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6.2 ALABAMA

Trenching data were obtained from 13 Alabama Depart-
ment of Transportation (ALDOT) test sites [65]. The investi-
gation focused on the causes of rutting in HMA pavements.
After thoroughly reviewing data for the 13 sites, it was deter-
mined that three sites could be used for criteria validation
in the current study: Sites 1 (no overlay), 2 (overlay), and
10 (overlay). Data from the other 10 sites could not be used
primarily because the profiles did not span the full lane width,
because transverse distance between elevation measurements
was too great, or both. Some sites had been milled prior to pro-
file measurement, rendering them unusable. The three usable
sites were Site 1 on I-59 Southbound (mile post 27.3–32.4),
Site 2 on I-59 Northbound (mile post 42.5–52.5), and Site 10
on US 78 Eastbound (mile post 61.9–66.5).

Trench profiles for usable sites are presented in Part A of
Figures 6-1 through 6-3. These figures were scanned from
Parker and Brown [65] because the data were not available in
electronic format. The scanned figures were enlarged while the
original aspect ratios were retained, and the data were then
manually digitized. Failure modes were determined from the
trench profiles. They were as follows:

• Site 1: HMA failure;
• Site 2: HMA failure; and
• Site 10: HMA failure.

When the data were in electronic format, the distortion
parameters were determined using PAAP. The profiles and dis-
tortion parameters obtained through this process are presented
in Part B of Figures 6-1 through 6-3. Failure modes determined
by the criteria are also HMA failures (see Table 6-1). The ratio
parameter values (i.e., the ratio of positive area to negative
area) were high relative to those determined from the theoret-
ical models. For example, the surface profile of Site 2 has a
ratio of 10 (see Figure 6-2, Part B), while the typical value
from theoretical analysis is less than 1. This difference sug-
gests the existence of a lack of uniformity in construction (e.g.,
a hump at the lane center). This difference was also observed
in data from other sites. Such a construction factor will not
harm the use of the failure criteria because the criteria are con-
servative, as can be seen from the failure chart shown in Fig-

6.1 INTRODUCTION

The current research is directed toward development of
protocols and criteria for using a pavement’s transverse sur-
face profile to determine the layer contributing to surface dis-
tortion. Criteria have been proposed on the basis of theoreti-
cal predictions of pavement response and on the basis of
analysis of available data identified in a literature search. The
criteria include the net sum of positive and negative areas
(determined within the bounds of a reference line), the sur-
face profile, and the ratio of the positive and negative areas.
The following sections present field data obtained by trench-
ing pavements exhibiting rutting. These data are used to val-
idate the proposed criteria or make adjustments to improve
the criteria.

If, on a pavement transverse surface profile plot, a straight
line is drawn between the end points, some portions will lie
above the line and other portions will lie below. The area
between the straight line and the profile portions lying above
the line is defined as positive area. The area between the line
and portions of the profile lying below the line is defined as
negative area. These terms are illustrated in Figure 3-1. The
total area, which is the absolute sum of positive and negative
areas, and the ratio of positive to negative area are defined as
distortion parameters. These distortion parameters are used to
determine the layer contributing to pavement rutting. Rut depth
referred to in this report is determined by the “wire” method
and is the maximum distance from the surface profile to the
“wire” (see Figure 3-2).

The Alabama, Minnesota, Mississippi, Nevada, North Caro-
lina, Ohio, and Texas Departments of Transportation have
provided data and assistance for this project. Data were also
obtained from the trenching of in-service pavements and test
sections on MnROAD. The Texas Department of Trans-
portation trenched four SPS-1 sites in October 2000. The
data were not available until the end of January 2001. The
Indiana Department of Transportation proposed several sites,
which were found by the research team to be unsuitable for
the project.

A newly devised straightedge was used in measuring the
trench profiles on the two sites in Mississippi and one site in
North Carolina. A detailed description of this device is given
in Section 6.9.

CHAPTER 6

FIELD DATA ANALYSIS
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ure 6-4, where all HMA failure points except one are above the
average trend line.

6.3 MISSISSIPPI

The Mississippi Department of Transportation (MDOT)
identified two rutted pavement sections. One, SH 302, carries
by-pass truck traffic from US 72 to I-55 south of Memphis,
about 7 mi. This pavement exhibited significant rutting. A sec-
ond section, SH 28, is located just east of Fayette, Mississippi.
Logging trucks are a major component of the truck traffic. Rut-
ting at some locations was severe. The trench site was located
to avoid the more severely distorted areas.

6.3.1 SH 302 East

The trench was excavated July 10, 2000, and is located on
SH 302 Eastbound, between Southhaven and Olive Branch,
Mississippi (see Figure 6-5). The road is a four-lane pavement
with an additional turning lane at the trenching site. The trench
was excavated in the truck (i.e., outside) lane. Advantage was
taken of the pavement width at this site to better observe the
transverse extent of pavement distortion. Consequently, the
trench was extended 250 mm (10 in.) beyond the centerline
and 550 mm (22 in.) into the shoulder.

The pavement at the site consists of 80 mm (3.2 in.) of HMA
layer, 230 mm (9 in.) of asphalt-treated base, 330 mm (13 in.)
of subbase layer, and a subgrade layer. At this site, the straight-
edge was set at the trench edge and spanned the lane. A tape
was used to measure from the top of the straightedge to the
pavement surface and interface between each layer. Measure-
ments were made at 25-mm (1-in.) intervals in the transverse
direction. Profiles for the surface and layer interfaces are plot-
ted in Figure 6-6, Part A. Close examination of the enlarged
trench profile showed that rutting occurred predominantly in
the HMA layer, with a minor contribution from the base layer.
On-site visual inspection using a string line indicated that no
pavement failure was present below the base layer.

The distortion parameters for the pavement surface are
shown in Table 6-1 and Figure 6-6, Part B. The ratio of area
is 0.07, indicating an HMA failure. This result agrees with the
field observations. The small area ratio value is close to the
dividing line between HMA and base failure. In fact, there
was a small amount of rutting observed in the base.

6.3.2 SH 28 East

A trench was excavated in this pavement section on July 12,
2000. The site is 1.6 km (1.1 mi.) east of the SH 33 junction
(see Figure 6-7). The road is a two-lane pavement with gravel
shoulders. Severe rutting was found at the site. As noted pre-

TABLE 6-1 Comparison of failure modes between criteria and field observation
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viously, the trench location was selected to avoid more severe
distortion.

In locating a suitable trench site, a string line was first
stretched across the pavement surface. The surface rutting was
clearly seen by the string shadow (see Figure 6-7, Parts B and
C). The surface profile suggests failure in the HMA layer in
terms of curvature reversal, which is a general characteristic of
HMA rutting. However, the trench profiles show that rutting
occurred in the base layer. This site, therefore, became a spe-
cial case.

The pavement consists of 30 mm (1.2 in.) of HMA layer,
180 mm (7 in.) of asphalt-treated base layer, 180 mm (7 in.) of
subbase layer, and a subgrade layer. At this site, the straight-
edge was set up to span from the pavement centerline to past
the outside edge of the pavement. Measurements were made
from the top of the straightedge to the pavement surface and
layer interfaces. The data are shown in Figure 6-8, Part A.
Close examination of the enlarged trench profile showed that
rutting occurred primarily in the base layer. This occurrence
was verified by on-site visual inspection using a string line; no
rutting was found below the base layer.

Distortion parameters for the pavement surface profile were
calculated and are shown in Table 6-1 and Figure 6-8, Part B.
The ratio of area is 3.0, which indicates an HMA failure. How-
ever, the field observations and trench profile indicated a base
failure. The thin HMA surface layer (less than 38 mm [1.5 in.]
thick) may be the cause of the discrepancy. Previous finite
element analysis on a low-volume structure having a 50-mm
(2-in.) HMA surface layer gave similar results. The findings
from this site are important in that they confirm the results of
finite element analysis. Given the results, it appears that pave-
ment structures with less than a 75-mm (3-in.) HMA layer must
be dealt with as a special case.

6.4 MINNESOTA (MnROAD)

The Minnesota Department of Transportation (MnDOT)
provided trench profiles for nine MnROAD test cells [66].
These transverse profiles were measured continuously with a
rolling profilograph. Figure 6-9 shows the trench for Cell 28.

An analysis was performed on the MnROAD trench data
for Test Cells 4, 16–20, 22, 23, and 28. The transverse surface
profiles associated with these cells were obtained from data in
an Excel file and are shown in Part A of Figures 6-10 through
6-18, respectively. Part B of Figures 6-10 through 6-17 shows
the corresponding profiles at each pavement layer interface
for the same cells (except Cell 28, which does not have layer
interface data).

The surface profiles in Part A of Figures 6-10 through 6-17
appear to incorporate features that could affect calculated pro-
file distortion parameters. Several of the profiles show consid-
erable humps between the wheel paths. This phenomenon
could simply be due to upheaval between the wheel paths with
shear failure in the pavement. However, the humps could also

be the result of a crown built into the surface. Part A of Figures
6-14 and 6-15 shows an example of such a hump. MnDOT per-
sonnel verbally confirmed the existence of crowns at the cen-
ter of the 3.7-m (12-ft) lanes.

Accuracy of calculated distortion parameters is highly sen-
sitive to the profile end-point elevations. In the initial analysis,
the profile end points for the inside edge of the driving lanes
were extrapolated for Cells 16–19 because the end points were
not in the original MnDOT data set. As a result, there appeared
to be a sudden jump in the profiles.

Personnel at MnDOT were contacted about the availability
of more complete data sets. However, none of the profiles
started from the centerline. After further study, it was decided
that it would be inappropriate to extrapolate the data points to
the pavement centerline. Thus, all the distortion parameters
were calculated using profiles a few centimeters narrower than
the 3.7-m (12-ft) lane. The distortion parameters for Cells 4,
16–20, 22, 23, and 28 were input into the criteria table, and the
results are shown in Table 6-1 and Figure 6-4. With the excep-
tion of Cell 28, both the failure criteria and field observations
indicate that rutting occurred in the HMA layer. The crowns in
the pavement lanes cause all the surface profile distortion
parameters to plot above the HMA failure trend line. This posi-
tion above the HMA failure trend line means that the failure
criteria are conservative.

The failure criteria indicated that Cell 28 has an HMA fail-
ure. This indication contradicts the field observation (i.e., that
the failure was in the base). The HMA layer for this pavement
is only 69 mm (2.7 in.) thick. As a result, deformations occur
in the underlying layer. This case is similar to that of SH 28E
in Mississippi. Again, this result further supports the validity of
the finite element analysis method developed in this research.

6.5 NEVADA

The Nevada Department of Transportation (NDOT) ex-
cavated a trench on State Route 267 (SR 267) in southern
Nevada. Figure 6-19 shows photographs of the trench and pro-
file measurement process. This two-lane pavement structure
consisted of 76 mm (3 in.) of HMA resting on 500 mm (20 in.)
of base and 300 mm (12 in.) of subbase, as shown in Figure
6-20, Part A. Transverse profile measurements were taken at an
increment of 25 mm (1 in.) over a pavement width of 3.3 m
(130 in.) and were provided in electronic format. The data were
entered into PAAP. Analysis results are shown in Figure 6-20,
Part B. Both the calculated surface profile distortion parameters
and field observations identified a base course failure. Thus,
the predicted and observed failure modes were in agreement.

6.6 NORTH CAROLINA

The North Carolina Department of Transportation
(NCDOT) excavated a trench in the westbound lane of US 64
East near Ashboro, North Carolina. Trenching operations are
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shown in Figure 6-21. The pavement is a four-lane road with
HMA shoulders. Falling Weight Deflectomenter (FWD) and
coring data were collected prior to trenching.

The original pavement surface had been milled and replaced
after rutting first occurred. The original pavement consisted of
125 mm (5 in.) of HMA layer (50 mm [2 in.] surface + 75 mm
[3 in.] binder), 250 mm [10 in.] of base layer, and a subgrade
layer. Data were collected from the pavement centerline to the
lane edge on top of the overlay, the overlay/binder interface,
the binder/base interface, and the base/subgrade interface. The
resulting profiles are shown in Figure 6-22, Part A. Because
the interface between the old surface and the binder is not clear
(i.e., cannot be distinguished only by aggregate size), the data
for this interface are not considered reliable. A visual inspec-
tion using a string line indicated no rutting below the binder
course. Visual observation also indicated that rutting occurred
in the surface and binder layers.

The calculated surface profile distortion parameters are
shown in Figure 6-22, Part B. Both the calculated surface pro-
file distortion parameters and field observations identified an
HMA surface course failure. Thus, the predicted and observed
failure modes were again in agreement.

6.7 OHIO

The Ohio Department of Transportation (ODOT) provided
data from an LTPP SPS-1 section [67]. The section number
for this site is 390101. The site consists of 175 mm (7 in.) of
HMA and 200 mm (8 in.) of dense-graded aggregate base on
the subgrade. Three trenches were excavated at Stations 1 +
50, 2 + 65, and 4 + 00. Extensive cracking existed at Station
2 + 65. As a result, data from this trench were not included in
the analysis. Part A of Figures 6-23 and 6-24 shows the sur-
face profiles observed immediately after construction and as
a function of time at Stations 1 + 50 and 4 + 00, respectively.
The profile data were input into PAAP, and the results are pre-
sented in Part B of Figures 6-23 and 6-24. Base failure was
predicted by the distortion parameters. ODOT confirmed that
failure occurred in the base. Thus, the predicted and observed
failure modes were in agreement.

ODOT also provided data for two LTPP SPS-8 sections:
390803 and 390804. The two pavements had cross sections of
100 mm (4 in.) of HMA and 200 mm (8 in.) of dense-graded
aggregate base, and 175 mm (7 in.) of HMA, and 300 mm
(12 in.) of dense-graded aggregate base, respectively. The sub-
grades of both pavements were similar.

The data were provided in paper format and were manually
digitized. Trench profiles for Section 390803 are shown in Fig-
ure 6-25. Data for Section 390804 were not usable because of
the poor quality of the original trench profiles. Field observa-
tions assigned the failure in Section 390803 to the base course.
However, a decision was made to not use the section in crite-
ria validation because the measured profile width was 3.0 m
(10 ft) rather than 3.7 m (12 ft). Figure 6-25, Part A, has two

missing points on the surface profile: one at the inner lane edge
and the other at the outer lane edge. These missing data are
likely to have higher elevations than the existing edge points.
Therefore, the calculated distortion parameters will not accu-
rately reflect the failure mode.

6.8 TEXAS

The Texas Department of Transportation (TxDOT) pro-
vided data taken from several trenched pavements [68].
Surface profile data were provided in an electronic format.
The surface profiles were measured using a rod and level,
as well as a Face Dipstick.® The rod and level data were
used for analysis because the elevations were obtained at
150-mm (6-in.) increments while Dipstick data were obtained
at 300-mm (12-in.) increments.

The electronic profile data were analyzed with PAAP.
Resulting profiles and distortion parameters are presented in
Figures 6-26 through 6-29. The failure modes predicted for
each site based on the distortion parameter criteria were as
follows:

• IH 10 WB, Site 3: base failure;
• IH 20 WB, Site 1: HMA failure;
• SH 34, Site 1: subgrade failure; and
• US 77-83, Site 2: base failure.

Unfortunately, the data supplied were not detailed enough
be beneficial. Additional information was requested from
TxDOT, but this information was also not beneficial. It
was, therefore, not possible to use these data in the criteria
validation.

In October 2000, TxDOT performed trenching operations
on four SPS-1 test sections on US 281, Hidalgo County,
Texas [69]. These test sections were built in 1997 and were
part of 20 sections. The four trenched test sections were
480113, 480122, 480161, and 480162. Because there was no
rutting observed for Sections 480113 and 480122, only the
data for Sections 480161 and 480162 were used.

Fieldwork on Section 480161 began on 4 October 2000 (see
Figure 6-30). The trench was located in the southbound driv-
ing lane of US 281. It was a four-lane divided pavement with
3.7-m (12-ft) wide lanes. The cross section at this location con-
sisted of a 125-mm (5-in.) HMA layer (placed in two lifts), a
220-mm (8.5-in.) base layer (lime rock asphalt [LRA]), and a
stabilized subbase layer.

Figure 6-31, Part A, shows the trench profiles at the HMA
surface, the bottom of the top HMA lift, the bottom of the sec-
ond HMA lift, the LRA bottom, and the bottom of the stabi-
lized layer. Figure 6-31, Part B, gives the magnified surface
profile; the corresponding distortion parameters are as follows:

• Maximum rut depth: 19.2 mm (0.76 in.);
• Total area: 9,448.8 mm2 (14.6 in.2); and
• Ratio of area: 2.98.
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Using the failure criteria developed by the research team,
it was determined that this section rutted because of an HMA
failure. The data point corresponding to this section is shown
on the failure chart in Figure 6-4. The 480161 data point is
the leftmost circled point on the chart; the right one is for
Section 480162. Actual failure for Section 480161 was deter-
mined to be an HMA failure; TxDOT personnel confirmed
this using field observations.

Section 480162 is immediately north and adjacent to Section
480161. Trenching on Section 480162 also began on 4 Octo-
ber 2000 (see Figure 6-32). The pavement at this section con-
sisted of a 125-mm (5-in.) HMA layer (placed in two lifts), a
220-mm (8.5-in.) base layer (crushed stone aggregate base
[CSAB]), and a stabilized subbase layer.

Figure 6-33, Part A, shows the trench profiles at the HMA
surface, the bottom of the top HMA lift, the bottom of the sec-
ond HMA lift, the CSAB bottom, and the bottom of the stabi-
lized layer. Figure 6-33, Part B, gives the magnified surface
profile; the corresponding distortion parameters are as follows:

• Maximum rut depth: 23.1 mm (0.9 in.);
• Total area: 13,309.6 mm2 (20.6 in.2); and
• Ratio of area: 2.75.

According to the failure criteria, this section rutted because
of an HMA failure. The data point for this section is also
shown in Figure 6-4. TxDOT personnel confirmed that fail-
ure occurred in the HMA layer using field observations.

6.9 STRAIGHTEDGE DEVICE

In order to measure transverse profiles in an efficient and
accurate way, the research team devised a straightedge
device. The device was designed to be lightweight, easy to
assemble, and very stable and to facilitate fast measurement
of pavement surface and layer interface profiles. These fea-
tures were helpful in meeting the requirement that trenching
operations must be conducted in a single working day. Fig-
ures 6-34 through 6-38 show an overview and some details
of the straightedge. A trench cross section and a plan view of
a trench showing how the device was set up are shown in Fig-
ures 6-39 and 6-40, respectively.

The straightedge is 4.9 m (16 ft) long and consists of four
1.2-m (4-ft) sections. It is made of 50 × 50 mm (2 × 2 in.) alu-
minum box beam with a wall thickness of 3 mm (1⁄8 in.). The
joint connections (tight sleeve connections with anchor) are
rigid such that a perfect straightedge exists when the joints are
secured with large thumbscrews. Adjustable legs are used on

each end of the straightedge, along with 150 × 250 mm (6 ×
10 in.) base plates. An additional adjustable leg is incorporated
at the midpoint of the straightedge to serve two purposes: to
ensure that the reference is level and to serve as a safety fea-
ture in case someone inadvertently applies excess pressure to
the straightedge.

An aluminum alloy was used because it is both rigid and
lightweight. Thermal expansion was checked using an expan-
sion coefficient of 23.5 × 10−6/°C and a maximum temperature
change of 33.3°C (60°F). The total change in length under
these extreme conditions would be 3.8 mm (0.15 in.). This
small change in length guarantees that accuracy in the trans-
verse direction will not be significantly affected by temperature
changes that might occur in a single day.

6.10 SUMMARY

Table 6-1 includes the data and distortion parameters for the
various field sites included in the study. The layer failures pre-
dicted by the modified criteria are in good agreement with the
observed field results. However, there were two exceptions:
Mississippi SH 28E and MnROAD Cell 28. In these cases, the
HMA surface is inadequate to protect the base, causing the
base to fail. Because of the base layer proximity to the surface,
the surface distortion makes the failure appear to be in the
HMA layer. These two pavements are similar in that the HMA
layer is less than 76 mm (3 in.). This type of failure was pre-
dicted by the FEM analysis, and, consequently, the field results
are valuable because they validate the theoretical analysis com-
ponent of the study.

In the analysis, PAAP is used to determine rut depth, dis-
torted areas, and ratio of area. Input for PAAP is the trans-
verse surface profile for the pavement section. Subsequently,
a spreadsheet that was developed as part of the analysis assigns
the failure mode on the basis of the criteria represented in Fig-
ure 6-4 (see Chapter 5 for details). Figure 6-4 is a combined
plot of FEM-predicted results and field data from Table 6-1.
Trend lines for the layer failure modes are also shown in 
the plot.

It should be noted that the proposed criteria are conserv-
ative for the HMA failure mode. This trait can be seen in
Figure 6-4, where all but one of the points corresponding to
HMA failure are above the average line for HMA failure,
as determined from the FEM analysis. The reason for this
above-average position is that real pavements may include
some feature variations not included in the ideal pavements
of the theoretical analysis (e.g., a crown in the middle of a
lane).
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(b) surface profile and distortion parameters

Figure 6-1. Profiles of Alabama Site 1.

(a) trench profiles
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(b) surface profile and distortion parameters

Figure 6-2. Profiles of Alabama Site 2. 

(a) trench profiles
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(b) surface profile and distortion parameters

Figure 6-3. Profiles of Alabama Site 10. 

(a) trench profiles



Figure 6-4. Validation of data from Table 6-1.
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Figure 6-5. Trenching on SH 302 East, Mississippi.
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Trench Profile of SH302E (Mississippi)
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Figure 6-6. Profiles of SH 302 East, Mississippi. 

(a) trench profile
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Figure 6-7. Trenching on SH 28 East, Mississippi.
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Trench Profile of SH28E (Mississippi)
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(b) surface profile and distortion parameters

Figure 6-8. Profiles of SH 28 East, Mississippi. 

(a) trench profile
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(a)

(b)

Figure 6-9. Trenching on Cell 28, MnROAD.
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Cell 16: Lift Interface Cross-Sections
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Cell 17: Lift Interface Cross-Sections
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Figure 6-12. Profiles of Cell 17. 

(a) surface profile and distortion parameters
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Cell 18: Lift Interface Cross-Sections

968.0

968.1

968.2

968.3

968.4

968.5

968.6

968.7

968.8

0.
5

1.
0

1.
5

2.
0

2.
5

3.
0

3.
5

4.
0

4.
5

5.
0

5.
5

6.
0

6.
5

7.
0

7.
5

8.
0

8.
5

9.
0

9.
5

10
.0

10
.5

11
.0

11
.5

Distance from Centerline
(feet)

E
le

va
ti

on
(f

ee
t)

Surface 1st Lift Interface 2nd Lift Interface 3rd Lift Interface

(b) trench profile

Figure 6-13. Profiles of Cell 18. 

(a) surface profile and distortion parameters
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Cell 19: Lift Interface Cross-Sections
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Figure 6-14. Profiles of Cell 19. 

(a) surface profile and distortion parameters
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Cell 20: Lift Interface Cross-Sections
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Figure 6-15. Profiles of Cell 20. 

(a) surface profile and distortion parameters
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Cell 22: Lift Interface Cross-Sections
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Figure 6-16. Profiles of Cell 22. 

(a) surface profile and distortion parameters
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Cell 23: Lift Interface Cross-Sections
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Figure 6-17. Profiles of Cell 23. 

(a) surface profile and distortion parameters
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Figure 6-18. Surface profile and distortion parameters of Cell 28.
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Figure 6-19. Trenching on Nevada SR 267.
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(b) surface profile and distortion parameters

Figure 6-20. Profiles of Nevada SR 267. 

(a) trench profiles
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Figure 6-21. Trenching on US 64 East, North Carolina.

(a) (b)

(c) (d)
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Figure 6-21 continued.
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Trench Profile of US64E (North Carolina)
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(b) surface profile and distortion parameters

Figure 6-22. Profiles of US 64 East, North Carolina. 

(a) trench profile
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(b) surface profile and distortion parameters

Figure 6-23. Profiles of Ohio SPS-1 Project, Site 390101, Station 1 + 50. 

(a) trench profile 
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(b) surface profile and distortion parameters

Figure 6-24. Profiles of Ohio SPS-1 Project, Site 390101, Station 4 + 00. 

(a) trench profile 
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(b) surface profile and distortion parameters

Figure 6-25. Profiles of Ohio SPS-8 Project, Site 390803. 

(a) trench profile
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Figure 6-27. Surface profile and distortion parameters of Texas IH 20WB, Site 1.

Figure 6-26. Surface profile and distortion parameters of Texas IH 10WB, Site 3.
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Figure 6-28. Surface profile and distortion parameters of Texas SH 34, Site 1.

Figure 6-29. Surface profile and distortion parameters of Texas US 77-83, Site 2.
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Figure 6-30. Trenching on Section 480161, US 281, Texas.

(a) (c)

(b) (d)
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(b) surface profile and distortion parameters.

Figure 6-31. Profiles of Section 480161, US 281, Texas. 

(a) trench profile
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Figure 6-32. Trenching on Section 480162, US 281, Texas.

(a) (c)

(b) (d)
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(b) surface profile and distortion parameters

Figure 6-33. Profiles of Section 480162, US 281, Texas. 

(a) trench profile
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Figure 6-36. Adjustable support in the middle of the
straightedge.

Figure 6-37. Adjustable support at the right end of the
straightedge.

Figure 6-34. The straightedge device.

Figure 6-35. Adjustable support at the left end of the
straightedge.

Figure 6-38. Leveling bar on top of the straightedge.
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Figure 6-39. Pavement cross section showing straightedge setup.
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Figure 6-40. Plan view of straightedge set up along trench.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

7.1.1 Findings

The stated goals of this study were to (1) investigate
whether the relative contributions of the layers to rutting in
flexible pavement could be determined from an analysis of its
transverse surface profile and (2) prepare a method for esti-
mating the relative contributions of pavement layers to total
rutting. Previous research indicated that the goals were feasi-
ble. Using data from available literature, theoretical FEM
analysis, and pavement trenching, these project goals were
achieved. Finite element analysis proved to be an effective
tool in this study. Unlike other analytical approaches, finite
element analysis is able to fairly represent layer and pavement
geometry, material characteristics, boundary conditions, and
loading. In particular, failure strains in a layer are promul-
gated and captured in surface deformations. The resulting sur-
face deformations match very well the surface deformations
of pavements subjected to prototype scale truck loading.

The previous research to develop surface deformation cri-
teria for predicting layer failure was identified, and a review
of this work—as well as publications by others attempting to
establish similar criteria—was beneficial to the current
research. In fact, surface deformation criteria reported in the
literature were used to establish the important factors and their
possible levels for the finite element analysis of the current
study. Using finite element analysis, a matrix of pavement
sections was developed, covering a range of layer materials
and thicknesses. Predicted transverse surface profiles for
pavement sections represented in the matrix were analyzed,
and improved surface distortion criteria were developed.

In order to provide a convenient product to the user, a com-
puter program was developed to assist users in calculating the
surface distortion parameters. The program, PAAP, was ini-
tially developed to accelerate the processes of preparing finite
element input data and retrieving the results from finite ele-
ment output. However, PAAP can also be used to calculate
surface distortion parameters from a measured surface trans-
verse profile. The measured profile is simply entered into
PAAP, and the program generates the surface distortion crite-
ria. These distortion criteria have been formatted for use in a
spreadsheet named “failure identification table” (FIT). When

the criteria are entered into FIT, the failed layer is identified
and the results are plotted on a failure chart. Examples of these
results are given in Chapter 5. A draft transverse surface pro-
file measurement and analysis standard has been prepared in
AASHTO format and included in this report (see appendix).
The standard includes guidance on the spacing of transverse
surface profile measurements, as well as steps for using the cri-
teria to predict the location of the failed layer in the pavement
structure.

In addition to developing refined surface distortion criteria,
finite element analysis was used to examine factors that can
affect the application of the criteria. Specifically, very thin
asphalt surfaces may not protect an underlying base. In this
case, the base fails and the surface distortion wrongly classi-
fies the failure as being in the surface layer. Finite element
analysis predicted this phenomenon, and field data confirmed
it. The criteria developed through this project handle this con-
dition as a special case.

Also, required transverse spacing of surface profile mea-
surements was examined using the FEM-predicted surface
profiles. By eliminating surface profile data points and recal-
culating surface distortion parameters, maximum allowable
data point spacing was determined. To maintain criteria accu-
racy, maximum spacing for surface, base, and subgrade fail-
ures are 100 mm (4 in.), 175 mm (7 in.), and 300 mm (12 in.),
respectively. Because the layer contributing to pavement fail-
ure is not known when the profile is measured, the maximum
spacing should be 100 mm (4 in.).

The effects of pavement shoulders on surface distortion
were also examined; pavements with and without paved shoul-
der were analyzed. A specific result of this analysis is that the
distortion parameters are independent of the paved shoulder
width as long as the surface profile of the lane or lane-plus-
shoulder segment is 3.7 m (12 ft) wide. When the lane is nar-
rower than 3.7 m (12 ft) but has a paved shoulder (for exam-
ple, a 3.1-m [10-ft] lane), the transverse profile should extend
onto the shoulder so that the total width of the profile is 3.7 m
(12 ft). If the profile width is less than 3.7 m (12 ft), the results
may not be reliable for base failure.

Significant information was obtained from trench data. The
most important result was that the refined surface distortion
criteria were confirmed. Another result was that the majority
of the pavements investigated in this study exhibited rutting in
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the asphalt layers (i.e., the top 75–125 mm [3–5 in.]). This
result agrees with other recent studies of pavement rutting.

7.1.2 Applicability

The proposed criteria for predicting layer failure from a
pavement’s transverse surface profile are material indepen-
dent. However, identifying a layer as failed can highlight defi-
ciencies in materials, specifications, construction, and struc-
tural design. The criteria can be applied at the project or
network level.

Application of the proposed criteria to transverse surface
profiles from a specific project will identify the lowermost
layer contributing to rutting. As a result, appropriate reme-
dial action plans can be developed. For example, subgrade
failure could be addressed by reconstruction (including sub-
grade stabilization, placement of adequate pavement struc-
tural layer thickness, or both). Alternatively, additional HMA
thickness could be placed to increase the structural section
and to protect the subgrade. If the failure is associated with
the HMA surface layer, then the affected depth or the entire
surface could be removed by grinding and replaced with an
overlay (i.e., the surface could undergo a mill-and-fill opera-
tion). Alternatively, multiple overlays can be placed to build a
smooth, stable surface. A combination of partial-depth grind-
ing and overlay can also be used.

The study results also apply to pavement networks. When
applied at the network level, the criteria become a powerful
management tool. For example, sufficiency of materials, tests,
specifications, construction, and thickness design can be eval-
uated on a systemwide basis. As a result, the need for correc-
tive action would be well supported. The need for areas of
research to improve the insufficient parameter would also be
identified.

7.2 RECOMMENDATIONS

The research team believes that state departments of trans-
portation and other user agencies can immediately imple-
ment the findings of this study. To this end, an implementa-
tion effort is recommended. The main tasks of such an effort
would be to

1. Identify state departments of transportation willing to
participate in the implementation effort;

2. Provide software, training, and assistance to these depart-
ments on how to properly use the software and apply the
criteria;

3. Assist the departments in collecting data; and
4. Analyze the results of the implementation effort and

update the software criteria, standard test method, or
both as needed.

An additional benefit of the implementation effort
would be to provide additional verification of the proposed
criteria. The choice of pavement sections included in the
current study for criteria verification could not be well
controlled, as data for pavement layer failures depended on
agency participation. A consequence is that not all pave-
ment layer failures are represented in the database at the
desired level of replication. Specifically, subgrade failure
data are limited. This situation is not expected to affect the
surface distortion criteria for subgrade failure. The currently
available data clearly support the FEM-based criteria. New
data will only strengthen confidence in the criteria for all
layers.

In addition to the main goals outlined previously, an imple-
mentation study could also address the question of transverse
profile longitudinal spacing. Variation in transverse surface
profiles is expected. The question to be answered is, “How
many transverse surface profiles should be measured, and at
what spacing should they be measured, to accurately deter-
mine a failed layer?” This issue should be addressed at both
the project level and the network level.

A finding of the current study is that transverse spacing
of surface profile measurements is important. Without a spac-
ing of 75–100 mm (3–4 in.), details of the surface distortion
are not adequately captured. Agency protocols for field data
collection of transverse surface profiles should be revised
to agree with the draft standard in the appendix. This rec-
ommendation can be implemented immediately when man-
ual measurements are used. Agencies using electronic
devices that record a continuous transverse profile can use
such data with the appropriate measurement spacing. Mea-
sur-ing transverse profiles manually or with an electronic
device is time consuming. Application is likely to be limited
to project-level evaluations. A faster method of collecting
transverse surface profile data will be required for network-
level evaluations.

Existing equipment that is used to obtain data on surface
transverse profiles at the network level operates at high-
way speeds and has three to five sensors perpendicular to
the direction of travel. The current study indicates that the
usual sensor spacing of these devices is inadequate to cor-
rectly determine the layer in which rutting is occurring.
Certainly, the spacing is not adequate for calculating sur-
face distortion parameters. The research team recommends
making an effort to refine existing technology or develop
new technology capable of adequately measuring a trans-
verse surface profile with the required precision at high-
way speeds.

A scanning laser is candidate technology for measuring
transverse pavement surface profiles. There are at least two
such laser systems currently available. One device [50] has
been used at WesTrack and is currently being investigated at
the U.S. Army Corps of Engineers Engineering Research and
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Finally, one possible aspect of an implementation effort
might be to develop guidelines about milling depth when
rehabilitating HMA pavements. These guidelines could serve
as a valuable tool when user agencies are unsure of the exist-
ing cross section of a pavement exhibiting permanent defor-
mation. An initial effort to develop such guidelines was
attempted; the additional data collected in the implementation
effort could assist in perfecting this tool.

Development Center, Vicksburg, Mississippi. Another laser
system has been developed at the Diagnostic Instrumentation
and Analysis Laboratory (DIAL) at Mississippi State Univer-
sity, Starkville, Mississippi. An effort is recommended to
develop a scanning-laser–based system for measuring trans-
verse pavement surface profiles. This type of system offers
the best possibility of measuring transverse profiles with the
desired accuracy at highway speeds.
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HMSA: hot mix sand asphalt
HVS: Heavy Vehicle Simulator 
INDOT: Indiana Department of Transportation
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LTB: lime-treated base
LTGB: lime-treated gravel base
LTPP: long-term pavement performance
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NCDOT: North Carolina Department of Transportation
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NDOT: Nevada Department of Transportation
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ODOT: Ohio Department of Transportation
PAAP: Profile Analysis Assistant Program
PASCO: Parallel Symbolic Computation
PFS 176: Pooled Fund Study 176
PRS: performance-related specifications
PTF: Pavement Test Facility (Nottingham)
PTI: Pennsylvania Transportation Institute
SABC: stabilized aggregate base course
SBR: styrene-butadiene rubber
SCB: soil-cement base
SH: State Highway
SHRP: Strategic Highway Research Program
SR: state route
TFHRC: Turner Fairbanks Highway Research Center (FHWA)
TRB: Transportation Research Board
TRIS: Transportation Research Information Services
TxDOT: Texas Department of Transportation
TxMLS: Texas Mobile Load Simulator
USACE: U.S. Army Corps of Engineers
WIM: weigh in motion
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APPENDIX

RECOMMENDED METHOD FOR DETERMINING THE FAILED LAYER 
OF A FLEXIBLE PAVEMENT

1 SCOPE

This method covers the procedure for determining which
layer in a flexible pavement has failed because of permanent
deformation by measuring and evaluating the transverse sur-
face profile of the failed pavement. The permanent deforma-
tion can result from densification, shear failure, or shear flow.

The method is based on analysis of transverse surface pro-
files of 3.7-m (12-ft) pavement lanes. Surface profile mea-
surements should not exceed 100 mm (4 in.). For 3.1-m
(10-ft) pavement lanes, the surface profile features may not
be fully captured. In this case, the failed layer may not be
reliably predicted.

2 SAFETY

The test vehicles, as well as all attachment to them, shall
comply with all applicable state and federal laws.

Extreme caution, appropriate traffic controls, and person-
nel safety measures shall be taken and/or used to ensure max-
imum safety of operating personnel and other traffic.

This method does not purport to address all safety con-
cerns. All necessary precautions shall be taken beyond those
imposed by laws and regulations.

3 DEFINITIONS

failed layer—lowest layer contributing to the pavement’s
permanent surface deformation.

transverse surface profile—surface profile measured on a
3.7-m (12-ft) wide pavement lane perpendicular to the direc-
tion of traffic.

reference line—straight line connecting the two end points
of the transverse surface profile.

maximum rut depth—maximum rut depth determined from
the transverse surface profile using the wire method. This
depth is measured perpendicular to the reference line (see
Figure A-1).

positive area—sum of the areas above the transverse surface
profile reference line (see Figure A-2).

negative area—sum of the areas below the transverse sur-
face profile reference line (see Figure A-2).

total area—sum of positive and negative areas.

ratio of area—absolute value of the ratio of positive area to
negative area.

distortion parameters—maximum rut depth, total area, and
ratio of area.

4 APPARATUS

A reference beam is needed to measure the transverse sur-
face profile. The minimum beam width shall be equal to or
greater than 3.7 m (12 ft). The beam shall incorporate ade-
quate support(s) and/or rigidity such that no deviation of
more than 1 mm (0.04 in.) occurs at any point along its length
(minimum length of 3.7 m [12 ft]) from the true horizontal
due to deflection. This may be verified with a taught string
line and a rule after the apparatus is set up. The device must
also provide stability to resist small dynamic forces, such as
wind and small bumps by the operator.

A 1.2-m (4-ft) or longer carpenter’s level or a surveyor’s
level capable of being used to ensure that the straightedge
provides a level horizontal reference when correctly set up
is needed.

An adequately rigid rule or caliper of adequate length
(greater than the maximum distance from the straightedge to
pavement surface) is needed with a maximum increment of
1 mm (0.04 in.) for measurement.

A 5-m (16.4-ft) builder’s string line is needed.
Miscellaneous hand tools are needed to ensure that the

pavement surface is swept clean and free of debris prior to pro-
file measurement.

Miscellaneous data-recording things are needed—for
example, data collection forms, note pads, paper clips, and
pens/pencils.

An alternative device, such as a pavement surface profiler
(PSP), may be used. The PSP is a beam with attachments to
trace or electronically record a continuous transverse surface
profile. Maximum spacing of data for analysis of the surface
profile shall be 100 mm (4 in.).

5 PROCEDURE

The procedure for determining the failed layer of a flex-
ible pavement is as follows:

1. Establish safe working conditions for both operators and
motoring public in accordance with agency policies.

2. Clean the area of pavement to be measured free of debris
by sweeping.

3. Position the apparatus perpendicular to the direction of
traffic. Take care to ensure that both edges of the lane can
be included in the surface profile.



4. Adequately support the apparatus such that wind, the
weight of measurement devices, small bumps by the
operator, and any other potential source of reasonably
small dynamic force will not move the device and force
the operation to be halted and restarted. Sand and/or
lead bags have been found to be a good source of leg
stabilizer.

5. Adjust the apparatus supports so that the apparatus is
horizontally level (see Figure A-3). Verify that no devi-
ations greater than 1 mm (0.04 in.) from the horizontal
level exist using a taught string line and a rule or caliper.

A-2

6. Starting from the inner edge of the lane, measure the
vertical distance from the reference beam to the pave-
ment surface. Continue measurements at a maximum
increment of 100 mm (4 in.) for the full width of the
lane, including the outside of the lane.

7. Plot the data by hand on coordinate paper or electroni-
cally using a spreadsheet or other utility program.

8. Connect the first and last data points with a straight
line. Calculate the maximum rut depth, positive and
negative areas, total area, and ratio of area, as described
in Section 6.

Maximum Rut Depth 

Figure A-1. Definition of maximum rut depth.

Figure A-2. Definition of positive and negative areas.

 3.7m (12ft) 

Straightedge 

One or More

Adjustable Supports 

Adjustable Support 
Adjustable Support 

Base

HMA 

Subgrade

Figure A-3. Pavement cross section showing straightedge setup.



9. Determine which layer caused failure by referencing
the failure criteria given in Section 6.

6 CALCULATIONS

6.1 Calculating the Distortion Parameters
Using PAAP

Use any text editor to input the measured data in the fol-
lowing format:

where

N = total number of measured data points (each data point
is an [X, Y ] pair);

Xi = the horizontal distance from the ith point to the center-
line, i = 1, 2, . . . N; and

Yi = elevation of the ith data point, i = 1, 2, . . . N. If the
measurement is the distance from the device (e.g., a
straightedge) to the data point, the elevation is the
negative value of this distance.

Save the text file with extension name “.prf”. Run PAAP
and open this data file. The profile will be plotted on the left
side, and the distortion parameters will be reported on the
right side. The parameters are rut depth (D), above area (Ap),
below area (An), total area (A), and ratio (R). The first param-
eter is the maximum rut depth from the profile. Above area
and below area are the positive and negative areas; ratio is
the ratio of area. See Section 3 for these definitions. Total area
and ratio are calculated as follows:

6.2 Determining the Failure Mode Using the
Failure Identification Table (FIT)

Input the maximum rut depth (D), total area (A), and ratio
of area (R) from Section 6.1 in the corresponding columns in
the same row in FIT. The three columns are on the left side of
a shaded strip in the table. The failure mode will be shown in
one of the three columns to the right of the shaded strip on the
same row by a mark “x.” The three columns correspond to
HMA failure, base failure, and subgrade failure, respectively.
The data point is also shown in the failure chart.

6.3 Determine the Failure Mode Manually

Calculate critical coefficients.
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where

C1 = theoretical average total area for HMA failure, mm2;
C2 = theoretical average total area for base/subbase failure,

mm2;
C3 = theoretical average total area for subgrade failure, mm2;

and
D = maximum rut depth, mm.

The theoretical average total areas are points on the trend
lines corresponding to the rut depth D in the failure chart.

Failure has occurred in the HMA layer if both the follow-
ing conditions are satisfied:

If both of the above conditions are not satisfied, but strong
curvature reversal is found between the two ruts, the HMA
layer has failed.

If the conditions of Equations A-6 and A-7 and the condi-
tions of the previous paragraph indicate that failure did not
occur in the HMA layer, the following comparison is made:

If this condition is satisfied, failure occurred in the base/
subbase layer.

Subgrade failure has occurred if no failure can be deter-
mined from the previous comparisons.

All the above comparisons for total area use real numbers
rather than absolute values. For example, if

and

then the following condition is satisfied:

For pavement structures in which the thickness of the HMA
layer is less than 75 mm (3 in.), if the above procedure indi-
cates that the HMA layer has failed, the actual failure is in the
base layer. The HMA layer may or may not have made a minor
contribution to the failure.
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7 EXAMPLES

7.1 Introduction

Two examples are presented to illustrate the calculation
procedures given in Section 6. Section 7.2 illustrates an exam-
ple of HMA failure, while Section 7.3 gives an example of
base failure.

7.2 HMA Failure Example

Assume the surface profile was measured and plotted, as
shown in Figure A-4. The transverse profile measurements
were taken at 100-mm (4-in.) intervals. The data are shown in
the table at the right of the graph (see Figure A-4). Figure A-5
gives the distortion parameters and the plotted profile generated
by PAAP. The cross slope has been removed by PAAP. The
maximum rut depth (D), positive area (Ap), and negative area
(An) were determined to be 23 mm (0.9 in.), 20,904 mm2

(32 in.2), and −7,595 mm2 (12 in.2), respectively (the numbers
have been rounded).

The total area (A) and ratio of area (R) are then calculated
using Equations A-1 and A-2, respectively.

Equations A-3, A-4, and A-5 are used to calculate the three
critical coefficients C1, C2, and C3, respectively.
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Conditions in Equations A-6 and A-7 are checked and are
found to be satisfied.

Therefore, the failure occurred in the HMA layer. Note
from the profile that curvature reversal does appear to be
present. Thus, this condition is also satisfied.

7.3 Base Failure Example

Assume the surface profile was measured and plotted, as
shown in Figure A-6. The transverse profile measurements
were taken at an interval of 300 mm (12 in.). The data are
shown in the table at the right of the graph (see Figure A-6).
Figure A-7 gives the distortion parameters and the plotted pro-
file generated by PAAP. The cross slope has been removed by
PAAP. The maximum rut depth (D), positive area (Ap), and
negative area (An) were determined from the profile to be 13
mm (0.5 in.), 28 mm2 (0.04 in.2), and −20,686 mm2 (32 in.2),
respectively (numbers have been rounded).

The total area (A) and ratio of area (R) are calculated using
Equations A-1 and A-2, respectively.

A

C C

= (
+[ ] − −[ ]

− )

13 309

2 19 157 35 146 21 2

,

, , , ,

( )

mm  which is greater than

or

or 27, 152mm A-18

2

2

R = ( )2 75. ( ) which is greater than 0.05 A-17

C D3 2 120 1 407 95

2 120 1 23 1 407 95

49 382

= −( ) −

= −( ) × −

= −

, . .

, . . .

, ( )mm A-162

C D2 1 509 0 287 78

1 509 0 23 1 287 78

35 146

= −( ) −

= −( ) × −

= −

, . .

. . . .

, ( )mm A-152

Figure A-4. Measured pavement surface profile with HMA failure.
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Figure A-5. Surface profile and distortion parameters for HMA failure.

Figure A-6. Measured pavement surface profile with base failure.



Equations A-3, A-4, and A-5 are used to calculate the three
critical coefficients C1, C2, and C3, respectively.

Conditions in Equations A-6 and A-7 are checked. The first
condition is not satisfied.
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There is no need to check the second condition. Failure did
not occur in the HMA layer.

Also, note that no curvature reversal is seen in the pro-
file plot.

The condition in Equation A-8 is checked and is satisfied.

Therefore, the failure occurred in the base layer.
It should be noted that the measured data used in this

example were chosen only to demonstrate the use of the cri-
teria. The measurement interval of 300 mm (12 in.) is not
recommended in practice. Use of such a large interval may
cause the loss of features for HMA failure.

8 REPORT

Report the exact pavement location, date, time, weather,
and operator(s).

Report the layer in which pavement deformation has oc-
curred, along with potential remedial action options based on
the failure layer.
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Figure A-7. Surface profile and distortion parameters for base failure.



Abbreviations used without definitions in TRB publications:

AASHO American Association of State Highway Officials
AASHTO American Association of State Highway and Transportation Officials
ASCE American Society of Civil Engineers
ASME American Society of Mechanical Engineers
ASTM American Society for Testing and Materials
FAA Federal Aviation Administration
FHWA Federal Highway Administration
FRA Federal Railroad Administration
FTA Federal Transit Administration
IEEE Institute of Electrical and Electronics Engineers
ITE Institute of Transportation Engineers
NCHRP National Cooperative Highway Research Program
NCTRP National Cooperative Transit Research and Development Program
NHTSA National Highway Traffic Safety Administration
SAE Society of Automotive Engineers
TCRP Transit Cooperative Research Program
TRB Transportation Research Board
U.S.DOT United States Department of Transportation

Advisers to the Nation on Science, Engineering, and Medicine

National Academy of Sciences
National Academy of Engineering
Institute of Medicine
National Research Council

The Transportation Research Board is a unit of the National Research Council, which serves 
the National Academy of Sciences and the National Academy of Engineering. The Board’s 
mission is to promote innovation and progress in transportation by stimulating and conducting 
research, facilitating the dissemination of information, and encouraging the implementation of 
research results. The Board’s varied activities annually draw on approximately 4,000 engineers, 
scientists, and other transportation researchers and practitioners from the public and private 
sectors and academia, all of whom contribute their expertise in the public interest. The program 
is supported by state transportation departments, federal agencies including the component 
administrations of the U.S. Department of Transportation, and other organizations and 
individuals interested in the development of transportation. 

The National Academy of Sciences is a private, nonprofit, self-perpetuating society of distin-
guished scholars engaged in scientific and engineering research, dedicated to the furtherance 
of science and technology and to their use for the general welfare. Upon the authority of the 
charter granted to it by the Congress in 1863, the Academy has a mandate that requires it to 
advise the federal government on scientific and technical matters. Dr. Bruce M. Alberts is 
president of the National Academy of Sciences. 

The National Academy of Engineering was established in 1964, under the charter of the 
National Academy of Sciences, as a parallel organization of outstanding engineers. It is 
autonomous in its administration and in the selection of its members, sharing with the National 
Academy of Sciences the responsibility for advising the federal government. The National 
Academy of Engineering also sponsors engineering programs aimed at meeting national needs, 
encourages education and research, and recognizes the superior achievements of engineers. 
Dr. William A. Wulf is president of the National Academy of Engineering.

The Institute of Medicine was established in 1970 by the National Academy of Sciences to 
secure the services of eminent members of appropriate professions in the examination of policy 
matters pertaining to the health of the public. The Institute acts under the responsibility given to 
the National Academy of Sciences by its congressional charter to be an adviser to the federal 
government and, upon its own initiative, to identify issues of medical care, research, and 
education. Dr. Kenneth I. Shine is president of the Institute of Medicine.

The National Research Council was organized by the National Academy of Sciences in 1916 
to associate the broad community of science and technology with the Academy’s purpose of 
furthering knowledge and advising the federal government. Functioning in accordance with 
general policies determined by the Academy, the Council has become the principal operating 
agency of both the National Academy of Sciences and the National Academy of Engineering in 
providing services to the government, the public, and the scientific and engineering 
communities. The Council is administered jointly by both the Academies and the Institute of 
Medicine. Dr. Bruce M. Alberts and Dr. William A. Wulf are chairman and vice chairman, 
respectively, of the National Research Council.  
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