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Abstract 

Currently. all TxDOT FWDs operate with a solid load plate. Several experimental and analytical 
studies have shown that such a configuration may result in a non-uniform load distribution under 
a rutted or weak flexible pavement. The FWD vendor currently markets a split plate design that 
may improve the load distribution on rutted or weak pavements. A non-uniform load 
distribution may significantly affect the central deflection measured on a weaker pavement 
structure. Since more than 50% of Texas roadways are farm-to-market structures. this matter is 
of utmost importance. 

The behaviors of solid and split plates were thoroughly evaluated in this study. It seems that the 
falling weight deflectometers equipped with split plates impart more uniform load to the pavement. 
The split plate in general improved the performance of the FWD. However, the deflections 
measured with the two plates are different. As such, should TxDOT decide to utilize split load 
plates, a means of adjusting the deflections measured with the new configuration to those 
historically measured with the solid plate should be devised. 
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Implementation Statement 

The results from this study will provide the technical background necessary for TxDOT staff to 
draw conclusions whether it is appropriate to change the load plates of the FWD fleet from solid to 
split. In terms of operation, the split plates are desirable. However, a strategy for harmonizing the 
deflections historically collected with the solid plates with those measured with the split plates 
should be devised. This study has been purely technical in nature, a cost benefit analysis is 
recommended before TxDOT decides to install split plates on the FWD fleet. 
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Chapter 1 

Introduction 

Problem Statement 

The falling weight deflectometer (FWD) device has been extensively used by the Texas 
Department of Transportation (TxDOT) to support routine pavement design, to select 
rehabilitation strategies, to route super-heavy loads, to load zone, and to support other pavement 
management activities. A FWD primarily measures the pavement deflection at seven to nine 
points due to an imparted load. The measured load and deflections along with pavement 
parameters are entered in a backcalculation program to obtain the stiffness profile of an existing 
pavement. These backcalculated moduli are then used to compute the strains at the interfaces of 
the pavement layers. The remaining life of the pavement is finally determined by using a semi­
empirical relationship between the number of equivalent single axle loads applied to the 
pavement and the critical strains at the interfaces of the different pavement layers. 

Currently, all TxDOT FWDs operate with a solid load plate. Several experimental and analytical 
studies have shown that such a configuration may result in a non-uniform load distribution under 
a rutted or weak flexible pavement. The FWD vendor currently offers a split plate design that 
may improve the load distribution on rutted or weak pavements. A non-uniform load 
distribution may significantly affect the central deflection measured on a weaker pavement 
structure. Since more than 50% of Texas roadways are farm-to-market structures, this matter is 
of utmost importance. 

Objective 

The primary objective of this report is to provide information about the response of pavement 
structures under solid and split plates. This was achieved by a thorough review of the literature, 
and a comprehensive small-scale and full-scale field tests. The results are reported herein. 



Organization 

The report consists of five chapters. A review of literature focusing on the distribution of 
pressure under split and solid plates from several experimental and numerical studies is included 
in Chapter 2. Chapter 3 contains the results from the instrumentation of the load plates of three 
FWDs to quantify their behaviors. Chapter 4 is dedicated to the results from comprehensive tests 
carried out to quantify the behaviors of these plates. Summary, conclusions and our 
recommendations are described in Chapter 5. 
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Chapter 2 

Review of Literature 

Typical solid (rigid) and split (segmented) load plates used with FWDs are shown in Figure 2.1. 
The load plate transfers the applied load to the pavement through a multi-layered plate. The 
solid plate typically consists of a steel plate connected to a Polyvinyl Chloride (PVC) plate. The 
split load cell on the other hand is made up of two metal plates in the shape of half-circles. 
These two plates are joined by a center piece through a hinge mechanism and rubber dampers. 
The hinge and damping elements allow the two half circles some flexibility to conform to non­
uniform surfaces. The bottom of each plate has a ribbed neoprene isolation pad that is intended 
to equally distribute the pressure under the load plate. 

Figure 2.1 -Typical Load Plates Used under FWD Devices 
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To evaluate the influence of two plate types Touma et al. ( 1991) performed a field study on three 
pavement sections consisting of a smooth, newly-paved, strong asphalt pavement, a strong 
asphalt pavement with a small rut, and a weak asphalt with no apparent rut. The results from 
field measurements are summarized in Figure 2.2. For the segmented plate, the stress 
distributions for all three pavements were reasonably uniform. The distribution of pressure was 
also reasonably uniform under the solid plate placed on the strong smooth pavement. However, 
for the other two pavement sections shown in Figure 2.2, the distributions of pressure on top of 
the pavement were non-uniform along the radius of the plate. This phenomenon negatively 
impacts the deflection of the sensor located in the center of the load plate (Sensor 1 ). 
Note: The shape of the film imprints is not completely circular because the film is only 270mm 
(10 5/8 in) in width while the diameter of the load plate is 305mm (12 in). 

4 

Smoothly newly paved 
asphalt pavement. 

Strong asphalt surface 
with 118" rut depth. 

Weak asphalt surface 
with no rutting. 

Segmented 
Plate 

Nonsegmented 
Plate 

Figure 2.2 - Distribution of pressure Under Rigid and Segmented Plates 
(from Touma et al., 1991) 



Touma et al. also suggested that to assume a uniform pressure distribution under the FWD plate 
for backcalculation of moduli may in some instances introduce unacceptable errors. They 
considered three contact stress distributions: uniform (full contact), partial edge distribution 
(rutting), and partial circumferential distribution (weak pavement). The measured deflections 
from each loading case were used to backcalculate layer moduli. The analysis indicated that 
when either of the two non-uniform conditions occurs (partial edge or partial circumferential), 
making the assumption that full contact was achieved may lead to significant errors in the 
backcalculated moduli. 

Boddapati et al. (1994) used finite element modeling to simulate the distribution of pressure 
under pavements for a number of conditions. In that study, the composite loading plate of the 
FWD was assumed to consist of a steel plate over a PVC plate. The steel and PVC plates rested 
over a rubber pad. A three-layer flexible pavement section was used in that study as a standard 
cross-section (see Figure 2.3a). A rigid pavement consisting of a concrete layer over a subgrade 
was also studied. The load plate and the pavement were discretized for the purpose of the finite 
element simulation. 

The pressure distributions under the loading plate at the pavement surface are graphically 
presented in Figure 2.4 for the flexible and rigid pavements. The horizontal line represents the 
uniform pressure distribution anticipated on the pavement. For the flexible pavement, some 
concentration of stress at the edges is apparent. Little stress is imparted to the pavement near the 
center of the plate. For the rigid pavement, the pressure is more or less constant except for the 
inner and outer one inch of the plate. 

Applied 

ACLayer 

Base Layer 

Sub grade 

FWD Loading Plate 
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v=0.35 

E = 50ksi 
v=0.35 

E= 10 ksi 
v =0.45 

40ft. 

(a) Flexible Pavement 

3 in. 

12 in. 

25ft. 

Applied 
Pressure FWD Loading Plate 
II II~ 

I 

E =4000ksi 
ACLayer 

v = 0.15 

Subgrade 
E = 10 ksi 
v =0.45 

40ft. 

(b) Rigid Pavement 

Figure 2.3 - Pavement Profiles Used by Boddapati et al. (1994) 
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Figure 2.4- Pressure Distribution under FWD Plate Simulated by Finite Element Analysis 

To determine the energy concentration on the loaded area due to the FWD-pavement interaction, 
Boddapati et.al. (1994) introduced the stress recovery ratio, Sr parameter as: 

S,(%) = P;*JOO 
Pu 

(2.1) 

where Pu = stress assuming uniform stress distribution, Pi = average stress applied to the 
pavement. The closer the value of Sr is to unity, the more uniform the stress distribution will be. 
To determine Pu. the applied load was divided by the area of the plate, whereas, Pi was 
determined by calculating average stress obtained considering the FWD/pavement interaction. 
For the flexible pavement, the stress recovery ratio was about 70%. To the contrary, the rigid 
pavement recorded a Sr of 94%. 

Since Boddapatti et.al. (1994) is very relevant to this project, we have summarized it here. The 
deflections calculated with the uniform pressure distribution and when the FWD-pavement 
interaction was considered on flexible and rigid pavements are compared in Table 2.1. For the 
flexible pavement, the difference in deflections is 6.3% for the first sensor and practically zero 
for the other sensors. For the rigid pavement, since the differences are less than 1 %, the FWD­
pavement interaction results in small variation in the outcome. As such, the interaction should 
not be of any concern. 

The stiffness and thickness of each component of the FWD plate were also varied to determine 
their influences on the deflection basins. In addition, moduli and thicknesses of the pavement 
layers were varied to produce a realistic range of in-service pavement systems. 

The influence of the FWD plate components is shown in Table 2.2. For the case of the standard 
plate, the difference between the central deflections obtained with the uniform distribution and 
when the plate-pavement interaction is considered, as indicated before, is 6.3%. By doubling 
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Table 2.1 • Impact of Plate/Pavement Interaction on Surface Deflections for 

Type of 
Pavement 

Flexible 

Rigid 

Parameter 

Standard 
Plate 

Steel 
Plate 

Modulus 

Steel 
Plate 

Thickness 

PVC 
Plate 

Modulus 

PVC 
Plate 

Thickness 

Pad 
Modulus 

Pad 
Thickness 

T • I Fl ibl d Ri .d P ts ·yptca ex ean I gil avemen 

Model 
Deflection (in mils) Measured at (in.) 

0 12 24 36 48 60 
Uniform 34.3 21.4 13.6 9.3 6.5 4.6 

Simulated 32.1 21.4 13.6 9.3 6.5 4.6 
% Difference 6.3 0.1 0 0 0 0 

Uniform 10.4 9.4 8.2 6.7 5.4 4.3 
Simulated 10.3 9.4 8.2 6.7 5.4 4.3 

% Difference 0.4 0 0 0 0 0 

Table 2.2 • Influence of Plate Components on Stress Distribution 
and Central Deflection of FWD 

Modulus of Plate Component Thickness of component 
Sr (ksi) (in.) 

Steel PVC Pad Steel PVC Pad 
(%) 

10000 1000 5 1 1 0.25 71 

5000 74 
1000 5 1 1 0.25 

20000 68 

0.5 80 
10000 1000 5 1 0.25 

1.5 65 

500 74 
10000 5 I 1 0.25 

2000 68 

0.5 75 
10000 1000 5 1 0.25 

1.5 68 

l 82 
10000 1000 1 1 0.25 

25 65 

0 57 

10000 1000 5 1 1 0.125 69 

0.375 74 

* Numbers m parentheses correspond to dtfferences from a uniform load distribution 
* Sr denotes stress recovery ratio as defined in equation 2.1. 

72 
3.5 
3.5 

0 
3.3 
3.3 
0 

Central* 
Deflection 

(mils) 
1.29 

(6.3%) 
1.29 

(6.1%) 
1.27 

(6.9%) 
1.31 

(4.5%) 
1.27 

(7.5%) 
1.29 

(6.0%) 
1.27 

(6.9%) 
1.30 

(5.5%) 
1.27 

(6.9%) 
1.33 

(3.1%) 
1.24 

(9.8%) 
1.16 

(15.2%) 
1.26 

(7.7%0 
1.30 

(5.1%) 
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and halving the stiffness of the plate, the differences in the central deflections vary between 6.1% 
and 6.9%, not much different from the 6.3% obtained for the standard plate. The impact of the 
stiffness of the plate on the overall FWD-pavement interaction is small. In practical terms, the 
user and manufacturer should not be much concerned with the actual stiffness of the steel plate. 
One can replace the steel plate with hardened steel or aluminum and still obtain similar results. 
However, irrespective of the type of metal used, the central deflection on the standard pavement 
would be different by about 6.5% relative to the case when a uniform stress distribution is 
considered. 

The second parameter studied was the thickness of the steel plate. The plate thickness slightly 
influences the central deflection measured. As the thickness decreases to 0.5 in. (12.5 mm), the 
plate becomes more flexible thus it can better conform to the pavement surface. In this case, the 
difference in deflection is about 4.5% which is nearly 2% less than the 6.3 % obtained for the 
standard plate. Thickening of the steel plate would naturally result in a more rigid plate system, 
which in tum results in a larger deviation (7 .5%) in the values of central deflection between the 
cases when the plate/pavement interaction is and is not considered. 

The PVC plate is placed to uniformly distribute the imparted load from the FWD loading plate 
more evenly. Once again the variation in the PVC plate stiffness or thickness has a small 
influence on pressure distribution along the interface and central deflections. The variation in the 
PVC plate stiffness from 500 ksi (3500 MPa) to 2,000 ksi (14000 MPa) resulted in differences of 
central deflections from 6% to 7%. The variation of PVC plate thickness from 0.5 in. (12.5 mm) 
to 1.5 in. (37.5 mm) causes a difference in deflections ranging from 5.5% to 7%. 

The rubber (or neoprene) pad facilitates the distribution of the load to the pavement. To find the 
influence of the stiffness of the rubber pad on the overall distribution of the loads, two cases 
were studied. In one case, the stiffness of the pad varied from 1 ksi (7 MPa) to 25 ksi (175 
MPa). In the other case, the thickness of the pad varied from 0 in. (no-pad) to 3/8 in. (9.5 mm). 
As illustrated in Figure 2.5, with the decrease in the modulus of the pad the stress distribution 
becomes more uniform. The stress recovery ratio increases from 65% to about 82%. The 
differences in deflections calculated by two approaches decrease from 10% to about 3% (see 
Table 2.2). This implies that the stiffness of the rubber pad is of significant importance and 
should not be ignored. 

Unlike the pad stiffness, the variation in rubber pad thickness from 3/8 in. (9.5 mm) to about 1/8 
in. (3 mm) has small influence on the pressure distribution and central deflections. The exclusion 
of the pad results in significant concentration of stress at the outer edge of the plate (see Figure 
2.6). In addition, a low pressure zone is developed along the central part of the plate. This 
reduces the stress recovery to 57%. In this case, the central deflections calculated with and 
without the pad differ by 15% (see Table 2.2). When the pad was used, the variation in 
deflections is about 5% to 8%. Practically speaking, the pad should be periodically checked to 
ensure that its properties have not changed. In addition, to ensure uniform central deflection, the 
pad should be acquired from the same source. 

So far the effects of different components of the FWD plate on the central deflection were 
investigated. The other parameters that play a role in the FWD-pavement interaction are the 
thickness and modulus of each layer. The impact of each of these parameters on the response of 
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Figure 2.5 -Influence of Pad Stiffness on the Pressure Distribution under the Plate 
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Figure 2.6- Influence of Pad Thickness on the Pressure Distribution under the Plate 
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the pavement is presented in the following paragraph, utilizing a procedure similar to that 
followed for different plate components. The results of these sensitivity analyses are summarized 
in Table 2.3 

The variation in the AC layer stiffness results in large variations in the deflection of the central 
sensors. The variation in deflection simulated with the uniform stress distribution and from the 
pressure obtained under the plate ranged from 9% to 4%, as the stiffness of the asphalt layer 
increased from 250 ksi (1750 MPa) to 1,000 ksi (7,000 MPa). 

The thin asphalt layer (thickness of 1 in. or 25 mm) results in a low pressure zone along the 
central parts of the loading plate. As the thickness increases from 1 in. (25 mm) to 5 in. (125 
mm), the stress distribution under the plate becomes more uniform. The stress recovery 
decreased from 74% to about 71%, as the thickness of the asphalt layer increased from 1 in. (25 
mm) to 3 in. (75 mm). A Sr of about 79% is recorded with further increase in the asphalt layer 
thickness to 5 in. (125 mm). As shown in Table 2.3, the differences in deflections decreased 
from 12% to about 4%, with the change in thickness from 1 in. (25 mm) to 5 in. (125 mm). 
Therefore, the difference in deflections measured at the center of the plate is dependent on the 
AC layer thickness. The thicker the AC layer is, the less important the interaction will be. 

The change in the base layer stiffness influences the pressure distribution under the plate. As 
shown in Figure 2.7, a base layer with a stiffness of 12.5 ksi (88 MPa) develops a non-contact 
zone along the central parts of the plate. This results in the concentration of the entire load along 
the outer edge. As the base layer stiffness increases to 200 ksi (1400 MPa), the stress 
distribution under the plate becomes more uniform. The Sr increases from 55% to about 84% 
with the increase in the base layer moduli from 12.5 ksi (88 MPa) to 50 ksi (350 MPa). Such 
large increase in the stress recovery with the increase in the base layer stiffness results in a 
difference in deflections ranging from 10% to about 3% (see Table 2.3). 

I 
Parameter 

Standard 
Plate 
AC 

Modulus 
AC 

Thickness 
Base 

Modulus 
Base 

Thickness 
Sub grade 
Modulus 

10 

Table 2.3- Influence of Plate Components on Stress Distribution 
and Central Deflection of FWD 

Modulus (ksi) Thickness (in.) 
Sr 

AC Base Sub grade AC Base Sub grade (%) 

500 50 10 3 12 285 71 

250 50 10 3 12 285 
72 

1000 72 

500 50 10 
1 

12 
287 74 

5 283 79 

500 
12.5 

10 3 12 285 55 
200 84 

500 50 10 3 
6 291 66 
18 279 72 

500 50 2.5 
3 12 285 

69 
40 73 

Central 
Deflection 

(mils) 

1.28 

1.37 
1.19 
1.57 
1.04 
2.12 
0.78 
1.63 
1.10 
2.63 
0.70 



300 12.5 ksi - -50ksi - • • 200 ksi 
250 

,....._ 200 ..... 
Uniform Vl 

J:;t 150 
Vl 
Vl 

100 fllllll'-----g .... 
rll 

50 

0 

-50 

0 1 2 3 4 5 6 

Radial Distance (in.) 

Figure 2. 7 - Influence of Base Layer Stiffness on Pressure Distribution under Plate 

On the other hand, the change in the base layer thickness exerts a small influence on the pressure 
distribution under the plate. The difference between deflections obtained from the two 
approaches is about 6.5% with the change in thickness from 6 in. (150 mm) to 12 in. (300 mm). 

To determine the influence of the stiffness of the subgrade on the overall response of the 
pavement system, the stiffness of the sub grade varied from 2.5 ksi (17 .5 MPa) to 40 ksi (280 
MPa). The variations in the subgrade stiffness have some influence on the pressure distribution 
along the interface. The differences in the deflections obtained from the two approaches vary 
from 4% to 10%, as the stiffness of the subgrade increases from 2.5 ksi (17.5 MPa) to 40 ksi 
(280MPa). 

These two studies indicate that the components and the design of a load plate impact the results 
of the FWD system and should be considered to maintain an interchangeable and well­
maintained fleet. 

11 



12 



Chapter 3 

Evaluation of Plates on Smooth and Level Pavement 

The evaluation of the plates was carried out in two stages. Field tests were first carried out to 
quantify the differences in the actual conditions. The second stage consisted of devising and testing 
appropriate instrumentations. 

Field Evaluation 

In conjunction with the field validation reported in Rocha et al. (200 1 and 2002), a series of field 
test were carried out to determine the variation in load and deflection as a function of the overall 
stiffness of sites. Two flexible sites and one rigid site were tested. The layering at each site is 
summarized in Table 3.1. The sites are extensively described in Rocha et al. (2002). 

a e • -T bl 31 L ayer n orma on o ecte 1tes I II ti fSel d s· 
Site Condition Layer Information 

1 Strong Flexible 5 in. (125 mm) ACP 
12 in. (300 mm) Stabilized Base 

2 Weak Flexible 1.5 in. (37 mm) ACP 
10 in. (250 mm) Granular Base 

Rigid 8 in. (200 mm) PCC 

The three sites were tested back-to-hack by the same FWD first with a solid plate and then with a 
split plate. Each site was tested three times. Each time, the FWD was situated at a precise location. 
The air and pavement temperature were measured. The FWD test was then carried out by applying 
two seating drops at a nominal load level of 12 kips (53 KN), followed by six drops at four 
nominal load levels of 6 kips (27 KN), 9 kips (40 KN), 12 kips (53 KN) and 15 kips (67 KN). At 
each load level, the peak loads and peak deflections were recorded for all drops and the load and 
deflection time histories were saved for drops 2, 4 and 6. The results are comprehensively 
provided in Appendix A and are summarized below. 

Typical load and deflection time histories from Drop Height 2 at the three sites are compared in 
Figure 3.1. In general, the load time histories from the solid and split plates are similar. The 
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stronger the pavement, the higher the peak load exerted to the pavement. The deflection time 
histories were somewhat different. As the pavement becomes stronger, the difference in the 
deflections measured with the two plates becomes smaller. 

The variations in peak deflections as a function of measured peak loads are included in Figure 
3.2. For the rigid site, as shown in Figure 3.2a, the FWD equipped with the solid plate measures 
deflections that are about 6% greater than the split plate for the same load. For a nominal load of 
about 6 kip (27 KN), the loads reported under the solid plate are slightly greater than those from 
the split plate. On the other hand for nominal loads of 12 kip (53 KN) and 15 kip (67 KN) the 
loads reported by the split plate are greater than those from the solid plate. 

For the strong and the weak flexible sites. the loads recorded with the split plate are always 
greater than those from the rigid plate indicating perhaps that the plate is better conforming to the 
pavement as reported by Boddapatti et al. (1994). 

This case study clearly demonstrated that by changing the plate, the load and deflections 
measured with the FWD will change slightly. Since this change is felt by the central geophone 
the most, it may have an impact in the backcalculated results. As such, an instrumentation plan 
was devised and carried out to quantify these differences. 

Instrumentation 

The load plate transfers the applied load to the pavement through a multi-layered plate. The solid 
plate typically consists of a 3/4-in. (19-mm) thick steel plate connected to a 7/8-in. (22-mm) thick 
PVC plate. A ribbed neoprene plate, glued to the PVC plate, is in contact with the pavement to 
provide a uniform load distribution. To study the characteristics of the load plate, it was 
instrumented with accelerometers and strain gauges. 

Four strain gauges as shown in Figure 3.3 were placed along a radius of the plate to measure the 
strain experienced by the plate. The nominal locations of the strain gauges from the center of the 
plate were 3.9 in. (98 mm), 4.6 in. (118 mm), 5.4 in. (137 mm) and 6.1 in. (156 mm). Because of 
their small size (less than 1 in., 25 mm) and ease of installation, dynamic strain gauges are ideal 
for the type of instrumentation required for this project. The dynamic strain gauges are 
piezoelectric in nature. They incorporate quartz sensing elements and built-in microelectronic 
signal conditioning circuitry to generate an output signal that is proportional to dynamic strain 
influences. Since these sensors only respond to dynamic strains, they may be used to detect low­
level dynamic strains that are superimposed on a large static load. The nominal sensitivity of the 
strain gauges used is 50 m V /j.istrain. 

Typical response of the solid load plate on a concrete slab is shown in Figure 3.4. The highest strain 
is experienced by the strain gauge closest to the load. The strain decreases as the radial distance 
increases. Typically the strain measured by the first strain gauge was three to four times that of the 
fourth strain gauge. Similar results for testing on flexible pavement were obtained. While the strain 
patterns observed on both the load and strike plates were similar in shape, the amount of strain, 
particularly on the strike plate, was of such magnitude on the flexible surface that it only allowed us 
to measure strains at Drop Height 1. On all other heights, the strain signals exceeded the limits of 
the strain gauge. 
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To investigate the impact of the condition of the load assembly on the response of the load cell, the 
old load plate assembly was replaced with a brand new one, without altering any other components. 
The distribution of strain along the new plate is shown in Figure 3.5. In this case, the strains are 
smaller than those shown in Figure 3.4. Strain Gauge 4, which is farthest from the load experiences 
negligible strain. A comparison of Figures 3.4 and 3.5 indicates that changing the load plate 
assembly also changes the load pulse shape. This was a surprising finding. However, a closer 
inspection of the old load assembly revealed that accumulation of dirt and lack of lubrication could 
be the reason for this phenomenon. When the old assembly was cleaned, lubricated and reinstalled, 
the load pulse shape was similar to the one obtained from the new one. 

17 



-. 
= ·s -]. 
= ·s .. 

00 

20 

0 

-20 

-40 

-60 -Strain Gage I 

-80 
- ·Strain Gage2 
- Strain Gage3 

• • Strain Gage4 
-100 

-120 

0 10 20 30 40 
Time (msec) 

Figure 3.5 - Variations in Strain Time Histories along FWD Load Plate 
(Brand New Load Plate Assembly) 

50 

A split plate assembly was also mounted on the FWD (see Figure 3.3). Because of the shape of the 
plate, Strain Gauges 1 and 2 could not be placed on the load plate. The strain time histories for 
Gauges 3 and 4 using a split plate are shown in Figure 3.6. As seen in Figure 2.1, the load is 
transferred through an intermediate plate to the split load plate. In this case, the load plate 
experiences small strains, but in the opposite direction of those measured on the two solid plates. 

The time histories measured at one point on the slab are compared in Figure 3.7 for the same drop 
height. The split plate and the new solid plate provide similar pulse shapes. However, the pulse 
shape from the original load plate was somewhat different. For the two solid plates, the load pulse 
shape and the responses from the strain gauges are quite similar. The measured peak loads reported 
by the FWD varied by about 3%. 

Similarly, the time history deflections reported by the FWD (simultaneous with the loads shown in 
Figure 3.7) are demonstrated in Figure 3.8 for one sensor. In this case, the time histories are similar 
in shape; however, the differences in peak values are around 5%. Based on studies similar to this, 
one can conclude that the condition of the load plate assembly may impact the deflections measured 
with the FWD. 

To monitor the motion of the load plate, three accelerometers were placed about 5.5 in. (140 mm) 
from the center of the plate along three locations (see Figure 3.9). Tandon (1990) describe the 
conceptual design of such accelerometers. In principle, an accelerometer transmits output voltage 
that is proportional to the acceleration of the mass it is attached to. Once again, the calibration of 
accelerometers is discussed in Tandon and Nazarian (2000). To obtain displacement, the response 
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of the accelerometer has to be integrated twice. Mathematically this is a simple task. However, 
because of practical complications of this operation in the presence of noise in data, double 
integration should be avoided except for high quality accelerometers. As such, the accelerometers 
were used to compare relative motion between different components. The nominal sensitivity of the 
accelerometers used is 100 mV/g (i.e., 0.25 mV/in./sec2 or 10 ~.tV/mm/sec2). 

Typical responses from the accelerometers are shown in Figure 3.10. The motion of the plate 
measured at three locations is usually reasonably similar. These measurements were carried out 
throughout this study and are reported in the next chapter. 
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Chapter 4 

Evaluation of Plates on Rutted and Inclined Pavement 

Introduction 

The behavior of the two types of load plate assemblies on a smooth surface was examined in the 
previous chapter. However, this type of surface characteristic may not be often found in real 
world testing. A more realistic scenario would be one where the surface is either worn, bumpy, 
cracked or is at an inclination. The responses of the load cell, load plate, and the deflection 
directly under the load were evaluated in this study for two plate types and the results are 
reported in this chapter. 

Preparation of Test Slabs 

To simulate rutted and sloped pavements, three slabs were poured from a single batch of 
concrete to maintain common material characteristics. The three slabs were 3 ft (0.9 m) by 6 ft 
( 1.8 m) by 6 in. (0.15 m) thick. 

The control slab, as shown in Figure 4.1, was built to simulate a flat and level surface. The 
second slab was built with a 10-15 degree inclination while the third slab had a rut running down 
its middle. The rut, which was 0.5 in. (12 mm) deep, was 18 in. (0.45 m) wide on one side which 
gradually widens to 20 in. (0.5 m) on the other side. As shown in Figure 4.1, three points were 
tested on each slab. 

To conveniently test these slabs, an FWD loading mechanism was obtained from TxDOT (see 
Figure 4.2). The loading mechanism was retrofitted into an undercarriage that supported the 
loading mechanism, its control box and the batteries used to run the hydraulic motor, the FWD 
processor and the control box. 
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Inclined Slab 

Figure 4.1 • Layout of concrete slabs Used for Evaluating Load Plates 
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Figure 4.2- FWD Loading Assembly and Control Box on Undercarriage 

Description of Experiments 

The testing began by selecting the test points on each slab. The center of each slab as well as 12 
in. (0.3 m) from each of its edges was tested. The temperature of the slabs was monitored to 
ensure that there were no drastic changes during the entire testing process. 

At first, the control slab was tested to obtain reference information. Although an undercarriage 
was developed, the maneuvering of the loading mechanism is still somewhat cumbersome 
because it is a heavy piece of machinery. The positioning was done extremely carefully to avoid 
any accidental tip over and to ensure that exactly the same location was tested with both plate 
assemblies. Once in place, the following steps were carried out: 

1) Measure slab temperature 
2) Perform FWD tests 

a) Drop load six times at four nominal load levels of 6 kip (27 KN), 9 kip (40 
KN), 12 kip (53 KN) and 15 kip (67 KN). Record peak loads and peak 
deflections for all the drops and record deflection time history for the last 
drop at each load level. 

b) After the second drop on drop height 2, raise the load plate and place 
pressure sensitive film under it. Lower the plate back and record a single 
drop at Height 2 on the film. Remove the film and continue with the 
remaining drops. 

c) Lift load plate, maneuver to the next test location, repeat Steps a and b. 

The above process was repeated for the other two slabs for both plate assemblies. The detailed 
results are included in appendices B and C for a thorough inspection. Results of their analysis 
are presented in the next section. 
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Test Results 

LePel S/ao 

Figure 4.3 contains typical load and deflection time histories measured with the FWD at the 
center (Point 2 in Figure 4.1) for the level slab. The load pulses are generally similar with the 
deflections from the loads applied with the split plate being slightly larger. This finding is in 
concurrence with the Boddapati et al. (1994) numerical results summarized in Chapter 2. The 
magnitude of the deflections appears to be larger than expected for a six-inch thick PCC slab 
because it is not in full contact with the sub-base. 

The variations in deflection with the measured load for all experiments at all three points are 
summarized in Figure 4.4. For Test Point 1, the results from the two plates are fairly similar. 
However, for Test Points 2 and 3, the deflections measured with the split plates are typically 
about 10% larger for a given load. 

The distribution of the pressure under the FWD plate measured using pressure-sensitive film is 
shown in Figure 4.5. The distribution of stress under the plate is similar for both plates at each 
point. Based on the careful inspection of the films, the pressure exerted to the pavement, 
especially at higher loads, are slightly greater for the split plate. At Test Point 1 for both solid 
and split plates an area with no appreciable contact pressure is apparent. This lack of contact can 
be most likely attributed to the imperfections in finishing the slab. 

Typical outputs from one of the accelerometers mounted on the two plates are compared in 
Figure 4.6. The accelerometers provide more or less similar behaviors as well with those 
measured on the split plate being slightly greater especially at the higher pressures. 
Based on the data presented here as well as the detailed results from all cases, it can be 
concluded that both plates provide similar contact pressures and loads for intact level pavements. 
However, the deflections measured directly under the load are slightly larger with the split plate. 

Inclined Slab 

The three test points used on the inclined slab are marked in Figure 4.1. In this study, Test Point 
1 corresponds to a down-slope test, while Test Points 2 and 3 correspond to up-slope tests. 
Figure 4.7 contains typical load and deflection time histories measured at Test Point 2. The load 
pulses are again similar with the deflections from the split plate being larger. 

The variations in deflection with the measured load for all experiments at all three points are 
summarized in Figure 4.8. For Test Point 1, the results from the two plates are fairly similar. 
However, for Test Points 2 and 3, the deflections measured with the split plates are significantly 
greater. The distribution of pressure under the plate may shed some light to this behavior. 

The distribution of the pressure under the FWD is shown in Figure 4.9. For Test Point 1, the 
distribution of the stress is somewhat different. Along the outer ream, the pressures are greater 
for the split plate; whereas near the center the solid plate carries slightly higher pressure. For 
Test Point 2, the outer ream of the split plate by far carries higher pressures with the center of 
plates carrying similar loads. 
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a) Solid Plate b) Split Plate 
Figure 4.5 - Variations in Contact Pressure on Three Test Points 

Measured on the Level Slab 
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a) Solid plate b) Split plate 

Figure 4.9 - Variations in Contact Pressure on Three Test Points 
Measured on the Inclined Slab 
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At Test Point 3, the behavior described for Test Point 2 is apparent but the pressure exerted to 
the pavement by the outer ream of the split plate is by far more exaggerated. 

Typical outputs from one of the accelerometers mounted on the two plates are compared in 
Figure 4.10. The accelerometer in line with the FWD measure greater acceleration on the split 
plate, whereas the other two accelerometers 120 degrees away in each direction from 
Accelerometer 1 measure less acceleration on the split plate. 

From our study on inclined surfaces, it can be concluded that the load cell measure similar time 
histories for the load cell under both plates. However, the deflections are typically greater for the 
split-plate since the split plate is able to exert more energy into the pavement as compared to the 
solid plate. 

RutledS!ab 

The three test points used on the rutted slab are marked in Figure 4.1. As indicated before, the 
depth of rut was about 0.5 in. (12 mm) but the width of the rutted area tapered, with Test Point 1 
being on a "wide" rut and Test Point 3 being on a "narrow" rut. Figure 4.11 contains typical 
load and deflection time histories measured at Test Point 2. The load and the deflection time 
histories are somewhat different. 

The variations in deflection with the measured load for all experiments at all three points are 
summarized in Figure 4.12. For Test Point 1 ("wide rut"), the deflections measured with the 
split plate are greater than those from the solid plate. However, for Test Points 2 and 3 the 
deflection-load relationships are fairly similar. 

The distribution of the pressure under the FWD is shown in Figure 4.13. For the solid plate, the 
stress distribution becomes more concentrated around the edges as the rut becomes narrower. 
The central portion of the plate is hardly in contact with the pavement. On the other hand, for 
the split plate, both the central portion of the plate and the edges are in contact with the plate. 
Still a significant area of the plate is not in contact with the pavement. 

As can be observed on all the pressure film imprints presented in Figures 4.5, 4.9, and 4.13, the 
contact areas are not completely circular because the film is not wide enough to encompass the 
entire load plate diameter. 

Typical outputs from one of the accelerometers mounted on the two plates are compared in 
Figure 4.14. The accelerometers mounted on the split plate typically demonstrated much smaller 
values as compared to the solid plates. This demonstrates that the FWDs equipped with split 
plates may work more smoothly and last longer if routinely used on damaged pavements. 

The results from the tests on the rutted pavements should be used with caution because even 
during our tests very small misalignment would result in significantly different results. If at all 
possible, it may be a good practice not to test rutted areas with the FWD to lengthen the life of 
the device and to minimize damage to the system. 
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a) solid plate b) split plate 

Figure 4.13 - Variations in Contact Pressure on Three Test Points 
Measured on the Rutted Slab 
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Chapter 5 

Closure 

Summary 

Currently, all TxDOT FWDs operate with a solid load plate. Several experimental and analytical 
studies have shown that such a configuration may result in a non-uniform load distribution under 
a rutted or weak flexible pavement. The FWD vendor currently offers a split plate design that 
may improve the load distribution on rutted or weak pavements. A non-uniform load 
distribution may significantly affect the central deflection measured on a weaker pavement 
structure. Since more than 50% of Texas roadways are farm-to-market structures, this matter is 
of utmost importance. 

The primary objective of this report is to provide information about the behavior of FWDs under 
solid and split plates. This was achieved by a thorough review of the literature, and a 
comprehensive small-scale and full-scale field tests. The results are reported herein. 

Conclusions 

The behaviors of solid and split plates were thoroughly evaluated in this study. It seems that the 
falling weight deflectometers equipped with split plates impart more uniform load to the pavement. 
The split plate in general improved the peiformance of the FWD. However, the deflections 
measured with the two plates are different. As such, should TxDOT decide to utilize split load 
plates, a means of adjusting the deflections measured with the new configuration to those 
historically measured with the solid plate should be devised. 
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Complete Load and Deflection Data 

Solid and Split Plates on TTl Test Sites 
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Load and Deflection data from UTEP Test Slabs - Level 
Test Point 1 - Height 3 

a) Applied Load 

--solid Plate 
-Split Plate 

10 20 30 40 50 60 

Time,msec 

b) Deflections 

--Solid Plate 
-Split Plate 

10 20 30 40 50 60 

Time(msec) 

-

18 

16 

14 

12 

!. 10 
:52 

8 -"CJ s 6 ... 
4 

2 

0 

-2 

:i 
e -c 
0 
; 
u 
G> 

i c 

0 

40 

20 

0 

-20 

-40 

-60 

-80 

-100 

-120 

Test Point 1 • Height 4 

--solid Plate 
-Split Plate 

10 20 30 40 50 
Time(msec) 

--Solid Plate 
-Split Plate 

0 10 20 30 40 50 
Time(msec) 

60 

60 



Load and Deflection data from UTEP Test Slabs - Level 
Test Point 2 • Height 1 
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Load and Deflection data from UTEP Test Slabs - Level 
Test Point 2 ·Height 3 
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Load and Deflection data from UTEP Test Slabs - Level 
Test Point 3 - Height 1 
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Load and Deflection data from UTEP Test Slabs - Level 
Test Point • Height 3 Test Point 3 • Height 4 
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Load and Deflection data from UTEP Test Slabs - Inclined 
Test Point 1 • Height 1 
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Load and Deflection data from UTEP Test Slabs - Inclined 
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Load and Deflection data from UTEP Test Slabs - Inclined 
Test Point 2- Height 1 
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Load and Deflection data from UTEP Test Slabs -Inclined 
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Load and Deflection data from UTEP Test Slabs - Inclined 
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Load and Deflection data from UTEP Test Slabs - Inclined 
Test Point - Height 3 Test Point 3 - Height 4 
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Load and Deflection data from UTEP Test Slabs - Rutted 
Test Point 1 - Height 1 
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Load and Deflection data from UTEP Test Slabs - Rutted 
Test Point 1 - Height 3 
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Load and Deflection data from UTEP Test Slabs - Rutted 
Test Point 2 • Height 1 Test Point 2 - Height 2 
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Load and Deflection data from UTEP Test Slabs - Rutted 
Test Point 2 - Height 3 
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Load and Deflection data from UTEP Test Slabs - Rutted 
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Load and Deflection data from UTEP Test Slabs - Rutted 
Test Point - Height 3 

14 

12 
a) Applied Load 

10 

..... 8 
i --solid Plate - 6 

1 -split Plate 
..J 4 

2 

0 

-2 
0 10 20 30 40 50 60 

Time, msec 

10~------------------------------------~ 

i -10 
E -6 -20 

i 
:; -30 c 

-40 

b) Deflections 

--solid Plate 
-Split Plate 

-50~·~··~-----------------------------------··J 

0 10 20 30 40 50 60 

Time(msec) 

Test Point 3 - Height 4 

18 

16 --solid Plate 

14 
-split Plate 

-& 10 
32 
- 8 "CJ ca 

6 0 
..J 

4 

2 

0 

-2 
0 10 20 

Time ~~sec) 40 50 

20 

10 

0 -., 
E -10 

';;' -20 
0 
t; -3o 
Cl) 

~ -40 --Solid Plate 
·50 -Split Plate 

-60 

-70 
0 10 20 30 40 50 

Time(msec) 

60 

60 



Appendix C 

Complete Load Plate Motion Data 

Solid and Split Plates on UTEP Test Slabs 
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Load Plate Motion data from UTEP Test Slabs - Level 
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Load Plate Motion data from UTEP Test Slabs - Level 
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Load Plate Motion data from UTEP Test Slabs - Level 
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Load Plate Motion data from UTEP Test Slabs - Level 
Test Point 2 - Height 3 
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Load Plate Motion data from UTEP Test Slabs - Level 
Test Point 3 - Height 1 
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Load Plate Motion data from UTEP Test Slabs - Level 
Test Point 3 ·Height 3 

a) Solid Plate --Accel1 
-Accel2 
- -Accel3 
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Time(msec) 

60 

b) Split Plate 

-Accel2 
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Load Plate Motion data from UTEP Test Slabs - Inclined 
Test Point 1 - Height 1 

1.0 ,-------------------------, 

a) Solid Plate ' 

0.5 
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-1.5 -'-------------------------' 
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1.0--------------------
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-2.0 ..L..---------------------' 

0 20 40 60 

Time(msec) 
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Load Plate Motion data from UTEP Test Slabs - Inclined 

-&I 
~ 

::: r-~)Solid Plate 

1.5 

1.0 . 

0.5 

-2.0 

Test Point 1 • Height 3 

--Accel1 
-Accel2 
- -Accel3 -2.5 .l_____ __________________ ___,.j 

0 20 40 
Time(msee) 

60 

2.5 .~-·--------------------, 

2.0 b) Split Plate 

- 1.5 .s 15 1.0 
(!. 0.5 c 
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e 
CD -0.5 

--Accel1 1 :::: ~ 
-2.5l ____________ . ______ ___; 

-Accel2 
- -Accel3 

0 20 40 60 

Time(msec) 

Test Point 1 - Height 4 

1.5 ,--··--------------------, 

1.0 
a) Solid Plate 

:i 0.5 

~ 0,0_.,. __ _, 
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; -0.5 
e CD I 
G) -1.0 
u 
~ -1.5 --Accel1 

-2.0 
-Accel2 

- -Accel3 
-2.5 ..L-----------------------1 

0 20 40 
Time(msec) 

60 

1.5 ,.~··---------------------. 

1.0 

:i 0.5 

b) Split Plate 

-;g ----~ 0.0 -,-
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~ -0.5 
I! 
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0 
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> -c 0.0 
0 
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() 

-1.0 () 
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0.5 -0 

> -c 0.0 
0 

~ 
CD 
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() -1.0 Jl 

-1.5 

-2.0 
0 

Load Plate Motion data from UTEP Test Slabs - Inclined 
Test Point 2 • Height 1 

a) Solid Plate 

--Accel1 
-Accel2 
- -Accel3 

20 
Time(msec) 

40 60 

b) Split Plate 

--Accel1 
-Accel2 
- -Accel3 

20 40 60 

Time(msec) 

Test Point 2 - Height 2 

1.5 

1.0 

- 0.5 Cl) -0 
> 0.0 -c 
0 -0.5 :;::: 
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CD -1.0 a; 
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() 
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1.5 ..,-----------------------, 
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Time(msec) 
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Load Plate Motion data from UTEP Test Slabs - Inclined 
Test Point 2 - Height 3 

2.5 ,----------------------~ 

2.0 
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Time(msec) 
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:!:: 
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0 0.0 ..-,; 
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(J 
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- -Accel3 
-4.0 

0 20 40 
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(J 
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- -Accel3 
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0 20 40 
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60 

60 



Load Plate Motion data from UTEP Test Slabs - Inclined 
Test Point 3 • Height 1 Test Point 3 • Height 2 

2.0 3.0 
a) Solid Plate a) Solid Plate 

1.5 2.0 
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Load Plate Motion data from UTEP Test Slabs - Inclined 
Test Point 3 - Height 3 

a) Solid Plate --Accel1 
-Accel2 

- -Accel3 

20 
lime(msec) 

40 60 

b) Split Plate 
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·5.0 
0 20 

Time(msec) 
40 60 

5.0 .,-----------------------, 

4.0 

- 3.0 
.! 
~ 2.0 
........ 1.0 
c 

b) Split Plate 

~ 0.0 -~-----.... 

~ -1.0 
G) 
8 -2.0 

<1: -3.0 

-4.0 

--Accel1 
-Accel2 

- -Accel3 
-5.0 -'---···~--------------------' 

0 20 40 60 
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Load Plate Motion data from UTEP Test Slabs - Rutted 
Test Point 1 -Height 1 Test Point 1 - Height 2 

2.5 

2.0 
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i' 1.5 

~ 1.0 -

3.0 1 2.5 a) Solid Plate 

2.0 

i 1.5 

~ 1.0 -i 

c: 0.5 
0 

c: 0.5 j 0 
:;::; 
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Cl) 
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-Accel2 
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Cl) 

-0.5 1i u u -1.0 c( 

-1.5 
--Accel1 
-Accel2 

-1.5 
- -Accel3 -2.0 - -Accel3 

-2.0 -2.5 
0 20 40 60 0 20 40 60 

Time(msec) Time(msec) 

2.5 

2.0 
b) SpiH Plate 2.5 b) Split Plate 

- 1.5 Cl) -0 1.0 > -
-Cl) 

1.5 -~ -c 0.5 
0 

c 0.5 0 -= I! 0.0 -= I! 
.!! 
Cl) -0.5 u i -0.5 

~ -1.0 --Accel1 ~ --Accel1 
-Accel2 -1.5 -Accel2 

-1.5 - -Accel3 -Accel3 
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0 20 40 60 0 20 40 60 

Time(msec) Time(msec) 
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Load Plate Motion data from UTEP Test Slabs - Rutted 

6.0 

5.0 

4.0 -en - 3.0 0 ;e. 2.0 a :;::: 1.0 

~ 

Test Point 1 • Height 3 

a) Solid Plate Discon~ui~ ~aused by sign~ .. 
exceeding lmuts of data acqmsttion 
system. 

l 

f 
CD o.o~---.... 
G) 
8 -1.0 
II( 

-2.0 

-3.0 

--Accel1 
-Accel2 
- -Accel3 -4.0 _~__ _________________ ____, 

0 20 40 
nme(msec) 

60 

6.0 

5.0 b) Split Plate 

- 4.0 
cn .. 3.0 0 
> 2.0 -r:: 
0 1.0 :;::: 
f 0.0 I CD 
G) 
(.) ·1.0 
~ -2.0 

--Accel1 
-Accel2 

·3.0 - -Accel3 
-4.0 

0 20 40 60 

Time (msec) 

100 

Test Point 1 • Height 4 

6.o I 
a) Solid Plate 

~ 4.0j 
~ 2.o I 
r:: : 

:8 0.0 +'---..... 
f 
CD 

~ -2.0 
~ --Accel1 

-4.0 J -Accel2 

- -Accel3 
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0 

6.0 
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o 
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Load Plate Motion data from UTEP Test Slabs - Rutted 
Test Point 2 • Height 1 Test Point 2 - Height 2 

2.5 5.0 
a) Solid Plate 

2.0 
a) Solid Plate 

4.0 

i' 1.5 

~ 1.0 -
- 3.0 
~ g 2.0 -c c 

0 0.5 ~ 
!.IS 

0 1.0 
'I ... • 0.0 'iii 

(,) 

... • 0.0 
8 

:l -0.5 
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- -Accel3 
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- -Accel3 
-1.5 -3.0 

0 20 
Time(msec) 

40 60 0 20 
Time(msec) 

40 60 
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2.0 l b) Split Plate 
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4.0 

b) Split Plate 

... 3.0 .. 
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> 1.0 - ~ 2.0 -c c 
0 0.5 ~ e 

0 1.0 ~ e 
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(,) c -0.5 
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-2.0 -Accel2 

- -Accel3 
-1.5 -3.0 

0 20 40 60 0 20 40 60 

Time(msec) Time(msec) 
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Load Plate Motion data from UTEP Test Slabs - Rutted 
Test Point 2 - Height 3 Test Point 2 • Height 4 

5.0 6.0 ,-----···---------------------, 

4.0 
a) Solid Plate 
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3.0 
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4.0 

:! 3.0 

! 2.0 
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u 
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--Accel1 :i "2·0 

-Accel2 -3.0 
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Time(msec} 

5.0 .-------------------------, 
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~ 2.0 

c 1.0 
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0 20 40 

Time(msec) 

6.0 

5.0 

4.0 -~ 3.0 

~ 2.0 
c 1.0 0 :;::; 

0.0 CD ... 
CD 
Q; -1.0 
u :i -2.0 

-3.0 

-4.0 

-5.0 
0 

b) Split Plate 

(\ 

I 

' 
--Accel1 
-Accel2 

- -Accel3 

m . ~ 60 
T1me(msec) 
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Load Plate Motion data from UTEP Test Slabs - Rutted 
Test Point 3 - Height 1 

3.0 ,~~~-~-------------------, 

2.5 
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c:. 1.0 
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a> 0.0 
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0 20 40 60 
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Load Plate Motion data from UTEP Test Slabs - Rutted 

6.0 
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a) Solid Plate 
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6.0 ,-··--~·-----------------., 
a) Solid Plate 

4.0 
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