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Abstract In this paper, the static load plate test and the

dynamic load plate test by means of the light falling weight

device are assessed utilizing numerical simulations. Sim-

plified computational models of the tested subsoil and of

the testing devices are developed, which capture the main

effects of both the static and the dynamic load plate test. In

extensive parametric studies, the impact of various subsoil

conditions on the test results and several sources of error

are evaluated and discussed. Computational test results of

the static load plate test and of the dynamic load plate test

are set in contrast to an effort to demonstrate the differ-

ences and the common features of the outcomes.

Keywords Compaction control � Layered elastic

halfspace � Load plate test � Soil dynamics �
Soil-structure interaction

1 Introduction

In geotechnical engineering, compaction of layerwise built-

in earth structures is of particular significance. Appropriate

compaction increases the soil density, which in turn give

rise to homogenized subsoil, reduced settlement and

enhanced bearing capacity. The serviceability and the

structural safety of the complete building connected to the

earth structure are ensured and damage is prevented. Thus,

compaction control is a topic of major importance in

ground engineering.

Numerous field tests have been developed in order to

evaluate the soil compaction. Traditionally, the compaction

of soil layers is assessed via a deformation modulus

determined by means of the static load plate test. The

deformation modulus is related to the compaction and the

bearing strength of the tested subsoil. The deformation

modulus is determined from the soil deformation induced

by a vertical static load, which is applied via a hydraulic

jack to the load plate. Usually, the hydraulic jack is sup-

ported by a counterweight such as a roller or truck. This

test method was the standard test for many decades, and

most of the provisions and regulations on compaction

control refer to it [5, 6, 9, 14, 16]. However, the static load

plate test has some disadvantages, which are outlined in the

following:

• The application of the static load plate test is restricted

to a pointwise control of the subsoil compaction,

because the effort of the test implementation is rather

high and time-consuming.

• Narrow trenches and exploration pits cannot be tested,

because there is not enough space for conducting the test.

In order to overcome these shortcomings several innova-

tive compaction control methods based on the dynamic soil
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response have been developed in recent years. One of these

upcoming methods, which is poised to replace the conven-

tional static load plate test, is the dynamic load plate test with

the light falling weight device (LFWD) [8, 15, 17, 20].

LFWD is a small-scale field test device utilized to

identify the deformation modulus of soil layers based on

the dynamic soil response by applying an impact-like load

to a load plate. The device has proven to be a suitable

control and acceptance testing tool for large earth struc-

tures, such as road beds, dams, soil improvement and

replacement, and for small pipe trenches. It has also been

effectively used for soil exploration, because the defor-

mation modulus can be estimated quickly in different

depths of exploration pits. The easy handling of the device

and the rapid testing of about 3 min per measuring point

make a large number of tests possible compared to the

conventional static load plate test. Benefited from the large

database, a statistical evaluation can be performed reliably,

which brings substantial improvement to the quality con-

trol of the earth structure.

In this paper both the static and dynamic load plate test

are investigated utilizing numerical simulations. Numerical

studies provide the benefit that the test procedure and the

test evaluation are simulated considering ideal conditions

and precisely defined material behavior. Since field tests

are always affected by disturbances, test evaluations are

however carried out assuming perfect conditions, numeri-

cal investigations may help to detect sources of error and

quantify their magnitude. Furthermore, numerical simula-

tions permit a large number of parametric studies, which

can be hardly realized in field tests (without causing

excessive expenses). The investigations of both static and

dynamic load plate tests are based on the same mechanical

model of the subsoil. In this way, some useful relationships

between the results of the static and the dynamic load plate

tests can be obtained.

Some emphasis is given to the application of the static

and dynamic load plate test in Germany and Austria with

respect to regulations and provisions, and evaluation of the

test results.

2 Investigation of the static load plate test

2.1 Standardized test procedure and test evaluation

2.1.1 Standardized test procedure

A circular load plate made of steel with a radius r of 150 mm

is placed on the planar subsoil to be tested. If required, a thin

layer of sand can be used to smoothen the surface of the

subgrade in order to ensure proper force transmission across

the entire plate. The plate is loaded vertically in well-defined

load steps, and the vertical displacements are recorded

simultaneously. Subsequently, the load is stepwise reduced

until the applied force is nearly zero. This procedure is

repeated consecutively. The corresponding load-displace-

ment diagram shows hysteretic behavior, which depends on

the loading direction (see, e.g., Fig. 1).

The displacement of the load plate, which corresponds

to the settlement of the subsoil, is recorded by means of a

dial gauge relative to a frame, which is positioned in a

prescribed distance to the plate. According to provisions in

Austria [6, 14] a measuring device with three gauges is

utilized, where the relative displacement between the load

plate and a measuring bridge is recorded at three points at

the plate perimeter, see Fig. 2. Any inclination of the load

plate can be detected directly from the test results. In

Germany, a single gauge is usually used for the settlement

measurement [9], see Fig. 3. The relative displacement of

the center of the load plate is registered with respect to a

Fig. 1 Load-displacement diagram of tested soil

Fig. 2 Static load plate test by means of the device with three gauges
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reference plane of the supporting frame, which is mounted

at some distance from the load plate. A circular level must

be employed separately in order to detect the plate

inclination.

2.1.2 Evaluation of the static load plate test

The static load plate test is evaluated by assuming that the

assessed subsoil can be characterized by a linear elastic,

homogeneous, isotropic halfspace. From the settlement s of

the rigid circular plate, which is loaded by a concentrated

force P the Young’s modulus E can be determined

according to the theory of elasticity [18]

E ¼ 1� m2

2

P

r s
; ð1Þ

where m is Poisson’s ratio of the subsoil, and r denotes the

radius of the plate. Assuming that the pressure p below the

load plate is uniformly distributed, we have

p ¼ P

r2p
: ð2Þ

Assuming further that the Poisson’s ratio is constant for

all soils with m = 0.212, the so-called deformation modulus

Ev can be readily defined as

Ev ¼ 1:5 r
Dp

Ds
: ð3Þ

In the above expression pressure p and settlement s are

replaced in this equation by their increments Dp and Ds

since the soil behavior is nonlinear.

In practice, the deformation moduli Ev1 and Ev2 are

determined from the first and the second loading branch of

the recorded load-displacement diagram (see Fig. 1),

respectively. In Austrian provisions [14], it is specified that

the pressure increment Dp and the corresponding defor-

mation increments Ds1 and Ds2 are read off from the

recorded diagram. The soil compaction is assessed through

the modulus Ev1 and the moduli ratio Ev2/Ev1.

According to the German standard DIN 18,134 [9] the

nonlinear load-displacement relation is approximated by a

second-degree polynomial which is defined as

s ¼ a0 þ a1 pþ a2 p2: ð4Þ

The derivative of the above expression can be

substituted into Eq. 3 to give

Ev ¼ 1:5 r
1

a1 þ a2 p
: ð5Þ

After the constants a0, a1 and a2 are determined for both

loading branches, the deformation moduli Ev1 and Ev2 can

be calculated according to Eq. 5. In general, p is assumed to

be the maximum pressure at the end of each loading branch

(i.e., the reversal points in the load-displacement diagram).

The criteria for the assessment of the subsoil compaction

are the modulus Ev2 and the moduli ratio Ev2/Ev1.

2.1.3 Assessment of the static load plate test

Par experience shows however that the assumptions and

simplifications of the test evaluation as described above are

not satisfactory for the following reasons:

• The subsoil and built-in material do in general not

behave linear elastic. The stiffness depends strongly on

the magnitude of the applied load.

• During the test, the material is deformed plastically in

the direct vicinity of the load plate.

• The layerwise construction leads to composite earth

structures, where the material properties may change

from layer to layer. The homogeneity of the subgrade is

not ensured.

• During the test the subsoil is compacted and its stiffness

is increased. The loading history plays a significant role

for the test evaluation.

• The load is applied through a hydraulic jack, which is

supported by a counterweight. The soil is loaded below

the plate, however, unloaded at the position of the

counterweight. Thus, the halfspace is not loaded

globally, but the load is only locally re-distributed.

• The absolute settlement cannot be measured, because

the frame itself, where the measuring gauges are fixed

and which serves as reference plane, is displaced during

the test. Consequently, the deformation modulus and

the soil compaction are usually overestimated.

Thus, the test evaluation according to Eqs. 3 and 5 does

not render realistic deformation modulus, but is affected by

• the load condition of the soil when the modulus is

determined,

Fig. 3 Static load plate test by means of the device with one gauge
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• the plastic deformations,

• the material properties of each layer,

• the load history during the test,

• geometry (radius of the load plate) and subsequently by

the measuring depth, i.e., up to which depth inhomo-

geneity in the subsoil can be identified by the test, and

• the load apparatus and measuring devices.

Therefore, the load implementation and the evaluation of

the results of static load plate test are regulated in provisions

and standards [5, 6, 9, 14, 16] in order to obtain comparable

results. When the results of this test are compared with

outcomes of other test methods it must be taken into account

that the static load plate test does not render definite soil

parameters, since the implementation and interpretation

depend on these regulations and assumptions.

2.2 Mechanical model and computational procedure

Within the scope the presented numerical investigations a

simple mechanical model is developed, which is suffi-

ciently accurate to capture the main effects of the static

load plate test. The compacted soil medium is modeled as a

horizontal, semi-infinite layer with constant thickness,

which is perfectly bonded to a halfspace with different

stiffness. Both the layer and the halfspace are assumed to

be composed of a homogeneous, isotropic and linear elastic

material. The circular load plate made of steel with a radius

r of 150 mm rests on the surface of the layered subsoil. A

sliding interface between plate and subsoil is adopted in the

numerical model, i.e., only normal stresses are transferred

between the plate and the soil [11].

The continuous system with semi-infinite extension is

discretized by means of the boundary element method

(BEM). At the free surface some semi-infinite elements are

utilized taking into account the rotational symmetry of this

system. The circular plate is loaded by a uniformly dis-

tributed vertical load q. For all computations, the

commercial software GPBEST is employed [7]. In Fig. 4

the model of the load plate and the subsoil for the BEM

analyses is depicted.

The material parameters and geometry of the layer and

the halfspace are varied for parametric studies: the Young’s

modulus Eo of the layer is kept constant and equal to

32 MN/m2, while Young’s modulus of the halfspace Eu is

changed from 4 to 256 MN/m2. Thus, layered subgrades

with moduli ratios from 1 to 8 (‘‘soft-stiff’’) up to 8 to 1

(‘‘stiff-soft’’) can be simulated. In an automated simulation

process for each soil medium with a certain moduli ratio

Eo/Eu the thickness d of the layer is varied incrementally.

For selected nodal points at the surface and for sampling

points in the domain of the underground, the deformation

and stress are computed. The sampling points are located at

the intersection of a mesh composed of hyperbolic and

elliptic functions, see Fig. 4.

Substituting the radius of the load plate (r = 0.15 m)

and a distributed vertical load q of 0.2 MN/m2 (identical

with Dp) into Eq. 2 the deformation modulus Ev depends

only on the displacement of the load plate s [10, 11],

Ev ðMN/m2Þ ¼ 45:0

s ðmmÞ : ð6Þ

Note that a unique deformation modulus Ev exists only,

because in the numerical model unlimited linear elastic

material behavior is assumed to hold true. Equation 6 is

derived utilizing a load q of 0.2 MN/m2, because in [6] for

a field test a load increment Dp of 0.2 MN/m2 is prescribed

in order to determine the corresponding increment of the

settlement Ds.

2.3 Results of the numerical simulations of the static

load plate test

The measuring depth is of importance for detecting defects

in earth structures, and for examination of soil packages

Fig. 4 Rotationally symmetric mechanical model of the static load

plate and the layered subsoil. Discretization for BEM analyses
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composed of various layers with different material prop-

erties. In the following the measuring depth is evaluated for

various stiffness ratios Eo/Eu.

Figure 5 shows the deformation modulus Ev plotted

against the layer thickness d for different moduli ratios

Eo/Eu. At d = 0 the deformation modulus corresponds to

the solution for a homogeneous half space with material

properties of the subsoil (i.e., Eu). With increasing layer of

thickness d the deformation modulus Ev is increasingly

affected by the material of the layer (Eo), while the subsoil

becomes less important. Thus, the graphs converge to

the solution of a halfspace with properties of the layer (i.e.,

Eo/Eu = Ev/Eo = 1), which is displayed by a horizontal

dashed line. The measuring depth is defined as the layer

thickness d, where Ev approaches the value of Eo (=32 MN/

m2), i.e., the material properties of the halfspace have

negligible effect on the deformation modulus.

It is readily observed in Fig. 5 that the rate of conver-

gence is much faster when the layer is softer than the

halfspace. For these subsoil stratifications the measuring

depth is attained at about 0.45 m. On the contrary, with

growing layer thickness d the curves of subsoil stratifica-

tions with stiff layer—soft halfspace approach at a slow

rate the results of the homogeneous halfspace. For the

extreme case of Eo/Eu = 8/1 not even at d = 1.5 m is Ev

close to Eo. This outcome differs from the experimental

results, where a measuring depth of about 0.45–0.50 m has

been verified [10]. The difference between the numerical

and experimental results can be explained with the

discrepancy between the conditions on site (measurement

of relative plate displacements, load application, influence

of local plasticity, etc.) and the idealized theoretical

assumptions. The influence of selected factors on the test

result is discussed in the following.

In Fig. 6 the distribution of the vertical stress and related

vertical displacements in the layered underground is shown

for a layer of thickness d = 0.30 m with Young’s modulus

Eo = 32 MN/m2. The moduli ratios of soil layer to half-

space Eo/Eu of 1–2 (Fig. 6a, b) and 2–1 (Fig. 6c, d) are

considered. The vertical displacements of Fig. 6a and c are

given with reference to the maximum displacement at the

interface to the load plate. It is readily observed that the

decay of the vertical displacements with increasing

distance from the load plate is much slower when the layer

rests on a softer halfspace. For the soil stratification,

Eo/Eu = 1/2 the maximum related displacement at the

interface between soil layer and halfspace is about 30%,

while for the second depicted case Eo/Eu = 2/1 it is still

60% of its peak value at the surface below the load plate.

The vertical stresses of Fig. 6b and d are induced by a

vertical load q of 0.2 MN/m2. These figures show that the

peak stresses are concentrated at the interface to the stiff

load plate; however, inside the soil domain the vertical

stresses are higher for the configuration Eo/Eu = 1/2

compared to the case Eo/Eu = 2/1.

Subsequently, several sources of error, which affect the

results of the static load plate test, regarding both the

measurement of the deformation and the load application,

are quantified separately.

2.3.1 Deformation measured with three gauges

When the device with three gauges is utilized the relative

vertical displacement sIII between measuring bridge and
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Fig. 5 Semi-logarithmic representation of the deformation modulus for different subsoil stratifications as a function of the layer thickness
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load plate is recorded. In the numerical procedure this

displacement is determined by subtraction of the device

displacement Dst due to parallel translation from the

absolute displacement s of the load plate calculated with

the BEM, see Fig. 7 and [10],

sIII ¼ s� Dst: ð7Þ

Besides the subsoil parameters the device translation Dst

depends on the distance R between the contact points of the

device with the subsoil and the center of the applied load,

i.e., the smaller R the larger is Dst, see again Fig. 7. For the

presented numerical simulations the distance R is varied

between 1.20 and 1.50 m. When sIII is put for the

displacement s in Eq. 6 the resulting deformation modulus

is denoted by EvIII.

Figure 8 shows the deformation modulus EvIII as a

function of the layer thickness d for R = 1.35 m. It can be

observed that the measuring depth is smaller when the

device with three gauges is used, compare with Fig. 5, where

Ev is determined utilizing the absolute displacement s. The

modulus EvIII is always larger than Ev because sIII is smaller

than s. The substantial difference between these moduli is

visualized in Figs. 9 and 10, where various ratios EvIII/Ev for

different subsoil conditions Eo/Eu and measuring bridge

dimension R are presented as a function of d. According to

Fig. 9, the difference between the moduli is more pro-

nounced, when the layer is stiffer than the underlying

halfspace. The difference has a peak value at d = 0.75 m,

e.g., for Eo/Eu = 8/1 it is about 135% (R = 1.50 m). For soil

stratifications, where Young’s modulus of the layer is

smaller compared to the subsoil, the difference becomes

negligible for a wide range of layer thickness d. Figure 10

shows the impact of the characteristic dimension R of

measuring bridge on the derived deformation modulus for

the soil stratifications: Eo/Eu = 2/1 and 4/1. As expected, the

error becomes larger the smaller the measuring bridge is,

because its translation is larger and subsequently the relative

displacement sIII is smaller. This finding is qualitatively

supported by Poulos and Davis [13, p. 361], where several

errors are examined, which occur during the settlement

measurement in pile load tests.

2.3.2 Deformation measured with one gauge

In addition to parallel translation the measuring bridge of

the device equipped with one gauge is subjected also to a

Fig. 6 a Vertical deformation of the subsoil in percent of its maximum amount, layered subsoil: Eo/Eu = 1/2. b Corresponding vertical normal

stress ryy. c Vertical deformation of the subsoil in percent of its maximum amount, layered subsoil: Eo/Eu = 2/1. d Corresponding vertical normal

stress ryy. Layer thickness d = 0.30 m

40 Acta Geotechnica (2009) 4:35–55

123



rotation, see Fig. 11. Thus, the recorded relative displace-

ment sI can be determined by the following relation [10]:

sI ¼ s� Dst � Dsr; ð8Þ

where Dst denotes the translational part of the displace-

ment, and the displacement Dsr results from the rotation of

the measuring bridge, see Fig. 11. In the following EvI

refers to the deformation modulus calculated from sI.

Figure 12 presents the modified deformation modulus

EvI with respect to the layer thickness d for the character-

istic dimensions of the device with hP = 1.25 m and

hM = 0.70 m (see Fig. 11). Compared to the results of

Figs. 5 and 8 the measuring depth of this device is

considerably smaller with layer thickness of about 0.60 m.

In Figs. 13 and 14 the relationship between EvI/Ev and the

layer thickness is shown. The moduli EvI and Ev are

obtained the relative and absolute displacement sI and s,

respectively. The deviation between both moduli is even

larger than for the device with three gauges and takes on a

maximum of almost 190% for a composite soil character-

ized by Eo/Eu = 8/1 at d = 0.75 m, see Fig. 13. Figure 14

shows the influence of the dimension of the measuring

bridge on the deviation of the deformation modulus com-

pared to the solution considering idealized conditions. The

smaller dimension hP the larger the measuring error,

compare with [13, p. 361].

Fig. 7 Translation of the measuring bridge during the test with the device with three gauges
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Fig. 8 Semi-logarithmic representation of the deformation modulus based on the device with three gauges for different subsoil stratifications as

a function of the layer thickness
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2.3.3 Load redistribution

During the test, the load is applied to the plate through a

hydraulic jack, which is supported by a counter weight. As

a consequence the plate loading is accompanied by

unloading of the counter weight under the feet, see Fig. 15.

Thus, a local load redistribution occurs, which results in a

reduced settlement of the subsoil, see Fig. 16.

The geometry of the applied counter weights (such as

trucks, rollers, excavators, etc.) varies in a wide range. In

the numerical calculations the counter weight is modeled as

a distributed ring load with representative dimensions in

practice. The ring load is statically equivalent to the load

imposed by the load plate. In Fig. 16, the effect of this load

redistribution is presented qualitatively. Ev
** denotes the

deformation modulus derived from the reduced settlements

of these calculations, and thus, the stiffness of the subsoil is

overestimated as shown in Fig. 17, where the normalized

deformation modulus Ev
** is plotted as a function of the

layer thickness d for selected stiffness ratios Eo/Eu.

Figures 18 and 19 set in contrast for two subsoil strati-

fications (Eo/Eu = 1/2 and 2/1, respectively) deformation
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moduli based on absolute and relative settlements as a

function of the layer thickness d. It can be readily seen that

in general the stiffness of the tested subsoil is overesti-

mated and the measuring depth is underestimated. It is

noted that on-site errors due to the settlement of the mea-

suring device and due to load application occur

simultaneously, i.e., they interfere with each other. Thus,

the evaluated errors are not of systematic nature, which can

be eliminated by simple corrections. It should be kept in

mind that the deformation modulus is not a pure material

parameter, but depends on various factors. There, its

determination is based primarily on rules and agreements.

This is of particular importance when results of other

compaction control methods are compared with the static

load plate test.

3 The dynamic load plate test with the LFWD

3.1 Standardized test procedure and test evaluation

3.1.1 Test procedure

The main components of the device are the load plate

(circular steel plate), a guide-rod, a spring-damper ele-

ment made of steel or of synthetic material (i.e., a rubber

block), and a falling weight. The set-up is shown in

Fig. 20. During the field test, the falling weight is

released and it slides down along the guide-rod until it

strikes the spring-damper element. Since the rod rests

loosely on a ball joint only compression forces are

transferred to the load plate, which is positioned

Fig. 11 Translation and rotation of the measuring bridge during the test with the device with one gauge
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Fig. 12 Semi-logarithmic representation of the deformation modulus EvI based on the device with one gauge for different subsoil stratifications

as a function of the layer thickness
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horizontally on the subsoil to be tested. If required, a thin

layer of sand can be used to smoothen the surface of the

subgrade in order to ensure the force transmission across

the entire plate. A sensor mounted in the midpoint of the

load plate registers the acceleration, which subsequently

yields the peak plate displacement. Before testing, three

preload impacts are conducted in order to ensure full

contact between the load plate and the soil. Afterwards,

the test is conducted three times, and the average of three

vertical peak displacements of the plate, which coincide

with the displacements of the soil surface, is determined

[15].

3.1.2 Evaluation of the dynamic load plate test

It is assumed that the so-called dynamic deformation

modulus Evd of the dynamic load plate test can be evalu-

ated according to the deformation modulus Ev of the static

load plate test utilizing Eq. 3. The rate-dependent terms

and inertia are disregarded for the standard test evaluation.
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Moreover, the maximum soil contact stress pmax is assumed

constant, i.e., independent of the soil type: pmax = 0.1 MN/

m2 [14], and the radius r of the load plate is set to 0.15 m.

In this case, Eq. 3 reduces to the following expression for

the dynamic deformation modulus [8, 15, 17],

EvdðMN/m2Þ ¼ 22:5

smaxðmmÞ; ð9Þ

in which smax is the maximum dynamic displacement

(average from three tests). Detailed justification of Eq. 9

can be found in [2]. The dynamic deformation modulus in

Eq. 9 can be compared to with the static modulus in Eq. 6,

where a load of 0.2 MN/m2 is assumed.

3.2 Mechanical model and computational procedure

A mechanical model is developed for the coupled system

of LFWD and soil. The interaction between the test device

and the nonlinear, semi-infinite, and in general ductile

subsoil is a complex process. However, viscoelastic soil

modeling is sufficiently accurate for test evaluation as well

as for numerical parametric studies [11]. For example, AL-

Khoury et al. [4] propose a more sophisticated model for

layered soil, including nonhomogeneous elastic soil

behavior [19], which is based on the spectral element

technique. Thereby, the response of a three-layer pavement

structure to a falling weight deflectometer is studied.

However, in [4] the effect of the deflectometer is modeled

as a simple prescribed load pulse, i.e., the interaction

between the subsoil and the device is neglected.

For the present study, the coupled system of LFWD and

soil medium is separated in two substructures. The LFWD

without load plate represent one substructure, the soil

medium and the load plate are considered together as the

second subsystem, see Fig. 21.

For each substructure, the dynamic equations of motion

are established and solved individually. In an iterative

procedure the equilibrium and compatibility conditions at

the interface nodes are satisfied for both subsystems in

order to obtain the solution of the complete structure [1, 11,

12].

3.2.1 Mechanical model of the falling weight

and spring-damper element

Falling weight and spring-damper element are considered

together as a substructure. In the mechanical model, the

falling weight is characterized as a lumped mass denoted

by mF, and the effect of the spring-damper element is

described simplified by means of a Kelvin-Voigt body with

viscous damping coefficient c and linear spring stiffness k.

The vertical motion of the mass mF is denoted by u. The

friction between the guide-rod and the falling mass is

Fig. 15 Load redistribution during the static load plate test

Fig. 16 Impact of the load redistribution during the static load plate test
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neglected, and thus, the velocity of the falling weight just

before it strikes the spring-damper element is given by

Adam et al. [3]

_uðt ¼ 0Þ ¼
ffiffiffiffiffiffiffiffiffiffi

2gh0

p

ð10Þ

where height h0 is the initial height of the mass mF before it

is released, and g represents the acceleration of gravity.

Subsequently, mass mF and the Kelvin-Voigt body form a

single-degree-of-freedom oscillator, and conservation of

momentum applied to the free-body diagram of the mass

mF renders the following ordinary differential equation

[1, 11],

mF €uþ c _uþ k u ¼ mF gþ c _sþ ks: ð11Þ

At the interface between plate and soil it is assumed that

both the displacement s and its velocity _s are known

parameters, and hence, these two terms are on the right

hand side of Eq. 11. Conservation of momentum applied to

the substructure ‘‘LFWD without load plate’’, see Fig. 21,

gives the resultant force f(t)
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f ¼ mF ðg� €uÞ; ð12Þ

which acts on the load plate during the contact phase. The

resultant force f(t) can be replaced by a uniformly

distributed interface load q(t) [1],

q ¼ mF ðg� €uÞ
r2 p

: ð13Þ

when the acceleration €u exceeds the acceleration of gravity

g the lumped mass mF lifts up and moves away from the

load plate and the force f (and q) is zero.

3.2.2 Mechanical model of the soil and load plate

For the soil medium and the load plate the linear elastic

model for the static test according to Fig. 4 is used. All

computations are conducted in the frequency domain by

the BEM with the software GBPEST [7]. For selected

nodal points at the surface and for sampling points inside

the soil domain the complex transfer function is computed

by sweeping the circular frequency �m of a time-harmonic

uniformly distributed load applied to the load plate. The
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Fig. 19 Deformation moduli based on the absolute displacement and relative displacements for subsoil condition Eo/Eu = 2/1

Fig. 20 Light falling weight device. a Picture. b Components
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representation of this load in the frequency domain reads as

follows

Qði�mÞ ¼ Q0; ð14Þ

i.e., in Fig. 4 the static load q has to be replaced by its

dynamic representation in the frequency domain Qði�mÞ: The

sampling points are located at the intersection of a net

composed of hyperbolic and elliptic functions, see Fig. 4

[11]. Parametric studies are performed by varying the

modulus of the soil layer Eo and of the halfspace Eu, while

the density of the layer and of the halfspace remain

unchanged with qo = qu : q = 2,000 kg/m3. Material

damping of 5% in terms of hysteretic damping is assumed

for all calculations. Except for the results of Fig. 24, a

Poisson’s ratio of mo = mu : m = 0.212 is assumed. The

mass M = 20 kg of the load plate and guide-rod is uni-

formly distributed to a fictious load plate with radius

r = 0.15 m and thickness of 0.01 m. Young’s modulus of

the plate is set to 210,000 MN/m2. The amplitude Q0 of the

harmonic load is set to 0.1 MN/m2.

Figure 22 shows the real and imaginary part, and the

corresponding absolute quantity of the transfer function

Hqði �mÞ in the center of the load plate (in Fig. 4 denoted by

‘‘0’’) for three different subsoil conditions [1]. The black

line refers to a layered halfspace composed of a stiff layer

with thickness d = 0.30 m and a soft halfspace with

Eo = 32 MN/m2 and Eu = 16 MN/m2 (a). The light gray

lines correspond to a homogeneous halfspace with

Eo = Eu : E = 32 MN/m2 (b). The transfer function at

the central point for a homogenous soft halfspace with

Fig. 21 Mechanical model of the light falling weight device and of

the layered subsoil, separated in two substructures
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E = 16 MN/m2 is represented by the dark gray line (c).

Subsequently, these soil deposits are referred to as (a), (b),

and (c).

In Fig. 23 the transfer functions of a layered halfspace

(moduli Eo = 32 MN/m2, Eu = 16 MN/m2, layer thick-

ness d = 0.30 m) for four different Poisson’s ratios m of

0.212, 0.30, 0.35 and 0.40 are presented. It is readily seen

that the results for all Poisson’s ratios lie within a narrow

band, and thus, the assumption of a constant m of 0.212 for

the evaluation of the dynamic deformation modulus Evd

according to Eq. 9 seems to be justified. Note that the mass

of the load plate is considered in the transfer functions

shown in Figs. 22 and 23.

3.2.3 Simulation procedure

The solution of the coupled system of LFWD and layered

subsoil is determined by iterative calculation [15]. In the

first step u(t) and its time derivatives are computed from

Eq. 11 provided that s = _s = 0. Evaluation of Eq. 13

renders the first estimate of the interface load q(t)(1). Then,

q(t)(1) is transformed into the frequency domain, Qði �mÞð1Þ;
utilizing the fast Fourier transformation (FFT) algorithm.

The product of Qði �mÞð1Þ and the transfer function Hqði �mÞ
results in a first estimate of the displacement Sði �mÞð1Þ of the

load plate in the frequency domain [11],

Sði�mÞð1Þ ¼ Hqði�mÞQði�mÞð1Þ: ð15Þ

Conducting an inverse Fourier transformation renders

the plate displacement s(t)(1) in the time domain.

Accordingly, _sðtÞ(1) is determined. These results serve as

the initial values for the second iterative step, i.e., Eq. 11 is

resolved utilizing s(t)(1) and _sðtÞð1Þ as given functions. The

procedure is repeated until a certain convergence criterion

is satisfied, i.e., the compatibility conditions at the interface

node and equilibrium render the complete solution [11].

When the iterative procedure is completed, the stresses

and displacements in the subsoil at certain nodes and

sampling points are determined by multiplying the corre-

sponding dynamic transfer function with the final value of

Qði �mÞ; e.g.,

Rjði �mÞ ¼ Hjði �mÞQði �mÞ: ð16Þ

Hjði �mÞ denotes the transfer function at a certain nodal

point denoted by ‘‘j’’, Rjði �mÞ is the corresponding

displacement or stress component in the frequency domain.

Application of the inverse FFT algorithm yields the time

history of the corresponding variable rj(t). Finally, the soil

contact stress p(t) between the load plate and the surface of

the subsoil is deduced from the relation [11],

p ¼ mF ðg� €uÞ �M €s

r2 p
; ð17Þ

where M is the mass of load plate and the guide-rod.

Equation 17 is derived by application of conservation of

momentum to the free-body diagram of the load plate

assuming that the soil contact stress is uniformly distrib-

uted (compressive stress is positive). Thus, p(t) represents

the mean contact stress.

3.3 Numerical results for the dynamic load plate test

The following parameters are used for the numerical cal-

culations: the mass of the falling weight mF = 10 kg,
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falling height h0 = 0.70 m, stiffness of the device spring

k = 337,000 N/m, viscous damping parameter of the

damping element c = 130 N/(ms).

At first, the measuring depth of the dynamic load plate

test is evaluated. Layered soil stratifications with moduli

ratios Eo/Eu from 1/8 up to 8/1 are considered. A Young’s

modulus Eo of 32 MN/m2 is assigned to the layer,

whereas Young’s modulus Eu of the halfspace is changed

stepwise. In an automated simulation process for each soil

medium with a certain moduli ratio Eo/Eu the thickness d

of the layer is varied incrementally, starting from

d = 0 m up to d = 0.8 m. In Fig. 24, the dynamic

deformation modulus Evd is plotted against the layer

thickness d. It is readily observed that with increasing d

the dynamic deformation modulus of a layered halfspace

converges to the outcome of the homogeneous halfspace

with material properties of the layer (i.e., Eo/Eu = 1,

which is depicted as a horizontal line). For all considered

soil packages the difference of Evd becomes negligible

when d exceeds 0.50 m. This order of magnitude agrees

with experimental results, where a measuring depth of

0.60 m has been confirmed [8].
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Next, it is examined whether the assumption is reason-

able that the maximum soil contact stress pmax of 0.1 MN/

m2 does not depend on the subsoil condition in the standard

test evaluation procedure, see Eq. 9. The same soil pack-

ages as before are considered. The maximum soil contact

stress is recorded for each model, and the dynamic defor-

mation modulus Evd is determined according to Eq. 9. The

results of this study are depicted in Fig. 25, where pmax is

presented as a function of Evd. It can be observed that for a

dynamic deformation modulus Evd larger than 10 MN/m2

the soil contact stress is almost a constant of about

0.094 MN/m2 for all soil stratifications. Thus, the

assumption of pmax = 0.1 MN/m2 for the evaluation of the

soil compaction is justified. Note that dynamic deformation

moduli smaller than 10 MN/m2 have not been observed in

field tests (for compacted soil).

As a by-product of these computations in Fig. 26, the

maximum mean interface stress qmax between device and

load plate according to Eq. 13 is presented. Here, the

influence of the subsoil is even less pronounced and

becomes negligible. For Evd larger than 50 qmax is about

0.092 MN/m2 for all calculations.

In Fig. 27 the rebound height h1 (related to the initial

falling height h0) is illustrated as a function of the layer
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thickness d. Except for layered subsoil with the halfspace

much softer than the soil layer, the ratio h1/h0 is about 55%,

which complies with the experimental results [2].

Figure 28 shows the time history plots of the plate

displacement, plate velocity, and soil contact stress. The

relations between the contact stress and plate displace-

ment are shown as well. The corresponding transfer

functions of the considered soil media are shown in

Fig. 22.

Figures 28a and b suggest that the peak displacement

and peak velocity of the load plate depend strongly on the

stiffness and the thickness of the layer. The outcomes

considering layered subsoil and the stiff homogeneous

halfspace (E = 32 MN/m2) are closely spaced compared to

the results of the soft homogenous underground

(E = 16 MN/m2), i.e., the material properties and geome-

try of the soil are of particular significance for the

kinematic response of the load plate.

Figure 28c confirms the finding of Fig. 25 that unlike

the kinematic variables the soil contact stress is almost

unaffected by the subsoil condition. The results of Fig. 28a

and c show that there is some lag between the peak plate

displacement and the maximum stress, e.g., the time instant

of the maximum contact stress of 93.1 kN/m2 is at 0.008 s,

while the maximum displacement of 0.75 mm takes place

at 0.003 s later (layered underground). For soft subsoil
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conditions the lag increases. This effect is the result of

(geometric) damping.

In Fig. 29, the distribution of the vertical soil displace-

ment (in percent) for a layered soil medium (case a of

Fig. 22) at t = 0.008 s and t = 0.011 s is presented.

Thereby, the displacements are normalized by the load

plate displacement s. Note that at t = 0.008 s the interface

stress p attain its peak value, while at t = 0.011 s the load

Fig. 29 Distribution of vertical subsoil deformation in percent of its maximum amount (a, c) and vertical normal subsoil stress ryy (b, d) at two

selected time instants. Layered subsoil: Eo/Eu = 1/2, soil layer thickness d = 0.30 m

0 0.2 0.4 0.6 0.8
layer thickness d [m]

Eo = 32 MN/m2

ν = 0.212

ρ = 2000 kg/m3

28

homog. soil

Eo/Eu = 1/8

Eo/Eu = 1/4

Eo/Eu = 1/2

Eo/Eu = 2/1

Eo/Eu = 4/1

Eo/Eu = 8/1

E
v 

bz
w

. E
vd

 [
M

N
/m

2 ]

23

24

25

26

27

22

Ev (static load plate test)

Evd (dynamic load plate test)

Fig. 30 Deformation modulus versus dynamic deformation modulus for different subsoil stratifications as function of the layer thickness

Acta Geotechnica (2009) 4:35–55 53

123



plate displacement s reaches its maximum, see also

Fig. 28a and Fig. 28c.

The corresponding distribution of the normal stress

component ryy (tensile stresses are positive) is shown in the

right column of Fig. 29. In the semi-infinite soil layer, the

stresses are concentrated below the edge of the load plate

and close to the interface to the halfspace. It can be seen

that the soil contact stress p according to definition of

Eq. 17 is the mean of the actual stress distribution ryy at the

interface to the load plate.

4 Comparison of results of the static and the dynamic

load plate test

In Fig. 30, the evolution of the deformation modulus Ev

from the static load plate test and of the dynamic defor-

mation modulus Evd from the dynamic load plate test with

respect to the layer thickness d are set in contrast. It can be

observed that for an ideal homogeneous soil medium the

dynamic deformation modulus Evd is larger than the

deformation modulus Ev (identical with the Young’s

modulus for m = 0.212). This can be attributed to the fact

that the maximum deformation lags behind the peak soil

contact stress (Fig. 28). However, this deviation is of

methodic nature, and thus can be considered in regulations

and provisions. With increasing layer of thickness the

difference between both moduli becomes more pro-

nounced. For soil stratifications, where the layers are stiffer

than the underlying halfspace, Evd is larger than Ev for all

layer thickness. On the contrary, when Eo is smaller than

Eu the dynamic deformation modulus Evd is larger than Ev

for thin layers. With increasing layer of thickness, the

difference becomes smaller and finally, the static load plate

test renders a larger deformation modulus than the dynamic

load plate test (Ev [ Evd). It is obvious that the results of

the numerical simulations of the dynamic load plate test

render a well-defined measuring depth of about 0.50 m,

while for the static load plate test the measuring depth is

ambiguous.

5 Conclusions

Extensive numerical parametric studies of the static and the

dynamic load plate tests have been conducted in order to

evaluate the effect of layered earth structures of different

stiffness on the test results. The influence of deviations

between the test on-site and the assumptions of the test

evaluation have been assessed qualitatively. The on-site

errors due to the measuring device and due to load appli-

cation occur simultaneously, i.e., they interfere with each

other. Thus, the evaluated errors are not of systematic

nature, which can be eliminated by simple corrections. It

should be kept in mind that the deformation modulus of the

static load plate test is not a pure material parameter, but

depends on various factors, and thus is based primarily on

the rules and agreements. This is of particular importance

when comparing other compaction control methods with

the static load plate test. This investigation confirms the

standardized evaluation procedure for the dynamic load

plate test. The variation of Poisson’s ratio has some effect

on the test results; however, the error is very small and thus

can be neglected. Analogously, the variation of the maxi-

mum soil contact stress for various subsoil media is in

general negligible, in particular for soils with large stiff-

ness. The introduced mechanical model, its discretization

by means of the BEM, and the applied substructure tech-

nique render an ultimately efficient computational tool for

the numerical simulations of these soil-device interaction

problems.
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