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ABSTRACT

Accurate measurement of the static and dynamic earth pressures acting on structures is critical

to understanding the behavior of and the interaction between structures and soil. Different types

of devices are commercially available to measure the soil-structure contact stress, and the

advantages and limitations of some commonly used devices are summarized. A new, easily

constructible, simple, and robust sensor assembly for measuring pressures at the soil-structure

interface is introduced and discussed. The sensors are suitable for a variety of potential soil-

structure contact situations, including static and dynamic load cases and linear and nonlinear

soil behavior. One static and two dynamic experimental case studies serve as examples to

describe the construction, installation, and deployment of the new sensors. The static and

dynamic calibration procedure of pressure sensors with capacities of 144 kPa and 288 kPa

are described. Recommendations for investigators to build and implement the sensor for

individualized research applications are provided.
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Introduction

Understanding the distribution and magnitude of earth pressures resulting from self-weight and applied

loading is critical to the design and performance of many civil engineering-type structures. Earth pres-

sures may develop or fluctuate because of a variety of natural, environmental, or man-made conditions, or

any combination thereof (e.g., increases in vertical and horizontal stresses because of applied equipment

loading during construction, decreases in vertical stress from the removal of soil in an excavation, and

increases or decreases because of dynamic excitation from seismic events or machinery).

Classic analytical models developed to predict earth pressures acting on retaining walls (e.g., Okabe

1924; Mononobe and Matsuo 1929; Seed and Whitman 1970; Saran and Prakash 1968), shallow

foundations (e.g., Meyerhof 1963), and deep foundation elements (e.g., Matlock and Reese 1960) have

been improved by advancements in testing and instrumentation (e.g., Mylonakis, Kloukinas,
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Papantonopoulos 2007; Shukla and Bathurst 2012; and

Brandenberg, Mylonakis, and Stewart 2015). However, even

modern models describe contact earth pressures for idealized

conditions (e.g., rigid structures and depth-invariant soil proper-

ties), failing to take into account complex soil-structure interac-

tion, time- and spatially-variable soil parameters, structural

compliance (e.g., stiffness compatibility), and applied loading.

As the various factors influencing the state of stress and earth

pressures are not fully captured and understood in current mod-

els, it is critical to include field-testing to calibrate and validate

more robust soil pressure models, to evaluate model applicability

for realistic field conditions, and to guide the selection of input

parameters.

Existing Geotechnical
Instrumentation

As technological capabilities have advanced, the instrumentation

used in geotechnical applications and testing has also improved.

Various devices have been developed by practitioners and

researchers to measure contact pressures, many of them still being

used today (Ahmed and Meguid 2009). These devices range from

stiff pressure cells, which measure contact stresses at specific

locations, to tactile sensors, which measure soil stresses against

structure across a continuous surface area. Fiber optic sensors

have also been implemented in pressure measurements (Legge

et al. 2006; Correia et al. 2009), but a full discussion is beyond

the scope of this manuscript. Descriptions and applications of

two different types of available and currently used contact pres-

sure instrumentation in geotechnical applications are summa-

rized in what follows.

SOIL PRESSURE CELLS

Soil pressure cells (SPC) are commonly used to measure stresses

within a soil mass or at the face of structural elements using

embedded or contact SPCs, respectively. SPCs commonly contain

a sensing face against which the pressure is applied and an inter-

nal sensing mechanism that translates the differential change of

the recorded units into corresponding pressures. Two major

groups of SPCs are commonly distinguished: load cells using

the force-balance principle (i.e., hydraulic and pneumatic cells)

and diaphragm pressure cells (i.e., electric transducers that use

the resistance strain gauge or vibrating wire principles), which

are more commonly used in geotechnical applications. Fig. 1a

depicts a schematic of the simple principle behind the diaphragm

load cell (strain gauge and vibrating wire based). When using con-

tact SPCs, the primary concerns are as follows: having a reason-

able degree of sensitivity, a suitable aspect ratio of the cell, an

adequate sensing area, a minimum sensitivity to nonuniform bed-

ding, and a method of installation that will not alter the state of

stress at the interactive face between the soil and the structure.

Several of these aspects were studied in early literature by

Hvorslev (1976), Selig (1964), and Weiler and Kulhawy (1978,

1982). In addition, structural conformity (i.e., similarity in stiff-

ness between the carrier structure and the embedded pressure

sensor) is desired.

Other factors that affect the measurements by the contact

pressure cells include the number of cells, temperature changes,

and the irregularity of the surface of the structure. Coyle and

Bartoskewitz (1976) and Felio and Bauer (1986) investigated

the effect of temperature changes on the performance of the hy-

draulic pressure cells mounted on a precast panel retaining wall

and a bridge abutment, respectively. The researchers concluded

that temperature changes have a significant effect on the perfor-

mance of hydraulic pressure cells, and the measurements from the

cells should be modified using correction factors. On the contrary,

diaphragm pressure cells are not influenced by the temperature

changes, and corrections for temperature changes are not re-

quired for these cells (Dunnicliff 1988). DiBiagio (1977) studied

the effect of surface irregularity on the measurements of contact

pressure cells by installing cells at different locations along a

FIG. 1

Basic schematic of pressure sensors: (a) diaphragm
pressure cell, (b) tactile sensor.
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corrugated sheet pile (i.e., protruding and indented corrugations),

concluding that surface irregularity could result in considerable

errors. They suggested that the best estimate of the stresses could

be made by averaging the measurements from the pressure cell. A

full description of different types of embedment and contact

SPCs, installation methods, and the factors affecting measure-

ment accuracy can be found in works by Dunnicliff (1988)

and Bhatia and Blaney (1991).

During a study of soil-structure interaction problems,

Lazebnik and Tsinker (1997) investigated practical approaches

of developing, calibrating, and installing various types of soil pres-

sure sensors and emphasized the influence of cell flexibility and

the potential consequences of near-field stress alterations (i.e., soil

arching). Soil arching around the sensor will lead to a reduction

in the actual applied pressure to the cell; this precipitated the

development of the null SPC. Because of their relatively infinite

stiffness, null pressure sensors are capable of minimizing cell

deflection, which results in the best performance among all load

cells. Jennings and Burland (1960) proposed the early principles

of null pressure cells. Talesnick (2005) developed a null pressure

sensor based on null method concepts proposed by Doebelin

(1990). Talesnick et al. (2008) implemented this sensor in a

research study of buried scaled model structures subject to com-

pressive loading from the soil surface. Reasonable soil pressure

measurements were obtained.

To date, the use of SPCs remains contentious. The need to

install many load cells to obtain measurements of the soil stress

required to develop a pressure distribution profile along the struc-

ture’s length is an undesirable feature of this type of device. In

addition, the physical size of some pressure cells and their inher-

ent rigidity can potentially make SPCs unsuitable for stress mea-

surement on very flexible structures (Ahmed and Meguid 2009)

or challenge a realistic understanding of average stresses on an

element (e.g., specifically when the sensing area is small).

However, despite the aforementioned limitations, load cell based

SPCs provided valuable means for the measurement of contact

stress and for soil-structure interaction analyses in different fields

of geotechnical engineering, and they are consistently integrated

in recent research studies (e.g., in conjunction with shake table

testing (Jiang, Chen, and Li 2010; Kawamata et al. 2012; and

Chen et al. 2012), analysis of laterally loaded piles (Janoyan

and Whelan 2004), and shallow foundations (Star et al. 2015).

TACTILE SENSORS

Most commonly used tactile pressure sensors consist of a poly-

meric sheet encapsulating an embedded array of small sensing

units (i.e., sensels) capable of measuring the magnitude and dis-

tribution of stresses normal to the sheet surface. By measuring the

stresses at a large number of points in close proximity to each

other, data recordings provide a relatively accurate measurement

of stress distribution (Paikowsky, Palmer, and Rolwes 2006;

Palmer et al. 2009). The performance of these sensors is based

on the change in electrical resistance in the sensels, which are

due to applied forces, and the change in resistance is then corre-

lated to pressure through a calibration relationship. As compared

to a conventional pressure sensor, the main advantage of a tactile

pressure sensor is its ability to provide a measurement of the dis-

tribution of stress across a relatively large surface and of different

geometries. The major disadvantage of tactile sensors is that the

sensors must be recalibrated for different test conditions.

Moreover, these sensors are vulnerable to moisture (Ahmed

and Meguid 2009) and creep (Büscher et al. 2015), which may

limit their usage in some geotechnical applications that require

monitoring over a long period.

Nevertheless, since their first geotechnical applications in

1997, tactile sensors have been deployed in a variety of research

studies. Some examples of tactile sensor use include model scale

deep foundation testing investigating stress distribution along the

pile foundations (Helm and Suleiman 2012; Suleiman et al. 2014;

and Lin, Suleiman, and Raich 2015), centrifuge modeling

(Springman et al. 2002; Gillis, Dashti, and Hashash 2015), and

studies of ground rupture and horizontal ground displacement

and their effect on buried pipelines (O’Rourke and Bonneau

2007; Ha et al. 2008; O’Rourke et al. 2008; and Palmer et al.

2009). Other studies have investigated specific features and influ-

encing factors relating to the tactile sheet itself. Paikowsky,

Palmer, and Rolwes (2006) assessed the influence of grain size

relative to sensel dimension, and the researchers concluded that

larger grain sizes (e.g., coarse sands and gravels) result in singular

contact pressure spikes between areas of no contact, while stress

measurements are smoother for finely graded soils (e.g., fine

sands and silts). Palmer et al. (2009) investigated the effects of

external shear and creep on the performance of tactile sensors,

proposed different techniques to minimize the effect of external

shear, and proposed a measurement method accounting for the

sensor’s time-dependent performance because of its viscoelastic

characteristics. Gillis, Dashti, and Hashash (2015) proposed a

dynamic calibration procedure for the deployment of tactile sen-

sors in centrifuge experiments.

Objectives

Motivated by a study of passive pressures behind a bridge abut-

ment structure (Stewart et al. 2011), a stiff prototype pressure sen-

sor with a large sensing area was designed and manufactured for

deployment in a series of large scale tests. The main objectives of

the sensor design were to (1) obtain a large sensing area to avoid a

pressure concentration due to single large grains on small area

sensors, (2) create a homemade cell assembly that provides flex-

ibility and facilitates the needs of the application in terms of

material and capacity, and (3) create a simple, robust, and

cost efficient alternative to commercially available products.

According to Talesnick (2005), new developments of pressure
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sensors in geotechnical engineering are not frequently published

after about 1985. The objective of this article is to present the

design of a simple device that could be manufactured, calibrated,

and implemented by interested researchers for the measurement

of soil pressures on solid (e.g. soil) boundaries.

Design of the Pressure Sensor

A schematic and photographs of the pressure cell developed for

the applications described hereinafter are depicted in Figs. 2 and

3, respectively. The prototype pressure cell assembly has an out-

side diameter of 10 cm, and the sensing face has a diameter of

9.5 cm, which equates to a sensing area of about 78.54 cm2.

One of the main advantages of the proposed assembly is the

flexibility in material choice for the sensors. The external sensor

housing can consist of a wide range of materials depending on the

stiffness of the structure to which the sensors will be affixed.

Ideally, the modulus of elasticity of the material used for the sen-

sor housing should provide a similar flexibility as the host

material. For the applications presented in this manuscript, the

housing was fabricated of steel (Examples 1 and 2) as the tested

structures behaved very rigidly under the applied loads. In

Example 3, the sensor housing was made of aluminum, which

complies with the material of the model structures in this study.

The thickness of the housing at the location of the sensing area is

25 mm. The sensing face consists of a steel plate (i.e., sensing

plate) with varying thickness. Along the edges, where the plate

rests on stiff rubber bearings, the sensing plate has a thickness

of 6.35 mm. In the center, where the plate is in continuous contact

with the load cell, the sensing plate has a thickness of 9.5 mm. The

stiffness of the sensing plate ensures no deflection in the sensing

element, which reduces or prevents arching effects from the sur-

rounding soil. Therefore, the sensor calibration is not sensitive to

the specific soil material. A high precision, commercially available

load cell was installed and rigidly connected to the center of the

housing. The sensing face is in intimate contact with the load cell,

rests on two stiff rubber O-rings on the side to minimize potential

tilting, and is flush with the housing. Additionally, depending upon

the application, the load cell cable can exit the housing at the bot-

tom or through the side of the pressure cell. This provides addi-

tional flexibility to accommodate potential constraints of the

installation location. The cable consists of a 4-conductor wire with

standard dimensions (e.g., 26 AWG) that provides input and out-

put voltages. The sensor was powered with an input voltage of 10 V

per the load cell manufacturer’s recommendations. Photographs of

the assembled pressure sensor are shown in Fig. 3.

A primary advantage is the user-based choice of load cell

capacity upon manufacturing. The load cell capacity can be selected

based on the expected range of pressures to be measured at the con-

tact surface or exchanged or both if high pressure is to be expected.

For the applications discussed hereafter, the load cell capacities

ranged from 1,110 N (250 lb) to 5,200 N (1170 lb) and translated

into pressure capacities of 144 kPa (3 ksf) and 675 kPa (13.5 ksf),

FIG. 2 Schematic of the pressure sensor: (a) three-dimensional view and (b) cross section. (Dimensions in mm).

FIG. 3 Photo of pressure cell (left and middle), and pressure cell with adapter ring (right).

KEYKHOSROPOUR ET AL. ON IMPLEMENTATION OF A SOIL PRESSURE SENSOR 733



respectively. The data sampling capacity can be adjusted to the spe-

cific type of testing: for the static load tests, sampling frequency was

1 Hz, and for the dynamic testing, the pressures were recorded at a

frequency of 200 Hz. The limit of the sensor sampling frequency is

dictated by the limitation of the researcher’s data acquisition system

and, in the case of dynamic loading, is affected by the Nyquist fre-

quency (i.e., highest frequency of the signal) to avoid aliasing. The

minimum sensor resolution depends on the internal load cell. In

this application, forces as low as 0.002 N can be captured, which

translates to pressures as low as 0.25 Pa.

The installation of the sensor itself can be adapted to the

needs of each specific application. The load cell can be embedded

in the carrier structure (e.g., through a cutout), or, alternatively,

can be used with an adapter ring if installed inside a hollow struc-

ture, as described in Example 3.

Sensor Calibration

Two pressure sensors with load capacities of 1110 N and 2220 N

corresponding to maximum pressure ranges of 144 kPa and

288 kPa, respectively, are discussed hereinafter. The accurate cal-

ibration factor of the internal load cell prior to its installation into

the pressure cell was provided by the manufacturer. However,

calibration of the assembled system (e.g., housing, sensing phase,

O-rings, etc.) was required prior to the sensor’s use. Each of the

sensors was calibrated statically and dynamically. The static cal-

ibration was performed twice: (1) basic loading up to 67 % of the

sensor’s capacity using dead loads from weighted steel plates, and

(2) compression loading up to full pressure capacity (100 %) from

a universal testing machine (UTM). The dynamic calibration was

performed using a linear mass shaker to determine the sensor’s

frequency-dependent response. A brief discussion of the calibra-

tion testing is provided in what follows.

STATIC CALIBRATION

The loading schedule for the static calibration performed using

the static weights and the compression testing machine is pro-

vided in Table 1. Photographs of the different load testing con-

figurations are shown in Fig. 4. The sensors were calibrated

using a stepped loading sequence. For the static calibration per-

formed using static weights (Fig. 4a), the loading was applied in

five relatively equal increments up to about 67 % of the cell’s

capacity and then unloaded in the reverse order. For the static

calibration performed using the compression testing machine,

the loading was applied in four relatively equal increments

up to about 100 % of the cell’s capacity and then unloaded

in the reverse order. To assess the effect of load shape on the

response of the sensor, three different loading configurations

were applied to each sensor during calibration testing with

the UTM: (1) a point load (Fig. 4b), (2) a distributed load using

a two-inch diameter plate between the reference cell and the

pressure cell (Fig. 4c), and (3) a distributed load using a

four-inch diameter plate between the reference cell and the pres-

sure cell (Fig. 4d).

An average voltage response was measured for each incre-

ment of loading or unloading. Voltage time histories were cor-

related with the corresponding applied loads, and calibration

curves (i.e., voltage-load relationships) were derived. For both

cells, the voltage-load relationship was found to be linear within

the applied load range. The results indicate very consistent pres-

sure measurements among the recordings for each of the loading

configurations. The data depicted in Fig. 5 include the measure-

ments of a reference load cell installed between the UTM load

application point and the response of the pressure cell, as shown

in Fig. 4b–d. The results indicate that the load-time histories for

the 144 kPa pressure cells are nearly identical throughout the

measurement range (Fig. 5), and similar results were observed

for the 288 kPa pressure sensor.

TABLE 1 Loading schedule for static calibration using static weights and using the compression testing machine.

Step Number

Static Weights Compression Testing Machine

Incremental, kN Total Applied, kN Incremental, kN Total Applied, kN Load Transition Time, s Duration of Hold, s

0 0 – 0 0 – –

1 0.14596 0.14596 0.267 0.267 1 3

2 0.14774 0.2937 0.267 0.534 1 3

3 0.14685 0.44055 0.267 0.801 1 3

4 0.14774 0.58829 0.267 1.068 1 3

5 0.14774 0.73603 −0.267 0.801 1 3

6 −0.14774 0.58829 −0.267 0.534 1 3

7 −0.14774 0.44055 −0.267 0.267 1 3

8 −0.14685 0.2937 −0.267 0 1 –

9 −0.14774 0.14596 – – – –

10 −0.14596 0 – – – –
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A graphical summary of the calibration relationships for the

144 kPa and 288 kPa sensors for each of the four loading configu-

rations is shown in Fig.6. The average static calibration relationship

for each sensor was determined as the average linear trend line of

the four loading configurations and is represented by a dashed line

(Fig. 6). As can be seen from Fig. 6, the calibration factor obtained

from the manual testing with weighted plates was minimally larger

(4 %) compared to other calibration methods, particularly for the

144 kPa sensor. This difference can be attributed to random errors,

including the physical setup of this calibration and the accuracy in

predetermining the weight of the applied loads as well as the user-

handling procedures. This error has been eliminated during the

calibration of the 288 kPa pressure cell.

DYNAMIC CALIBRATION

Each sensor was calibrated dynamically in the structural engi-

neering laboratory using a linear mass shaker to determine the

sensor’s frequency-dependent response. As shown in Fig. 7, the

mass shaker was mounted above the sensor and oriented ver-

tically. The shake table provided dynamic excitation through a

2.5-cm thick steel plate, which was used to ensure that a uni-

formly distributed dynamic pressure was applied to the sensor.

The sensor was affixed to a 5-cm thick steel plate to prevent

movement during the excitation and to ensure there was no

eccentricity in the applied loading. Two accelerometers were

used to measure the dynamic motions during the testing.

Accelerometer No. 1 was attached to the moving part of the

shake table and was used to measure the inertial acceleration

induced by the applied motion, whereas Accelerometer No. 2

was attached to the static frame of the shake table and func-

tioned as a reference that could be used to remove any addi-

tional inertial forces from the nonmoving part of the shaker

(Fig. 7).

FIG. 5 Load-time histories for 144 kPa sensor for different load
configurations using UTM.

FIG. 6 Calibration relationships for the 144 kPa and 288 kPa sensors
for the different static loading configurations.

FIG. 4 Photographs of the different loading configurations: (a) using static weights, (b) point load in UTM, (c) distributed loading using a two-in.
diameter plate in the UTM, and (d) distributed loading using a four-inch diameter plate in the UTM.
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The sensors were calibrated using a stepped sinusoidal exci-

tation, where the frequency was increased from 2 Hz to 16 Hz in

2 Hz increments. These frequencies were deemed suitable to cap-

ture typical ranges of earthquake ground motions. Each incre-

ment of frequency was maintained for approximately 20

seconds, resulting in a total duration of excitation of about

160 seconds. The applied force on the sensor was computed

by multiplying the measured acceleration of the moving plate

(Accelerometer No. 1) by the mass of the moving plate

(i.e., Mmoving= 3.083 kg) minus the force observed from

Accelerometer 2 (negligible). Data were recorded using the same

sampling frequency, f samp, of 200 Hz. The unfiltered voltage-time

histories for the 144 kPa and 288 kPa pressure cells are shown in

Fig. 8a (first row), respectively. Please note that the selected am-

plitude for the 2 Hz motion and the higher frequency motions

was different to evaluate the capability of the sensor to capture a

broad range of frequencies and amplitudes. An amplitude of

40 millivolts peak-to-peak (mVpp) was used for the 2 Hz loading,

while an amplitude of 100 mVpp was selected for frequencies

of 4 Hz and higher. The recorded data were filtered by first

transforming the signal from the time domain to the frequency

domain using the Fast Fourier Transformation (FFT) and then

applying a low-pass, 8th order (nf = 8) Butterworth filter to re-

move frequencies above 16 Hz, i.e., all frequencies outside the

applied frequency range were eliminated. After the filtering

was completed, the signals were transformed back into the time

domain using the inverse FFT. The static calibration factor was

applied to the voltage data, and the filtered force-time histories

are shown in Fig. 8b (second row) for the 144 kPa (left) and

288 kPa (right) pressure cells, respectively.

The Fourier force amplitude for each of the filtered data sets

(i.e., pressure cell and accelerometer) was normalized by its

maximum Fourier amplitude and is shown in Fig. 9 for both pres-

sure cells.

Following Gillis, Dashti, and Hashash (2015), a fre-

quency dependent transfer function (i.e., a transfer ratio)

between the accelerometer and the pressure cell was

obtained by dividing the Fourier force amplitude of the ac-

celerometer, Paccelerometer, by the Fourier force amplitude of

the pressure cells (Ppressure cell) at each of the frequencies of

the applied motion (i.e., 2 Hz, 4 Hz, 6 Hz, etc.), as expressed

in Eq 1.

TFðf Þ = jPaccelerometerðf Þj
jPPressure cellðf Þj

(1)

The variation of the transfer ratio with the loading frequency for

the 144 kPa and 288 kPa sensors are shown in Fig. 10. The best fit

to the transfer ratios was obtained using a second-degree poly-

nomial function, as shown by the dashed line in Fig. 10. It can be

seen that the dynamic transfer ratio is extremely close to 1.0,

indicating that differences between applied and measured pres-

sures were small (i.e., ≤6.3 % for the 250 lb sensor and <4.6 %

for the 500 lb sensor). This also confirms that the sensor

assembly has little impact on the pressure recordings and that

the sensor responds consistently across a variety of applied

frequencies.

After obtaining the transfer function for each pressure sensor,

the corrected sensor response can be obtained by multiplying the

pressure sensor data record with the value of the corresponding

transfer ratio, as expressed in Eq 2. In this case, both data sets are

very similar as the transfer ratio is almost 1.0 across the entire

frequency range.

Ppressure cell−correctedðf Þ = TFðf Þ × Ppressure cellðf Þ (2)

The corrected Fourier force amplitude spectra obtained using

Eq 2 was transformed back into time domain using an inverse

FFT. Fig. 8c (third row) presents the dynamically calibrated force

time histories of the pressure sensors. Very good agreement can

be observed for both pressure sensors. Fig. 8d depicts a close-up

version of several time intervals during the application of the

2 Hz, 8 Hz, and 14 Hz frequencies. This zoomed graph is used

to illustrate the ability of the sensor to capture the applied am-

plitudes within reasonable accuracy.

Example Applications and
Verification Testing

To highlight the suitability and versatility of the pressure sensor

and to demonstrate the data quality of the recordings obtained

with the sensors, three research studies where the pressure

sensors were employed are presented hereinafter. For each

FIG. 7 Setup for dynamic calibration with vertically oriented shake
table.
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application presented, the pressure cell was modified to satisfy

the project specific needs associated with the expected lateral

capacity, stiffness compatibility with the carrier structure,

and desired installation method. Please note that even though

ideal, redundant instrumentation was not installed in the test

specimens. However, back-calculation using alternative means

(e.g., accelerometers records, actuators forces) indicated reliable

performance of the proposed pressure cell.

FIG. 8 Pressure cell response to dynamic loading: 144 kPa cell (left column) and 288 kPa cell (right column) for unfiltered, raw (top row), filtered
(second row), dynamically calibrated (third row) dynamic, and enlarged signals (fourth row).

KEYKHOSROPOUR ET AL. ON IMPLEMENTATION OF A SOIL PRESSURE SENSOR 737



EXAMPLE 1: STATIC LATERAL EARTH PRESSURES

EXERTED ON A BRIDGE ABUTMENT WALL DURING

HORIZONTAL LOADING

This research involved the field testing and analysis of the re-

sponse of abutment backwalls subjected to horizontal loading

(Lemnitzer et al. 2012; Stewart et al. 2011), which are important

components of the foundation support systems for highway

bridges. This study pioneered the idea to design and develop

the pressure sensors. The backwall specimen is depicted in

Fig. 11 and consisted of a full-scale reinforced concrete wall with

dimensions of 2.6 m in height, 4.6 m in width, and 0.9 m in

thickness. The general geometry (i.e., specimen height) was

guided by the typical California Department of Trans-

portation infrastructure construction practice. The wall was

constructed at a clear distance of 2.9 m from a reaction block

that provided sufficient lateral load capacity to exceed the forces

applied to the test specimen. Six hydraulic actuators were in-

stalled in horizontal and diagonal orientations (Fig. 11) between

the reaction block and the test specimen to control the horizon-

tal, vertical, and rotational displacements of the backwall. The

natural clayey soils at the site were excavated to force the devel-

opment of the failure plane within the backfill material. The

backfill material was composed of a sandy material, locally

referred to as sand-equivalent 30. The height of the fill relative

to the wall base was nominally 2.4 m.

Testing was performed under displacement control where the

horizontal displacements (normal to the wall) were prescribed,

while all other displacements and rotations were held to zero.

Aside from the instrumentation used to control the lateral back-

wall movement and to monitor potential specimen rotation

(e.g., linear variable displacement transducers, LVDTs), the back-

wall specimen was furnished with a vertical array of soil pressure

sensors, as indicated in Fig. 11a. For this specific application, the

sensors were constructed with a stainless steel housing, and the

pressure capacity was 675 kPa. The calibration of this sensor was

performed in an identical manner to the two exemplary sensors

described previously.

A single vertical column of pressure cells was installed in the

middle of the wall, as shown in Fig. 11a. Each pressure cell was

installed by coring out an area of the concrete wall using a hole

saw to a depth equivalent to the sensor thickness so that the sens-

ing face of the pressure cell and the backwall were flush. The sensor

(i.e., housing) was secured inside the concrete cutout with epoxy,

and the cables exited from the experimental setup from thin slot-

ted cutouts along the back face of the abutment wall. To protect the

sensor from potential damage that could be caused by the heavy

compaction equipment during backfilling, the sensors were

covered with a strip of polyvinyl chloride sheeting (Fig. 11b).

The pressure distribution versus lateral displacement of the

wall into the backfill material for three selected sensors within the

vertical array across the wall height is shown in Fig. 12. This data

has not been filtered and indicates that raw recordings under

FIG. 9 Normalized Fourier amplitudes.

FIG. 10 Transfer function between applied and recorded acceleration
measurements.
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static loading are excellent for immediate data interpretation.

Consistent with fundamental soil behavior, the sensors captured

the depth-specific response at various locations along the wall

height. For example, the pressure displacement data indicate a

low modulus and large failure strains (i.e., strain at peak lateral

earth pressure) for the pressure sensors located near the surface of

the backfill material (e.g., PS 8) because of the low confining pres-

sure in this region. On the other hand, sensors at lower depths

recorded relatively stiff moduli and relatively small failure strains

(e.g., PS1). Strain softening behavior and dilatency would be ex-

pected at all depths throughout the backfill material given the

high relative density of the backfill soil; however, it only manifests

itself at larger depths because the strains are not large enough to

mobilize this behavior near the surface. Note that the data de-

picted in Fig. 12 is part of a three-part test, and only one set of

data is shown in Fig. 12. The downward spikes in Fig. 12 corre-

spond to small unloading and reloading cycles.

The vertical earth pressure distribution for three representa-

tive lateral displacement levels (at small, intermediate, and near

capacity) of 2.5 cm, 8.9 cm, and 12.7 cm along with a linear fit to

the data is shown in Fig. 13. The pressure sensors indicated a

nearly linear increase in passive earth pressure with increasing

depth, which is consistent with both the expectations of the

behavior of a soil with low cohesion shear strength and with that

predicted by classical earth pressure theory.

The resultant passive forces computed from the earth pres-

sure distributions (using the area below the linear fit curve shown

in Fig. 13) to the measured resultant actuator forces are compared

in Table 2. Back-calculated passive capacities are reasonably

consistent with the actuator data, indicating, as expected, that

the soil is providing essentially the full resistance to wall move-

ment and that the pressure sensors provided an accurate and re-

liable measurement of the expected passive backfill capacities.

Please note that back-calculation of the passive force Pp from

the pressure sensors was performed under the assumption that

pressures distribute uniformly along the width of the wall (which

might not be completely accurate). Pressure sensors were located

in the center of the wall, hence pressure recordings are potentially

higher than actuator forces at lower displacement levels and

equalize once the entire backfill across the width of the wall

has been fully engaged (see larger lateral displacement levels).

A complete grid of pressure instrumentation would be needed

FIG. 11 (a) Schematic of abutment with backfill. Photographs of the test setup (b) during backfill placement and (c) finished setup.
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and should be considered in future testing. Furthermore, the base

friction between the base of the wall and the underlying soils has

previously been subtracted from the Pp with actuators to focus on

the capacity of the backfill alone. Including this frictional base

resistance would increase the total measured actuator magnitudes

Pp to 1,468 kN, 2,800 kN, and 3,173 kN for the three displacement

levels, respectively, and reduce the difference between the actua-

tor and sensor passive forces to 8.3 %, 7.8 %, and 4.0 %, respec-

tively. However, there is an ongoing debate whether this base

resistance should be included in the total overall resistance of

the wall soil system or if passive resisting pressure from the back-

fill alone should be considered.

EXAMPLE 2: DYNAMIC SHALLOW FOUNDATION BEARING

PRESSURE

The pressure sensors were implemented in a second study where

the objective was to measure the static and dynamic vertical con-

tact pressures beneath a shallow foundation slab subjected to

forced vibration and earthquake loading. The applied loading re-

sulted in the rocking and translation of the shallow foundation

system. The structure was located at the Wildlife Liquefaction

Array center near Brawley, CA, and is maintained by the

Network for Earthquake Engineering Simulation at the

University of California, Santa Barbara. The site stratigraphy is

consistent across the area used for this study and consists of about

2.0 m to 3.0 m of silty clay to clayey silt overlying silt, silty sand,

and sandy silt that is about 3.0 m to 4.0 m in thickness. This rel-

atively coarse layer is underlain by silty clay to clayey material.

The average moist unit weight of the soil was approximately

17.0 kN/m3. Within the upper 1.6–2 m of soil, the shear wave

velocity was measured using cross-hole tests and was determined

to be about 108 m/s (354 ft/s) post-construction. Complete details

about the experimental program, including information about the

test specimen, site, and instrumentation, are available in Star

(2011) and Star et al. (2015).

FIG. 12

Wall cross section with sensor location (left)
and lateral soil pressure measurements
versus horizontal wall displacement for
three selected sensors (right).

FIG. 13 Passive pressure distribution across vertical wall height.
TABLE 2 Comparison between measured capacities from

hydraulic equipment and earth pressure sensors.

Displacement

Level, cm

Passive Force Pp
measured with

actuators, kN

Passive Force Pp back-

calculated from earth

pressure distribution, kN

Difference

[Error], %

2.5 1,157 1,601 28

8.9 2,624 3,038 14

12.7 3,003 3,305 9
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The field test considered a purposely built test structure con-

sisting of steel columns and braces supporting a concrete top slab

supported on a shallow foundation. The foundation was placed

on the ground surface to remove foundation embedment effects

and simplify the interpretation of foundation impedance behav-

ior. A schematic of the test setup for the foundation and super-

structure is shown in Fig. 13. The foundation consisted of a simple

at-grade, cast-in-place, reinforced concrete mat foundation ap-

proximately 4.3 m long by 2.14 m wide by 0.6 m thick, which

was sufficiently thick to be considered nearly rigid. The mat foun-

dation was composed of concrete with a nominal 28-day com-

pressive strength of 27.6 MPa and was reinforced with No. 5,

Grade 60 steel rebar. The column-slab system had a high

fixed-base natural frequency between approximately 11 Hz and

35 Hz, depending on its configuration and the direction of shak-

ing. The total structural mass was approximately 22,000 kg, which

resulted in a uniform bearing pressure of approximately 23.5 kPa.

Eight pressure sensors were arranged and installed in two

concentric rectangles at the bottom of the foundation to measure

the pressure at the interior and exterior of the foundation slab, as

shown in Fig. 14a. The sensors were installed after placement of

the steel reinforcement but prior to casting the concrete for the

foundation. The sensors were each fitted with a bolt and washer

assembly to anchor the sensors into the concrete and to prevent

the sensors from displacing during testing. Careful placement of

the sensors ensured close contact between the active face of the

sensor and the exposed native soil surface beneath the founda-

tion slab. The pressure sensors were tied directly to reinforcing

steel using steel wire ties to prevent movement of the sensors

during the concrete pour. The interior pressure sensors

(Nos. 5–8, not labeled in Fig. 14) had a maximum capacity of

137 kPa, and the exterior sensors (Nos. P1–P4, labeled in

Fig. 14 and plotted in Fig. 15) had a maximum capacity of

274 kPa. The instrument cables were encapsulated within and

protected by plastic tubing to reduce potential physical damage

and corrosion during foundation casting and emerged at the

edge of the foundation slab for convenient attachment to the

data acquisition system. The pressure sensors were powered

by a 10 V power source or a battery with the output voltage

recorded. All pressure sensor outputs were recorded using a

sampling frequency of 200 Hz.

Data from the pressure sensors were collected during

dynamic excitation (from forced vibration and earthquake load-

ing) of the test structure. Two primary forced vibration sources

were used: (1) a small portable linear mass shaker and (2)

an eccentric mass shaker. The linear mass shaker was an

Acoustic Power System APS 400 ELECTRO-SEIS Long Stroke

Shaker (APS Dynamics, Inc., San Juan Capistrano, CA) which

can induce a maximum force of about 440 N. Waveforms ap-

plied to the specimen included continuous linear frequency

sweeps with a nearly constant amplitude force and variable

frequencies ranging from 4 Hz to 44 Hz. The eccentric mass

shaker was an AFB Engineered Test Systems Model 4600A

(AFB Engineered Test Systems and Engineering Services,

Simi Valley, CA), which is maintained and operated by the

FIG. 14 Configuration of the University of California, Los Angeles
portable SSI test structure with location of pressure sensors:
(a) plan view of the mat foundation, (b) elevation view,
(c) isometric view with direction of shaker force indicated,
and (d) photograph showing the test structure and
foundation without the bracing installed.
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Network for Earthquake Engineering Simulation at the

University of California, Los Angeles. The eccentricity of the cir-

cular weights was adjusted from about 0–110 N-m and had an

operating loading frequency range of 0–20 Hz.

The data from a low amplitude forced vibration test, during

which linear soil behavior was expected, are shown in Fig. 15.

A time series of the horizontal shaker force applied at the roof

of the structure, Fsh, is shown in Fig. 14a. Three time intervals

are reflected in the time history: at low frequency (average

frequency= 4.0 Hz), near the resonant frequency of the soil-

structure-interaction (SSI) system (average frequency= 8.3 Hz),

and at high frequency (average frequency=18.1 Hz). The reso-

nant frequency of the SSI system was determined using a para-

metric system identification method similar to that used by

Stewart and Fenves (1998). A key difference from the method pre-

sented by those authors is that they examined structures loaded

by earthquake shaking, while the structure presented here was

loaded by a forced vibration shaker. MATLAB (MathWorks,

Natick, MA) was used to fit an autoregressive exogenous model

using acceleration data measure on the structure, and the model

was interpreted to estimate the linear time-invariant first mode

frequency of the flexible base SSI system. As a result of the applied

moment, the foundation undergoes rotation, leading to dynamic

changes in the vertical contact pressure at the four corners of the

foundation slab. The dynamic changes in the contact pressure of

the foundation slab measured in each of the four exterior load

sensors, P1 to P4, are shown in Fig. 15b–e.

In this experiment, the shaker force is oriented in the trans-

verse direction, so rotation of the structure was expected to cause

pressure sensors P1 and P4 to experience an increase in pressure,

while sensors P2 and P3 were expected to indicate a decrease in

pressure, and vice-versa. During the low frequency loading (below

resonance; time t1), the shaker dominates the force demand and

the force-time histories of sensors P1 and P4 are nearly in-phase

with that of the shaker, whereas those of P2 and P3 are 180 degrees

out-of-phase, which was expected. For example, the peak shaker

force amplitude of 0.2 kPa produces an overturning moment

of about 0.62 kN-m. Assuming a simplified linear distribution of

pressure underneath the foundation, a pressure amplitude of

about 0.2 kPa would be expected at low frequencies as large struc-

tural inertial forces are not likely. This is consistent with the re-

sults shown in Fig. 15. At time t2, with higher frequency loading

(near resonance), structural inertia and soil damping cause a

phase shift of the pressure sensor data relative to the shaker force.

During the high frequency loading at time t3, the signal from the

pressure sensors is smaller than for t2; this observation is expected

given the small displacements induced in the structure.

EXAMPLE 3: SEISMIC PRESSURES ALONG A VERTICAL

UNDERGROUND STRUCTURE DURING SHAKE TABLE

TESTING

In a series of shake table tests conducted at the E-Defense facility

in Miki, Japan, the pressure cells were used to measure the

dynamic interface pressures between a sandy soil and a flexible

vertical underground structure. A system of fully instrumented

underground structures consisting of two vertical shafts, a cut-

and-cover tunnel, and two shield tunnels were installed in a cir-

cular laminar box with a diameter of 8 m and embedded into a

two-layered soil stratum with a total thickness of 6 m. The whole

system was placed on the shake table and was then subjected to

sine sweep motions and two scaled ground motion records of the

Kobe (1995) earthquake. A detailed description of the test setup,

soil material properties, instrumentation, loading procedure, and

available data are described in Lemnitzer et al. (2017).

The vertical underground structures within which the soil

pressure sensors were installed are depicted in Fig. 16. The laminar

box was filled with a two-layer soil system: the upper layer was

FIG. 15 SSI test: structure shaker force and contact pressures under
base slab.
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4.90 m thick and consisted of Albany silica sand overlying a stiffer

inclined layer consisting of cemented sandy soil with a maximum

height of 2.2 m. The unit weight of the top and bottom layers

were 16.59 kN/m3 and 20.59 kN/m3, respectively. The vertical

structures consisted of 0.8 m square, hollow aluminum shafts that

were 12 mm in thickness and 7 m in height. One of the shafts was

instrumented with 20 pressure cells with capacities of 144 kPa and

288 kPa, as shown in Fig. 17. The average spacing between the

sensors was 0.60 m.

In order to comply with the stiffness of the vertical shaft, the

pressure cells were manufactured in aluminum cases. To provide

a flush pressure area with the surface of the structure, the sensor

area was cut out of the aluminum structure and the pressure cells

were installed from the inside of the vertical shaft using special

FIG. 16 (a) Test specimen on the shake table; (b) underground structures; (c) soil pressure sensors mounted flush on the outside of the vertical shaft;
and (d) ring adapters used to mount pressure sensors flush with the structural element (photo from the inside of the vertical shaft).
(Photo credits: Y. Kawamata for Fig. 16b–d.).

FIG. 17

Three-dimensional model of the instrumented vertical
shaft from two different viewpoints.
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aluminumadapter rings, as shown inFig.16d. Thepressurecellswere

powered with a direct current excitation voltage of 10 V and re-

corded the applied soil pressures at a sampling frequency of 200 Hz.

The container model was excited using different motions ap-

plied to the shake table: (1) 50 % and 80 % scaled ground motions

from the 1995 Kobe earthquake recorded at the JR Takatori

Station (N34.651339, E135.135203; Nakamura, Uehan, and

Inoue 1996), and (2) stepped sine sweeps in different horizontal

directions (e.g., X, Y) over a frequency range of 1 Hz to 20 Hz. The

stepped sine sweep loading was intended to characterize the dy-

namic response of the model at various acceleration levels (i.e.,

0.1 m/s2, 0.3 m/s2, and 0.5 m/s2). The excitations were measured

by four accelerometers installed at the base of the soil container,

and the average of the four acceleration measurements was taken

as the applied motion.

Exemplary data of the acceleration and pressure time-histories

recorded during the 0.3 m/s2 stepped sine sweep motion applied in

X direction is shown in Fig. 18. The pressure-time histories for the

four of the pressure cells at depths of 1 m, 1.6 m, 2.2 m, and 2.8 m

for this motion are presented in Fig. 18b–e. Prior to load application,

the initial pressure readings have been zeroed by the E-Defense

data acquisition system, hence only the seismic increments of the

response are shown. Negative pressures indicate compressive

stresses on the structure (i.e., pressure on the sensor); positive

recordings are indicative of a decrease of dynamic stresses relative

to the initial static stress and are a product of the initial offset prior

to data recording.

The data for each of the pressure cells was recorded on side

three of the vertical shaft (Fig. 17), which was normal to the

direction of the excitation. The data quality and the sampling

frequency were sufficiently high to analyze and interpret the

data accordingly. Only one low-pass bandwidth filter was ap-

plied to reduce the noise in the overall signal. As can be seen

from Fig. 18b–e, the maximum recorded earth pressures in-

creased with depth, which is consistent with the general trends

predicted by limit equilibrium-based methods (e.g., Mononobe

and Matsuo 1929; Mylonakis, Kloukinas, Papantonopoulos

2007). Extended studies on the capabilities of existing methods

and a detailed evaluation and interpretation of this data are

currently underway.

Conclusions

The design, development, calibration, and implementation of a

simple, easily constructible, and robust soil pressure sensor are

presented. Prototype models of the sensors were implemented

in static and dynamic research testing of shallow and deep foun-

dation components, and the recorded data were of high quality.

One of the primary advantages of the sensor is its versatility,

namely, the pressure sensor can be constructed with a housing

material compliant with the stiffness of the structural element

to which the sensors are being affixed, while the internal load cell

can be selected so that it can accommodate the expected range of

applied pressures during testing. In addition, the sensor response

is relatively independent of soil type, condition, and stress history,

and it is most suitable for soils with relatively even gradation, typ-

ical for most research experiments. The large sensing area has the

benefit of reducing localization effects (i.e., large soil particles

altering pressure measurements for sensors of small size) and

minimizes misleading (i.e., enlarged) pressure magnitudes. The

sensor is suitable for long-term monitoring, for which a corrosion

protective coating for the sensor housing is recommended. For

highly nonhomogeneous soils (e.g., with large rock or gravel par-

ticles) for which highly concentrated pressures with large eccen-

tricities are expected, use of the sensor may require additional

calibration. For this use in these special instances, the authors

FIG. 18 Pressure-time histories recorded during 0.3 m/s2 stepped sine
sweep motion in X direction.
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are currently developing a second sensor prototype that will be

capable of accommodating compression and tension loading

(resulting from eccentric loading).
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