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Abstract: Monitoring horizontal displacements of a pile wall with anchors on a 28.5m deep excavation 8 
using the top-down construction method has been performed using optical fiber (BOTDR), strain 9 
gauges, inclinometers and topographic survey. In this work we present a comparison between these 10 
different techniques to measure horizontal displacements in the pile at several stages of the soil 11 
excavation process. It was observed that displacements can be separated in two components: rigid body 12 
motion and pile flexural deformation. Measurements using optical fiber and inclinometers are 13 
considered the most adequate and easy to install. A numerical model allows to evaluate the influence 14 
of earth pressure on the estimated horizontal displacements. It is shown that using recommended loads 15 
on the wall represents correctly displacements observed on the field. 16 

Keywords: Deep excavation; anchored wall; monitoring; pile displacement. 17 
 18 

1. Introduction 19 
Monitoring of soil slopes [1] and retaining walls [2] have shown useful to identify main factors that 20 

contribute to a safety design. Urban building excavations require stable support systems that can provide 21 
lateral support reducing the lateral deformation of these walls or piles to avoid or decrease its impact on 22 
surrounding structures as the walls or piles get larger, they require additional support systems such as 23 
anchors. In fact, every day is more common to use pre-stressed ground anchors using either tie rods or 24 
cable strands. As these elements are pre-stressed at the same time that the excavation is advancing, most 25 
of the displacement during construction could be prevented.  26 

The geotechnical design frequently uses the limit state approach to check the adequacy of the 27 
structure against failure or a serviceability limit state. Then the structure is designed to satisfy a required 28 
factor of safety and deformations that are below serviceability limits depending of the type of structure. 29 
The adequate assess of the safety factor, and expected deformations, need to have an adequate 30 
characterization of the soil properties (strength parameters and deformation modulus) and reasonable 31 
theoretical or numerical methods to predict the loads over the retaining system. 32 

The design of a multi-level anchored wall depends on factors such as [3]: Soil resistance and 33 
deformation modulus; flexibility of the wall; necessary displacements to develop earth pressure; applied 34 
anchor loads. The stress distribution behind a wall depends on the construction method or stages, anchor 35 
pre-stressing, and relaxation. Assuming that a fully active condition can be reached in this type of wall 36 
is not always accurate, as pre-stressed anchors do not allow free deformation and displacement of the 37 
soil as required to reach the active conditions. It is expected higher lateral stresses in zones closer to the 38 
anchor location as the anchors produce a condition that is closer to a passive state of the soil. 39 
 40 
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Different studies on deep excavation have been performed using numerical modeling or through 41 
monitoring displacements or strains of the walls. A 14.7m deep excavation was modeled by Hou et al. 42 
[4] using 3D finite-element analyses finding that soil anisotropy has a significant effect on wall 43 
deformation. Lam et al. [5] performed a series of centrifuge models of deep excavation in soft soils. They 44 
found that the trend lines given by Clough et al. [6] match their results and that small strain stiffness is 45 
very important in the deformation mechanism.  46 

This research is based on a deep excavation 28.5m deep and extending 65m on the West-East and 47 
95m on the North-South directions that was monitored in Santiago, Chile (located between 33° and 34°S 48 
at approximately 100 km from the coast line). Santiago´s basin is composed mainly of alluvial and fluvial 49 
sediments originated in the Maipo and Mapocho river basins. In most places the gravel deposit has a 50 
thickness over 100m. Santiago gravel is composed of boulders usually less than 20 cm in diameter in a 51 
matrix of soil that includes silty gravel to silty sand and some clayey lenses. Undisturbed soil samples 52 
have been tested in this material with samples of 1m diameter as shown in detail in [7]. Friction angles 53 
for these gravels have been found above 50°. Deformation modulus has been measured using large 54 
triaxial test on undisturbed soil samples and also using loading plate tests.  55 

Results show an increase of deformation modulus of the soil, between 50 MPa at the surface, to 300 56 
MPa at about 40m deep [8]. The pile wall consisted in 1m diameter pre-bored piles made of cast in place 57 
reinforced concrete with 2m center to center spacing. Each pile had three pre-stresses anchors, each 58 
anchor consisted in six steel cables (ASTM A416 GR270). This non-continuous pile wall was monitored 59 
using different measurement techniques to compare its performance on site. Numerical modeling was 60 
performed in order to carry out a parametric study of the influence of the main variables that affects wall 61 
displacements in practice. Interaction diagrams were also studied to check strength requirements of piles 62 
of different diameter. 63 

2. Materials and Methods 64 
Different sensors or instruments were used on the field to measure the displacements and strains of 65 

the non-continuous anchored wall (or piles). The following sections present the main characteristics of 66 
these instruments. 67 

2.1. Inclinometer 68 
The inclinometer is a 71 cm long probe with two accelerometers in its interior that allow to estimate 69 

the inclination in two perpendicular directions with respect to the vertical position. The necessary casing 70 
was installed on the field during the pile construction as shown in Figures 1. Measurements were taken 71 
every 0.5m. Data was transmitted to the surface by Bluetooth and saved by the data acquisition system 72 
(iPAQ hx2410) located on the surface. Table A1 shows the main characteristics of the casing, and Table 73 
A2 shows the main characteristics of the inclinometer. An initial or base measurement was carried out 74 
when the pile was constructed, but before the excavation started. 75 

2.2 Strain gauges 76 
Strain gauges model PFL-20-15 (gage factor of 2.12 + 1% and thermal expansion coefficient of 118 × 77 

10-6 /°C) were used to measure the internal pile deformations. Figure 2 shows the strain gauge attached 78 
to one side of the steel reinforcing bar, polished prior installation. 79 
 80 



Sensors 2019, 19, x FOR PEER REVIEW 3 of 14 

 

 
 

 

(a) (b) 

Figure 1. (a) Inclinometer inside casing installed in pile; (b) Installation and location of the inclinometer 81 
casing. 82 

These sensors were installed in the piles to measure longitudinal and shear strains. Two piles (piles 83 
11 and 12) were instrumented with strain gauges. In pile 11 these were located every 2 m along the pile 84 
length, and every 4 m for the case of pile 12. Figure 1b shows a schematic cross section.  85 

The relation between length and resistance in the strain gauge is given by: 86 

 (1) 

where: GF: gain factor; R: original resistance of the strain gauge (120 ohms); L: original strain gauge 87 
length. An acquisition system SCXI-of 16 bits of resolution and maximum sampling rate of 200 Ks/S was 88 
used to obtain the data. 89 
 90 

 
Figure 2. Photo of installed strain gauges ion reinforcement of piles (Photo of strain gauge PFL-20-11) 91 
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2.2 Optical fiber 92 
A Brillouin spectroscopy and Optical Domain Reflectometry (BOTDR), as shown in Figure 3a, 93 

enables to measure the longitudinal strain on optical fibers. Deformation in the longitudinal direction of 94 
the fiber generates a frequency shift that is proportional to the fiber strain (see Figure 3b). The BOTDR 95 
equipment is able to measure the shift in Brillouin frequency and the time interval between launching 96 
pulse light and the received scattered light. Therefore, it can relate the deduced strain to the longitudinal 97 
distance in the fiber where it was produced. Additional details of this technology can be found elsewhere 98 
in [9,10]. Measurement time lasts from 5 to 20 minutes; therefore, it does not allow to obtain dynamic 99 
data. The same system allows to measure from meters to kilometers of distance. In the current setup, 100 
about 80m of fibers were used and about 60m were subjected to pile deformation. The error of 101 
measurements is of 0.01%. Additional details of the system and examples of measurements can be found 102 
in [11,12]. 103 

 104 

 
 

 

 
(a) (b) 

 
(c) 

Figure 3. (a) Diagram of a BOTDR equipment; (b) change in frequency with strain; (c) Minimum curvature 105 
for the optical fiber. 106 
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The optical fiber was attached to the steel bar using plastic strips, this was a fast and easy task on 107 
the field. Bond strength between the optical fiber and concrete is developed as concrete strength increases 108 
over time. As light has to travel in the fiber interior then a minimum curvature radio has to be considered 109 
with the optical fiber, as shown in Figure 3c. This was done using a copper tube that gives the curvature, 110 
protects the fiber and allows the fiber to start the loop to return to the surface (see Figure 3c schema). 111 
Figure 4a depicts the location of optical fibers in the pile cross section. Three points are marked with the 112 
fiber location, fibers 1 and 2 corresponds to the same fiber (going in opposite directions). Fiber 3 is an 113 
independent fiber. The effects of soil excavation in pile strains were obtained by subtracting the base or 114 
initial measurement from the fibers to any measurement performed in other specific date. 115 

2.3 Topography survey 116 
The survey equipment used was a station Leica model TC 1800 with an angular precision of 1’’. A 117 

prism was located in the top part of the pile as shown in Figure 4b. Two fixed points located 20m from 118 
the excavation were used as reference. 119 
 120 

 
 

 
 

(a) 
 

(b) 

Figure 4. (a) Location of optical fibers in the pile; (b) Prism used for geodetic measurement. 121 

3. Results 122 
Measurements obtained from strain gauges, optical fiber, inclinometer and survey are presented in 123 

this section. Measurements were performed in different construction stages depending on availability 124 
due to safety concerns. Figure 5 presents a sketch of the different considered stages and shows the dates 125 
when these stages were reached. 126 
 127 
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Figure 5. Excavation stages during monitoring using different sensors 128 

 129 

3.1 Inclinometer measurements 130 
Inclinometer measurements were performed every 1m approximately. From this data was possible 131 

to determine the pile deformation in the direction perpendicular and parallel to the wall. The 132 
displacement in the direction parallel to the wall is close to zero. On the other hand, the displacements 133 
of the pile in the direction of the excavation are presented in Figure 6. 134 
 135 
 136 

 
Figure 6. Pile horizontal displacements obtained from inclinometer measurements 137 
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The maximum horizontal displacement of the pile is 1.2 cm, as shown in Fig.6. However, these 138 
displacements are only the ones corresponding to the integration of the inclinations along the pile. If the 139 
pile also experiences rigid body movement, this displacement would not detected by the inclinometer 140 
data. In an extreme case the pile could move horizontally a few centimeters without suffering any 141 
inclination along its length and therefore the estimated displacements would be zero. 142 

3.2 Optical fiber measurements 143 
As indicated before optical fibers were attached to steel bars in different locations (see Figure 4a). 144 

Figure 7a shows an example of measurements using optical fiber (Fiber 1). The initial data (stage A) and 145 
the data for stage E along the pile where the optical fiber was attached are shown. Similar measurements 146 
were obtained for fibers 2 and 3.  The initial data shows that the fiber is under compression, this could 147 
occur due to concrete shrinkage during setting/hardening process. To obtain the axial deformation of the 148 
pile in each optical fiber, the initial measurements must be subtracted from the measurement of the stage 149 
analyzed. In the final stage, two independent measurements are shown for two dates. It is possible to 150 
observe that the deformation on the pile-wall does not show changes after 22 days, as expected in gravelly 151 
soils. 152 

Figure 7b shows the deduced horizontal displacements perpendicular and parallel to the pile wall. 153 
The resulting displacements indicate that the movement parallel to the pile wall is negligible and that the 154 
one in the perpendicular direction is close to 1 cm.  155 
 156 
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Figure 7. (a) Initial and stage E measurements on Fiber 1; (b) Strain difference between initial and Stage E 157 
data 158 

A comparison between estimated displacements from inclinometer measurements and optical fiber 159 
is shown in Figure 8a. It can be observed that they are very similar in magnitude, however, the optical 160 
fiber sensor seems to capture better the influence of the stressed anchor on pile deformation. 161 

3.3. Strain Gauges measurements 162 
About 50% of the strain gauges were not functioning properly mainly due to the damage they 163 

suffered during concrete casting. In this regard, optical fiber and inclinometer showed a better behavior 164 
measuring without major inconveniences. Figure 8b shows two lines of strain gauges sensors in 165 
comparison with the same location of optical fiber data.  166 

 
  

(a) (b) 

Figure 8. (a) Estimated displacements with optical fiber and inclinometers; (b) Strain measured by optical 167 
fiber and strain gauges 168 
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In general, strain gauges showed compression, but the values are not exactly the same. Therefore, 169 
due to the distance between strain gauges locations and malfunctioning of about 50% of the sensors this 170 
data will not be used to estimate the pile displacements. However, values measured from strain gauges 171 
allow us to confirm that measurements obtained from optical fiber and inclinometers are adequate, as 172 
are of similar magnitude. 173 

3.4. Topographic survey measurements 174 
Topographic survey performed in stages A and E gives a total lateral displacement of 2.5 cm at the 175 

pile top. This value is about 1.5 to 1.6 cm larger than the values estimated from the inclinometer and 176 
optical fiber measurements (see Figure 8a). It seems like the difference is caused by a rigid body 177 
movement of the pile wall that is not measured by the inclinometer and optical fiber as these methods 178 
are not able to capture this type of displacement (see Figure 9a). 179 

Movements measured during this monitoring program consider deformation that occurred during 180 
excavation after installation of the anchors. It is also deduced that there was an important component of 181 
deformation associated to the base of the excavation. Additionally, deformation can be considered 182 
instantaneous as no changes were observed at the same excavation stage after 1 or 2 months.  Observed 183 
lateral wall movement is plotted together with the relation proposed by Clough et al [6]. as shown in 184 
Figure 9b. The maximum lateral movement measured in this research is also included as a straight line 185 
in the bottom of this figure.  186 
 187 

 

 

 
(a) (b) 

Figure 9. (a) Horizontal displacement measured in Stage E; (b) Comparison between measured 188 
displacements and relationship proposed by Clough et al. [6] 189 

3.5. Numerical modeling  190 
Numerical simulations have been used in the past to reproduce the field measured displacements 191 

[13]. Bao et al. [14] evaluated soil-structure systems considering models that include nonlinear material 192 
and geometry of both soils and structures. In this research, numerical studies were carried out using the 193 
software OpenSees [15] as analysis platform. The wall pile model used nonlinear elements with fibers 194 
and force-based formulation. The kinematic relation between strains and displacements was also 195 
nonlinear and approximated through a P-delta formulation. The model considered nonlinear uniaxial 196 
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constitutive relations for concrete and reinforcing bars fibers. The Giuffré-Menegotto-Pinto [16,17] steel 197 
material object with isotropic strain hardening was used to model reinforcing bars.  198 

This model is capable of representing the hysteretic behavior of steel reinforcement exhibiting the 199 
Bauschinger effect together with isotropic strain hardening. Expected yielding stress (480 MPa) was used 200 
instead of the nominal value (420 MPa) for nonlinear analysis. Concrete considered a uniaxial model [18–201 
21] with degraded linear unloading/reloading stiffness according to the work of Karsan and Jirsa [22] 202 
and no tensile strength. Concrete material was considered unconfined. The peak of the concrete 203 
constitutive relation was reduced to account for differences between in place concrete strength and 204 
standard cylinder compressive strength f’c (25 MPa for this case). For large-scale columns common in 205 
building construction, a factor C=0.85 is recommended by Moehle [23]. This value, widely adopted in 206 
current building codes, was considered for this analysis. Truss elements with an initial stress material 207 
were used to model the post-tensioned steel cables. Initial tension force in cables was 600 kN. Slip in the 208 
cables active zone was accounted through uniaxial elastic springs of stiffness 6 kN/mm (bottom and 209 
middle cables) and 1.5 kN/mm (top cable). Soil-pile interaction was modeled with gap elements (linear 210 
elastic behavior in compression and no tension strength). The soil ballast coefficient, used to calculate the 211 
gap stiffness in compression, ranged from 6.2 kg/cm3 to 25 kg/cm3 close to the pile base. The relevance of 212 
the different factors that define the design of these pile walls in practice has also been evaluated. 213 

Figure 10a depicts the loads used to represent the earth pressure, obtained from [3]. The value p is 214 
obtained as: 215 

p = 0.65KAgh (2) 

where KA is the active earth pressure coefficient, g is the soil unit weight and h the depth below the 216 
ground level. Considering typical measured parameters in Santiago gravel, p = 76.05 kN/m. A parametric 217 
study was performed to determine the influence of the p value in the expected displacements of the pile-218 
wall. 219 

Figure 10b shows the structural response of a 100cm diameter pile for p=76.05 kN/m. A sensitivity 220 
study to evaluate the dependence of the estimated displacements on the value of the parameter p was 221 
conducted. The range of considered values for p was 70%-130% of the specified value (76.05 kN/m). It is 222 
observed that estimated displacements were very sensitive to variations of the specified earth pressure 223 
and therefore it is fundamental to have a good estimation of these pressures in practice. 224 

From the measured displacement on the field and the numerical model it is possible to deduce that 225 
design using expected earth pressure (100%) gives a pile-wall response very similar to the actual 226 
observed value on the field using different types of sensors. 227 

 228 
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(a) (b) 

Figure 10. (a) Apparent earth pressure for granular material. (b) Horizontal displacement (dashed line: 229 
measured on site, continuous line: OpenSees model) over the height for different percentages of the 230 
specified value p in a 1000 mm diameter pile:  70%, 100%, 105%, 120%, 130% 231 

4. Discussion 232 
Different types of sensors have been used to measured strains and displacement of large pile 233 

retaining wall on gravel. These sensors were installed during the construction of a real projects keeping 234 
in mind the available time during standard construction of this type of walls. Despite of careful 235 
installation of all types of sensors (strain gauges, optical fiber, inclinometer pipes, and survey prism), 236 
strain gauges showed to be the most difficult to installed successfully with a relative high number of 237 
sensors that do not deliver any data. BOTDR optical fiber shows to be very robust, installation during 238 
construction is faster that other methods and despite of concrete been pour inside long piles, there is no 239 
major damage on the optical fibers and measurements respond successfully. The use of BOTDR optical 240 
fibers appears to be a good option to evaluate performance of deep excavations. Careful interpretation 241 
of the data should consider that the movement of deep excavation have a rigid component that is not 242 
necessary considered when measuring internal strains of piles/walls, an external measurement must be 243 
considered when analyzing the complete movement of this retaining systems. 244 

BOTDR technology should be considered in additional monitoring project involving soil and rock 245 
mechanics. It has shown to be easy to install and adequate accuracy, even in actual construction projects.  246 

Numerical modeling and design guidelines agree with the measured displacements. Adequate 247 
measurements of strains and displacement allow to check how suitable are current design methods in 248 
civil and geotechnical engineering. Field data enable to improve design methods and therefore is 249 
necessary to monitor actual projects and publish this data.  250 

5. Conclusions 251 
This paper presents a monitoring program of lateral movement and internal deformation on a 28.5m 252 

pile wall on gravelly soil. A companion numerical model was developed to study relevant issues on this 253 
retaining wall. Main findings are: 254 
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 255 
• Displacements of the pile wall were observed exclusively in the direction of the excavation. The 256 

horizontal displacement measured at the pile top was 2.5 cm. 257 
• Inclinometers and optical fiber proved to be adequate to measure the deformation of the pile wall. 258 

Installation of both systems is simple, and measurements are very stable. 259 
• Deformation in the gravelly soil was instantaneous as expected. After one week, increments in 260 

measured displacements were almost negligible. 261 
• Strain gauge installation was slow and close to 50% of them did not work properly after installation. 262 

Even though the rest of the strain gauges showed similar strains in comparison to the optical fiber, 263 
they did not provide reliable data as other instruments used on site. 264 

• Horizontal displacements estimated from numerical modeling are very sensitive to the magnitude 265 
of earth pressure. Therefore, a good estimation is necessary to evaluate wall displacements. 266 

• Displacements of the pile-wall have a rigid displacement movement and a flexural displacement 267 
movement. To capture the complete movement is necessary to measure with an external sensor as 268 
it was in this case using topographic survey. 269 
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Appendix A 275 

Table A1. Main characteristics of inclinometer casing. 276 

Type QC Casing 70 mm (Slope indicator) 
Internal diameter 70 mm 
External diameter 59 mm 
Thickness 11 mm 
Maximum pressure 16.5 bar 
Maximum load 635 kg 
Temperature range -29 to 88°C 

 277 

 Table A2. Main characteristics of inclinometer. 278 

Probe length 710 mm 
Probe diameter 25.4 mm 
Probe weight 1.4 kg 
Memory > 1000000 readings 
Displacement error  2 mm per 25m  
Temperature rating -40 to 70°C 
Data Resolution 0.005 mm per 500 mm 

 279 
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