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APPLICATION OF MICROCOMPUTERS
IN ROOFING MATERIALS RESEARCH

JIN SHU XIN and ZHANG DE FU

Wuhan Institute of Building Materials
Wuhan, People’s Republic of China

Characterization of the constitutive equation of roofing
materials with rheological models is a useful method for
describing rheological response of the materials and assess-
ing their functional performance. Under conditions of dif-
ferent temperature, composition, structure, etc., the rheo-
logical behavior of roofing materials is very complicated.
Substantial effort is required to measure rheological proper-
ties, establish a suitable mechanical model, and determine
the best set of model constants. Because of the difficulty of
mannal data acquisition and traditional methods of fitting
model constants, most roofing materials have not yet been
comprehensively and systematically studied to determine
rheological models and constitutive equations. This paper
introduces some new advances related to rheological testing
and model fitting for roofing materials used in China.

The mechanical behavior of roofing materials is complex,
so it is hardly sufficient to simply rely on analytical methods
to set up constitutive equations, Many mathematical models
can only be based on data observed and measured. There-
fore, system identification theory was adopted as the theore-
tical basis for establishing rheological models.

SYSTEM FOR REAL-TIME DATA COLLECTION
AND CONTROL DURING THE CREEP PROCESS
OF A MATERIAL

A system was developed, with automated data acquisition,
to measure creep of roofing materials. The system is shown
in Figure 1.

The system was controlled with a microcomputer. Test
specimens were placed in a test cup and loaded and un-
loaded automatically. The creep curve was plotted and creep
data were printed, thus providing complete and automatic
measurement of the creep process for each roofing material
tested.

The testing system has the following characteristics.

Rapid Sampling and High Accuracy
Sampling cycles ranged from 0.1 to 10 seconds, with an in-
terval of 0.1 second. One hundred different sampling cycles
were available, with a maximum loading time of 1,000
seconds. One thousand data points for the creep curve can
be collected during a single experiment. For some low
viscosity materials, measurement of the creep process can be
completed in two seconds. Experimental data and the creep
curve from a typical experiment are shown in Figure 2. This
experiment was completed in two seconds.

The resolution of the system reaches 0.0025mm within its
0 to Smm range. An interpolation subroutine was installed
in the microcomputer to rectify non-linear errors from the
transducer and the analog-to-digital converter. The system
provides high accuracy.

Good Repeatability

Since sampling is synchronous, the impact of loading and
unloading is eliminated, and the experiment operates
automatically. Man-made errors are excluded, experimental
repeatability enhanced, and the real case of initial instan-
taneous deformation during the creep process can be ac-
curately observed. The results shown in Figure 3 for two ex-
periments printed on the same diagram indicate good ex-
perimental repeatability.

Fast Experimental Process

In a short time, the system can measure the creep process of
many materials under different conditions.

Multiple Functions and Convenient Operation

The system simultaneously has the functions of extreme
limit warning, loading, unloading, sample mark demonstra-
tion and automatic adjustment to the zero state. During the
experiment, readjustment to the original work-ready state is
unnecessary, making the system convenient to operate.

The system has already been applied to test the creep
process of many roofing materials under different condi-
tions.

PROGRAM LIBRARY FOR FITTING RHEOLOGICAL
MODELS TO ROOFING MATERIALS

Data obtained by the system for real-time collection and
control during the creep process can be used to establish a
rheological model and constitutive equation for the mater-
ial. However, model fitting for creep data and model valida-
tion require tedious calculation and can hardly be ac-
complished manually, Therefore, a special program library,
RHELIB, was developed to catalog selected rheclogical
models of materials. The mathematical theory used for this
program library was the system identification theory'. The
general procedure and process for system identification con-
sists of four steps: (1) experiment design; (2) model structure
selection; (3) parameter estimation; (4} model testing. These
steps are expressed as a block diagram in Figure 4.

The problem of experiment design was covered in the first
part of this paper. Now, the problem is to select the model
structure, estimate the rheological parameters and test the
model. It is clear from Figure 4 that this is a cyclic and
repeating process. A model structure is selected according to
the identification purpose, the knowledge before the test
and the experimental data. The system identification theory
is then applied to estimate the parameters of the model and
to test the model. If the model does not meet the require-
ment, alternative models are selected and fitted automati-
cally until a final model is obtained which best represents the
data. Using RHELIB, the cyclic model fitting process was
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completed automatically on the computer,

The program library RHELIB included model-fitting pro-
grams for many proposed models which are well known and
of practical value. It also included some application pro-
grams. All the model setting-up programs have the function
of digital simulation as well. RHELIB has interactive
facilities, drawing demonstration and print out and then
prompts the user to enter additional commands. Therefore,
the iterative process of model structure selection, parameter
estimation and model testing can be conveniently dealt with
on a personal microcomputer. A single cycle takes about
two minutes.

Put the creep process data obtained from the experiment
into the computer; set up a data file on the magnetic disk.
With the experimental data and curve shown on the screen,
study the characteristic of the creep curve and select the
model structure. There are more than 20 rheological model
programs in RHELIB; the name for each program is the
structural formula for its model. Some models and their
structures are shown in Table 1.

We can select any one of the model setting-up programs
to deal with experimental data, During the process of run-
ning the program, several simple questions are raised by the
computer. When they are answered through the keyboard,
the model setting-up process can be completed within
seconds. Simultaneously, the experimental creep curve and
the model simuiation curve are displayed on the screen. The
degree of fit between the experimental data and the model
determines if the model meets the requirement, If the result
is poor, select and set-up again. If the result is satisfactory,
the printer types out the original data and curve, the simula-
tion data and curve, the model structural formula, the
model parameters, the fitting error and the experimental
statement,

Thus, a complicated problem of modeling roofing
materials becomes a simple operation. RHELIB is available
to all engineers and technicians.

Figure 5(a) is an example of model fitting by the com-
puter. The diagram clearly indicates that the experimental
curve and the simulation curve do not fit well, and require
another try. Figure 5(b) is a diagram of the experimental
curve and the simulation curve after reselecting and
resetting-up the model.

Figure 6 is the printed result of a model fit.

PARAMETER IDENTIFICATION METHOD OF THE
RHEOLOGICAL MODEL

'_The parameter identification method based on the system
identification theory is expounded as follows.

The general formula of the constitutive equation® can be
written as:

fle,o,0, ..... Y L , €M t)=0 48
Where ¢ is stress, ¢ is strain,

The rheological model corresponding to it has m
parameters® as Py, P,, Py, .. ... P.(P,i=1,2,3,..... m,
coefficients of springs or dashpots.)

Let P=[P1 P; P: ..... Pm}T
#* is m-order, column vector. The functional relation of P

and & can be defined as

P=F[#] 2
The creep curve data obtained from the experiment are E{1),
E(2), ¢(L), and stress o is known.

Let Y=[e(1), e{2), ..... e(L)T
While W is a m x m matrix composed of elements (1), (2),
..... e(L) and o.

According to the system identification theory! the optimum
estimation for # is

8 = (WTW)'WTY 3
Putting 8 into the equation (2), P can be evaluated.
Since P is known, the constitutive equation (1) can be deduced.

The rheological model in Figure 7 has been analyzed as an
example,

In Figure 7, g, is the spring constant of the first Kelvin
Body, #, the viscosity coefficient of the first Kelvin Body, p,
the spring constant of the second Kelvin Body, #; the
viscosity coefficient of the second Kelvin Body.

Find 8 by the experimental data. Where f={e, e, i f}},
P={g uam n).

The relation between P and 8, P=F(f), is as shown in the
following formulas*

B=(—C; + /e _ZE| ) /2

A=61 /A

i =(1—Ayp(A—B)/(f. +f, A) 4
p=(I=-B(B—A)/(f, +f, A)

m=—umT/(Ln A)

7= —u.T/(Ln B)

In formulas (4), T is the sampling cycle in the experiment,
Ln is the symbol of natural logarithm,

When the model parameter vector P is evaluated, the con-
stitutive equation may then be determined.

Other models can be treated as analagous to the above.

ACTUAL TEST RESULTS—THE RHEOQLOGICAL
MODEL FOR RESIDUAL OIL MODIFIED WITH
BUTADIENE RUBBER*

Residual oil modified with butadiene rubber is a well-mixed
solvent. After butadiene rubber is added, liquid state
residual oil exhibits a certain degree of solid behavior, The
addition of butadiene rubber causes residual oil to have
notable instantaneous elasticity and retarded elasticity, and
gives it excellent mechanical properties. To reveal the
technological property of rubber bitumen and the
mechanism of property modification, the creep process was
measured for residual oil modified with butadiene rubber by
applying the real-time data collection and control system. A
rheological model was established with the special program
library RHELIB.

Under the condition of indeor temperature 8C, the ex-
periment was done five times continually, with the constant
shear stress 233.333 dynes/cm?®, 466.666 dynes/cm?, 700
dynes/cm?, 933.333 dynes/cm?, and 1166.66 dynes/cm?.
The sampling cycle is one second, the loading time is 35

* 0 is to be described in details in other papers.

* The formula (4) is to be described in details in other papers.



seconds. Specimens were unloaded at 35 seconds. The
recovery process is 36 seconds. seventy-two creep values
were collected in each experiment. See Figure 8 for the creep
curves.

The result of model fitting with the program library
RHELIB indicated that residual oil modified with butadiene
rubber is a typical Burgers Body. The model of Burgers
Body is shown in Figure 9.

Model parameters are listed in Table 2. Lines 1 through 5
give parameters from five experiments. The sixth line gives
average values, and the seventh the coefficients of variation.
In the table P1 is u,, P2 is 9, P3 is v, and P4 is »,.

With the rheological model, further study could be made
of the rheological mechanical properties of residual oil
modified with butadiene rubber. This is beyond the scope of
this paper. For detailed information please refer to the
original article mentioned in the references.*

SUMMARY

A system was developed to enable real-time data collection
and control of the creep process. Rheological models were
fitted to data with the aid of a special program library,
RHELIB, and rheological properties of numerous roofing
materials were measured. The computer was shown to be a
useful tool for selecting and fitting rheological models for
roofing materials. Adoption of advanced technical methods
combined with the system identification theory provides the
advantages of speed, accuracy, reliability and material
characterization which could hardly be obtained with other
methods. Therefore, we suggest that computers be used in
the study of roofing materials.
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Figure 1 A system for real-time data collection and control during
the creep process of a material
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Figure 2 Computer output from a typical creep experiment
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Figure 3 Two experiments printed on the same diagram indicate
the good property of experiment repeating
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Table I Rheological models in RHELIB

Figure 5 An example of model fitting by the computer
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Figure 6 The printed result of a model fit T:Time (second) *:Shear strain af experiment #:Shear strain of simulation
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