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SUMMARY:

The 2008, M,,6.3 Olfus earthquake induced liquefaction in volcanic sand deposits along the banks of an estuary
located less than 1 km from the surface projection of the Kross fault rupture plane. This case history is unique
because of the near-fault characteristics of the causative motions and because of the volcanic origin of the sands.
In the study presented herein the authors compare the observed liquefaction response of the volcanic sand
deposits to that predicted by the simplified liquefaction evaluation procedure. Although the procedure correctly
predicts the occurrence of liquefaction, the severity of observed liquefaction was less than would be expected
based on the low computed factors of safety. This is likely a consequence of the engineering properties of
volcanic sand and may indicate the limited applicability of the simplified procedure for evaluating liquefaction
potential of volcanic and other types of crushable sands. Also, it is possible that the factors of safety computed at
the liquefaction sites are underestimated because of the short duration of the motions likely experienced at the
sites.
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1. INTRODUCTION

In the study presented herein the authors compare the observed liquefaction response of the volcanic
sand deposits during the 29 May 2008, M,,6.3 Olfus earthquake to that predicted by the simplified,
stress-based liquefaction evaluation procedure. The primary objectives of this effort are to assess
potential limitations of the simplified procedure for evaluating the liquefaction potential of volcanic
sands and other types of crushable sands and to assess limitations in the procedure for evaluating the
liquefaction potential in deposits subjected to near-fault motions. Iceland straddles the Mid-Atlantic
Ridge, which is the diverging boundary between the North American and Eurasian tectonic plates. As
such, Iceland is subjected to frequent earthquakes and volcanism. The largest earthquakes generally
occur in the two transform zones shown in red in Fig. 1.1: the South Icelandic Seismic Zone (SISZ) in
the south and the Tjornes Fracture Zone (TFZ) in the north (Halldorsson, 2009). In contrast, volcanism
primarily occurs in the extensional zones, shown in tan in Fig. 1.1. Since the early 1700s, several
damaging earthquakes have occurred in the SISZ ranging in magnitude from ~6 to ~7 (Welsh, 2009),
with the latest being the 2008, M,6.3 Olfus earthquake (Sigbjornsson et al., 2009). As its name
implies, the Olfus earthquake occurred in the municipality of Olfus, which is in the westernmost part
of the SISZ and is a relatively flat agricultural region with numerous small towns and villages. The
earthquake resulted from slip on two adjacent, N-S trending, vertical, right lateral strike slip faults. As
shown in Fig. 1.2, the initial slip occurred on the Ingolfsfjall fault about 4 km northeast of the town of
Selfoss, followed ~2 seconds later by slip on the Kross fault, located about 4 km west of the
Ingolfsfjall fault and running about 1 km east of the town of Hveragerdi (Hreinsdottir et al., 2009;
Halldorsson et al., 2010).
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Figure 1.1. Tectonics of Iceland. (Halldorsson, 2009)

The Olfus earthquake damaged over 2000 buildings in Hveragerdi, Selfoss, and Eyrarbakki, with 24
buildings being damaged beyond economical repair (Sigbjornsson et al., 2009). Additionally, the
earthquake induced liquefaction in volcanic sand deposits along the banks of an estuary of the River
Olfusa located about 6.5 km south of Hveragerdi and less than 1 km from the surface projection of the
nearest fault rupture plane (see Fig. 1.2). From a societal perspective, this occurrence of liquefaction
was of little consequence. However, from an engineering perspective this liquefaction case study is
unique because of the near fault characteristics of the causative motions and because of the volcanic
origin of the sands. The most commonly used approach for evaluating liquefaction potential in
engineering practice is the semi-empirical “simplified” procedure which is largely derived from
earthquake liquefaction case histories of silica sand deposits (Whitman, 1971; Seed and Idriss, 1971,
Youd et al., 2001). In contrast to silica sands, volcanic sand grains are more angular and crushable.
Consequently, the engineering properties of these sands differ, and the applicability of the simplified
procedure for evaluating liquefaction potential of volcanic sand deposits is unknown.
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Figure 1.2. Satellite imagery of Olfus region annotated with the locations of the fault traces that ruptured during
the 2008 Olfus earthquake and the volcanic sand deposits that liquefied.



2. GEOLOGY AND SOILS OF LIQUEFACTION SITES

As described by Atakan et al. (1997): The bedrock geology of the SISZ was formed during the Upper
Pliocene and Pleistocene (Saemundsson, 1979). The surface geology is dominated by young sequences
(<0.7 Ma) of interbedded basaltic lavas and hyaloclastic breccias, which are intercalated with
Quaternary sediments of mainly fluvial, glacial and glaciofulvial origin. Specific to the study
presented herein, the soils at the liquefaction sites are alluvial volcanic sand deposits of a few meters
thick that lie along the banks of an estuary of the River Olfusa. These deposits are less than 1 km from
the surface projection of the Kross fault rupture plane, which is the closer of the two faults that
ruptured during the Olfus earthquake. Some of the sand boils that formed during this earthquake are
shown in Fig. 2.1 (Sigval83, 2012; Jardvisindastofnun Haskolans, 2012). It is interesting to note that
liquefaction also occurred along the banks of the River Olfusa during the Icelandic earthquakes of
1896 (Welsh, 2009; Thoroddsen, 1899). Two of the Olfus earthquake liquefaction sites were selected
for detailed investigations, including dynamic cone penetration (DCP) in-situ tests and geotechnical
laboratory soil characterization tests. The location of these sites lie within the region designated as
“observed liquefaction” in Fig. 1.2, and the specific locations of these sites are shown in Fig. 2.2,
designated as IPO1 and IPO4. One of the reasons for selecting these two sites was because their shear
wave velocity profiles had previously been characterized (Bessason and Erlingsson, 2011).
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Figure 2.1. Sand boils that formed during the 2008 Olfus earthquake in a volcanic sand deposit along the banks
of an estuary of the River Olfusa. (a. Sigval83, 2012; b. Jardvisindastofnun Haskolans, 2012)
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Figure 2.2. Satellite imagery of volcanic sand deposits that liquefied during the 2008 Olfus earthquake annotated
with the locations of DCP test sites.



Samples were collected from IPO1 and IPO4 using a hand auger, and laboratory tests were performed
to determine the samples’ grain size distribution, specific gravity, and minimum and maximum void
ratios (or correspondingly, the minimum and maximum dry unit weights). The results of the tests are
provided in Table 2.1 and Fig. 2.3. Interestingly, the specific gravity of the samples from the two sites
differed fairly significantly, indicating different mineralogy and hence possibly different lava flows
from which the sands weathered. Also, as may be observed from Fig. 2.3, the grain size distributions
of the sands from the sites lie well within the boundaries identified by Tsuchida (1970) for “potentially
liquefiable soils” and partially lie within the boundaries for “most liquefiable soils”. Finally,
photographs of the IPO1 and IPO4 samples from Scanning Electron Microscopy (SEM) analyses are
shown in Fig. 2.4. Consistent with other volcanic sands, the grains shown in Fig. 2.4 are angular with
some grains showing fractures.

Table 2.1. Engineering properties of volcanic sands at IPO1 and IPO4 liquefaction sites

IPO1 IPO4
Specific Gravity, G, 2.84 2.70
Coefficient of Uniformity, c, 9 45
Coefficient of Gradation, c, 1.21 0.98
USCS Classification SW-SM SP-SM
Fines Content, FC 7% 5.5%
maximum void ratio, emay 1.40 1.67
minimum void ratio*, ey, 0.647-0.694 0.95-1.0
maximum dry unit weight®, Ydmax 16.4-16.9 kN/m’ 13.2-13.6 kN/m’
minimum dry unit weight, Ygmin 11.6 kN/m® 9.92 kN/m®
Yeat @ D; = 35% 18.2 kN/m° 16.7 kN/m®

*€min and yamax Were determined using ASTM standards for both the dry and wet methods

U.S. Standard Sieve Sizes

.‘00%’ " #3 #4 #6 #8 #12 #16#20 #30 #40 #50 #70

#140  #270

IPO-1 and IPO-4 Grain Size Distribution Curves

Hydrometer Analysis

90%

80%

70%

60%

50%

40%

Percent Finer by Weight

30%

20%

10%

Boundaries
for Most
Liquefiable
Soil

Boundaries
for Potentially
Liquefiable
Soil

IPO-1

—|PO-4

0
1087654 3 2

1 0705 03 02 0.1
Grain Size in Millimeters

0.05 0.030.02

0.01

0.005 0.002 0.001

Gravel
Fine

Sand

Medium Siltor Clay

Coarse | Fine

Figure 2.3. Grain size distribution curves of samples from IPO1 and IPO4. Also shown are the boundaries
proposed by Tsuchida (1970) for “most liquefiable soil” and “potentially liquefiable soil”.



3. IN-SITU TESTING

The in-situ tests were performed at IPO1 and IPO4 using the DCP designed by Sowers and Hedges
(1966), with the DCP test shown being performed in Fig. 3.1. The Sowers and Hedges’ DCP has been
used on several other recent post-earthquake investigations to evaluate deposits that liquefied (e.g., the
2010, M,,7.0 Haiti earthquake, the 2010, M,,8.8 Maule, Chile earthquake, the 2010-2011 Canterbury,
New Zealand earthquake sequence, and the 2011, M,5.8 Central Virginia, USA earthquake). This
system utilizes a 6.8 kg mass (15 Ib weight) on an E-rod slide drive to penetrate an oversized 45° apex
angle cone. The cone is oversized to reduce rod friction behind the tip. The DCP test consists of
counting the number of drops of the mass that is required to advance the cone ~4.5 cm (1.75 inches),
with the number of drops referred to as the DCP N-value or Npcpr. There is an approximate one-to-one
relationship between Npcpr and SPT N-values up to about ~10 (Sowers and Hedges, 1966). However,
beyond Npcpr = 10, the relationship becomes non-linear with Npcpr being greater than the
corresponding SPT N-values. A slightly modified version the relationship between SPT and DCP N-
values proposed by Sowers and Hedges (1966) was used in this study. The modifications to Sowers
and Hedges (1966) relationship are based on tests performed by the first author (R. Green) in soils in
the Canterbury region of New Zealand, where Npcpr values were compared to SPT N-values, Cone
Penetration Test (CPT) tip resistance, and shear wave velocity measurements made near the DCP test
sites (Green et al., 2011).

Figure 2.4. Scanning Electron Microscopy photograph of volcanic sand samples: (a) IPO1 and (b) IPOA4.

Following the procedure outlined in Olson et al. (2011), the SPT equivalent N-values (Nsprequiv) Values
were normalized for effective overburden stress and hammer energy using the following relationship:

05
P, ER
N, 60_spr equiv ~ Ngpr equiv (N DCPT ) ' (0_'J 60%

Vi

(3.1)

where Nsprequiv(Nocer) is the functional relationship between Nger and Npcpr, P, is atmospheric
pressure (i.e., 101.3 kPa), o', is initial vertical effective stress (in the same units as P,), and ER is
energy ratio. This relationship uses the effective stress and hammer energy normalization schemes
outlined in Youd et al. (2001).

Although the energy ratio for the system was not measured, the DCP hammer is similar to the donut
hammer used for the SPT. Skempton (1986) and Seed et al. (1984) suggested that the energy ratio for
an SPT donut hammer system ranges from about 30 to 60%. However, because the DCP system does
not have pulleys, a cathead, etc., we anticipate that the energy ratio for the DCP is likely to be near the
upper end of this range. Therefore, we assumed an ER = 60% for our calculations. In addition to the
effective stress and hammer energy corrections, the Nsprequiv Values were also corrected for fines



content following the procedure proposed in Youd et al. (2001). Fig. 3.2 shows plots of Npcpr and the
computed equivalent Ny gocs for sites IPO1 and IPOA4.
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Figure 3.2. Plot of Npcpr and equivalent Ny gocs Versus depth for: (a) IPO1 and (b) IPOA4.

4. GROUND MOTIONS

As discussed in the next section, the in-situ test data described above correlates to the ability of the
soil to resist liquefaction (i.e., capacity). However, to evaluate liquefaction potential, both the soil’s
ability to resist liquefaction and the demand imposed on the soil by the earthquake need to be known.
For the approach used herein to evaluate liquefaction potential (i.e., stress-based simplified
procedure), the amplitude of cyclic loading correlates to the geometric mean of the peak ground
accelerations (amax) Of the two horizontal components at the ground surface, and the duration correlates
to earthquake magnitude. Accordingly, the an.x at IPO1 and IPO4 needed to be estimated.

The earthquake motions from the Olfus event were well recorded by the small-aperture strong-motion
array (ICEARRAY) in Hveragerdi and by the regional network of strong-motion stations (IceSMN).
The motions recorded by the ICEARRAY are characterized by large horizontal peak ground
accelerations ranging from 0.4 to 0.9g, pronounced velocity pulses in both the strike normal and strike
parallel directions, and short strong-motion duration of 4 to 5 seconds (Halldorsson and Sigbjornsson,
2009). Note that the pronounced velocity pulses and short strong-motion durations are consistent with
near-fault motions recorded in other earthquakes worldwide (e.g., Green et al., 2008). IPO1 and IPO4



have similar site-to-source distances as the seismographs comprising the ICEARRAY. Accordingly, it
is assumed that the motions experienced at IPO1 and IPO4 were similar to those recorded by the
ICEARRAY in Hveragerdi. Based on the geological/geotechnical site conditions, am.x at the IPO1 and
IPO4 were estimated to be ~0.7g.

5. LIQUEFACTION EVALUATION

The simplified procedure (e.g., Whitman, 1971; Seed and Idriss, 1971) was used to evaluate
liquefaction potential at IPO1 and IPO4. In its most basic form, the simplified procedure provides a
factor of safety against liquefaction, with the demand imposed on the soil by the earthquake shaking
expressed in terms of cyclic stress ratio (CSR) and the ability of the soil to resist liquefaction
expressed in terms of cyclic resistance ratio (CRR). CSR is the ratio of the “average” shear stress
induced in the soil column at a given depth, divided by the vertical effective stress at that same depth.
However, because liquefaction is a fatigue-type phenomenon (Green and Terri, 2005), the duration of
the earthquake motions needs to be taken into account, with the duration of shaking primarily being a
function of earthquake magnitude. CSR was computed using the “simplified” equation (Youd et al.,
2001):

CSR,,,, =0.658mx O p 1 (5.1)

g o\, MSF

where: CSRy75 is the CSR adjusted to the duration of a magnitude 7.5 earthquake; amax IS the peak
ground acceleration at the surface of the soil profile; o, is the total vertical stress at the depth of
interest; c’\, IS the vertical effective stress at the depth of interest; rq is an empirically determined
factor that is a function of depth and accounts for the reduction in CSR with depth; and MSF is a
factor that accounts for the duration of the earthquake motions and is a function of earthquake
magnitude. Assuming amax = 0.7g, CSRy75 at IPO1 and IPO4 were calculated using Egn. 5.1, with rq
and average MSF obtained from Youd et al. (2001).

As outlined previously, equivalent SPT Njgos Values were determined from the Npcpr Values using
Eqn. 3.1. Once the Ny gocs-sprequiv Were determined, the following correlation proposed by Youd et al.
(2001) was used to estimate the cyclic resistance ratio for a M,,7.5 event (i.e., CRRy7.5):

N
1 + 1,60cs 50 1

CRRy ;5 = + 5=
7 34—Nig, 135  (10-N g +45)° 200

(5.2)

This relation is plotted in Fig. 5.1, and CSRy;75 and CRRy75 are plotted as functions of depth in Fig.
5.2 for both IPO1 and IPO4.

As may be observed from Fig. 5.2, liquefaction is predicted to have occurred at both sites (i.e.,
CSRw7s > CRRy75) over their entire depths. However, to further evaluate the liquefaction potential at
IPO1 and IPO4, the DCP logs were analyzed and critical depths for liquefaction/thickness of the
critical layers were selected. The thicknesses of the critical layers were selected based on trends in the
Npcpr values. As shown in Fig. 3.2 and 5.2, the thicknesses of the critical layers for IPO1 and IPO4
were ~1.75 m and ~2.25 m, respectively. Once the critical layers were determined for each test site,
the Ny gocs-sprequiv Values, CSRwrs, and CRRuzs were averaged over these depths. The results were
plotted along with the CRRy75 curve in Fig. 5.1. As with Fig. 5.2, both sites are predicted to have
liquefied during the Olfus earthquake (i.e., the data points plot above the CRRy;7 5 curve).



6. DISCUSSION

As shown in Fig. 5.1 and 5.2, liquefaction was predicted using the simplified procedure to occur at
both IPO1 and IPO4 during the Olfus earthquake, and indeed liquefaction occurred at these sites.
However, given the relatively low factor of safety against liquefaction (FS) at these sites (i.e., FS =
CRRw75/CSRy75s) for the entire depths of the profiles, the authors would have expected the
liquefaction to be much more severe than was evident by the relatively small sand boils observed (see
Fig. 2.1). There may be a few reasons for this dichotomy. First, volcanic sand grains are much more
crushable than silica sand grains. As a result, the Npcpr Values may represent the crushing strength of
the volcanic sand grains more than the density of the sand deposits (and, hence, the intensity of
shaking required to induce liquefaction). Also, as may be observed from Fig. 2.3, the volcanic sand
particles are angular, and as such, likely have a tendency to dilate when sheared. This dilational
tendency will have a mitigating effect on the formation of sand boils and the detrimental consequences
of the initial triggering of liquefaction.
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Figure 5.1. “Simplified” liquefaction evaluation chart with the data from IPO1 and IPO4 shown.
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Figure 5.2. Plot of CRRy75and CSRy7 5 versus depth for: (a) IPO1 and (b) IPOA4.



Another possible reason for the limited observed liquefaction is the relatively short duration of the
ground motions. Because liquefaction is a fatigue phenomenon, both the amplitude and duration of the
loading contribute to the demand imposed on the soil, with shorter durations imposing lesser demands.
Per Eqn. 5.1, the duration is accounted for by the MSF, where duration and MSF are inversely related.
For this study, the average of the range of MSF recommended by Youd et al. (2001) was used to
compute CSRy7s. However, it has been well recognized that near-fault motions have shorter durations
than “typical” motions (i.e., non near-fault motions). Accordingly, the MSF for near-fault motions
would be expected to be greater than “typical” motions (Green et al., 2008). Thus, by using the MSF
proposed by Youd et al. (2001) for typical motions, the computed CSRy7s, the CSRy75 may have been
over-estimated for IPO1 and IPO4 (or correspondingly, the FS at IPO1 and IPO4 may have been
underestimated).

7. SUMMARY AND CONCLUSIONS

Although the simplified stress-based procedure correctly predicted the occurrence of liquefaction at
the volcanic sand deposits analyzed, the severity of observed liquefaction was less than would be
expected based on the low computed factors of safety. This is likely a consequence of the difference in
the engineering properties of volcanic and silica sands, namely the crushability and dilative
tendencies. As a result, these findings may indicate a limited applicability of the simplified procedure
to evaluate the liquefaction potential of volcanic sand deposits (i.e., the simplified procedure may
overestimate the liquefaction susceptibility of volcanic sands). Also, the deposits were subjected to
near-fault motions, which characteristically have shorter strong motion durations than “typical”
motions. Accordingly, the appropriateness of the MSF recommended by Youd et al. (2001) for
evaluating liquefaction potential at sites subjected to near-fault motions needs further study. Finally,
the readers are cautioned that these conclusions are preliminary and additional laboratory testing (i.e.,
cyclic triaxial and cyclic simple shear tests) is underway at Virginia Tech to better assess these initial
findings.
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