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ABSTRACT

The purpose of this report is to describe a backcalculation procedure
(MODULUS) developed to interpret Falling Weight Deflectometer (FWD) data and
to illustrate how this procedure was built into a pavement analysis system
for the Texas State Department of Highways and Public Transportation.

MODULUS is microcomputer based and can be used on 2-, 3-, or 4-layer
pavement systems. It used a linear-elastic program to generate a database
of deflection bowls; in a four-layer system, a minimum of 27 runs (3 x 3 x 3
moduli values for surface, base, and subgrade) would be performed. The size

of the database depends on the user-supplied range of acceptable modulus

values for each layer. Once the database is generated, a pattern search

routine is used to fit measured and calculated bowls; error minimization is
very rapid, less than 5 seconds per bowl on a 386-type microcomputer.

The system developed for the State of Texas is designed to accept the
FWD field diskette as input. The user then has several options when
performing backcaleulation including specifying the depth to bedrock or
using existing default databases for common pavement structures. Outputs
include summary listing showing mean and variances of moduli values and also
a graphics output which plots moduli values along a project and automati-
cally performs subsectioning.

The system was developed for an AT-compatible microcomputer with 640
KB RAM, a 10 MB hard disk, EGA card with 256 KB screen memory and a dot
matrix printer with parallel interface. However, a version is available for

machines with 512KB RAM and 64KB screen memory.

Keywords: modulus, backcalculation, Falling Weight Deflectometer, microcom-

puter, linear-elastic
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DISCLATMER

This report is not intended to constitute a standard, specification or
regulation and does not necessarily represent the views or policy of the

FHWA or Texas State Department of Highways and Public Transportation.
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IMPLEMENTATION STATEMENT

The Texas SDHPT is currently implementing a new Flexible Pavement
Design System developed under study 455. A crucial input to that system, is
the subgrade resilient moduli value and its variance along the highway.

Both of these can be readily calculated from Falling Weight Deflectometer
data using the system described in this report.

The version of MODULUS described in this report uses BISAR as the
linear elastic calculation program. Both TTI and the Texas SDHPT have
permission to use BISAR. However, other versions of MODULUS are available

using public domain software.
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CHAPTER I
INTRODUGCTION

Non-Destructive Testing (NDT) is performed in order to characterize
each layer in the pavement structure. In the commonly used linear-elastic
rapproach the elastic modulus and its variance are the parameters of inte-
rest. Therefore, NDT éonsists of measuring and processing numerous deflec-
tion bowls along the length of the project. For project level testing the
recording interval is frequently left at the discretion of the engineer but
spacing between 100-500 feet are common,

To assist the engineer in the analysis process an efficient procedure
must be developed which permits modulus backecalculation from surface
deflection data and allows the engineer to review the data to determine if
subsectioning is required. A microcomputer-based procedure called MODULUS
is presented in this report (1). It has been designed to process data
collected with the Falling Weight Deflectometer. A unigue feature of
MODULUS is that it uses a linear elastic program to generate a data base of
computed deflection bowls, prior to fitting the measured bowls. Once the
data base is generated for a particular pavement the linear elastic program
is not called again, no matter how many bowls are to be analyzed. There-
fore, the data base can be generated prior to testing and the measured
bowls can be processed in real-time. The procedure as described in section
2 of this report make use of the properties of the linear-elastic solutien
by working in terms of modular ratios. It can handle a 2, 3, or 4 layer
problem, in the case of a 4 layer problem the elastic layer program is
automatically run at least 27 times (3 surface x 3 base x 3 subbase modular
ratios) to generate the required data base. A pattern search routine is
used to fit the measured and calculated bowls.

The data base concept has an advantage over existing programs such as
CHEVDEF (2) which calls the linear elastic deflection program (NLAYER + 1) ¥
ITER + 1 times, where NLAYER is the total number of layers and ITER is the
user specified number of convergence iterations. In the case of the four
layer system the BISDEF program with ITER=3 would require 16 runs of the

linear-elastic program per bowl whereas the MODULUS program would require

1



only 27 runs independent of the number of bowls to be analyzed. Therefore,
in this case the MODULUS would be more efficient than CHEVDEF when more than
‘2 bowls are measured on the same section.
This report is subdivided as follows. In section 2 the theoretical

- background to the modulus backcalculation procedure is presented. This
section contains a description of the error minimization objective function,
a description of the steps in the analysis and the convexity test which
attempts to identify if the particular solution is a local minimum.

Section 3 describes the delineation scheme built into the system to permit
automatic subsectioning of projects when significantly different pavement
strengths are observed. Sections 4 and 5 presents a Case Study and overall
conclusions. The MODULUS program as described has been custom built into a
deflection analysié system for the State of Texas. A description of this
system and a Users Manual is presented in Appendix A, The Texas SDHPT
system has the following 3 subroutines.

1. Deflection Data Input - This is read directly from the FWD field
data collection diskette. (Dynatest Version 9.0)

2. Backcalculation - The user has several options here including
using existing default data bases or running the linear elastic:
routine to create a new data base prior to backcalculation.
Summary or detailed reports of moduli values are generated.

3. Graphic Outputs - The deflection or backcalculated moduli values
are plotted and the delineation routine is run to find strong and

- weak pavement sections. A mean value and standard deviation are

generated for each.



CHAPTER. 2

MODULUS BACKCALCULATTON PROCEDURE

In this chapter the backcalculation procedure will be presented.

2.1 PFormulation of the Objective Function

The ultimate goal of the backcalculation process from NDT results is
to estimate the pavement material properties. The procedure is to find the
set of parameters ﬁhich correspond to the best fit of the measured deflec-
tion bowls, The best fit is achieved by minimizing the error between the
measured and calculated deflection bowls. The objective function can

therefore be written as:

s G 2
minimize 2 = 3 [ A W } We, (1)
=1

where:

2

€ squared error

W? = measured deflection at sensor i
c . -

W; = computed deflection at sensor 1
s = number of sensors

We; = user supplied weighing factor for sensor i

Equation 1 can be written simply as:

L , 3 Wwe 2
minimize € =3 [ 1 - L ] We, (2)
i=1 i
Different techniques are available for minimizing the objective
function expressed in Equation (2). The program described in this report
uses the Hooke-Jeeves' pattern search algorithm (4). This
" algorithm is known to converge always (sometimes to a local minimum), unlike

other algorithms that may in some cases not converge at all. The unknown



variables are those required to compute the surface deflection Wz, i.e.

W, = F; (%) (3)

where:

X; = unknown variables, j = 1 to n unknowns

Any solution to Equation (2) calls for a solution of Equation (3)
obtained numerically in most cases by running a separate program (such as
BISAR, CHEVRON computer programs in the case of linear elasticity and ILLI-
PAVE in the case of non-linear elasticity). The number of calls depends on
the minimization algorithm used. For example, the CHEVDEF program (2) calls
the deflection computation program (NLAYER + 1) * ITER + 1 times for each
bowl to be analyzed, where NLAYER is the total number of layers for which
moduli are to be determined, the ITER is the number of iterations.
Generally, the pattern search technigue requires numerous calls of the
deflection computation program for each measured bowl, this can be ineffi-
clent in the case where a large number of bowls are to be analyzed for a
single project, which is frequently the case. This drawback is overcome in
this system by generating ahead of time a data-bank containing deflection
bowls for the expected range of moduli and using the 3-point Lagrange
interpolation technique to compute the deflection bowl for any set of
unknown values within the expected range. It is worth mentioning that after
the generation of the data-bank, the deflection computer program is no
longer required.

In the case of linear-elasticity the computed deflection W: at sensor

i (or radial distance r;) can be expressed as follows:

W, = £, (Eg, v, by, r,, 0) (4)

E,, vy = modulus of elasticity and Poisson’s ratio of layer k (k =1
to n'layers)
b, = thickness of layer k
0 = other wvariables, such as pressure, contact area, radius,
interface conditions, ete.
In the backcalculation, all variables except E, are either assumed or
known, and the moduli are the only variables to be backcalculated.
A



In the case of linear elasticity and a circular contact area, Equation

(4) can be written as:

Wz = _P fi El 3 ees g Ek y ee sy En (5)
E Esg Esg Esg
sg
where:
p = pressure (psi)
E;, = subgrade modulus of elasticity

Equation (5) represents a unique property of linear elasticity in that
the deflection is a) linearly related to load level, b) inversely propor-
tional to subgrade modulus and c) a function of the modular ratios.

Using Equations 2 and 5 it is possible to obtain a direct solution for
the subgrade modulus E;,. To minimize the squared error of Equation 2 with
respect to ESg requires that its derivative with respect to Esg is =zero, as
follows:

8 c
2¢ 26 -z 2 [1- " S L We, = 0 (6)
dE i=1 " W dE

8g 58

and from (5):

aw, 8 P, Ey 7
3E JE Eq By g

58 58

for the sake of clarity the term f; (Ek/E;g) is replaced by f; in the

equations below:

<
Moo P g o+ B % ) (8)
o, , B2, E,, OF,,

When the ratio Ek/E;, is kept constant, i.e., at a particular set of modular
ratios in the data base, the second term in Equation (8) is zero. There-

fore, Equation (8) can be written as:

aw; W
9E, Ey g

Substituting Equation (8) back into Equation (6) yields:

5



S e .
= 1- M W, 1 We, = 0 (9)
i=1 W, W, E

i i sg

. Using Equation (5) to substitute back for Wz yields:

8
5 1. P2 & 22 £ We, = 0 (10)
i=1 E, Wy E., W
simplifies to:
1 p Y5 E £, £,
= e . L L We, = 0 (11)
E.q E . i=1 pa WT WT

normalizing (11) with respect to f; yields:

s
= Beg . 01 2 B | we, =0 (12)
i=1 p I f, Wy £, W
leading to:
s 2
p 5 f; We, .
B, = f LW | (13)
% £, Wey
i=1 £, W

Although Equation (13) can be simplified this normalized form is preferred
for data processing. Equation (13) provides a direct method for estimating
subgrade modulus E ., from the data base of normalized (f;/f;) deflection
values. This data base, as will be demonstrated below, is built from
multiple runs of the BISAR program. Each run corresponds to a set of
modular ratios Ek/E;,. Therefore an E;, can be calculated for each set of
£; (Ek/E; ;). To decide which solution minimizes error it is necessary to
calculate squared error associated with each set of modular ratios using

Equation (14) which is simply an expanded version of Equation (2).

S 2
2 = 3 1 - P57 e, (14)
i=1 E,, W

58

where the E,;, is the particular solution of Equation (13) corresponding to

6



the given modular ratio and p is the actual pressure under which the W:
values was calculated. By locating the minimum squared error from Equation
(14), a seed value of E;, is selected and the corresponding seed values of
Egasyp and Egqyppacy are calculated. These "seed values" are used as input to

the pattern search routine.

“"Case Study
To demonstrate this procedure the following case study is presented. A
flexible pavement was tested with the Falling Weight Deflectometer; the

measured data is shown below:

- Input Data
Asphalt Surface Layer Thickness = 3 inches
Limestone Base Layer Thickness = 9 inches
FWD Load = 8440 1bs. Pressure = 76.9 psi

FWD Deflection (1 foot sensor spacings)

W; = 8.09 mils
W, = 64.78 mils
Wy = 2.77 mils
W, = 1.80 mils
Wy = 1.37 mils
We = 1.10 mils
W, = 0.87 mils

BISAR Set-Up

From the user supplied acceptable ranges of surface and base moduli
the following 9 moduli ratios (Ek/ESS) were defined: (10,1), (30,1),
(100,1), (10,3, (30,3), (100,3), (10,10), (30,10), (100,10). For example
(10,1), the surface to subgrade modular ratio is 10 and the base to subgrade
modular ratio is 1. Nine runs of BISAR were made using a nominal pressure

of 10 psi and E;, = 1. The results for the (10,1) run are tabulated below:



W, (Equation 5) mils 68.66 27.26 12.40 8.19 6.15 4.93 4.11
£ f. (10,1
i = (10,1) | 1. 0.396 0.181 0.119 0.089 0.072 0.60

1

£ (10,1)

B &
;| (Equation 13)

Table 1. BISAR Output for Modular Ratio 10:1.

' Calculation of Esg
With reference to Equation 13 the We; values are set to 1.0:
p £,(10,1) = W x E,, x 76.9/10 (adjust to FWD test pressure of 76.9
psi)

68.66 x 1 x 7.69

= 528

Using Equation (13):

4 2 2 2 2
E,, - 528 [ [ 1.0 ] N [ 0.396 ] 4 [ 0.181 ] N [ 0.119 ] N [ 0.089 ]
' 8.09 4.78 2.77 1.80 1.37

1.0 +0.396 +0.181 +0.119 +0.089 +0.072 +0.06
8.09 4.78 2.77 1.80 1.37 1.16 0.87

528 » 70.0153 + 0.00686 + 0.00427 + 0.00437 + 0.0042 + 0.00428 + 0.0047]
[ 6.124 + 0.0828 + 0.0653 + 0.0661 + 0.0650 + 0.0654 + 0.0689 ]
528 « 0.0439
0.536

fl

E,, = 43.2 ksi

Substituting this value of E,, back into Equation 14 yields a squared error

of 0.4496.



Summary of Results
The calculation process described above was used on the remaining 8

modular ratios and the results are tabulated below:

E,/E,, E,/Eg Eg e €2
(ksi)
10 1 43.2 0.4496
30 1 39.7 0.1902
100 1 36.9 0.0367
10 3 36.8 0.0230
30 3 35.7 0.00213
100 3 34.7 0.0269
- 10 10 34.9 0.0866
30 10 34.4 0.153
100 10 33.9 0.231

Table 2. Calculated E;, and ¢2 for Each Modular Ratio.

The program searches for the minimum error squared term and performs a
convexity test (described in Section 2.3) to check for local minimum. 1In
this example the subgrade seed modulus would be 35.7 ksi and the seed moduli
for the surfacing and base would be 1,071 ksi (30 x 35.7) and 107.1 ksi (3 b4
35.7), respectively (modular ratios 30 and 3). These seed moduli would be

passed to the pattern search routine for further error minimization.

2.2 Description of Analysis

| The modulus backcalculation analysis system is a user friendly micro-
computer program that allows the user to select from a menu the particular
options he wishes to perform. The options that the user can choose from
are: _
1) Process the FWD raw data diskette to produce the observed
deflection data file needed for the analysis
9



2) Select one of the default deflection bowl data bases to use in the

analysis

3 Generate a deflection bowl data base using default values for

pavement layer and subgrade moduli

4) Generate a deflection bowl data base with all input data supplied

by the user

5) Perform the analysis

In most instances the normal sequence of the analysis is to first
process the FWD raw data diskette, then select or generate a deflection bowl
data base, and then to run the modulus backcalculation procedure. There is
the flexibility in this system such that as the user gains experience in
ﬁsing it, he can process the FWD raw data and/or generate a deflection bowl
data base in advance and go directly to the modulué back calculation
procedure.

In order to facilitate the user’s understanding of the modulus back-
caleculation system, the following discussion will describe the generation of
a deflection bowl data base with all data supplied by the user. This will
‘be followed by a brief description of the modulus back calculation proce-
dure.

| When the user elects to generate a deflection bowl data base and supply
all the input data, he is performing two separate steps: data input and
deflection bowl calculation.

Step one is the execution of a data input program that requests through
screen input the data necessary to produce an input data file for the
deflection bowl calculation in step two. The screen inputs are:

Pavement Layer Thicknesses - Limited to four layers, including the
subgrade. A rigid layer may be specified
at any depth in the subgrade but it is
not counted as one of the layers.

Estimated Subgrade Modulus - In ksi, best estimate of the subgrade

| modulus and Poisson’s ratio.
Pavement Layer Moduli - Minimum and maximum values in ksi of the
layer moduli and Poisson's ratio.

In Section 2.1 calculations using example data inputs are shown. These

inputs are for a three layer pavement; three inch surface layer, nine inch

10



base layer, and subgrade. The minimum and maximum surface moduli are 200
and 800 ksi. Minimum and maximum base moduli are 30 and 150 ksi, and the
estimated subgrade moduli is 20 ksi.

From the data above, two files are automatically generated by the data
entry program. File one is called TMP.BIS (Figure 1) and is the data input
file for the BISAR program that generates the deflection bowl data base in
step two. File two 1s called TMP.DEF (Figure 2) and is used by the modulus
calculation program. The data file TMP.BIS is in the input format for the
BISAR program, but there are three exceptions in the data that should be
noted. One exception is that the ratios of the minimum and maximum pavement
layer moduli to the estimated subgrade modulus are used by BISAR to calcu-
late deflections rather than using the minimum and maximum moduli values
entered on the screen. Another exception is that since in linear elasticity
the deflection is proportional to the pressure and inveréely proportional to
the subgrade modulus, only one pressure (p = 10 psi) and one subgrade
modulus value (E,, = 1000 psi) is used by the data input program to generate
the BISAR input file. It should be noted that the estimated subgrade
modulus entered on the screen is only used to calculate the minimum and
maximum pavement layer modular ratios. The third exception is that the
BISAR input file is set to calculate surface deflection only at the radial
distances entered on the screen (these being the FWD sensor locations).

An example of how the data input program uses the minimum and maximum
pavement layer meduli and the estimated subgrade modulus to generate the
modular ratios used by BISAR to calculaté the deflection bowl data base is
as follows. With a minimum surface modulus value of 200 ksi, a maximum
pavement modulus value of 800 ksi, and an estimated subgrade modulus of 20
ksi, the program calculates the minimum surface modular ratio of 10 (200/20)
and the maximum surface layer modular ratio of 40 (800/20). From the set
of ratios fixed in the data input program, the program will generate a
minimum of three ratios covering the range between the calculated minimum
and maximum modular ratios. In this example the program will generate the
ratios 10, 30 and 100. This means that for this pavement layer the BISAR
program will have three modular ratio values to use in calculating
deflections rather than just the minimum and maximum moduli values entered

on the screen. This also ensures that the modulus calculation procedure
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EXAMPLE_PHDBLEM TO0 CHECE MODULUS CALCULATIONS

e
3 11
10,00 . 30 3.00
1.00 .33 3.00
1.00 .28
1 : '
2000 10, S.910 .0
103
7
- als) -0 ) .0
1 1Z2.00 . 2 « 0 L0
1 24,00 e ) .0
1 36.00 . O ] L0
1 $8. 00 e) -0 . 2
1 0. 00 .0 .0 L0
i 72,00 « O .0 .
2 11
30.00 w0 32.00
1.00 .3 B 00
1.00 .28
1
000 10, SeFL0 « O

7
1
i
1
1
1
1

L0

L0

.0

- 3 ]

.0
)

Figure 1. File TMP.BIS, data input file for BISAR, which is
automatically created by the data input program.

AMPLE FREOBLEM TO CHECE MODUILLUS.

S.910 3. 00 T, 00 .00
L ZO000OD03 L BOGOQOD+OZ
L SOO000OD+0Z T 1SBQOGOD+03
 100QOQ00OD—-01 . 1O0O00D+-08
7 FEL S
. 00 12,00 2. Q0 T . 00
1.00 1.0 1.0 1.00
11111 8.0 +.78 Z2.77

CALCULAT IONS

1 2 2 1

e, 00
1.00
1.28

<6, D0
1.00
1.80

e 0
1. 00

1.10 .88 2440, 00

Figure 2. File TMP.DEF, created by the MODULUS calculation Data
Input Program used to pass initial condition to the data

reporting routines.
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will stay within the minimum and maximum range when calculating the modulus
of this layer. However, if the estimated subgrade modulus is too high or
too low from the backcalculated one, the range of modular ratios may be
inadequate. In this case, the user should either correct the estimated
subgrade modulus or widen the range of the pavement layer moduli. As a
general "rule of thumb," when selecting the range of moduli values for a
granular base course, it is recommended that the range.be set from 1 to 5

- times the subgrade moduli value. For example, if E , is set to 10 ksi, then
the base should be given a range of 10 to 50 ksi.

A set of modular ratios for each pavement layer is generated and the
total number of deflection bowls in the data base is the product of the
" number of modular ratios of layer one, layer two and layer three, or
NEL4NE24NE3. MNote that modular ratios are used for the pavement layers
only. The subgrade modulus is set at 1 ksi as mentioned previously.

For the instance where the user desires to ascertain the effects of a
deep rigid layer in the subgrade, a thickness oxr depth to the rigid layer is
entered for the subgrade layer. The rigid layer is assigned a modulus value
of 1000 ksi by the program and a modular ratio using the estimated subgrade
modulus is calculated. In this example that ratio would be 530 (1000/20).

It should be noted that the modulus calculation program does ﬁot compute a
modulus value for this deep subgrade material. The calculated subgrade
modulus is for the subgrade material between the last pavement layer down to
the rigid layer.

In step two, the linear elastic program BISAR is used to generate the
deflection bowl data hase, using the data file TMP.BIS from step one. The
number of deflection bowls in the data base is determined by the number of
modular ratios computed for each pavement layer in step one, The deflection
bowl data base is written to a file called BIS.RES (Figure 3). This file
contains the pavement layer modular ratios and the deflection bowls
‘calculated by BISAR. This step is the most lengthy part of the modulus
backcalculation procedure. A simple three layer problem (surface, base,
subgrade) with nine deflection bowls in the data base can take fifteen
minutes of execution time on a Compaq 286 microcomputer. With experience,
the user can learn to process the FWD raw data and generate the deflection

bowl data base ahead of time and go directly to the modulus calculation
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procedure. It should be noted that once the deflection bowl data base has
been generated for a section of pavement, additional modulus calculations
- can be made with updated or additional observed deflection bowls without

“having to recreate the deflection data base.

. ‘El/Esg, - _EZ/Esg Ea/Esg . W:
10.0 1.0 1.0 GBEEESZDOR
10.0 1.0 1.0 BT EST7DH0OR
10.0 1.0 1.0 L 1ZA01ED+OR
10.0 1.0 1.0 - B13355D+01
10.0 1.0 1.0 W @ 1EE4ED01
1.0 1.0 1.0 L W IZERTFDAOL
10.0 1.0 : 1.0 L EISE7EDR01:
30.0 1.0 1.0 5481 23D+0T
0.0 1.0 1.0 R7T7201D408
30.0 : 1.0 1.0 . 127850D+02
0.0 1.0 1.0 “8214697D+01
0.0 1.0 1.0 W EGOIGEID+H0]
0.0 1.0 1.0 -3 R28487D+01
20.0 1.0 1.0 A7 T7RBED0]
100.0 1.0 1.0 O QEED 0
100G.0 1.0 1.0 w 2 GOOSRDFOR
100 1.0 1.0 1 ET7ATEDROR
10O0.0 1.0 i.0 . -S4 S398D+01
1600, 0 1.0 1.0 L EORABTHO01
1000 1.0 1.0 LAERSTIEDH0L
100.0 1.0 1.0 LFOENTTD01
10,0 3.0 1.0 LAS8191IDE02
10.0 3.0 1.0 L LEZ114EDFOE
10.0 2.0 1.0 L LEG7RTDA0ZE
10.0 G 1.0 - . .BC4318D+01
1DL 0 SELO 1.0 - BIEEOBD+0]
1040 2.0 1.0 L O01EDEADR01
10.0 - 3.0 - 1.0 LA 1ES85D+01
20,0 2.0 1.0 L381153D+0Z
S0 a0 1.0 el 7&E10D+02
20.0 3.0 1 L T i
20.0 et
~20.0 3.0
oS00 CIY

DG.0

100,60

Figure 3. File BIS.RES, the Deflection Bowl Data Base generated by
BISAR, W° is the calculated deflection at each FWD sensor.

location.
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Modulus Calculation Procedure

The modulus calculation program is a function optimization program
called PATTERN SEARCH (4) that is based on the HOOKE and JEEVES
optimization algorithm. This technique finds the optimum.solution for an
objective function £(X1, X2, ... , Xn) by changing the X, wvalues until the
minimum squared error between the observed values and the values calculated
with the objective function is obtained. As mentioned in Section 2.1, this
technique will always converge although not always at the true function
minimum.

The objective function portion of the PATTERN SEARCH program is the
linear elastic program BISAR. Because the time to run the PATTERN SEARCH
program using BISAR to generate the calculated deflection bowls for each
iteration would be prohibitive, the modulus calculation procedure uses a
three point Lagrange interpolation technique to determine the calculated
deflections from the deflection bowl data base for each set of X; values
produced by the PATTERN SEARCH program.

The main program of the PATTERN SEARCH controls the sequence of
calculations (Figure 4) in the modulus calculation procedure. This sequence
ineludes calling the appropriate subroutines to read in the data files
‘generated previously, changing the X; (in this case the pavement layer and
subgrade moduli values), interpolating for the calculated deflections from
‘the deflection data base, and calculating the sgquared error between the
chserved and calculated deflection bowls for each iteratiom,

To illustrate the sequence of calculations that are performed to
determine the set of pavement layer and subgrade moduli values that give the
minimum squared errotr between an observed and a calculated deflection bowl,
one iteration of the PATTERN SEARCH will be discussed.

The main program reads the file TMP.DEF (Figure 2) to obtain the layer
thicknesses, number of modular ratios for each layer, the minimum and
maximum pavement layer moduli values, and the estimated subgrade modulus.
The layer thicknesses are used in the data base generation and the minimum
-and maximum moduli values are used as check values to prevent PATTERN SEARCH
-from changing the X; (modulus) values beyond the range of values set by the

user. The deflection bowl data base file, BIS.RES (Figure 3) containing the
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MAIN Program

Read file
TMP.DEF

!

Call INBIS

To read the defisction
bowl data base

Subroutines

Subroutine INBIS

Read file
BIS.RES

=

Read an observed
deflection bowl!

G

Call CONVEX

To caiculate errors
between the observed
deflection bow!
and the data basse
deflection bowls

!

Call INPUT

Subroutine CONVEX
Call EPS2

CALL N

Perform the convexity
test to check for
a true minimum

Subroutine EPS2 -
Calculate the error
between the observed
deflection bowl
and the
data base bowls

Subroutine IN

Find the minimum sarror
and calculate the
"seed” moduli

i

Subroutine INPUT

Determine the number
of modulus values
to calculate

Figure 4. Program Flow Chart for MQDULUS_.
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Subroutine SUMS

Determine if the Xi
values glve a
feasible solution

Subroutine SUMC

Determiné if the Xi
values are within the
min, and max. range

Subroutine VAL
Call DEFL

Calculate the
squared error

Subroutine DEFL

Set the intervals

for the Lagrange
interpolation

Call FLAGR

]

" Subroutine FLAGR

Use Lagrange
interpolation to
determine the
calculated deflection
bowl from the
data base

Call SUMS ™
Call SUMC ' ;
Call VAL
“To. Calculate the EEaE—
squared error
-Has the minimum Yes
Jrnssc———1

squared error
been calculated

No

{

Change the Xi values

Y

Figure 4. Program Flow C

Call OUTPUT

To convert the Xi values
to pavement and
subgrade modulus

values

" Subroutine QUTPUT

' Print'the results and
write the modulus

values to a file for
further processing

hart for MODULUS {continued}
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modular ratios and the deflection bowls calculated by BISAR are read in by
Subroutine INBIS. B

After this initial data input, the program begins a loop that is
repeated for every observed deflection bowl. This loop includes all the
steps necessary to calculate the pavement layer and subgrade moduli wvalues
that produce the minimum squared error between the observed and calculated
deflection bowls.

For each observed deflection bowl, PATTERN SEARCH calls Subroutine EPS2

to solve Equation (13) and to calculate the error between the observed

- deflection bowl and each bowl in the data base. Subroutine IN is then

called to determine the minimum error and to calculate the "seed moduli"
(Section 2.1) values for PATTERN SEARCH. Subroutine CONVEX (Section 2.3)
performs the convexity test to determine if the ¢? surface is convex. The
"seed moduli" are converted to X; values that are changed by PATTERN SEARCH
for successive iterations

This next series of calculations 1s performed interactively until
PATTERN SEARCH determines that the minimum squared error between the
observed and calculated deflection bowl has been calculated. Subroutines
SUMS and SUMC are called to determine if the X; values are within the range
specified. Subroutine VAL is called to determine the calculated deflections
for the current set of X; values. This is done by the Lagrange
interpolation technique in Subroutine FLAGR. The intervals for the
interpelation for the set of X; wvalues are determined in Subroutine DEFL.
The squared error between the observed deflection bowl and the calculated
(by Lagrange interpolation) deflection bowl is also computed in Subroutine
VAL. The size of this error is used by PATTERN SEARCH to determine how much
and in which direction to change the X; values for the next iteration.

When the program determines that the minimum squared exror has been
calculated, Subroutine QUTPUT is called to convert the X; values to pavement
layer and subgrade moduli values that are printed and written to a file for
further processing. The PATTERN SEARCH main program then reads the next
observed deflection bowl, and the above procedure is repeated for all the

observed deflection bowls.
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. 2.3 Convexity Test

In section 2.1 the procedure used to calculate the subgrade modulus E,,

2

and the associated squared error term ¢? were described. The ¢2 is

- minimized with respect to E;, at given values of modular ratio. For each

set of modular ratios a unique value of E;, is computed. The example givenj
in section 2.1 will be discussed further here. With reference to Table 2
the minimum ¢? was obtained with modular ratios 30 and 3 and the Egg value.
was calculated to be 35.7 ksi. The convexity test is included to indicaté
if the error surface is truly convex or whether this solution has the
characteristics of a local minima.

The €2 terms from Table 2 are shown below plotted in a 3-D

representation:

0.8 ' '
Tg 0.4 J &H 100

0.2 L 7 _ -3 Ey/Esg
—— — /o
0 L] L] 1
1 . 3 10
Eo/Egg

Figure 5. 3-D Representation of Error Surface,

The minimum error is located at‘gi— = 30 and Bz . 3 or the center
Sg SE
column of Figure 5. The convexity test simply involves checking the x and y

"direction about this minimum point and determining if the error Ffumction is

~ convex. In the above case checks would be made on:

a) e = fl(El/Ess) with (EZ/Esg) kept constant at 1, 3, 10, separately

2
1
b) e = £,(E,/E,,) with (E,/E,,) kept constant at 10, 30, 100,

separately
These parameters are sketched below:
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A A o
' E./Egq=30 ' . E,/Egq=3
20 1902 S17Fsg ‘084 2/Esg
154 .06
' e;‘-’ eg _

10 1 047 o230 0269
.05 024

o 00213

T y T y T El
| 10 30 100

Figure 6. .2-D Error Function ei, 62 from Figure 5,

.drawn through the minimum (30,3).

The shape of the error surface in Figure 6 is convex in both the
E,/E;, and the E,/E ., directions indicating that the minimum is a true
minimum. The above discussion is specific to the example worked throughout
this report. The discussion below is general and introduces the actual

' procedure to determine convexity.

2

For each section, the e¢“min, term for example, can be represented as

shoﬁn in Figure 7.

z

Es/Egg=Constant

E3/Esg=Constant

|
|
|
| l
i
r

log Eq/Esg—

Figure 7. Generalized Plot of ¢? v log E,/E,,.

For a convex curve the function should be below any straight line

: . . . 2 - . ' :
comnecting twe points on the curve. Since the € function is known -only at-
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specific points, the convexity test uses only those points in the data -
base. The convexity test includes the following two steps:
Step 1 The whole curve is below any straight line connecting two

points on the curve; this is the test for strict convexity. -

Y | o ' Straight lines used in
: convexity test

€1

En/Egg=Constant

E3/Egg=Constant

1
1
!
|
:
[
|
!

log Ey/Egg—

Figure 8. Convexity Test.

The equation used to check if the curve is below the straight line is

given by:
£f'{x®) > £ (x°)

as shown in Figure 9 below:

A
f
-/.
1 - i
| T |
f(x) : y ™
| S £/(x9) f(x2) !
| ' L
| [
| Y | -
x! x© x ! -
log Ex/Egg— '

Figure 9. Definition of Terms in Convexity. Test

.where: £'(x®) =X £(x") + (1 - Xx) £(x")
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If the curve is below all possible straight lines then the function is
assumed to be strictly convex. ‘ -

.rSteg 2. If the test for strict convexity is not met, the program then
checks the sign of the.slope of the function. If the sign does not change,
 the function is considered convex (not strict) and no warning message is

printed as shown below:

Slope 2

A |
T I
fx) [k\Straight |
[ Line
L |
1 l [
! | |
| | | .
xl xO xll
log Ex/Esg~

Figure 10. Second Stage Convexity Test of Slopes

If the slope changes sign, the function is not convex and a warning

message "FAILED CONVEXITY TEST" is printed. For example:

Slope 2
|

|

I

|
Straight |
Line |
|

J

X

[Og Ek/Esg -

Figure 11. Error Surface Which Fails Convexity Test

V_The implication of failing the convexity test are that the acceptable

set of moduli were too tightly defined. A widening of the range will
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possibly result in a lower minimum error and a better fit between measured

and calculated deflection bowls.
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CHAPTER 3
UNIT DELINEATION PROCEDURE

3.1 OQOverview

The modulus backcalculation program provides the user with a comprehen-
Vsive set of output listings which display not only the original data and the
results of the backcaleulation algorithm, but alse statistics that help in
evaluating the soundness of both the data and the experimental results.
Although the information presented in these output listings is adequate,
the addition of a plotting routine that could map out pavement response
variables (deflection and modulus of elasticity), particularly as a function
of distance along the road segment, could help to visualize and better
interpret the available data. If would be particularly useful in evaluating
the uniformity of the section and determining if subsectioning 1s warranted
for rehabilitation.

The third option in the Deflection Analysis System was a direct resul:
of the above contemplation. This program plots any of the seven deflection
readings or any of the pavement layer’s elastic modulus as a function of
total length of the road segment. It also defines boundaries for analysis
units of section exhibiting relatively uniform characteristics along the
road segment, The boundaries are delineated from the values of each of the
specific response variables using a cumulative difference approach, and

statistics are calculated for each of the delineated units.

3.2 Unit Delineation Procedure

Figure 12 portrays a typical plot of a pavement response variable, the
moduli value of a subgrade (E4) in this case, as a function of distance
along the pavement segment being analyzed. It can be observed from the plot
that the moduli walues along the whole segment are subject to changes, and
that the magnitude of these changes is more pronounced at some points
(stations). The overall pavement response, at both sides of these points of
greater magnitude change, is quite different. This observation reflects the
fact that statistically homogeneous units may exist within the road segment.
If so, the delineation of boundaries for these homogeneous units would be of

importance, for instance, when considering pavement rehabilitation since
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they could form the grounds for selecting project sections of road where
specific analysis should be conducted. The plot in Figure 12 shows that
three separate rehabilitation projects might be justified.

The method used in this program to achieve the delineation of statisti-
cally homogeneous units from deflection data and moduli values is known as
the cumulative difference approach. This approach is recommended in the new
AASHTO pavement deslgn guide (6). To illustrate the principles behind this
approach, assumptions of a continuous response value (r;), constant within
the intervals along the pavement segment length, are considered (Figure
13a). There are three response values along the project, r;, r,, and r;,
which could be plotted according to their cumulative areas (Figure 13b).
Obviously, the cumulative area at any point x along the segment is given by

the integral:

A, = J ry dx + J r, dx (15)

Q xl

If the overall average response along the whole segment is represented
by the dashed line in Figure 13b, then the cumulative area of the.average

responge along the segment at any point x is given by:

" where:

*1 *2 * 3
J r, dx + J r, dx + I ry dx
- o X4 Xg _ Ay
r T, i (l6)

Once both A, and A, are known, the cumulative difference variable Z

can be found from:

Plotting Z, as a function of segment length results in Figure 13e¢. By

examining the plot, one should notice that location of unit boundaries
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a)

b)

c)

Cumulative Area

Pavement Response, rj

Cumulative Difference, Z y
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Figure 13. Cumulative Difference Approach to Unit Delineation
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correspond with the points along the x-axis at which the slope of the

function Z, changes signs.

The application of this concept to discontinuocus variables has been
used in developing the delineation algorithm used in the graphical analysis

program of this package.

The numerical difference approach used for this purpose expresses the

Z, function as:

n z a; n
7, = z a; - i=1 z Axi (17}
i=1 Ls i=1
with:
= Ly P L) RAY Gk (18)
a; = 2 =T X5
(Let ry; = r; for the first station)
where: - n = the n*® pavement response value;
n, = the total number of pavement response wvalues along the
segment;
Ty = pavement response value of the i® station;
fi = average of pavement response values between the i-1 and

the itP stations; and

L = the total analysis segment length.

As a demonstration of how the above procedure is implemented by the
program, a partial summary of the analysis along a section of FM 2818 which
resulted on the delineated plot for the subgrade layer (E4) in figure 12, is
presented. Starting from the data for SUBGRADE (E4), and station in Table
3, Table 4 illustrates how equations 15 through 18 are used to determine the
“cumulative difference, Z,, at each station. Table 5 exhibits the actual -

values resulting from the application of these calculations. Notice that
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TTi DEFLECTION ANALYSIS GSVSTEH

District:
County:

7
2

Highvay/Road: F¥2818

Pavement:

Base:
Subbase:

Subgrade:

Thickness{in}

4.00

1¢.00

0.00
INFINITY

MBDULI RANGE(ps=il

Hinisum Haxigug
200,000 1,200,000
3,000 190,000
0 0

13,060

Load  Measured Deflaction (mils): Calculated Xoduli values (psil: Absolute 4
Statisn (lbs) RI R2 R2 R4 RS Rb R7  SURFACE{El} BASE(E2) GSUBBASE{E3) SUBGRAIE(E4) ERROR/Sensor
0.041 11,471 30,60 2019 12,285 T.48 5006 361 389 1,199,997 §,229 G 12,883 2.30
6104 11,903 42,29 1734 16,280 675 486 3.BS 0 2,97 200,000 18,387 9 i4,304 33
0.244 11,367 38.07 1993 %.45 497 G628 1,81 570,002 5,978 § 19,921 7.81
0.235 12,473 3%.%6 20,70 &35 460 224 240 01 426,476 7,300 § 21,222 433
- 0.418. 11,450 44,33 26.32. 1550 B.BL 577 40% L4600 635,776 3,000 Y 11,314 3.44
C0.500 11,047 61,20 38,45 1973 11,89 7.45 33 454 309,655 3,000 ¢ 8,282 6.01
0.604 14,071 34.21 2113 LLE3 7.B0 3.4 377 317 730,667 §,022 0 12,352 4.32
0,768 12,111 23.76 13.45 1L10 .83 deb 323 ES 1,199,997 1,551 e 15,813 3.49
0.803 11,271 12,77 il.i4 0 B.EL BT 4433 3,03 2,33 1,199,397 95,011 0 16,E46 10,33
¢.358 11,139 24.13 16.49 .66 340 237 LBT LT 383,790 d,078 0 24,448 3.17
1027 11,871 2574 1L7 4% 2.3 L3 L LB 1 27,318 0 27,919 8.3
1103 15,531 64.01 25,97 678 3.4k T L4 L7B 0 [L4t 254,203 1,628 0 25,42 17.42
L2261 13,483 17.93 1.3 3.3 LI L300 L4E 0 LL,20 1,199,997 0,202 ] 33,790 3.14
1,348 11,103 35,26 22.83 1L1B 562 .40 236 L.97 661,153 3,418 0 18,057 8.32
1.402 11,139 18.42 1531 570 3.3 L3 LR L4l 1,199,997 12,368 0 28,624 1,33
1,308 13,343 4.1 %16 306 3. 23 L78 L49 1,199,997 34,333 0 33,732 2,69
LE00 11,375 27,39 1641 &4 457 487 LIl E73 1,016,626 a,700 0 22,32 4.16
1,706 11,833 36.3¢ 28.03 [0.83 5.42 348 240 L0372 M 3,414 0 18,042 1197
1,800 14,015 19.80 1240 6.17 3.2 417 LB2  l.al 1,195,997 9,126 0 23,522 1.56
L3502 13,111 18,95 14,52 G5B LB 241 LT Ll LE3Y 15,075 0 26,498 4,32
2.006 11,142 17.71 1142 5,84 348 45 LE2 153 1,199,997 16,043 0 6,240 130
2100 15,095 26.46 14,34 658 L3 0% 138 LLIF 728,880 8,402 0 28,008 8.02
%213 11,63% 48,59 23.0% B0 376 2,33 LM L4 314,318 7,330 0 24,428 8,71
2,303 11,275 5.86 1499 674 B0 248 LAl LTD O 697,100 3,304 0 24,720 33
4308 15,047 22,97 [5.85 7,03 408 281 2,03 LLET 1,074,040 9,637 0 23,178 3.J3
Mean: 32,27 1816 B.E0 500 3.3 245 204 7,044 14,013 0 21,927 972
Std. Dewn: 4.3 &3 L4F 0 L2 L43 L0 682 390,505 18,294 0 £y 841 $.37
Var Coeffi{Zl: 44,47 - 38,48 39.50 44,06 42,60 40.68  40.07 30.43 130,52 0,00 31.20 76.43

TabTe 3. Deflection and Moduli values for section of FM 2818
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the first inflection point for function Z, occurs at a value of -5913.04,
and that this wvalue corresponds with station 10, the point at which the
program makes the first delineation as shown in the plot of Figure 12.
During the program evaluation stage, it was observed that for some of
the road segments being tested, the program would delineate sections that
were too short in length to make them a viable rehabilitation project by
themselves. In order to avoid this predicament, a feature allowing the user
to specify a minimum project length, was incorporated into the program.
this means that if the program finds an inflection point in the Z, function
that corresponds to a road segment that is shorter in length than the

minimum length specified by the user, the delineation is overridden.
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- CHAPTER 4
CASE STUDIES

In this section the follow1ng five applications of the MODULUS backcal-

" culation procedure are presented.
1) Comparison with BISDEF.
2) Standard run for Texas State Department of Highways and Publiﬁ
Transportation (SDHPT). ‘ '
3) Analysis of multiple drops at the same location.
4)  Effects of depth to rigid layer. '
5) Effect of wvarying "seed" subgrade modulus.

4.1 Comparison with BISDEF

" The BISDEF pfogram was developed at the Texas Transportation Institute
by modifying the CHEVDEF program developed by the Corp of Engineers (2).
The only modification was the replacement of the CHEVRON layered elastic
program with the BISAR program. In this analysis FWD data were collected on

two pavements at the Texas A&M Research Ammex. The pavements are shown in

Figure 14,

1" HMAC
Y
3 '.,‘:';; 5" HMAC
Pl
oy
55
-t 18" Crushed 4
= limestone . 8' Crushed
: ' Limestons

: «1 Sandy Gravel
Sandy Gravel Subgrade

Subgrade

SECTION 10 ' SECTION 9

Figure 14. Monitor pavements at TTI Research Annex
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The results of FWD testing are shown in Tables 6 and 7. At both sites

at a single test point, three drops were taken at two load levels.

Measured Deflection (mils)

Load
(1bs) RL R2 R3 R4 R5 R6 R7
8,719 12.78 6.28 3.46 2.67 2.20 1.46 1.13
8,679 12.01 6.03 3.38 2.63 2.1s6 1.42 1.09
8,663 11.89 5.99 3.38 2.63 2.12 1.50 1.13
16,943 22.08 11.77 6.69 5.07 3.95 3.09 2.58
16,975 21.63 11.52 6.58 4.99 3.83 3.13 2.62
17,039 21.51 11.56 6.61 5.07 3.99 3.17 2.62
Table 6. FWD results from Section 10
Load Measured Deflection (mils)
(1bs) R1 R2 R3 RG RS R6 R7
8,711 9.66 5.66 3.08 2.08 1.59 1.26 1.01
8,527 9.46 5.57 3.04 2.00 1.55 1.22 0.93
8,551 9,62 5.66 3.12 2.08 1.63 1.30 1.05
16,743 19.53 11.14 5.96 3.87 2.97 2.32 1.89
16,711 18.92 11.02 5.88 3.95 2.97 2.42 1.97
16,751 19.00 10.98 5.85 3.91 2.97 2.40 1.97
Table 7. FWD results from Section 9

In the backcalculation procedure in both BISDEF and MODULUS the "seed"

moduli were kept constant. The thin asphalt layer (1 inch) on section 10

was assigned a constant moduli wvalue of 500 ksi,

The backcalculated moduli values are shown in Tables 8 and 9. Both

procedures give similar backecalculated E values particularly in the subgrade

layer.

This result should be expected as both use the BISAR linear elastic

program to calculated deflections, but each uses a different search routine

to find the optimum set of moduli values to minimize the error between
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measured and predicted bowls. As mentioned earlier the MODULUS program is
considerably faster than BISDEF, and MODULUS is well suited to the case

where multiple bowls on the same section are to be processed.

MODULUS BISBEF
Load Base Subgrade Error Base Subgrade  Error
§.719 78.7 27.4 7.07 79.3 27.8 6.72
8.679 84.6 27.8 7.46 91.4 26.8 5.89
8.663 87.2 27.1 5.94 89.4 27.1 7.52
16.943 96.3 25.5 3.01 101.3 26.1 2.99
16.975 99.8 25.6 3.57 104.5 26.5 3.62
17.039 102.1 25.3 3.31 107.1 26.2 3.36

Table 8. Section 10 Backecalculated Moduli Values (Ksi)
{Error = Absolute % Error/Sensor)

MODULUS BISDEF

Load Asphalt Base Subgrade Error Asphalt Base Subgrade Error

8,711 423.2 65.0 32.7 1.76 476.1 59.9 32.8 1.53
8,527 488.1 55.8 33.3 2,37 522.1 54.0 33.2 2.25
8,551 399.2 69.4 31.5 2.27 457.8 62.9 31.7 2.21
16,743 437.6 50.6 33.5 1.22 467 .4 487 33.5 1.06
16,711 416.9 60.1 32.9 1.77 476.6 54.9 33.1 1.66
16,751 406.4  60.3 33.1 1.91 462.4 55.0 33.2 1.81

Table 9. Section 9 (Backealculated Moduli Values (Ksi)
(Error = Absolute % Error/Sensor)

4.2 Standard Run for Texas SDHPT

The Texas Department of Highways and Public Transportation is currently
- utilizing the MODULUS program for interpretation of FWD data collected on
project-level evaluation. The case study included in this section involves
data collected on SH 152 in District 25, Texas. The highway consists of
three to four inches of asphalt surfacing, a ten-inch granular base on top
~of a sandy/gravel subgrade. The six-mile section under evaluation was
showing some localized load-related distresses, deep ruts and alligatoer
cracking. The pavement was a candidate for rehabilitation and an FWD
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survey was performed in order to establish inputs to the design procedure.
The analysis of this data is discussed below.

FWD data were collected at two-tenth mile intervals. The output from
the MODULUS backcalculation scheme is shown in Table 10 and Figure 15.
Table 10 shows each deflection bowl and the backcalculated E values. The
variation of granular base E values along the road is plotted in Figure 15
and the automatic section delineation routine (using the cumulative diffe-
rence method discussed in Section 3) identified three subsections, from
mileposts 0.0 to 4.2, 4.2 to 5.2 and 5.2 to 6.6. It is the designers
responsibility to decide if this subsectioning is warranted or if the
sections should be combined into a single project. In either case, the
system will generate the layer modulus and its variation for input into the

pavement design procedure,

4.3 Multiple Drops

To evaluate the repeatability of the backecalculation procedure, three
of the research pavements at the Texas A&M research annex were tested. At
each pavement, 12 drops of the FWD were made at the same spot. Results of
the backcalculation on this deflection data are shown in Tables 11, 12, and
13. Table 11 is for section 8 which has five inches of HMAC over eight
inches of crushed limestone base over an eight-inch cement stabilized over a
clay subgrade. Table 12 is for section 1l which has a one-inch HMAG surface
over 16 inches of crushed limestone over a sandy gravel subgrade, Table 13
is for section 9 which has five inches of HMAC over eight inches of crushed
limestone over a sandy clay subgrade. The aim of this testing was to
determine the number of readings to be taken at an individual site to
characterize the pavement to a specified confidence level. However, on the
unstabilized sections (Tables 12 and 13) it is noted that the first deflec-
tions taken are significantly higher than the following readings. In Table
12 the maximum deflection reading on the first drop is 15.16 mils compared
with a mean value of 13.99 or 2.78 standard deviations above the mean. In
Table 13 the first drops maximum deflection is 2.85 standard deviation above
the mean. All subsequent drops on both sections are within one standard

deviation of the mean. The implication here is that the FWD seating drop is
inadequate. The recommendation for FWD data collection is that as a
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TIT DEFLECTION ANALYSIS SYSTEM

- District: 23 ’ BEDULI RANGE{psl)
. Dounty: g4 Thickness{in) Hinious Haxioum
Highway/Road: SHO1TE Paveasnts 4,00 206,000 §,204,0050
‘ Base! 12,60 3,000 100,003
- Subbase: 0.94 i 0
Subgrade: 224,00 {5,000
Lead Heazured Deflection {mils): Calowlated Moduli values (peil: fbsolute 4
Station {lbs) Ri RE R3 fia RS R& R7  SURFACE(Ef) BASE{E2! SUBBRSE{EZ) GSUBGRADE{E4} ERRDR/Sensor
0000 11,559 19.32 0.6 3,72 2.1 f.98 117 L0 380,433 26,312 0 £9,411
0,200 11,447 22.30 12.66 4,05  £.22 L6 L3 h.4f o 345,72 19,332 ] £7,885 10,93
0.400 11,3183 22.03 1401 467 37 .00 2.2 1,69 4%p,22% 31,293 0 13,388 3.5
0.400 11,503 17.79 1884 G.60 377 276 2.83 el 430,078 32,97 i 18,045 §,86
4.800 19,831 27.48 1631 5.0 2.3F 204 1.1 .17 271,472 13,804 ] 20,432 G, 0%
1.900 11,463 2170 12.1F 5,73 342 2.2 .4 1.29 411,312 26,723 ] 21,363 .20
LLB00 1B6RT 16044 591 R.3 0 LEF Lt .97 6.7 493,943 81,433 0 4,537 11,94
1.600 12,119 12,86 S62 1B 1,83 L2l 100 0,84 49,908 49,350 0 §3,3%0 18.04
1.460 11,399 18.57 10,7t 3,80 2.407 1.33 1.4t (.80 G49,307 20,96 g i, s 3.5
1,820 11,287 19.91 11,89 4.9% 3.6 2.8 1.5 1.41 350,314 33,735 i 20,943 544
2.000 11,193 23,60 14,88 .o §,03 2.7 .93 LS 347,75 21,831 1 IR L 3.80
2.20¢ 10,35% 2643 16,33 H.06 3.0 330 2,38 2.09 37,190 25,114 i ig,nis 1.57
2.500 11,407 24,68 1443 b.BE 0 3.6 .30 LB el 639,821 19,929 0 19,427 2.30
2.600 11,143 24,3t 18,10 E5A 0 298 1.9 149 1.1 434,488 14,524 0 21,452 3.713
2.880 10,990 20.14 1i.%9 4.87 3.06 2.8% 177 L4 339,403 ad,all 0 26,127 8.13
3.000 10,895 25.48 13.66 393 .99 1.0 185 1.0 Eb4,3T 26,457 ] 26,439 4.1
3.800 11,287 23.2% 12.57 &34 BT 20 137 L.B5  24%,128 23,558 0 2¢,584d B9
3400 19,487 23,36 12,73 3.4 1.5¢ 1.08 0,93 0.B8 356,147 10,483 0 35,610 8.70
3.000 10,563 21,71 1036 3.1 1.9 1.3 1.2 .49 877,79 27,77 ] &7,77% 14,57
3.860 16,743 20,93 11,45 1.04 .93 1,37 1. 0B 377,978 19,508 o 30,083 8,44
006 10,807 244 1B.36 8.0 2,58 208 1.73 £.37 221,58 2e, 158 0 22,152 {244
4,200 16,543 27.88 15.87 607 310 2,08 l.al 1.5 352,934 12,977 ¢ 19,017 1.63
.40 11,167 17.63  9.43 448 2.7 L9l .49 t.21 830,35 69,147 ] 23,035 B.83
4,600 11,807 1B.53 10.71 3.03 3.18 2.21 1.77 1.37 210,284 83,097 i} gt,032 7,64
4,808 10,973 9.3 5.6 258 1.7 1,83 0.97  0.8¢ 359,692 87,735 ] 3,047 7.9%
5.000 11,095 15,39  9.14 &7% 3,22 2.7 1.41 1.29 473,877 54,145 ] £i,iag 2,81
.200 16,359 24.31 ta.gl 5,07 £.89 1.5 1.17 .00 436,544 2,52 8 23.59% 444
3,400 10,231 2L.40 13.10 4.91 2.3 1.4t 6.97 §.80 14,831 ] 27,148 2. 73
5.600 10,287 22.97 15.13 7.8 .04 3,58 2.7 2.%3 31,505 i 12,17 5,17
5.800 10,587 24,74 1294 5.1 278 LTS 13T LG 16,175 ] 22,54 2.17
£.000 10,73° 28,3 19,90 5.8 B8 LW 1.33 1.5 2a,783 0 25,450 2.5%
6,200 10,119 31,1 16,5 .38 BB - S B 3 9,553 i £l 168 7.80
5,400 10,639 234 14,80 438 3,73 2.6 LT 1.8 31,25 D] 1£,272 4. 0%
4,800 1,207 BLLTT 1506 5,3 3§ 2.8t 1.8 1.5 22,354 G 26,555 4,19
Hean? £1.35 18,49 483 2.8 199 450 l.E% 389,973 30,513 & 24,329 .50
gis. Devy 5,67 .97 Las 0,93 .63 445 0.33 115,878 20,145 0 8,282 §,460
yar feeffik): 21,85 FB,7& F%.B4 32.81 3f.61 2%.50 324.50 28.59 64,02 .50 34,04 5192

Tab]e_lo. - Typical SDHPT.Ana1ysis, State Highway 152 in District 25..
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Table 11. E Values for Multiple Drops at Same Location (Section

TT1 DEFLECTION ANALYSIS SYSTEM

" pistrict: 17
County: 2t
Highway/Road: TTIANX

Thickness(in)
Pavement: 5.00
Base: 8.00
Subbase: 8.00
Subgrade: INFINITY

MODULI RANGE(psi)

Minimum Max imum

200,000 500,000

30,000 150,000

1,000,000 . 4,000,001
30,000

R7

Calculated Moduli values (psi):
SURFACE(E1) BASE(EZ2) SUSBASE(E3)

Absolute %
SUBGRADE(E4) ERROR/Senso

Station (lbs) R1 RrR2 R3 R4 RS  Ré
8.010 9,923 6.39 3.31 2.35 2.08 1.87 1.53
8.0200 9,111 6.35 3.27 2.35 2.08 1.95 1.49
8.030 9,031 6.35 3.27 2.35 - 2.04 1.95 1.46
8.040 9,055 6.63 3.27 2.35 2.04 1.9% 1.46
8.050 9,007 6.27 3.23 2.31 2.04 1.95 1.42
8,060 9,007 6.23 3.23 2.3 2.08 1.95 1.42
8.070 8,943 6.1 3.23 2.27 2.04 1.99 1.38
8,080 B,967 6.23 3.23 2.23 2.04 1.99 1.34
8.09¢ 9,167 6.23 3.35 2.35 2.12 1.87 1.53
8.100 9,047 6.19 3.35 2.35 2.12 1.87 1.53
8.110 9,055 6.15 3.31 2.35 2.08 1.87 1.53
8.120 9,047 6.07 3.3 2.3 2.12 1.87 1.53

Mean: 6.28 3.28 2.32 2.07 1.92 1.47

Std. Dev: 0.14 0,05 0.04 0.03 0.05 0.07

Var Coeff(¥): 2.26 1.39 1.70 1.61 2.56 4.53

415,803 97,071 3,999,991
378,326 86,281 3,999,991
374,089 85,748 3,527,455
330,905 82,289 3,857,257
352,508 93,732 2,933,154
370,480 90,917 3,372,013
311,291 103,256 2,019,501
347,002 96,014 2,224,304
453,389 83,573 3,999,991
463,205 82,107 3,999,991
455,782 84,904 3,999,991
467,910 86,427 3,599,991
393,391 89,360 3,494,469
55,408 6,779 725,192
16.14 7.59 20.75

31,669 2.11
29,558 2.76
30,045 3.17
30,385 3,10
30,780 3.66
30,114 3.69
31,966 5.33
32,248 5.73
28,824 1.67
28,336 1.67
28,462 1.84
28,321 2.00
30,059 3.06

1,413 1.36

4.70 44,58

* Several of the subbase moduli values hit the userfsupp1ied Timit.
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Table,i?} E Values for Multiple Drops at Same

Location (Section 11).

T71 DEFLECTION ANALYSIS GYSTEM
District: 17 MODULI RANGE(psi}
Lounty: i Thickness({in) Nininum Hayinea
Highvay/Road: TTIANK ~ Pavements 1.00 200,000 800, 000
Base: 16,00 20,000 120,000
Subkase: .00 0 2
Subgrade: INFENITY 30,000
Load  Measured Deflection (mils): Calculated Moduli values {psil: Absolute X
Station (lBs} R R2 R2 R4 R RE %7  SURFACE(E]) BABE(E2) SUBBASE(E3) GSUBGRADE(E4) ERROR/Seasor
15,010 B4R 15.16 A.07 04 2.4 173 LEY LT 799,998 39,880 { 28,576 10,63
(1.020 8,719 14,19 .82 3,00 208 175 LBS L.29 793,998 £5,033 0 28,318 9.4%
11.030 8,343 13,95 5.8 304 204 LB 12 L4l 739,33 68,053 0 27,403 12,13
11,040 8,313 13.87 561 300 08 LEd L2 1,03 739,338 61,868 0 31,5 2,81
11,050 8,279 13.71 553  2,9% 2408 158 LI 105 799,998 81,954 0 32,082 2.3
11,060 8,312 13.83 5.61  3.00 12 LE3  LIE 109 793,998 82,267 0 3,393 2.36
14,070 287 13,71 5,53 296 212 L.39 t.22 L.00 739,938 2,147 ) 31,972 .24
11,080 8,311 12,67 557 o6 4% L.63 L2 503 733,39 62,971 0 31,588 200
11,090 8,511 14.31  5.B6  3.04 208 LA L2 117 739,338 61,722 { 31,020 3,23
[1.100 8,37 12.83  5.82 3.08 204 LB3 L83 L29 799,398 £4,414 0 23,683 7.8!
11,440 8,343 (2.91 591  3.08 200 LB l.BE t.41 795,938 fd Edb 0 29,145 10.13
1,120 8,343 13,71 5.88  3.08 2,04 183 L3 141 799,38 &6, 468 9 28,778 10,44
Nean: 12,99 573 %0z 2,07 L.e6 L33 L2200 799,99 63,452 0 30,123 6.48
Std. Dev: 4,42 0018 004 0,04 0.0 0.31 0.i3 0 2,315 0 t, 644 3.98
©oVar foeff(3):  2.9% 3,07 1,43 187 479 20,08 12,63 0,00 3.65 9.06 3.46 6l.42




Table13. - E

Values for Multiple Drops at Same Location {Section 9).

TTI DEFLECTION ANALYSIS SYSTEM
District: MODULI RANGE(psi)
County: Thickness{in) Minipun HESEENIT
Highway/Road: TTIANX Pavement: 3,00 200,000 400,000
Base: 8.00 30,000 200,000
Subbase: 0.00 0 0
Subgrade: INFINITY 30,000
Load Measured Defisction (mils}: Calculated Moduli values (psil: Absolute 1
Station (ibs) Rl Rz R3 R4 R3 RE R7  SURFACE{E!) BASE(E2) SUBBASE(E2) GSUBGRADE(E4) ERROR/Sensor
9.01¢ 9,167 .34 5.49 .08 2,08 1,7% 1.2 0.8% 484,287 71,425 0 33,045 4.3t
9.020 8,815 B.BF 5,40 308 2.1 1,63 1.3 1.95  4b1,04! 89,276 0 32,408 1.93
9.030 8,79¢ 8,73 5.3 398 il 163 1,26 f.61 511,722 83,8ik 0 32,79 1,66
9.040 8,773 H.B9 5.40 308 0B 1.63 1.26 .01 547,717 79,214 0 32,712 .00
9,030 8,75f 8.73 540 308 212 163 b2 .00 929,906 80,326 0 32,366 1.74
9.060 8,679 B.61 §.36 304 2,08 1.83 1.26 1.01 528,668 82,394 0 32,503 2.15
2.07¢ 8,893 8.61 J.40  3.08 .08 .39 [.2 1,05 538,089 79,133 8 32,380 1.84
9.080 8,719 8.61 5,36 3.08 2.0B 1.&3 1.26 .01 548,375 81,009 0 32,576 1.9
2.09¢ 8,871 890 5.45 302 412 [.63 1.3 1.0 451,269 54,334 0 32,5067 176
9,100 8,733 B.73  5.40 308 .12 Le7 0 1.220 0,53 &04,100 £9,802 0 33,149 .97
9110 8,7t 8,73 5.40 3.08 2,12 L& .26 0,97 334,908 78,841 0 32,584 2.63
9.120 B,6R3- . B.ES  5.40  3.08 2,12 .83 1.2 0.97  376,B63 73,029 0 32,485 2.27
Mean: 8,77 340 308 210 L.bd 1.26 1.06 531,428 79,572 0 3Z,810 2.4
§td. Dev: .20  0.04 0,02 002 0,03 0.02  0.05 40,243 Fr469 9 734 0,73
Yar Coefflil: 23 0.6 0,35 0.9 1.84 1.3  4.M 7.597 E.87 0.00 2.4 33.08
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minimum the Texas SDHPT should make two drops at each location and that the
second one should be used in data analysis.

The second observation from these tables is that the three-layer
systems produce repeatable moduli values. However, the four-layer systems
backcalculated moduli values (Table 11) for the layers above the subgrade
are extremely sensitive to even small changes in bowl shape. The average
coefficient of variation of the outermost semsor was 8.4%. The outermost
deflections appear to be approaching the accuracy. limit of the sensor
perhaps indicating that a heavier load is required. Alternatively, it may
be feasible to employ more accurate geophones at the outer sensor locations.
To minimize the effect of variations in the outer sensor within the MODULUS
program it is possible to apply a large weighting factor to the sensors

closer to the load.

4.4 Effects of Rigid Layer

Several researchers have found that the placement of a rigid layer
within the subgrade has considerable influence on the backcalculated moduli
values, the Corp of Engineers recommend a layer ?laced at 20 feet (2). The
existing MODULUS program allows the placement of a rigid layer at any depth
in the subgrade. With reference to the data set shown in Table 3, the same
data set was rerun using several depths to rigid layer and the effect on the
backecalculated subgrade modulus and fitting error between measured and

calculated deflections is shown below in Table 14.

Depth to Backealculated Absolute %
Rigid Layer Subgrade Error/Sensox
(inches) Modulus (ksi)
® 21.9 5.72
360 17.6 3.76
300 16.8 3.65
240 15.8 3.96
180 14.3 5.61
120 11.8 10.53
60 7.3 25.12

Table 14. Effect of placing a rigid layer
at varying depths on FM 2818 data.

The best fit between measured and calculated bowls occurred with a
rigid layer placed at approximately 300 inches below the surface. It is
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clear from these results that an estimate should be made for the depth to
bedrock for each pavement under analysis. This estimate does not need to
be precise but simply classifies pavements into groups, i.e., depth to
bedrock 0-5 ft., 5-10 ft., 10-15 ft., 15-20 ft., etc. Classificatiocns
such as this could be established by reference to a standard geological

map or county soils reports.

4.5 Effect of Different Estimated Subgrade Moduli

Programs such as CHEVDEF require a "seed" moduli to be input for each
layer so that the error minimization search can begin. Lytton (5) found
that the choice of fhe "seed" value is important; in any search routine
the final solution is often a function of the starting point. 1In the
MODULUS program described in this report, the only "seed" modulus given is
that of the subgrade; for all other layers an acceptable range of moduli
values are supplied. In MODULUS the range of layer moduli are used to
generate a range of modular ratios as described earlier in this report.

To evaluate the influence of different input subgrade moduli within
the MODULUS program the following was performed. First the BISAR program
was run to predict the deflection at wa sensor locations under known
loading (80 psi), layer thicknesses (3 inches HMAC, 10-inch base, and
semi-infinite subgrade) and layer moduli (500, 50, 10 ksi and 500, 50, 20
ksi). The calculated FWD deflection bowl was then input into MODULUS and
‘the program ran several times with different estimated subgrade moduli.

The results are shown in Tables 15 and 16.
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Surface Base Subgrade & Error in Fitting

Input and
Input Moduli 500 50 20 Calculated Bowls
Modulus Backcalculation
‘Estimated Subgrade E (ksi)
' 5 482 .9 51.2 20.0 1.01

10 489.5 51.0 20.0 0.91

20 489.5 51.0 20.0 0.90

30 489.5 51.0 20.0 0.90

Table 15. Reproducibility of MODULUS program with Known Moduli
values (500/50/20 ksi)

Surface Base Subgrade % Error in Fitting
Input and
Input Moduli 500 50 10 Calculated Bowls

Modulus Backcalculation
Estimated Subgrade E (ksi)

5 430.2 52.6 10.1 1.12
10 494.0 49.6 10.0 1.17
20 505.1 49.3 10.0 1.07
30 496.7 49.5 10.0 1.14

Table 16, Reproducibility of MODULUS program with Known Moduli
values (500/50/10 ksi)

When running the MODULUS program the range in surface modulus was
(200 to 800 ksi); the range in base modulus was (E subgrade to 100 ksi).
The Error presented 1s the total absolute error between the seven sensors
of the input deflection bowl and the bowl backcalculated by the MODULUS
program.

This exam?le can be used to estimate the influence of input estimated
subgrade moduli. In a typical analysis the designer must estimate the
subgrade modulus prior to running the MODULUS program. How close should
that estimate be to the actual value? Table 15 and 16 indicate that the
modulus values backcaleculated are not greatly affected by the user-
supplied input subgrade modulus values. Values ranging from 5 ksi to 30
- ksi converged to approximately the same set of E values which were very
close to- the known values. As described in Setion 2 of this report, the

input subgrade modulus is only used to calculate the range of modulur
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ratios to be used in generating the deflection database. The actual
subgrade modulus is calculated using Equation 13 which is independant of
the input value.

It should be noted that when running the MODULUS program, it is
. essential that a wide enough range of surfacing and base moduli should be
used. If the range is too narrow, then messages such as "El is very close
to limits" or "no feasible solution" are printed. In these cases, the

acceptable range of layer moduli should be increased.
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CHAPTER 5
CONCLUSIONS

This report describes a new modulus backcalculation procedure called
MODULUS and describes how this system has to been incorporated into the
Texas State Department of Highways and Public Transportation’s pavement
analysis system. The current program is based on the theory of linear
elésticity but the procedure is general and nonlinear analysis programs
could be used to build the database (l). The system has been built on
microcomputer and implemented by the Texas SDHPT. The initial review of
this system has been favorable. The procedure is ideal for use in
pavement analysis where numerous deflection bowls are taken at regular
intervals along a project.

Further work is underway to validate the backecalculated moduli
values. This involves the following two approaches. First, twenty-two
experimental pavement sections have been established around the State of
‘Texas. These pavements have been instrumented with temperature and
moisture sensors, Pavement layer materials have been taken and returned
to the laboratory for triaxial testing. Falling Weight Deflectometer data
has been collected at monthly intervals. The laboratory testing phase of
this work is complete and the analysis portion is underway and will be
reported in the near future.

The second approach involves instrumenting pavement sections with
Multi-Depth Deflectometers. By testing the instrumented pavement with
FWD, it is possible to measure both the surface and depth deflection
profile. Both of these can be used to calculate layer moduli. The
preliminary results from the MDD study are presented in Research Report

1123-2(7).
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APPENDIX A

The Modulus Back Calculation program described in this report has
been custom-built into a system for the Texas Department of Highways and

Public Transportation. The following assumptions were built into the

code:
*»  Designed to accept the field data diskette from a
Dynatest FWD.
i Assumes the seven sensors are spaced at one foot intervals.
. Contains several default data bases for commonly found

pavement structures in Texas.
. Assumes the weighting factors (Sectiomn 2.1) are set to 1.0.
This version of MODULUS uses the BISAR linear elastic program to
generate the deflection data base. =Another version of the
system is available which uses the CHEVRON program.

Details of the above mentioned system, including a user’s manual, are

incorporated in this appendix.

1. Introduction
A. Getting Started

The TTI Deflection Analysis System program is distributed in a 5 1/4"
High Density floppy disk. To make backup copies of this diskette use the
DISKCOPY command from DOS to insure that all the files are copied to the
backup diskette.

Check the disk directory to see if a TTIREAD.ME file exists. If it
is there, you can list it either on the screen using the TYPE command, or
on the printer via the PRINT command. This file contains the most current
information and/or épecial instructions pertinent to the latest version of

the software and it should supersede any information found in the User's

Manual.

B. System Requirements

Minimum system requirements to run the program are:

. IBM AT or compatible microcomputer
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. 640 Kb of RAM

. DOS (wversion 3.00 or later) operating system

. Math coprocessor chip (80287 or similar)

. 1 High density floppy diskette drive (1.2 Mb)
. A hard disk

. A EGA graphics card with 256 Kb of screen memory and a

compatible RGB monitor

For machines with only a 64K EGA card replace the existing

DELINIAT.EXE with DELINIAT. 64K by renaming the latter file .EXE

It is recommended that an advanced microcomputer, a 286 or even a 386

based machine, be used in order to minimize program execution time when

running analyses comprising more than 20 stationms,

C. File Naming Conventions

The TTI Deflection Analysis Systems program uses several types of

files. The type of each of these Ffiles is identified by the three letter

extension to the filename:

- TMP.DEF:

= BIS.RES:

- TMPL.DEF:
to
- TMP24 .DEF

Input/output screen display library.

A file produced by the MODBAC program. It contains
information later used by the BISAR program.

These files contain the final results.

The PRMODRES program uses these files to produce
summary and detalled output tables which can be sent
to a printer, _

This file contains input information provided by the
uset when selecting input option 3. The information is
later used by the MODBAC, BISAR, and SERMOD programs.
This file stores the normalized deflection bowls that
are calculated when the user supplies all input
information using input option 3. The file is used by
the same programs as TMP.DEF.

This files contain default information for 24 to

fixed pavement designs. If any of the fixed

TMP24 .DEF designs is selected, the corresponding file
is renamed to TMP.DEF and used as the original file.
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BIS1.RES to: Similar to the above, These files are renamed BIS.RES

BIS24.RES and then used as the original.

= .DAT: Files with this extension store deflection readings
and corresponding backcalculated moduli for each
available road section. This data is used by the
DELINTAT program.

= .EXE: Identifies executable files.

« FWD: The master data file ag obtained from the Falllng
Weight Deflectometer.

= .OUT: These files are produced by the FWDREAD program. They
contain deflection information extracted from the FWD
files (.FWD).

= .VAL: A special file containing Poisson Ratio values for
each pavement layer. This particular file is only
used for output purposes by the PRMODRES program.

= .BAT: Bateh files used for installation of the system in a

hard disk and for setting up and starting the program.

D. Installing the TTI Deflection Analysis System Software

To install the TTI Deflection Analysis System programs in the hard
disk, insert the distribution diskette in one of the computer’s 1.2 Mb
floppy disk drives and then transfer to that drive. For instance, if the
1.2 Mb drive is A:, insert the diskette in the drive, and type:

A: <ENTER>

The distribution disk contains an installation program called
INSTALL.BAT. When executed, this batch file creates a special directory
in the computer’'s hard disk and it then copies all the necessary files to
that directoxry. Before running INSTALL.BAT, you must decide what name you
want for the directory. Suppose you want to install the program on
partition D: of the hard disk and that you want the directory where the
program files will reside to be called DEFLECT. To run install with these
parameters type:

INSTALL D:\DEFLECT <ENTER>
INSTALL will create a directory called DEFLECT in drive D: and then
transfer all the files from the floppy disk to the new directory.
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2. Running the Propram

Starting the Program

To run the TTI Deflection Analysis System programs, make the DEFLECT
subdirectory active by typing GD\DEFLECT after the DOS prompt. If another
drive is active, type the letter of the drive where the system has been
installed and press <RETURN>; then type CD\DEFLECT.

Once in the DEFLECT directory type DEFLECT followed by <RETURN> to
start the program. After a few seconds the Main Program Menu should appear

on the screen (Figure Al).

Main Program Menu Options

The Main Program Menu screen allows the selection of any of the four
available programs. To execute any of the programs, use the up/down arrow
keys to highlight the selection and press <RETURN>. All menus in this
package work in the same way. '

The following programs are available:

* Convert FWD data to INPUT data: This program reads in files that
have been produced in the field (FWD files) while recording deflec-
tion information and converts them to a format that is compatible
with the Modulus Backcalculation program. This is a custom-built
program handling the FWD data files available with the Texas Dynatest
FWD. |

. Run Modulus Backecalculation Program: This option allows the user to
execute the Modulus Back Calculation (MODULUS) program. This program
uses INPUT files (files with the .QUT extension) that have been
converted from FWD files using option one above, or it can also
process files that have been custom-made using a text editor or
similar program.

. Plot Deflection and/or Moduli wvalues: Select this option to produce

- plots of deflection data or backecalculated moduli values, as a
function of project length. The program uses a cumulative difference
~algorithm to achieve unit delineation for either deflection and

moduli data. The delineation approach is useful for identifying
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TTI DEFLECTION ANALYSIS SYSTEH

Hain Program Henu

% 1, Convert FHD data to INPUT data C.FWD to .OUT) . #

# 2, Run Hodulus Back Calculation program ¥
t 3, Plot Deflection and/or Modull values ¥
# 4. Print results of latesi analysis _ ¥
¥ 5. Exit to DOS ¥

Use the * ¢r v keys or enfar the option nusder and press RETURN

Figure Al. Main Program Menu

TTI DEFLECTION ANALYSIS SYSTEM

FALLING WEIGHT DEFLECTOMETER DATA CONVERSION
PROGRAN INPUT SCREEN
~ DRIVE WHERE FWD FILE RECIDES: X
- FWD DATA FILENAME:  $XYXXXXX.FHD
- QUTPUT FILE NAME:  XXXXXXXX.OWT

- NUMSER OF DROPS RECOROED AT EACH POINT: X
- NUMBER OF FWD DROP TO USE AT EACH PRINT: X

- PROCESS ANOTHER FILE? Y

Figure A2. Data conversion screen

52



units of sections or stations that present similar structural
behavior.

. Print results of latest analysis: This option permits the user to

skip directly to the Print Menu in order to obtain summary and/or
detailed printouts of the last analysis performed by the Modulus Back

Calculation program.

To finish a session just select option five to exit to DOS.

3. Running the Application Programs

The FWD Conversion Program

Typically, when a section of road is evaluated using nondestructive
testing, the section is divided into stations. The falling weight test,
referred to hereafter as a drop, is then performed at each of these
stations, as many times as it is required, and the resulting deflection
and load information is stored on a computer disk file. The software to
perform this is supplied by the FWD supplier. In Texas a .FWD extension
.is used to denote files containing raw deflection data for any highway.

The format used in the FWD files is highly elaborate and most of the
information that they contain is not relevant to the programs contained in
the TTI Deflection Analysis System. .Consequently, a program that could be
able to scan and extract the specific data needed by the system from FWD
files to more compact files was developed.

The first option in the Main Program Menu accesses the FWD comversion
program. This program extracts the following variables from a ¥WD file:
district number, county number, highway prefix and number, milepoint
position of the station, load, and deflection readings (up to seven) for a
pre-specified drop along the length of a project. The program then stores
this information in a new file and appends to its name the extension .OUT.
- These files form the actual input to the Modulus Backcalculation program
and are hereon referred to as INPUT or OUT files. In general, in Texas
FWD data is collected using one of two procedures. One involves two
replicate drops. The other uses four drops at different load levels.

This program can handle either testing procedure.
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To start the FWD conversion program, select option one from the menu
and press <RETURN>. A window will appear in the lower part of the screen
asking you to verify your choice. Entexr <Y¥> if the choice is correct.

After a few moments, the program input screen (Figure A2) is dis-
played. There are five fields of required information that the user needs
to input before the program can run. These are: |

- DRIVE WHERE THE FWD FILE RESIDES: Enter the letter identifier of
the drive where the FWD file to be converted is stored. If the FWD file
iz in the hard disk, enter the letter of the drive from which the program
is running. If the file resides in a floppy disk, enter the letter of
that drive. Finish this input by pressing <RETURN>.

- FWD DATA FILENAME: 1In this field enter the name of the FWD file to
be converted. Enter the name of the file, up to eight alphanumeric
characters, without entering the extension name (it will be automatically
appended to the name you entered) and press <RETURN>. In Texas this
filename is a combination of county number and highway name.

- QUTPUT FILE NAME: Supply the name of the output file. It can also
be up to eight characters long and the .0UT extension will be automati-
cally appended. Again press <RETURN> to finish this input.

- NUMBER OF DROPS RECORDED AT EACH POINT: In this field enter the
.number of drops (up to eight) performed at each point or station during
the test and then press <RETURN>.

- NUMBER OF FWD DROP TO USE AT EACH POINT: At this point, enter the
number of the drop to be analyzed. Frequently four drops are recorded at
different load levels, e.g., 5,000, 8,000, 12,000, and 15,000 lbs. This
option permits the user to select the load level of interest. _

Check the input carefully. If a mistake has been made, press the
<ESC> key and the cursor will be set back to the beginning of the input
process, at the position of the drive letter designator. Press <RETURN> to
validate the entries until the incorrect one is reached. To change it
just enter the new value or name and press <RETURN> to validate it. Keep
- on pressing <RETURN> until the last field is reached. If it is also
correct, press <RETURN> once again to validate that entry.

Entering this last <RETURN> will start the conversion process, which
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should take about 20 to 30 seconds depending on the disk access speed and
the length of the file being converted.

When the program has successfully executed, a window with the
following message will be displayed:

FILE XXXXXXXX. OUT CONTAINS ### POINTS.
where XXXXXXXX corresponds to the .QUT file name and ### to the number of
points or stations stored in the file.

As a last option, the program will prompt to determine if another
file is to be processed. * Enter <¥> to extract another FWD file. To quit,
enter <N> and press <RETURN> in order to go back to the Main Program Menu.

To abort this program, press the <ESC> key if the cursor is posi-
tioned in the first input field; otherwise press it twice. These <ESC>

key sequences will quit the program and return to the Main Program Menu.

Modulus Backcalculation Program

Option 2 of the Main Program Menu allows the user to run the Modulus
Backcalculation program. Inputs to the program consist of a series of
default and temporary files, which are transparent to the user. They are
created and read automatically. The only file that is user-supplied is
the ,0UT file, which was created using option one of the Main Program Menu
as explained above.

After selecting and validating option two from the menu, the
Input/Output information screen (Figure A3) is displayed. In this screen
the user is requested to enter the name of the .QUT file (the file created
by option one), and the name of the file that will store the deflection
information and the corresponding backecalculated moduli values for each
pavement layer. This file is referred hereon as the OUTPUT file and is
given the extension .DAT.

Enter first the name of the INPUT (.OUT) file, up to eight characters
long, and press <RETURN>. When the cursor moves to the next field, enter
the name of the OUTPUT (.DAT) file, also up to eight characters long. If
any changes are required, press the <ESC> key to return to the first
position of the first field.

If the INPUT file name is incorrect, enter the correct name and press
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“TTI DEFLECTION ANALYSIS SYSTER

INPHT/OUTPUT FILE INFORMATION

- NAHE OF THE INPUT FILE: .auy

- NAME OF THE OUTPUT FILE:  XXXXXXXX.DAT

“Figure A3. Input/output file information

TT1 DEFLECTION ANALYSIS SYSTEM

MGDULYS BACK CALCULATICH HENU

‘#1. Use an existing fixed design %

#2, Input material types #
#3, Run a full analysis #
#4, Refurn fo Main Henu ¥

“Use the ® and.v ksys or enter the option number and press RETURN

Figure A4, Modu1us_ba¢kca1cu1ation menu
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<RETURN>, otherwise press <RETURN> alone. Repeat this procedure for the
OUTPUT filename.

After validation of the OUTPUT file name, the program displays the
Modulus Backcalculation Menu screen (Figure A4) which allows the user to
select any of three alternative ways of rumning the program or o return
to the Main Program Menu.

The three options have been custom-built to meet the FWD processing
needs of the Texas SDHPT. They are:

- USE AN EXISTING FIXED DESIGN: This option lets the user select
between 24 designs (12 for infinite subgrade and 12 for finite [rigid
layer at 20 ft.] subgrade) for which all input parameters, except for the
deflection and load values, have been already calculated and stored in
disk files. This option provides the fastest analysis since it only has
to perform the Search algorithm in the program.

- INPUT MATERIAL TYPES: For this option the user selects the
material types, thicknesses for the pavement layers, and test temperature,
and the program assigns the range of acceptable moduli and poisson values
to be used in the analysis.

- RUN A FULL ANALYSIS: 1In this option the user supplies all of the
input parameters needed to perform the analysis.

To quit the program while in the menu screen, select option 4 to

return to the Main Program Menu.

Using the Modulus Backcalculation Menu Options:
The principal difference in the three options of the Modulus Backcal-
culation menu is that in Option 1, default data bases are used and no runs

of the BISAR program are required.

Option 1 - Fixed Designs: Select this option and the program will

display the Existing Fixed Designs screen (Figure A5). These layer thick-
nesses are common in Texas. The moduli values used to build these default
databases are shown in Table Al. The screen presents the user with two
prompts: First, select the type of subgrade, infinite or finite (rigid

. layer at 20 ft.), for the analysis. Enter <F> to use a finite subgrade, or
<I> for an infinite subgrade. Pressing <RETURN> after the selection

validates the choice and moves to the next prompt. Select one of the 12

57



n
2)
)]
4}
3)
&)
7}
)
)]
10}
11)
12}
13)

TTI DEFLECTION ANALYSIS SYSTEM

(13 EXISTING FIXED BESIGNS

TYPE OF SUBGRADE, (INFINITE OR (FYINITE: X

1" SURFACE TREATMENT, &" FLEXIBLE BASE
1" SURFACE TREATMENT, 8" FLEXIBLE BASE
i* GURFACE TREATHENT, 10® FLEYIBLE BASE
2" HHAC ¢ 8" FLEXIBLE BASE
2" HHAC y 16" FLEXIBLE BASE
2" HMAC ¢ 12% FLEXIBLE BASE
4" HMAC y 87 FLEXIBLE BASE
4" HHAC y 10" FLEXIBLE BASE
4% HRAC y 12° FLEXIBLE BASE
6" HHAC y 127 FLEXTBLE BASE
2" HHAC ¢ 6" BLACK BASE

2% HHMAC y 10" BLACK BASE
RETURN TB PREVIOUS MENU

; 8" GUBBASE
, 8" SUBBASE
DESIEN: XX

Figure A5, Existing fixed designs
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Design Number Asphalt Base Subbase Subgrade

(Figure A5) Min, Max. Min. Max. Min. Max,
1 500 500 5 100 - - 15
2 500 500 5 100 - - 15
3 500 500 5 100 - - 15
4 500 500 5 100 - - 15
5 500 500 5 100 - - 15
6 500 500 5 100 - - 15
7 200 1200 5 100 - - 15
8 200 1200 5 100 - - 15
9 200 1200 5 100 - - 15
10 200 1200 5 100 - - 15
11 500 500 200 1200 5 100 15
12 500 500 200 1200 5 100 15

Table Al. Modulus defaults for the twelve fixed designs (ksi).
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available designs by entering the appropriate number and pressing
<RETURN>. 1If no suitable designs are available for the pavement under
analysis, enter option <13> and press <RETURN> to return to the previous
menu which wiil permit selection of an alternate backcalculation option.
Pressing <RETURN> after selecting the desired fixed design choice
verifies the selection and starts execution of the program. The screen
will clear and the message "The Search Program is Running..." will be

displayed. The path and search algorithm in this program takes, in the

worst of cases, under two minutes per deflection bowl to reach an optimal

solution to the problem. When done, the messages "Program terminated
normally", and "Press any key to continue..." are displayed. Press any
key to display the Print Results Menu screen. Refer to the section "Print
Results Program" later in this manual for instructions on how to obtain
printed output of the analysis. When the program has completed printing
the analysis results, it automatically returns to the Main Program Menu.

Option 2 - Input Material Types: When this option is selected, the
program prompts for the required information using two separate input
screens. The first Input Material Types screen (Figure A6), consists of
four input fields. 1In the first field enter the surface layer thickness
in inches. Enter the thickness and press <RETURN>. The cursor moves to
the second field where the program requests the surface layer materiazl,
Enter <1> for crushed limestone aggregate or <2> for crushed river gravel
aggregate, and press <RETURN> to continue to the next input field. In
this field select whether you want the program to backcalculate an asphalt
mpduli value or use a fixed value. Enter <1> to use a fixed value, or
<2> to perform the calculation, and then preés <RETURN>. The last field
in this screen prompts for the pavement temperature in degrees Fahrenheit.
Enter the temperature value and press <RETURN>. Use the <ESC> key to make
changes, as explained previously.

The program has built into it equations for stiffness versus tempera-
ture for typical mixes found in Texas (crushed limestone or river gravel
mixes). Also equations which represent the reasonable range of stiff-
nesses are also available. These were generated by anmalyzing stiffness
results and obtained on rutted mixes (low stiffnesses) and badly cracked

mixes (high stiffness). In the backcalculation procedure, if the user
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TTY DEFLECTION ANALYSIS SYSTEM

(2) INPUT MATERIAL TYPES

- HMAC SURFACE LAYER THICKNESS: XXy
! = HMAC RITH CRUSHED LIMESTGNE AGGREGATE
2 = HMAC WITH CRUSHED RIVER GRAVEL AGBREGATE X

- DO YOU WANT TO USE THE BEFAULT VALEES

FOR THE ASPHALT MODULUS? I = YE§ ¥
2=ND
- INPUT THE ASPHALT TEMPERATURE (OF): XX
Figure A6. Input material types
TTI DEFLECTION ANALYSIS SYSTEH
(2) INPUT MATERIAL TYPES
BASE AND SUBBASE TYPES PREEQMINANT SUBGRADE TYPE

1} CRUSHED LIMESTONE 1) GRAVELLY S0ILS8

2) ASPHALT BASE 2} SANDY 501LS

1) CEHMENT TREATED BASE 1) BILTS

4) LIME TREATED BASE 4} CLAYS, LL < 350

3) IRDN ORE GRAVEL ) a) CLAYS, LL > 50

&) IROM DRE TOPSDIL

71 RIVER GRAVEL

8) CALICHE GRAVEL

9) CALICHE

THICKNESS

7 BASE TYPE: o» XX SUBGRADE TYPE: X

SUBBASE TYPE: X > XXXX

Figure A7.  Input base and subgrade types
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wishes to use a fixed default asphalt modulus, which is coften the case on
these pavements, then a single value is calculated based on the coarse
aggregate type and FWD test temperature. However, if an asphalt modulus
is to be backcalculated, then an acceptable range of moduli values is
generated using the equation for rutted and cracked mixes, and the FWD
test temperature. This option was intended for field petsonnel who are

- familiar with materials information but who have limited experience with
modulus backcalculation techniques.

After wvalidating the pavement temperature with a <RETURN>, the
program displays the second Input Material Types screen (Figure A7). 1In
this screen the user selects the material to be used for the base, subbase
if any, and subgrade of the pavement sections to be analyzed. The input
_ sequence is organized in five fields, In the first field enter any of the
9 avallable base material options. The second field takes the base
thickness in inches. If a subbase is present, Input its type and thick-
ness as for the base. Enter <RETURN> in the subbase type if there is mno
subbase. In field number five, énter the type of subgrade as per the
option list. Changes to the screen can be made using the <ESC> key as
described previously. Press <RETURN> to validate the input and to run the
program. This time the message "The Bisar Program is running..." appears
in the screen to indicate that the program is executing. When BISAR is
complete, the data base is generated, and the Path Search algorithm
program takes over; the respective message is displayed to indicate that
it is executing. Completion of the search phase is confirmed by the
"Search program terminated normally!" and "Press any key to continue"
messages. Pressing any key leads you to the Print Results Menu.

Option 3 - Run & Full Analysis: This option of the Modulus Back

Calculation Program lets the user to specify the thickness, modulus
ranges, and Poisson Ratios for up to four layers within a pavement
section. In the first four fields in the Full Analysis screen (Figure
A8), 1labelled Hl to H4, enter the pavement thicknesses in inches. Hl
represents the surface layer, H2 the base layer, H3 the subbase layer, and
H4 the subgrade. Input is done in the same way as for the previous

programs; that is, you enter the desired value and wvalidate it by pressing

<RETURN>.
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TT} DEFLECTION ANALYSIS SYSTEM

(3) FULL ARALYSIS

Hi H2 H3 H4
KXXXY O XXXXY XaNey xxxxx

SUBGRADE HODULUS (MOST PROBABLE VALUE IN KSD) AND POISSON'S RATIC
FASSP A4 XX

MODULUS OF SUBBASE LAYER (IN KSD
MIRMUM HAX THUM AND POISSON'S RATIO
XAXXXAERE LAREHEESH XX

HODULUS OF BASE LAYER (IN KSI)
MINIMUN MAXTHUNM AND POISSON'S RATIG
KXy XXXLXEeex o

HODULUS DF SURFACE LAYER (IN KSI)
HINERUM - HAXIMUM AND POISSON'S RATIO
183043444 XXX XXX

Figure A8. Full analysis
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For a four layer pavement, enter their thicknesses in their respec-
tive fields. 1In the subgrade field, however, indicate whether the layer
is infinite or finite. Enter <0> for an infinite subgrade or the thick-
ness of subgrade to the begimming of the rigid layer in the case of a
finite subgrade. For a three layer system with no subbase, enter the
surface thickness, the base thickness, then zero <0> to indicate the
absence of subbase, and the subgrade information. For a two layer pave-
ment, the procedure is the same except that a thickness of <0> is entered
for the base layer. ,

Next, enter the most probable modulus value in ksi and the cor-
responding Poisson ratio value for the subgrade. Then, depending on the
number of layers in the pavement, the cursor automatically moves to the
location of either the subbase, base or surface fields. In these fields
enter the lower modulus bouﬁdary value, the upper boundary value, and the
poisson ration value for the layer in question. After entering the value
for the surface layer poisson ratio, check all the input values and if
necessary, change any values using the <ESC> key sequence as described
_-fqrnall other screens. If satisfied with the input, press <RETURN> to
execute the program. The "Bisar Program is Running..." message should now
appear on the screen.

When the program is complete, it displays the appropriate message and
asks the user to press any key. The Print Results Menu is then displayed

and the user can obtain a printout of the analysis results,

Plot Deflection and/or Moduli Values Program

This program allows the user to analyze pavement response varisbles,
mainly deflection readings and calculated moduli values, from a graphical
point of view, along the entire project length. It will also perform a
unit delineation analysis using the cumulative difference approach in
order to identify units of sections having similar characteristics.

To run this program select option 3 from the Main Program Menu and
press <RETURN>. After validating the choice, the Pavement Response
Variable Graphic Representation and Delineation Analysis screen is
displayed (Figure A9). Here enter the name of the data file containing
.Both the deflection readings and the calculated moduli values for each of
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TTI DEFLECTION ANALYSIS SYSTEM

PAVEMENT RESFONSE YARIABLE
GRAPHIC REPRESENTATIDN AND BELINEATION ANALYSIS

THE FOLLGWING INFORMATION IS REQUIRED:

- RAME OF THE DATAFILE:  XXXXXXXX.DAY

- RESPONSE YARIABLE: 1
{4 = deflaction data
E = poduli valases)

- HINIMUH SEETION LENGTH:
{In niles or fraction
of & mils, e.q. .3 &l

L
B
g

Figure A9. Setup for graphics
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the pavement layers. These files are charaéterized.by the extension .DAT
in their file names; it is automatically appended to the name of the file
that was specified in the backcalculétion phase. Enter the Ffile name, up
to eight characters long and press <RETURN>.

Next, select the response variables to be plotted. There are a

- maximum of seven deflection readings, and four moduli values for each

.station. Deflections are identified by a number from 1 to 7, 1 cor-

responding to the sensor closest to the loading plate, 2 to the second
closest, and so on. Moduli values have labels from 8 to 11 where 8
identifies the modulus of the surface layer, 9 the base, 10 the subbase,
and ll.the subgrade. Enter the number corresponding te the response
variable required, 1 through 7 for deflections or 8 through 11 for moduli
values, and press <RETURN>, '

The last item of information requested is the minimum section length
that will be used by the delineation subroutine to perform the unit
delineation of the chosen response variable. If consecutive inflection
points in the cumulative difference curve for the response variable being
analyzed occur at intervals that are less than the minimum section length

entered, the program will ignore them, This feature is provided to avoid

‘the clutter of unit delineations that might occur in projects with

‘unusually high response variable variability.

Enter this value in miles including fractions of a mile, that is, as
a decimal value, and press <RETURN>. To make any changes, use the <ESC>
seqﬁence as in the other programs. '

As soon as the <RETURN> key is pressed, the program starts executing
and in a few seconds the screen is cleared and a plot of the selected
fesponse variable as a function of distance along the project is produced
(Figure AlQ). At the bottom of the screen a table of statisties for each
of the unit delineations is displayed. 1If there are more than three
delineated sections in the plot, press any key to see the statistics for
the remaining sections. Press any key until the message "Would you like
to combine sections manually or Quit? (C/Q):" appears. To quit the

program at this point enter <Q>, otherwise enter <C>. The manual combina-

- tion routine then prompts for the number of sections the user would like

the combination to have. Enter the number and press <RETURN>. To
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|

combine all sections, enter the total number of sections that were
delineated in the plot. If the user did not elect to combine all sec-
tions, a prompt is displayed asking for the number of the last section to
be included as the new section one. The subroutine repeats the last
prompt until all of the sections have been accounted for. Then it
recalculates and replots the curve showing the new delineations and their
respective statistics. Repeat the above sequence for manual combination
if there are sections left to combine or quit the program. When the user
answers <Q> to the prompt, the user is given the choice of printing the
statistics for the latest delineation. Then, the following prompt is
displayed: "Enter <R> to analyze other Responses or <Q> to quit to the

Main Program Menu:". Selecting <Q> returns to the Main Program Menu while

‘entering <R> redisplays the Pavement Response Variable Graphic Represen-

tation and Delineation Analysis screen, allowing the user to select
another response wvariable for graphical analysis.

Print Results Program

The Print Results of Latest Analysis option in the Main Program Menu
gives the user direct access to the same Print Results Menu (Figure All)
that is displayed after any of the three options in the Modulus Back
Calculation Program terminate execution, and allows the user to print a
results summary table or a detailed estimated deflection report, or both
for the analysis that was performed the last time the Back Calculation
program was used.

The options in this menu are;

- PRINT DEFLECTION & MODULI SUMMARY TABLE: This option lets the user

print a table listing the deflection readings, the calculated moduli

"values, and the estimated absolute percent error per sensor for each

station in the project, with the exception of the omes that do not have a

-feagible solution to the optimization procedure used in the Modulus

Backcalculation program. Also, at the end of the list, statistics are
printed for all of the above variables (Figure Al2),

- PRINT ESTIMATED DEFLECTION TABLE: Option 2. of the Print Results
Menu produces a detailed station by station result report which includes
the back calculated deflection values, absolute error and squared error
values, force and pressure at the loading plate, and a list of checks
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YT DEFLECTION ANALYSIS SYSTEM

PRINT RESULTS MEMU

#1, Print Deflection & HModuli suamary table #

¥2, Print Estimated Deflaction table ¥
#3. Print both of the above fables ¥
14, Return to Hain Menu i

Use the * and v keys or enter the option number and press RETURW

Figure All. Print results menu
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TTi DEFLECTION ANALYSIS BYSTEHM
- Bistrict: 17 MODULT RANBE{psi}
County: pal : Thickness{in} finimue Maxiaum
Highway/Roady FH2818 . Pavenent: 4.00 200,008, 1,200,000
_ Base: C 10,00 5,080 100,000
Subhase: 0.00 ¢ 0
Subgrade: INFINITY © 15,000
. Load  Measured Deflaectien (ails): Calculated Moduli vaiues (psi): Abseluie i
Station (lbs)  Ri RZ R3 Rd RS R6 R7  SURFACE(EL) BASE{EZ) BSUBBASE(E3) SUBGRADE(ES} ERROR/Sensor
- 0041 11,471 30,86, 21019 1223 7.4 3060 3,61 2,99 1,199,997 © g2 0 13,863 2.30
0.104 11,903 42,23 17.3¢ 10.2 B.75 4.6 363 2,37 200,000 18,987 0 14,304 5.23
¢.214 11,367 38.47 19.33 9.45 497 .18 2B LLBL 574,002 3,978 0 19,921 7.81
S 0,295 12,479 39.%6 20,70 B.E9 4B1 2.1 2,40 200 426,476 7,200 0 2im 4,53
0.418 11,499 44,33  :8.32 1550 8.81 577 4.1% 0 345 BIGTIE 3,000 0 11,514 3.44
0.501 11,047 61.20 38.45 19.73° 11,83 743 5.3% 4,54 209,63 5,000 ] 8,282 k.01
0.004 11,071 34,21 213 1L.83 T80 %3 377 LT T30,EE7 9,022 0 12,452 4,33
0.708 12,f11 29.78 19.45 1L.10  6.B2 466 3,28 2.6 1,199,397 7,551 0 15,519 3.49
0.863 4,211 12,77 1Ll B.aAb 618 435 .08 233 1,199,997 95,0118 0 1,646 10,39
0.348 11,159 3412 16049 GBE 340 2,37 LLB7 LB 383, 7% 8,078 & 24,444 K
027 ,B871 25,74 14,79 497 2091 .25 L8 L3 275,19 27,919 0 27,513 .33
103 11,991 64,01 25,97 6B 3.48 2,41 7B l.4t 254,203 1,626 i 25,42 17.43
JL200 i1,46R3 17,99 1L34 55 A% L9 145 L300 1,199,997 16,232 il 33,790 3.14
[.248 11,103 35.2% 22.8% 1{.1B  5.62  3.40 2,36 1.97 BRI, 133 3,418 ¢ 18,037 8.32
1,402 If,19% 18,43 11,80 571 322 221 L&k 140 1,199,997 12,980 0 28,624 1,53
1,308 13,348 .0 s G060 3IF 2,25 L78 1,49 1,199,597 24,338 0 33,732 2,69
L6000 11,375 27.39 16,91 843 457 L33 L1 L73 1,004,628 6,700 { 22,309 4.16
1,706 11,855 56.50 28,03 10,33  5.42 .48 .40 .09 272,247 3,414 ] 18,042 11,57
1.801 11,015 19.80 12,40 517 3,28 .17 LBZ 0 L4 1,195,997 9,i2 ¢ 28,522 1,36
1.502 1f,111 18.%5 12,52 6.8 368 2,41 L.74 1.4 1,139,397 11,075 0 26,398 4,33
2,006 11,143 17,70 ii.42 5G4 .48 245 182 L33 1,193,997 16,043 0 26,240 .50
2,100 11,095 26.46  14.3 B.ZB 3,32 209 1,38 123 728,830 8,402 9 28,00k 6.03
2,243 11,839 46,5% 22,03 &80  3.78 .33 L4 L% 314,318 7,330 0 24,423 16.71
2,303 11,379 25.e6 1439 B.74 3E00 2,45 130 LT3 EB97,100 3,804 ] 24,726 1.33
2,359 11,047 2297 1385 705 408 Bl 05 1.6% 1,071,040 9,657 g 23,175 73
Hean: 3277 1816 &.80 5,00 3.3F .45 04 774,044 14,013 i 20,927 3.72
Std. Dev: 14,35 639 3,43 43 L42 LS0 0,82 390,308 18,234 ] b, B4t 4,37
Var Coeff(l):  d44.47 3B.4E 33,69 44,06 42,68 40,68  40.07 50.43 130,55 0.00 3120 76,43

Figure Al2. Summary Tisting
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indicating if the moduli wvalues are close to the given limits, if the
convexity test fails, or if the solution to the particular station was
infeasible (Figure Al3).

- PRINT BOTH OF THE ABOVE TABLES: This option prints the summary
table first, advances the paper to the beginning of a new page, and then
prints the detailed section by section report. '

- RETURN TO MAIN MENU: It does just that.
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District: 17 County: 21 lhstance {in) froa tenter of loading plate to sensor: R = 0,000 Yeight Factor 1.0
Highway/Road: FN2818 : R2 = 12.000 MWeight Factor 1.0
Radius of leading platelin): 5.910 POISSON RATIR VALUES RI= 24,000 Weight Factor 1.0
Surface thickness(in)s 4.000 Hl: p = 0.40 R4 = 36.000 Weight Factor 1o
Base thickness(in): 10.000 H2: p = 0.33 RS = 48,000 Weight Factor 1.0
8ubbase thickress{in): 0.000 H3: p = 0.00 RE6 =  £0.900 Reight Factor L.¢
_Subgrade thickness(in): INFINITY Hd: p =0.38 R7 = 72000 Weignt Factor 1.0

- Station: 0,041 Ri R2 R4 R3S RE R7 Plate Load = 11,472 lbs
Measured Deflaction: 30.60 21.18 12,25 1.48 5.08 3.51 2.89 Plate Pressure = 104,530 psi
Calculated Deflection:  30.04 21.81 12.45 7.33 4.85 .64 2.9%

1 ERROR 1.83 -1.97 -1.60 2.03 4.2 -0.3¢ -3.55 Absolute Sua of T ERROR = 1E.100
Liyer: SURFACE(EL) BASE(EZ)  SUBBASE(EZ)  SUBERADE(E4) Square Error = 0.003
Moduli Values {ksi):  1,200.0 8.3 0.0 13,9 .

Close to iimits? - YES N/A N/A N/A Failed “onvexity Tesi? NO

Stations 0,104 Rl R2 R¢ - RS RE R7 Plate Laad = 11,203 33

Measured Deflaction: 42.2% 17,34 10,28 873 4,86 3.63 .97 Plate Pressure = 108,480 psi
- Caiculated Deflection: 37.26 19,38 9.26 6.38 4.70 .75 3L

1 ERRGR 11,9 -1i.7 4.07 3.80 3.2 -2.562 -4.9%4 Abselutz Sun of 1 EF?G? = #4432
Layer: SURFACE(ES) BASE{E2)  SUBBASZ{EZ)  SUBGRADE{Ed) Square Zrror = 2.037
Moduli Vaives (ksi): 200,0 19.0 0.0 14.3
Close to liaits? YES N/A N/A BT Failzd Convexity TestT ND
Station:  0.214 R1 R2 R3 24 RS RE R7 Platz Load = 11,268 iis
Measurec Deflection: 38.07 19.93 9.45 5.97 .16 2.28 1.81 Plata Pressure = 103.60¢ psi
Lalculated Deflection: 34,28 20,83 9.06 4.47 2.9 2.42 2.08

1 ERROR 10.13 -3.50 4.16 %.97 5.29 «6.43  ~15.00. Absolutz Sua of I ERROR = 354,700
Layer: SURFACE(ED) BASE(E2}  SUBBASE{E3} SUBGRADE(E4) Square Error = 0.053
Boduli Values (ksi): 370.0 .0 .0 19.9

1058 to lisits? NG WA nlA NIA Failzd Convexity Test? MO
Station: 0.295 Rt R2 R3 ) R3 RE k7 Plate Load = 12,480 lbs
Heasured Deflection: 39,16 20.7¢ B.58 §.51 3.2 2,40 2.01 Plate Pressure = 113,730 psi
Lalculated Deflection: 38.22 21.23 B.EZ 422 3.94 .58 2.16

1 ZRRCR 4.23 -2.57 -0.48 &.13 .27 -4,BE -1.27 Absolute Sus of 1 ERRCR = 21,700
Layer: SURFACE(ED) SASE(E2)  BSUBBASE(EZ)  BUBGRADE(ES) Square £rror = 9.018
foduli Valves (ksi): 426.3 1.2 0.0 A.2
Close to limits? NO XA WA WA Failzd Convexity Test? KO
Station: 0.418 Rt R2 R3 R4 RS R6 R7 Piate Load = 11,49 iis
feasured Deflection: 44.23 28,22 8.3 .77 4.19 .45 Plate Pressure = 104,770 psi
Calculated Deflection: - 42.31 28.79 14.99 .42 5.83 4.36 3.63
' 1 ERROR - 3.42 -1.34 ey 4.43 2.3 -3.97 =5.3{ Absolute Sua of I ERROR = 24,100
Layer: SURFACE(E]) BASE(E2}  SHEBASE(E3)  SUEGRADE(E&) Square trror = £.009
Moduli Values (ksi): £35.8 5.0 0.0 1.5
Close to liaits? NO Nia N/A A/A Failed Convexity Test? M

Figure Al3.

Detailed bow! by bowl listing
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