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Abstract. Based on the distributed fiber optic sensing (DFOS) technique, plastic optical fibers (POFs) are
attractive candidates to measure deformations of geotechnical structures because they can withstand large
strains before rupture. Understanding the mechanical interaction between an embedded POF and the
surrounding soil or rock is a necessary step towards establishing an effective POF-based sensing system for
geotechnical monitoring. This paper describes a first attempt to evaluate the feasibility of POF-based soil
deformation monitoring considering the POF-soil interfacial properties. A series of pullout tests were
performed under various confining pressures (CPs) on a jacketed polymethyl methacrylate (PMMA) POF
embedded in soil specimens. The test results were interpreted using a fiber—soil interaction model, and were
compared with previous test data of silica optical fibers (SOFs). The results showed that the range of CP in
this study did not induce plastic deformation of the POF; therefore, the POF-soil and the SOF-soil
interfaces had similar behavior. CP was found to play an important role in controlling the fiber—soil
interfacial bond and the fiber measurement range. Moreover, an expression was formulated to determine
whether a POF would undergo plastic deformation when measuring soil deformation. The plasticity of POF
may influence the reliability of measurements, especially for monitored geo-structures whose deformation
would alternately increase and decrease. Taken together, these results indicate that in terms of the interfacial
parameters studied here the POF is feasible for monitoring soil deformation as long as the plastic
deformation issue is carefully addressed.

Keywords: distributed geotechnical monitoring; soil deformation; plastic optical fiber (POF); plasticity;
interfacial behavior

1. Introduction

Nowadays researchers and practitioners rely more heavily on advanced detecting methods to
understand the complex behavior of geo-materials, and to evaluate the performance of
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infrastructures built on them. The distributed fiber optic sensing (DFOS) technique enables
distributed strain measurement along an optical fiber over dozens of kilometers while maintaining
relatively high degrees of accuracy and spatial resolution, which shows great potential in the field
of geotechnical monitoring (Mohamad et al. 2012, Zhu et al. 2012, Feng et al. 2015). Over the
past two decades, considerable progress has been made in applying DFOS systems to monitor the
deformation of a variety of geotechnical structures (Habel and Krebber 2011). The distributed
sensing fibers have been directly embedded in soil masses and successfully captured the process
and pattern of ground settlements (Glisic and Yao 2012, Klar et al. 2014) and slope movements
(Naruse et al. 2000, Iten et al. 2008, Olivares et al. 2009, Wang et al. 2009, Zhu et al. 2014, Sun et
al. 2014, Zeni et al. 2015, Zhu et al. 2015). However, the frequently adopted silica-based sensing
fibers may be limited in geo-engineering applications due to the low break-down strain of only 1%
or a bit more (Habel and Krebber 2011, Leung et al. 2013). As noted by Zhang et al. (2015), large
deformation measurements in the field or in laboratory model tests is of great importance for
investigating the failure mechanism of soil structures. While efforts have been made to extend the
measurement range of existing sensing fibers (e.g. Arifin et al. 2015), this problem remains one of
the main barriers that constrain the application of DFOS technique to soil deformation monitoring.

Plastic or polymer optical fibers (POFs) are potentially superior alternatives to silica optical
fibers (SOFs) for diverse geo-engineering applications, because of their low Young’s moduli and
high break-down strain limits. It has been reported that polymethyl methacrylate (PMMA) has an
elastic limit around 10% (Large et al. 2015), and a standard PMMA-based POF can be stretched
far more than their silica counterparts (up to 40%) without significant distortion of light guiding
properties (Liehr et al. 2008, 2009). In the past decade, various POF sensors have been developed
for structural and environmental monitoring (Abdi et al. 2008, Kuang et al. 2009, Peters 2011,
Bilro et al. 2012, Morisawa and Muto 2012, Grassini et al. 2014, Kuang et al. 2015). It is
noteworthy that POFs have attracted much interest for their tremendous potential in geotechnical
monitoring (e.g. Habel and Krebber 2011). Among the recently published works, some researchers
(Lenke et al. 2007, Krebber et al. 2008, Liehr et al. 2008, 2009) have developed several
geotextile-embedded POF sensors for distributed geotechnical monitoring purposes. They have
reported a maximum detectable strain of 6% for a textile-integrated PMMA POF sensor that was
installed within a model box filled with layered sands. The survivability of the sensors has been
further proved by installing the sensor-equipped geotextiles into a dam, a test dike, and a railway
embankment. Despite the exciting results reviewed here, the use of POFs in deformation
monitoring of soils and rocks is still limited.

Fig. 1 shows schematically how the lateral deformation of a soil layer is captured by a directly
embedded POF sensor under a simple circumstance. The external pressure causes lateral
movement of the soil layer, thereby inducing elongation of the fiber. Obviously, the reliability of
measured data is concerned with the strain transfer from the soil to the sensing fiber, which is
strongly dependent on the contact condition between the fiber and the soil. If the contact is not
intimate, the collected data can barely reflect the actual strain of the soil. Therefore, understanding
the interaction mechanism between a strain sensing fiber and the surrounding geo-material is a
fundamental prerequisite for implementing reliable and effective DFOS-based geotechnical
monitoring. In this aspect, a simplified interaction model has been proposed to characterize the
interfacial behavior between fibers and natural geo-materials—soils (Zhang et al. 2014, 2015). The
model was applied to interpret the results of several jacketed SOFs pulled out from sandy soils,
where the influence of normal pressure was emphasized. For POFs, particular attention should be
drawn to the interfacial effect because: 1) the Young’s modulus of PMMA (3.2 GPa) is much lower
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than silica (72 GPa), and 2) the POF undergoes a large amount of plastic deformation before
breakage. However, research in this field has not been reported previously. To facilitate the
application of POF sensors to geotechnical monitoring, a comprehensive study regarding the POF—
soil interaction is urgently needed.

Our goal here is to understand the interfacial behavior between POF and soil, and to assess
whether POFs are suitable for large deformation monitoring of soils. For this purpose, laboratory
pullout tests were carried out under various confining pressures (CPs) on a 2.2 mm PMMA POF
embedded in soil. The interfacial parameters of the POF were compared with previously reported
data of SOFs. Additionally, the influence of plastic deformation of POF on geotechnical
monitoring results was preliminarily discussed.

2. Methodology
2.1 Material

A commercially available POF (Mitsubishi’s GH4001 fiber) was tested in this study. The
diameter of the PMMA core was 0.980 mm, and the thicknesses of the fluorinated cladding and
polyethylene (PE) jacket were 0.02 mm and 1.2 mm, respectively. The PE jacket can protect the
fiber from external physical and chemical influences, and add more mechanical strength to the
fiber. This fiber has been used for several geotechnical monitoring applications (Liehr et al. 2008,
2009). Standard uniaxial tensile test was carried out to determine the tensile properties of the fiber.
Fig. 2 plots the stress—strain curve of the fiber. The PE-jacketed PMMA fiber had an average
Young’s modulus E of 0.522 GPa, and a yield strain (elastic limit) of 3.34%. Detailed parameters
of the fiber are summarized in Table 1.

A sandy soil collected from a construction site in Xianlin District, Nanjing, China was used
here. The soil was classified as SP (i.e., poorly graded sand) following the Unified Soil
Classification System (USCS) (ASTM 1992). Grain size distribution of the soil is shown in Fig. 3.
The average grain size of the sand was 0.510 mm, which is about a quarter of the outer diameter of
the POF. Detailed properties of the sand were well characterized by Zhang et al. (2014).

External pressure

Interfacial shear stress '

—_— e — ot — e —

Fig. 1 Elongation of an embedded plastic optical fiber (POF) due to lateral deformation of a soil layer under
external pressure
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Table 1 Detailed properties of the test fiber

Cheng-Cheng Zhang, Hong-Hu Zhu, Bin Shi, Jun-Kuan She and Dan Zhang

Outer diameter (mm)

Young’s modulus
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Fig. 2 Measured stress—strain curve for the polymethyl methacrylate (PMMA) POF. Sample length was 500
mm. Loading rate was 8.00 mm/min. Structure of the POF is shown at bottom right

Percentage finer by weight (%)

100

[e]
o

o]
o

N
o

N
o

| Gravel | Sand Silt |

[ T T !
Diamelter of POF
.

10 220 4 0.1 0.01

Grain size (mm)

Fig. 3 Grain size distribution of the soil
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Fig. 4 (a) Photo of a prepared specimen to be tested; (b) schematic drawing of a POF being pulled out from
compacted sand

2.2 Experimental program

The test specimens were prepared using the method reported by Zhang et al. (2014). The
specimen contained a POF embedded within a cutting ring filled with compacted soil, with both
ends passing through the holes drilled in the side walls. The diameter of the cutting ring was
changed to 79.8 mm to obtain a longer fiber—soil bonding length. For all the specimens, the soil
dry density was kept at 1.80 g/cm®, and the water content remained 10.0%. Fig. 4(a) shows a
prepared specimen to be tested. Prior to testing, the specimens were allowed to equilibrate for 24
hours. Moreover, CPs ranging from 7.5 kPa to 90 kPa were used in the tests. The CPs were applied
on the specimens by using a modified oedometer.

Afterward, the embedded POFs were pulled out from the specimens at a constant rate of 0.72
mm/min using a step motor. The pullout force and the pullout displacement were measured by a
force gauge and a dial gauge, respectively. Fig. 4(b) schematically shows a POF being pulled out
from compacted sand. The detailed test procedure can also be found in Zhang et al. (2014).

2.3 Determination of interfacial parameters

Using the procedure described in the previous section, the relationship between the pullout
force and pullout displacement under each CP was obtained for this fiber. To analyze the
interfacial properties, a recently proposed fiber—soil interaction model (Zhang et al. 2014) was
applied separately to every pullout force—pullout displacement curve. Based on a tri-linear shear
stress—displacement relationship of the fiber—soil interface (Fig. 5(a)), the model considered the
progressive failure along the fiber—soil interface, and divided the whole pullout process into five
consecutive phases. This methodology not only enables the determination of typical interfacial
parameters, such as the interfacial shear strengths (z,,, and r.,) and interfacial shear stiffnesses
(G; and G,), but it also allows for analyzing the evolution of tensile force and interfacial shear
stress. Through fitting the experimental curves, six parameters were determined, i.e. 7., 7., G1,
G2, Uetr, and Uperr. The meanings of 7., 7., Gi and G, are schematically shown in Fig. 5(a),
whereas the effective displacement (ue) and the partially effective displacement (upss) are defined
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as
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where D, L and E are the diameter, length and Young’s modulus of the fiber, respectively. The two
characteristic displacements can be used to assess the range of optical fiber sensor-based soil
deformation measurement. Detailed explanation and discussion of the methodology can be found
in Zhang et al. (2014, 2015).

3. Results and discussion

In this section, the mechanical properties of the POF—soil interface were compared with
previous results of three SOF—soil interfaces reported in Zhang et al. (2015). The three fibers,
SOF-1, SOF-2 and SOF-3, were standard jacketed SOFs. Their outer diameters were 0.900 mm,
1.20 mm, and 1.80 mm, respectively. Young’s moduli were 1.75 GPa, 1.01 GPa, and 0.500 GPa,
respectively. Of note, the POF—soil interface and the SOF—soil interfaces were tested under the
same experimental conditions (except for slight difference in the CP range).
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Fig. 5 (a) A tri-linear interfacial shear stress-displacement relationship for deriving the simplified fiber—soil
interaction model (Zhang et al. 2014); (b) Experimental and predicted pullout force—pullout
displacement curves. Confining pressure (CP) varied from 7.5 kPa to 90 kPa. Dashed lines denote
results predicted by the model
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Fig. 6 Comparison of interfacial parameters between POF and silica optical fiber (SOF) under different CPs:
(a) peak interfacial shear strength; (b) residual interfacial shear strength; (c) ratio of interfacial shear
strength. Dashed lines indicate linear fits in (a) and (b), and constant fits in (c)

3.1 Characteristics of pullout force—pullout displacement curves

Pullout force—pullout displacement curves obtained from the tests, together with predictions
from the interaction model, are plotted in Fig. 5(b). It is shown that the predictions agreed well
with the experimental data, indicating that the interaction model is applicable to various fibers.
However, we note that the final downtrend of the experimental curves was not captured by the
model because a constant residual interfacial shear strength was assumed for the sake of simplicity
(Zhang et al. 2014). To perform more accurate modeling, it is suggested that one more parameter
should be introduced to account for this effect. Additionally, these curves showed similar shapes
under different CPs: firstly, the pullout force increased approximately linearly with the pullout
displacement up to the peak value; afterwards, the pullout force decreased notably, especially for
that under the high CP; finally, the pullout force remained stable with a slight downtrend. These
characteristics are consistent with the three SOF—soil interfaces (Zhang et al. 2015).
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3.2 Analysis of interfacial parameters

Parameters of the POF—soil interface under different CPs obtained by the simplified fiber—soil
interaction model are shown in Figs. 6-8. Similar to the three SOF—soil interfaces, both the peak
and residual interfacial shear strengths, z.,, and r,., of the POF—soil interface increased almost

linearly with increasing confining pressure (Figs. 6(a) and 6(b)). This indicates high CPs can
enhance the interfacial bond between the POF and the surrounding soil; however, the interfacial
bond was slightly looser when compared to the SOFs. Because the influence of CP on the ratio of
interfacial shear strength, defined as k=r, /7, , was not evident (Fig. 6(c)), a constant fit

would be preferable in this case. The POF-soil interface had an average value of 0.517, which fell
in the range of the SOF data (0.484-0.544). Zhang et al. (2015) suggested a low value of k for
engineering practices so that it would be easier to identify the working state of a strain sensing
fiber. At this point, however, the POF showed no difference in this parameter as compared to the
SOF.

Fig. 7 displays the comparisons of interfacial shear stiffnesses, G; and G,, between the POF and
the SOF. The influence of CP on G; appeared to be difficult to assess (Fig. 7(a)). Previous SOF
data showed that increased CP could either slightly increase, slightly decrease, or leave unchanged
the values of G;. These results, taken together, suggest that the impact of CP on the interfacial
shear stiffness Gy may be minor. The constant fit showed that G; of the POF-soil interface had an
average value of 18.5 MPa/m, which was smaller than those for the SOFs. This indicates that the
POF-soil interface is easier to deform than the SOF-soil interface when subjected to shear.
Notably, the impact of CP on G, was more pronounced compared to G; (Fig. 7(b)), suggesting that
pullout may contribute to disturbance to the interfacial soil structure. While soil particles were
reported to rotate and rearrange at the fiber surface under shear (Tang et al. 2010, Zhang et al.
2015), to what extent the microscopic effect caused the difference between G; and G, remains to
be elucidated.
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Fig. 7 Comparison of interfacial parameters between POF and SOF under different CPs: (a) interfacial shear
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The comparisons of effective and partially effective displacements between the two interfaces
are shown in Fig. 8. Similar to the three SOF—soil interfaces, both characteristic displacements
increased almost linearly with the confining pressure, indicating high CPs can widen the
measurement range of the POF. However, the two characteristic displacements of the POF were
smaller as compared to the SOFs, although the difference appeared to be less significant at CP =
60 kPa. More data are needed to confirm this observation.

Overall, more similarities than differences were found between the POF—soil interface and the
SOF—soil interface. One may question, however, why the marked difference in Young’s modulus
between PMMA and silica did not contribute to different interfacial behaviors. One possible
explanation is that the difference in average Young’s modulus was significantly decreased due to
the external jackets. For instance, the POF and SOF-3 had almost the same value of Young’s
modulus. Although the interfacial bond between SOF-3 and soil was tighter and the measurement
range of SOF-3 was wider, both interfaces exhibited similar mechanical properties under the
influence of CPs. At this stage it may be concluded that the mechanical behavior of a PMMA
POF—soil interface is similar to a SOF-soil interface under the current experimental conditions.
Further, these results reveal a fundamental role for CP in control of the fiber—soil interfacial bond
and the fiber measurement range.

4. Critical issues in soil deformation monitoring

POFs as sensing fibers are attractive candidates for geotechnical monitoring, in large part
because of the ability to measure large strains and deformations. Although POFs are capable of
measuring strain up to 40% without marked distortion of light guiding properties (Habel and
Krebber 2011), one might still question the reliability of measured data provided that the tensile
stress in the fiber reaches the yield strength, thereby inducing plastic deformation. To explore this
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issue, two questions should be addressed. One is under what conditions plastic deformation occurs,
the other is how plastic deformation influences the measurements. Here some preliminary analysis
is presented.

4.1 An expression for maximum tensile stress

In our experiments, the maximum tensile stress o, of the POF was 7.44 MPa (Fig. 9; CP =
90 kPa), far smaller than the measured yield strength o, (Table 1; 18.4 MPa). Therefore, plastic

deformation did not occur. Nevertheless, it is reasoned that a CP of 234 kPa would induce plastic
deformation, according to the empirical relationship shown in Fig. 9. Apparently, this value is far
beyond the CP range in this initial study. However, this value is common in geotechnical
centrifuge model tests, such as modeling of soil slopes (Ling et al. 2009, Li et al. 2011) and
embankments (Sharma et al. 2001). If POFs had been employed in these tests, the fibers might
have experienced plastic deformations. Of note, CP is not the only factor that affects o, . Other
environmental factors such as moisture content and dry density of soil are also important (Tang et
al. 2010). It is therefore necessary to derive an expression for o, as functions of various
parameters.

Based on the simplified fiber—soil interaction model (Zhang et al. 2014, 2015), the maximum
pullout force F,,, is reached during Phase 11, where both elastic and softening zones exist along

the fiber. The pullout force F, in Phase Il is derived as a function of the length of the softening
zone L
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Fig. 9 Relationship between confining pressure and maximum tensile stress of the POF experienced during
the pullout process. The dashed line indicates linear regression
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where D and L are the diameter and length of the optical fiber, respectively; ., is the peak
interfacial shear strength; and ¢, =‘/4Gi/ED (i=12), with G, and G, being the interfacial

shear stiffnesses, E being the Young’s modulus of the optical fiber. Apparently, F, peaks when
dF, /dL, =0. Combining it with Eq. (2) yields

atanhey (L-L)=a,tana,l,, 0<L <L (3

To the best of our knowledge no exact analytical solution exists for Eq. (3). Therefore, this
equation is approximated by using a Taylor-series expansion method. An approximate solution
L, =G,L/(G,+G,) is obtained with the relative error not exceeding 7.5% in any of our estimates.

Substituting the approximate solution and Eg. (3) in Eq. (2) yields

nDzr, . (af + ) sin LG,

F = 4

e a,af G +G, @
Substituting o, =F,. /A in EQ. (4) yields
4t (2)| a?(2) + 2 (2

A ) (Z)+ e ( )]Sin LG,(Z),(2) &

o Da,(Z)e; (Z) G,(2)+G,(2)

where Z is a series of factors including CP, moisture content, dry density of soil, and so forth.
Apparently, if oma is larger than o, under a specific condition, the strain sensing fiber may
undergo plastic deformation when measuring soil deformation. Given that the relationship between
model parameters (., Gi1, and G;) and various environmental factors Z have been obtained
using sufficient experimental data, one may estimate the maximum tensile stress that may exist
within a fiber for a given environmental condition. It is noteworthy that Eq. (5) is only a criterion
for determining whether or not a POF may undergo plastic deformation, and the maximum tensile
stress will not exceed the tensile strength under real conditions.

4.2 Plasticity effect on soil deformation monitoring

According to the stress—strain curve for the PMMA POF shown in Fig. 2, the stress increased
approximately linearly with the strain up to the yield point, afterwards the strain increased
continuously without significant increase in the stress. For a preliminary analysis, the stress—strain
relationship of the PMMA POF may be assumed to be ideal elastoplastic, as shown in Fig. 10.
Briefly, prior to the yield point the fiber will deform elastically and will recover all its strain upon
unloading; however, if the fiber is unloaded after reaching the yield point, it will recover its elastic
strain component but a permanent set will remain. As a result, this property may bring
uncertainties to the measurements.

As described previously, if o, <o, the POF is able to properly function until the fiber—soil
interface is debonded due to increased deformation of the surrounding soil. Under the
circumstance of o, >o,, however, the fiber yields prior to the debonding of the interface. In
this case, once o, is reached the tensile stress will redistribute within the fiber, and, of course,
the strain will redistribute as well. Moreover, if the soil deformation decreases, the variation may
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not be captured by the fiber because only part of its deformation can be recovered. In this case, the
measured strain due to soil deformation is distorted or overestimated. Geotechnical engineers
should pay special attention to this issue because the deformation pattern of geo-structures can be
very complex due to complicated construction conditions and geologic environment.

Fig. 11 schematically shows the deformation-time curves of two model soil slopes under
different environmental conditions. In Case 1, a slope was excavated in stages. Notably, no
decrease of deformation was observed during the entire process of excavation. In contrast, the
deformation of the slope in Case 2 increased and decreased due to the fluctuation of water level.
Importantly, for situations where the deformation increases continuously and induces plastic
deformation of a POF, the deformation can be captured as long as the light guiding properties are
maintained. However, if the deformation suddenly decreases, the decrease may not be recorded by
the POF provided that the variation is larger than the elastic deformation of the POF.
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Fig. 10 Ideal elastoplastic shear stress—strain relationship for a PMMA POF simplified from the measured
stress—strain curve shown in Fig. 1
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Fig. 11 Schematic deformation-time curves of two model soil slopes under different environmental
conditions. Case 1: three-stage excavation at slope toe, and Case 2: complex water level fluctuation
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5. Conclusions

This paper describes a first attempt to understand the mechanical interaction between POF and
soil. Pullout tests were performed to study the load—deformation properties of a 2.2 mm jacketed
PMMA POF embedded in soil. CPs ranging from 7.5 kPa to 90 kPa were investigated. The data
were interpreted using a simplified fiber—soil interaction model, and were compared with
previously reported SOFs data. The results showed that the CP range used in this study did not
induce plastic deformation of the POF. Moreover, the POF-soil interface and the SOF-soil
interface shared more similarities than differences under the current experimental conditions.
Additionally, these results revealed an important role for CP in control of the fiber—soil interfacial
bond and the fiber measurement range. Similar to the SOF, high CPs enhanced the interfacial bond
between the POF and the surrounding soil, and widened the measurement range of the POF.

An expression for the maximum tensile stress that may exist in a fiber was formulated. Given a
specific environmental condition, one may use this expression to estimate whether a POF will
undergo plastic deformation when measuring soil deformation. The plastic deformation of POF
may influence the reliability of measured fiber optic data, especially for monitored geo-structures
whose deformation alternately increases and decreases.

Taking all these data and discussions together, we conclude that the mechanical behavior of a
PMMA POF-soil interface is similar to a SOF-soil interface, although it cannot be excluded at this
stage that plastic deformation of the fiber may contribute to complex fiber—soil interactions under
certain circumstances. Furthermore, in terms of the interfacial parameters studied here, the PMMA
POF is suitable for monitoring of soils and geotechnical-related structures, as long as the plastic
deformation issue is carefully addressed.
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