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Abstract

The 2008 M,, 7.9 Wenchuan earthquake in China caused widespread soil liquefaction and
ground failures. A liquefaction case study of gently sloping ground at Yingxiu Town in the
near-fault region is presented, which features its relatively thick deposits of sand-gravel
mixtures, high soil stiffness, extremely intensive ground motion, large lateral spreading and
severe damage of superstructure. The details of ground motion, site condition, field mani-
festations of liquefaction, subsurface soil profiles and field testing of shear wave veloci-
ties are presented. A conceptual binary mixture model is proposed to explain the gravel
content effect on the stiffness and liquefaction resistance of gravelly soils. A preliminary
liquefaction triggering evaluation method for gravelly soils is proposed by considering the
gravel content correction of shear wave velocities based on the existing simplified proce-
dure for typical sandy soils. The failure mechanism of the Baihua Bridge built at this site
is explored, and the liquefaction-induced lateral spreading in down-slope direction might
aggravate the failure process by imposing a large kinematic load on the piers besides the
inertial forces transferred from the superstructure.

Keywords Liquefaction - Gravelly soils - Sloping ground - Shear wave velocity - Lateral
spreading - Baihua Bridge - Case study - 2008 Wenchuan earthquake

P< Yan-Guo Zhou
qzking @zju.edu.cn

Peng Xia

11612018 @zju.edu.cn
Dao-Sheng Ling
dsling@zju.edu.cn

Yun-Min Chen
chenyunmin@zju.edu.cn

MOE Key Laboratory of Soft Soils and Geoenvironmental Engineering, Institute of Geotechnical
Engineering, Center for Hypergravity Experimental and Interdisciplinary Research, Zhejiang
University, 866 Yuhangtang Rd., Zijingang Campus, Anzhong Bldg. B-404, Hangzhou 310058,
P. R. China

@ Springer


http://orcid.org/0000-0002-0615-5455
http://crossmark.crossref.org/dialog/?doi=10.1007/s10518-020-00939-4&domain=pdf

6182 Bulletin of Earthquake Engineering (2020) 18:6181-6201

1 Introduction

The May 12, 2008, M, 7.9 Wenchuan earthquake caused widespread soil liquefaction
throughout a vast area of 500 km long and 200 km wide. One salient feature of lique-
faction manifestations was the ejecta of gravelly soils, which were mainly distributed
around Chengdu Plain where geologic setting typically consists of surface Holocene
clayey soils and the underlying relatively thick gravelly soils (Zhou et al. 2009; Cao
et al. 2011; Zhou et al. 2018). The liquefaction consequences of gravelly soils show sig-
nificant differences compared with those of typical sands, and less ground deformation
(e.g., settlement) and fewer surface ejecta were observed (Cetin et al. 2002; Wilkinson
et al. 2013; Khoshnevisan et al. 2015). Although gravelly soils are commonly regarded
as unlikely to liquefy and are widely used in the hydraulic dams, land reclamations
and embankment engineerings (Hatanaka et al. 1997), the lessons from recent devast-
ing earthquakes such as the 1995 Kobe earthquake and the 2016 Kaikoura earthquake
urges a thorough understanding of the mechanism and evaluation of gravelly soils (e.g.,
Hatanaka et al. 1997; Ghafghazi et al. 2017a, b; Cubrinovski et al. 2017). Therefore,
high-quality case studies of gravelly soils are of great interest, especially where failures
of engineering structures built upon it were observed.

A liquefaction case study of gravelly soils that occurred in the near-fault region
at Yingxiu Town is presented in this paper. This site is carefully investigated and the
details of ground motion, site condition, field manifestations of liquefaction, subsurface
soil profiles and field testing are presented. The grain size distribution curves of in-situ
soils and the corresponding surface ejecta are compared, and a conceptual binary mix-
ture model is proposed to illustrate the effect of gravel content on the stiffness and lique-
faction resistance of gravelly soils. A preliminary liquefaction evaluation procedure for
gravelly soils is proposed by considering gravel content correction of shear wave veloci-
ties based on the existing simplified procedure for typical sandy soils, which is then
checked by this field case. The contribution of liquefaction-induced lateral spreading to
the failure mechanism of the Baihua Bridge built at this site is discussed.

2 Field investigation and ground motion
2.1 Site description

The investigated site (103.477°E, 31.045°N, Elevation 854 m) is on the Minjiang flood-
plain, which locates about 2 km southwest to Yingxiu Town, Wenchuan County and has
a distance of 12.7 km to the epicenter. Two boreholes (i.e., ZK3 and ZK5) were drilled
on the left bank of the Minjiang River (see Fig. 1).

The Minjiang River zigzags successively across the test site and creates the flood-
plain with slopes ranging from 6.3 to 7.5%. Areas along the Minjiang River valley are
mainly covered by fluvial deposits consisting of silty clay, gravelly soils and stiff bed-
rock from the surface to the bottom. The Baihua Bridge, once constructed in the south-
west part of this site, was severely destroyed with some segments completely collapsed
during the earthquake.
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Fig. 1 Map of the investigated site at the Mingjiang floodplain

2.2 Estimation of ground motion

The peak ground motion of the investigated site was directly estimated from the ShakeMap
of the 2008 Wenchuan earthquake contributed by ATLAS in 2017 (https://earthquake
.usgs.gov/earthquakes/eventpage/usp000g650#shakemap) (see Fig. 2). The overall map-
ping philosophy of the ShakeMap is combining information from the individual stations,
site amplification characteristics, and ground motion prediction equations to create the best
composite map by considering the distance to the hypocenter (or to the causative fault).
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Fig.2 The site location and ShakeMap of the 2008 Wenchuan earthquake
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The mean and standard deviation of the peak ground acceleration (PGA) at the test site
could be readily estimated according to the location coordinates, wherein the mean PGA at
the test site was estimated to be 1.46 g with a deviation of 0.18 g.

The nearest strong motion station to the test site is Wolong Strong Motion Station (Code
SIWCW, about 18 km to the site) and the recorded tri-directional acceleration time his-
tories are shown in Fig. 3a. The resultant tri-directional acceleration path (see Fig. 3b)
implies a complex loading path in the ground with large earthquake-induced cyclic shear
stress and fast principal stress rotation. The Fast Fourier Transform (FFT) results indicate
that the dominant frequencies are about 2 Hz and 5 Hz in EW and NS directions respec-
tively (see Fig. 3c). As shown in Fig. 3d, the significant duration is about 52 s in the test
site, which takes the time elapsed between 5 and 95% total integral of Arias intensity (Tri-
funac and Brady 1975). It could be found that the seismic energy released in the near-fault
region is very intense, with the typical characteristics of large peak accelerations in all
directions and large velocity pluses up to 0.5 m/s (Li et al. 2008b). Thus the consequent
destructive effects of such ground motion were commonly severer than those in far-field
regions.

2.3 Field manifestations of liquefaction

Due to the extremely high ground motion acceleration and long shaking duration, some
spots of boiled gravelly soils and large surface deformation towards the Minjiang River
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Fig. 3 Ground motion records at Wolong Station (5SIWCW): a tri-directional accelerations, b resultant
acceleration paths, ¢ FFT results and d Arias Intensity
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were observed (see Fig. 4a). The crust layer of silty clay along the Minjiang River expe-
rienced moderate to large lateral spreading, resulting in many wide surface cracks with
width up to 40 cm (see Fig. 4b, c). Along the riverbank, large lateral spreading could be
found adjacent to the Baihua Bridge pier foundations, and the failure of the twin-column
supporting pier and the girder falling off the bridge could be found in Fig. 4d, e. As shown
in Fig. 4e, the liquefaction-induced relative movement between the pier foundation and the
crust layer formed a gap of about 20 cm wide.

2.4 Subsurface soil conditions and field testing

In the field testing, core drilling was utilized to obtain the in-situ gravelly soils according to
the Chinese Code for Investigation of Geotechnical Engineering (GB50021-2001, 2009),
which will form a 104 mm-diameter hole (see Fig. 5a). Spectral analysis of surface wave
(SASW) testing was conducted to measure the shear wave velocities (see Fig. 5b), and a
sledge-hammer or a drop weight was used as the impact source according to the receiver
spacing. The recording device was a CRAS Analyzer interfaced with a portable computer.
Two geophones were used as receivers and different receiver distances were set at a given
site. Detailed information on field SASW testing could be found in Zhou et al. (2009).

The investigated site is underlain by fluvial deposits (Qi“pl) and boulders and weathered
rock (Tsx). The subsurface soils are classified according to the Unified Soil Classification
System (ASTM 2011), and gravelly sands with gravel content (GC) less than 50% belong
to the sand division while sandy gravels with GC>50% belong to the gravel division,

Bulge and cracks

Fig.4 Field manifestations: a ground cracks and soil boils, b large lateral spreading, ¢ the crust layer of
silty clay, d collapse of the Baihua Bridge and e pier damage details
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Fig.5 Field testing: a borehole sampling and b SASW tests

where gravel refers to a soil with particle size ranging from 4.75 to 75 mm and sand is a
soil with particle size ranging from 0.075 mm to 4.75 mm.

Take soil samples drilled from ZK3 as an example (see Fig. 6a), gravelly sand and
sandy gravel layers are interbedded in shallow depth until larger cobbles and boulders and
weathered rocks are encountered below the depth of 8.34 m. Figure 6b gives a profile view
of 3-meter depth near ZK5. At ZK3 (see Fig. 7a), the 0.38 m-thick silty clay is underlain
by a 3.19 m-thick layer of gravelly sands (GC=40%). This gravelly sand layer is under-
lain by medium to coarse sands with gravelly sands (extends to 4.31 m, GC=30%) and
loose sandy gravels (extends to 8.34 m, GC ranges 60-80%) in sequence. At ZK5 (see
Fig. 7b), the thickness of the crust silty clay layer is 0.6 m, underlain by a 2.6 m-thick layer
of gravelly sands (GC=40%). This gravelly sand layer is underlain by layers of medium
sands with gravelly sands (extends to 4.2 m, GC=30%) and medium dense sandy gravels
(extends to 9.8 m, GC=60-80%). Then boulders and weathered rocks are encountered.

The shear wave velocity measurements were conducted by the SASW tests in Novem-
ber, 2008. The measured shear wave velocities were converted to overburden stress-nor-
malized values by using Eq. (1).

P n/2
Vsl = VsCV = Vs<o__7> ’ (1)

v

where C, is the factor to correct field measured shear wave velocities for overburden stress
o/, and a maximum C, value of 1.4 is applied at shallow depths (Idriss and Boulanger
2008); n is the power exponent in Hardin equation and usually takes 0.5; P, is the atmos-
pheric pressure and equals 101 kPa.

The V, and V; profiles of ZK3 and ZKS are shown in Fig. 7, where both profiles have
higher V (i.e., high shear stiffness) compared with typical sandy soils. The high V, could
be explained by the inclusion of stiff gravel particles and the long depositing process. Cao
et al. (2011) pointed out that the underlain gravelly soils in this region have deposited up to
6500-7500 years and it could be speculated that some aging effects like bonding or cemen-
tation among soil particles might have formed at natural state.

The criterion for selecting the critical layer in this study is to find the soil stratum
that is the most likely to trigger and manifest liquefaction at the ground surface of a
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Fig.6 Soil characteristics a soil sampling at ZK3; b an exposed soil strata near ZK5
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Fig. 7 The strata profiles and the shear wave velocity data: a ZK3 and b ZK5

given site (Zhou et al. 2020). Based on the soil strata and the V; profile, the critical
layer of ZK3 is identified as the layers of loose gravelly sands and medium to coarse
sands with gravelly sands, which could be evidenced by the ejected gravelly sands as
shown in Fig. 4a. The critical layer depth varies from 2.5 m to 4.31 m and the average
normalized shear wave velocity is 320 m/s. The most likely source of liquefaction in
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ZKS5 is the layer of gravelly sands. The critical layer depth varies from 1.2 m to 3.2 m
and the average normalized shear wave velocity is 308 m/s.

3 Liquefaction evaluation of gravelly soils
3.1 Characteristics of the in-situ soils

Soil grain size distribution curves of the crust layer, the liquefiable layer of gravelly sands
at 3 m depth, the non-liquefiable layer of sandy gravels at 7 m depth and the surface ejecta
at ZK3 are all plotted in Fig. 8.

As shown in Fig. 8, the non-liquefiable sandy gravel layer mainly contains large-sized
gravel particles, while the liquefiable gravelly sand layer contains fine to coarse particles
as well as a small portion of gravel particles. The surface ejecta mainly consists of mid-
dle to fine particles as well as some gravel particles, and the crust layer mainly contains
fine particles. This phenomenon indicates that a small portion of gravel particles from the
gravelly sand layer were ejected and some fine-grained soils from the crust layer were also
brought out by the upward movement of excess pore water during the liquefaction process
(see Fig. 4a).

It could be found in Fig. 7 that the V; values in sandy gravel layers are usually larger
than that in gravelly sand layers. To explain this phenomenon, a conceptual binary sand-
gravel mixture model is proposed as shown in Fig. 9, where the schematic travel paths of
shear waves in sands, gravelly sands, sandy gravels are illustrated and the corresponding
propagation time of shear wave are t,, #, and 3, respectively. As noted by Chang (2016), the
shear wave velocity of a water-saturated sandstone core (i.e., the analogue of gravel parti-
cles) ranges from 1580 to 3420 m/s, while the shear wave velocity of typical sandy soils
is at the order of 150-250 m/s. According to Snell’s law of elastic wave propagation, the
upward propagation of the shear wave in clean sand sample is straight. For gravelly sands
with low GC, the gravel particles are floating in the sand matrix and shear wave will take
the priority to propagate through the gravel particles wherever possible. For sandy gravels
with high GC, the gravel matrix has many force contacts and the shear wave mainly passes
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Fig.9 Schematic of shear wave travel paths in sand-gravel mixtures: a clean sand; b gravelly sand and ¢
sandy gravel

through the gravel particles, leading to high shear wave velocities. Thus it is expected
that ¢, >1,>t; and the shear wave velocities of the gravelly soils will increase with the
increased GC. Such a trend has also been reported by other researchers (e.g., Rollins et al.
1998; Modoni et al. 2000; Toyota and Takada. 2019). But it should be noted that besides
the gravel content, several other factors including the maximum gravel particle size and
relative density will also affect the shear wave velocity of gravelly soils.

From this conceptual model, it could be found that the gravelly sand soils are sand-
dominant mixtures while the sandy gravel soils are gravel-dominant mixtures, which might
significantly influence the dynamic behaviors. As shown in Fig. 9, the shear forces induced
by dynamic loadings are supposed to be transmitted mainly by sand—sand contacts, sand-
gravel contacts and gravel-gravel contacts, respectively. For a sand-gravel mixture, there is
little to no gravel-gravel contacts due to the floating state of gravel particles when GC is
less than some threshold value (e.g., GC=30%), and the dynamic behavior is dominated
by the sand matrix and the liquefaction resistance of gravelly sands is close to that of sands.
While for sandy gravels with high GC, the strong gravel—gravel contacts are formed and
the loose sand particles are filled in the voids of the gravel matrix, leading to high lique-
faction resistance. This characteristic could be partly observed from the cyclic triaxial test
results of gravelly soils (e.g., Evans and Zhou 1995; Toyota and Takada 2019). As shown
in Fig. 10, the liquefaction resistance increases slightly when the GC is less than 30%, but
it increases considerably when GC exceeds this threshold.

3.2 Liquefaction triggering evaluation of gravelly soils

The existing liquefaction triggering evaluation methods mainly apply for sandy soils (e.g.,
Andrus and Stokoe 2000; Zhou and Chen 2007; Kayen et al. 2013). As gravelly soils
have high stiffness and high liquefaction resistance, the liquefaction potential of gravelly
soils could not be directly evaluated by methods for typical sandy soils. Recently Chang
(2016) revealed that the existence of gravel particles in a sand matrix would significantly
increase the shear wave velocity of the sand-gravel mixtures while affecting the liquefac-
tion resistance slightly, as long as the GC is less than some threshold value (say, 30-40%),
because these gravel particles will be in a “floating” state in the sand matrix. By consider-
ing the effect of gravel content via the GC-corrected shear wave velocity, the liquefaction
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evaluation of gravelly soils could be converted to the evaluation of the corresponding sand
matrix. Thus a preliminary liquefaction evaluation method for gravelly soils with low GCs
is proposed based on field measurement of shear wave velocities, and it also takes the ini-
tial shear stress effect into account by relating the liquefaction resistance to the relative
state parameter index of the corresponding sand matrix (e.g., Boulanger 2003; Flora et al.
2012). It is briefly introduced as follows:

Step 1: Calculate the GC-corrected shear wave velocity by using Eq. (2).

Vs 1,5k b

LS

Vi l+e

GC, 2)

where V| . is the overburden stress-corrected GC-corrected shear wave velocity for the
sand matrix; Vj, is the overburden stress-corrected shear wave velocity of the sand-gravel
mixtures; b is the effective contact ratio, which represents the portion of the gravel parti-
cles that contribute to the active interparticle contacts and equals to 0.65 (Chang, 2016); e
is the void ratio of the sand-gravel mixtures.

Step 2: Simplify the field condition into an infinite slope as shown in Fig. 11, and calcu-
late the initial shear stress ratio (@) by using Eq. (3), which was modified from Mello and
Pratson (1999).

n
’ _ 2cos 26 ’ 2 2sin26 . l / .
o= 1+cos 260—Ky(1-cos 26) <z Vi Ah’) cos” 8 + 1+cos 20—K,(1—cos260) 2 (Z Vi Ah’) sin26 s

n n
_ (Ky—1)sin 26 ’ 2 1+Kp+(1-Kp)cos20 1 ’ .
= Ko T0) < Y Ahi> cos?  + =Lt T (Z Y Ahi> sin 26

i=1 i=1

3)
where o' is the vertical effective stress at the depth in question; 7 is the initial shear stress
acting on the horizontal plane; @ is the inclination angle of the site; K|, is the coefficient of

static earth pressure and equals 0.5 in this study; ¥'; is the effective density of each layer;
Ah; is the thickness of each layer.
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Fig. 11 The stress state of a soil element in an infinite slope

Step 3: Calculate the correction factor K, by using Eq. (4), which was proposed by
Boulanger (2003).

Ka=a+b-exp<_75’*

a = 1267 + 636a> — 634 - exp(a) — 632 - exp(— a) 4)
b = exp[—1.11 4+ 12.3a? + 1.31 - In(a + 0.0001)

c=0.138 4+ 0.126a* + 2.52a>

where & is a relative state parameter index, which empirically relates the relative density
and stress state for clean sands and could be expressed as Eq. (5).

m o )

a

=

where p’ is the effective confining stress; D, is the relative density; Q is an empirical con-
stant and approximately equals to 10 for quartz. In consideration of the essence of the pro-
posed method to evaluate the liquefaction resistance of the sand matrix, the relative state
parameter for clean sands could be used for the sand matrix in question.

Step 4: Calculate the liquefaction resistance (CRR,,_;5) of the sand matrix based
on the field measurement of shear wave velocities. For example, the following CRR
-V, correlation with parameters of the best-fit curve is used to predict the CRR, which
was originally proposed by Zhou and Chen (2007) based on laboratory tests of various
sandy soils.

CRRy, =75 = K, =l [ 157

4
ale P F(emln)] ( slsk) (6)

where r, is a constant value accounting for the effect of multidirectional shakings
(=0.9-1.0); k5 is the fitting value for a given failure cyclic number 15 from cyclic triaxial
tests; e,;, is the minimum void ratio of the soil; F(e) is void ratio function and could be
expressed as F(e)=1/(0.340.7¢); p is the total mass density of the soil.

Step 5: Calculate the earthquake-induced cyclic stress ratio (CSR) by using Eq. (7).
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a o,
CSR = 0.65< “:‘X> <;>rd, )

where a,,,, is the peak horizontal ground surface acceleration (PGA) in unit of gravity; g
is the acceleration of gravity; o, is the total overburden stress at the depth in question; and
rq is the shear-mass participation parameter to adjust for the flexibility of the soil profile,
which could be expressed as Eq. (8) (Idriss and Boulanger 2006).

ry = exp(a(z) + f(2IM,,)
a(z) = —1.012 — 1.126 sin(z/ 11.73 + 5.133) ®)
f(z) = 0.106 + 0.118 sin(z/ 11.28 + 5.142)

where z is the depth below ground surface in meters.
Then a magnitude scaling factor (MSF) is applied to obtain the equivalent CSR,, 7 5 for
M,,=17.5 by using Eq. (9).

CSR
{ CSRMW=7.5 = MsF

MSF = 6.9 exp (—%) ~0.058° ©)

Step 6: Calculate the safety factor of liquefiable layers in question by using Eq. (10).

CRR,, _
7 M,=15

o CSRMW:TS’ (10)

For this test site, the inclination angle @ for calculation takes an average value of 4°, and
the relative density of the sand matrix is estimated to be 60-70%. The corresponding K|,
changes from 1.03 to 1.01 for the soil depth from 1.5 m to 8 m, and it implies that the ini-
tial shear stress acting on this gently sloping ground would increase the liquefaction resist-
ance slightly compared to that of the level ground. As suggested by Zhou and Chen (2007),
the parameters to calculate the field CRR of silica sand in an average way are adopted as:
r.=0.9, k;s=1.387x107* kPa=3, ¢, =0.65, p=1.90 Mg/m>. Based on these parameters,
the estimated F; for each layer at ZK3 and ZKS5 are given in Fig. 12. Also, another set of
calculations according to the probabilistic analysis of the global catalog of V-based lique-
faction case histories (e.g., Kayen et al. 2013) is plotted in Fig. 12 for comparison purpose,
where CRR is determined according to the probabilistic CRR-V; curve of P; =50% cor-
responding to F,=1.0.

As shown in Fig. 12, despite the slight differences between these two estimations, they
both tell the same thing that the liquefied layer of the test site is shallow and the thickness
is limited, and the liquefaction would be marginal to moderate as the factor of safety is
below but close to 1. It explains the reason why there were only a few sand-gravel ejecta
and limited lateral spreading and settlement at this site even under such violent ground
shaking. Note that the GC-corrected shear wave velocities (Vy; ) at the critical layers
are around 250 m/s and much higher than that of typical liquefiable sandy soils, which
could be explained by two possible reasons: the first is, the parameters used in Egs. (1) and
(2) for correcting shear wave velocities are for general conditions instead of site-specific,
which would lead to some deviations; the second is, the proposed method in Step 1 to cor-
rect the GC effect on V was developed based on laboratory tests of reconstituted samples,
which might have some limitations for field conditions in consideration of the wide range
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Fig. 12 Liquefaction evaluation of the test site: a ZK3; b ZK5

of gravel contents and the complex seismic and geologic histories. Other important fea-
tures such as the inclusion of large gravel particles and even soil cementation between soil
particles in the field deposits could be further considered to potentially improve the predic-
tion performance of the present preliminary method. Besides, the datasets from this case
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study could be added to the worldwide liquefaction database and benefit the deterministic
and probabilistic liquefaction triggering evaluation methods for gravelly soils (e.g., Cao
et al. 2011; Hubler 2017).

3.3 Liquefaction-induced lateral spreading

The effects of boundary condition and initial stress state on liquefaction-induced lateral
spreading of sand deposits were studied in previous research. As for the effect of the imper-
meable crust layer, Fiegel and Kutter (1994) found from the centrifuge shaking table tests
that the mildly sloping ground model with capped silt showed concentration of lateral dis-
placement and reduction in the sliding resistance at the interface. Kamai and Boulanger
(2013) conducted numerical simulations and found that the model layered part suffered
enhanced lateral deformation. As for the effect of initial static shear stress on inclined
ground, Yang and Sze (2011) revealed that the sloping sites would suffer much larger shear
strain when subjected to cyclic shaking and cause extensive distortions of the subsoil and
large lateral spreading in field conditions. These findings are helpful to understand the lig-
uefaction-induced lateral spreading at the test site.

As shown in Fig. 13, the upward excess pore water pressure transmission will be
retarded around the interface due to the impermeable crust layer of silty clay at the test site,
which would lead to the large accumulation of volumetric strain and a substantial reduction
of liquefaction resistance of the underlying liquefiable gravelly sands. Once the residual
shear strain accumulated enough to crack the crust layer, the underlying sand and some
of the floating gravel particles in the loosen sand-gravel mixtures will be gushed out with
the upward pore water drainage while most of the underlain gravel matrix remains stable.
Therefore the liquefaction-induced settlement was not so severe at the test site, because the
ejecta were of small amount and most of the gravel particles were still buried underneath.
This observation is similar to the cases of embankment failure during the 1988 Armenia
earthquake (Yegian et al. 1994), where the 30 cm-thick impermeable crust layer impeded
drainage and caused liquefaction-induced lateral spreading of gravelly soils. It will be

Surface ejecta

Cracks and fissures

Upward pore water
dissipation

/'

Crust layer

Sand-gravel mixtures

High PGA, long duration

Ground motion

Fig. 13 Liquefaction mechanism of a sloping gravelly soil deposit
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interesting to study the drainage conditions on liquefaction hazards of gravelly soils by
physical modeling or numerical analysis in future study.

As the flow-type failure was not observed in this test site, the residual strength of the
liquefied gravelly sands was expected to be moderate. The gravelly sand layer would accu-
mulate strain under the cyclic shear stress induced by the earthquake. Many monotonic tri-
axial tests have indicated that the residual strength at y=5-7% of sand-gravel mixtures was
close to the peak ones (Fioravante et al. 2012; Hubler et al. 2017). So the residual strength
of the gravelly sands could be approximately back-calculated by combining the initial shear
stress and the peak horizontal dynamic stress induced by the earthquake in the downslope
direction. In this case, the average crust layer of the test site is about 0.5 m and the peak
ground acceleration is 1.46+0.18 g, which leads to the total shear stress about 12—15 kPa
at the bottom of the crust layer, then the corresponding residual strength is back calculated
as the equivalence. The estimated residual strength is close to that of gravelly sands esti-
mated by SPT tests in the 1988 Armenia earthquake (Yegian et al. 1994) and that of the
clean sands by SPT tests in the 1971 San Fernando earthquake (Seed et al. 1989). This
finding indicates that the liquefied gravelly sands have similar behavior compared with that
of the clean sands as the gravel particles are floating in the sand matrix.

4 Liquefaction effect on the failure of the Baihua Bridge
4.1 Brief description of the Baihua Bridge

The 495.55 m-long Baihua Bridge was constructed on the National Highway 213 in 2004.
The bridge had six segments above this site and only the two damaged segments (i.e., the
fifth and the sixth ones) are sketched in detail in Fig. 14. The location of the fifth segment
is also marked in Fig. 1, which consisted of 23 m x5 RC continuous spans and had a 66 m
radius of the line curvature. The fifth segment was adjacent to the abutment, and the pier
heights within this segment ranged from 18.1 m to 30.3 m, resulting in big stiffness dif-
ferences between these piers. The fifth segment collapsed completely towards the moun-
tainside during the earthquake (see Fig. 4(d) and 4(e)) while the lateral braces of other
segments were heavily damaged due to the dynamic interactions between the piers and the
girders. The sixth segment was supported by bilateral sliding bearings on the abutment and
a fixed bearing on the middle pier. The curved fifth segment was supported by only one
fixed bearing in the middle pier and the south end was seated on an in-span hinge about
1.7 m from the end pier of the sixth segment (Li et al. 2008a).

In bridge design, the girder is usually set inclined towards the mountainside for driving
stability according to the radius of the line curvature. As shown in Fig. 15, two supporting
piers of the fifth segment were uneven and the one towards the mountainside was a little
shorter. Taking the middle piers of the fifth segment as an example, the 1.4 m-thick box-
girder was supported by the 30 m-tall moment-resisting frame piers, which consisted of
two circular reinforced concrete columns and lateral beams. The 800 mm-diameter piers
were embedded in a sloping ground consisting of layers of silty clay, liquefiable gravelly
soils, non-liquefiable gravelly soils and bedrock. Some possible failure mechanisms were
explored from the perspective of ground shaking direction and structure design problems
(e.g., Han et al. 2009; Kawashima et al. 2009). Another possible failure mechanism from
the viewpoint of liquefaction is discussed, where the effect of kinematic forces on the piers
from the lateral spreading is emphasized.
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The fourth segment

The fifth segment
23mx5
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Fixed bearing
60cm

In-span hinge

The sixth segment

Abutment 20mx2

Fig. 14 Plan view of the segments of the Baihua Bridge (modified from Li et al. (2008a))

4.2 Kinematic forces on the piers from the lateral spreading

During the earthquake, the liquefaction-induced large lateral spreading occurred due to the
long intensive ground shaking, and such downslope movement of soil layers will impose
large kinematic forces on the piers. So it is important to take the soil-pile interactions in
liquefiable soils into account to depicture the failure process, rather than only considering
the dynamic responses of the superstructures.

As detailed information of the in-situ soils and the bridge are not available for analysis,
the centrifuge model test conducted by Brandenberg et al. (2005) could give some reason-
able insight into the soil-structure dynamic interactions. Consequently, liquefaction would
induce large relative displacement between the crust layer and the underlain loose grav-
elly sand layer. But the further downslope movement of the crust layer was stopped by
the pile. In return, the lateral driving loads acting on the piles by the crust layer and the
liquefiable sand layer could aggravate the tilting tendency of the piles. Because the test
site has almost identical soil strata and ground inclination as the model ground reported by
Brandenberg et al. (2005), the lateral driving loads acting on the piers could be estimated
by proportional interpolation according to the centrifuge test results, where the peak base
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Fig. 15 A possible failure mechanism of the Baihua Bridge

acceleration is 0.69 g and the crust layer has a thickness of 2.5 m at prototype scale. In
view of the extremely intensive ground motion (PGA=1.46 g in EW direction) and the
0.5 m-thick crust layer at the site, a conservative approximation of the lateral driving loads
imposed by the crust layer and the underlain liquefiable layer are about 100 kN and 110
kN/m respectively. These lateral loads would superimpose the inertia force from the girder
(see Fig. 15), which might result in a large magnitude of bending moment and even large
torque. Some piers might directly collapse under this large and complex loads, causing the
girder violently falling towards the mountainside (see Fig. 4d). Many cracks on the lateral
beams could be observed, and even some lateral beams were detached from the columns
at the joints (see Fig. 4e). Another consequence of these lateral loads was the large tilt and
drift of the piers. Since the girders and piers were not rigidly connected, the girder moved
and dislodged off the supporting piers due to the excessive lateral displacement.

It could be preliminarily concluded that the liquefaction-induced lateral spreading of
a sloping ground might aggravate the bridge failure process by imposing a large horizon-
tal kinematic load in the downslope direction. It is interesting to note in Fig. 1 that the
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newly-designed Baihua Bridge tries to avoid the possible lateral driving force by crossing
the line perpendicular to the Minjiang River, which could also minimize the stiffness dif-
ferences between the supporting piers. It is recommended to further carry out model tests
or numerical analysis to reveal the effect of soil liquefaction on bridge failure mode (e.g.,
Bouckovalas and Chaloulos 2014), and shed light on the development of the resilient seis-
mic design of bridges built upon sloping liquefiable grounds.

5 Conclusions

A liquefaction case study of gently sloping gravelly soils during the 2008 Wenchuan earth-
quake is carried out in this study. The test site features the sand-gravel mixtures, high soil
stiffness, initial static shear stress, extreme intensive ground motion, and severe superstruc-
ture damage. The details of ground motion, site description, subsurface soil conditions and
field testing are presented. The liquefaction mechanism and evaluation of gravelly soils are
studied, and the related failure mechanism of the Baihua Bridge is also explored. The main
findings are drawn as follows:

1. The impermeable crust layer of silty clay will retard the upward transmission of excess
pore water pressure, resulting in the high concentration of volumetric strain at the inter-
face and substantial liquefaction resistance reduction of the underlying liquefiable grav-
elly sands. The comparison of the grain size distribution curves of the in-situ soils and
the surface ejecta indicates that a small portion of underlain gravel particles and some
fine-grained soils were gushed out by the upward movement of excess pore water during
the liquefaction process. The liquefaction-induced settlement is not so severe at this test
site because most of the underlain gravel matrix remains stable.

2. A binary mixture model is proposed to explain the effect of gravel content on the stift-
ness and liquefaction resistance of gravelly soils. The inclusion of gravel particles will
significantly increase the shear wave velocity of the soil. However from the perspective
of soil force chains, the gravelly soils will be sand-like and have liquefaction resistance
comparable to that of typical sands when GC is less than the threshold value. A prelimi-
nary liquefaction evaluation method for gravelly soils is proposed and checked by this
case study, which employs the GC-corrected shear wave velocity and typical V-based
procedure for sands with further consideration of the effect of initial shear stress. It is
found that the initial shear stress acting on this gently sloping ground would increase
the liquefaction resistance slightly compared to that of the level ground.

3. The liquefaction-induced lateral spreading of a sloping site might aggravate the failure
process of Baihua Bridge by imposing a large horizontal kinematic load. The con-
servatively estimated lateral driving loads imposed by the crust layer and the underlain
liquefiable layer could be about 100 kN and 110 kN/m respectively. The combination
of kinematic loads and the inertial force transferred from the superstructure would lead
to a large magnitude of bending moment and even large torque. The large and complex
loading process might directly cause the collapse of the supporting piers, and excessive
lateral displacement of the supporting piers induced by the tilt and drift of the piers were
also expected.
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