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ABSTRACT: Land development projects usually result in the alteration of natural ter-
rain in order to provide necessary modern infrastructure. A particular site in Pampanga,
Philippines, requires certain natural slopes to be modified thus affecting the slopes’
inherent equilibrium condition. Because of land development requirements, the toe of
the slopes had to be cut to make way for a road connecting to other key areas of the
property. Since the site is located in a seismically active region, the stability of the
altered slopes becomes more complicated and needs to be addressed properly to avoid
safety risks and property damage.

This paper focuses on the methodology used to develop an earthquake-resistant design of
the selected slope stabilization measure. It also discusseshow the geotechnical and seismic
parameters were selected which were used in the formulation of the slope numerical model
and the subsequent stability analysis.

1 INTRODUCTION

As the economy of the Philippines continues to grow steadily, developments in the country
begin to extend to more rural and topographically diverse areas. These developments, how-
ever, require the existing terrain to be modified to accommodate necessary modern infrastruc-
ture. In some cases, the alteration of the slopes of large natural landforms is imperative in
order to create roads that connect more developed regions to less accessible ones. These alter-
ations leave natural pyroclastic slopes to be quite vulnerable to instability, given the combin-
ation of seismic hazards and frequent rainfall in the country. Hence, slope stabilization and
protection measures are carefully studied and implemented, both to ensure the safety of the
public and to avoid damage to infrastructure and property.

This paper presents the methodology, design process and the various technical and non-
technical considerations in the design of earthquake-resistant slope stabilization measures for
natural pyroclastic slopes altered by land development.

2 SITE CONDITIONS

2.1 Location and topography

One such development, which requires the alteration of natural slopes, is located in the prov-
ince of Pampanga, which is around 60 kilometers northwest of Metro Manila, as shown in
Figure 1. The province is near Mt. Pinatubo, an active volcano, which is well-known for its
eruption last June 1991 that left most adjacent towns covered in lahar deposits.

The underlying stratigraphy of the area is predominantly volcanic in nature, consisting of
pyroclastics of various densities. The area for development is surrounded by hills and mounds
of various heights. Land development requirements dictate that the toes of some of the
mounds be cut to make way for the planned roads and utilities, as shown in Figure 2. As such,
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Figure 1. Location and vicinity map of the study area.

Figure 2. Planned alignment of a road which cuts through the toe of the slopes.

measures have to be undertaken to ensure the stability of these cut slopes considering various
factors such as seismicity, saturation, subsurface conditions, etc.

2.2 Tectonic setting and seismicity

The Philippine Mobile Belt corresponds to the complex boundary between the Eurasian Plate
and the Philippine Sea Plate. The many fault systems found within the Philippines are physical
manifestations of the tectonic plates’ opposing movements.

A search of the United States Geological Survey (USGS) earthquake database was con-
ducted for earthquakes with magnitudes of at least 4.0 within 100-km of the project site.
All in all, there were 378 events since 1900—the strongest of which is the 1990 Luzon
Earthquake, which had a magnitude of 7.8 and a hypocentral depth of 25.1 kilometers.
The 1990 Luzon Earthquake was caused by the Digdig Segment of the Philippine Fault,
which produced a 6-m horizontal displacement over a 90-km long ground rupture along
Central Luzon.

2.3 Geology and geotechnical conditions

According to the Mines and Geosciences Bureau, the area of the development, which is within
the province of Pampanga, is located in the geological region known as the Central Luzon
Plain. The Central Luzon Plain is generally composed of middle Tertiary sediments, Quater-
nary pyroclastics and lava flows, unconformably overlying Cretaceous to Lower Tertiary
basement rocks. Recent sedimentary deposits also cover the underlying rocks in the flat areas.
These deposits usually consist of silts, sands and unconsolidated and unsorted pebbles, cob-
bles and small boulders derived from older rocks.
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Figure 3. Distribution of historical earthquakes around the project site (Source: USGS).

A geotechnical investigation program was developed to further characterize the subsurface
conditions underlying the affected hills and mounds. Several boreholes with depths of up to
30 meters were distributed to varying elevations along the slopes. The soil and rock samples
recovered from these boreholes were classified and tested at the laboratory to obtain data
which can then be used to derive the necessary geotechnical parameters.

The results of the subsurface investigation reveal that the slopes in the site are generally
comprised of sand and low plasticity clay and silt of varying consistency and relative condi-
tion, overlying very dense strata and sandstone formations.

Figure 4. Borehole location plan and soil profile.

3 DESIGN CONSIDERATIONS

3.1 Topography and vegetation cover

Considering the fact that the site is generally rolling and that the terrain will be altered to
make way for the development, a detailed topographic survey of the area, as well as a compre-
hensive proposed grading plan are needed in the analysis and design of the stabilization and
protection measures for the cut slopes. These will be used in the generation of the slope
models that will be the basis for the slope stability analysis (SSA).

Aside from the rolling terrain, another consideration for selecting the proper slope protec-
tion scheme is the vegetation cover of the mounds. As requested by the property owner, the
natural vegetation cover of the hills and mounds, above the cut slope, must be retained in
order to maintain the aesthetically-pleasing ‘natural’ look, as well as to utilize the vegetation
cover as a protection against surface erosion.
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Figure 5. Natural vegetation cover across the hills and mounds along the proposed alignment.

3.2 Subsurface conditions

Though the subsoil of the slope vary from borehole to borehole, in general, the upper six
meters of the slope is composed of residual soil with medium dense to dense condition and
hard consistency. These layers are then underlain by sandstone with UCS values ranging from
1.92 MPa to 9.18 MPa. On the other hand, the toe of the slope, being part of the plain, is
generally underlain by clay on the upper layers and medium dense to very dense sand, pre-
sumed to be part of the lahar deposits from Mt. Pinatubo.

Table 1. Subsurface Conditions based on the results of geotechnical investigation

Depth Mid slope
(m) Top Slope (BH-04 and BH-07) (BH-03 and BH-06) Toe (BH-05)
0.0 -  Medium dense to very dense sand ~ Medium dense to very dense Very stiff to hard low
6.0 and hard clay (N-values = 11- sand (N-values = 12- plasticity clay (N-values = 8-
‘refusal’) ‘refusal’) 30)
> 6.0  Sandstone (q,=2.90MPa-6.75MPa) Sandstone (q,=1.96MPa- Medium dense to very dense
9.18MPa) sand (N-values = 22-

‘refusal’)

Figure 6. Cut slopes in the project site reveal boulders of varying sizes embedded within the soil matrix.

3.3 Ground shaking

Earthquakes can induce considerable destabilizing inertial forces in slopes. Seismic loads
cause permanent changes in the effective shear strength of the soil mass due to the fatigue
resulting from the prolonged exposure to cyclic loading. Seismic analysis is therefore essential
when evaluating the stability of slopes, especially in seismically-active regions/countries like
the Philippines.

When considering seismic loading on slopes, a pseudo-static condition is idealized, wherein
a constant horizontal and/or vertical seismic coefficient is taken as a fraction of the Peak
Ground Acceleration (PGA). The pseudo-static seismic load induces a horizontal inertial
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force, kW (where k;, is the horizontal seismic coefficient and W is the weight of the potential
sliding mass), and a vertical inertial force, k,W (where k, is the vertical seismic coefficient).

The criteria developed by Hynes-Griffin and Franklin (1984), and Kavazanjian, et al.
(1997), respectively, are utilized in SSA. These criteria do not require response analysis and kj,
is simply taken as half of the surface PGA. The vertical component is taken as one-half (50%)
of the ky,. An upward k, is usually more critical hence is the only one shown here.

In order to determine the surface PGA, the Fukushima & Tanaka attenuation model (1990)
was used to estimate how seismic waves propagate and travel from source to site. The Fukush-
ima and Tanaka model was developed in Japan and is considered to be valid for seismic
events with magnitudes ranging from 4.5 to 8.2 at a distance range of 0.1 to 300 kilometers.

log(A) = 0.41M, — log(R + 0.032x10"*'") — 0.0034R + 1.30 (1)

where 4 = deterministic PGA (gals); R = the shortest distance between the site and the fault
rupture (km); and M, = expected surface-wave magnitude coming from the source.

It should be noted that correction factors are required in order to consider local site effects.
For a medium-strength subsurface, a correction factor of 87% is recommended. For this site,
the highest corrected PGA is 0.24g, which comes from a magnitude 7.4 earthquake along the
East Zambales Fault.

In 2017, PHIVOLCS conducted a probabilistic seismic hazard assessment of the Philip-
pines, and published the results in an atlas called the “Philippine Earthquake Model” (PEM)
which contains contour lines of equal acceleration for a particular level of ground motion and
soil classification. The intent of the PEM is to serve as an update to the code-prescribed
design spectrum developed in 1994 as well as serve as reference in the validation of site-specific
computed PGA’s. Based on the PEM 2017, the PGA is expected to be 0.30g when considering
stiff soil conditions.

<

Figure 7. PGA map of the Philippines on stift soil (Source: PEM 2017).

Seismic hazard assessment shows that the deterministic and probabilistic PGA are 0.24g
and 0.30g, respectively. Following the provision of the American Society of Civil Engineers
(ASCE) 7-16 Standard Chapter 21.2.3, the smaller deterministic PGA of 0.24g can be used in
lieu of the probabilistic PGA of 0.30g. In effect, the horizontal and vertical seismic coefficients
used in this study are 0.12g and 0.06g, respectively.

4 STABILITY ANALYSIS

4.1 Limit equilibrium method (LEM )

Slope stability is the potential or likelihood of a slope to fail due to a specific mechanism. Typical
causes of slope failures are earthquakes, geologic features, induced loads, rainfall, and erosion.
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From equilibrium conditions, the moment of the driving forces about the center of the fail-
ure surface should be equal to the moment of the resisting forces. This ratio between the two
is known as the Factor of Safety (FS).

FS = Resisting Forces/Overturning Forces (2)

4.2 Design criteria

Understanding that seismic hazard is a major contributor to slope instability, a short-term
extreme case was considered in SSA wherein dry slopes are subjected to a strong earthquake.
The dry condition is modelled by setting the pore water pressure ratio (R,), which represents the
saturation level of the soil mass, to 0. The following table shows the parameters used in SSA,
including the coefficients used which are based on the PGA. The minimum FS was adopted
based on values recommended in Federal Highway Administration (FHWA) guidelines.

Table 2. Parameters for Slope Stability Analysis.
Case kh (g) kv (g) FSallow

1. Pseudo-static; Dry 0.12 0.06 1.10

4.3  Slope stability analysis results

For the SSA runs using the Rocscience Slide software, sections along the alignment were
mathematically modeled at their unprotected post-development condition. The results show
that most slope sections do not meet the minimum allowable FS. Hence, slope protection is
deemed necessary. The figure below shows a sample section with analysis results for the dry,
pseudo-static case, but with an FS value a little over the threshold.
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Figure 8. Slope stability analysis results of the unprotected slope.

5 DEFORMATION ANALYSIS

5.1  Makdisi-Seed method

Among the simple procedures used to estimate the permanent displacement of slopes due to
seismic loads is the approach proposed by Makdisi and Seed (1978), which was used in
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Figure 9. Yield acceleration for unprotected slope.

calculating the displacement of the slope prior to the application of slope protection measures.
Makdisi and Seed developed the method as an extension to the Sliding Block concept proposed
by Newmark (1965), which assumes that the potential sliding mass rests on the expected slip/
failure surface of the yielding base, and that the interaction between sliding mass and base is
plastic. Similar to LEM, Newmark simplified the ground acceleration as a single value repre-
senting the average yield acceleration. The yield acceleration should be determined from itera-
tive LEM analysis which results to an FS of 1.0. Makdisi and Seed employ empirical plots to
determine the permanent seismic displacement, which is taken as a function of the ratio of yield-
ing acceleration and the maximum seismic coefficient, and the magnitude of the earthquake.
For a sample section with an unprotected slope under seismic loading in dry conditions, the
displacement calculated from the Makdisi-Seed method is 9 cm. This was deemed unacceptable
based on the criteria for natural slopes recommended by the State of Alaska’s Geotechnical
Evaluation Criteria Committee if little or no ground adjustment is desired, which limits
displacement to a maximum value of 3 cm. Hence, slope stabilization measures need to be
employed in order to limit the deformation of the slope as well as further increase its factor
of safety.

6 SLOPE STABILIZATION AND PROTECTION MEASURES

6.1 Facing, soil nailing, and rock netting

One of the main design considerations was the protection measure on the face of the cut slope
adjacent to the access road. For this development, three protection schemes were proposed:
(1) retaining walls, (2) soil nail-reinforced shotcrete walls, and (3) a soil nail matrix intercon-
nected with high-tensile steel wires. Of the three schemes, the third proposal was deemed to be
most appropriate stabilization measure due to its free-draining properties, minimal earth-
works requirement, installation time, and its relatively more pleasing “natural look” com-
pared to conventional reinforced concrete (RC) retaining walls.

In addition to soil nails, rock netting was also utilized at the site. Rock netting, or more
specifically, rockfall drapery, is a technology used in soil slopes to prevent the falling of
embedded boulders, debris or rocks due to rock formation deterioration, seismic action, or
other factors. Rockfall drapery systems are ideal for vegetated regions as these do not inhibit
the growth of plants, which can also serve as erosion protection for the soil.
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6.2 Application of soil protection

Soil nails were introduced into the slope model, and successive runs were undertaken to
ensure that the stability slope. The figures below show the result of the LEM analysis with the
slope models for the protected slope.
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Figure 10. Slope stability analysis results after slope protection.

The protected slope was checked as well according to deformation criteria under earthquake
conditions by performing numerical analysis using Plaxis 2D, a finite element analysis software.
Results indicate a maximum displacement of 2.5 cm, which is now within the tolerable limit.

Figure 11. Deformation analysis results after slope protection (locations of maximum displacements are
encircled).

Furthermore, the factor of safety of the slope after introduction of protection measures was
also checked for static and saturated conditions, which considers the stability of the slope in
the event of a high-intensity rainfall. The threshold value for the pore water pressure ratio,
R, is set to 0.45. For this case, a minimum factor of safety of 1.27 was established which is
higher than the required minimum of 1.1.
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Figure 12. Slope stability analysis results after slope protection for static with high pore water pressure
condition.
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7 CONCLUSION

An analysis and design methodology employing the Limit Equilibrium Method (LEM) and
deformation analysis was developed to ensure an earthquake-resistant design of a slope protec-
tion system. In order to gather data for the analysis, a geotechnical investigation program was
formulated and boreholes were spread throughout the study area, at various elevations. After-
wards, numerical slope models were created using the topographic data and geotechnical data
from the boreholes. Slope stability analyses were executed using seismic acceleration coefficients
derived from the Fukushima-Tanaka attenuation model. Iterations were done with soil nail sup-
ports until the slope stabilization designs were deemed optimal and returned factors of safety
equal to or above the minimum requirements. Furthermore, deformation analyses were under-
taken considering Makdisi-Seed method and finite element method (FEM).

It can be concluded that using the aforementioned design methodology, earthquake-resist-
ant stabilization systems can be developed for natural pyroclastic slopes through the use of a
soil nail matrix connected by high-tensile steel wires as facing.
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