota reported a value of 140 
psi for their cone bearing test on labora­
tory specimens compacted at 120 pcf and 
13.4 percent moisture. They added, 
however, that they have never been able 
to correlate results of soil bearing tests 
in the f ie ld with tests on laboratory 
molded specimens. 

Data f r o m the 15 laboratories report­
ing t r i ax ia l tests of embankment soi l are 
given in Table 10. Figure 5 shows shear 
stresses plotted against pr incipal stresses, 
with Mohr envelopes fo r stresses at f a i l ­
ure. I t w i l l be observed that static and 
dynamic (using drop hammer) methods 
predommated as methods f o r preparing 
the samples, and that most samples were 
tested unsaturated. Presumably, a l l 

100% of standard 
maximum density 

9S % of standord maximum density 

LEGEND 

» T«t< made using 291b surchorge 

• Tests mads using 49 lb surcharge 

o Tests made using 60lb surchorge 

CBR. % 

Figure 2. Effect of surcharge veight on 
CBR of embankment soil (Indiana). 
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Figure 3. CBR tests on embankment soil (Waterways Experiment Station). 
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were tested unconsolidated and undrained 
(quick). Two laboratories tested 6- by 
12-m. specimens, one 6- by 8-m. speci­
mens. Values fo r ({> and c are given, 
either as reported or as determined by 
the authors. 

Kansas reported on tests which were 
not tested to fa i lure . Inasmuch as this 
test is mvolved m the Kansas method of 
design. Figure 6 has been prepared to 
show the stress-strain curve developed. 
No other stress-strain curves are shown, 
but strains at fa i lure are given in Table^ 
10, 

Results of the standard t r i ax ia l test 
of Texas are reported for two density 
conditions accordmg to their classifica­
tion system. The data are plotted m 
Figure 5. 

Unconfmed compression, direct shear 
and consolidation tests on the embank­
ment so i l were run by the Ohio Depart­
ment of Highways. Results of their tests 
are given in Table 11 and Figure 7. 
Permeability tests by four agencies are 
summarized in Table 12. 

Results of a study of f ros t susceptibili­
ty of the so i l by the Arc t ic Construction 
and Frost Effects Laboratory of the U. S. 
Army Engineer Division, New England, 
have been included as Appendix B. 

SUBBASE MATERIAL TEST DATA 

I 
j 

— 

i 
y 

! 

Figure h. Resistance value vs exudation 
pressure, embankment soil . 

TABLES 
EPrECT OP eURCHARCB WBCST ON CBR OF EMBANEUQIT SOIL (INDIANA) 

^ A . . . - L " ' " ' t f . . - b 
Ub) I t e P n 

110 0 
111 0 
lis 7 
lis 7 
» 7 
!» \ 
lOS T 
no 0 
no a 
111 3 
113 0 
114 1 
1» 3 
119 7 
IIT 3 
108 1 
lit a 
lis 3 
117 I 

IS 3 
13 4 
IB 3 
IS 3 
17 4 
18 0 
la 3 
10 4 
10 0 
IS ) 
1ft 0 

» 1 
IS 0 
18 S 
IS 4 
19 1 

0 33 
0 43 
0 10 
0 18 

A. 04 
0 03 
0 04 
0 IS 
0 34 
0 13 
0 34 
0 14 
0 10 
0 18 
-0 01 
0 01 
0 08 

Description of Material 

The subbase material used on the 
AASHO Road Test was a natural sand-gravel material modified by washmg and addi­
tions of fine s i l ica sand in the minus No. 40 sieve range and a small amount of bmder 
so i l . Its mineral composition is given in Table 13. 

Mississippi reported the results of a petrographic analysis of the coarse fract ion 
(retained on No. 4 sieve), about 26 percent of the entire sample. The Bureau of 
Public Roads reported the composition of the minus 2-micron f ract ion. None of the 
analyses reported reflect directly the approximately 18 percent s i l ica sand (99 per­
cent SiOz) additive. 

Test Data 

Results of sieve analyses of the subbase material samples are given m Table 14 
and Figure 8. Four laboratories reported results of hydrometer analyses, which are 
shown at the bottom of the table. 

Also shown in Table 14 are the methods used in preparing the samples fo r c lass i f i ­
cation tests. Plasticity mdices of the mmus No. 40 sieve f rac t ion, specific gravities, 
maximum densities, and optimum moisture contents are given in Table 15. Specific 
gravities of the mmus No. 4 sieve fract ion of the subbase are listed together as Gg or 

accordmg to the test method used. Where available, bulk specific gravities and 
absorptions fo r the coarse f rac t ion are also given. 

Optimum moisture content and maximum density were determmed by AASHO meth­
ods T 99 (usmg 5. 5-lb hammer, 12-in. drop, 25 blows on each of 3 layers) and T 180 
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T A B L E 7 

CBR TEST DATA FOR EMBANKMENT SOIL (UNIVERSITY OF MINNESOTA) 

DetaUs of Test Test Data 

Con^action method: 
Dynamic 

Wt. of hammer (Jb) 
Drop (in) 
Layers 
Blows per layer 

Testing condition: 
Surcharge weight (lb) 
Soaking period (days) 

Molding conditions: 
Dry density (pcf) 
Moisture content (%) 

Optimum conditions: 
(Table 3) 

Max. dry dens. (T 99) 
Max. dry dens, ( t 180) 

Test results: 
Final moisture content 
Swell (%) 
CBR at 0.1-in. pen. (soaked) 
CBR at 0.2-ln. pen. (soaked) 

5.5 5.5 5.5 5.5 10 10 10 
12 12 12 12 18 18 18 
3 3 3 3 5 5 5 

56 56 56 56 10 25 56 

10 10 10 10 10 10 10 
4 4 4 4 4 4 4 

116.5 112.5 118.5 119.0 112.2 123.5 128.0 
15.6 16.4 13.8 13.9 12.4 11.9 11.6 

119.1 _ 

- - - - - - 126.0 

14.0 _ - - - - 12.0 
15.9 16.2 14.8 14.5 16.1 13.4 12.7 
0.8 0.6 0.3 0.5 3.0 2.7 1.5 
2.8 2.6 3.7 3.8 1.5 4.5 7.2 
2.8 2.4 4.0 4.1 1.7 6.4 10.2 

RESULTS OF CBR TESTS ON EHBANKHENT SOIL (WATERWAYS EXPER­
IMENT RATION) - T«l>iiLiUan ol test dala 

(usmg 10-lb hammer, 18-in. drop, 56 
blows on each of 5 layers) m most cases. 
There was, however, variation in the 
maximum size of material included. In 
a few cases mathematical corrections 
for plus No. 4 material were made where 
only mmus No. 4 material was used m 
the test. Where such information was 
available, i t is given in the table. 

Table 16 gives the reported sulfate 
soundness, Los Angeles abrasion, and 
sand equivalent test data. Not a l l labora­
tories reported the number of cycles or 
type of sulfate solution used. 

California Bearing Ratio test data are 
given in Table 17. General comments 
are much the same as for the embankment 
soi l . Again, data for a complete set of 
CBR curves by the Waterways Experi­
ment Station are reported separately m 
Table 18 and Figure 9. 

Hveem stabilometer test data are given in Table 19. Here the variations in com­
paction procedures should be noted. Some of the data are plotted in Figure 10. 

Table 20 gives test data f r o m t r i ax ia l compression tests on the subbase. Plots of 
deviator stress versus prmcipal stresses are included in Figure 11. Again stress-
stram curves reported by Kansas are shown separately. Some agencies did not 
report values fo r <j) and c. Where possible, these were computed by the authors. 

Results of permeability tests are given in Table 21 . 

Before ftwfcing After SoaUng 
Hblshm Molstura 
CoQtenl Density Content Density S»eU 
(%) (pcf) CBR (%) (pcf) CBR (%) 

(a) 13 BlovB 

S 4 114 8 44 16 0 111 6 2 2 68 
10 9 117 0 94 IS 6 114 8 2 2 07 
12 1 120 0 19 14 7 118 0 8 0 91 
14 0 119 9 « 15 1 119 4 4 0 09 
16 0 119 8 3 16 9 113 8 2 -0 02 

(b) 20 Bldwa 

7 4 123 1 89 19 5 118 5 3 9 84 
> 0 125 4 77 14 8 121 4 5 9 26 

11 2 128 8 99 13 1 125 1 12 1 98 
U 1 123 9 8 19 6 122 0 9 0 29 
15 0 lie 2 2 15 4 lie 9 2 0 07 

(c) S9 B10V8 

9 4 127 2 173 14 7 131 9 4 4 66 
7 9 129 9 154 13 0 123 0 5 4 48 
e 3 192 7 08 11 6 190 1 24 1 98 

11 4 129 1 18 12 1 128 8 14 0 24 
U 9 123 1 9 U 9 122 9 9 0 18 
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TABLES 

HVEEM CTABILOMETER TEST DATA FOR EMBANKMENT SOIL* 

Molding Molded Displace-
ol Moisture Dry Ph atpv ment R- Exudation at Swell 

Agency Compaction Content (%) Density (pcf) ° 160 psi (turns) Value** Pressure (pel) 400 psi Pressure (psi) 

AASHO" U 7 128 0 97 2 70 38 517 2 4 
BPR T 173-56 11 9 127 0 117 2 SO 26 401 26 1 0 

11 9 126 0 128 2 84 18 333 0 4 
10 9 130 0 73 2 60 53 780 
12 0 127 0 110 2 60 30 410 

Calif AASHO 12 e 120 0 120 3 10 21 300 28 
T 173-56 13 0 125 0 128 3 00 17 280 

14 0 122 0 138 3 40 10 240 
15 0 119 0 142 S 75 8 230 
11 4 12S 0 m 2 55 30 888 5 
13 1 121 2 130 4 09 9 286 5 

Uabo 12 9 121 7 US 3 14 8 405 9 8 
15 0 115 2 140 4 21 ' 8 159 2 
It i 12S 0 80 ] 62 59 650 

New Mexico AASHO 11 8 127 0 103 3 15 31 480 26 
T 173-56 12 4 126 0 107 3 54 26 400 

12 7 125 0 111 3 SO 24 356 
12 il 124 S K 2 ii ii J50 3 7 

Oregon AASHO 12 e 120 0 105 3 OS 30 374 32 2 4 Oregon 
T 173-56 13 5 124 3 134 3 20 13 255 0 0 

12 1 124 9 75 2 44 SS 7 821 6 S 
11 8 118 0 115 2 65 26 9 438 0 

Uoiv of Minn _« 12 3 114 0 130 2 96 16 3 398 21 0 
13 1 117 5 138 3 24 10 9 1S9 0 2 
14 2 117 9 144 3 16 8 1 187 0 
M i 121 4 130 2 85 18 580 

Washington _« 13 8 119 7 140 2 9S 10 430 9 
14 3 iia 4 145 3 OS 7 360 
15 3 lie 2 146 3 65 5 300 
11 S 127 0 55 2 75 83 m 154 

Wyoming AASHO 12 4 127 0 69 2 SO 44 300 50 02 Wyoming 
T 173-56 14 7 120 0 132 3 40 13 150 3 

•For footnote explanatlona sao Appendix 1 

BASE MATERIAL TEST DATA 

Description of Material 

The base material used on the AASHO Road Test was a crushed dolomitic l ime­
stone produced by blending various sizes f r o m the same quarry. Mineral composition, 
as reported by four agencies, is given in Table 22. 

Test Data 

Results of sieve analyses and hydrometer analyses are reported in Table 23, as 
are the methods used f o r preparing samples for classification tests. Plasticity i n ­
dices, optimum moistures, and maximum densities are given in Table 24. Both 
standard (5. 5-lb hammer, 12-in. drop, 25 blows on each of 3 layers) and modified 
(10-lb hammer, 18-in. drop, 56 blows on each of 5 layers) procedures were used. 
Maximum size aggregate used varied as indicated in the table. 

Table 25 gives specific gravities and absorptions. Soundness, Los Angeles abra­
sion, Deval abrasion, and sand equivalent results are given m Table 26. 

Fair ly complete California Bearing Ratio test data are given in Table 27. Results 
of a complete set of CBR curves by the Waterways Experiment Station are reported 
in Table 28 and Figure 14. 

Hveem stabilometer test data are given in Table 29 and plots of R-value versus 
exudation pressure m Figure 15. 

Results of t r i ax ia l tests are reported in Table 30 and plots of deviator stress 
versus principal stresses in Figure 16. The Kansas stress-strain data are shown m 
Figure 17. It should be noted that Saskatchewan used a closed-system t r i ax ia l ce l l . 
Some laboratories did not report values f o r P and c. These were computed by the 
authors where possible. 

Permeabilities are given m Table 31 . 

DISCUSSION 

In previous sections, values reported by the participating agencies have been pre-
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Figure 5 . Mohr r\ipture envelopes for embankment soil . 



74 

Test Num )er — 

© 
® 
® 

aooa 0012 

Unit Strain 

0020 

Figure 6. Stress-strain curves for t r i ­
axial tests on embankment soil (Kansas). 
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Figure 7. Consolidation test^on embank­
ment soil (Ohio). -

TABLE 11 

UNCONFINED COMPRESSION, DIRECT SHEAR, AND CONSOLIDATING TESTS ON EKIBANKMENT SOIL (OHIO) 

Item 

Uncon-
fined Direct 
Comp. Shear 

ASTM D 698-57 T 
12.5 12.2 

117.6 118.5 

1.75 2.5 
4.5 1.0 

0.02 
42.0 

24 
10.4 

Consolidation (See Fig. 7) 

Compaction Metliod 
Moisture content (%) 
Dry density (pcf) 
Size of sample: 

Diameter (in.) 
Height (in ) 

Loading Rate (in. per min) 
Comp. Str. (psi) 
li (deg) 
C 
VerUcal load (psi) 0 3.5 6.9 13.9 27.8 55.5 
Void raUo 0.369 0.404 0.379 0.352 0 321 0.294 
Vertical load (psi) 27.8 13.9 6 9 3.5 0 
Void ratio 0.296 0.301 0.312 0.335 0.340 
Vertical load ^si) 5.2 10.4 20 8 41.7 
Cy (in' per sec) 2.7 X 10-* 1.3 0.8 0.7 
r 0.72 0.74 0.71 0.81 
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TABLE 12 
P E R M E A B n j T T TESTS ON EMBANKMENT SOIL 

Item A C F E L NB Oregon PCA 

Type of test 

Dry density (pcf) 
Moisture content (%) 
Void ratio, e 
Permeability, K 

(cm per sec) 

Falling head, de '̂-aired water, 
saturated specimens, 10° C 

0 484 0 588 0 818 
0.62 3 1 8 8 ' 
X 10-" X 10-" X 10-' 

Constant 
head 
117 5 
13 5 
0 42 
4 1 

X 10-" 

0 417 
0 073 
x l O - ' 

0 467 
0 108 
X 10-' 

20° C 

0 512 
0 138 
X 10-' 

0 557 
0 188 
X 10-' 

0 595 
0 250 
X 10-' 

114 0 
15 5 
0 47 
8 3 

X 10-' 

TABLE 13 
MINERAL COMPOSITION* OF STXBBASE MATERIAL 

Constituent BPR Mass. Miss. Nebr. 

Size examined 
£3iale 
Dolomite 
Chert 
Miscellaneous 
Kaollnite and vermlcullte 
n i i t e 
MbntmorHlate 
Quartz 
Organic (loss on ignition) 
S U t * * 
Clay 
CoUoid 

minus 2 micron 

10 - 15 
40 - 50 
30 - 35 

10 
6.1 

1%"-N0. 
3 

84 
6 
7 

•»Approximate percentages. 
wtCr i te r ia f o r size c l a s s i f i ca t ion not reported. 

I 1 I [ 
Locus of moiifflum values 

Meon of oi l latwrolorles 

^ l . o c u s of minimum values 

30 n 

Sieve Numbsr 

sented generally as received and with a 
minimum of interpretation. In some 
cases reasonable agreement was noted 
between the different laboratories. Tn 
others there was considerable difference 
in values reported for the same test. 
Some test data also were reported in­
completely. It is assumed, therefore, 
that readers may wish to mterpret the 
information mcluded m these sections for 
themselves. To facilitate this, much 
otherwise extraneous information has 
been mcluded in the tabulations. 

In the followmg paragraphs the authors 
have made selections from the informa­
tion available and summarized them to 
indicate the mam characteristics of the 
materials. Exclusions were made for a 
variety of reasons, including great vari­
ability m either method or results, in­
completeness, or lack of general applicability. Some discussion of the variability in 
reported values for the selected tests is included. 

Mmeral composition of the three materials was not reported upon generally; how­
ever, for the few reports received, there was little disagreement. Taken together 
they present a reasonable picture consistent with other information available on the 
parent material. 

Figure 8. Grading curve for subbase. 
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TABLE 14 

MECHANICAL ANALYSES OF SUBBASE MATERIAL* 

Method Percent Finer Than 
of Ho No No No No No • Uo ** 

Agency Prep 1'/." 1" 3/4" 1/2" 3/8" 4 16 30 40 50 200 200 

Rd Test T 87' 100 100 98 3 91 8 90 2 73 8 _ _ 22 8 _ 7 4 8 0 
Ala - 100 se 1 95 9 92 1 86 8 72 7 46 9 38 3 30 2 19 5 8 0 8 1 
Alta T 146' 100 100 97 91 87 72 42 33 25 17 7 4 7 4 
Ariz T 87 100 100 98 93 88 73 42 33 25 18 _ 7 
AI T 87 100 100 98 93 88 76 46 37 - 18 7 8 
Banff T 87 100 98 2 97 9 93 1 89 0 74 0 44 0 31 5 24 5 19 0 _ 7 0 
BPR T 87 100 100 98 93 89 75 47 39 29 21 8 
CalU T 87 100 100 97 92 88 74 46 37 25 19 _ 8 
Del - 100 100 93 3 87 7 81 8 - - - - _ _ 

FAA T87 100 100 96 93 90 80 51 35 29 20 8 
Fla - 100 100 97 92 86 83 48 38 28 18 7 9 8 3 
Ga T 87 100 99 0 97 0 90 0 83 0 76 0 54 7 41 4 29 9 18 6 11 9 _ 

Hawaii T 146 100 99 97 94 88 73 48 37 30 25 9 _ 

Ida T87 100 100 97 92 - 71 - 36 27 17 - 8 
m T 146 100 100 98 94 89 76 45 35 27 18 _ 5 9 
Kan 100 100 98 - 89 76 47 37 31 18 _ 8 2 
Ky D 421' 100 09 2 96 7 91 0 85 4 70 0 37 0 21 3 14 8 9 8 6 0 6 1 
La T 87 100 99 98 93 88 80 54 44 29 22 6 9 
Me - - - - 94 90 76 44 31 25 17 6 8 6 8 
Md T 87 100 99 5 97 8 92 7 87 2 73 7 54 0 29 7 22 0 11 3 _ 4 0 
Mass T 146 100 100 97 5 93 4 88 5 77 0 50 4 40 7 31 0 22 3 7 1 8 7 
Mich T 146 100 100 95 7 91 3 88 9 80 2 53 6 43 0 33 1 21 8 _ 11 6 
Miss - 100 99 5 96 6 - 88 3 78 1 51 5 41 4 32 8 20 6 _ 10 0 
Mo T87 100 99 6 97 1 90 5 83 9 66 9 _ _ 20 7 - _ 5 8 
Nebr T 87 100 100 07 96 90 78 47 37 28 18 8 8 
Nev T 87 100 98 5 94 6 90 7 86 0 71 6 44 3 34 8 24 1 16 5 7 7 7 7 
NB T 87 100 100 94 1 88 4 85 3 71 6 43 0 33 8 23 0 15 8 7 6 7 6 
NJ T87 100 99 98 92 88 75 46 37 29 20 11 2 11 5 
NM T87 100 100 97 9 93 0 88 5 73 5 45 0 34 5 27 9 20 8 _ 7 0 
NY T 87 100 99 4 95 4 91 8 86 0 76 0 - 31 3 _ _ 8 8 
NC T87 100 100 97 7 93 1 89 0 72 5 44 4 35 2 26 8 17 5 7 3 8 0 
N Dak T87 100 99 6 97 6 94 2 90 4 79 2 34 4 26 4 18 9 11 2 3 7 8 0 
Ohio T87 100 99 96 92 66 70 40 31 23 14 6 _ 

Okla T87 100 100 96 93 88 71 42 33 26 17 8 3 8 9 
Omaha - 100 100 95 8 90 0 87 0 73 0 40 0 27 0 21 0 17 0 7 0 _ 

Ont T87 100 100 96 90 86 72 46 35 26 15 5 7 6 0 
Oreg T 87 100 99 4 97 8 93 6 88 9 75 0 44 6 35 3 27 6 18 1 _ 7 8 
PCA - 100 - 98 95 - 75 _ _ 30 _ 7 5 _ 

Pa T87 100 99 94 89 84 69 60 49 39 27 12 5 13 2 
PR T87 100 99 97 92 87 71 69 58 43 28 12 _ 

Sask T 146 100 - 95 _ - 70 40 27 23 _ _ 13 
Tex T 146 100 98 96 90 86 72 45 32 25 19 7 _ 

U Minn 100 97 9 94 4 85 9 79 9 71 3 42 2 S3 7 26 0 16 5 7 1 7 2 
Utah T 87 100 99 5 97 4 92 6 87 8 74 8 39 0 32 8 24 7 15 9 7 1 7 1 
Va T 87 100 99 97 91 86 70 41 29 25 19 _ 7 
Wash T87 100 100 95 89 85 71 53 36 28 19 9 
WES - 100 99 7 98 1 93 7 89 3 75 4 50 4 40 5 30 7 20 9 9 2 10 0 
Wis T 146 100 100 97 92 88 73 44 35 26 16 _ 7 5 
Wyo T 87 100 99 4 96 3 91 5 86 7 73 1 49 1 38.6 30 7 19 5 8 3 9 1 
No of tests 35 46 48 46 46 48 43 44 47 43 29 41 
Mean 100 99 S 96 7 91 9 87 2 74 0 46 S 35 6 27 1 18 4 7 9 8 2 
Std dev 0 0 6 1 3 1 9 2 2 3 3 6 2- 6 1 4 7 3 6 1 9 1 8 

Hawaii 
Me 
PCA 
Texas 
Average 

-05-
mm 

0 03 
mm 

0 (MS 
mm 

0 002 
mm 

Hydrometer analyses 
3 2 1 
4 2 1 
6 4 2 
4 2 1 

*For footnote explanations see Appendix A 
*«Includes additional dry sieving after washing over No. 200 eleve 
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TABLE 15 
PLASTICITY INDEX, SPECIFIC CRAVITT, AND MOISTURE-DENSTTr RELATIONSHIP OF SUBBASE MATERIAL* 

StecUic Gravity 
Plasticity F A C A Moisture-Density Relationship 

Index, <5s Max 
Agency P I ' Method Ga Method Cm Gs Abs Method Size Wo Djnax 

Rd Test N P T 8 4 " 2 73 T 85" • 2 55 2 76 3 0 T 99" Vj" 7 9 137 
AU 1 0 T 100* 2 64 T 100 - 2 54 - T IBO" 7 1 137 4 
Alta N P T 100 2 81 T85 - 2 74 - D 69B-D" V." 7 0 142 1 
Ariz N P T84 2 74 T85 - 2 67 - T99 5 5 135 S 
AI N P T 84 2 72 T85 - 2 78 - T99' ' 7 S 132 4 
Banlt N P T 100 2 63 T 100 - 2 69 - T99 No 4 7 4 131 8 
BPR N P T 100 2 72 - - - - T99-A No 4 9 133 
CalU N P T 133" 2 71 T 85 2 54 - - C 216-C'' % in 6 0 145 
Del N P - - - - - - T 180 7 8 135 9 
FAA N P T 100 2 70 T85 - 2 78 - T 180 8 0 133 
Fla N P . - - - T99 6 8 12B 0 
Ga N P. T 100 2 83 T85 2 55 2 75 3 1 T99 8 130 
Hawaii 3 0 T84 2 70 T85 2 52 - - 6 2 142 0 
Ida N P T84 2 70 - - - - - - -
m N P - - - - - T 99" '/," 7 5 136 9 
Kan 1 0 - - T85 2 55 - 2 9 %" 7 136 
Ky 0 6 T 100 2 67 T 100 2 72 - T99 S 8 140 3 
La N P T 100 2 76 T 100 _ 2 7B - T99 6 6 129 9 
Me N P T 100 2 70 - . - T 180-A No 4 7 5 138 7 
Md N P _ - TBS - 2 62 - T 99 '/," 8 7 130 5 
Mass _ T 100 2 82 T 100 - 2 74 - T99 7 3 136 5 
Mich N P T 100 2 70 TBS 2 48 2 63 2 7 T99 8 2 132 3 
Miss N P - 2 70 - 2 63 - 6 2 136 4 
Mo N P T 100 2 71 T 100 - 2 59 2 6 T99 all 6 6 138 7 

T99 No 4 8 6 129 6 
Nebr N P T 100 2 75 T 100 - 2 76 - T99 8 2 132 9 
Nev N P T 100 Composite Sample - 2 67 - C 216-C %" 6 140 7 
N B N P T 100 2.69 TBS - 2 58 - Tgg No 4 10 5 130 

corr *•• 138 5 
N J N P T 100 2 63 - - - - T99 10 130 
N M. N P T 84 2 67 T85 2 73 T99 7 2 136 6 

T 180 6 6 139 4 
N T N P T 100 2 72 T85 (2 82 - 8SD) T 99 */<" 7 0 135 7 

T 99 y«" 8 0 133 5 
T 180 %" 7 5 139 3 

N C N P - 2 69 T85 - 2 77 - T99 6 5 135 8 
N Dak 3 4 T84 2 72 T85 - 2 75 - T99 7 B 127 B 
Ohio N P C 128" 2 67 T 14 - 2 62 - D698 7 0 134 B 
Okla 1 0 T 100 2 77 T85 2 64 - 'T99 No 4 7 B 191 2 

corr + 139 S 
Omaha N P - - - - - - T99 7 5 136 1 
Ont N P T 100 2 74 T85 2.67 - T99 No 4 8 0 129 0 

T99 all 7 4 133 5 
Oreg N P T 133 2 73 T 133 2 Bl - No 4 10 7 131 2 
PCA N P - - . - - - T99 7 0 136.5 
Pa 1 0 T 100 2 77 TBS - 2 60 - T99 B 7 131 6 
P R. N P De54' 2 67 D854 - 2 64 - T IBO %" 6 5 135 1 
Sask. N P . - - - - - T99 6 8 137 S 
Tex 0 2 T 100 2 69 - - - - THDB3" 6 9 135 B 
V Minn N P T 128 2 64 T 127" - 2 65 T99 7 2 135 0 

T 180 7 0 139 0 
Utah N P. T 100 2.62 TBS - 2 66 - T99 No 4 8 4 130 6 
Va N P T 100 2 71 T 100 - 2 76 - T99 8 6 130 0 
Wash N P D854 2 68 C 127 _ 2 74 T99 No 4 8 5 129 

8 5 136 
WES ** C 128 2 74 C 127 2 73 T 160 7 0 139 0 
Wis N P T84 2 61 TBS 2 S3 - T 180 6 3 139 4 
Wyo N P - 2 64 - - 2 67 - T99 8 3 134 0 
No of Test 40 34 35 35 
Mean 2 70 .^.69 T99 7 7 133 1 
Std Dev 0 05 0 07 1 0 3 3 

•Por footxiota explsoatlons SM Appendix A. 
••Reported mlmiB 1.0. 

•«CorrBCted for plus Ko. U material. 



78 

T A B L E 16 

SOUNDNESS, ABRASION, AND SAND EQUIVALENT OF SUBBASE MATERIAL* 

Soundness" Abraslon*° 
Tn>e of No of Loss (%) Wear** Sand" 

Agency Solution Cycles C . A . F A Total Grading (%) Equiv 

Ariz . 51 
Calif 47 
FAA 33 
Ida. 40 
Elan C 29 4 
Md. 14 2 2.2 32.7 43 
N H MgSOi 8.0 B 28.0 
N . Y MgSOt 4 16 8 

10 39 2 
N.Dak. 3.8 3 3 
Ont MgSO. 5 6 3 15 3 C 25 0 
Oreg. Na^SDi 0.2 B 35 4 
Wash. 73 

Average 31 51 

oFor footnote explanaUons sse Appendix A 
•»500 revolutions. 

Selected classification and quality tests are summarized m Table 32. Included are 
the Atterberg limits, moisture-density relationships at optimum conditions, apparent 
specific gravities, selected sizes from mechanical analyses, and results of sand 
equivalent, Los Angeles abrasion, and 5-cycle sodium sulfate soundness tests. 

It wi l l be noted from Table 3 that most laboratories classified the embankment soil 
m the A-6 category, with variations m group index values. Variations in group in­
dex largely reflected differences m liquid and plastic limits. Of the 59 agencies re­
porting, one reported a plasticity index below 10 and one above 16. The average PI was 
12.6, with a standard deviation of 1.8, Coefficients of variation (standard deviation 
times 100 divided by the mean) were 6.9, 9.3, and 14.0, respectively, for LL, PL 
and PI. 

Most of the agencies reporting classified the mmus No. 40 fraction of the subbase 
and base as non-plastic. However, of those reportmg, 17 percent gave PI values 
from 0.2 to 3.4 for the subbase and 29 percent from 0 to 4, 3 for the base. In both 
cases one reported a minus PI. 

Methods for determining specific gravity varied somewhat for each material and 
between materials. Nevertheless, most of those reporting gave a value which might 
be considered the apparent specific gravity. The average standard deviation 
associated with mean apparent specific gravity values from Tables 3, 15 or 25 was 
0.05. This means that approximately 68 percent of the laboratories deviated from 
the mean values in Table 32 by as much as t o.05. The total range was, of course, 
greater. It is difficult to say what part differences among samples, methods of test, 
and laboratory techniques had ui this variation; but the effects on computed degrees 
of saturation, for instance, are obvious. 

Average values for selected sizes in the grain-size distribution curve are given 
in Table 32. Means and standard deviations for all sizes are given in Tables 2, 14 
and 23. While distributions of tests on sizes on the ends of gram-size curves are 
not usually normal, the standard deviations do give an idea of the dispersion of the 
tests. Standard deviations for middle sizes (30 to 60 percent passmg) were about 
15 percent of the mean or less for the base material, up to 25 percent for the subbase 
material, and, except for the 0.002-mm fraction, less than 15 percent for the soil. 

These and similar computations for each size may be compared to the following 
extracted from HRB Special Report 61 B (2). From 170 tests made during the 
production of the 33, 700 tons of base material used in constructing the flexible pave­
ments, these values were obtamed: 
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TABLE 18 
RESULTS OF CBR TESTS ON SUBBASE MATERLU. (WATERWAYS EXPERIMENT STATION) 

Before Soaking After Soaking 
Moisture Moisture 
Content Density Content Density Swell 

(7o) (pcf) CBR (7o) (pcf) CBR (%) 

(a) 12 Blows 
0.3 128.9 57 8.9 129.2 29 -0.24 
2.6 127.0 38 9.6 127.2 11 -0.18 
5.5 130.4 58 8.8 130.4 40 0 
8.0 130.6 80 8.6 130.7 68 -0.04 
10.2 132.0 54 10.4 132.0 53 0.02 

(b) 26 Blows 
0.3 130.8 58 8.8 131.2 22 -0.31 
2.5 127.9 36 9.3 128.6 33 -0. 53 
5.3 132.4 64 8.5 132.7 76 -0.22 
7.6 135.9 79 8.2 136.0 28 -0.04 
9.4 134.2 27 9.1 135.5 8 -0.49 

(c) 55 Blows 
0.3 136.2 178 7.7 136.2 75 -0.04 
2.1 133.4 111 8.3 133.6 39 -0.13 
4.0 136.3 157 7.8 136.5 100 -0.13 
5.8 138.3 190 7.0 138.5 123 -0.18 
7.7 139.1 102 7.7 139.3 100 -0.13 

T A B L E 19 

HVEEM STABILOBIETER T E S T DATA FOR SUBBASE MATERIAL* 
Molding Molded Avg. 
Moisture Dry Phat Exudation R-value 

Method of Content Density Pv = Displace- R- Pressure at 
Agency Compaction (%) (pcf) 160 psl ment Value*' (psi) 400 psl 

AI Kneading, 5.5 133.4 32 3.25 76 
38 tamps 6.5 133 5 26 3.47 79 
at 200 psi 7.5 134 6 28 3.78 76 77 
ft pressure 

BPR AASUO 7.0 24** 3.94 78 5 
T 173-56" 6.5 22 4.05 79.5 

6 9 19 4.08 82.0 80 

Calif. AASHO 7.0 135.0 15 3.50 85 790 0 
T 173-58 7.4 136 0 14 3 60 88 430 0 

7.8 138 0 23 3.40 81 160.0 84 
8.2 135.0 20 3.80 83 70.0 
8 7 138 0 21 3.25 80 60 0 

Idaho 5 8 135 6 28 4.20 70 461 6 
5 1 135 0 29 3.95 70 580 9 
6.5 138.1 29 3.79 71 278.5 69 
7.5 136 8 31 5.54 60 198 9 

New California 7 3 127 0 19 3.72 83 764.0 
fijexico kneading 7 7 134.0 20 3 79 83 384 0 

8 0 133 0 22 3 80 82 400 0 81 
8 2 133 0 23 3.83 82 208 0 

Oregon 6.9 137.3 30 3 81 75 191 0 
6.5 139.5 27 3.79 77 235.0 78 
6.2 137.9 23 3 58 81 700.0 

U. Minn. _4T 7 0 132 5 20 4 48 80 636.6 
7 1 130 1 27 3 79 76 270.8 78 
6.5 126 0 26 5 02 72 208.9 

Wash 6.9 132.9 27 3.81 77 460 
7.0 131.4 29 3.56 76 300 76 
7.2 133.0 29 3 75 75 220 

Wyoming AASHO 6.8 130.1 19 4.20 83 800 Wyoming 
T 173-58 7.2 133.0 24 4 IS 80 400 80 

7.8 134.5 33 4 30 72 100 
For footnote ezplanatlons soe Appendix A. 

% - 167 psi . 
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Figure 9. CBR tests on subbase, (Waterways Experiment Station). 
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Std. Deviation 
Sieve Percent 
Size Mean Value of Mean 
Vain. 68 3.5 5 

No. 4 48 2.2 5 
No. 40 20 0.9 4 
No. 200 10 0.6 6 

Only one agency reported a sand equi­
valent value for the soil. Values ranging 
from 40 to 73 were reported for the sub-
base, and 41 to 54 for the base sample. 
Averages for the sand equivalent, sodium 
sulfate, and Los Angeles abrasion tests 
are mcluded m Table 32. 

Considerable variations in procedure 
were noted for the methods used to de­
termine maximum density and optimum 
moisture content. Table 32 includes the 
mean values for those tests reportedly 
run accordmg to AASHO Method T 99 
(5. 5-lb hammer, 12-in. drop, 3 layers, 
25 blows per layer in a 4-m. mold) or 
the equivalent ASTM Method D 698. Also 
included are means for AASHO Method 
T 180 (10-lb, hammer, 18-m. drop, 5 
layers, 56 blows per layer in a 4-in. 
mold). Variations from the basic method, 
where known, are reported m Tables 3, 
15 and 24, along with means and standard 
deviations for the T 99 test procedure. 

Variant procedures, not always noted 
but which may have had an influence on 
the reported values, included re-use of 
the sample, maximum size of the sub-
base or base aggregate used, and size 
of mold. In arriving at the means for 
Table 32, no distinction was made between 
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Figure 11. Mohr rupture envelopes for subbase. 
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TABLE 21 
RESULTS OF PERMEABILITY TESTS ON SUBBASE MATERIAL' 

Item Georgia Idaho Mass. N.B. N.J. Oregon 
Method _41 »* _ Constant _ 

head 
Dry density 138.0 135 to 137 - — — — 

Kat20°C, cm/sec 7.1 X 10* I x W'to 1.9 X 10-* 3.3 X 10-* l.Ox 10"' 2.8x 10-' 
2x 10"* 

Permeability rating - Medium — Low - -
For footnote explanations see Appendix A. 

*HTeein stabilomater specimens used. 

TABLE 22 

MINERAL COMPOSITION OF BASE MATERIAL 
Approximate Percentage 

Constituent Banff Kan. Miss. N. Mex. 
Dolomitic limestone 100.0 _ * _ 

Silica, Si02 
Iron, FezOs 

- 4.0 - 3.7 Silica, Si02 
Iron, FezOs - - - 0.5 
Alumina, AI2O3 - - - 1.0 
Lime, CaO - - - 28.8 
Magnesia, MgO - - - 19.6 
Loss on ignition - - - 46.4 
Carbon dioxide, CO2 - - - (43.1) 
Calcium carbonate, CaCOs - 51.5 - 51.4 
Magnesium carbonate, MgCOs - 42.1 - 41.0 
Water, H2O - - - 2.4 
Undetermmed - 2.4 - -
Insoluble in HCl - - 12.7 -
Described as a dense, fine-grained to a very fine-grained crystalline dolomitic 
limestone. 

. . 0 

\ 
\ TBI Nui 

0016 

Unit Strain 

Figure 12. Stress-strain curves for t r i -
axial tests on subbeise (Kansas). 

Locus of maitlinuin values 

Mean of a l l laboratories 

Locus of minimum values 

Sisve Number 

Figure 13. Grading curve for base. 
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TABLE 23 
MECHANICAL ANALYSES OF BASE MATERIAL* 

Method Percent Finer Than* 
of No. No. No. No. No. No.» No. ** 

Agency Prep iVa" 1" '/a" '/s" 4 16 30 40 50 200 200 

Ala. TS?" 100 93.6 86.4 76.7 69.0 55.8 33.4 25 5 23 1 20.4 11.7 13.6 
Alta. T 146' 100 94 87 75 68 52 28 23 21 19 11.5 11.7 
Ariz. T 87 100 95 87 73 66 49 29 23 21 19 - 11 
B.C. _ 100 90.3 81.6 68.7 61 1 46.5 27 9 21.6 19 0 17.3 10 3 10.7 
BPR T 87 100 87 74 - 52 47 - - 20 - - 12 
Calif. T 87 100 91 83 69 62 48 30 23 21 19 - 12 
Del T 87 100 93.0 87.0 75.0 67.0 52.3 29 3 22.2 19.9 17.6 8.0 -
FAA T 87 100 94 84 73 65 51 30 24 22 20 13 13 
Fla. T 87 100 95 84 73 - 46 - - 18 - 9 -
Ga. T 87 100 96 90 75 68 - - - - - - -
Hawaii T 146 100 87.7 64.8 50.9 40.4 30.2 - - 12.7 - 7.2 -Idaho T 87 100 88 80 65 57 43 - 19 17 16 - 9 
m. T 87 100 88 4 80.1 69.9 63.0 48 9 29.2 - 20.6 18.6 10.6 -
Kansas 100 95 87 78 69 56 34 27 24 21 - 13 
Ky. D 421' 100 91.8 83.9 70.9 63.5 46.5 26.8 20.4 18.6 16.9 9.8 -
La. 100 89.8 79 6 65.8 59.4 58.6 32.4 23 8 20.3 18 8 - 10.9 
Maine T 87 100 91.0 82.0 69.0 62.0 46.0 28.0 22.0 19.0 17 0 - -
Md T 87 100 92.4 84.8 72.7 64 8 48 3 28.8 22.6 20.3 18.0 8.8 -
Mass. _ 100 94.8 84.2 72.6 65.3 46 1 28.0 22.3 20.9 19.0 12.4 -
Mich. - 100 92.6 80.0 67 7 59 4 45.4 27.6 21.9 19.8 18.2 - 11.1 
Mlss. T 87 100 91.2 83.1 71 7 63.5 45 2 26.0 21 0 17.9 17.0 - 8.7 
Mo. _ 100 89.8 79.2 65.6 58.0 42.8 - - 18 3 - - 10.0 
Nebr. - 100 96 87 76 67 52 29 23 20 18 11 11 
Nev. T 87 100 90.4 79.9 68 6 58.4 43.6 25 0 19 0 17.1 15 5 - 8.4 
N.J. T 87 100 93 82 71 63 49 28 22 21 19 - 11 
N.M T 87 100 92 86 73 65 49 - - 20 - 11 -
N.Y. T 87 100 93.8 84.0 71.4 65 0 49.7 - - 20.4 - - 11.2 
Ohio T 87 100 87 79 64 56 43 28 22 20 18 10 -
Okla. T87 100 93 81 68 59 45 32 22 20 18 10.5 11.0 
Omaha T87 100 93.8 87 1 71.8 63.3 48.8 - - 20.3 - - 10.7 
Ont. T87 - 95.9 87 1 74 2 65.5 48.8 27 2 21 2 - - 9 5 9.7 
Oreg. T 87 100 94.7 87 4 76.1 68.1 51.1 30.6 24.2 21.8 19 7 - 11.7 
Pa. T 87 100 87 84 74 66 50 29 22 20 18 11 11 
Que. - 100 87.6 75.8 62.4 ^.4 43.0 - - - - 9 7 -
R.I . 100 91.3 84.4 71.9 64 7 51.4 27.7 22.8 20.9 18.5 8.5 10.5 
Sask T 146 100 75.0 66.4 56.0 51.0 41 8 - - 19 5 - 10.7 -
Texas T 146 94 85 76 64 56 43 26 22 20 18 - 11 
U. Minn. T 87 100 90.5 82.7 68 8 61 0 48 7 28.4 22.2 19 6 18.6 8.7 10.3 
Utah T 87 100 92.3 83 9 69.7 61.5 46.7 24.0 18.4 16.7 15 1 8.8 8.8 
Va. D 421 100 93 86 72 64 52 29 22 20 18 - 11 
Wash. T 87 100 93 84 71 64 48 38 28 26 23 - 14 
WES _ 100 93.0 85 6 73 5 65.6 50.5 32.2 25 5 23.1 21.3 13.2 13.4 
Wis T 146 100 93 87 74 67 50 30 23 21 19 - 11.0 

No. of tests 42 43 43 42 42 42 32 32 40 32 23 30 
Mean 99.9 91.4 82.5 70.2 62.1 47.9 29.1 22.6 20.0 18.5 10.2 11.1 
Std. dev. 0.9 3.8 5.1 5.3 6.9 4.7 2.8 2.0 2.2 1.6 1.6 1.4 

mm mm mm mm 
Hydrometer analyses 

Hawaii 7 4 2 1 
N.J. 10 6 4 2 
N.Y. - 5 3 2 
Texas 9 6 3 2 
Average 9 5 3 2 

*For footnote explanations see Appendix A, 
••Includes additional dry sieving after washing over No. 200 sieve. 
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T A B L E 24 

PLASTICITY INDEX AND MOISTURE-DENSITY RELATIONSMP O F BASE MATERIAL* 

Agency 

Plasticity 
Index 

P I ' 
Moisture-Density Relationship 

Agency 

Plasticity 
Index 

P I ' Method Max. Size WD Dm ax 
Ala. N. P. T 180" 6.6 139.2 
Alta. N .P . D 698-D" V«in. 7.0 142.1 
Ariz. N. P. T 99" 7.4 139.0 
Banfi 2.6 T 99 7.2 143.3 
BC 0 T 99-D 7.3 141.2 
BPR N. P. T 9 9 - C %in. 7 143 
Calif. N. P. C 216-0" %ln . 5.0 152 
Del. N. P. T 180 5.8 140 
FAA N. P. T 180 6.9 140 
Ga. N. P. T 99 7.8 131.0 
Hawaii 4.3 _a3 6.5 147.0' 
m. N. P. T99"* %ln . 8.2 139 
Kan. 1 ' / 4 l n . 6.5 140 
Ky. 2.9 T 99 4.5 151.8 
Md. 1.6 T 99-A No. 4 8.3 134.6 
Mass. 3.7 T 180 6.5 140.0 
Mich. N. P. T 9 9 7.6 135.6 
Miss. N. P. _1S 6.4 142.9 
Mo. N. P. T 9 9 - A No. 4 8.6 135.2 
Nebr. N. P. T 99-C % l n . 8.0 135.4 
Nev. N. P. C 216-C V«in. 6.0 145.9 
N.J. N. P. T 99 9.8 135.5 
N. M. N. P. T 99 8.9 134.4 

T 99 No. 4 9.0 136.5 
N. Y. N. P. T 99 % In. 7.3 141.0 

T 180 '/tin. 7.3 143.3 
Ohio N. P. D698 8.7 138.4 
Okla. N.P. T 9 9 No. 4 8.4 136.5 
Omaha 1+ D698 ' / . in . 5.7 142.0 
Ont. N. P. T 9 9 No. 4 7.6 135.0 
Oreg. 0 _ai No. 4 8.9 138.7 
Pa. 0.1 T 99 8.4 138.0 
P . R . N. P. T 180 6.5 143.5 
R . I . N. P. T 9 9 8.1 135.9 
Sask. 0.0 T 99 5.5 142.5 
Texas 3.9 THD83" 6.3 145.4 
U.Minn. N. P. T 99 7.2 135.0 
Utah N. P. T 99-A No. 4 8.8 134.8 
Va. N. P. D698 No. 4 8.0 134.0 
Wash. N. P. No. 4 4.8 143.0 
WES *» T 180 J i i n . 6.8 145.8 
Wis. N .P . T 180 %in . 6.5 144.6 
No. of tests 27 27 
Mean T 9 9 7.7 137.9 
Std. dev. 1.2 4.3 

For footnote explanations see Appendix A. 

^Reported minus 
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TABLE 25 
SPECIFIC GRAVITY OF BASE MATERIAL* 

F.A. 
Specific Gravity 

C.A. 

Aeencv Method Gm 
Gm 

(SSD) 
Ga 
G« Method Gm (SSD) 

Ga 
Gfl Abs. 

Ala. T 84" 2.72 T 85° 2.60 1.3 
Alta. T 100° 2.69 T 85 2.74 
Ariz. T 84 2.81 T 85 2.74 
Banff 2.73 2.76 
B.C. 2.83 2.78 
BPR T 100 2.85 T 85 2.63 2.67 2.73 
Calif. T 133* 2.79 T 85 2.62 
FAA T 100 2.86 T 85 2.76 
Fla. T 84 2.73 2.74 2.77 T 85 2.67 2.69 2.77 
Ga. T 100 2.87 
Hawaii T 84 2.83 T 85 2.64 
Kan. T 85 2.62 2.66 1.7 
Ky. 2.85 2.72 
La. T 85 2.65 
Maine T 85 2.67 
Md. T 84 2.75 T 85 2.70 
Mass. T 84 2.70 2.66 
Mich. T 100 2.81 T 85 2.60 2.65 2.74 2.0 
Miss. T 100 2.77 T 100 2.67 
Mo. T 100 2.80 2.63 1.5 
Nebr. T 84 2.80 T 85 2.74 
Nev. 2.79 2.64 
N.J. T 100 2.88 T 85 2.68 
N. M. 2.82 2.78 
N. Y. 2.81 2.65 
Ohio C 128" 2.76 T 14 2.65 
Okla. T 100 2.74 T 85 2.67 
Omalia T 100 2.82 T 85 2.68 2.77 1.7 
Ont. 2.82 2.74 
Oreg. 2.81 2.81 
Pa. T 100 2.81 T 85 2.65 
P. R. 2.78 IS 2.69 
Que. 2.77 IS 2.72 
R . I . T 100 2.73 T 85 2.69 
Texas THD 73 2.81 
Utah T 100 -2.72 T 85 2.68 
Va. D854 2.67 2.67 
Wash. D854 2.76 C 127" 2.77 
WES D 854 2.84 C 127 2.75 
Wis. T 84 2.70 T 85 2.62 
Summary: 

No. of tests 37 37 
Mean 2.78 2.70 
Std. Dev. 0.05 0.05 

For footaoto explanations see Appendix A. 
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T A B L E 26 

Soundness^' A b r a s i o n " 
Type of No. of 7o L o s s % Sand" 

Agency Solution Cyc l e s C . A . F . A . Total Grading Rev. Wear Equiv, 
A r i z . HaaSO, 5 6.0** C 100 8.0 

500 28.0 
Cal i f . 41 
F . A . A . 30 
Idaho B 27 42 
Kan. B 26.9 
L a . 27 .8 
Maine 28.1 
Md. 8.3 6.3 27.2 54 
M i s s . 500 28.3 
Nebr. NaaS04 5 2 .3** A 29.0 

10 4 .0 
N. M . 30.0 42 
N . Y . MgS04 4 8.3 

10 16.5 
Ohio NaaS04 3.4** B (Deval) 9 . 2 " 
Ont. 

(Deval) 
23.2 

Oreg . NaaSOi 0.7** A 29 .0 
P a . NaaS04 5 1.5 1.3 2.8** A 100 5.5 

A 500 26 .5 
B 100 5.5 

500 23.9 
100 6.3 

C 500 24.3 
P . R . MgSO« 5 1.7 30.0 
Que. 28 .0 
Utah 5 3.2 2 .5 A 24.0 
Wash. 

24 .0 
49 

No. of tests 5 18+ 5 
Mean 3 .0 27 .3 46 
Std. dev. 2 .2 

46 

For footnote explanations see Appendix A. 
Indicates tests included in mean. 

*The 9.2 value obtained from deval test and results of Los Angeles test at 100 
rev. not included. 



89 

O n OKI 

oo ao^ 

^.1 

P S 

1 n i l I 

o g e 

o V CO a 

Jl l 

5? 

5 5 

fll |lli$|lleg 



90 

TABLE 28 
RESULTS OF CBR TESTS ON BASE MATERIAL 

(WATERWAYS EXPERIMENT STATION) 

Before Soaking After Soaking 
Moisture Moisture 
Content Density Content Density SweU 

(%) (pcf) CBR (%) (pcf) CBR (%) 

(a) 12 Blows 

0.2 138.5 161 7.2 138.5 100 0 
2.5 130.7 57 8.8 130,8 24 -0.04 
4.6 131.6 89 7.4 131.6 80 -0,02 
7.2 139.4 138 7.3 139.5 128 -0.04 
9.2 138.1 61 7.9 139.3 44 -0.84 

(b) 26 Blows 

0.3 141.6 247 6.9 141.6 169 -0.02 
1.9 136.7 139 8.1 136.7 70 0 
3.9 137.4 159 7.6 137.4 91 -0.02 
5.7 140.3 211 6.5 140.5 193 -0.13 
7.9 142.4 158 6.9 142.4 168 0 
9.0 139.8 128 7.5 139.9 133 -0.04 

(c) 55 Blows 

0.2 144.2 418 6.3 144.2 249 0 
2.9 140.1 266 7.0 140.2 129 -0.06 
5.7 144.5 336 6.3 144.8 882 -0.04 
8.4 142.7 94 6.8 142.7 120 -0.02 

those who reported the variant procedures and those who did not. However, values 
corrected mathematically for plus No. 4 material were not included, nor were values 
determined with different sizes and weights of hammer or number of blows. 

Part of the problem, and possibly confusion, of the variations in test procedure 
arose from the fact that during the time in which these studies were being made, 
both AASHO and ASTM were rewriting their methods for determinmg the moisture-
density relationships of soils. In any event, it is interesting to compare the means 
and standard deviations of the test values reported for the standard T 99 test: 

Std. Deviation 
Percent 

Mean Value of Mean 
(a) Maximum Density 

Soil 119.2 2.2 1.8 
Subbase 133.1 3.3 2.5 
Base 137.9 4.2 3.0 

(b) Optimum Moisture 
Soil 13.5 1.0 7.4 
Subbase 7.7 1.0 13 
Base 7.6 1.2 16 
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TABLE 29 
HVEEM STABILOMETER TEST DATA FOR BASE MATERIAL* 

Molding Molded Exuda- Avg 
Moisture Dry Phat Uon R-value 

Method of Content Density Pv = Displace­ R- Press at 
Agency Compaction (%) (pet) 160 psi ment Value" (psi) 400psi 

6.0 142.0 14 3.22 89 652 
BPR AASHO 6.3 142.0 17 3.63 86 247 86 

T 173-56*' 6.6 142.0 18 3.77 84 446 
4.3 134.0 9 4 2S &4 m 

Calif. AASHO 5 1 134.0 10 4.35 84 600 84 
T 173-56 5.9 133 0 9 4 70 85 420 

7 2 135 0 9 4.85 84 240 
3.3 13S 4 24 4 74 75 

Idaho AASHO 4 2 135 1 20 5.03 77 75 
T 173-56 5 1 135.4 24 4 62 75 

6.4 129.6 12 S.14 86 
N M. Kneading 6 8 130 0 10 4.58 85 81 

Compactor 7 3 130 0 18 5 70 78 
8.2 129.0 22 5.61 74 
7.1 140 1 14 • 4.08 87 239 

Oregon 6 7 139 1 13 4.06 87 382 87 
6.3 138.7 14 4.08 87 796 
7 2 m 6 Id 4.6^ 8̂  195 

Univ of 6 7 138.8 15 4.73 84.5 310 82 
Minn 6 7 134.5 14 4 73 80 470 

_« 6 6 130.4 12 4 M 86 
Wash. _« 5.4 129.1 14 4.96 84 400 84 

5 6 128.6 13 6 30 81 
5 2 128.1 12 6.25 83 

»For footnote e^cplanations see Appendix A. 

Bureau of Public Roads 
90 

85 

80 

90 
(£ 

- 85 

2 80 

<u o c o 

in 
9) 

90 

85 

80 

90 

85 

80 

California 

Oregon 

University of Minnesota 

0 200 400 600 800 

Exudation Pressure , psi 

Although the standard deviations are 
not large, there is s t i l l a considerable 
number of test values varying from the 
average by two or more pounds per cubic 
foot. Because of the lack of proper 
experimental evidence, it is difficult to 
say whether or not this is due to specific 
differences in techniques, or it is a ran­
dom error associated with the sample or 
operators. Tests by New York, Missouri, 
and Ontario reported m Tables 15 and 24 
mdicate that the exclusion of the plus No. 
4 material reduced the maximum density 
of the granular materials by about 4 per­
cent. 

Most pavement design methods pre­
sume, in some fashion, to take into con­
sideration the conditions of soil place­
ment, i . e., its moisture and density. 
This report mcludes, m addition to the 
maximum densities and optimum moisture 
contents previously discussed and sum­
marized in Table 32, other information 
which could be used to make t r ia l pave­
ment designs. In view of the possibility 

Figure 1$. Resistance value T S exudation 
pressure, base. 
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•nOAXIAL COUPRESSION 
TABLE 30 
TEST DATA TOR BASE UATERUL* 
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Figure l6 . Mohr rupture envelopes for base. 
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Figure 17. Stress-strain curves for t r i -
axial tests on base (Kansas). 

T A B L E 31 

R E S U L T S O F P E R M E A B I L I T T T E S T S ON B A S E M A T E R I A L * 

R - J — Agency Ohio 

Method 
Max. size Whole V," 
Density (pcf) -»• - •* ISO (Wet) 
K at 20t (cm/sec) 2 08 x lO"" 5 04 z 10"' 4 94 z 10"' 

(ft/day) 14 3 140.0 
•For footnote explmationo see A p p o n d l x T r 

wNot r e p o r t e d . 

TABLE 32 
SDUMART 07 CHARACTERIOTICS OF MATERIALS* 

Items Soil ftiWwaf Bano 

UqaU Umlt 2S 
PlasUc l imi t 19 
Plasticity Index 13 N P N P 
AASHO classlflcaUon (groiqi todes) A-6 (9) A - 1 (0) 
OpUmum molsbira (%) AASHO T M U S 8 

AASHO T ISO 10 7 7 
fcfartwmw. density (pcf) AASHO T 00 l U 133 138 

AASHO T ISO 120 138 143 
q ^ l f l c gravity, apparent 3 73 3 70 3 74 
Msdiaalcal analysis 

tJhwimnm SlZS 1 In i V . l n 
ftrcont finer tliaa 

No 4 sieve 07 74 49 
No 40 (0 43mm) sieve 89 27 20 
No 300 (0 074 mm) sieve 7S 8 10 
0 02 mm 03 4 9 
0 009 mm 40 3 3 

Sand eqolvalent 0 SI 40 
Sodiom snlfate soondness loss, S cycles 

(%) 3 0 
Los Angeles Bbraaico loss, BOO rev (%) 31 27 

<e«« t«zt , •pproprlat* t ib l«s , a d not«a tc T qwolrls details am 1 t«s t nsthods 

that such designs may be used to com­
pare the design procedures with Road 
Test performance information, it appears 
to the authors that additional discussion 
is necessary. At the same time, they 
reiterate the remark made earlier that 
no such designs or comparisons are nec­
essarily implied. 

Table 33 has been prepared to show, 
in juxtaposition, what may be considered 
design properties of the soil, subbase 
and base material. Included are'factors 
from CBR, Hveem stability (R-vaiues), 
Kansas triaxial (modulus of deformation), 
and Texas triaxial (classification number) 
tests. Also indicated are the number of 
reports included and the range in values 
of those included. Selections from those 
available were made by the authors from 
the entire group available. Other than 
personal judgment, the prime criterion 
for selection was that the molding mois­
ture and density condition be close to 
the reported average for the standard 
(T 99) or modified (T 180) conditions 
and that no extreme value be included. 

Of the 28 reports showing California 
Bearing Ratio data for the embankment 
soil, 14 were included in three categories 
in Table 32. Twelve of 26 subbase re­
ports and 11 of 24 base reports were in- ' 
eluded. Mention was made earlier of the 
variations in basic test procedure. The 
factors which made selection most difficult 
were the variations in molding moisture 
and density. Figures 3, 9, and 14 make 
it clear that molding conditions are im­
portant. Reported CBR (soaked only) 
values showed these total ranges: soil, 
2 to 45; subbase, 5 to greater than 100; 
base, 3 to greater than 200. In many 
cases there appeared to be little relation­
ship between the molding condition and 
the reported optimum condition, although 
it may be presumed that this was con­
sidered in the individual application of 
the CBR values. However, indiscriminate 
application of published design charts to 
the various reported CBR values would 
certainly yield a surprising variety of 
designs. Whether or not this would 
apply to the application of the design 
charts of certain individual States to their 
own CBR values was not ascertained. 

Hveem stabilometer test data for the 
embankment soil also varied appreciably 
from agency to agency. There was more 
uniformity for the granular materials. In 
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TABLE 33 
SELECTED PROPERTIES FOR DESIGN* 

Soil 
Item 

Subbase Base 
No. Mean Range No. Mean Range No. Mean Range 

Property at approx­
imately T 99 opt­
imum conditions: 

CBR (soaked), 
Corps of Engi­
neers procedure 8 5.0 

CBR (soaked), 
static method 1 1.7 

' Hveem stability, 
R-value 3 21** 

Kansas triaxial, 
modulus of de­
formation (psi) 1,300 

Texas classifi­
cation 

Property at approx­
imately T 180 opt­
imum conditions: 

CBR (soaked), 
Corps of Engi­
neers procedure 5 

CBR (soaked), 
static method 

Texas classifi­
cation 

4.0 
to 6.7 

58 

78 

8,000 

32 to 86 5 

5to33 3 

69 to 84 7 

100+ 

200+ 

83 

83 to 
140 

145 to 
200 

81 to 
86 

10,000 

5.6 
(96% max. dens.) 

3.7 
(102% max. dens.) 

18 10 to 
24 

100+ 86 to 163 3 186 135 to 
233 

20 

4.7 
(97% max. dens.) 

*See Expropriate tables and notes for references to test methods. 
••Determined at 300-psi exudation pressure. 

1.0 
(102% max. dens.) 

Table 32 averages or reported values at 400-psi exudation pressure were used to ob­
tain the subbase and base R-values. For the soil, only the R-values for California, 
New Mexico, and Oregon were used, and these were taken from Figure 4 at 300-psi 
exudation pressure. The 300-psi exudation pressure was used after considering a 
plot of moisture content versus exudation pressure for those three agencies. It must 
be emphasized here that no implication of the insufficiency of the combination of a 
test value and a design method for a given agency is meant. 

Several agencies reported the results of triaxial tests, a few reporting data for 
all three materials. Inasmuch as only two, Kansas and Texas, reported explicitly 
on design tests, they alone have been included in Table 32. The Texas classifications 
were reported by that agency, the Kansas moduli were determined by the authors. 

In the interest of clarification and to make it possible to extend the use of the 
material previously discussed, further mention of the moisture and density condition 
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of the AASHO Road Test is in order. Table 34 has been prepared from data presented 
in HRB Special Report 61 B (2) to show how the average maximum densities and opti­
mum moisture contents given m Table 32 compare with mitial, as-constructed condi­
tions. The optimums as obtained on the original materials are given. The conditions 
corresponding to P20 and P50 were obtained from distribution curves of all tests made 
during construction and are the 20th or 50th percentiles of these distributions. In 
the case of density, P20 is the density below which 20 percent of the tests fe l l . For 
moisture content it is the value above which 20 percent of the tests lay, both bemg in 
order of descending stability (in general terms). 

A question of the philosophy of design is mvolved here. Will design be for opti­
mum conditions, expected mean conditions, or some condition below either of these? 
Certainly such factors should be considered if stability (again m general terms) is a 
function of molding or compacting conditions and if constructed conditions vary. An 
illustration can readily be given usmg data from the Waterways Experiment Station 
(CBR) and California (R-value): 

Soil Moldmg 
Condition 

CBR R-value 

P20 2 less than 8 
Pso 2.5 less than 8 
T 99 5 21 
T 180 17 -

TABLE 34 
CONSTRUCTION DENSITY INFORMATION FROM AASHO ROAD TEST* 

Soil Subbase Base 

Basis for Selection 

Dry 
Density 

(pcf) 

Moisture 
Content 

(%) 

Dry 
Density 

(pcf) 

Moisture 
Content 

(%) 

Dry 
Density 

(pcf) 

Moisture 
Content 

(%) 
Pzo** (construction) 112 17.1 133*** 7 141 7 
Pso** (construction) 114 16.2 136*** 7 141 7 
Optimum (construc­
tion) 117 15 137 7 139 7 

T 99 (Table 32) 119 13 133 8 138 8 
T 180 (Table 32) 129 10 138 7 142 7 

**P2o: 20th percentile, or density below which 20percent of tests lie, or moisture 
content above which 20 percent lie. 

Pso: 50th percentile 
***Before paving, initial density was higher. 

SUMMARY 
Tabulations of test data collected on soil, subbase, and base material from the 

AASHO Road Test as part of a cooperative materials testing program have been pre­
sented. Primary reasons for conductmg the tests were to allow each participating 
agency to develop information about the materials using its own methods and pro­
cedures, and to develop information not obtamable with facilities available at the 
Road Test. 

Indicated characteristics, design properties, and variability of reported test data 
were discussed and summarized in Tables 32 and 33. 
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Appendix A 
REFERENCES AND EXPLANATORY NOTES 

Abbreviations 
T 000 refers to the standard designation for methods of test of the American 

Association of State Highway Officials. 
D 000 and C 000 refers to the standard designation for methods of test of the Ameri­

can Society for Testing Materials. 
C 000 refers to the standard designation for methods of test of the Division of 

Highways, State of California. 
THD 000 refers to the standard designation for methods of test of the Highway 

Department, State of Texas. 
AASHO American Association of State Highway Officials. 
ASTM American Society for Testing Materials. 
HRB Highway Research Board. 

General References 
"Standard Specifications for Highway Materials and Methods of Sampling and 

Testing, Parts I , n and m . " American Society for Testing Materials, Philadel-
Washlngton, D.C. (1955, 1958). 

"ASTM Standards, Part 4 ." American Society for Testing Materials, Philadel­
phia, Pa. (1958). 

"Procedures for Testing Soils." American Society for Testing Materials, Phila­
delphia, Pa. (1958). 

Lambe, T.W., "Soil Testing for Engineers." Wiley, New York (1951). 

Specific References and Explanatory Notes 
Numbers correspond to superscript numbers in the tables. 

1. AASHO T 88-54 or ASTM D 422-54, "Mechanical Analysis of Soils." 
2. AASHO T 87-49, "Dry Preparation of Disturbed Soil Samples for Test;" or ASTM 

D 421-58, "Dry Preparation of Soil Samples for Grain-Size Analysis and 
Determination of Soil Constants." 

3. AASHO T 146-49, "Wet Preparation of Disturbed Soil Samples for Test." 
4. AASHO T 27-46 or ASTM C 136-46, "Sieve Analysis of Fine and Coarse Aggre-
: . , gates." 
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5. AASHO T 11-49 or ASTM C 117-49, '^Ambuiit bf Material Finer Than No. 200 
Sieve in Aggregate." 

6. AASHO T 89-54, '.'Determining the Liquid Limit of Soils;" or ASTM D 423-54T,i. • 
:*,'Llquid Limit of Soils." . > , 

7. AASHO T 90-54, "Determining the Plastic Limit of Soils;" or AASHO T 91-54, 
"Calculating the Plasticity Index of SoUs;" or ASTM D 424-54T, "Plastic L im­
it and Plasticity Index of Soils." „ , . , - ,, . 

8. AASHO T 100-54 or ASTM b 854-52, "Specific Gravity of Soils." 
9. AASHO T 133-45 or ASTM C 188-44, "Specific Gravity of HydrauUc Cement." 

10. Division of Highways, State of California, C 208-B, "Materials Manual, " Vol. 1 
(1956), "Method of Test for Apparent Specific Gravity of Fine Aggregates." 

11. AASHO T 84-57 or ASTM C 128-57, "Specific Gravity and Absorption of Finfe ' 
Aggregates." 

12. AASHO T 85-45 or ASTM C 127-42, "Specific Gravity and Absorption of Coarse 
Aggregates." 

13. Jackson method for determination of specific gravity of soils. See Agg, -T. R., 
"Construction of Roads and Pavements," McGraw-Hill (1936). This method 
uses kerosene and a special burette, calibrated to read specific gravity-direct­
ly. 

14. "Hogentogler" Method for determination of specific gravity of soils, computed 
from 

Specific Gravity = —=;— 
1 - ZLB. 
Rs 100 

where Rs = shrinkage ratio and Wg = shrinkage limit. 

15. Using Chapman flask. 
16. AASHO T 99-57 or ASTM D 698-58T, "Moisture-Density Relations of Soils Using 

a 5, 5-lb Rammer and a 12-in. Drop," Where information was available, 
letter indicates method used. 

17. AASHO T 180-57 or ASTM D 1557-58T, "Moisture-Density Relations of Soils 
Using a 10-lb Rammer and an 18-in. Drop," Where information was avail­
able, letter indicates method used, 

18. Division of Highways, State of California, C 216-C, Materials Manual, Vol, 1 
(1956), "Method of Test for Relative Compaction of Untreated and Treated 
Soils and Aggregates." 

19. Method of Compaction: 10-lb hammer, 25 blows, 4 layers in 4-in. mold. 
20. AASHO T 134-57 or ASTM D 558-57, "Moisture Density Relations of SoilrCement 

Mixtures," 
21. Wilson, S. D. , "Suggested Method of Test for Moisture-Density Relations of 

Soils Using Harvard Compaction Apparatus." Procedures for Testing Soils, 
ASTM, 1958. 

22. THD 83, "General Laboratory Compaction Test for Moisture-Density Relations 
for Soils," Texas Highway Department, 1953 (revised). 

23. Hawaii method of compaction: Vw-ca it mold, 10-lb rammer, 18-in, drop, 5 
layers, 55 blows per layer. 

24. Plus ^-in. material removed and replaced with an equal weight of V2 to No, 4 ~ 
material, 

25. Kansas method of compaction Vio-cu f t mold, 5, 5-lb rammer, 12-in. drop, 4 
layers, 56 blows per layer. Samples are not reused. Details of method are-
given m "Soil and Base Course Manual," State Highway Comm. of Kansas 
(1959). 

26. Static-vibration method of compaction. See Humphres, H,W,, "A Method for 
Controlling Compaction of Granular Materials," HRB Bull, 159 (1958), 

27. Using modified Vicksburg hammer (weighing 5,9 lb) which compacts soils to 
densities similar to those attained with 5,5-lb standard hammer having a 12-

• in, drop, 
28. AASHO T 92-54, "Determining the Shrinkage Factors of Soils;" or ASTM D 427-39, 

"Shrinkage Factors of Soils." 
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29. Determined in "bar shrinkage limit mold" for rapid determination of shrinkage 
by direct measurement of specimen dimensions. The individual specimen 
molds are approximately % by % by 5 in. long. 

30. AASHO T 93-54, "Determining the Field Moisture Equivalent of Soils;" or 
ASTM 426-39, "Field Moisture Equivalent of Soils." 

31. AASHO T 176-56, "Plastic Fines in Graded Aggregates and Soils by Use of the 
Sand Equivalent Test." 

32. "Dust ratio" is defined as the percentage of material finer than No. 40 sieve 
passing No. 200 sieve. 

33. Determmation of CBR by dynamic compaction. See "Suggested Method of Test 
for Moisture-Density Relationships and California Bearmg Ratio of Soils, " 
submitted by U. S. Army, "Procedures for Testing Soils, " ASTM, 1958. 
Except where variants in compaction procedure are noted, it is presumed all 
generally follow this method. 

34. Determination of CBR by static loadmg. See Stanton, T. E. , "Suggested Meth­
od fo Test for Bearmg Ratio and Expansion of Soils, " "Procedures for Test­
ing Soils, " ASTM, 1955. This procedure specifies 2,000-psi compression 
pressure. In a few cases other pressures were used for static compaction 
but were not incidated. It is assumed specimens were compressed to desired 
density. 

35. Recommendations based on methods described in paper prepared for presentation 
at 36th Annual WASHO Conference on June 13, 1957, by Chester McDowell, 
Senior Soils Engineer, Texas Highway Department. 

36. Wyoming Modified CBR Method. See Russell, I . E . , and Olinger, D. J. , Wyoming 
Method of Flexible Pavement Design," Proc. HRB, Vol. 27 (1957). 
Specimen is compressed to 100 percent T 99 maximum density at optimum 
water content in testmg machine. 

37. Equivalent to Standard AASHO, usmg 6-in. mold, 10-lb hammer, 18-in. drop, 
5 layers, 12 blows per layer. 

38. AASHO T 104-57 or ASTM C 88-56T, "Soundness of Aggregates by Use of 
Sodium Sulfate or Magnesium Sulfate." 

39. AASHO T 3-35, "Abrasion of Stone and Slag by Use of the Deval Machine." 
40. AASHO T 96-56 or ASTM C 131-55, "Abrasion of Coarse Aggregate by Use of 

the Los Angeles Machine." 
41. "Suggested Method of Test for Permeability of Granular and Semi-granular Soils," 

by Ohio State Highway Testing and Research Laboratory, Procedures for 
Testing Soils, ASTM, 1958. 

42. AASHO T 173-56, "Compaction of Soil and Soil Mixtures for the Expansion 
Pressure and Hveem Stabilometer Tests." Standard procedure using kneading 
compactor, 350-psi foot pressure. 

43. AASHO T 174-56, "The Expansion Pressure of Soils." 
44. AASHO T 175-56, "Resistance of Soils to Deformation Using the Hveem Stabilo­

meter. " 
45. For Washmgton procedure see "Flexible Pavement Design Correlation Study." 

HRB Bull. 133, 1956. This kneading compaction procedure uses a foot pressure 
of 100 psi for 40 blows on soil and 250 psi for 40 blows on subbase and base 
materials. 

46. For Idaho procedure see Erickson, L . F., "Flexible Pavement Design in Idaho," 
HRB Bull. 210, (1959). This kneading compaction procedure uses a foot pres­
sure of 250 psi for 140 strokes. 

47. Skok, E. L . , Jr. , "A Comparison of Methods of Flexible Pavement Design, " 
University of Minnesota (1959). This procedure uses kneading compactor, 
250-psi foot pressure applied 10 times on each of four layers followed by 100 
blows on top of specimen. 

48. Kansas Triaxial Compression Test Method. See "Design of Flexible Pavements 
Using Triaxial Compression Test, " HRB Bull. 8, (1947). 

49. Texas Triaxial Compression Test Method. See McDowell, C., "Triaxial Tests 
in Analysis of Flexible Pavements, " HRB Research Report 16-B, (1954). 
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50. 

51. 

52. 

53. 

Boyd, K., "Suggested Method of Test for Bearing Power of Soil by Means of a 
Cone Machine," Procedures for Testing Soils, ASTM, 1959. 

Compacted with 5. 5-lb hammer, 12-in. drop, 55 blows for 3 layers, 60 blows 
for 4 layers. 

Compaction with kneading compactor as follows: 8 layers, 60-deg. table turn, 
1-sec. dwell time, 130-psi foot pressure. 

See "Soils and Base Course Manual, " State Highway Commission of Kansas, p. 
110. This is wet preparation method usmg 230 F drying temperature. 

Appendix B 
FROST SUSCEPTIBILITY STUDY OF EMBANKMENT SOIL 

As part of this cooperative study, the Arctic Construction and Frost Effects Labora­
tory of the U. S. Army Engineer Division, New England, ran a series of studies of the 
frost susceptibility of the soil. Included in the study were determinations of the effect 
of dry unit weight and pressure using ACFEL standard freezmg tests, the effect of 
initial degree of saturation in a closed system test, and the Initial freezing point of 
the soil moisture. Brief summaries are presented in this report. 

In the open system test normally used by ACFEL, tapered specimens 5.75^to 5. 50 
m. in diameter by 6 m. high were frozen from the top down at a rate of Vt to /a in. 
per day. The bottom ends of the specimens were connected to a free water source. 
Cabinet temperatures and heave measurements were made daily. This procedure was 
used for the studies of the effect of unit weight and pressure. Pressure was applied 
to the tops of the specimens with weights. The closed system test differed in that no 
water was allowed to enter the specimens durmg freezing. 

The data from the open system tests are given in Table 35; closed system tests, 
in Table 36. 

Initial freezmg temperature was determined on two samples compacted in thm-
walled copper tubes 3% in. long by % in. in diameter, sealed to prevent desiccation. 
The specimens were compacted to 106.7-pcf density at 19.9 percent moisture and 
122.9-pcf density at 13. 8 percent moisture. Thermocouple measurements were made 
at the center of the specimen as it was placed suddenly from room temperature to an 
air bath at -12 F. The freezing pomt of the soil moisture was reported as 31.7 F. 

TABLE 35 
TEST FOR E F F E C T OF DRY UNIT WEIGHT AND PRESSURE* 

Average 
ACFEL Surcharge Molded Dry Degree of Void Water Content (7o) Total Rate of 

Specimen Pressure Unit Wt Saturation Ratio, Permeabilltv, k, Before After Heave** Heave 
No. (psl) (pcf) (%) e at 10C(cm/sec) Test Test (%) (mm/day) 

(a) Effect of Unit Weight 

ART-1 0 5 110.1 100 0 553 2.150 X 10-' 20.3 90.2 156 8 7.2 
ART-2 0 5 116.6 100 0 467 0 417 X 10-' 17 2 26 4 28.4 2 3 
ART-15 0.5 118 6 100 0 442 0 300 X 10-' 16.3 26.2 27 0 2 8 
ART-3 0.5 120.4 100 0.420 0 200 X 10-' 15 5 20.2 17.1 1 3 
ART-4 0 5 125 1 100 0 367 0 075 X 10-' 13.5 18 6 13.9 1 1 
ART-16 0 5 125 7 100 0.360 0 067 X 10-' 13 3 18 0 10.1 1 2 

(b) Effect of Pressure 

ART-7 0 116 100 0.480 0 . 5 9 2 X 10-' 17 6 31 2 34.9 3.1 
ART-8 2 117 100 0.464 0 451 X 10"' 17.6 32.3 54.6 2 8 
ART-6 4 117 100 0.468 0 475 X 10-' 17 2 36.6 44 8 2.7 
ART-5 6 117 100 0.462 0.434X 10"' 17.0 30.6 34.5 2.3 

MBased on o r ig ina l height of frozen por t ion. 
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TABLE 36 
CLOSED SYSTEM TESTS, EFFECT OF INITIAL DEGREE OF SATURATION* 

ACFEL Molded Dry Void Degree of Water Content (%) Total 
Specimen Unit Wt. Ratio, Saturation Before After, Heave** 

No. (pcf) e (%) Test Test (7o) 
ART-9 . 114 , .500 58.8 , 10.7 9.9 0 
ART-10 114 .499 71.7 ' 13.0 10.5 0 
ART-11 114 .502 85.5 15.6 14.4 1.7 
ART-12 114 .501 100 18.2 16.8 5.4 
•Rate of freezing, l/h in. per day; load intensity on Bpecimen, 0'.5 psi. 
**Based on original height of frozen portion. 

Determination of the frost susceptibility classification was made on the basis of 
the open system tests. No classification was actually made, but the following quotation 
is pertinent: 

"The freezing tests performed on these specimens, where free water was avail­
able at the base of each specimen (open system), simulate extremely severe field 
conditions in which an unlimited supply of water is available to the soil during the 
freezmg process. Such condition is seldom present in a well-designed roadway 
where adequate drainage has been provided. Therefore, the test results obtained in 
the laboratory during freezing are unlikely to be duplicated in severity under most 
normal field conditions.. The following scale for classification of the degree of frost 
susceptibility of soil tested by this procedure, based on average rate of heave, has 
been adopted for rates of freezing between % and % in. per day. 

Average Rate 
of Heave 
(mm/day) 

Frost 
Susceptibility 
Classification 

0 - 0 . 5 Negligible 
0 . 5 - 1 . 0 Very low 
1.0 - 2.0 Low 
2.0 - 4.0 Medium 
4.0 - 8.0 High 
Greater than 8.0 Very high 



Creep and Shrinkage of Concrete in Outdoor 
Exposure and Relaxation of Prestressing Steel 
R. I . KINGHAM, Observer for the Canadian Good Roads Association; 
J. W. FISHER, Assistant Bridge Research Engineer; and 
I . M. VIEST, Bridge Research Engineer, AASHO Road Test, Highway Research Board 

A study of the long-time behavior of prestressed concrete beams re­
quires the determination of stress losses caused by creep and shrink­
age of concrete and by relaxation of prestressmg steel. Losses can 
be calculated accurately only if creep, shrinkage and relaxation are 
determined for the materials actually used m the beams. Further­
more, if the creep and shrinkage characteristics of concrete are de­
termined by tests, the environmental conditions in such tests must 
approximate those to which the prestressed beams are exposed. 

Outdoor creep and shrinkage tests of 24 concrete cylinders, and 
indoor relaxation tests of 20 samples of prestressmg wire and strand 
are reported. The test data are described by mathematical equations 
obtained with the same basic model expressmg shrinkage strain, 
creep strain or relaxation loss as a function of time. Numerical co­
efficients in the equations are evaluated by multiple regression ana­
lyses. 

The results of the tests are used in computations of long-time 
strains in six prestressed concrete bridge beams. The computed 
strams compare favorably with the results of strain measurements 
on the beams. 

# Studies of creep and shrinkage of concrete and relaxation of prestressing wire and 
strand carried out at the AASHO Road Test were made in connection with research m-
volving four one-lane, simple-span bridges each made of three precast prestressed 
concrete beams and a cast-in-place reinforced concrete slab (1.). Objectives of this 
research made it necessary to Imow stresses in the beams during their entire life. 
However, it was not convenient to make measurements except during stressmg of the 
steel and after erection of the beams. To estimate stress changes during the mterven-
ing period, two long-term experiments were carried out on samples of materials used 
in the beams. 

The study of shrinkage and creep characteristics of concrete was made on 24 cylin­
ders. Two cylmders were cast in conjunction with each of the twelve bridge beams 
made of concrete of essentially the same quality. The experiment was conducted out­
doors near the site of the prestressed concrete bridges. Observations began a few 
days after castmg the cylinders jm the fal l of 1957 and continued through 1960. 

The relaxation tests were made on ten samples of each type of prestressing steel. 
Beams for two bridges were prestressed with cables made up of parallel wires 0.192 
in. m diameter; beams for the other two were prestressed with 7-wire strands of 3/8-m. 
diameter. The minimum length of any test was 1,000 hr. Observations of one sample of 
wire and two samples of strand were contmued more than 9,000 hr. 

The mam part of this report is a general discussion of the experiments and the re­
sults of the analyses of the test data. The details of the experiments and analytical 
studies are contained in three appendices. The test data may be obtamed in tabular 
form (AASHO Road Test Data Systems 2414, 2423, 2424 and 2425) from the Highway 
Research Board at the cost of reproduction. 
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EXPERIMENTAL STUDY OF CREEP AND SHRINKAGE 
The creep and shrinkage characteristics of concrete were evaluated by tests on 

pairs of 6- by 12-in. cylinders, as shown in Figure 1. The eight pairs in the fore­
ground were kept under constant loads and observed for the combined effects of creep 
and shrinkage. The four pairs in the background were kept free and observed for the 
effects of shrinkage alone. 

Figiire 1. Creep and shrinkage tes ts . 

The experiment included three controlled variables: the source of cylinders, the 
level of load, and time. An outline of the first two variables is given in Table 1. 

TABLE 1 
OUTLINE OF CREEP AND SHRINKAGE EXPERIMENT 

No Load Load = 1, 000 psi Load = 2, 000 psi 
Bridge Beam Age* Beam /^^^ > (days) 

Strength* Beam Age* Strength* Beam 
(days) 

Beam /^^^ > (days) (psi) 
Beam 

(days) (psi) 
5A 3 22 2 41 7,150 1 25 6, 500 
5B 2 18 3 40 7,100 3 33 6, 820 
6A 1 13 3 13 5,850 2 21 6, 330 
6B 1 17 2 15 6,020 3 14 5,950 

*At beginning of tes t . 

One pair of test cylinders was made in conjunction with each bridge beam and tested 
in the same loading frame. The test was designated by the combined bridge and beam 
designations given in Table 1; for example, the pair of cylinders made in conjunction 
with beam 2 of bridge 5B was observed unloaded and is referred to as test 5B2. (Be­
cause of early indications of large eccentricity of load, test 5B1 was discontinued 
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after a few days and replaced by a second set of cylmders from beam 3 of bridge 5A.) 
Three levels of load were chosen: 0, 1,000, and 2,000psi. Four tests were made 

at each level. The load for any particular pair of cylinders is given in Table 1. 
The tests were begun shortly after stressing of the correspondmg beams and con­

tinued for more than three years. The stram measurements on the creep cylmders 
were taken immediately before and after loading and at mtervals of two days to 1 1/2 
months thereafter. Each time measurements were made on creep cylinders, strams 
were measured on shrinkage cylmders from the same bridge. 

The creep and shrinkage of concrete are affected by a number of factors other than 
the three controlled variables of this experiment. Kept as one-level factors were the 
aggregates, mix proportions and water-cement ratio, curing conditions and specimen 
size. Other variables could be classified as uncontrolled. Of these, the most impor­
tant were the age and strength of concrete at the time of loading and the environmental 
conditions. 

These three uncontrolled variables varied with some of the controlled variables. 
The age and strength of concrete at the time of loading varied with the source. The 
changes in environmental conditions were essentially the same for all specimens, as 
all were tested in the same place. However, the environment changed with time. 

Differences in the uncontrolled variables were determined by mdependent measure­
ments. The age at loading varied from 13 to 41 days and the corresponding strength 
of concrete from 5, 850 to 7,150 psi (Table 1). Among the environmental conditions, 
the temperature and relative humidity "were recorded. The temperature varied be­
tween -20 F and +100 F and the relative humidity between 11 and 100 percent. 

Strains were measured with a mechanical gage on three 6-m. gage lines on the 
surface of each cylinder. Al l readings were corrected for temperature effects in the 
concrete cylinders. The corrected readings for the six gage Imes on any one pair of 
cylmders were generally in good agreement except for small strams. For example, 
for a mean stram of 0.0006 one standard deviation, based on readings on mdividual 
gage Imes, was approximately 0.0001. The standard deviation increased with in­
creasing strain but considerably less than in direct proportion. 

The temperature-corrected strains for the six gage Imes were averaged and the 
means were used in the analyses. Two typical sets of data are shown in Figure 2: 
one for test 6A3 representmg apparent creep (i . e., the combmed creep and shrinkage) 
in cylinders loaded to 1,000 psi and the other for test 6A1 representing shrinkage of 
cylinders without load. The strains are plotted against time, with unit shortenmgs 
plotted upward and unit elongations plotted downward. 

The tests shown m'Figure 2 were started m October 1957. The over-all trend of 
both the shrinkage and the apparent cteep data was a shortening of cylmders with time. 
However, the shrinkage data showed expansion immediately after the begmnmg of tests 
and again one and two years later. A similar effect was noted on the apparent creep 
curve one and two years after beginning the test. On the other hand, the difference 
between the apparent creep and the shrinkage, labeled as corrected creep, was largely 
mdependent of this cyclic effect. 

It I S believed that the cyclic effect was, at least in part, the result of cyclic varia­
tions m the environmental conditions. In fall and wmter the humidity was relatively 
high and the temperature low: the cylmders absorbed moisture and expanded. In 
spring and summer the humidity decreased and the temperature increased; the cylm­
ders dried and shrank. 

It was apparent from the corrected creep curves that the creep strams m loaded 
cylinders increased rapidly at f i rs t . By 1,100 days the creep strains were increasmg 
at a very slow rate, giving evidence that the creep might be approaching a finite value. 
Shrinkage was essentially completed, except for the seasonal variations, by the end of 
the f i rs t year. 

The corrected creep data at any particular time showed marked differences from 
specimen to specimen. This is illustrated m Table 2, which mcludes creep strains 
that accumulated in 1,150 days. The specimens are listed m the order of decreasmg 
age at loading, and the strains are given per psi of load. On the average, this unit 
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Figure 2. l a i ca l creep and shrinkage data. 

creep was about the same for the cylinders subjected to 1,000 psi and for those sub­
jected to 2,000 psi, indicating that creep was proportional to load. A more detailed 
examination of the data suggested an mcrease m creep with decrease in the age of 
cylinders at loading. 

TABLE 2 
INSTANTANEOUS STRAINS AND CORRECTED CREEP STRAINS IN 1,150 DAYS 

Load = 1, 000 Psi Load = 2, 000 Psi 

Test Strain per Psi* Creep Test Strain per Psi* Creep Test Initial Creep Initial Test Initial Creep Initial 

5A2 0.196 0.242 1.2 5B3 0.236 0.464 2.0 
5A3 0.175 0.540 3.1 5A1 0.217 0.445 2,1 
6B2 0.252 0.593 2.4 6A2 0.235 0. 571 2.4 
6A3 0.254 0.544 2.1 6B3 0.246 0.578 2.3 

Mean 0.219 0.480 2.2 Mean 0.233 0.515 2.2 

»Stra ln In micro-inches per inch divided by the magnitude of load. 

Table 2 also includes initial strains per unit load caused by the application of load. 
The unit initial strams were larger for the greater loads and for younger specimens. 
The ratio of creep m 1,150 days to the initial strain was of the order of 2.2. Although 
further testing might have shown further mcreases in creep strains, it was apparent 
that to attain significant increases the period of observation would have had to be ex­
tended considerably. 

EXPERIMENTAL STUDY OF RELAXATION 
The relaxation characteristics of prestressing steel were evaluated by studies of 

20 60-m. specimens of wire and strand tested in steel frames, as shown m Figures 3 
and 4. Each specimen was stressed to the desired level and anchored at both ends. 
The distance between the anchorages, approximately 40 i n . , was constant throughout 
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Figure 3. Relaxation test of wire. 

Figure h. Relaxation test of strand. 

the experiment. The changes in the stress level in the specimens were determined at 
intervals by measuring the changes in the fundamental frequency of the wire specimens 
(Fig. 3) and with the aid of a load cell in the strand specimens (Fig. 4). 

The experiment included four controlled variables: the type and the source of pre-
stressing steel, the level of initial stress, and time. The first three variables are 
listed in Table 3. 

Two types of cold-drawn prestressing steel were used in the brieve beams: stress-
relieved wire and stress-relieved strand. Each was furnished in two shipments. 
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From specimens taken durmg fabrication of the beams, five were selected from each 
shipment for the relaxation study. 

TABLE 3 
RELAXATION LOSSES IN 1, 000 HOURS 

Shipment A Shipment B 
Initial Relaxation loss Specimen 

Initial Relaxation loss 
Specimen Stress, Specimen Stress, Specimen 

f i , (ksi) r , (ksi) % f i , (ksi) r, (ksi) /o 

(a) 0.192-In. Wire* 

509 199.1 18.0 9.0 507 196.4 14.1 7.2 
506 187.5 14.8 7.9 505 184.7 10.8 5.8 
502 180.8 13.0 7.2 504 180.5 7.7 4.3 
510 169.1 8.1 4.8 503 175.0 7.3 4.2 

(b) 3/8-In. Strand + 

604 187. 5 10.2 5.4 606 195.5 11.9 6.1 
609 185.0 11.9 6.4 608 189.0 8.2 4.3 
610 165.4 5.0 3.0 603 185.8 7.2 3.9 
607 163.0 4.2 2.6 601 169.3 5.3 3.1 
602 158.0 3.1 2.0 605 168.3 5.9 3. 5 

•xUltunate strength, 
+Ultlmate strength, 

257 k s i for t)oth shipments. 
265 k s i for shipment A, 275 k s i for shipment B. 

Only eight tests of wire are reported in this paper. One test was discontinued before 
1,000 hr as a result of accidental movement of the testing frame, which made ques­
tionable a portion of the results; the other because of faulty experimental techniques. 

Two stress levels were selected for both types of prestressmg steel and specimens 
were assigned these levels at random. However, initial seating of anchorages required 
overstressmg the specimens for a short period and made it impossible to attain exactly 
the selected stress levels. The initial stress levels given in Table 3 were determined 
by measurements immediately after anchoring the samples. 

The tests were carried out in 1959 and 1960. The mmimum length of any test was 
1, 000 hours. Readings of the stress levels were taken durmg loading, immediately 
after anchormg the steel, and at intervals from 90 sec. to 1, 000 hr thereafter. 

In addition to the four controlled variables, the experiment included uncontrolled var­
iations in the quality of steel and in the environmental conditions. Control tests indicated 
that all steel in any one shipment had essentially the same mechanical properties and chem­
ical composition. The variations in environmental conditions were not recorded but were 
believed to have been relatively small because the tests were carried out in a heated room. 

Typical data from one relaxation test are shown m Figure 5. Strand specimen 609, 
selected for this figure, was stressed mitially to 185 ksi. The relaxation loss m 
1,000 hr was 11.9 ksi, or 6.4 percent of the initial stress. Observations beyond 1,000 
hr showed substantial losses at later ages: e. g., at 5,000 hr the loss was 40 percent 
in excess of the 1,0004ir loss. 

The rate of relaxation loss decreased with time. The log-log plot in the lower por­
tion of Figure 5 illustrates that withm the duration of these tests the relaxation losses 
followed closely a logarithmic straightlme relationship. Thus the data gave no defmite 
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Figure 5. Typical relaxation data, specimen 609. 

5000 tapoo 

indication whether the relaxation loss would approach a finite limiting value at later 
ages. 

The relaxation loss in 1,000 hr is given for all specimens in Table 3. It is apparent 
that the relaxation loss mcreased with increasing initial stress and was smaller for 
wire B than for wire A. The relaxation loss for strand B appeared to be somewhat 
lower than that for strand A. 

ANALYSIS OF TEST DATA 
The objective of this study was to develop a reliable basis for estimatmg the time-

dependent losses m prestressed concrete beams. This objective could be met by 
statistical correlations of shrinkage and creep strain and relaxation stress with time. 
The correlations required f i rs t the selection of mathematical models suitable for re­
gression analyses. 

The primary criterion in the choice of the fmal model was the degree of correlation 
between observed test data and correspondmg values calculated from the evaluated 
model. However, it was also considered desirable, although not essential for the 
objective of this study, for the model to satisfy the following three characteristics of 
creep, shrinkage (without the cyclic effects), and relaxation: 

1. At time t = 0, the deformation (or stress loss) A = 0. 
2. At 0 <t < iD,A increases at a decreasing rate. 
3. At t = (D, A reaches a finite value A at. 

Several models found m the literature were exammed m the original as well as in 
various modified forms. Of these, the simple exponential model used by Shank (2) 

A = atb (1) 

and the semilogarithmic model used by Raphael(3) 
A = a ln(t + 1) (2) 

could be fitted satisfactorily only to limited ranges of the test data. Furthermore, they 
did not satisfy the third characteristic. A modification of the exponential Eq. 1, pro­
posed by Stussi(4), although satisfying all three characteristics, fitted satisfactorily 
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only the relaxation data. 
Another simple model studied by several investigators (5, 6, 7) and satisfymg all 

three desired characteristics may be written in the form 
A= (1 (3) 

which could not be fitted accurately to the fu l l range of creep observations, indicating 
that the rate of creep did not follow the simple relationship on which the equation is 
based (that is, that the rate of creep is at all times proportional to the amount of po­
tential creep remammg). McHenry (5) proposed a series of additive terms to correct 
for this discrepancy. A similar multiple-term model, proposed by Freudenthal and 
Roll (6), was found in excellent agreement with their test data. 

Both McHenry's and Freudenthal and Roll's expressions are unsuitable for fitting 
through Imear regression analysis. It was noted, however, that the rate of deforma­
tion increase indicated by Eq. 3 may be modified by the following adjustment: 

^-t/ajb 
(4) 

in which 
A = time deformation or stress loss at time t; 

Aoo = total potential time deformation or stress loss; 
t = time; and 

a, b = empirical constants. 
The general shape of Eq. 4 is shown in Figure 6. It wi l l be noted that the model 

satisfies the three characteristics of time deformations. Furthermore, it may be 
Imearized as 

logAoD+blogd-e"*/^) (4a) log A 
and I S , therefore, suitable for linear regression analysis. (However, it is necessary 
to choose the constant a arbitrarily. Thus a series of analyses is needed to determme 
the best values of Aoo, b, and a). / 

It may be noted further that for small values of t/a, the term (1 - e~ ) approaches 
the value of t/a. In such case Eq. 4 is reduced to a simple exponential expression of 
the type used by Shank (2), and may be Imearized as 

log A = log (Ao/a^) + b log t (4b) 

Time, t 

Figure 6. Time-defomation relationship. 
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The Imearized Eq. 4a and 4b were fitted to the mdividual creep and relaxation tests 
and to the moving averages of all shrinkage data. (The moving averages rather than 
the original data were used m order to elimmate cyclic variations.) The ranges of the 
resulting coefficients of correlation (Table 4) indicate that Eq. 4 is an excellent repres­
entation of the time-deformation and time-stress loss relationships observed m this 
investigation. 

TABLE 4 
CORRELATION FOR INDIVIDUAL SPECIMENS 

Type of 
Test 

Number of 
Analyses 

2* 
Range of r 

Creep 7^ 0.86-0.98 
Shrinkage 1 0.99 
Wire 8 0.98-0.99 
Strand 10 0.87-0.99 

*r = c o e f f i c i e n t or c o r r e l a t i o n . 
+AnalysiB f o r t e s t 5^2 not included. 

The term Aoo m Eq. 4 represents the total potential time-deformation or time-stress 
loss. If it IS expressed in terms of the known variables of the tests, such as the load 
and the properties of the material, a generalized model is established for the multiple 
regression analysis of all data pertaming to one problem. This procedure was used m 
separate analyses of the creep, shrinkage and relaxation data, as shown m the follow­
ing sections. 

The test observations were continued even after the completion of analytical studies. 
Furthermore, the data obtained durmg early periods of tests were subject to large 
percentage errors, which were magnified by the logarithmic linearization. For these 
reasons, only certain portions of the test periods were utilized in the analytical studies, 
as I S mdicated in the following text. 

Shrinkage Equation 
The analysis of shrinkage was made in two steps: the f i rs t step determined the best 

f i t to the test data without regard to the cyclic effects and the second step determmed a 
correction factor accounting for the cyclic effect. The analyses utilized only data ob­
tained between October 28, 1957, and December 19, 1959. 

After eliminatmg the cyclic effects by the method of movmg averages, a regression 
analysis of the shrinkage data made on the basis of Eq. 4a resulted in the following 
expression for the long-time trend: 

As = 0.00028 ( l - e - * / ^ ^ ^ ) ° - ^ ° (5a) 
in which t is the time m days from castmg the concrete. 

The residuals obtained as the difference between the shrinkage data and s followed 
a cyclic trend with season. A regression analysis of the residuals based on the equa­
tion of a sine wave gave the following expression for the second term of the shrmkage 
equation: 

As = 0.000087 (1 - e"*/^°) sin (t' + 60) (5b) 

in which t ' is time m days from January 1. (For example, t ' for February 15 of any 
year would be 45 days.) 
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The complete equation representing the shrinkage data of this investigation is then: 
^-t/166)0. 50 . 0^000087 (1 -e - t / lO A s = 0.000280 (1 

in which 
') sm ^ it' + 60) (5) 

A s = shrinkage stram at time t; 
e = base of natural logarithm; 
t = time from casting the cylinder, in days; and 

t ' = time from January 1, in days. 

Eq. 5 is compared with the test data in Figure 7. The fu l l lines represent the por­
tions obtained by the analysis of the test data; the dashed lines represent extrapolations. 
The mean absolute residual strain for the data used in derivation of Eq. 5 is 0.000043. 
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Figure 7. Correlation of shrinkage data. 
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Creep Equation 

Earlier studies of creep have shown that the total potential creep is a function of 
the magnitude of load and of the age at the time of loading (5). More recent studies have 
mdicated that the effect of this age may be accounted for by expressmg the load as a 
percentage of the strength of concrete at the time of loading (7). Thus, the total poten­
tial creep may be expressed as 

= c(fc/fci)<^ (6a) 
in which c and d are empirical constants. 

The data from six creep tests corrected for shrmkage were analyzed with multiple 
regression techniques on the basis of Eq. 4a combmed with Eq. 6a. (Data from test 
5A2 showed behavior radically different from that observed for the other specimens 
and were, therefore, excluded from the analysis. To avoid bias in relation to the load 
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level, data from test 5A1 were also omitted from the regression analysis.) Only ob­
servations made between 100 and 1,150 days after loadmg were included. The result­
ing creep equation was found to have the form: 

Ac = 0.00356 \ f c i / 
0.96 

(1 
-t/500. e ) 

0.73 
(6) 

m which 
Ac = creep strain at time t; 
fc = load per unit area of concrete; 

fc i = strength of concrete at the time of loading; 
e = base of natural logarithm; and 
t = time from loading the concrete, in days. 

Eq. 6 is compared with test data m Figure 8. It wi l l be noted that the data for 
specimen 5A1, not mcluded in the analysis, are in reasonable agreement with the 
theoretical line; but the data for 5A2, also excluded from the analysis, fal l substan­
tially below the regression Ime as well as below the range of all other test points. The 
mean absolute residual for the data included in the analysis is 0.000062. 
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400 800 
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Figure 8. Correlation of creep data. 
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The measurements on creep cylmders determined the apparent creep, including 
both creep and shrinkage. This apparent creep was computed for the six tests utilized 
in the creep analysis as a sum of values given by Eq. 5 and 6 and is compared with 
the measurements in Figure 9. It wi l l be noted that all data are located close to the 
Ime of equality. The mean absolute residual for the data shown is 0.000087. 

In Figures 8 and 9, the data for specimens loaded to 1,000 psi are shown as open 
symbols and the data for specimens loaded to 2,000 psi are shown as ful l symbols. It 
wi l l be noted that the equations appear to f i t both sets of data equally well. 

It has been pomted out m connection with the discussion of the creep experiment 
that the rate of increase of creep strams was very slow at 1,150 days, the terminal 
point of the analysis. The analytical studies indicated that equally good correlation 
with the test data could be obtamed by the choice of several different sets of constants 
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greater than the set used m Eq. 6. However, constants significantly different from 
those used gave total potential creep substantially in excess of the creep observed at 
1,150 days. 

aooiz 
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Figure 9. Comparison of computed and measrired apparent creep s tra ins . 

Relaxation Equations 
The relaxation data obtamed m this investigation showed a logarithmic straight-line 

relationship and thus gave no indication concerning the total potential relaxation loss. 
Furthermore, the authors were unaware of any published data mdicating directly 
either the probable magnitude of the potential loss or the variables which have influence 
on i t . (Sttlssi's study (4) suggested that several years of observations are needed even 
to reach one-half of the total potential loss; i . e., the half-life. Of the experimental 
data utilized by StUssi only one test appeared to approach the half-life.) However, 
studies of the current relaxation tests of strand have shown that the correlation between 
the individual specimens may be improved if the potential stress loss is expressed as 

vd 
AoD = cfi (fi/fs) 

Thus, Eq. 4 may then be written m the form: 

cfi ^-t/ajb 

(7a) 

(7b) 



115 
-t/a, In view of the linear relationship between log Ar and log t, the term (1 - e "•'*) m 

Eq, 7b may be replaced by the term t/a. Thus Eq. 7b may be given m the form: 

A r = gf: (7) 

in which 
Ar = relaxation stress loss at time t; 

f i = mitial stress; 
fs = ultimate strength of steel; 

t = time from application of mitial stress, 
g, d, b = empirical constants. 

in hours; and 

Eq. 7 does not indicate that the stress loss approaches a finite value. ^This is con­
sistent with the trend shown by the test data. However, it is believed that the stress 
loss would have approached a finite value if the tests had been continued for a consider­
ably longer period. In such case, Eq. 7b rather than Eq. 7 would have been better used 
for the regression analysis. 

Using test data from 10 to 1,000 hr, the empirical constants of Eq. 7 were deter­
mined by multiple regression analysis based on Eq. 4b combined with Eq. 7a. Separate 
analyses were made for the strand, wire A and wire B. The results were as follows: 

Type of Steel g b d 

Strand 0.0488 0.274 5.04 
Wire A 0.1020 0.238 6.08 
Wire B 0.0313 0.284 4.28 

The correlation between Eq, 7, usmg these constants, and the test data is shown 
m Figures 10, 11, and 12. In all three figures open symbols are used for specimens 
subjected to lower initial stress levels. No definite bias with respect to the stress 
levels may be noted m any of the three figures. 
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Figure 10. Correlation of relaxation data for wire A. 
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Figure 11. Correlation of relaxation data for wire B . 
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Figure 12. Correlation of relaxation data for strand. 

Beyond 1,000 hr Eq. 7 is shown as a dashed line, because it represents an extra­
polation. However, even the dashed Imes are in reasonable agreement with the test 
data. The data are available up to 9,000 hr. 

The mean absolute residuals for the data used in the analyses are 0.59, 1.12, and 
0. 38 ksi for the strand, wire A and wire B, respectively. 

COMPARISON OF RESULTS WITH OTHER MEASUREMENTS 

Relaxation Tests of Strand 
The relaxation tests were made on short specimens of steel. Earlier experiments 

with wire indicated a good correlation between results of tests involving 100-ft speci­
mens (8) and those involvmg 3-ft specimens (9), On the other hand, no data on the re­
laxation characteristics of strand were available. It was considered desirable, there­
fore, to check on the possible length effect by supplementary tests. 

Two 100-ft specimens of the strand from shipment A, designated 631 and 632, were 
tested m the stressing bed described by Everlmg (8). The relaxation data for specimens 
631 and 632 are plotted in Figure 13. Also included is the cure of Eq. 7 and the upper 
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and lower envelopes of the test data for short specimens of the strand. 
The data for the 100-ft specimens follow the same general trend as Eq. 7 and fal l 

withm the range of the test data for the short specimens. It is further mterestmg to 
note by comparison with the data in Figure 12 that the results of specimens 605 and 
631, having the same mitial stress, showed practically identical relaxation losses; and 
specimens 607 and 632, also having the same initial stress, showed practically identi­
cal relaxation during the f i rs t 100 hr. 

• - 631, I, ' 1681 ksi 

o - 632 , f, • 163! ksi 

Equation 7, strand 

f , ( f , / fs) 

Envelope of data 
in Fig 12 

10 100 1000 
Time offer stressing, hrs 

10.000 

Figure 13. Relaxation tests of 100-ft strands. 

Time Losses m Prestressed Concrete Beams 

The six post-tensioned beams for the test bridges at the AASHO Road Test were 
erected four months before castmg the slab (1_). The change in the bottom flange 
strams during this period may be computed on the basis of the shrinkage, creep and 
relaxation characteristics represented by Eq. 5, 6, and 7, and compared with the 
measured change. 

In a beam, the shrinkage and creep of concrete, and the relaxation of prestressing 
steel, are accompanied by decreases in the prestressing force. Thus, the time defor­
mations m a prestressed concrete beam occur under a varymg stress. Of the several 
methods accounting for this variation m stress (10), the rate of creep method was 
selected for this study. (The rate of creep method was compared on one beam with 
the superposition method. For the mterval considered in this paper, there was no 
significant difference between the results of the two methods.) A numerical integration 
procedure, described elsewhere (11̂ ), was used on the basis of twelve intervals of nine 
to eleven days. 

The computed strains are compared with measurements in Table 5, Although the 
measured strains were usually lower than the computed ones, the differences for beams 
5A2, 5A3, 5B1 and 5B2 were within the accuracy of the measurements. For beams 
5A1 and 5B3 the measured strams were considerably below the computed quantities. 
It should be noted, however, that the measured strams for these two beams are incon­
sistent with the trends mdicated by measurements on the other four beams. 

SUMMARY 
1. Tests of 24 concrete cylinders and 20 samples of prestressmg wire were made 

to determme the creep, shrinkage and relaxation characteristics for use m the mter-
pretation of the tests of prestressed concrete bridges. The cylinders were tested for 
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T A B L E 5 

COMPARISON O F COMPUTED AND MEASURED LOSSES IN 
P R E S T R E S S E D C O N C R E T E BEAMS* 

Beam Date of 
Casting 

Age at 
Stressing 

(Days) 
fc 

(psi) 

Computed Partial Strains(x 10*) Total Strain(x 10*) Measured 
Beam Date of 

Casting 

Age at 
Stressing 

(Days) 
fc 

(psi) Ac A s A r A el Computed Measured 
Computed 

5A1 509 3 4600 150 135 -81 -18 206 108 0 52 
2 480 13 5850 106 113 -69 -12 138 129 0 93 
3 508 5 SO 50 136 135 -86 -17 168 153 0 91 

5B1 391 97 8100 154 72 -120 -19 87 97 1 11 
2 496 4 4950 226 127 -133 -27 193 172 0 89 
3 496 3 4600 257 127 -134 -30 220 94 0 43 

• l o o o e B between the dates ^3 and 63k for lirld«e 5A and betireen the dates 533 and 65l> f o r bnd«e 5B. 
Dates r e l a t e to consecutive numbering, v l t h 391 = J\ily S^, I957. 

more than three years in an outdoor exposure. The samples of steel were tested for 
at least 1,000 hr. The results were correlated by multiple regression analyses utiliz­
ing one basic model for all three phenomena. 

2. The results of shrinkage tests are represented by Eq. 5, includmg the effects of 
age and of seasonal variations. Pronounced seasonal variations, believed to be the re­
sult of environmental changes, were observed in the tests of both shrinkage and creep 
cylinders. 

3. The results of creep tests are represented by Eq. 6, indicating the existence of 
a maximum potential creep. The potential creep is expressed as a function of the ratio 
of the applied stress and the strength of concrete at loading. 

4. The results of the relaxation tests are represented by Eq. 7, having different 
empirical constants for the strand, wire A, and wire B. The equation should not be 
applied beyond 9,000 hr, representing the upper limit of the test data. 

5. Satisfactory comparisons with measurements made on the companion prestressed 
concrete beams mdicated that the equations form a suitable basis for computing the 
stress losses in these beams. 
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Appendix A 
DETAILS OF CREEP AND SHRINKAGE EXPERIMENT 

Specimens 

The aggregates used in the 6- by 12-in. concrete cylinders were lake sand and 
crushed stone. The lake sand, mostly siliceous, had an average fineness modulus of 
2.67; the coarse aggregate, with a maximum size of 1 i n . , was a crushed limestone. 
Sieve analyses for sand and gravel are given in Table 6. 

TABLE 6 
GRADATION OF AGGREGATES 

Crushed Stone Sand 

Sieve Size Retained (%) Sieve Size Retained (%) 

1 1/2 0.0 3/8 0.0 
1 0.2 No. 4 3.2 
3/4 19.8 No, 8 12.8 
1/2 61.0 No. 16 26.1 
3/8 81.9 No. 30 46 1 
No. 4 97.3 No. 50 80.6 
No. 8 98.0 No. 100 97.8 

No. 200 99.4 

The concrete, made with type I portland cement furnished by one manufacturer, had 
the following characteristics: Cement content, 7.00 sacks per cubic yard; water con­
tent, 4.6 gal per sack; mix proportions by weight (cement: sand: crushed stone), 1:1. 74: 
2. 86; air-entraining agent, approximately 3/4 oz per sack;average slump, 1 5/8 in . ; 
and air content, 3.1 to 5.0 percent. 

The amount of air-entrainmg agent was adjusted according to the control tests of air 
content. Concrete was compacted with internal vibrators and steam cured for 12 to 
84 hr with a maximum temperature of 110 F. Concrete cylinders were delivered to the 
bridge site with their respective beams and kept with the beams until the start of 
testing. 

In addition to those reserved for the creep and shrinkage experiment, several cylin­
ders were prepared for compression tests. Results of the compression tests are 
shown m Figure 14. Cylinders were tested at the time of stressing the bridge beams, 
at 28 days, and at the beginning of test traffic. A mean strength value was found for 
each of the three groups and the curve shown in Figure 14 was fitted to the three means 
The strengths given m Table 1 were taken off the mean curve. 
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The coefficient of thermal expansion of the concrete was found to vary between 
0.0000048 and 0.0000075 per " F when temperature varied between 37 and 100 F 

Testing Apparatus and Instrumentation 
The loading frame for creep tests consisted of a yoke made up of steel plates, tie 

bars and springs shown schematically in Figure 15. Two concrete cylmders were 
placed end on end and separated by a steel plate. The cylmders were capped with a 
high-strength gypsum plaster to msure uniform distribution of load. The load was 
applied by tightening the nuts on the tie bars to deflect the springs, which transmitted 
the load to the cylinders through the loadmg head. 

Concrete cylinders for shrinkage tests were placed on end near the creep cylinders. 
They, of course, required no loadmg frame. 

' 8000 

400 
Age, days 

Figure Ik. Cylinder strength of concrete. 

The creep cylinders were instrumented for measurement of longitudinal strains on 
six equidistant gage Imes spaced around the circumference on the surface. Electric 
resistance strain gages 6 in. long were placed on every other gage line. On each re­
maining gage line, two brass plugs spaced at 6 in. provided reference points for 
measurements with a mechanical gage. The plugs were fitted tightly into shallow holes 
drilled in the cylinders, and held by epoxy resin. The distance between two small holes 
in the brass plugs was measured with a Metzger gage. One division on the dial of the 
gage was equal to the strain of 0.0000149. 

The shrinkage cylinders had only the three gage lines for measurements with the 
mechanical stram gage. 

The load was determined from the deflection of the sprmgs. Each spring had two 
reference holes approximately 10 m. apart when unloaded and was calibrated with 
several increments of load. The rate of spring deflection was approximately 0.0001 
in. per lb. The deflections were measured with a caliper graduated to 0.01 in. 

Testing Procedure 
After the creep cylinders were assembled in the frame, initial readings were taken 

on all twelve gage Imes. Then the load was applied in three mcrements After each 
increment, the electric strain gages were read to check the concentricity of the load. 
Differences in the strains on the three gages served as a basis for distribution of the 
following load increment to the three springs. After the total load was applied and 
distributed to the three springs so as to result in essentially equal strain on all electric 
gages, another set of readings was taken on all twelve gage lines. The time required 
for loading one set of cylinders varied from 1 to 5 hr. 
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Figure 15. Loading frame for creep tes t s . 

The mechanical strain measurements on creep cylinders were repeated every other 
day during the f i rs t week after loading, weekly during the following three weeks, every 
three weeks during the next seven months, monthly during the next two years, and 
every month and a half thereafter. 

Each time readings were taken on a set of creep cylinders, several readings were 
made also on a standard bar, on shrinkage cylinders from the correspondmg bridge, 
and on sprmgs. Whenever the spring measurements indicated a deviation of more than 
75 psi from the desired stress m the cylinders, the load was adjusted. 

The air temperature was recorded near the test site every hour. The daily maxima 
and minima were averaged for every month (see Fig. 16). 

The relative humidity data were obtained from the tables of Local Climatological 
Data of the U. S. Weather Bureau m Peoria, 111. The daily maxima and minima were 
averaged for every month. 
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Figure 16. Relative humidity and a ir temperature history. 

Appendix B 

DETAILS OF RELAXATION EXPERIMENT 

Specimens 

The prestressmg wire was cold-drawn and stress relieved with bright, smooth 
surface. The wire, produced by the John A. Roebling's Sons Corp., was delivered m 
approximately 55-ft lengths enclosed in flexible metal sheathing. One length of pre-
stressing wire was taken from each shipment for relaxation tests. 

The prestressmg strand was made of seven cold-drawn bright wires and stress re­
lieved. The strand, produced by the American Steel and Wire Division, United States 
Steel Corp., was delivered in two coils. After release of prestress, several pieces 
of strand of varying length were saved for relaxation and other tests. 

Tensile tests were made on 90 coupons of wire and on 33 coupons of strand. Typi­
cal stress-strain diagrams are shown in Figure 17. The following mean ultimate 
strengths were found: 

Wire, both shipments, , . . 257 ksi 
Strand, shipment A 265 ksi 
Strand, shipment B 275 ksi 

The mean cross-sectional area of the wire was 0.0293 sq in . ; that of the strand, 
0. 0806 sq. in. 
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Figure 17. "typical stress-strain curves of prestressing steel. 

The chemical composition of the steel was determmed by analyses of three samples 
for each shipment. The averages are given m Table 7. 

T A B L E 7 

CHEMICAL COMPOSITION (%) OF WIRE AND STRAND 

Wire Strand 

Shipment A Shipment B Shipment A Shipment B 

Carbon 0.80 0.80 0.72 0.73 
Manganese 0.67 0.63 0.71 0.78 
Phosphorus 0.016 0.016 0.015 0.017 
Sulfur 0.040 ;0.037 0.034 0.040 
Silicon 0.25 0.25 0.23 0.24 
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z 
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Frequency 
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Figure 18. Testing apparatus for wire. 
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Figure 19. Jacking assembly for wire and strand. 

Testing Apparatus and Instrumentation 

Wire and strand specimens were tested in frames, shown schematically in Figure 
18. The frames'were made from 36-in. lengths of 8WF40 beam with plates welded on 
each end. The wire or strand was anchored with mild steel sleeves crimped on the 
specimen. For wire specimens the bearmg area of the anchorage was increased with 
a steel cylinder mto which the sleeve was press-fitted. The anchorage bore against 
steel shims which in turn bore against wedges. 

The mitial stress was applied with the jacking assembly shown in Figure 19. It 
consisted of a 10,000-psi hydraulic jack, a reaction frame, a yoke, a dynamometer, 
and a wedge-type grip anchorage. 

The initial stress and the relaxation stress losses m strands were determined with 
a calibrated load cell placed m an assembly as shown in Figure 20. The cell was 
seated on a reaction frame bearing against the testing frame. A yoke transmitted the 
force from the strand to the load cell. The response of the load cell was monitored 
by a strain indicator with one division corresponding to 48 lb. 

The initial stress m the wires was determined with a calibrated dynamometer made 
of an aluminum cylinder. The dynamometer was incorporated into the jacking as­
sembly shown in Figure 19. The response of the dynamometer was monitored by a 
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Figure 20. Load c e l l assembly for strand. 

1 

strain indicator with one division corresponding to 17 lb. 
The relaxation stress losses in the wires were determined by measurements of the 

third mode of the fundamental frequency of lateral vibration of the wires. The funda­
mental frequency of lateral vibration of a wire depends essentially upon the tension m 
the wire and to a lesser degree upon the effect of the wire restmg as a simply-supported 
beam (9). The relationship between the frequency and stress was obtained experimen­
tally durmg initial loadmg of each specimen. Within the range of the test data, the 
stress was found to be a linear function of the frequency squared, but the calibration 
Imes did not pass through the origm. 

Measurements of the frequency required a pick-up, a five-digit frequency counter, 
an amplifier, a driver, and an oscilloscope, as shown schematically in Figure 18. 
The pick-up was of standard magnetic type used on musical instruments. The driver 
was built of a 500-ohm relay coil and a permanent magnet. A standard oscilloscope 
was inserted mto the system to provide a check agamst excessive amplification of the 
wire vibration. 

The wave length was determined by two knife edges supported from the test frame 
28 m. apart. The driver and the pick-up were placed at the outer 1/6 pomts between 
the knife edges. 

Slippage m the anchorages of both the wires and the strands was checked with two 
dial gages graduated to 0.0001 m. One gage was mounted near each end of the test 
frame and was resting on a collar attached to the specimen. 

Loadmg and Testing Procedures 

For the tests of strand, the specimen was stressed with the hydraulic jack 20,000 
psi in excess of the desired level, the overstress being required to compensate for 
losses caused by seatmg of anchorages. Steel wedges were then inserted between the 
anchorage sleeve and the loading frame and the jack was released. The strand was 
overstressed for no longer than one minute. 

Load cell readings were taken before and immediately after loading, and were con-
tmued at mtervals to measure the loss of stress m the strand. Readmgs were taken 
on the basis of a logarithmic interval with approximately 10 readmgs per cycle taken 
between 1 1/2 min to 100 hr, and from 15 to 20 readings between 100 to 1,000 hr. On 
two specimens readings were also taken approximately every 1,000 hr to over 9,000 
hr. The readings were believed accurate to about 100 psi. 
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While the initial readings were taken, the collars for the dial gages were attached 
to the strand and zero readings on the dial gages were recorded. Before every sub­
sequent reading of the load cell, the dial gages were checked. There were no indica­
tions of anchorage slippage on any specimen throughout the testing period. 

In the tests of wire, the initial loading procedure had to include the determination 
of the stress-frequency relationship. The load was applied to the wire m mcrements 
and the frequency, as well as the dynamometer response, was noted for each increment. 
An overstress of 19,000 to 24,000 psi was required to seat the wire at the desired 
stress level. The overstress was held for 20 to 30 sec, the time required to position 
wedges between the anchorage and the frame. If the desired stress level was not 
reached upon the release of the jack, the specimen was overstressed a second time, 
and a third time if necessary. ThC'Cntire loadmg procedure took 5 min at the most. 

After the wire was secured in the frame, the initial frequency reading was taken as 
quickly as possible. Subsequent readings were taken at the same time intervals as 
those chosen for the strand. One hour after loading, the collars were put on the wire 
and initial readings on the dial gages were taken. 

The procedure for determining the stress loss m the wire was somewhat more com­
plicated than for strand. After checking the dial gages for any movement in the time 
interval between readings, the collars attached to the wire had to be taken off as they 
would change the mass of the vibrating wire and thus also the frequency-stress rela­
tionship. The wire was excited by plucking. The position of the driver and pick-up 
coils produced the third mode of the fundamental frequency. (The third mode was 
chosen for two reasons. First , the change of frequency encountered m the wire was 
least affected by other influences, such as unknown and conditions and vibrations of 
the frame or instruments. Second, the change in stress due to relaxation losses was 
such that the third mode gave a range of frequency sufficient m relation to the sensi­
tivity of the measuring system.) By adjustmg the amplifier, the amplitude of the wire 

_ vibration could be controlled and an undistorted wave seen on the oscilloscope. The 
frequency, measured with a frequency counter, was read over a 10-sec interval to 
obtain a reading of one-tenth of a cycle or approximately 40 psi. However, the over­
all accuracy depended also on the calibration of the dynamometer and was estimated 
to be within 100 psi. 

As in the case of strand, no mdications were found of any anchorage slippage in 
the wire tests. 

Appendix C 

ANALYSIS O F T E S T RESULTS 

The time-dependent losses were assumed to be described by the mathematical 
model given as Eq. 4, which in its Imearized state (Eq. 4a or 4b) can be written as 

2 X j = A + bXg + residual 

The least squares normal equations that will minimize the sum of squared residuals 
are: 

2 X j = N A + b (8a) 

S X j Xg = A SXg + b 2X2^ (8b) 

in which component parts X i and X 2 constituted measured test variables and N was 
the number of test data used m the analysis. The coefficients A and b were determined 
by simultaneous solution of Eq. 8a and 8b. This method was used to fit all shrinkage 
data, and creep and relaxation data for individual tests. 

For relaxation stress losses and creep strains, the potential time-dependent loss 
AQQ was expressed in terms of the initial load and ultimate strength (Eq. 6a and 7a). 
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The Imearized equation that represents three variables has the form 
X j = A + c + b Xg + residual 

Multiple regression analysis must now be used and the least squares normal equations 
that will minimize the sum of squared residuals for the linear series were 

S X j = N A + c 2X2 + b EXg (9a) 

2X^ X2 = A 2X2^ + b 2X2 Xg (9b) 

2 X j Xg = A 2X3 + c 2X2 Xg + b 2Xg^ (9c) 

in which the component parts X i , X2 and X3 constituted the measured variables. 
These equations were solved simultaneously for the values of coefficients A, c and b. 

The solutions of Eq. 8 and 9 were programed for the electronic computer used at 
the Road Test. Separate analyses were made for shrinkage, creep and relaxation 
with the component parts of the equations expressed as outlined in the following. 

Shrinkage Analysis 

The shrinkage data showed a well-defmed seasonal variation, which appeared to be 
superimposed on a long-time trend. The method of moving averages was used to ex­
tract this long-time trend from the test data. The moving averages were established 
m the following manner: 

1. The test period was divided into 25 monthly intervals. 
2. It was observed that the seasonal effect was approximately one year in 

length; therefore, the data for the first twelve mtervals was averaged, giving an 
average at the sixth period. 

3. Next the data for the first 13 mtervals minus the first interval was averaged 
giving the movmg average at the seventh period. This was continued until the nme-
teenth period, giving a total of fourteen moving average pomts. _ 

The moving averages for the four specimens were averaged (Ag) and then fitted 
with Eq. 4a. As shrinkage is not a function of load and all concrete was of the same 
quality, the total potential shrinkage contained no independent variable. Therefore, 
Eq. 8a and 8b were used to obtain the regression coefficients. The component parts 
were 

X j = log(Sg + Z) = log 

X2 = logd - e'*/^) 

and 
A = log Ao) 

m which Z represents an estimate of shrmkage strain that occurred before the measure­
ments were started. It was assumed m the analysis that Z corresponded to the shrmk­
age strain at t = 18 days. 

The analysis was repeated for several chosen combinations of a and Z values. The 
best correlation corresponded to the following values of coefficients: Z = 0.0001; a = 
166, Aa5= 0.00028, and b = 0. 50. 

The differences between the shrmkage data, corrected by the term Z = 0.0001, and 
the strams computed from Eq. 5a were evaluated next. These residuals (Ay) showed 
a seasonal variation following the trend of a sme wave. Attempts were made to corre­
late the residuals to the relative humidity. Although some correlation was found with 
the monthly average relative humidity in Peoria (Fig. 16), better results were ob-
tamed by correlation with the time of the year utilizmg the equation of a sine wave 
havmg length equal to 364 days. Therefore, the equation of a sine wave was selected 
for the mathematical model. The sine term was modified by function (1 - e~ to 
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satisfy the boundary condition at time t = O. 
The resulting model used for the regression analysis of the residuals was 

Tr(t' + 4.) A " = A + b(l - e"*/'') sih "T82" (10) 

so that the component parts of Eq. 8a and 8b were 

The constant 182 was selected on the basis of a one-year cycle. The constant x was 
selected so that the cyclic variation would have little influence on shrinkage before six 
days of age and full influence after thirty days. A value of x = 10 appeared to fulfill 
this condition. Analyses were then made with several chosen values of the phase angle 
<fr and the following constants were found to give the best correlation: x = 10, <|> = 60, 
A = 0.000000, and b = 0.000087. 

Creep Analysis 

The creep data were analyzed in two steps. The first entailed fitting Eq. 4a to the 
data of individual creep tests. The component parts of Eq. 8a and 8b were 

« 
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Figure 21. Variation in correlation with choice of a. 
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X j = log 

= log (1 e-t/a) 

The results of fittmg the individual creep tests assuming different values of a are 
shown in Figures 21 and 22. Figure 21 shows the variation in the correlation coeffi­
cient for different values of a. Figure 22 shows the change in total potential creep 
for each specimen as the coefficient a is changed. From studies of the test data and 
Figures 21 and 22, a choice of a = 500 appeared to give reasonable values of cor­
responding to high correlation coefficients for each specimen. 

Analyses usmg a = 500 are reported in Table 8. No large variation in coefficient 
b was noted. 

The fmal step m analyzing the creep data was a combmed regression analysis of 
tests 5A3, 5B3, 6A2, 6A3, 6B2 and 6B3, using the constant a = 500. 

A combmation of Eq. 4 and 6a, used for this purpose, resulted m the transformed 
form: 

log A ^ = log A + c l o g 7 ^ + b log (1 - e"'^'') 
c ic i 

- t /a , (11) 

Eq. 9a, 9b and 9c were used to obtain the regression coefficients. The component 
parts were 

'1 log A 
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fci log 
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^ 2 0 0 0 
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Figure 22. Variation of A^^with choice of a. 
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X3 = log (1 - e-t/500) 

The combmed regression analysis gave the coefficients: A = 0.00356, c = 0.96, and 
b = 0.73. 

The value of c = 0.96 shows that the effect of fci /fci was practically linear. 

T A B L E 8 

REGRESSION C O E F F I C I E N T S FOR INDIVIDUAL C R E E P 
TESTS WHEN a = 500 

Load = 1,000 psi Load = 2,000 psi 

Test Aoo, b Test b r** 

5A3 666 0.77 0.90 5B3 972 0.67 0.93 
6A3 625 0.82 0.83 6A2 1261 0.72 0.95 
6B2 574 0.75 0.91 6B3 1256 0.63 0.97 

»r = coefficient of correlation. 

Relaxation Analysis 

The relaxation data also were analyzed m two steps. Each individual test was first 
fitted with Eq. 4b. The component parts of the equation were: 

X j = logA^ 

X 2 = l o g t 

The coefficients of regression for each mdividual specimen of wire and strand are 
given in Table 9. Coefficients b were reasonably uniform but the value of A decreased 

T A B L E 9 

REGRESSION COEFFICIENTS FOR INDIVIDUAL WIRE AND STRAND TESTS 

Initial Initial 
Specimen stress, A . b r'* Specimen Stress, A b r'" 

fl , (ksl) 
r '* Specimen 

fl, (ksl) 

(a) 3/8-In Strand 

604 187 5 1 970 0 240 0 993 606 195.5 1 810 0 274 0 996 
609 185.0 2 050 0.251 0 985 608 189 0 1 535 0 238 0 978 
610 165.4 0 830 0 243 0.945 603 185 8 0.445 0 409 0 991 
607 163.0 0 727 0.259 0.948 601 169 3 - 0 609 0 303 0 967 
602 158 0 0.469 0.304 0.870 605 168.3 0 935 0 262 0 971 

(b) 0 192-In Wire 

502 199.1 0.0205 0 192 0 989 507 196 4 0 0083 0 321 0 991 
510 187 7 0.0043 0 338 0 997 505 184.7 0 0080 0 281 0 982 
509 180 7 0 0235 0 199 0 996 504 181 0 0 0062 0 286 0 993 
506 169.1 0.0150 0.231 0 994 503 175 0 0 0077 0 246 0 994 

»r " coefficient of correlation. 
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with a decrease in initial stress level. Furthermore, the order of magnitude of A was 
different for the strand, for wire from shipment A , and for wire from shipment B . 

Studies have shown that the differences m the order of magnitude of coefficient A 
could not be explained m terms of the known differences in the properties of the strand 
and wire. Therefore, three separate multiple regression analyses of the combmed 
data were performed, one including all strand specimens, one including all wire A 
specimens and one mcluding all wire B specimens. 

Eq. 7 was the basic equation for the multiple regression analyses of relaxation 
data. In Imearized form, it was 

Ar f i 
logTT = log g + d log j r + b log t (12) 

so that the component parts of Eq. 9a, 9b and 9c were 

X i = l o g ^ 

^2 = 1 ° 4 
Xg = log t 

The solution of Eq. 9a, 9b and 9 c gave one set of coefficients g, d and b for each of 
the three multiple regression analyses. The coefficients are listed in the preceding 
text under "Relaxation Equations." 



Fatigue Tests of Bridge Materials 
Of the AASHO Road Test 
J . W. FISHER, Assistant Bridge Research Engineer; and 
I . M. V I E S T , Bridge Research Engineer, AASHO Road Test, Highway Research Board 

Analyses of the behavior under repeated applications of overstress of 
the test bridges at the AASHO Road Test required knowledge of the 
fatigue properties of reinforcing bars, prestressing wire and strand, 
and of steel beams with partial-length cover plates. Studies aimed to 
develop such knowledge are reported m this paper. 

Included are fatigue tests of 20 specimens of No. 11 reinforcing 
bars, 18 specimens of prestressing strand, and 50 specimens of pre­
stressing wire. In addition, tests of 10 beams with partial-length 
cover plates reported by other Investigators are utilized in the study. 
The test data are described by mathematical equations which express 
the fatigue life as a function of the stress range and minimum stress. 
Numerical coefficients m the equations were evaluated by regression 
analyses. 

• STUDIES offatigue characteristics of structural metals were carried out at the AASHO 
Road Test, Ottawa, 111., in connection with research on one-lane, simple-span bridges 
(1̂ ). One of the principal objectives of the bridge research was to study the behavior of 
the bridges under repeated applications of overstress. To correlate the observed be­
havior with simpler experimental laboratory studies, three fatigue experiments were 
carried out on samples of steel used in the beams of the reinforced and prestressed 
concrete bridges. Studies also were made of the fatigue strength of steel beams with 
partial-length cover plates utilizing data from experiments on materials similar to 
those used at the Road Test. 

Fatigue tests of reinforcing bars were made on 20 specimens cut from No. 11 bars 
used as tension reinforcement m the reinforced concrete bridges. The bars were cast 
into short concrete beams and the beams were tested in bending at the Research and 
Development Laboratories, Portland Cement Association. 

Fatigue tests of prestressing strand were made on 18 specimens of 7-wire strands 
of 3/8-in. diameter cut from excess lengths after stressing of beams for two prestressed 
concrete bridges. Tension specimens were prepared and tested at the Fritz Engineer­
ing Laboratory, Lehigh University. 

Fatigue tests of prestressmg wire were made on 50 specimens of 0.192-in. diame­
ter wire cut from excess lengths of cables after tensioning of beams for two prestressed 
concrete bridges. Tension specimens were also prepared and tested at the Fritz Engi­
neering Laboratory. 

The study of the fatigue strength of steel beams with partial-length cover plates uti­
lized the results of tests reported by Hall and Stallmeyer (2,3 ). Bending tests were 
made on ten small built-up beams with partial-length cover plates having the same de­
tails as those used in seven steel bridges. 

This report is a general discussion of the experiments and a presentation of the re ­
sults of the analyses of the test data. The test data may be obtained in tabular form as 
data system 2145 from the Highway Research Board at the cost of reproduction. The 
details of the tests of beams with partial-length cover plates can be found elsewhere 
(2,3). 
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E X P E R I M E N T A L STUDY OF REINFORCING BARS 

The fatigue characteristics of intermediate-grade reinforcing bars were evaluated 
by tests on 20 No. 11 bars. (Altogether, 21 bars were tested. One failed m the weld 
and was omitted from this report.) Each bar was embedded near the top of a 12 by 14 
by 80-in. concrete beam and the beam was tested in bending as shown m Figure 1. 

LOADJNG RAMS 

BEARING PLATE 

COLUMN SUPPORT F L E X I B L E PAD 

Figure 1. Arrangement for testing rein­
forcing bars. 

Figure 2. Typical stress-strain curve for 
reinforcing bars. 

The bars were rolled from one heat and had diamond-shaped deformations conform­
ing to ASTM designation A 305-56T. Fifteen additional coupons were tested in static 
tension. A typical stress-strain diagram of the bars in shown m Figure 2. The con­
trol tests (Table 1) mdicated that all bars had essentially the same mechanical proper­
ties. The mean modulus of elasticity was 28.8 x 10* ksi and the mean cross-sectional 
area was 1. 524 sq m. The chemical composition is given in Table 2. 

T A B L E 1 

MECHANICAL PROPERTIES O F S T E E L 

Yield Point or 
Yield Strength* Ultimate Strength 

Material No. 
Tests 

Mean 
(ksi) 

Std. Dev. 
(ksi) 

No. 
Tests 

Mean 
(ksi) 

Std. Dev. 
(ksi) 

No. 11 bars 15 49.5 0.77 15 81.0 1.72 
3/8-in. strand 33 234.3 8.52 33 270.4 7.53 
0.192-in. wire 90 227.2 1.93 90 257.5 2.29 
3/16-in. plate - 44.6 - - 64.7 _ 
1/2-in. plate - 36.1 - - 61.0 -
3/4-in. plate - 35.6 - - 59.5 -
meter wire. 

The details of the test beams are shown in Figure 3. The actual test coupon, ob­
tained from the material used m the bridges, was 2 ft long; extensions were butt-welded 
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to both ends making the overall bar length 78 in. Two No. 4 splice bars were placed 
adjacent to the welds to prevent failure at those points. 

"3 STIRRUPS 
*2 BAR 

b = 12" 

d = l l 3" 

1 
14" 

I I I r i I iN I ' I I I I r r r t -
I I I I I I I I I I I I I I I I I 

CRACK FORMER 
BAR (TEST COUPON) 

BAR (WELD REINFORCEMENT) 
' l l BAR (EXTENSION) BUTT WELD-

Figure 3. Details of beams for testing of reinforcing bars. 

(The splice bars were not mcluded in the f irst three specimens tested. One of the 
three specimens (Test No. 2) failed m the weld. No weld failures occurred In specimens 
with splice bars.) Stirrups were provided to prevent shear failure and longitudinal 
splitting. A metal strip was mserted m the beam at midspan to initiate a crack in the 
tension zone at the section of maximum moment. 

T A B L E 2 

CHEMICAL COMPOSITION OF S T E E L 

Material 
Chemical Content (%) 

Mn Si 

No. 11 bars 0.37 0.60 0.023 0.03 0.07 
3/8-in. strand 0.725 0.745 0.016 0.037 0.235 
0.192-m. wire 0.800 0.670 0.016 0.040 0.250 
3/16-m. plate 0.21 0.50 0.011 0.026 -
1-m. plate 0.25 0.46 0.010 0.024 

The test beams were cast in groups of three. Four batches of concrete were dis­
tributed evenly through the three specimens. Nine cylinders were taken from the 
fourth batch representing concrete in the compression zone. Three cylinders were 
tested at the conclusion of the fatigue test of each beam. The mean compressive 
strength of all cylinders was 5,250 psi, with mdividual strengths varying between 
4,200 to 5, 890 psi. 

The tests were made with an Amsler hydraulic pulsator, which induced sinusoidal 
stress cycles at the rate of 500 cycles per minute. The test beams were balanced on 
a center support and vertical downward loads were applied at each end (Fig. 1). 

The tension caused in the bar by the load was computed on the basis of the cracked-
section straight-line theory, assuming fc = 5,000 psi and E c = 4,100,000 psi. In 
earlier studies, these procedures were found to result in close agreement between 
measured and computed stresses in similar specimens. 
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The hydraulically applied loads were read directly from an oil pressure gage cali­
brated to the ram area. In early stages of each test, periodic adjustments of the oil 
pressure had to be made to compensate for decreasing stiffness of the test beam and 
increasing temperature of the hydraulic fluid. The maximum variation observed was 
less than 1 percent and occurred only within the first 100,000 cycles. The repeated 
loads were applied contmuously between the specified levels until failure occurred or 
3,000,000 cycles of stress was exceeded. 

The experiment included two.controlled variables — the maximum stress level and 
the minimum stress level. An outline of these two variables and of specimens is given 
in Table 3. 

T A B L E 3 

OUTLINE OF REINFORCING BAR EXPERIMENT 

Specimen Designation . 
for Test Block Minimum M^mium 

Stress Stress 
1 2 3 (ksi) (ksi) 

3111 3112 3113 5.0 34.0 
3121 3122 3123 5.0 39.0 
3131 3132 3133 5.0 44.0 

3221 3222 3223 15.0 39.0 
3231 3232 3233 15.0 44.0 
3241 3242 3243 15.0 49.0 

Four maximum stress levels and two minimum stress levels were selected on the 
basis of the stresses observed m the test bridges and of the expected endurance limit. 
Each minimum stress level was combined with three maximum stress levels m such 
a manner that two 2 by 2 factorial experiments were included: one to obtain data on 
the effect of the maximum and minimum stress (specimens 312, 313, 322 and 323) and 
the other to obtain data on the effect of stress range (specimens 311, 312, 323 and 324). 

Stress levels were assigned to the test beams at random. One specimen from each 
maximum-mmimum stress combination was assigned to a test block. There were three 
such test blocks, as mdicated m Table 3. 

Withm each test block a random order of testmg was followed to prevent variations 
caused by controlled variables from being confused with systematic variations due to 
uncontrolled variables. 

The applied stresses and the numbers of cycles to the end of tests are given m 
Table 4 for each specimen, listed in order of testing. All bars tested to failure were 
ruptured completely; without exception the rupture occurred at the intersection of two 
diagonal ribs with a longitudinal rib. Figure 4 shows the rupture surfaces of two bars 
tested at different stress levels. Al l failures occurred within 2 in. of the beam center 
adjacent to a crack in the concrete. 

E X P E R I M E N T A L STUDY OF PRESTRESSING STRAND 

The fatigue characteristics of prestressing strand were evaluated by tension tests 
on 18 specimens of seven-wire, 3/8-in. diameter strand. The specimens were approx­
imately 72 m. long and were tested in axial tension as shown in Figure 5. 

The prestressing strand, made of seven cold-drawn bright wires, was stress re ­
lieved. The 18 specimens used in this study were selected from 24 pieces of strand, 
6 to 15 ft long, taken from two spools used m construction of test bridges. Static tension 
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T A B L E 4 

T E S T RESULTS OF REINFORCING BARS 

Order of Specimen Stress (ksi) No. of 
Testing Designation Min. Max. Cycles 

1 3221 15.0 39.0 3,702,400** 
3 3121 5.0 39.0 515, 300 
4 3250 15.0 40.0 3, 496, 500a 
5 3260 15.0 41.0 2,214,500 
6 3241 15.0 49.0 441,000 
7 3131 5.0 44.0 288, 100 
8 3111 5.0 34.0 864,500 
9 3231 15.0 44.0 1,232,300 

10 3242 15.0 49.0 406,600 
11 3132 5.0 44.0 216,400 
12 3112 5.0 34.0 626,000 
13 3222 15.0 39.0 3, 187,500a 
14 3232 15.0 44.0 746, 000 
15 3122 5.0 39.0 356,800 

16 3113 5.0 34.0 920,200 
17 3233 15.0 44.0 971,900 
18 3223 15.0 39.0 8,164, OOOa 
19 3123 5.0 39.0 506, 100 
20 3133 5.0 44.0 315, 600 
21 3243 15.0 49.0 645, 300 

*S'Specimen d i d not f a i l ; a l l other specimens f a i l e d "by f r a c t u r e of the Ho. 11 bar. 

Figure h. F r a c t u r e surface of r e i n f o r c i n g bar (specimen 3112). 
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F i g u r e 5. Strand f a t i g u e t e s t equipment. 

tests on 33 coupons indicated that the two 
spools had only slightly different mechan­
ical properties. A typical stress-strain 
diagram is shown in Figure 6; the mean 
yield and ultimate strengths are given in 
Table 1. The mean modulus of elasticity 
of the strand was 27. 6 x 10̂  ksi and the 
mean cross-sectional area was 0.08065 
sq in. Both spools had essentially the 
same chemical composition as given in 
Table 2. 

The tests were performed in a steel 
frame (Fig. 5). The strand was connected 
to the frame through special end grips, 
shown schematically in Figure 7. Prior to 
placement in the testing frame, the strand 
was pretensioned to approximately 188 ksi 
and the end grips were attached to it with 
cement grout. After the grout had hard­
ened, a spacer block was placed between 
the grips, the strand was released from 
the stressing bed and the specimen was 
transferred to the testing frame. A static 
load was then applied to the specimen, the 
spacer block removed and the load de­
creased to the minimum level for the fati­
gue tests. 

The load was applied to the testing 
frame with a hydraulic jack (Fig. 5) oper­
ated from an Amsler pulsator. In the fati­
gue test the load fluctuated between the 
minimum and maximum levels at 500 cycles 
per minute. The test was discontinued 
when the strand failed or after 2, 000, 000 
cycles of load were exceeded. 

PRESTRESSING STRAND 

PRESTRESSING WIRE 

STRAIN 

Figure 6. T y p i c a l s t r e s s - s t r a i n curve f o r p r e s t r e s s i n g s t e e l . 
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STEEL 
CLAMPS STRAND GROUT STRANDVISE 

A ~ A 

Figure 7. Gripping device for strand. 

The experiment included two controlled variables — the maximum and minimum 
stress levels. The detailed outline of the strand experiment is given in Table 5. 

T A B L E 5 

OUTLINE OF PRESTRESSING STRAND E X P E R I M E N T 

Specimen Designation 
for Test Block Minimum 

Stress 
Maximum 

Stress 
(ksi) 1 2 3 (ksi) 

Maximum 
Stress 

(ksi) 

1111 1112 1113 135.2 183.9 
1121 1122 1123 135.2 197.4 
1131 1132 1133 135.2 210.9 
1221 1222 1223 162. 5 197.4 
1231 1232 1233 162.5 210.9 
1241 1242 1243 162.5 224.4 

Two minimum stress levels were used in combination with four maximiun stress 
levels. The stress levels, chosen on the basis of stresses observed in the test 
bridges and of the expected endurance limit, were arranged into two 2 by 2 factorial 
eiqieriments; one to obtain data on the effect of maximum and minimum stress levels 
(specimens 112, 113, 122 and 123), the other to provide data on the effect of stress 
range (specimens 111, 112, 123 and 124). The specimens were grouped into three 
test blocks with one specimen for each load combination tested in each block. The 
order of testing the specimens was randomized within each test block. 

The stresses in the strand resulting from the applied loads were computed on the 
basis of the mean strand area. The applied stresses and the number of cycles to fai l ­
ure of one wire or, where the test was discontinued before failure, to the end of test­
ing are given in Table 6. 

All failures occurred by fracture of one or more wires at the following locations: 
(a) in the gap, (b) at the edge of the steel clamps adjacent to the gap, (c) inside the 
grout of the grip, and (d) at the strand vise anchorage. 

In specimens tested to failure, generally three of the seven wires failed by fracture 
due to fatigue. The remaining wires failed by static tension. Some difficulty was en­
countered in locating the area of the first wire failure when the failure occurred inside 
the grout. Typical fractured surfaces are shown in Figure 8. 
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TABLE 6 
TEST RESULTS OF PRESTRESSING STRAND 

Order of Specimen Stress (ksi) No. of Location 
Testing Designation Min. Max. Cycles of Failure 

1 1221 162.5 197.3 1,351,400 In grout 
2 1131 135.2 210.9 68,100 In gap 
3 n i l 135.2 183.6 1,236,000 In grout 
4 1241 162. 5 224.6 213,400 Edge of clamp 
5 1121 135.2 197.3 560,700 At strand vise 
6 1231 162.5 210.9 512,800 In grout 
7 1112 135.2 183.6 909,200 In grout 
8 1222 162.5 197.3 2,190,000 Did not fail 
9 1232 162. 5 210.9 422,000 Edge of clamp 

10 1132 135.2 210.9 48,700 Edge of clamp 
i l 1122 135.2 197.3 152,700 In gap 
12 1242 162.5 224.6 90, 600 At strand vise 
13 1113 135.2 183.6 579,000 In grout 
14 1123 135.2 197. 3 174,000 In grout 
15 1243 162. 5 224.6 159,000 In grout 
16 1223 162.5 197.3 2,489,300 Did not fail 
17 1233 162.5 210.9 199,100 In grout and gap 
18 1133 135.2 210.9 38,200 In gap and edge 

of clamp 

EXPERIMENTAL STUDY OF PRESTRESSING WIRE 
The fatigue characteristics of the prestressing wire were evaluated by tension tests 

of 50 short specimens of 0.192-in. diameter wire. The specimens were 12 in. long 
and were tested in axial tension as shown in Figure 9. (Altogether, 82 specimens were 
tested. Thirty-one failed where the specimen entered the grips. One other failed with 
the fracture following a crack existing in the specimen before testing. As these tests 

were repeated until failure occurred out­
side the grips, results for 32 specimens 
are not reported here.) 

The prestressing wire was cold-drawn 
and stress-relieved with bright, smooth 
surface. All specimens were taken from 
one shipment of wire. Static tensile tests 
on 90 coupons indicated that the material 
had uniform mechanical properties. Means 
of the yield and ultimate strengths are 
given in Table 1. The mean modulus of 
elasticity of the wire was 28. 6 x 10̂  ksi 
and the mean cross-sectional area was 
0. 0293 in. The chemical composition of 
the wire was determined by analyses of 
three samples. The mean composition 
is given in Table 2. 

The tests were performed in an Amsler 
high-frequency vibrophore shown in Fig­
ure 9. The wire was connected to the vi­
brophore through wedge jaws. To prevent 

Figure Typica l f a t i gue f a i l u r e of strand 
wire (specimen 1233). 
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failure in the grips, the surface of the wire 
in contact with the grips was treated by 
cold rolling. The rolled surface extended 
a small distance beyond the grips. (The 
set of grips and the procedure for prepara­
tion of specimens was changed during the 
conduct of the tests in the second test 
block.) 

At the beginning of a test, a static load 
equal to the mean of the desired minimum 
and maximum loads was applied to the wire. 
The dynamic load was then superimposed 
at the frequency of 5, 000 cycles per min­
ute. The test was continued until failure 
of the wire or until 2, 000, 000 cycles were 
exceeded. 

The wire experiment included two con­
trolled variables — the maximum and min­
imum stress levels. The outline of the 
wire experiment is given in Table 7. 

Two minimum stress levels were used 
in combination with five maximum stress 
levels. The stress levels, chosen on the 
basis of the stresses observed in the test 
bridges and of the expected endurance lim­
it, were arranged into a 2 by 4 factorial 
experiment to obtain data on the effect of 
the maximum and minimum stress levels 
(specimens 212, 213, 214, 215, 222, 223, 
224 and 225), and into a 2 by 3 factorial 
experiment to obtain information on the 
effect of the stress range (specimens 211, 
212, 213, 223, 224 and 225). The original 
experiment was arranged in an order that 
permitted the tests to be conducted in three 
test blocks, with each block containing a complete combination of minimum and maxi­
mum stress levels. 

Figure 9. Wire f a t i gue t e s t equipment. 

TABLE 7 
OUTLINE OF PRESTRESSING WIRE EXPERIMENT 

Designation of 
Original Specimens Stress (ksi) Designation 

of 
Min. Max. Additional 

1 2 3 
Min. Max. 

Specimens 

2111 2112 2113 128. 8 175.1 2114, 2115 
2121 2122 2123 128.8 188.0 2124 through 21212 
2131 2132 2133 128. 8 200.9 2134, 2315 
2141 2142 2143 128. 8 213.7 

2134, 2315 

2151 2152 2153 128.8 226.6 
2221 2222 2223 154. 5 188.0 
2231 2232 2233 154.5 200.9 2234 
2241 2242 2243 154.5 213.7 2244, 2245 
2251 2252 2253 154.5 226.6 

2244, 2245 
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TABLE 8 
TEST RESULTS OF PRESTRESSING WIRE 

Order of Specimen Stress (ksi) No. of Location 
Testing Designation Min. Max. Cycles of Failure 

1 2221 154.5 188.0 7,539, 000 Did not fail 
2 2241 154.5 213.7 949, 000 At center 
3 2111 128.8 175.1 1,603, 000 At center 
6 2121 128.8 188.0 980, 000 At center 
7 2131-B 128.8 200.9 4,968, 000 Did not fail 
8 2231-B 154.5 200.9 3,358, 000 Did not fail 

10 2121-C 128.8 188.0 7,348, 000 Did not fail 
14 2251-C 154.5 226.6 285, 000 In rolled surface 
15 2141-B 128.8 213.7 324, 000 In rolled surface 
17 2141-C. 128.8 213.7 378, 000 In rolled surface 
20 2251-G 154.5 226.6 360, 000 At center 
21 2141-D 128.8 213.7 207, 000 At center 
23 2151-B 128.8 226.6 140, 000 At center 
24 2232 154.5 200.9 2, 505, 000 Did not fail 
29 2222 154.5 188.0 2,771, 000 Did not fail 
32 2112 128.8 175.1 5, 617, 000 Did not fail 
33 2122 128.8 188.0 2,080, 000 Did not fail 
39 2252-L 154.5 226.6 502, 000 At center 
42 2152 128.8 226.6 146, 000 In rolled surface 
44 2142-B 128.8 213.7 241, 000 At center 
45 2132 128.8 200.9 578, 000 In rolled surface 
46 2132-B 128.8 200.9 1,034, 000 At center 
47 2242 154.5 213.7 5,310, 000 Did not fail 
48 2233 154.4 200.9 5,300, 000 Did not fail 
49 2123 128.8 188.0 3,098, 000 Did not fail 
51 2143-B 128.8 213.7 253, 000 In rolled surface 
52 2143-C 128.8 213.7 440, 000 At center 
54 2253-B 154.5 226.6 521, 000 In rolled surface 
57 2113 128.8 175.1 3,429, 000 Did not fail 
58 2223 154.5 188.0 5,646, 000 Did not fail 
59 2133 128.8 200.9 626, 000 In rolled surface 
60 2133-B 128.8 200.9 681, 000 At center 
61 2243 154.5 213.7 1,515, 000 At center 
63 2153-B 128.8 226.6 104, 000 At center 
64 2114 128.8 175.1 3,300, 000 Did not fail 
65 2244 154.5 213.7 778, 000 At center 
67 2124-B 128.8 188.0 444, 000 At center 
68 2234 154.5 200.9 6, 800, 000 Did not fail 
69 2134 128.8 200.9 206, 000 At center 
70 2125 128.8 188.0 4,781, 000 Did not fail 
73 2245-C 154.5 213.7 404, 000 At center 
74 2135 128.8 200.9 272, 000 At center 
75 2115 128.8 175.1 3,029, 000 Did not fail 
76 2126 128.8 188.0 4, 670, 000 Did not fail 
77 2127 128.8 188.0 3,522, 000 Did not fail 
78 2128 128.8 188.0 292, 000 At center 
79 2129 128.8 188.0 106, 000 At center 
80 21210 128.8 188.0 3,566, 000 Did not fail 
81 21211 128.8 188.0 370, 000 At center 
82 21212 128.8 188.0 250, 000 At center 
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The original experiment design specified testing of three specimens at each maxi­
mum-minimum stress combination. However, because of the trends of test results, 
it was considered necessary to test additional specimens to establish median values for 
several maximum-minimum stress combinations. The additional specimens are also 
listed in Table 7. 

The stresses in the wire specimens were computed on the basis of the mean area 
and the applied loads. The applied stresses, number of cycles to the end of test, and 
the location of failure, are given in Table 8, which lists the specimens in the order of 
testing. 

Specimens failed by fracture in the center untreated portion between the grips or in 
the rolled surface near the grips. (When failure occurred in the grips the test was re­
peated within the same test block until failure occurred outside the grips. The addi­
tional specimens were identified by letters; e.g. 2131-B. A few tests with failure in 
the rolled surface were also repeated.) A typical wire failure is shown in Figure 10. 

Figure 10. Typica l f a t i g u e f a i l u r e of wire (specimen 2131+). 

Temperature measured on two specimens during the test indicated that the high fre­
quency of loading had little, if any, effect on the temperature of the specimen. 

STUDY OF BEAMS WITH PARTIAL-LENGTH COVER PLATES 
The fatigue characteristics of steel beams with partial-length cover plates with no 

welds across the end were evaluated by studies of the results of flexural fatigue tests 
of ten small welded beams. Details of the experiments are given elsewhere (2, 3). 

The beams were fabricated from A-373-54T plate steel. The mechanical properties, 
obtained by tests of coupons, are given in Table 1. The chemical compositions, given 
by mill reports, are given in Table 2. The beams of the Test Road bridges were rolled 
from steel of similar composition. 

Six I-beam specimens were built up of two 3/4-in. thick flanges welded to a 3/16-in. 
web; 1/2-in. thick cover plates were attached to both the tension and the compression 
flanges. Four I-beam specimens were built up of two 3/8-in. thick flanges welded to 
a 1/4-in. web and a 1/4-in. thick cover plate attached to the tension flange. All weld­
ing was done manually with electrodes conforming to AWS Specification E-7016. The 
welds were continuous along the longtitudinal edges. The ends of the cover plates were 
cut off at right angle and there were no welds along the ends. All beams were 12 in. 
deep and 11 ft long. 

The specimens were tested in flexure on a span of 8 ft 6 in. in a Wilson fatigue test­
ing machine. The load was applied at a rate of 180 cycles per minute. 

The experiment included two principal variables — the minimum and maximum 
stress levels. The stress level combinations were approximately as follows: 
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3 specimens, 
3 specimens, 
2 specimens, 
2 specimens. 

0.4 to 13.6 ksi 
0.4 to 24. 9 ksi 

15. 5 to 27. 9 ksi 
15.4 to 36.4 ksi 

The results of the fatigue tests are given elsewhere (2,3} and are reproduced in 
Figure 14. (Figure 14 includes specimens CPDF-1, CPDG-1, CPCD-1, CPDF-2, 
CPAD-1 and CPCD-2 from Ref. 2; and specimens 1,2,3 and 4 from Ref. 3. Two sym­
bols pertain to each specimen: a dot representing the number of cycles to failure and 
a triangle representing the number of cycles to last inspection prior to failure.) The 
number of cycles at which the crack became visible is not known; however, at the last 
inspection prior to failure three beams had small cracks 1/4 to 1 1/2 m. long. 

Failure was defined as the number of cycles at which the deflection of the fractured 
beam exceeded the static deflection by 0.05 in. When this deflection occurred the beam 
activated a microswitch that shut off the testing machine. All failures were similar in 
nature. The cracks started at the tip of one of the longitudinal welds and propagated 
transversely and vertically through the flange cross-section. Generally, at the time 
of failure about one-quarter of the cross-sectional area of the tension flange was 
fractured. 

ANALYSIS OF DATA 
The objective of this study was to develop a reliable basis for estimatmg the fatigue 

life of the test bridges at the AASHO Road Test. To this end, statistical correlations 
were made of the stress levels with the number of cycles to failure observed in the 
tests described in the preceding sections. 
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Figure 11. Test results for reinforcing bars. 

The experimental data from Tables 4, 6 and 8 are plotted in Figures 11, 12 and 13, 
in which the stress range is given as a fimction of the logarithm of the number of cycles 
to failure. The experimental of Hall and Stallmeyer (2,3) are plotted in Figure 14. 
A separate plot is included for each minimum stress level. The test data are shown 
dots; an arrow attached to a dot indicates that the test was discontinued before failure. 
Where all specimens tested at the same maximum-minimum stress combination failed, 
the mean log N is shown as a circle. Where more than 50 percent of the specimens 
tested at the same maximum-minimum stress combination failed, the median log N is 
shown as a circle. 
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Figure 12. Test results for prestressing strand. 
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Figure li i . Test results for beams with partial-length cover plates and no end welds. 

Examination of the means and medians in Figures 11, 12 and 13 shows that they fol­
low essentially a straight line. Therefore, the following mathematical model was sel­
ected to represent the test data: 

log N = A + BSr + CSmin (D 
in which 

Sr = range of stress, S^ax " ^mm> 
Smin = mmimum stress; 
Smax= maximum stress; 
N = number of cycles to failure; and 

A , B , C = empirical constants. 
Coefficients A, B and C of Eq. 1 were evaluated by a separate regression analysis 

for each material. For the reinforcing bars, prestressing strand, and prestressing 
wire the analyses were based on means or medians shown in Figures 11, 12 and 13 .as 
circles. The following equations were obtained for the fatigue life: 
Reinforcing bars: 

Prestressing strand: 

Prestressing wire: 

log N = 7,432 - 0. 0515 Sj. 

log N = 9.354 - 0.0423 Sr - 0.0102 Smin 

log N = 8.722 - 0.0272 Sp - 0.0074 Smin 

(2) 

(3) 

(4) 
Two analyses were made for the beams with partial-length cover plates — one for 

the number of cycles to failure and the other for the number of cycles to the last 
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inspection before failure. The individual data were the basis for the analyses because 
of the absence of replication of maximum stress levels (Fig. 14). The following equa­
tions were obtained: 
Failure: 

Last inspection: 
log N = 7.216 - 0.0729 Sr - 0,0129 Smm 

log N = 7.136 - 0.0724 Sr - 0.0102 S min 

(5) 

(6) 
The coefficients of correlation and the standard errors of estimate forEqs. 2 through 

6 are given in Table 9. The goodness of fit may be judged also from Figures 11, 12, 
13 and 14, where the relevant equations are shown as straight lines. 

The factorial nature of the experiments with reinforcing bars, prestressing strands 
and prestressing wires made possible independent determinations of the relative signi­
ficance of the effect of stress range and minimum stress level upon the fatigue life. 
Analyses of variance indicated that stress range alone accounted for most of the varia­
tion in the reinforcing bar experiment (the effect of Smin was not significant at the 10 
percent level), whereas the minimum stress level accoimted for a small, barely signi­
ficant portion of the variation in the experiments with prestressing strands and wires 
(the effect of Smin significant at the 10 percent level but not at the 5 percent level). 

Eq. 1 applies only to the finite life portion of the S-N diagram. In tests reported 
herein, testing was discontinued when the material sustained between 2 and 8 million 
cycles of loading. The endurance limit was then presumed to be reached. The limited 
data available indicated the limits of endurance shown in the last column of Table 9. 
It is noteworthy that the endurance limit for wire was found to be a function of the mini­
mum stress level. The endurance limit was encountered at brfth minimum stress levels 
only in tests of wire. 

No endurance limit was found in the tests of beams with partial-length cover plates. 

TABLE 9 
ANALYSIS OF FATIGUE TEST DATA 

Coeff. Standard Endurance 
Material Eq. of Error of Limit 

Correl. Estimate (ksi) 

Bars 1 0. 85 0.091 24 
Strands 3 0. 82 0.209 35 
Wires 4 0,74 0.230 _i 
Beams 5 0.96 0.094 -
Beams 6 0.94 0.128 -

Il2ll ksi - 0.5 S_ 

SUMMARY 
1. Tests of 20 reinforcing bars cast in concrete beams, and of 18 prestressing 

strands and 50 prestressing wires, were made to determine the fatigue characteristics 
of these materials. Also studied were the results of tests of 10 beams with partial-
length cover plates having no end welds. The results of the fatigue tests of each of the 
four materials were correlated by regression analyses utilizing one basic mathematical 
model. 

2. A mathematical model expressing the logarithm of the fatigue life as a linear 
function of stress range and minimum stress level was foimd to fit the test data. An 
analysis of variance indicated clearly that the stress range was by far the most import­
ant independent variable. 
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3. Within the limits of the experiments, the results of the fatigue tests of reinforc­
ing bars, prestressing strand, prestressing wire and beams with partial-length cover 
plates are represented byEqs. 2 through 6, correlating the number of cycles to failure 
or inspection prior to failure with the minimum stress level and the stress range. How­
ever, the equations are applicable only to the finite life portion of the S-N diagram. 
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propriate to academies of science, it was also required by its charter to 
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Receiving funds from both public and private sources, by contribution, 
grant, or contract, the ACADEMY and its R E S E A R C H COUNCIL thus work 
to stimulate research and its applications, to survey the broad possibilities 
of science, to promote effective utilization of the scientific and technical 
resources of the country, to serve the government, and to further the 
general interests of science. 

The H I G H W A Y R E S E A R C H BOARD was organized November 11, 1920, 
as an agency of the Division of Engineering and Industrial Research, one 
of the eight functional divisions of the NATIONAL R E S E A R C H COUNCIL. 
The BOARD is a cooperative organization of the highway technologists of 
America operating under the auspices of the A C A D E M Y - C O U N C I L and with 
the support of the several highway departments, the Bureau of Public 
Roads, and many other organizations interested in the development of 
highway transportation. The purposes of the BOARD are to encourage 
research and to provide a national clearinghouse and correlation service 
for research activities and information on highway administration and 
technology. 
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