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ABSTRACT

The several methods of computing stiffness coefficients or elastic
moduli of materials to be used in computerized pavement design procedures
and in other research activities requiring the knowledge of these values
are presented in this report. The methods include computer codes for
calculating stiffness coefficients and elastic moduli of simple two—layer
pavement structures based on the observed surface pavement deflections, a
graphical technique of obtaining elastic moduli of simple two-layer
pavement structures and two recently developed computer codes for
calculating stiffness coefficients of multi-layer pavement structures.

The method of solution and the basic equations of each methdd are
presented to assist the prospective user in determining which method best

meets his needs.

Key Words: Computer program, dynamic deflection, elastic modulus, pavement

design, stiffness coefficients, surface deflections.
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SUMMARY

Purpose
The principal purpose of this report is to present in one body the

several methods of calculating in situ stiffness coefficients and elastic
modu]f of pavement materials in simple two—layer pavement structures from
osserved surface deflections. Also presented are two methods recently
developed for calculating stiffness coefficients of multi-layer pavement
structures from observed surface deflections.

A1l of the methods of calculating stiffness coefficients or elastic
moduli are based on finding the stiffness coefficient or elastic moduli
values which predict the observed surface pavement deflections within the
established accuracy limits.

A1l of the methods but one, a graphical method, are available to
researchers or other users as computer codes with full documentation of the

theory and method of solution available in the references given.

Findings |
There is a significant difference in calculated base course stiffness
coefficients depending upon which method of calculation is used. The
simple two-layer approach (which assumes that the pavement is a base
course with a thin surface course or none at all) usually gives base course
coefffcients that are lower thaﬁ those obtained by considéring the pavement
as a multi-layered structure. The values of the subgrade coefficient were
not significantly different regardless of the method of calculation used.
The methods of calculating elastic moduli which use all five of the
observed surface def]ections in the solution process are considered to

give more accurate estimates of elastic moduli than those methods which use



only two deflection observations in the solution process.

Conclusions
Two new methods of determining stiffness coefficients in multi-
layer pavements using observed surface deflections are recommended to

pavement designers and researchers who have need of these values.
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IMPLEMENTATION STATEMENT

The methods of calculating stiffness coefficients or elastic moduli of
pavement structures from observed surface pavement deflections are available
~ for 1hmed1ate use by researchers and other users.

Two recent]y’developed methods for calculating stiffness coefficients
of multi-layer pavement designs are available and are recommended for use

by researchers and other users who need more reliable values of stiffness

coefficients than were previously available.
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INTRODUCTION

The increasing use of computer codes such as FPS and RPS in pavement
design by the State Department of Highways and Public Transportation in
Texas and by pavement designers in other states has created the need for
accurate measurements of the many variables that are inputs to these
computer codes (1).

One of the variables for which an accurate measurement is needed is
the stiffness of the materials that will be considered in selecting the
optimal pavement design. This structural value of the pavement material
can be either the FPS "stiffness coefficient" or the elastic modulus of
the material.

There have been several methods formulated and converted to computer
codes for computing the stiffness coefficient or the elastic modulus of a
material to be used in the FPS or some other pavement design computer code
(2, 3, 4, 5, 6, 7, 8). A1l of the methods are based on dynamic
surface deflections of existing pavements as é predictor of the performance
(i.e., 1ife) of the pavement structure, which was shown to be feasible from
the results of the WASHO and AASHTO Road Tests (9, 10).

Scrivner, et al., developed énvequatfoh“férﬁpredictihg the surface
def]eﬁtions of a pavement subjected to a known load (11). It is this
deflection equation which is the basis for the several computer codes that
compute stiffness coefficients of pavement materials. The development of
this deflection eqhation is presented in the next section. The equations
in the computer codes for computing elastic moduli of pavement materials
are from Burmister's theory of elasticity in layered pavements (14).

This report presents summaries of the several methods of computing

stiffness coefficients or elastic moduli of pavement materials, including



the basic equations and a brief explanation of the method of solution. The
user can select the method that best suits his needs and resources and can

obtain detailed descriptions and instructions for using the method selected

from the references.



DEVELOPMENT OF THE DYNAMIC DEFLECTION EQUATION

The sketch in Figure 1 represents a paVemént composed of n layers,
including the subgrade. The material in each of these layers is
characterized by a stiffness coefficient, ai, where the subscript, i,
identifies the position of the layer in the structure. Layers are
numbered consecutively from the top downward, thus, i = 1 for the
surfacfng layer, and i = n for the foundation layer, which is considered
to be of infinite thickness. The thickness of any layer above the foundation
is represented By the symbol, Di‘

An important feature of the flexible pavement design procedure in Texas
is the use of the_Dynaf]ect* for measuring deflections on existing highways.
Descriptions of the instrument and examples of its use in pavement research
have been published previously (see reference 1). Suffice it to say here
that a dynamic load of 1000 1bs, oscillating sinusoidally at 8 cps, is
applied through two steel load wheels to the pavement, as indicated in
Figure 2. Five sensors, resting on the pavement at the numbered points
shown in the figure, register the vertical amplitude of the motion at those
points in thousandths of an inch (or mils).

A deflection basin of the type illustrated in Figure 3 results from
the Dynaflect loading. The symbol w] represents the amplitude--or deflec-
tion-~occurring at Point 1, wz is the deflection at Point 2, etc.

An empirical equation used in Texas for estimating the dynamic
deflection, wj, from the design variables ay and Di was developed from
deflection data gathered on the A&M Pavement Test Facility located at

Texas A&M University's Research Annex near Bryan. A description of the

* Registered Trademark, Dresser Industries, Inc., Dallas, Texas
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facility is contained in reference (12). The deflection equation, developed
in reference (11) is given below:
n

W, = I Ajk (1)

b k=
where
W. = surface deflection in thousandths of an inch (or mils) at

geophone j,

n = number of layers, including subgrade, and

c
Ajk = 0 . 1 _ ]
a i rl e (k;] a.D )2 r2 e ( ; a,D )2
k J 229 11 J 2% 171

and

Co = 0.891087,

cy = 4,50292,

c, = 6.25,

a, = stiffness coefficient of layer i (a, = 0),
D. = thickness in inches of layer i (D0 = 0 and Dn = o),
r. = distance in inches from point of application of either load to

the N

geophone.

Measured in situ values of the stiffness coefficient, a, range from
about 0.17 for a wet clay to about 1.00 for a strongly stabilized base
material. No way has been found for predicting these values with suitable
accuracy from laboratory tests. For the present, the stiffness coefficient
of a material proposed for use in a new pavement in a particular locality

must be estimated from deflection measurements made on the same type of

material in an existing pavement located in the same general area.



METHODS OF COMPUTING MATERIAL
STIFFNESS COEFFICIENTS
Several computational procedures and computer codes (STIF2, STIF5,
SCIMP, SCIMP-PS), which employ the deflection equation (Eq. 1) to calculate
stiffness coefficients based on the surface dynamic deflections, have been

developed, and are described briefly below.

STIF2

A computer program, STIF2, has been developed to calculate the stiff-
ness coefficient of materials in a special case of a simple structure
consisting of a relatively thin surfacing layer (say less than 2 inches) on
a base with no subbase layers between base and subgrade (2). In this
special case, the surfacing and base 1ayers can be considered one material,
with a thickness of D] and a stiffness of ays resting on an infinite

Consider two deflections: w1 and wz.

1,

foundation with a stiffness, a,.

The equations for these deflections are, according to Eq.

— — r—- -
(o C
W = 0 1 1 0 1 2)
1 ac1 n2 (a.0. )2 G 24 (a.0.)2
1 LN 1 1/ _ LI IR TRAV A0S Le A
- — -
(o ’— C
_ % 1 1 0 1
W, = - (3)
? a “1 r 2 +c (a ) a “ r 2+c (a,D )2
1L 2 ’] 2 Lrate(aDy)7]

By eliminating a, between these two equations, the following equation in

a] can be formed:

W o0 [ 1 1 ]
17| 2 2 [ _—J

a1 | M rfHcy(agD)2 | ry +cp(a;0;) co (@)
- o [[1 1 E]2+c2(a )2]

G 2 2 2

L o0y




In Eq. 4 all quantities except a, are known. The value of ay can be found
by iteration (trial and error). With a; known, a, can be found from either
Eq. 2 or Eq. 3, as a, can be isolated in either of those equations.

In theory, any pair of the deflections wj can be useq to find a, and
a5 and the values found from any pair should equal those found from any
other pair. In practice, it has been discovered that this rule does not
generally hold--the values found by using w1 and wz, for example, are, in
fact, not precisely the same as those found from w1 and‘ws. The difference
is ascribed to experimental error, including the error in assuming that a
simple two-layer structure of the type envisioned actually can exist in the
case of a real pavement and its foundation. The difference can also be

ascribed to imperfections in the mathematical model.

STIF5

Usually, the Dynaflect measures the surface deflection at five
geophones. A Tleast square fit of the five deflections would provide
better estimates of 3, and a, than those determined by STIF2 which uses two-

deflections (3). For a two-layer pavement structure, according to Eq. 1,

.= F. + N
NJ FJ B0 fJ (S)
where
c
Fj - g 1 1
1 2 2
a r r. +c2(a]D1)
c
_ 0
By = <
a
2
_ 1
fj"’ 2



The constants c4, €y, C, and the variables aps D], and rj are as
defined previously. The 2, and a, values can be found by an iteration process
such és the one described as follows.
Assume an a, value, then Fj and fj at five geophones can be calculated. Bd

is thus determined by:

5 5 2

B,= = (W, - F,)f./ Z f.°. ‘ (6)
In turn, a, can be estimated from BO,
1
“ |
a, = (cy/By) . : (7)

Applying the assumed ay and the calculated a, values in the deflection
A

equation (Eq. 5), the predicted wj (designated by wj) at five geophones can

thus be determined. Then the roct-mean-square-error can be calculated from

: (w.-ﬁ.)z i (8)
s J ]

RMSE = %
j=1

Now assume another a, value and repeat the computational procedure to
calculate the 2,5 ﬁj and RMSE. A Fibonacci search scheme is utilized in
the STIF5 program to select the optimal a; and a, values yielding the
minimum RMSE which would best represent the material stiffness based on the

dynamic deflection data.

SCIMP

————

The application of STIF2 and STIF5 programs are restricted to two-layer
pavement structures (or three-layer pavements with a relatively thin
surfacing layer, say, 10%). For more than two layers, the SCIMP (Stiffness
Coefficient in Multi-layer Pavement) program may be used. Given stiffness

coefficients of n-2 layers above the subgrade in an n-layer pavement



structure, where n > 3, the SCIMP calculates the stiffness coefficients of
one of the n-1 pavement layers and the subgrade. In mathematics, the

computational procedures are represented as follows.

According to Eq. 1, the deflection equation can be rewritten as

wj=FJ.+BO-fJ. (5)
where,
_— ngl c0 1 ) ]
J k=1 a “1 r 2+c (kg] a.D )2 r 2+c ( ? a.D )2
k j "2 i=0 ivi j "2 i;O L
c
__0
By = <
a
n
£, = 1

J 2 n-] 2 -
r.“+c,( £ a.D.)
j 2 j=g 11

To illustrate the algorithm, let n = 5 and Ay5 235 2, be known. Assume an

a, value, then F. and fj at five geophones can be calculated. B0 is

1 J
determined by

ag can thus be estimated from B0

1

°1
ag = (cy/By) . (9)
The same Fibonacci search scheme as used in STIF5 jis utilized here to find
the optimal ay and ag values which yield the minimum RMSE. It should be
pointed out that the unknown pavement coefficient can be any one of the

pavement layers above the subgrade.

10



SCIMP-PS
The SCIMP-PS stands for Stiffness Coefficient in Multi-layer Pavements

by Pattern Search. The original SCIMP program calculates the stiffness
coefficient of one pavement layer and the subgrade, while the stiffness
coefficients of other pavement layers of the multi-layer pavement
structure must be known. The SCIMP by pattern‘search determines the
stiffness coefficients of all pavement layers and the subgrade. The
deflection equation of an n-layer pavement structure (Eq. 1) can be

expanded as follows:

-
c
Wj=2 1 1
1 2 2 2
A Ly rj +c2(a]D])
—
c
50 1 i 1
1 2 2 2 2
a, " Lr +c2(a1D]) rs +c2(a]D]+a202)
+ . e e & e & e s ¢ e e
.0 1 1
i | 2 M2 2 2 M-I 2
a1 L +c2('§ aiDi) "5 +c2(.§ aiDi)
i=1 j=1
—
c
* 2 n]1
1 2 - 2
a __rj +c2(_§ aiDi)
i=1
1 1 1 1 1
=cC ( [—=T1+( - ) ]
0 [ 2 1 c 2 2
a ot oat 1 FRCACEY)
] 1 1
+ ( - [ ]
Cy ] 2 2
as a, rs +c2(a]D]4-azDz)

11



1 1 1

1 o n-1
a a 2 2
n n-1 rs +C2(i§] aiDi)

1
J

1 1 1 1
¢ (a ])(—T§0+m§2 (a q ] Cl)[ S ] ) 2} .(10)
1 J m m-1 v, +c2(i§1 a, ;)

The pattern search method is a standard library routine (15) which is
programmed to conduct an efficient multi-dimensional search for the set
of n variables which minimizes a prediction error whose form is specified
by the user. In this application, the pavement stiffness coefficients of
all n layers are the variables that are sought. The prediction error (PE)
which is minimized by the pattern search is the squared error between
observed and calculated deflections, and thus by minimizing the following

prediction error a least-squares fit is assured.

Ng N n
o é] jg'l (mT)(_) m=2 (a1c] ] alcl)[ 2 m]'] 2]
4 J m m-1 r +C2(i§] aiDi)
i “lcq' ‘ (1)
0
where
Ny = number of observations
Nd = number of geophone measurements per test
wkj = the kth observation of surface deflection wj as defined before.

Comparison
STIF2, STIF5 and SCIMP can be used to predict two unknown stiffness

coefficients. One of the two unknowns must be the stiffness coefficient of
the subgrade (or the foundation). For STIF2 and STIF5, the other unknown

is the stiffness coefficient of the composite layer of materials above the



subgrade, that is, the program is restricted to 2-layer pavements. The
SCIMP can be used for multi-layer pavements. The SCIMP calculates the
stiffness coefficient of any one selected pavement layer and the subgrade,
when the stiffness coefficients of all other pavement layers are given.
The PS version of the SCIMP, SCIMP-PS, has the versatility to calculate
the stiffness coefficients of all pavement layers, and the subgrade.
STIF2, STIF5 and SCIMP calculate the stiffness coefficients of each
individual observation and average the total observations. The SCIMP-PS
minimizes the prediction error of the total observations.

STIF2, STIF5 and SCIMP programs are very economical in numerical
computation, in comparison with the SCIMP-PS. Due to the cumbersome
computations required in the pattern search routine, the SCIMP-PS program
is suggested for a maximum of 5-layer pavements. For more than 5 layers,
other searching techniques which can be found in most optimization and
operations research textbooks are recommended.

A comparison of example solutions of STIF2, STIF5, SCIMP and SCIMP-PS
is shown in Table 1 and Table 2. Table 1 shows the stiffness coefficients
obtained for two designs of a black base pavement using each of the four
methods to calculate stiffness coefficients. Table 2 shows the stiffness
coefficients obtained for two designs of a limestone rock asphalt pavement

using each of the four methods to calculate stiffness coefficients.

13
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TABLE 1: SUMMARY OF STIFFNESS COEFFICIENTS OF A BLACK BASE PAVEMENT
CALCULATED BY FOUR DIFFERENT METHODS

SDHPT
STIFFNESS STIFS SCIMP SCIMP-PS
COEFFICIENTS COEFFICIENTS COEFFICIENTS COEFFICIENTS
STATION AP2 AS2 AP5 AS5 * Al A2 A3 A4 A5 Al A2 A3 A4 A5
Sl 0.62 0.24 0.58 0.25 0.40 0.49 0.72 0.42 0.25 0.40 0.43 0.72 0.42 0.24%**
S2 0.48 0.28 0.53 0.26 0.38 0.25
S3 0.54 0.26 0.56 0.25 0.43 0.25
S9 0.55 0.25 0.60 0.23 0.49 0.23
S10 0.53 0.24 0.53 0.24 0.39 0.23
s11 0.56 0.23 0.58 0.22 0.46 0.22
AVERAGE 0.55 0.25 0.56 0.24 0.44 0.24 0.40 0.43 0.72 0.42 0.24
DESIGN: 2-Layers 2-Layers 5-Layers 5-Layers
PAVEMENT THICKNESSES: 32 Inches 32 Inches T1=1.0 in., T72=4.0 in., T3=19.0 in., T1=1.0 in., T2=4.0 in., T73=19.0 in.,
T4=8.0 in. T4=8.0 in.
sS4 0.61 0.24 0.58 0.25 *0.88 0.45 0.69 0.7 0.24 0.88 0.50 0.69 0.71 0.24
S5 0.84 0.22 0.70 0.24 0.70 0.24
S6 0.50 0.30 0.61 0.25 0.46 0.25
S7 0.65 0.22 0.66 0.22 0.58 0.22
S8 0.52 0.27 0.58 0.25 0.43 0.24
AVERAGE 0.62 0.25 0.63 0.24 0.52 0.24 0.88 0.50 0.69 0.71 0.24
DESIGN: 2-lLayers 2-Layers 5-Layers 5-Layers
PAVEMENT THICKNESSES: 26 Inches 26 Inches T1=1.0 in., T2=4.0 in., T3=13.0 in., T1=1.0 in., T72=4.0 in., T3=13.0 in.,
T4=8.0 in. T4=8.0 in.

* Note - The Al, A3, and A4 values were assumed for these problems

**Note - The pattern search method calculates a single set of coefficients that best fits all the data observations
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TABLE 2:

SDHPT
STIFFNESS
COEFFICIENTS
STATION AP2 AS2
N1 0.49 0.26
N2 0.62 0.23
N3 0.47  0.26
N9 0.43 0.24
N10 0.45 0.25
N11 0.44 0.29
AVERAGE 0.48 0.26
DESIGN: 2-Layers
PAVEMENT THICKNESSES: 32 Inches
N4 0.47 0.26
N5 0.45 0.27
N6 0.48 0.26
N7 0.41 0.26
NS 0.43 0.24
AVERAGE 0.45 0.26

DESIGN: 2-Layers
PAVEMENT THICKNESSES: 26 Inches

* Note - The Al, A3, and A4 vaiues were assumed for these problems

STIF5
COEFFICIENTS
AP5 ASS
0.50 0.25
0.69 0.22
0.48 0.26
0.41 0.24
0.45 0.25
0.48 0.25
0.50 0.25

2-Layers
32 Inches
0.47 0.25
0.49 0.25
N.49 0.26
0.42 0.26
0.43 0.25
0.46 0.25
2-Layers
26 Inches

0.47

5-Layers

SCIMP
COEFFICIENTS
A3 A4
0.54 0.45
5-Layers

» T2=4.0 in., 73=19.0

0.60

AS

0.24
0.22
0.24
0.22
0.23
0.24

0.23

in.,

0.25

©0.25

0.25
0.24
0.23

0.24

.y T2=4.0 in., T3=13.0 in.

* Al A2
2.77  0.38
1.08
0.35
0.28
0.32
0.36
0.46
T1=1.0 in.
T4=8.0 in.
x0.67  0.43
0.47
0.48
0.31
0.34
0.41
T1=1.0 in
T4=8.0 in.

SUMMARY OF STIFFNESS COEFFICIENTS OF A LIMESTONE ROCK ASPHALT PAVEMENT
CALCULATED BY FOUR DIFFERENT METHODS

SCIMP-PS
COEFFICIENTS

Al A2 A3 A4 A5

2.77 0.35 0.54 0.45 0.24%*

2.77 0.35 0.54 0.45 0.24
5-Layers

T1=1.0 in., T2=4.0 in., T3=19.0 in.,
T4=8.0 in.

0.67 0.38 0.47 0.60 0.26%*

0.67 0.38 0.47 0.60 0.26
5-Layers

T1=1.0 in., T2=4.0 in., T3=13.0 in.,
T4=8.0 in.

**Note - The pattern search method calculates a single set of coefficients that best fits all the data observations



METHODS OF COMPUTING ELASTIC MODULI

The computer codes for computing elastic moduli of two-layer pavements
were developed from Burmister's theory of elasticity in layered pavement (14).
A11 of the methods for computing the elastic moduli of pavement layers
described herein are limited to simple two-layer designs consisting of a
thin or re]ativefy thin surface layer overlying a base layer, resting on
the subgrade. The rigorous mathematical theory involved for more than two
layers 1imits the present methods to the simple two-layer design. All of
the methods are based on finding the values of é]astic modulus for the
subgrade and the base/surface layer which provide the best agreement between
the observed surface pavement deflections and the ;a]cu]ated pavement

deflections.

ELASTIC MODULUS I

Scrivner, et al. developed the first method of computipng the in situ
values of elastic modulus of materials for consideration in the FPS
system (4).

If the pavement is assumed to consist of a base or surface layer of
known thickness resting on a homogeneous subgrade of infinite depth and
with Poisson's ratio of 1/2, the equation for the surface deflection of a

point according to the theory of elasticity is given by the equation

o]

4WE]
—p Wr = ’v + J,(X)dx (12)
x=0
where
P = a point load

E] = elastic modulus of the upper layer

m
I

elastic modulus of the subgrade layer
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the surface deflection of a point on the surface

W =
r = the horizontal distance of the measurement of the deflection w
from the Toad P
x = mr/h, where m is a parameter
TEEL)
1 2
Jo L+ 4 Nme® - pZen

1 - 2 N(1+2mP)e™2M 4 pZe~4m

By making certain approximations and assumptions described in reference (4),

Equation 12 can be reduced to

4k X=10r/h
Lwe 214§ V-1) J_(X)d 13
3p Wr -~ - (V-1) 0( )dx (13)

Equation 13 can then be integrated in the solution process for finding the
elastic moduli of the 2-layer pavement structure. A simplified description
of how Equation 13 is used to calculate the elastic moduli follows.
The surface deflections Wy and W, of two points located at distances
" and ry from the load P, and the thickness of the upper layer h are known.
Let F represent the function on the right side of Equation 13.

The following equations can then be rewritten

4ﬂE1 .
3 WM z F(EZ/E], r]/h) (14)
4WE]

A single equation in which Eg/Ej is the only unknown can be obtained

by dividing Equation14 by Equation 15 as follows:

Wity _ F(E2/E], r]/h)
Wyry | F(E,JE;, Tp/h)

(16)

17



By using a convergent process, a value of E2/E] can be found that satisfies
Equation 16 within desired accuracy limits. E] can then be calculated from
Equation 14 and E2 can be found from the relation

E2
E2 = E'l (‘E—_'I‘) (17)

ELASTIC MODULUS II

Another version of the method by Scrivner for computing in situ values
of elastic moduli was developed primarily to compute the in situ moduli of
rigid pavements (5). The same equations, assumptions, and approximations
described previously hold with the exception that the distance between the
observed surface deflections was increased by one foot. This change was
felt necessary because in the case of rigid pavements, the difference in
the surface deflections of points only one foot apart was not enoﬁgh to
ensure that accurate values of the elastic modulus of a rigid pavement layer
could be obtained using elasticity theory.

The two methods of computing in situ values of elastic moduli of pave-

ment structures, described above are available as computer codes.

GRAPHICAL TECHNIQUE

A graphical technique of determining in situ elastic moduli of simple
pavement structures from observed surface deflections of the pavement
was deve]opéd by Swift (6). From the equation for surface deflections at
various distances from a point load, the following dimensionless fe]ation—
ships can be written if Poisson's ratio is assumed to be 1/2 for both layers

of a simple two-layer system:

‘Eg.z__
P 4

Eq

£ (g, 18 (18)
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The terms w, r, P, E], E2, and h are the same as defined earlier. For any
wr E
value of the ratio E1/E2, the quantity P 2 is a different function of

the ratio r/h. The ratio E]/E2 can be evaluated because of this by finding
the best match between a given set of measured deflection data and the set
of computed deflection data for a certain value of E]/Ez.

After finding the E1/E2 value for which the calculated deflections
most closely matches the observed deflections, the E2 value can be

obtained from

wr E
E, = —p 2 (Computed) * WE (0bs.) (19)
E] is obtained from
By

The procedure for finding the elastic moduli of two layer pavements
using this graphical technique is briefly described as follows. Values of
g£3 with w being the observed surface deflections, are plotted versus r using
logarithmic scales, as in Figure 4. This curve is then superimposed on a chart
containing many curves computed for different Ey/E» and r/h ratios (Figure 5).
The Tocation on the observed deflections plot r/h = 1.0 is aligned with a
similar Tlocation bn the chart. The plotted curve is then moved vertically
up or down until it best matches one of the(computed curves on the chart
or a best fit between two of the computed curves is found (Figure 6). The ratio

E1/E? and the value of E2 are read directly from the chart. The value of E1

is calculated from Equation 20 as follows:

A more detailed explanation of this graphical method for obtaining elastic

moduli of pavement materials from surface deflections as well as limitations

19
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Figure 6:

r/h
Example showing the chart superimposed in '"best fit"

position on the deflection plot. In this case, %l
2

is found to be equal to 30 and the value of E, is
found to be 22,000 psi. Accordingly, E; is 22, 000 x 30

or 660,000 psi.
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on its use can be found in reference (6).

EMPI

An empirical equation for predicting surface pavement deflections of
an elastic pavement structure was derived by Swift (7). The results
obtained using his equation are in close agreement with results obtained
from solutions based on Burmister's equations. The equation for surface

deflections of an elastic pavement structure derived by Swift is as follows:

_ , 2 4
3P 1 .1 ] r . rx 3rx
W= e e - ) By e ) (21)
4t r E] 2 E] L 2L3 2L5
where
L = e+ G
E, + 2E
X = 2n3 |12
3E2

P, r, and h = same as defined previously.
The advantage of this equation for obtaining predicted surface deflections
is the ease of its use and the speed of solution as opposed to the more
complicated equations from Burmister.

The empirfca] equation described above was used by Moore to compute the
eTastic moduli of simple pavement structures (8). The equation was rewritten

in the following form:

E 2 4
A 3P 1 1 1 a 3a
R LR LB L RS} (22)
4TrE] r E2 X 2X3 2X‘5'
where
X = r2 + a2
1, B
a=2n13% /B2
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P, r, h, E], E2, and & = same as defined previously.

If the surface deflections of the pavement are measured with the Dynaflect,

the only unknowns in the above equation are E]

and E2

and E2. If the set of E

1

values can be found such that the predicted surface deflections

& calculated from the equation approximate the observed surface deflections

within the accuracy range specified, then these values can be taken to

represent the elastic moduli of the simple pavement system. The "best fit"

between the predicted and observed surface deflections was determined to

be the minimum value of the root mean

observed surface deflections as shown
RMSE =\l]ﬁ w. - §)2
i

1 i
In order to use Equation (22) to

Heos

which provided the "best fit" between

deflections, the equation was written

square error of the predicted and

below:
(8)

calculate the values of E] and E2
the observed and predicted surface

in the general form below:

A

w=By - f(r, h, B)) +e
_ 3P
where B0 = 4ﬂE]
E
B, = /F2
e = a prediction error (w - &).

The minimum RMSE which determined the best fit was obtained by an iterative

process consisting of several steps. A trial value of B] was selected

first, and then five values of the function f were computed for the values

of r at which surface deflections were measured. A B0 value corresponding

to the trial value of B] was obtained from the equation below:
5 5 2

B, = E wifi / z fi

0 =1 i=1

(23)
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The predicted surface deflections for the trial value of B0 and B] were
calculated and the RMSE computed.

These steps were repeated until RMSE's for 21 logarithmically spaced
trial values of B], chosen to cover the entire range of reasonable values
of E]/Ez, were computed. The smallest RMSE value was selected as the
starting point of a Fibonacci search technique which determined the B0
and B] values which gave the absolute minimum RMSE. From these two
values, the elastic moduli of the individual pavement layers was computed

from the following equations:

- 3000 ' (24)

By = 4 B
_ 3000
E2 = 4w B8, (25)

The solution process described above was converted to a computer code
which provides a faster means of obtaining elastic moduli from surface
deflections than the previous method by}Scrivner, et a1.>(4),

A more detailed explanation of the computer code and certain limitations

on its use can be found in reference (8).
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EMPIRICAL RELATIONS BETWEEN BASE COURSE ELASTIC
MODULUS AND STIFFNESS COEFFICIENT

A pavement evaluation (13) project, conducted by TTI under a joint
contract with the City of Houston and Harris County, determined the
elastic moduli and stiffness coefficients of a variety of base courses
and subgrades within their jurisdictions. In-service pavements were -
tested by the Dynaflect and analyzed by program EMPI to calculate elastic
moduli and program STIF5 to calculate stiffness coefficients. The tests
were run during the cold months of the year on materials such as cement
stabilized shell, black base, and other stabi]ized materials whose stiff-
ness coefficients were usually much higher than those normally found in
Texas. The stiffness coefficients ranged from 0.68 to 2.14. In addition,
samples of base course and subgrade materials were cored and tested in a
commercial 1aboratory to determine the elastic modulus. |

The Tinear correlation of the elastic modulus of base course materials
(E) calculated by EMPI and the stiffness coefficient (S) computed by STIF5
of 82 observations can be represented by

E = -276,242 + 799,622 S

(N = 82, R2 = 0.787, C.V. = 81.5%, S.E. = 338,232)
A convex quadratic function shows a better fit:

E = 80,018 - 460,141 S + 526,390 $2

(N = 82, R2 = 0.935, C.V. = 45.3%, S.E. = 187,849)
However, the elastic modulus determined in the laboratory is not correlated
with the elastic modulus determined by EMPI (RZ = 0.046 by quadratic function),
nor correlated with the stiffness coeffieient determined by STIF5 (R2 = 0.034

by quadratic function).
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These empirical correlations are useful for converting stiffness
coefficients into elastic moduli. Thereforé, it is now possible to use
the pattern search method in SCIMP-PS to determine stiffness coefficients
for an n-layer pavement_(5 is the practical maximum) and use the above
empirical relation to infer elastic moduli for all of the layers. The
accuracy of the result is, of course, 1imitedbby the range of data from
which the equation is drawn. The linear relation will give negative E's
for stiffness coefficients below about 0.34. The quadratic relation gives

negative E's for stiffness coefficients below about 0.22.
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CONCLUSIONS AND RECOMMENDATIONS

The several methods for computing stiffness coefficients or elastic
moduli of materials in existing pavement structures from observed surface
deflections have been presented and briefly discussed.

Each method described has been used or is available for use by pavement
designers or researchers wno need accurate measurements of pavement stiffness
coefficients or elastic moduli.

0f the four methods for computing material stiffness coefficents (STIF2,
STIF5, SCIMP, SCIMP-PS), STIF5 and SCIMP give the most accurate results.
SCIMP has the capability of finding the stiffness coefficient of any selected
layer for which the stiffness coefficient volume is unknown. SCIMP-PS
is the only method available for calculating all the stiffness coefficients
in an n-layer pavement.

The program EMPI gives the most accurate estimates of elastic modulus
from surface deflections. The theoretical equation in EMPI for surface
deflections agrees closely with results from Burmisterfs theory and the
theoretical equation eliminates the approximations and numerical intregra—
tions which Timit the accuracy of ELASTIC MODULUS I and ELASTIC MODULUS II.

A graphical technique for obtaining elastic moduli of simple two layer
permanent structures from surface def]ections is available also.

The different methods presented herein may be chosen by the user to

best suit the user's needs and available data and computational resources.
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APPENDIX A

DOCUMENTATION OF A METHOD OF COMPUTING STIFFNESS COEFFICIENTS IN SIMPLE TWO
LAYER PAVEMENT STRUCTURES USING FIVE OBSERVED SURFACE DEFLECTIONS, COMPUTER
PROGRAM STIF5.
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INTRODUCTION

In 1968 Scrivner and Moore (11) presented an empirical deflection
equation deve]opéd from a mathematical modei fitted to Dynaflect data gathered
on a set of experimentally designed pavement test sections. The equation
contained a material property constant for each layer called a "layer
stiffness coefficient". In addition to the equation} they presented a
technique for estimating layer stiffness coefficients for materials in
existing two layer pavement structures from measured surface deflections.

Included herein is the documentation of a modification to the technique
for estimating layer stiffness coefficients in pavement structurés that can
be represented as a pavement layer of known thickness resting on an infinitely
thick subgrade. The modified technique calculates the two coefficients that give
a least squares fit to the entire deflection basin rather than an exact
fit of two selected points on the basin. In some cases the latter technique
yields deflection predictions which have rather large errors and the modified

technique overcomes this problem.
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PROGRAM IDENTIFICATION

Title: Documentation of a Method of Computing St1ffness Coefficients in
Simple Two Layer Pavement Structures Using Five Observed Surface.
Deflections, Computer Program STIFS.

Language: FORTRAN IV and IBM 360 Assembly Language

Machine: IBM 360/65

Programmer: G.W. Turman

Avai]abi]ity: Department of Pavement Design

' ‘Texas Transportation Institute

Texas A&M University
College Station, Texas 77843
Phone (713) 845-3735

Date: August 1974

Source Deck: Approximately 500 cards

Storage: 110 k bytes

Timing: (1) Compilation time - 0.40 minutes

(FORTRAN G Compiler)
(2) Execution Time - dependent on number of data observations,
0.25 minutes for 21 data observations

Output: (1) Program list - approximately 500 lines
- (2) Program Output - one page per problem (30 lines per page)

Documentation: Michalak, C.H., Lu, D.Y. and Turman, G.W., "Determining
Stiffness Coefficients and Elastic Moduli of Pavement
Materials from Dynamic Deflections", Research Report 207-1,
Texas Transportation Institute, 1976.
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- PROGRAM DESCRIPTION

The data for STIF5 is input to the main program as described in the
input guide.‘ The deflections at each radial distance are calculated from
the geophone deflection readings and multipliers on the appropriate data
cards. The Surface Curvature Index (SCI) is also calculated, SCI = W1 - W2.
If any W (deflection) is equal to zero, or if any W is greater than its
preceding W, the cases are flagged to denote data errors and are not
used for further calculations. If the W's are valid observations they are
passed to subroutine STIF5 along with the total pavement thickness for the
stiffness coefficients and RMSE calculations. |

STIF5 returns to the main program the stiffness coefficients for both
subgrade (AS5) and pavement (AP5) along with their corresponding RMSE's.
The counter N (the number of sets of observations) is incremented and the
program reads the next data card and continues the process until all
stations in a section are read.

A loop is set up to print the stations numbers, measured and predicted
deflections, SCI's, stiffness coefficients for the subgrade and pavement
and RMSE's for all data observations. Messages for the following situations
are printed for’which a data observation is not used in the calculations:

1. Data observation computes a negative SCI in which case the
message 'NEGATIVE SCi OTHER CALCULATIONS OMITTED' is printed.

2. Data observation where any W is equal to zero. 'ERROR IN DATA'
is printed. |

3. When the minimum value for RMSE is where the stiffness coefficient
of the pavement is less than .1, the message 'MIN. RMSE AT Al LESS THAN
RANGE SEARCHED' is printed.

4. When the minimum value for RMSE is when the stiffness coefficient
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of the pavement is greater than 7.4 the message 'MIN. RMSE AT Al GREATER
THAN RANGE SEARCHED' is printed.

5. If a value for A(1) between .1 and 2.0 does not yield a positive
B value (Equation in 3), other calculations are omitted and the message
'MIN. RMSE_____iNDICATED AT THE VALUE A1=N~_¥ AT THIS POINT THE VALUE
OF A2 CANNOT BE CALCULATED' is printed.

After all data and any error messages for a section are printed, the
average deflections, SCI's, stiffness coefficients of the subgrade and
pavement, standard deviations and RMSE are calculated. These averagés are
then printed along with the number of points used in ca1cu1ating each
average. Definitions of the heading abbreviations are given next in
footnote form.

The program then returns to its beginning to read data for another
section or terminates execution normally when all data have been read.

For the equations used in STIF5 and an explanation Qf how they are
used to calculate the stiffness coefficients, see page & of the main

report.
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START

fii__.______________

SELECT THE READ
STATEMENT FOR EACH
CARD TYPE

READ EACH
CARD

PRINT THE HEADER
CARD AND LAYER
CARD INFORMATION
AND THE OUTPUT
COLUMN HEADINGS

CALCULATE THE
DEFLECTIONS

PRINT
ERROR
MESSAGE

CALL STIF5 T CALS
THE A1 AND A2 VALU
EACH MRSEZYaTI N

CALCULATE DEFLECTIONS |
USING CALCULATED 3" !

AND A2 VALUES 400 ™
SUMS AND CouNTIRS

STIF5
(MAIN)

PRINT OBSERVED
AND CALCULATED

CALCULATE AVERAGES &
STANDARD DEVIATIONS

PRINT AVERAGES
AND STANDARD
DEVIATIONS

ENTRY

FIND THE LAYER OF THE
HUNKNOWN PAVEMENT COEFFICIENT

ESTIMATE THE COEFFICIENT

FOR EACH TRIAL

|

’ CALL DELTA TO CALCULATE|
THE Ki AND Fi VALUES

}

CALCULATE THE Bgp VALUES
FOR THE TRIAL
COEFFICIENTS

R

CALCULATE THE RMSE
FOR THE TRIAL
COEFFICIENTS

CALL FIBO TO FIND THE
PAVEMENT COEFFICIENT AT
THE MINIMUM RMSE

| CALL ANS TO CALCULATE
THE SUBGRADE COEFFICIENT

RETURN

LYVHIMO T4



FIBO

ENTRY

DETERMINE AREA TO
SEARCH FOR MINIMUM RMSE

PERFORM FIBONACCI SEARCH
CALL FUNC TO CALCULATE
AN RMSE FOR EACH Al
VALUE UNTIL MINIMUM
RMSE IS FOUND

ENTRY -

RETURN

CALL DELTA TO CALCULATE
THE F2 AND f2 VALUES
FOR THE FINAL SOLUTION

Al_VALUE
¥

CALCULATE THE
B2 VALUES FOR Al

CALCULATE THE SUBGRADE
COEFFICIENT A2

( RETURN )

FUNC

ENTRY

CALCULATE THE F2
VALUES FOR EACH
TRIAL VALUE OF Al

CALCULATE THE f2
VALUES FOR EACH
TRIAL VALUE OF Al

RETURN

i

( ENTRY )

CALL DELTA TO
CALCULATE THE F2 & f2
VALUES FOR EACH Al

CALCULATE THE Bg
VALUES FOR EACH Al

CALCULATE THE RMSE
FOR THE A1 AND A2 VALUES

{ RETURN )




no

S NaNal

PROGRAM LISTING

STIFS == STIFFNESS COEFICIENTS == MAIN PROGRAM (FIVE DEFLECTIONS)

DIMENSICN STA(200)W(200:5S)eD(10),AW(S) 4AWV(5),APS(200),
#ASS(2720),LAIIS)IZLAZ2(S)LAZ(S)LAG(S) +LAS(S)LAB(S)IA(20),SCI(200),
KIXDATE(2) s COMM(7),REM(20044),SSW(S) +SDW(5)RMSE (207 )sWC(5)eR(S),
*SSWC(S5) s AWCI(S) ¢AWCV(5) 4, SOWC(S),; ISAVSW(200)

REAL * 8 STAWDASDAP,DBLERMSE, AVRMS

QOUND( X+EVEN ) = AINT( ( X + EVEN # &5 ) / EVEN )

*+ & EVEN
17 CONTINUE
READ(S+1+,END=1000) NCARDs ( A(I)s I =1 , 20 )
1 FORMAT( I3, 19A4,A) )

CALL CCGKF ( a, 80 )

IF(NCARDOEQe100) GO TO 11

IF(NCARDeEQe200) GD YO 12

IF(NCARDeEQe300) GO YO 13

14 I=N + 1

READ(S96) CONT oSECT DM DAY s YEARSSTA(I ) 4 (D(K) sK=1412),

®(REM(TsJ)eJ=1+4),ICK
6 FORMAT(3Xs AR s4A2,A7+3X +S(F2e1:F302) +8Xe4A4,12)

IF(I ¢EQe 1 ¢ANDs ICC «GTe 0) GO TO 222

IF(I oEQe 1 oANDe PN o+EQe 1e0) GO TO 222

IF(N ¢GTe 9) GO TN 555

IF(LD «GTe O0) GO TO 555

PRINT 61 '

€1 FORMAY(/+,7Xs*LOCATION w1 w2 w3 wa ws . SsCt
*ASS APS RMSE *,/)
GO YO 585
22?2 CONTINUE

PRINT S1

PRINT §2

PRINT 53,DIST

PRINT S4

CALL DATE(IXDATE)

PRINT 55, IXDATE

PRINY 56,DIST,C01.,C02,C03,C04

PRINT 57, CONT SECTJOBsHWY1 sHWY2 XL ANE sOMDAY,YEAR DYNA

PRINT S8, (COMM(K)sK=1,47),+DP

PRINT 61

555 CONTINUE

L =21

DN & J=1,5

W(lIsJ) = DIL) = D(. +.1)

L=L + 2

4 CONTINUE
SCI(YI) = W(ls1) - W(l,2)

TESYT FOR w1l NR W2 = 0, AND Wl LESS THAN w2

IFIW(T+1)eEQe O oNRe W(I,2) oEQe 0O) GN TO 21
IF(W(ls1) oLTe W(I,2)) GO TO 22
DO 7 J=2.4 )
IF(W(Tl,J) oLTe wW(I,J+1)) GO TO 23
7 CONTINUE
ISw = 1
CALL STIFS(DBLE(W(I»1))+DBLE(W(1+2))+DBLE(W(I,+3)),DBLE(W(I, 4)),
*DBLE(W( I +S)),DBLE(DP) yDAS;DAP 4RMSE(I ) ,ISHW)
ASS(1) = DaAS
APS5(1) = DAP
Isavsw(I) = ISw
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N=N+1
IFCICK oEQe 0) .GO TO 10
GO YN 80
11 RFAD(S+2) DISTCO14C02+C03+COAsCONTHSECT U083, HIYIHWY2, XLANE ,OP,
EDMDAY ¢ YEARDYNAJ(COMM(I),I=1,7)
2 FORMAT( 3X, A2,3A4,42,44402,A2,44,043,A3,FS¢2,442,784 )
PRINT 51
S1 FORMAT( *1°¢ )
PRINTY 52
§2 FORMAT(3SX,*TEXAS HIGHWAY DEPARTMENT? /)
PRINT S3,DIST
63 FORMAT(3I3X,*DISTRICT *eA2,* ~ DESIGN SECTION' /)
PRINT Sa&
54 FORMAT (18X *DYNAFLECT DEFLECTIONS AND CALCULATED ¢,
¢ISTIFFNESS CDEFFICIENYS /)
CALL DATE(IXDATE)
PRINT 55, IXDATE
55 FORMAT (24X *THIS REVISED PROGRAM (MARe 74) WAS RUN ',2A4/)
PRINT S56.DIST»CO01,202+C03,C04
PRINT S7,CONT,SECTs JOBy HWY1 s HWY 2, XLANE,DM DAY, YEAR, DYNA
" PRINT S8 (COMM(K) oK=] 47 ) 4DP o
€3 FORMAT (10X s7A4:2Xs'PAVe THICKe = *,F5,2,' INCHES® /)
N =0
LD = 0
DO 15 JU=1,5
AW(J) = 00

SSw(J) = 040
SDW(J) = 060
AWC(J) = 040

SSWC(J) = 040

SOWC(J) = De0
153 CONTINUE

ASCI = 0,0

SSSC1 = 060
SDSCI = 00
SSSCIC = 00
ASCIC = 0e0
AASS = D60
SSASS = 060
SDASS = 0e90
AAPS = Qo0
SSAPS = 040
SDAPS = 040
AVRMS = CeO
R(1) = 100,
R(2) = 244.
R(3) = 676,
R(4a) = 1396,
R(S) = 2404.
C = +8911

Cl = 84,5029
CC = 6425
GO YO 19

READ £ PRINT INFDRMATION ON DATA CARD 2
12 READ(S.3) (LA (I)4I=1e5),T1,(LA2(TI),I=1,5),T2,
* (LA3(I)eI=1e5),73
3'FOQMAT(3X' SA8,F802+5A6 4F4,2¢5A4,Fa,42)
PRINTY 59 (LALT(ID)+T=1,5),T1.,(LA2(1),I=1,5),T2
PRINT 59, (LA3(I)e1=1,5),T3
SO FORMAT (16X, SASIXsFSe21S5Xe5A4,1X,FSe2/)
GO YO {0
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READ €& PRINT INFORMATION ON DATA CARD 3,1F PRESENT
13 READ(S+:3) (LAA(I)sI=145)sTAs(LAS(I)»I=1+45)+TS,
* (LAG(I),I=1,5), T6
PRINT SO, (LAA(1)+1=1sS)sTAs(LAS(III=1+5),T5
PRINT S9, (LAG(I)+I=1,+5),TE
GO YO 10
23 CONTINUE
ASS(1) = 55555
APS(1) = 55555
N =N+ 1
IF(ICK «EQe ©) GO 7O 10
GO YO 80
22 CONYINUE
ASS(1)Y = 7777777
ARPS(1) = 7?77P7T7TY
N =N+ 1
IF(ICK ¢EQe 0) GO TO 10
GO T0O 80
21 CONTINUE
ASS(1) = 888888
APS(T1) = 888888
N=N+1
IF(ICK «EQe O0) GO TO 10
B0 CONTINUE
Lo =0
MNT = O
DO 52 1I=1,N
IF(ASS(I) ¢EQe 7777777) GO TD 24
IF(ASS(I) <EQe. B888888) GO TO 25
IF(ASS(I) «EQe 55555) GO TDO 26
ISW = ISAVSW(I)
G0 TO (100,200,300,400) , ISW
100 CONTINUE
DO 111 K=1,5
DAPS = (C/APS(I)*%xJ1)*%(1e/R(K)I=(1e/7(R(K) + (CCRAPS(I[)®%2%DP*%2))}))
DASS = {(C/7ASS(I)*%C1)*(14/7(R(K) + (CC*APS(I)%42%DPk%2)))
wC(K) = DAPS + DASS
SSWC(K) = SSWCIK) + wC(K)*x*2
AWC(K) = AWC(K) + wWC(K)
111 CONTINUE
SCIC = WC(1) - wC(2)
SSSCIC = SSSCIC ¢+ SCIC#¢x2
ASCIC = ASCIC + SCIC
PRINY 63STA(I I (W{1sJ),sJ=1+45),S5CI(1)
63 FORMAT (7X3AT+1Xs6(2XsFS5e3))
PRINTEB s (WC(K ) oK=145)»SCIC,ASS(1I),APS(1),RMSE(])
68 FORMAT(T16,6(2XF503)32(2XeFl8e2)sTT75:FBets/)
GO TO 110
200 CONTINUE
PRINT 163.STA(I)
163 FORMAT (7X, A7 ¢3Xs *MINe RMSE AT Al LESS THAN RANGE SEARCHED ', /)
MNT = MNY + 2
LO = LO + 1
GO TN 50
200 CONTINUE
PRINT 263+STA(TI)
263 FORMAT(7XsAT 43X, "MINe RMSE AT Al GREATER THAN RANGFE SEARCHFD'./)
MNY = MNT ¢+ 2 i
LO = LO « 1
GO TO 50
400 CONTINUE



WRITE(6,363) STA(L) RMSE(I)APS(])
363 FORMAT(7X4A7+3 Xy "MINGRMSE(?®,FBed4,%) INDICATED AT THE VALUE Al= °*,
®F8e2¢/ 917X *AT THIS POINT THE VALUFE OF A2 TANNOT BE CALCULATED')
MNT = MNT + 2 .
LO = LO + )
GO YO 590
110 CONTINUE
AASS = AASS ¢ ASS(I)
AAPS = AAPS + APS(1)
SSASS = SSASS + ASS(l)¥%2
SSAPS = SSAPS + APS(l)*¥2
AVRMS = AVRMS + RMSE(1)
MNT = MNT + 3
DO 16 M=1,5
SSW(M) = SSW(M) + W(I M)%k2
16 AW{M) = AWIM) ¢+ wW({I.M)
ASCT = ASCI + SCI(])
SSSCY = SSSCI + SCI(Il)*®%2
IF(MNY oGEe 30) GO TO 31
GO TO S50
31 PRINT 51
PRINT 56,DIST,CD1,C02,C03,C0a

56 FORMAT( T35,°'DIST, COUNTY®*/T36+A24s9Xes3A4,A2 /)
PRINY 57, CONT,SECT»J0OBsHWY1 sHWY2 s XLANEsDMsDAY s YEAR,DYNA
57 FORMAT(T19,*CONT, SECTe J0B HIGHWAY DATE?", )
. DYNAFLECT® / T19,A4:SXsA2:5X1A2:2XsA8,2A3,2X4A2,'=",4A2,
LALARY V- T e SV VIV 4]
PRINT 61
MNT = 0
GO TN SO

24 PRINT 65,STA(I)W(1s1)eW(I,42)
65 FDRHAT(?X-AT.IX.Z(F7.3)oZX-'SC! ZERO OR LESS OTHER CALCULATIONS *,
®OOMMITED? /) '
MNT = MNT + 2
LO = LO + 1
GO TO SO
25 PRINT 65,STA(I)
€6 FORMAT(7XsA7+3IX+*'ERROR IN DATA',/)
MNT = NMNT & 2
LO = LO + 1
GO TO SO
25 PRINT 361,STA(I)s(W(1,J)50=1,5),SCI(1)
361 FORMAT (X9 AT7 el Xeb(2XsF5e3))
PRINT 67,STA(1)
€7 FORMAT (7X s A7 +3Xe *NOTE DISCONTINUITY IN DEFLECTIONS®,./)
MNT = MNT + 2
LO = LO + 1
=N CONTINUE
CALCULATE AVERAGES
N = N= L0
PN = N
DO 17 M=1,5
AWCV(M) = AWC(M) / N
17 AWvV(M) = AW(M) / N

ASCIV = ASCI / N
AAPSY = AAPS / N
AASSY = AASS / N
ARMSY = AVRMS / N

ASCICV = ASCIC / N
IF(N oLEe 1) GO YD 999
D0 112 M=1,5



191

96

97

98

198

199

333

1000

e

»

(N * (AWCV(M)I®**2))) 7 (N = 1 )
(N * (AWV(M)%%2))) / (N = 1))

(N & (ASCICV®%*2))) / (N=1))

SDOWC (M) = SQART((SSWC(M)
SDW(M) SQRT((SSW( M)
SDSCIC = SQRT((SSSCIC -

SDSCI = SQRT((SSSCI = (N * (ASCIV*%2))) /7 (N - 1))
SDASS = SQRT({SSASS = (N ¢ (AASSV**2))) / (N - 1))
SDAPS = SQRY({SSAPS = (N * (AAPSVXX2)})) / (N - 1))

PRINT 81 (AWV(J) sJ=1,+5),ASClYV

FORMAT (/27X " AVERAGES ' , 6(2X,F543)) .

PRINTY 70.(A!CV(J)0J=1.5).ASCYCV.AASSV.AAPSV.ARMSV

FORMAT{TIO6+86(2XsFSe3)22(2XsF442) sT75:sFBed /)

PRINT 113,(SDW(J)eJI=1+5)+SDSCI

FORMAT (77X *STD DEV ' ,6(FT7e3))

PRINT 114,(SDWC(J)+J=1+5)+SDSCIC+SDASS.SDAPS

FORMAT (T16 46( 2X+FSe 3)32(2XsFae2),7)

PRINY 824N

FORMAT(7X, *"NUMBER OF PDINTS IN AVERAGES

CONT INUE

PRINT 91

FORMAT(/10X,*'W1~-5

AND 5¢)

PRINY 191

FORMAT (16X *CALCUATED DEFLECTIONS AT GEOPHONES 1,24+3:4 AND 57)

PRINT 96

FORMAT( 10X,*SCI
s w2)e¢ ]

PRINT G7

FORMAT (10X ASS

PRINT 98

FORMAT (10X, *APS

PRINT 198

FOQMAT(‘DXy'R"SE

PRINY 199

FORMAT (16X, *MEASURED AND CALCULATED DEFLECTIAONS?®)

DO 333 J=1,5

AWC(J) = 0.0

*I3)

MEASURED DEFLECTIONS AT GEUPHONZIS 1.:293.4°,

SURFACE CURVATURE INDEX ( Wi MIN®,

STIFFNESS COEFFICIENT OF THE SUBGRADE?)
STIFFNESS COEFFICIENT OF THE PAVEMENT?')

RODT MEAN SQUARE OF THE ERRDRS BETWEEN')

SSWC(J) = 0.0
SDWC(J) = 0,0
AWC(J) = 0e®
SSw(J) = 0.9
SOW( J) = 0.0
CONTINUE
SSSCIC = 040
ASCIC = 0Oe”N
ASCI = 060
SSSCI = 060
SDSCI = 060
AASS = 0e0
SSASS = 060
SDASS = 0e0
AAPS = 040
SSAPS = 0,0
SDAPS = 00
AVRMS = 0e9
Lo = n

N =0

GO TO 10
CONT INUE
sTOP

END

SUBROUTINE STIFS(W1.W2,W3,Wa,W5,D01,A2,AB,RMS,15wW)

IMPLIC

IT REAL*8B8(A-H,0~2)
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DIMENS ION A(30)4X(5) s W(5),R{S),E(S),A0(5) ,RMSE (30)
COMMON/D/R +W s N ’ :

N = 8

w(1) = wi
w(2) = w2
w(3) = W3
wi{a) = we
w(s) = WS
C2 = 6425

CO = 8911
Cl = 4,5029
Bl = 2709
R{(1) = 100
R(2) = 244,
R(3) = 676
R(4) = 1396,
R(S) = ZQO‘.
A{1) = o1
DLTA = o1}
KNY = 0

JNT = 0

11 CONTINUE
DO 20 J=2,20
20 A(J) = A(J-1) + DLTA
DO 30 J=1.20
Al = a(y)
DO 40 I=1,N

Tl = CO /7 (A1**C1l)
T2 = 1e 7 R(I)
X1 = (A1%D1) * (A1%D1)

X(1) = 1le 7 (R{I)#(C2 * X1))
AD(TI) = T1 % (T2 = X(1))
a0 CONTINUE
SMXW = 0460
SMXSQ = 060
SMESQ = Oe”
DO SO0 I=1.N
SMXW = SMXW ¢ X(1) * (w(I) - AQ(I))
59 SMXSQ = SMXSQ + X{I) * X{(I)
B = SMXMW /7 SMXSQ
DO 60 I=1,N
ECTY = WCI) = ((B * X(1)) + AO(I))
- 60 SMESQ = SMESQ + E(I) * E(I)
AMSE = SMESQ / N
RMSE(J) = DSQRT(AMSE)
30 CONTINUE
K = 20
TEMP1 = RMSE(1)
tsuBt = 1
DO St L=1,K
IF(RMSE(L) «GTe TEMP1) GO TO 51
TEMPY = RMSE(L)
I1sust = L
51 CONTINUE
IF(ISUB1 oNEe 1) GO TOD 41
ISw = 2
GO TO 10
4] CONTINUE
IF(ISUB1 «NEe 20) 50 TO S2
A(1) = a(Isusl - 1)
KNT = KNT + 1



52

19

IF(KNT (NEe 3) GO TO 11

ISw = 3

GO YO 10

CONT INUE

Z1 = a(rsusl - 1)

22 = ACISUBL + 1)

NOT = 14

CALL FIBO(NOI,Z1,224,ABsRMS,D1)
CALL ANS(AB.D1¢A2)

IF(A2 o+NEe 22222¢) GD TO 10
ISW = &

CONT INUE

RETURN

END

SUBROUTINE FIBO(NsX1sX2sXsYeD1)
IMPLICIT REAL¥8(A=H,0-2Z)
DIMENSION FIB(29)

FIB(L) = 1.
FIB(2) = 2
FIB(3) = 3.
FIB(4) = S,
FIB(5) = 8.
FIB(6) = 13,
FIB(7) = 21
FIB(8) = 34,
FIB(9) = 55
FIB(10) = 89,
FIB(11) = 144,
FIB(12) = 233
FIB(13) = 377,
FIB(14) = 610.
FIB(15) = 98T
FI1B8(16) = 1597,
FIB(17) = 2584,
FIB(18) = 4181%.
FIB(19) = 6769
FI1R(20) = 10946,
DX=(X2=X1)/FIB(N)
XL=X1

XR=X2

N=N=1

X=XL+FIB(N)®DX

CALL FUNC(XsVR+D1)
N=N=1

X=XL+F IB(N)*DX

CALL FUNC(XsVL +DY)
IF(NeEQel) GO TO 4
IF(VLaGTeVR) GO TO 3
XR=XR=FIB(N)*DX
VR=VL

GO TO 1
XL=XL+FIB(N)®DX
vL=VR

N=N=1

X=XR=FIB(N)*DX

CALL FUNC(XsVRD1)
GO TO 2

IF(VLeGTaVR) GO TO 7
IF(XLesEQeX1) GO TD 5
X=XL+DX

Y=vL



RETURN

CALL FUNC(X1sVsD1)
IF(VeGTeVL) GO TO S

X=X1

Y=V

RETURN

IF(XReEQeX2) GO TO 9
X=XR=DX

Y=VR

RETURN

CALL FUNC(X2sVs01)
IF(VeGTeVR) GO TO 8

X=X2

Yy=v

RETURN

END

SUBROUTINE ANS(A1,D1.,A2)
IMPLICIT REAL®8(A-H,0-Z)
DIMENSION A(30)sX(S)sW(S),R(5),E(S),AD(S)
COMMON/D/R oW N

CO = +8911

Cl1 = 445029

C2 = 64285

81 = 2709

DD 1 I=1.N

T1 = CO 7/ (A1%%C1)

T2 = te /7 R(LI)

X1 = (A1*D1) * (A1%D1)

X(1) = 1o /7 (R(1) ¢ (T2 %= X1))
AD(I) = T1 % (T2 - X(CI))
CONTINUE

SMXW = 0e0

SMXSQ = 060

SMESQ = 0.0

DO 2 I=1,N

SMXW = SMXW + X(1) * (w(l) - AD(I))
SMXSQ = SMXSQ + X(I) * X(I)

8 = SMXWw / SMXSQ

IF(B «GTe 0e0) GO TO 9N

A2 = 22222

GO TO &

CONT INUE

CA = 1, 7 C1

A2 = (CO / B)e*CA

CONTINUE

RETURN

END

SUBROUT INE FUNC{A1,RMS,D1)
IMPLICIT REAL*8 (A=-H,0-2Z)
DIMENSION A(30) +X(S)sW(S)sR(S5),,E(S),AD(S)
COMMON/D/R ¢ W s N

CO0 = +8S11

Cl = 84,5020

C2 = 6425

B1 = 42709

DO 1 I=1,N

Tl = CO /7 (A1%*%xC}1)
T2 = 1e 7 R(1)

X1 = (A1%D1) * (A1%D1)
X(I) = te 7 (R(I) ¢ (C2 * X1))
ADCI) = T1 & (T2 = X(I))
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1 CONT INUE

€n

SMXWw
sSMxsa
SMESQ

0e0
Oe 0
Oe0

DO 2 1=1.N

SMXw

SMXW + X{(I) * (W(I) - AOQ(I))

SMXSQ = SMXSQ + X(I) * X(1)
A = SMX® / SMXSQ
DO 60 I=1,N

E(1)
SME SQ
AMSE
RMS =
RETUR
END

N

W(I) = ((B *# X(I)) + AO(I))
= SMESQ ¢ E(1) *= E(I)

SMESQ / N
DSQRT(AMSE)
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AAPS
AAS5
AAP5V
AASSV
AP5
AS5
ASCI

ASCIC

ASCIV
ASCICV

AW

AVRMS

AWCY

AWV

c

1

cc

COMM

CONT

CORE
€01,€02,€03,C04
D

NAME DICTIONARY

Dummy array used with subroutine CORE to select the correct
input format for each card read

Sum of pavement stiffness coefficients

Sum of subgrade stiffness coefficients

Average pavement stiffness coefficient

Average subgrade stiffness coefficient
Stiffness coefficient of the pavement
Stiffness coefficient of the subgrade

Sum of (W1 - W2); W1 - W2
measured deflections

Surface Curvature Index for

Sum of (W1 - W2); W1 - W2 = Surface Curvature Index for

predicted deflections

Average‘Surface Curvature Index for measured deflections
Average Surface Curvature Index for predicted deflections
Array of the sums of geophone deflection

Average of RMSE's

Avefage of the predicted deflections

Average of measuredvdeflections

Assigned value of .8911

Assigned value of 4.5029

Assigned value of 6.25

Comments related to the project

SDHPT control number

Subroutine to re-read a card under format control

County name

Array of measured geophone readings and accompanying multipliers
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DAP - Pavement stiffness coefficient as calculated in subroutine

STIFS

DAS ~ Subgrade stiffness coefficients as calculated in subroutine
STIF5

DATE An IBM subroutine that returns the current month, day,
and year :

DAY ' Day the deflections were measured

DIST ‘District number |

DP Total pavement thickness

DYNA Dynaflect number

HWY 1, HWY 2 Highway name and number

I Pointer for data read into storage
ICK Switch to indicate last data card in each section
ISW Déhotes type of message to be printed for each set of
- deflections not considered valid
ISAVSW Array for ISW
IXDATE Return arguments for subroutine DATE .
(month, day, year)
LAl Description of material in layer 1
LA2 ‘Description of material in layer 2
LA3 Description of material in layer 3
LA4 Description of material in layer 4
LA5 Description of material in layer 5
LA6 Description of material in layer 6
LO | Counter for data cards not considered
M : Month the deflections were taken
MNT Counter to control printing of 20 lines per page

N Counter for number of data cards read
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NCARD

R

REM
SECT
STIFS

SCI

SCIC

SDAPS
SDAS5
SDSCI
SDSCIS
SDW
SDWC
SSAPS
SSASS
SSSCI
SSSCIC
SSW
SSWC
STA

T1

T2

T3

Denotes card type

100 = Project identification card v
Existing pavement description card (layers 1, 2, 3)

200 =
300 = Existing pavement descrjption card (layers 4, 5, 6)
400 = Data card (geophone readings and multipliers)

Array of distances from load wheels

Dummy array to allow reading of standard data cards

 SDHPT section number for the highway

Subroutine that takes 5 deflections and pavement thickness
and returns with values for Al, A2, RMSE and ISW

Surface Curvature Index (Wl - W2), in mils, for measured
deflections

Surface Curvature Index (Wl - W2), in mils, for predicted
deflections

Standard deviation bf the pavement stiffness coefficients
Standard deviation of subgrade stiffness coefficients
Standard deviation of the SCI's of measured deflections
Standard deviation of the SCI's of predicted deflections
Standard deviation of the measured deflections

Standard deviation of the predicted deflections

Sum of the AP5's squared

Sum of the AS5's squared.

- Sum of measured deflections SCI's squared

Sum of predicted deflections SCI's squared
Sum of measured deflections squared

Sum of predicted deflections squared
Station number

Layer 1 thickness

Layer 2 thickness

Layer 3 thickness
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T4 ‘Layer 4 thickness

T5 Layer 5 thickness

T6 Layer 6 thickness

W Array of measured geophone deflections
WC Array of predicted deflections

XLANE - Traffic lane and direction

YEAR Year the deflections were taken
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INPUT GUIDE

The data input format for the main computer program is thé same as
that used by several previously written computer prograﬁé that Compute
pavement strength properties from Dynaflect data, namely the Texas State
Department of Highways and Public Transportation stiffness coefficient
program, ELASTIC MODULUS I, and ELASTIC MODULUS II. Each input data card
is read into a storage area and the subroutine>CORE is used to select the
read statement and data format to read each data card. Subroutine CORE
allows a FORTRAN program to read under formaf control from a storage area
which contains alphabetic character codes of a card image. Each data card
has a Code punched in the first three columns that designate the card type.

100 - Card that indicates the beginning of data cards for each job
and contains control information abqut the job, location, date and total
pavement thickness.

200 - Card contains word descriptions and thicknesses of the first
three layers of the pavement.
| 300 - Card ¢ontains word descriptions énd thicknesses of layers 4, 5
and 6 (if present).

400 or blank - Card contains station number and geophone deflection
readings and multipliers for each observation. Two digit numbers in

columns 75 and 76 of this card denotes end of data.
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CARD TYPE 1: PROBLEM IDENTIFICATION

Variable v .
Name Variable Definition Format Column
DIST SDHPT district number A2 4-5
co1 Four characters of county name A4 6-9
co2 Four characters of county name A4 10-13
co3 Four characters of county name A4 14-17
co4 ‘Two characters of county name - A2 18-19
CONT SDHPT control number | M 20-23
SECT SDHPT section number A2 24-25
J0B SDHPT job number A2 26-27
HWY1 Four characters of highway number | Ad 28-31
HWY?2 Three characters of highway number A3 32-34
XLANE Lane identification A3 35-37
DbpP Thicknesses of paygmght layers 1-4  4F5.3 38-42
DM Month deflections were measured A2 43-44
DAY Day deflections were measured A2 45-46
YEAR Year def]ectiohs were measured A2 47-48
DYNA SDHPT dynalfect number A2 49-50
COMM Coments of data recorder /M Wi /4
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CARD TYPE 2: LAYER IDENTIFICATION

Variable '
Name Variable Definition Format Column
LAl Name of material in pavement layer one 5A4 4-23
T1 Thickness of layer one | F4.2 24-27
LA2 Name of material in pavement layer two  5A4 28-47
T2 | Thickness of layer two F4.2 48-51
LA3 Name of material in pavement layer three 5A4 52-72
T3 Thickness of layer three F4.2 73-76

CARD TYPE 3: LAYER IDENTIFICATION

Variable :

Name Variable Definition Format Column

LA4 Name of material in pavement layer 5A4 4-23
four

T4 Thickness of layer four F4.2 24-27

LAS Name of material in pavement layer | hAd ’28-47
five

T5 Thickness of layer five F4.2 48-51

LA6 Name of material in pavement layer 5A4 52-72
six

T6 : Thickness of layer six F4.2 73-76

Note - for a five layer problem, LA5 will be the name of the subgrade
material and T5, LA6, and T6 will be blank.
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CARD TYPE 4: DEFLECTION DATA

Variable
Name Variable Definition Format Column
CONT SDHPT control number A4 4-7
SECT SDHPT section number A2 8-9
DM Month deflections were measured A2 10-11
DAY Day deflections were measured A2 12-13
YEAR Yéar deflections were measured A2 14-15
STA Station (location on highway where A7 16-22
deflections were measured)
D ‘Dynaflect readings and multipliers 5(F2.1, F3.2) 26-50
RMK Remarks of data recorder | 4p4 59-74
ICK 12 75-76

Check field for last data card
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GUTPUT FORMAT

The output of STIF5 consists of two parts which may include one or
more pages per pavement section (depending on the number of deflection
measurements per section).

The first part'of the output is the input data of the identification
information of the pavement section where the surface deflections were
measured. This information includes the SDHPT job, control and section
number of the pavement section, the highway name and number; date the
deflections were measured, total pavehent thickness and the materials and
thicknesses of the various layers of the pavement.

The second part of the output is a Tist of the locations (stations)
where surface deflections were measured on the pavement section, the
observed deflections, followed by the calculated deflections and the
subgrade and pavement stiffness coefficients calculated from the observed
deflections. Averages and standard deviations of the observed deflections,
calculated deflections, and the stiffnéss coefficients are printed as the

final lines of the printed output.
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EXAMPLE PROBLEMS

On the following page is a computer printout of the STIF5 program

showing the deflection data used and the stiffness coefficients calculated,

to illustrate the utilization of STIF5.
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TEXAS HIGHWAY DEPARTMENT
DISTRICT 21 = DESIGN SECTION

DYNAFLEFCT DEFLECTIONS AND CALCULATED STIFFNESS COEFFICIENTS

THIS REVISED PROGRAM (MAR, 74} WAS KUN 101376

DIST,. COUNTY
21 PHARR
CONT. SECT. Jos HIGHWAY NDATE DYNAFLECT
1234 Si 1 UNKNOWNUNK J=27=75 99

PAVe THICKe = 32,00 INCHFS

HMAC SURFACE 100 BLACK BASE 4,00
FLEX+ BASF 19.00 )
LIME STAB. SUBGRADE 84,00 SUBGRADE 040
0.0
LOCATION wl w2 w3 we w5 sct ASS APS
s1 0e285 04231 04156 04123 04105 0.054
0,289 0.219 O0.166 0.128 0.098 0,070 0.25 0.58
s2 0,380 0e234 04192 0.135 0.117 04146
04369 0,260 0,184 0,135 0,101 0,109 0.26 0.53
s3 0330 0.234 04180 04123 0,114 0.096
0e327 04240 04176 04133 04101 0087 Ce25 0455
S9 0+350 04261 04219 0,171 04141 0,CRY )
04343 0.275 06217 04170 04133 0.067 0,23 04,60
510 04420 Co310 0,207 0e165 06150 O0.110
00417 0+308 04225 06168 0,126 04109 0.24 0.53
si1 0+450 0e360 0,264 0,225 0.201 04090
0482 0,363 0287 04225 064178 0,080 0422 0.58
AVERAGES 04369 0,272 04203 0,157 0.138 0,097
04365 06277 04209 04160 0.122 C4087 0.24 0.556
STD DEV 0.060 0,053 0.037 0.039 0,035 0.030 )
0057 0.052 0€+045 0,037 0,029 0,019 0,01 0,03

NUMBER OF POINTS IN AVERAGES 6

WleS MEASURED DEFLECTIONS AT GEOPHONES 142+3,4 AND 5
CALCULATED OEFLECTIONS AT GEOPHONES 1,243, 4 AND 5
SCi SURFACE CURVATURE INCEX ¢ wl MINUS w2)
ASS STIFFNESS COEFFICIENT OF THE SUBGRADE
APS STIFFNESS COEFFICIENT OF THE PAVEMENT
IMSE ROOY MEAN SQUARE OF THE ERRORS RETWEEN
MEASURED AND CALCULATED DEFLECTIONS

PMSE

0.0091

00150

0.0082

Qg.nNCH2

0.0137

O0.C164

0.%11h






APPENDIX B

DOCUMENTATION OF A METHOD OF COMPUTING STIFFNESS COEFFICIENTS IN MULTI-
LAYER PAVEMENTS, COMPUTER PROGRAM SCIMP.
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INTRODUCTION

The Flexible Pavement Design System (FPS) developed in Research Study
2-8-62-32 and curkent]y in use in Texas requires a stiffness parameter of
the materials to be considered as an input to the computer program (1).
Several methods for determining this stiffness parameter (either elastic
modulus or stiffness coefficient) of pavement materials have been réported
previously (2, 4, 5). This report describes a procedure for finding two
unknown stiffness coefficients in an existing pavement consisting of up

to five layers.
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PROGRAM IDENTIFICATION

Title: Stiffness Coefficients in Multi-layer Pavements (SCIMP)
Language: Fortran IV
Machine: IBM 360/65
Programmer: C.H. Michalak
Availability: Texas Transportation Institute
Pavement Design Program
Texas A&M University
College Station, Texas 77843
Phone (713)845-3735
Date: April, 1975
Source Deck: Approximately 500 cards
Computer Storagé:v 110k bytes

Timing: (1) Compilation time - 0.40 minutes (Fortran G compiler)
(2) Execution time - 0.25 minutes for 21 data observations

Qutput: (1) Program list - about 500 lines
(2) Program output - one page per problem (30 lines per page)

DOCUMENTATION OF A METHOD OF COMPUTING STIFFNESS COEFFICIENTS IN SIMPLE TWO
LAYER PAVEMENT STRUCTURES USING FIVE OBSERVED SURFACE DEFLECTIONS, COMPUTER
PROGRAM STIF5.
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PROGRAM DESCRIPTION

For convenience, the computer program used to calculate two unknown
stiffness coefficients in a multi-layer pavement is called SCIMP, for
Stiffness Coefficients in Multi-layer Pavements.

The computer code for SCIMP is written in FORTRAN for an IBM 360/65
computer. ‘It uses a re-read routine to permit transfer of the input data
from a buffer area in core after the appropriate data format has been
determined. Any convenient routine that will "read" data from a buffer |
area can be used or the user can bypass this feature. The daté input
and the "re-read" feature will be explained more fully on Pg. B-10 where
the READIT subroutine is described.

The computer code is written to allow for several prdblems in succession &
to be run by initially zeroing all counters and internal data storage aréas
at the start of each new problem. The input data format is common to the
Texas State Depaftment of Highways and Public Transportation stiffness coefficient
prdgram, ELASTIC_MODULUS I, and ELASTIC MODULUS II (2,4,5)vcomputer programs.

Subroutine READIT is ba]led froh the main program'td read eaéh data
card and to compute the observed surface deflections. The deflections
are checked for accuracy (W(I) > W(I+1), W(I) > 0) and are passed to
subroutine STIF5 whére they are used to calculate the two unknown stiff-
ness coefficients. Subroutine STIF5 returns an indicator switch which
indicates a valid solution or specifies the condition for which a
solution was not found. If a valid solution is indicated, the predicted
surface deflections are calculated and the appropriate counters are
incremented for determining average va]ues‘of the observed and predicted
deflection daté, surface curvature index, stiffness cdefficients, RMSE's

and the variances of these values. The computer code is repeated until

B-4



ai] the data cards for a particular problem have been read and the stiff-
ness coefficients for each set of observed surface deflections have been
calculated.

The averages and variances of the observed and predicted surface
deflections, surface curvature index, stiffness coefficients, and RMSE's
are computed and printed and the program either returns to its beginning
to work the next problem or terminates norma]]y;

As many prob1ems as desired can be worked in one run time, with the

only limitation being the amount of computer time specified by the user.
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 SUBROUTINE STIFS

This subroutine creates an array of values of A], the unknown pave-
ment stiffness coefficient, from which the Fibonacci search routine
determines the A1 value which gives the minimum RMSE within the accuracy
limits specified. |

~ The code is written so that a range of A] values from 0.1 to 7.4 in
0.1 increments will be used to calculate a root mean square error, RMSE,
between the observed and the predicted surface deflections.

Subroutine DELTA is called to calculate the fi and Fj terms from
equations (5) and (6) for any AT value being used and the RMSE is calculated
and stored. After the predetermined number of Al values have been used to
calculate RMSE's, the smallest RMSE value is found. The A] va]uesyof‘the
RMSE's which bracket this smallest RMSE are used as the range of values
for a Fibonacci search to find the A] value that givesbthe minimum RMSE
within the accuracy limits specified.

Subroutine ANS is then called to calculate the stiffness coefficient
of the subgrade from equation (9). Subroutine STIF5 then returns to the
main program with an indicator switch which'te1ls if the'solution is a
valid answer or indicates the conditions for which a solution was not

obtained.



SUBROUTINL FIBO

This subroutine utilizes a Fibonacci search technique to determine
the A]‘value that gfves the minimum RMSE.

Since the absolute minimum RMSE will Tikely be different from the
smallest RMSE selected from the array of RMSE's calculated in subroutine
STIFS, the A]'values that bracket this smallest RMSE value are used as the
range for a Fibonacci search to find the true minimum RMSE.

The Fibonacci search technique is a convergence scheme based on the
Fibonacci number series to search for a minimum between two boints (16).
The two points that define the range bf the search are the A] values of

the RMSE's that bracket the smallest RMSE found in subroutine STIF5.
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SUBROUTINE ANS

The subgrade coefficient, A5, is calculated in this subroutine.
After the A1 value of the pavement coefficient giving the minimum RMSE
is found by the Fibonacci search routine, this value is used in subroutine
DELTA to calculate the f% and F; terms from equations (5) and ().

Equation (5) is transformed to solve for B0 as shown below:

A

(Wi - f-i‘)

B = il

0 5
» L F,

=1 ]

n o~

From equation (9), the subgrade coefficient is calculated after the

following transformation has been’made:
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SUBROUTINE FUNC

This subroutine is used with the Fibonacci search to calculate the
RMSE value for each trial value of AT‘ |

Subroutine DELTA is called to calculate the f. and F, terms used in
calculating the predicted def1ections, 315 from equations (5) and (6).
B0 is calculated from iguation (6), except the observed éurface qulections
w are used instead of w. With By and‘fi and F; terms known, the predicted
deflections are calculated from equation (5). The RMSE between the
observed surface deflections and the predicted surface deflections is
calculated and is tested in the Fibonacci search routine to determine if
the RMSE value obtained with the current A] value is within the accuracy

Timits specified.
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SUBROUTINE READIT

The input data cards are read and the program output headings are
printed in this subroutine.

The main pfogram calls subroutine READIT to read each data card.
The data cards are of four types, according to the code numbers punched
in the first three columns of the data card. The code numbers and card
types are defined below:

the card contains identification information such as county

100
name, SDHPT control, section, and jéb number, highway name and
location, date def]ections were téken, the individual layer
thicknesses, and the known coefficients

200 - the names of the materials in the first three pavemént layers
are given on this card

300 - the names of the materials in layers four, five, and six (if
present) afe given on this card

400 - the card contains the dynaflect sensor readings and multipliers
uséd to calculate the pavement surface deflections at an
individual location (the first three columns can a]So be left
blank on these cards).

Each data card is read into an array or buffer storage area as eighty
individual character variables. The card code is tested and the particular
data input format corresponding to the card code is selected. A subroutine
called CORE is then called to transmit the data from the buffer area
according to the variable names and the data format. Any convenient
routine that w111 "re-read" data cards from a buffer area according to a
data format can be used instead of subroutine CORE. It isva1so possible

to avoid using subroutine CORE by having a blank card with the same card
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code preceding the actual data card and reéding tﬁe data cards directly
into the program. This is more desirable for small amounts of data as

the use of subroutine CORE or any other re-read routine adds greatly to

the computer time needed to work a problem.

As the header and layer identification cards are read the information
on these cards is printed on the program output. The Dynaflect sensor

readings are converted to the pavement surface deflections and these

values are returned to the main program.
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SUBROUTINE DELTA

The subroutine calculates the fi and Fi terms of equations (5) and

(6) for each trial value of A] used.






p1-9

FLOWCHART

SCIMP
MAIN)

INITIALIZE ALL CONSTANTS FIND THE LAYER OF THE
AND ZERO ALL COUNTERS HUNKNOWN PAVEMENT COEFFICIENT
CALL READIT TO. READ ESTIMATE THE COEFFICIENT

THE DATA CARDS FOR EACH TRIAL
— . CALL DELTA TO CALCULATE
CHECK FOR ERRORS € .

o o THE Ki AND Fi VALUES
CALL STIF5 T0 CALCULATE 1;
THE STIFFNESS COEFFICIENTS CALCULATE THE Bg VALUES
T FOR THE TRIAL
COEFFICIENTS
INCREMENT SUMS AND
COUNTERS TO CALCULATE
AWYERAGES AND STANDARD CALEgkA;EET¥EI2TSE
DEVIATIONS
T COEFFICIENTS

% PRINT THE OBSERVED
\BRTA AND CALCULATED

CALL FIBO TO FIND THE
PAVEMENT COEFFICIENT AT
THE MINIMUM RMSE

ALTULATE AVERAGES AND
ITHNDARD DEVIATIONS

\ PRINT AVERAGES
% AND STANDARD
A

| CALL ANS TO CALCULATE
THE SUBGRADE COEFFICIENT

< RETURN ’







-

|

ENTRY

DETERMINE AREA 70
SEARCH FOR MINIMUM RMSE

+

PERFORM FIBONACCI SEARCH
CALL FUNC TO CALCULATE
AN RMSE FOR EACH Al
VALUE UNTIL MINIMUM
RMSE IS FOUND

Gl-g

RETURN

( ENTRY ,

CALL DELTA TO CALCULATE
THE F2 AND £2 VALUES
FOR THE FINAL SOLUTION

Al VALUE
¥

CALCULATE THE
B2 VALUES FOR Al

ENTRY

CALCULATE THE F2
VALUES FOR EACH
TRIAL VALUE QF Al

CALCULATE THE f2
VALUES FOR EACH
TRIAL VALUE OF Al

RETURN

i

( ENTRY ’
4

CALL DELTA TO
CALCULATE THE F2 ¢ f2
VALUES FOR_EACH Al

CALCULATE THE Bg
VALUES FOR EACH Al

CALCULATE THE SUBGRADE
COEFFICIENT A2

CALCULATE THE RMSE
FOR THE Al AND A2 VALUES

( RETURN >

{ RETURN )




gL-4

HEADNG

ENTRY

SELECT THE CORRECT
READ STATEMENT AND FORMAT
FOR EACH CARD TYPE

READ AND PRINT THE
PROBLEM IDENTIFICATION

LAYER DESCRIPTION
AND DEFLECTION DATA
FROM EACH CARD TYPE

4

CALCULATE THE
DEFLECTIONS FOR EACH
OBSERVATION

RETURN

~ ENTRY

PRINT HEADER INFORMATION
LAYER INFORMATION
AND COLUMN HEADINGS FOR
FOR PROBLEMS REQUIRING
MULTIPLE PAGES OF QUTPUT

RETURN
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PROGRAM LISTING

IMPLICIT REAL*8(A~H,2-2)

DIMENSION AW(S), AWC(5), AVGCOF(5), COEF(5), DCOF(3), DP(4),

* SAD(S5), SOW(5), SOWZ(S)s SDCOF(S)e SMCOF(5)s SSW(S5)s SSWC(S5),
¢+ SSCOF(S), W(S), WC(S)

DIMENSION AWV(S), AWCVI(S), COF(S)

COMMON /FIB1/ F18(20)

COMMON /CONS/ Cs Cl o CC

COMMON /RAD/ R(S)

COMMON /POINT/ IUNK

ROUND( X,+EVEN § =IDINT( ( X + EVEN % 45 ) / EVEN )
* & EVEN

R{(1) = 100

R(2) = 24a,

R(3) = K76

R(4) = 1396,
R(S5) = 2404,
C = 8911

Cl = 44,5029

CC = 6425

FIB(1) = 1.0

FIB(2) = 24,0

Do 1 vy =3, 20

FIB(J) = FIB(JU~1) ¢ FIB(J-2)
CONTY INUE

CONT INUE
N =0

LINES
00 10

(]

= 1, S
AW(J) Oe0 ;
SSW(J) = 040
AWC(J) = 0.0
SSWC(J) = 060
SMCOF(J) = 0e0
SSCOF(J) = 0,40
CONTINUE

ASCI = 040
SSSCI = 040
SSSCIC = 040
ASCIC = 0e9
AVRMS = 060

[ S 1]

CONTINUE
CALL READIT( w, DP, COEF, STA, ICK )

CHECK FOR ERRORS IN THE DATA

DO 17 U =1, &

"IFC WlJ) eFQe 0Pe0 ) GO TO 30

IF( W(J) oelLTe W(J#1) ) GO TO 32
CONTINUE

IF(C W(S) ¢EQe NeOH ) GO TO 30

ISw =

CALL STIFS( w, OP, COEF, RMSE, ISw )
GO TO (100+200,300,400) , ISW
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1067 CONTINUE

N = N + 1

SAD(1) = 040

DO 19 4 = 2, 5

SAD(J) = (DSQRT(SAD(JU-1))I+COEF(J=1)%DP(J=1))®%2
19 CONTINUE :

DO 20 K =1, 5

DCOF(K) = (C/COEF(<) *%x (C1)

WCIK) = 0,0
29 CONTINUFE

DO 26 K =1, 5§ .

COF(1) = DCOF(1) * (1s/R(K) = (1e/7{R(K}) + CC * SAD{(1))))
0N 22 4 = 2, 4

COF(J) = DCOF(J) * (1e/(RIK) ¢ CC * SAD(JI)) - (1e/7(R{K) +

= CC * SAD(J+1))))
22 CONTINUF
COF(S) DCOF(5) * (1s/7(R(K) + CC * SAD(S)))
DO 24 J 1, 5
WC(K) = WC(K) + COF(J)
24 CONTINUE
26 CONTINUE
DO 281 =1+ S
SMCOF(1) = SMCOF(I) ¢ COEF(1)
SSCOF(1) = SSCOF(I) ¢ COEF(1) *%x 2
AWC(T) = AWC(I) + WC(I)
SSWCIT) = SSWCUI) + WwC(I k%2
SSW{TI) = SSW(I) + W(l) ** 2
AW(E) = AW(I) ¢ w(l)
28 CONTINUE
AVRMS = AVRMS + RMSE
SCI = W(1) = wW(2)
ASCI = ASCI + SC1?
SSSCI = SSSCI + SCI *« 2
SCIC = WC(1) = wC(2)
SSSCIC = SSSCIC + SCIC##2
aSCIC = ASCIC + SCIC
PRINT 63, STA, (W(J)s J =1, 5), SCI
63 FORMAT(7XsA7,1X46(2X,F54¢3))
PRINT 6Bs (WC(K)sK=1¢5)s SCICy (COEF(K)sK=1,5), RMSE
68 FORMAT(T16,6(F7e¢3),5(%6e2)4F1364,/)
COEF(IUNK) = 0,0
COEF(5) = 00
LINES = LINES + 2
GO TO 3a
30 CONTINUE
PRINT 65, STA, W(1)s W(2)
65 FORMAT(7X,A7,1X+2(F7e3)42X+°SC1 ZERD OR LESS OTHER CALCULATIONS ¢,
*SOMMITED? . /)
LINES = LINES + 2
GO TO 34
32 CONTINUE
PRINT 66, STA
66 FORMAT(7XsA743Xe *ERROR IN DATA®,/)
LINES = LINES ¢ 2
34 CONTINUE
IF( LINES oLTe 30 ) GO TO 36
LINES = 0
IPRY = 2
caLL HEADNG( IPRT )
36 CONTINUE .
IF( ICK oEQe O ) GO TO 15



38

49

91

191

96

97

98

298

38

498

198

199

200

163

300

CALCUL ATE AVERAGES

PN = N
DO 38 M =1, §
AVGCOF (M) = SMCOF(M)/N

AWV(M) = AW(M)/N

AWCV(M) = AWC(M)/N

CONTINUE

ASCIV = ASCI / N

ARPMSY = AVRMS / N

ASCICV = ASCIC / N

IF( N oLEe 1 ) GO TOD &2

DO 40 M = t, S )
SDCOF(M) =DSQRT((SSCOF{M) = (N * (AVGCOF(M)*%x2)))/(N-1))
SOWC (M) =DSORT((SSWC(M) = (N * (AWCV(M)I*%2))) 7 (N - 1 ))
SDW(M) =DSQART((SSWI{M) ~ (N ¢ (AWV(M)%%2))) /7 (N - 1))
CONT INUE

SDSCIC =DSQRT((SSSCIT = (N * (ASCICvV*%2))) 7/ (N-1))
SDSC! =DSORT((SSSCI - (N * (ASCIV%*2))) / (N - 1))

PRINT 81 ,(AWV(J)sI=1+5)sASCIYV
FORMAT(/+7X " AVERAGES ' y6(2XF5e3))

PRINT 70, (AWCVI(J)sJ=1:5)9 ASCICVs (COEF(J)eJ=1,+5)¢ARMSY
FORMAT( T16, 6(2XeFSe3)s S(2XeFae2)s SX, FHes / ) ‘
PRINT 113,(SDW(J)sJ=1,5),SDSCI

FORMAT(7X +*STD DEV * ,6(FT7e3))

PRINT. 114, (SDWC(J)eJ=1+5)s SDSCICy (SDCOF(J)+JI=1+5)
FORMAT( T16, 6(2XsFSe3)s S{2XsF8e2)s SX, FB8sa 7 )

PRINT 824N -

FORMAT(7Xe * NUMBER OF POINTS IN AVERAGES *,13)

CONT INVE

PRINT 91
FORMAT(/10X,*'W1-5 MEASURED DEFLECTIONS AT GEOPHONES 1+2¢3s4°,

«* AND §°¢)

PRINT 191
FORMAT (16Xs ' CALCULATED DEFLECTIONS AT GEOPHONES 152,344 AND S5°)
PRINT 96
FORMAT( 10X, *SCI  SURFACE CURVATURE INDEX ( Wl MIN®,

s w2)r )
PRINT 97
FORMAT(10X,'ASS STIFFNESS COEFFICIENT OF THE SUBGRADE®)
PRINT 98
FORMAT(10X,*APS  STIFFNESS COEFFICIENT OF THE PAVEMENT®)
PRINT 298 :
FORMAT( 10Xs °*ASSS5 STIFFNESS COEFFICIENT OF STABe SUBGRADE®)
PRINT 398
FORMAT( 10X, *ASBS STIFFNESS COEFFICIENT OF SUB-BASE®)
PRINT 498
FORMAT( 10X, *ABS STIFFNESS COEFFICIENT OF BASE® )
PRINT 198
FORMAT (10X, *RMSE ROOT MEAN SQUARE OF THE ERRORS BETWEEN®)
PRINT 199
FORMAT (16X, *MEASURED AND CALCULATED DEFLECTIONS*)
c0T0s
CONT INUE
PRINT 163, STA
FORMAT (7XeA7 43X, *MINe RMSE AT Al LESS THAN RANGE SEARCHED®,/)
LINES = LINES + 2
GO TO 34
CONTINUE
PRINT 263, STA
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263 FORMAT(7XoA7,3X,'MINe RMSE AT A] GREATER THAN RANGE SEARCHFD',/)

400

363

11

20

22

25

30

3s

41

LINES = LINES + 2

GO TO 34

CONTINUE

PRINT 363, STAs RMSE, COEF(1)
FORMATE7X 3 A7 o3Xs "MINSs RMSE('4FBe4,')

INDICATED AT THE VALUE Al= ',

¥FQ¢2+/917Xs 'AT THIS POINT THE VALUE OF A2 CANNOT BE CALCULATED')

LINES = LINES + 2

GO TO 36

END

SUBROUTINE STIFS( we DPs COEF, FMS,
IMPLICIT REAL*8(A-H,0~Z)

ISW )

DIMENSION A{(30), AD(S)s E(5), RMSF(BO)o wW(S), X(S) o COEF(E)

DIMENSION DP(4)
COMMON/POINT/ TUNK

N =§

A(l1) = o1

DLYA = o1

KNT = 0

JNT =n

DO &4 1 =1, &

I1F( COEF(I) «EQe Ne0d ) GO 7O .5
CONT INUE

CONTINUE

IUNK = I

CONTINUE

DO 20 J=2,20 :

A(J) = A(J-l’ + DLTA

DD 30 J=1.29

COEF({ TIUNK ) = A(J)

CALL DELTA( A0, COEF, DP, X )
SMXW = 040

SMXSQ = 040

SMESQ = 060

DO 22 1T =1, N

SMXW = SMXW + X{I) *x (wW(I) - AO(1))
SMXSQ = SMXSQ + X{(!1) * x(1)
CONTINUE

B = SMXW / SMXSQ

DO 25 1T = 1, N

E(I) = w(I) - ((B * X(I)) + AO(I))}
SMESQ = SMESQ + E(I) x E(1)
CONT INUE

AMSE = SMESQ / N

RMSE(J) = DSQRT(AMSE)

CONTINUE

K = 20

TEMP1 RMSE(1)

1 suB1l 1

DO 35 L = 1, K

IF(RMSE(L) «GTe TEMP1) GO TO 35
TEMP1 = RMSE(L) '
1suBtl = L

CONT INUE

IF(ISUB1 «NEs 1) GO TO 41

ISw = 2

GO TO 80

CONTINUE

IF(ISUBL oNEes 20) 530 TO S2
A(1) = Aa(IsSuBl - 1)

KNT = KNT + 1
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52

70
8o

IF(KNT oNEo, 3) GD TO 11
I1Sw = 3

GO TO 80

CONTINUE

Z1 = A(IsuBl - 1)

Z2 = A(IsSUBl + 1)

NOT = 14&

CALL FIBO( NOl. Z1, Z2,
CALL ANS( AB. DP, COEF,
IF( A2 oNEe 22222« ) GO
1sw = &

COEF(S) = A2

CONT INVE

COEF({IUNK) = AB

RETURN

END

SUBROUTINE FIB0 ( N, X1,
IMPLICIT REAL%B(A~H,0~2Z)
DIMENSICON D(4)+ S(5) ,w(
COMMON /F1Bl/ FIB(20)
COMMON/POI NT /T UNK
OX=(X2=-X1)/FIB(N)

XL=x1

XR=X2

N=N=1

X=XL+FIB(N)I*DX
S{TUNK) =X

CALL FUNC(XsVRDs S » W)
N=N=1

X=XL+FIB(N)*DX
S(IUNK) =X

CALL FUNC(Xs VLs D¢ S &
IF(NeEQel) GO TO 4
IF(VLeGTeVR) GO TO 3
XR=XR=F IB(N)*DX

VR=VL

GO TD 1

XL=XL¢FIB(N)*DX

vL=VR '

N=N~1

X=XR=F 1 8(N)*DX
S(IUNK)=X

CALL FUNC(X, VRs Ds S
GO TO 2

IF(VLeGTeVR) GO TO 7
IF(XLaEQeX1) GD TO 6
X=XL +DX

Y=vL

RETURN

CONT INUE

S{TUNK) =Xx1

CALL FUNC(X1,s Vs Dy S
IF(VeGTeVL) GO TO 5
xX=X1

Y=V

RETURN

IF(XReEQeX2) GO TO 9

X =XR=DX

Y=VR

RETURN

CONTINUE

ABs RMS,
A2 o+ W )
TO 70

X2s Xo

s)

w )

w )

w )
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SCIUNK)=X2
CALL FUNC(X2e¢ Vs Do S +» W )
IF(VeGTeVR) GO TO 8
X=X2
Y=y
RETURN
END
SUBROUTINE aANS{ Al, DP, COEF, A2, W )
IMPLICIT REAL®8(A=4,0-2)
DIMENSION A(30), AD(S5), COEF(S), DP(4), W(5), X(S)
COMMON /CONS/ CO» C1, C2
N =5
caLL DELTYA( A0, COEF, DP, X )
SMXW = 00
SMXSQ = 0N
SMESQ = 0e0
DO 2N 1 = 1, N
SMXW = SMXW + X{(TI) % (w(l) - AO(I))
20 SMXSQ = SMXSQ + Xx(1) * x(I)
B = SMXW / SMXSQ
IF(B +GTe 040) GO TD 30
A2 = 22222,
GO TO 49
3IN CONTINUE
CA = 1e 7 C}
A2 = (CO 7/ BlxxCA
49 CONTINUE
RETURN
END
SUBROUTINE FUNC( AL, RMS, DP, COEF, W )
IMPLICIT REAL*B(A-H,0-Z)
DIMENSION A(30),s AO(5)s COEF(S), DP(a)s, E(S), W(S), X(5)
N =5 .
CALL DELTYA( A0, COEF, DP, X )
SMXW = 060
SMXSQ [ Y]
SMESQ Ce O
DO 20 1 = 1, N
SMXW = SMXW + X(I) * (w(I) - AOQ{I))
29 SMXSQ = SMXSQ + X(I) * X(I)
B = SMXW / SMXSQ
DO 60 I=1,N
EC(I) = w(l) - ((B * xX(I)) + AO(I))
60 SMESQ = SMESQ + E(1) *= E(I1)
AMSE = SMESQ / N
RMS ‘= DSQRT(AMSE)
RETURN
END
SUBROUTINE READIT( w, DPs COEF, STA, ICK )
IMPLICIT REAL*B( A-H,D-2Z)
DIMENSION A(20) 4COEF(S)COMMUT7)4D(10)+DP(8),LAL(S),LA2(S)LAI(5),
TILAG(S)+LAS(S)LAG6(S5),REM(4), WwW(S)
COMMON/HEAD/ C01,C02,CO03,C08,CONT, DAY, DIST,DM, DYNA HWY1 ,
* HWY2, SECT, XLANE, YEAR, J0B !

i"ton

1 CONTINUE

READ(5+1234,END=1000) NCARD, ( A(I), I =1 , 20 )
1234 FORMAT( I3, 19A4,A1 )
c CALL CORE ( A, 80 )

IF(NCARDeEQe100) GO TO 11
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58

IF(NCARDeEQe2n0) GO YO 12
IF(NCARDeEQe3”0) GD TO 13
14 CONVINUE
READ{S+6) CONT.SECT+DM,DAY,YEAR,STA 2 {D(K) yK=1,12),
* (REM{J)eJ=1,4), ICK
6 FORMAT (3Xs A4 34A2¢AT 93X 35(F2419F3e2)¢8Xs8A8,12)
L =1
00 4 JU=1,5
W(J) = D(L)I*D(L+Y)
L=t ¢ 2
4 CONTINUE

RETURN
11 READ(5,2) DIST,CO01+4C02+CO034CO4+CONTsSECT» JOB,HWY1,HWY2, XLANE,

*OM DAY s YEAR,DYNAS(COMM{ I)oeI=147), (DP(U)ys J=1,48) (CDEF(JI) e Jd=1,45)
2 FORMAT(3X, A2, 3A4,A2,A49A2,A25A85A3,A3s SX» A4A2,7A4/35X, 9FSe2 )
I[PRT = 1
CALL HEADNG( IPRT )
PRINTSB8,(DP(J)+COEF(J)»JI=1,4),COEF(S)
FORMAT (88X *PAVe ' s1)X, "BASE ' »8X, *SUBBASE',6X+*STAB SUB"® sBX .+ *SUBGRAD

kE'/ TXe 4(°'THICK COZEF, ), COEFes? /74X ,4(FBe24F6e2)s FBa2/)
E1 FNRMAT(/,7X,*LOCATION w1l w2 w3 © W4 ws sC1
®*ASS ASSS ASBS ABS APS RMSE ' /7 )
GO YO 1

READ € PRINT INFORMATION ON DATA CARD 2
12 READ(S+3) (LAL1(1)eI=1e5)sT1,(LA2(I)+1=1,5),T2,
* (LA3(I)sI=1,5),T3 . '
3 FORMAT(3X, SA4,F4e2:544,F84,2,5A4,F4s2, SA4, F4,2 )
PRINT SO (LALTC(T)sI=145)sT1e(LA2(I)sI=1+5),T2,(LA3(I)eI=t¢S), T2
59 FORMAT (16Xes SAG,1XeFS5e29+5XeS5A831XeF542¢ S5Xo SA&, 11Xy FSe2 7 )
GN TO 1§
READ &€ PRINT INFORMATION DN DATA CARD 3,IF PRESENT
13 READ(5,3) (LAB(T) s I=145)sTA,{LAS(T)+1=1,5),TS,
* (LA6(1)e1=1+5)y T6
PRINT SS9, (LAA(T ) I=1,5) ¢ TA,(LAS(IN oI =1,5)sTS,(LAG(I)»TI=1,5), THK
PRINT 61
GO 70O 1
000 CONTINUE
PRINT 250
250 FORMAT( *1°* )
sSTOoP
END
SUBROUTINE DELTA(AOLCOEF 4DP,X)
IMPLICIT REAL*8 (A-H,0-2)
DIMENS ION AD(S)s COEF(5)s DEL(5,5), DP{4), SUM(S), X(5)
COMMON /CONS/ CHe C1, C2
COMMDN /RAD/ R(5)

N =5

N0 2 K =1, &

SUMI(K) = 069

DO1 L =1, K

SUM(K) = SUM(K) ¢+ COEF(L) * DP(L)

1 CONTINUE
SUM(K) = SUM(K) * SUM(K)

2 CONTINUE
DO 4 I =1, N
AD(1) = 0eO
DEL(I+1) = CO/(COEF(1)%%C1) * (14/R(I) = 1a/(R(I) ¢ C2 * SUM(1)))
AD(I) = AD(I) + DEL(1,1)
DO 3 K = 2, &
DEL(I+K) = (CO/(COEF(K))*%C1) * (1e/(R(TI) + C2 * SIM(K=-1)) -

= 1e/(R(1) + C2 * SUM(K)))
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O 0oy

55

56

£7

gy

61

AD(T)Y = AD(I) + OEL(1,K)

CONTINUE

X{Y) = 1e/7(R(I) ¢ C2 * SUM(4))

CONTINUE

RETURN

END

SUBROUT INE HEADNG( IPRT )

IMPLICIT REAL*8 (A~-H,0-2Z)

COMMON/HEAD/ CO1sC02+C03eCO44CONT,,DAY, DIST , DM,
* HWY2, SFCT, XLANE, YEAR, JOB

DIMENSICN IXDATE(2)

GD TO ( S0, 70),s IPRT

CONT INVE

PRINT 51

FORMAT( *1* )

DRINT 52

FORMAT (35X, * TEXAS HIGHWAY DEPARTMENT?® /)

PRINT 53,DIST

FORMAT (33X, 'DISTRICT *,A2,' - DESIGN SECTION' /)
PRINT Sa& i
FORPMAT (18X, 'OYNAFLECT DEFLECTIONS AND CALCULATED *,
¢ 'STIFFNESS COEFFICIENTS /)

CALL DATE({IXDATE)

PRINT 55, [XDATE

DYNAJHWY1,

FORMAT (24X THIS REVISED PRDOGRAM (APR. 75) WAS RUN *,2A4/)
PRINT 56.D15T7T4CO1,202,C03,C08

FORMAY{( T25,'DIST, COUNYY*/T364A2,GXs 344,42 /)

PRINT 57, CONT+SECTIJUBosHWY] +HWY2 s XLANE ,OM,DAY ,,YEAR ,DYNA
FORMAT (T19,'CONTe SECTe JOB HIGHWAY DATE?®,

L DYNAFLECT? / T19+A435XA2,5X982:2XsA44,2A3,2XsA2,'~%,A2,
*0=0 A, TXA2,4/)

RETURN

CONT INUE

PRINT 51

PRINT S6,DIST,C01,C02,C03,C04

PRINT S57,CONTsSECT+JOBsHWY1 sHWY2 s XLANE,DM,DAY,YEAR, DYNA

PRINT 61

FORMAT(/,7X, *LOCATIDN w1 w2 w3 wa
*AS5 ASSS ASBS5 ABS APS RMSE v 7/ )
RETURN

END
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ARMSYV
ASCI

ASCIC
ASCICV
ASCIV
AVGCOF
AVRMS
AW

AWC
AWCV
AWV

- CC
CI

COEF
COF

DCOF

DP
FIB
ICK

IPRT
ISW

NAME DICTIONARY
MAIN PROGRAM VARIABLES

Average RMSE value

Sum of SCI (surface curvature index, W1-W2) of the observed
surface deflections in mils

Sum of SCI of the calculated surface deflections, mils

Average SCI of calculated surface deflections, mils

Average SCI of measured surface deflections, mils

Array of the average stiffness coefficient values

Sum of RMSE values

Array of sums of the observed surface deflections, mils

Array of sums of the calculated surface deflections, mils

Array of average values of the calculated surface deflections, mils
Array of average values of the observed surface deflections, mils
A constant in the deflection equation, value 0.8911

A constant in the deflection equation, value 6.25

A constant in the deflection equation, value 4.5029

Array of the known and unknown stiffness coefficients

Array containing the individual terms of the deflection equation

used to calculate the pavement surface deflections

Co

G

A part of the deflection equation defined as -
Ay

Array of the pavement layer thicknesses, inches

Array of the Fibonacci numbers used in the Fibonacci search routine

A non-zero number punched on the last data card to signal the end
of the data for a problem

Indicates which output headings are to be printed by subroutine HEADING
Indicates a valid solution for each set of surface deflections, or is

used to select a message to be printed to indicate why a solution was
not obtained
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IUNK - The subscript in the array COEF of the unknown pavement coefficient

LINES - Counter to control number of lines printed on a page

N - The total number of data points for which valid solutions were
obtained

NLAY - The total number of layers in the pavement design (subgrade counts
as one layer)

NL1 - Number of pavement layers above the subgrade

R - Array of the squared distances of the dynaflect sensors from

the dynaflect load, inches

RMSE - Root mean square error between the observeg surface deflections,
W; and the calculated surface deflections j

SAD - Array of the squared terms (A5*Dj) used in the deflection equation
to obtain the calculated surface deflections

SCI - Surface curvature index, Wy-Wp, in mils
SDCOF - Array of the standard deviations of the stiffness coefficients

SDSCI - Standard deviation of the surface curvature index of the observed‘
surface deflections

SDSCIC - Standard deviation of the surface curvature index of the calculated
surface deflections

SDW - Standard deviation of the observed surface deflections

SDWC - Standard deviation of the calculated surface deflections

SMCOF - Array of the sums of the stiffness coefficiehts

SSCOF - Array of the sums of the squared values of the stiffness coefficients

SSSCI - Sum of the squared values of surface curvature index of the observed
surface deflections

SSSCIC - Sum of the squared values of surface curvature index of the calculated
surface deflections

STA - Identifies location of each set of surface pavement deflection
observations

SSW - Array of the squared values of the observed surface deflections

SSWC - Array of the squared values of the calculated surface deflections

W - Array of the values of the observed surface deflections, mils

WC - Array of the values to the calculated surface deflections, mils
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AB

AO

A2

AMSE

COEF
DLTA

DP

ISuB1

ISW

TUNK

KNT

NLAY
NL1

SUBROUTINE STIF5 VARIABLES

Array of initial values of the unknown pavement stiffness coefficient

The value of the unknown pavement stiffness coefficient that gives
the minimum RMSE within the accuracy limits specified

Array of the f; terms for each trial value of the unknown stiffness
coefficient, (equation 5)

The value of the unknown subgrade stiffness coefficient calculated
from the final solution value for the unknown pavement stiffness
coefficient, AB

The root mean square error (RMSE) for a trial value of the unknown
pavement stiffness coefficient

A trial value of B, (equation 6)
Array of the known and unknown stiffness coefficients

Incremental value used in selecting the initial values of the unknown
pavement stiffness coefficient

Array containing values of the pavement layer thicknesses, in inches
A

The error (Wi-W;j) between the observed surface deflections and the
calculated surface deflections

Pointer to the smallest RMSE of the initial set of unknown pavement
stiffness coefficient values tried

Indicates a valid solution for each set of surface deflections or is
used to select a message to be printed to indicate why a solution
was not obtained

The subscript in the COEF array of the unknown pavement coefficient

Counter to control the number of trial values of the unknown stiffness
coefficient to be tried

Counter to control the number of times the Fibonacci search is used
before the search is abandoned

Number of surface pavement deflections observed at each measurement
location

The number of Tayers (including the subgrade) in the pavement section

The number of pavement layers above the subgrade in the pavement
section
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NO1

RMSE

SMESQ
SMXSQ
SMXW

TEMP1

21
72

Determines the level of precision of the answer found by the
Fibonacci search

Root mean square error between the observed and calculated surface
deflections for a trial value of the unknown pavement stiffness
coefficient »

A
Sum of the squared values of (W;j-W;)
Sum of the fi*(wi'Fi) values squared
Sum of the fi*(wi"Fi) values

Contains the value of the smallest RMSE of the initial values of the
unknown stiffness coefficient tried

Array of the observed surface deflections, mils

Array of the F; values for each trial value of the unknown stiffness
coefficient, (equation 5)

Value of the RMSE just preceeding the smallest RMSE
Value of the RMSE just following the smallest RMSE
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DX

FIB
TUNK

NLAY
NL1

VL

VR

XL

XR

X1

X2

SUBROUTINE FIBO VARIABLES

Array of the pavement layer depths, in inches

The incremental amount to change the unknown stiffness coefficient
in the Fibonacci search to find the minimum RMSE

An array of Fibonacci numbers used in the Fibonacci search routine

Pointer to the unknown pavement stiffness coefficient in the COEF
array

Determines the level of precision of the answer found by the Fibonacci
search .

Total number of layers in the pavement section, including the subgrade
Number of pavement layers above the subgrade
Array of the known and unknown stiffness coefficients

An RMSE calculated from a value of the unknown stiffness coefficient
selected in the Fibonacci search

The RMSE value from the Fibonacci search when a value of the unknown
stiffness coefficient just smaller than the current value of the
unknown stiffness coefficient is tried

The RMSE value from the Fibgnacci search when a value of the unknown
stiffness coefficient just larger than the current value of the
unknown stiffness coefficient is tried

Array of the observed surface deflections, in mils

The value of the unknown stiffness coefficient selected by the
Fibonacci search

The lower 1imit of values of the unknown stiffness coefficient to
be searched

The upper limit of values of the unknown stiffness coefficient to
be searched

The lower 1imit of values of the unknown stiffness coefficient to
be searched

The upper limit of values of the unknown stiffness coefficient to
be searched

An RMSE calculated from a value of the unknown stiffness coefficient
selected in the Fibonacci search
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AO

A2

CA
co
c2
COEF

DP

SMESQ
SMXW

SUBROUTINE ANS VARIABLES

Array of the F; terms (equation [5]) for the solution value of the
unknown pavement stiffness coefficient

The value of the unknown subgrade stiffness coefficient calculated
from the final solution value for the unknown pavement stiffness
coefficient

The final solution value of B, after the unknown pavement stiffness
coefficient has been found

A constant, value is 1./4.5029
A constant, value is 0.891]
A constant, value is 6.25

Array of the known stiffness coefficients, including the final
solution value of the unknown pavement stiffness coefficient

Array of the pavement layer thicknesses, in inches
Number of pavemeﬁt surface deflections observed at each measurement
point : :
‘ A
Sum of the squared values of W;-Wj)
Sum of fi*(W;-F;) values
Array of the oBserved surface deflections, in mils

Array of the F; values, (equation 5)
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A0

AMSE

COEF
DP

RMS

SMESQ
SMXSQ
SMXW

SUBROUTINE FUNC VARIABLES

Array of the Fj terms (equation [5]) for any value of the unknown
stiffness coefficient

The root mean square error (RMSE) for a trial value of the unknown
pavement stiffness coefficient :

A trial value of B, (equation [6])
Array of the known and unknown stiffness coefficients
Array of the pavement layer thicknesses, in inches

A

The error (W;-W;) between the observed surface deflections and the
calculated surface deflections

Number of surface pavement deflections observed at each measurement
point

The root mean square error (RMSE) for a trial value of the}unknown
stiffness coefficient
Sum of the squared values of (wi;ﬁg)

Sum of the squared values of Fi*(W;j-K;)

Sum of the fi*(wi'Fi) values

Array of the observed surface deflections, mils

Array of the f; terms, (equation 5)
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co1, coz,

COEF

CoMM
CONT
D

DAY
DIST
DM
DP
DYNA

SUBROUTINE READIT VARIABLES

Array for storing each card image as individual character variables
for the in core transfer of data under format control routine
(Subroutine CORE)

C03, C04 - A fourteen column field for the county name

Array of the known stiffness coefficients with the unknown stiffness
coefficients left blank or entered as zeroes

A twenty-eight column field for any comments concerning the deflections

The SDHPT control number

Array of the dynaflect sensor readings and multipliers for calculating
the surface deflections, in mils

Day pf month the deflections were measured

The SDHPT district number

Month the deflections were measured

Array of the pavement layer thicknesses, in inches

The SDHPT dynaflect number

HWY1, HWY2 - A seven column field for the highway name

ICK
IPRT

IUNK
JoB
LAl
LA2
LA3
LA4
LA5
LA6
NCARD

A non zero value to indicate the last data card for each problem

Indicates which output headings are to be printed in subroutine
HEADING

Pointer to the unknown pavement stiffness coefficient in the COEF array
The SDHPT job number

Name of material in first pavement layer

Name of material in second pavement layer

Name of material in third pavement layer

Name of material in fourth pavement layer

Name of material in fifth pavement layer

Name of material in sixth pavemenf layer

Code indicating type of card, header, layer identification, or
deflection data
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NLAY - Total number of pavement layers (including the subgrade) in the
pavement section

NL1 - Number of pavement layers above the subgrade

REM - A sixteen column field on each deflection data card for appropriate
remarks

SECT - The SDHPT section number

STA - Identifies location of each set of surface pavement deflection
observations

T1 - Thickness of pavement layer one, in inches

T2 - Thickness of pavement layer two, in inches

T3 - Thickness of pavement layer three, in inches

T4 - Thickness of pavement layer four, in inches

T5 - Thickness of pavement layer five, in inches

T6 - Thickness of pavement layer six, in inches

W " - Array of the pavement surface deflections, in mils

XLANE - Identifies the lane the deflections were measured in

YEAR - Year the deflections were measured
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A0

COEF
co
C1
c2
DEL

DP
TUNK

NLAY
NL1

SUM

SUBROUTINE DELTA VARIABLES

Array of the F; terms (equation [5]) for any value of the unknown
stiffness coefficient

Array of the known and unknown stiffness coefficients
A constant, value of 0.8911

A constant, value of 4.5029

A constént. value of 6.25

Array of the terms used in the calculation of the F; terms,
(equation 5)

Array of the pavement layer thicknesses, in inches

Pointer to the unknown pavement stiffness coefficient in the COEF
array

Number of surface pavement deflections observed at each measurement
location

Total number Qf layers (including the subgrade) in the pavement section
Total number of pavement layers above the subgrade

Array of the squared distances of the dynaflect sensors from the
dynaflect load, inches

Array of A;*D; terms used in calculating the Fi terms, (equation 5)

Array of the f; terms (equation [5]) for any value of the unknown
stiffness coefficient used
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co1, coz,
CONT

DAY

DIST
DM

DYNA

SUBROUTINE HEADNG VARIABLES

C03, C04 - A fourteen column field containing the county name
The SDHPT control number |

Day of the month the deflections were measured

The SDHPT district number

The month the deflections were measured

The SDHPT dynaflect number

HWY1, HWY2 - A seven column field for the highwéy name

IPRT
IXDATE

JOB

SECT

XLANE
YEAR

Indicates which output headings are to be printed
The date the problem was run

The SDHPT job number

The SDHPT section number

Identifies the lane the deflections were measured in

The year the deflections were measured
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INPUT GUIDE

The SCIMP computer program is written to solve one or more problems in
each run of the program. The input data for each problem is a set of data
cards containing information pertinent to each problem. Each data set is
made up of the card types shown in the input guide tables. Each card type
is identified by the card code punched in the first three columns of the card.
The card types and the information contained on them are Tisted below:

Card type 1 contains problem identification information and has card
code 100 punched in the first three columns. The identification information
consists of the SDHPT district number, county name, SDHPT control, section and
job number, the highway number, the lane direction, the month, day and year
the deflections were measured, the SDHPT dynaflect number, andlany comments by
the data recorder. Additional information contained on a second card is the
pavement layer thicknesses and the known values of stiffness coefficients.
Although card type 1 consists of two cards, the information is read as though
it were contained on one card.

The second card type has code number 200 punched in the first three
columns. It contains the names and thicknesseé of the materials in the first
three pavement layers. |

Card type 3 has code 300 punched in the ffrst three.columns. It contains
the names and thicknesses of the materials in pavement layers four, five, and
six (if these are present).

Card type 4 has code 400 punched in the first three columns, or the card
code fie]d can be left blank if desired. This card contafns the SDHPT control
and section numbers, the month, day, and the year the deflections were
measured, the statiqn number (location on the highway) where the deflections

were measured, the'Qynaflect geophone readings and multipliers, and any
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remarks listed by the data recorder. The card containing the last data

observation for each problem has a check field which is coded with any

non-blank characters or digits to signal the end‘of data for each problem.
The normal data input deck for each problem will be one cardvtype 1,

one card type 2, one card type 3 and N card types 4, where N is the number

h or last card

of surface deflection observations for the problem. The Nt
type 4 will have the check field coded to signal the end of data for the

problem.
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CARD TYPE 1: PROBLEM IDENTIFICATION

Variable :

Name Variable Definition Format Column
DIST SDHPT district number A2 4-5

co1 Four characters of county name A4 6-9

c02 Four charaéters of county name A4 10-13
co3 Four characters of county name Ad 14-17
Co4 Two characters of county name A2 18-19
CONT SDHPT control number A4 20-23
SECT SDHPT section number A2 24-25
JOB SDHPT job number A2 26-27
HWY1 Four characters of highway number Ad 28-31
HWY2 Three characters of highway number A3 32-34
XLANE Lane identification A3 35-37
DM Month deflections were measured A2 43-44
DAY Day deflections were measured A2 45-46
YEAR Year deflections were measured A2 47-48
DYNA SDHPT dynalfect number A2 49-50
COMM Comments of data recorder 7A4 51-78

SECOND CARD

DP Thicknesses of pavement layers 1-4 4F5.2 36-55
COEF Values of the known stfffness 5F5.2 56-75

coefficients (zeroes or blanks
indicate unknown values)
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CARD TYPE 2: LAYER IDENTIFICATION

Variable
Name Variable Definition Format Column
LAl Name of material in pavement layer one 5A4 4-23
Tl Thickness of layer one F4.2 24-27
LA2 Name of material in pavement layer two 5A4 28-47
T2 Thickness of layer two F4.2 48-51
LA3 Name of material in pavement layer three 5A4 52-72
13 Thickness of layer three F4.2 73-76
CARD TYPE 3: LAYER IDENTIFICATION
Variable
Name ‘Variable Definition Format Column
LA4 Name of material in pavement layer 5A4 4-23
four
T4 Thickness of layer four F4.2 24-27
LAS Name of material in pavement layer 5A4 28-47
five
T5 Thickness of layer five F4.2 48-51
LA6 Name of material in pavement layer 5A4 52-72
Six
T6 Thickness of Tayer six F4.2 73-76

Note - for a five layer problem, LAS5 will be the name
material and T5, LA6, and T6 will be blank.

of the subgrade
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CARD TYPE 4: DEFLECTION DATA

Variable
Name Variable Definition Format Column
| CONT SDHPT control number A4 4-7
SECT SDHPT section number A2 8-9
DM Month deflections were measured A2 10-11
DAY Day deflections were measured A2 12-13
YEAR Year deflections were measured A2 14-15
STA Station (location on highway Where A7 16-22
deflections were measured)
D Dynaflect readings and multipliers 5(F2.1, F3.2) 26-50
RMK Remarks of data recorder 4p4 '59-74
ICK Check field for last data card 12 75-76

B- 40



OUTPUT FORMAT

The'printed output of program SCIMP consists of two parts, the
identification information of the pavement section and the deflection
data (both observed and calculated values).

The identification information includes the SDHPT job, control and
section numbers, the highway name and number, county and district number,
the thickness of all paVement layers, the stiffness coefficient values,
and the materials in each pavement layer.

The deflection data is listed by location or station where each
deflection measurement was made and consists of the observed surface
deflections followed by the calculated deflections and the stiffness
coefficients (the known and calculated values).

The averages and standard deviations of the deflections (observed
and calculated) and the stiffness coefficients are printed as the last

1ine of the output.
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EXAMPLE PROBLEMS

On the fo]]owing-page is a computer printout of the’SCIMP program showing
the deflection data used and the stiffness coefficients calculated to
illustrate the utilization of SCIMP.
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TEXAS HIGHWAY DEPARTMENT
DISTRICTY 21 =« DESIGN SECTION
DYNAFLECT DEFLECTIONS AND CALCULATED STIFFNESS COEFFICIENTS

DIST. COUNTY
21 PHARR
CONT, SECT. Jas HIGHWAY OATE DYNAFLECT
1234 Ss1 1 UNKNOWNUNK 3=27=75 99
PAV . BASE SUBBASE STAB sus SUBGRADE
THICK COEF. THICK COEF. THICK COEF. THICK COEF., COEF.
1,00 0.75 4.00 0.0 19.00 0.40 8400 0.30 0.0
HMAC SURFACE 1.00 BLACK BASE 4,00 FLEXe BASE 19.00
LIME STAB, SUBGRADE 8.00 SUBGRADE 0.0 040
LOCATION wl w2 w3 wa ws SCI AP5 ABS ASBS ASS5 AS5 RMSE
S1 0.285 0,231 0.156 06123 0.105 0.054 ’
0277 00236 04171 04121 0,087 0.041 075 171 0.80 0,30 0.27 0.0111
s2 0380 0.234 04192 0.135 06117 0.146
0354 0282 04188 0,127 0.088 0,072 075 130 0.40 0.30 0,27 0.0277
s3 0330 0.234 0.180 0,123 0.i14 0.096
0313 0.260 0.181 00126 0,089 02,053 0.75 1.51 0e40 0430 0427 0.0175
59 0350 0.261 0.219 0.171 0.141 0.089 )
04327 02291 00224 00167 00125 04036 0475 192 0.40 0.30 0.24 0.,0183
si10 0,420 02310 0,207 04165 0.150 0,110
04403 04330 04229 04158 00112 06073 0¢75 133 0.40 0.30 0.26 0.0228
si1 0¢450 00360 00264 04225 0,201 0.090 . ’
0.826 0,379 00295 06220 06165 0.,047 075 1.81 0.40 0430 0.23 0.0252
AVERAGES 04369 04272 0,203 0.157 0.138 0.098
04350 04296 0+215 00153 0,111 0,054 0475 0.0 0«40 0.30 0.0 0.0204
S¥D DEV 0060 00,053 0.037 0,039 0.035 0.030
0.030 0.016 0.0 026 0400 0.00 0,02

0056 0,052 0,046 0.038
NUMBER OF POINTS [N AVERAGES 6

WlewS MEASURED DEFLECTIONS AT GEOPHONES 1424344 AND 5
CALCULATED DEFLECTIONS AT GEOPHONES 1+2.3,4 AND S

SClI SURFACE CURVATURE INDEX ( W1 MINUS w2)

ASS STIFFNESS COEFFICIENY OF THE SUBGRADE

APS STIFFNESS COEFFICIENT OF THE PAVEMENT

ASSS STIFFNESS COEFFICIENT OF STAB. SUBGRADE

ASBS STIFFNESS COEFFICIENT OF SUB=BASE

ABS STIFFNESS COEFFICIENT OF BASE

RMSE ROOY MEAN SQUARE OF THE ERRORS BETWEEN
MEASURED AND CALCULATED DEFLECT IONS
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