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ABSTRACT: In a portable FWD test, the variations on the loading time and its integration
influences the estimated elastic modulus and K-value of subgrade even if the peak load is the
same. The aforementioned could not be found from the impact numerical FEM analysis of
elastic model for the portable FWD. In this research, analytical study has been carried out to
investigate the influence of various parameters, such as the mass and the drop height of the
falling weight, on the loading time and its integration from the numerical analysis of visco-
elastic model.
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1 INTRODUCTION

The portable FWD is a device that measures time histories of load and deflection caused by a
falling weight onto a loading plate. The elastic modulus £ and the K-value of subgrade are
estimated from the peak load and the peak deflection at the same time. A portable FWD test
can be used to estimate the rigidity of the subgrade in insufficient spaces where it is not
possible to use a FWD. Compared with the static plate loading test used for evaluation of
bearing capacity of subgrade, the portable FWD test does not require setting up a large scale
reaction device, and the test time is short and no labour-intensive.

In a portable FWD test, the mass and the drop height of the falling weight can be adjusted
to meet the bearing capacity of the subgrade. Therefore, it is possible to generate a reference
deflection to define the K-value with the static plate loading test of the road (JSCE, 2002). It
is desirable that a portable FWD test can be carried out to obtain the same evaluation as the
static plate loading test. However, although the peak load is the same, the peak deflection
from the portable FWD test is smaller than that from the static plate loading test. As a result,
the portable FWD test gives larger K-values than the plate loading test due to its dynamic
effect, especially for more higher bearing capacity of subgrades.

In a FWD test, it is noted that the loading time (the time being from zero to the peak load)
and its integration (the integration against the loading time) varies with the mass and the drop
height of the falling weight as well as the rigidity of rubber buffer even if the peak load is the
same. Accordingly, the peak deflection is different, and it has influence on the estimated
elastic modulus and K-value of subgrade (Himeno efal., 1996).



To investigate how the rubber buffer rigidity influences the time histories of load and
deflection in a portable FWD test, the impact analysis was carried out using the elastic model
(Kubodera etal., 2001). It was found that the time histories of load and deflection increased
and decreased at the same ratio. The change in K-value was not observed. On the other hand,
the difference of peak deflection was not seen for an identical peak load even if the loading
time was different. Thus, the result obtained from the impact analysis has no difference
compared with that of static analysis using the elastic model.

The purpose of this study is to investigate the changes on the influence of loading time on
the peak deflection under the identical peak load using a visco-elastic material model to
characterize the subgrade and rubber buffer. Furthermore, varying the mass and the drop
height of the falling weight, they have influences on the loading time to be determined with
the numerical impact analysis. Furthermore, varying the mass and the drop height of the
falling weight, they have influences on the loading time to be determined with the numerical
impact analysis.

2 NUMERICAL SIMULATION

2.1 Analytical model
The portable FWD used in this study is shown in Figure 1. Figure 2 illustrates the loading
time and its integration.
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Figure 1: Portable FWD.
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Figure 2: Loading time and its integration



The £ modulus and K-value in practical can be calculated by equations (1) and (2). When
the sensor is at the center of loading plate, the £ modulus for radius being equal to zero can be
expressed in the form of equation (1) with help of Burmister theory.
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where E is the elastic modulus (MPa), K is the coefficient of subgrade reaction (GN/m’), P is
the peak load (N), D is the peak deflection (mm), a is the radius of loading plate (mm), 4 is
the area of loading (mm?) and V is the Poisson’s ratio.

When the £ modulus and the K-value of the subgrade considered are calculated from
equations (1) and (2), it is confirmed that there exists difference within the estimated values
for different peak deflection under the identical peak load.

This study used a finite element (FE) package, LS-DYNA, which is a dynamic FE analysis
software based on the explicit algorithm. The finite element division of the portable FWD is
shown in Figure 3. The portable FWD and the subgrade are modeled as an axisymmetric
finite element model. The boundary conditions are defined as follows: two sides are restrained
in x-direction, the bottom is restrained in both x- and y-directions. To shorten the analysis
time, the initial velocity caused by the falling weight from prescribed height at a Smm beyond
the rubber buffer was taken as the initial condition. On the numerical results, load acting on
the contact area at the bottom of the loading plate is considered. The deflection of subgrade at
the center of loading plate is collected. The falling weight unit, the body and the loading plate
are modeled as the elastic model, whereas the rubber buffer and the subgrade are modeled as
the visco-elastic model.
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Figure 3: Division of element.



In this study, the Kelvin model with three elements is used to characterize the visco-elastic
behavior of material types (Denek efal., 1991). The Kelvin model and the relation between
the stress and the strain are shown in Figure 4. In Figure 4, E is the elastic modulus, # is the
viscous coefficient and Fy is the initial elastic modulus. £, is the secondary elastic modulus,
and it can be expressed with £ and £, as shown in equation (3). The constitutive relation for
the Kelvin model is expressed by equation (4).

to t
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Figure 4: Kelvin model of three elements; (a) The model with spring and dashpot; and (b) The
relation between stress and strain.
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where £ is a coefficient including the viscous term. It is defined by equation (5).

EO
,B—TE ©)

=

where 1 is the relaxation time. It is calculated with equation (6).
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From Figure 4(b) and equation (4), it is noted that the elastic modulus depends on loading
time for Kelvin model used. With increasing viscous coefficient, the coefficient f becomes
small, and the loading time required for £(7) converging to £, becomes long.

2.2 Selection of material properties
The material properties modeling the elastic and the visco-elastic behaviors in this study are
given in Tables 1 and 2. The mass density changes with variation of falling weight.

Ey and E., of the subgrade, shown in Table 2, were obtained from the experimental testing.
Considering the experimental results, F, of subgrade was selected from the triaxial
compressive test, and £, of subgrade was selected from the plate loading test. Figure 5 shows
the result of triaxial compressive test for subgrade (Momoya efal., 2000).



Table 1: Properties of elastic body.

Mass Density  Poisson’s E
(kg/m”) Ratio (MPa)
Loading plate 7850 0.3 2.1x10°
Body 5050 0.3 2.1x10°
Weight changeable 03 2.1x10°

Table 2: Properties of visco-elastic body.

Mass Density Poisson’s  Fy E, I
(kg/m’) Ratio  (MPa) (MPa) (1/ms)
Subgrade 2030 0.3 200 23.4 3.8
Rubber buffer 960 0.49 10.3 6.43 0.0965
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Figure 5: Strain and elastic modulus of subgrade.

The elastic modulus Ey of subgrade used is taken as 200MPa for an axial strain 1x107
level, as shown in Figure 5. Using the peak load and the peak deflection of the plate loading
test, the Static back-calculation was performed to determine the elastic modulus £, of
subgrade. The £, was found to be equal to 23.4MPa. The load curve measured on the loading
plate was taken as an input function of loading. A series of the deflection history curve were
simulated with varying the £ of subgrade, and then the f value was chosen, as shown in Table
2, to achieve a reasonable deflection curve to approximate the measured one.

The rubber buffer consists of butyl, and has the following dimensions: 26.5mm high and
22 .0mm in radius. Based on the result of uniaxial compressive test, the £, of the rubber buffer
was determined, as presented in Table 2. The experimental result for spring constant and
displacement is shown in Figure 6 (Japan FWD, 2002). The relation between the elastic
modulus and the spring constant is expressed in equation (7) (Usami and Ouno, 1978).
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where £ is the spring constant, # and A4 are the height and area of rubber buffer, respectively.



The spring constant of rubber buffer is 123N/mm, as shown in Figure 6, which corresponds
to an asymptotically stable value. Because the number of rubber buffer used in the portable
FWD is three, the spring constant considered in the numerical simulation was equivalent to
three times of one rubber buffer. As a result, the £, of rubber buffer is 6.43MPa determined
from equation (7).

The E, of rubber buffer was chosen from ratio 1.6 of £y/ E., for the rubber hardness of 65
(Usami and Ouno, 1978). The g of rubber bufter shown in Table 2 can be determined from the
dynamic response test. The loss factor, tand, obtained from the dynamic response test at a
load of 0.7kN with a frequency of 20Hz is shown in Figure 7. The loss factor was chosen as
0.479 from Figure 7. The relation among the loss factor, the frequency, and the relaxation
time is expressed by equation (8).
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The £, of Kelvin model can be determined when the £y and E., of rubber buffer were
determined. The S of rubber buffer can be calculated from equations (6) and (8) when the loss
factor takes 0.479 at a frequency of 20Hz.
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Figure 6: Displacement and spring constant of rubber buffer.
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Figure 7: Cycles and loss factor of rubber buffer.



3 COMPARISON BETWEEN MEASUREMENT AND ANALYSIS

A numerical simulation was performed considering the material properties (Tables 1 and 2).
Further, it was assumed the mass and the drop height of the falling weight were 3kg and
100mm, respectively. The structural damping ratio was determined as 0.001, with the load-
deflection curve of corresponding problem very close to that measured. Moreover, the elastic
modulus and damping ratio were determined for the elastic analysis with the peak load and
deflection very close to those measured. Figure 8 shows the load-deflection curve obtained
from the measurement and numerical simulation.

From Figure 8, it is observed that the simulated peak load and deflection are in good
agreement with the experimental ones for the elastic analysis, whereas the load-deflection
curve 1s inconsistent with the measured one. On the other hand, the locus of load-deflection
curve is in good agreement with the measured one for the visco-elastic analysis, which
demonstrates the applicability of the numerical simulations to the dynamic response analysis
of subgrade using the visco-elastic model.

The displacement obtained from the visco-elastic analysis at unloading stage is about three
times of the measurement, shown in Figure 8. It can be explained that the elastic property
becomes obvious at unloading for the rolling compacted subgrade.
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Figure 8: Load-displacement curve.

4 INFLUENCE OF THE MASS AND THE DROP HEIGHT OF THE FALLING
WEIGHT ON THE NUMERICAL ANALYSIS RESULTS

In a portable FWD test, the loading time depends on the mass and the drop height of the
falling weight and on the stiffnessess of subgrade and rubber buffer. The experimental and the
numerical analysis have been carried out to investigate the effect of the rigidity of rubber
buffer on the loading time (Oishi etal., 2001) (Kubodera efal., 2001). In this study, the
influence of the mass and the drop height of the falling weight on the loading time were
investigated.

Four types of the mass of falling weight and four to seven types of drop height chosen to
be 3, 5, 10, 15kg, and 25, 50, 100, 200, 300, 500, 700mm, respectively, were used to perform
the numerical simulations.



The peak load, the loading time and its integration are extracted from the time histories of
the load and deflection for each numerical simulation. The relationships between the drop
height and the peak load, the drop height and the peak deflection, the drop height and the
loading time, the loading time integration and the peak deflection are shown in Figures 9, 10,
11, and 12, respectively. The K-value was calculated according to equation (2), the peak load
and the peak displacement of Figures 9 and 10, is shown in Figure 13.

The peak load ranges from 2 to 8kN for the subgrade. Accordingly, the loading time ranges
from 4 to 12ms, and the range of its integration is of 10 to 30N-s (Maruko efal., 2002). On the
other hand, the numerical results fall into these ranges. It is indicated that the experimental
results are reliable.

Assuming the peak load to be constant, the mass and the drop height of the falling weight
were varied to investigate their influences on the peak deflection and the loading time
calculated. The relationship between the mass and the drop height of the falling weight is
depicted in the broken line for the identical peak load, as shown in Figure 9.

For the identical peak load being at a level of 3.0, 4.0, 5.0, and 6.0kN illustrated in Figure
9, the relations between the mass and the drop height of the falling weight are also depicted in
the broken line, as shown in Figures 10 to 13.
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Figure 10: Drop height and peak displacement.
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Figure 11: Drop height and loading time.
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For the identical peak load shown in Figure 10, it is observed that the peak deflection
trends to be large when the mass of the falling weight increases and the drop height becomes
low. For the identical peak load when the mass and the drop height are different, though the
peak deflection was same in the elastic analysis, it is different in the visco-elastic analysis. As
a result, when the £ and K-value are calculated from equations (1) and (2), the differences
between the estimated values are produced even for the same subgrade. The loading time
tends to decrease slightly when the drop height rises in measurement (Japan FWD, 2002). The
decreasing tendency could also be found in the numerical simulation, as shown in Figure 11.
Furthermore, the loading time tends to increase when the mass increases. It is observed that
the mass has larger effect on the loading time than that of drop height. For the same peak load,
the loading time is different for different mass and drop height. It is indicated that the loading
time is long for larger mass and lower drop height.

From Figure 12, it is observed that the loading time integration tends to increase when the
mass of the falling weight increases. For the same peak load, the loading time integration is
different for different mass and drop height, and it does not depend on the rigidity of subgrade.
The peak deflection tends to be large with the increasing of loading time integration.

From Figure 13, the K-value tends to increase when the mass or the drop height increases.
Further, the tendency of K-value is just the opposite of that observed for the loading time
(figures 12 and 13). Moreover, the correlation between the K-value and the loading time is
high. This observation is found by using the visco-elastic analysis. During the elastic analysis,
such correlation was not found since the change of K-value was not seen for different the
loading times.

5 CONCLUSIONS

The peak values were extracted from the time histories of the load and deflection in the
procedures of estimating the £ modulus and K-value of subgrade. Then they are taken as the
static data to estimate the parameter values. As results of this, the estimated £ and K-value for
the subgrade were different when the loading time was different under the identical peak load.
The relation between the mass and the drop height of the falling weight is one of the factors
that will affect the length of loading time. In this study, the followings can be summarized by
the impact response analysis using the visco-elastic model.

a) The dynamic visco-elastic analysis was carried out with Kelvin model. It was
confirmed that the loading time and the peak deflection are different even for the
identical peak load.

b) The variation influences of the mass and the drop height of the falling weight on the
peak deflection, loading time and its integration were able to be predicted using the
numerical analysis.

c) To get the prescribed peak deflection, it is necessary to set the magnitude of loading
according to the rigidity of subgrade. Because the mass of the falling weight has larger
effect on the loading time and its integration than that of drop height, it is better restrict
to vary the drop height during the measurement with a portable FWD. Thus, if the
measured values need to be modified from the change of measure conditions, the mass
of the falling weight should be kept constant.
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