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Abstract This paper presents a comprehensive investiga-

tion into weathered granitic gneiss in Guangzhou, China,

including its formation, grading, classification, and the

geotechnical characteristics of different weathered states.

The granitic weathering profiles are graded into five

weathered states: fresh rock, slightly weathered, moder-

ately weathered, highly weathered, and completely

weathered. The fresh rock and the slightly weathered rock

have good mechanical behaviour. The highly weathered

granitic gneiss was found to possess a relatively higher

permeability than the other weathered states, in which the

fissure water is usually stored. Geotechnical characteristics

of the weathered granitic gneiss that poses geohazards

during excavation are identified, including: (1) uneven

grain size distribution, (2) water softening of the residual

soils, and 3) spherical weathered boulder. The following

potential geohazards are identified: (1) quicksand and

piping, (2) water–ground settlement or even collapse due to

water softening, (3) trenching difficulties in a diaphragm

wall, and (4) instability of the lattice columns. Counter-

measures for preventing these geo-hazards are proposed,

including (1) rate-controlled drilling of dewatering wells,

(2) grouting in both sides of retaining walls, and (3) deep

hole blasting of large-size residual gravel boulders. These

measures has been demonstrated to be useful in construc-

tion of Zhongxin Station.

Keywords Weathered granitic gneiss � Geotechnical
characteristics � Pit excavation � Geo-hazards � Preventative
treatment

Introduction

The geotechnical characteristics of weathered granitic

profiles are currently given a lot of attentions during con-

struction. As a type of granitoid, granitic gneiss is more

susceptible to being weathered into blocks and soils, than

granite (Lee et al. 1994; Vinasco et al. 2006). Since its

chemical and geotechnical properties change with the

degree of weathering, the granitic weathering profiles have

been conventionally divided into several grades from the

bottom up (Dearman et al. 1978). Generally, the weathered

granitic gneiss still possesses high compressive strength,

but is also characterised by poor homogeneity, low mois-

ture and sensitivity to moisture alternation (Gilkes and

Suddhiprakarn 1979; Lan et al. 2003; Shen et al. 2015a;

Cui et al. 2016). Weathered granitic gneiss is a major

geological type which is widely distributed in the
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southeastern areas of China (Lan et al. 2003). The forma-

tion of weathered granitoid in southeast China is mainly

attributed to the tropical and sub-tropical climate there,

which brings a good amount of sunshine and water. Among

the areas where granitic weathering profiles are distributed,

the weathered granitic gneiss found in Guangzhou is the

most typical form.

Located in the south-east of China, Guangzhou lies at a

latitude of 23� north and on the shore of the South China

Sea. Figure 1a gives a geological map of Guangzhou city.

Guangzhou can be divided into three secondary geological

structural zones: the Zengcheng Hilly Area, the Guanghua

Basin, and the Pearl River Delta Basin (Wu and Huang

2006; Hong et al. 2008; Zhao et al. 2009; Shen et al. 2015b).

Granitic weathering profiles in Guangzhou are widespread

throughout the Zengcheng Hilly Area and the northern areas

of the Guanghua Basin, and were generally formed in the

Mesozoic Yanshanian period. The bedrock there involves

(a)

(b)

Fig. 1 Location of site: a map

of Guangzhou; b overview of

the construction site; c boulder

distribution and observation

points
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several generic types of granite, including the remelting

type, the syntectic type, and the differentiation type (Jiang

et al. 2003, 2004; Cui et al. 2016). There are more than

twelve types of stratum in the ground, most of which mainly

consist of soils weathered from granitic gneiss.

Under rapid urbanisation, massive amounts of capital

have been invested in the construction of airports, intercity

surface transportation systems and underground transit

systems in the southeast of China (Qian and Rong 2008;

Shen 2000; Shen et al. 2010, 2014, 2016; Xu et al. 2012;

Wang et al. 2013; Du et al. 2014; Wu et al. 2015a, b, c).

During construction, the complex geotechnical character-

istics of weathered granitic gneiss, especially its sensitivity

to moisture alternation, creates huge difficulties and dan-

gers in construction, such as ground settlement, quicksand

and even ground collapse (Luo and Chen 2014; Cui et al.

2015a, b, 2016; Wu et al. 2015d). By literature survey, it

was found that the relevant researches mostly focus on the

distribution, grading, and physical and chemical properties

of weathered granitic gneiss. Very few investigations have

studied the geotechnical characteristics of weathered

granitic gneiss and the potential geo-hazards involved with

engineering activities. Weathered granitic gneiss should,

therefore, be further studied in detail (Jiang et al.

2005, 2011; Chen et al. 2012).

The objectives of this study are (1) to investigate the

formation, classification, and geotechnical characteristics

of weathered granitic gneiss geology; and (2) to evaluate

the potential geo-hazards during pit construction in

weathered granitic gneiss.

Weathered granitic gneiss

Formation

Granitic gneiss, also known as biotite k-feldspar gneiss, is

the result of granite formed by metamorphism. Granite is a

type of magmatic rock that is formed by strong invasive

activity of granitic magma intruding into sedimentary strata

and then cooling. In this process, the massive buried acidic

volcanic rock is transformed into granite. Then, under rock

stress, minerals in granite are extruded and finally recrys-

tallise into granitic gneiss. Thus, the mineral composition of

granitic gneiss is chemically similar to granite, which is

composed of feldspar, biotite, quartz, and hornblende. It is

characterised by an alternately light and dark stratified

structure. Unweathered granitic gneiss is compact and hard,

with high compressive strength and good corrosion resis-

tance. However, once the granitic gneiss is exposed on the

ground surface, in touch with water, the air and sunshine,

shear slip failure will occur along the weak structural plane

of its stratified structure. By physical and chemical

weathering, it continues to change and finally forms into

weathered granitic gneiss in various weathered states.

Weathered granitic gneiss, which is block-shaped, has a

coarse grain composition including quartz, feldspar and

mica, mostly filled with clay minerals which are mainly

derived from weathered feldspar. Some granitic weathered

profiles are directly exposed on the ground surface, but most

of them are covered by alluvial deposition.

Grading of weathered state

As one type of granitoid, the weathered state of granitic gneiss

has the same engineering grading as weathered granite. At

present, the grading index for the weathered state of granitoid

rock is not unified. Different types of grading indices and a

comprehensive range of classifications have been presented in

previous studies. Generally, researchers divide the granitic

weathering profiles into five weathered states: fresh rock,

slightly weathered, moderately weathered, highly weathered,

and completely weathered (Iliev 1967; Dearman et al. 1978;

Irfan et al. 1978). To classify the weathered granitic gneiss

according to these five weathered states, the commonmethod

which is internationally credited is the comprehensive grad-

ing method. This method involves various indices for the

comprehensive classification of the weathered states of

granitoid rock. It classifies the weathered states mainly based

on geological descriptions of granitic weathering profiles,

along with indices such as point load, seismic wave velocity

and standard penetration value (Lan et al. 2003). The geo-

logical descriptions and several indices for the grading of

weathered granitic gneiss are summarised in Tables 1 and 2

(Ruxton and Berry 1957; Dearman 1975; Cui 1992; Irfan

1996; Wu et al. 1999; Shang et al. 2008). As the schemes

show, with the increase in the degree of weathering, the core

samples of granitic gneiss weathering profiles change from

dark grey columns to yellow clastic blocks, and finally to

purplish red sandy soils. In terms of the soil composition, the

feldspar and biotite have been chemically weathered into clay

minerals, while the primary minerals are mainly clastic debris

physically weathered from quartz. The values of the quanti-

tative indices (e.g., point loading strength, velocity of longi-

tudinal wave and standard penetration test value) all change

from high to low with the increase in the degree of weather-

ing. As indicated in Table 2, the standard penetration test is

mainly used to classify weathered granitic gneiss with a high

degree of weathering.

Geotechnical characteristics of weathered granitic

gneiss in Guangzhou

The granitic gneiss weathering profiles in Guangzhou are

highly developed, with a thickness ranging from 10 to

50 m, and reaching depths of up to 100 m. It mainly
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belongs to the ‘Al-enriched’ weathering group, which is the

product of the latest stage of weathering (Lan et al. 2003).

Composed of granitic gneiss, sandy shale, and metamor-

phic sandstone, the granitic weathering profiles occurring

in Guangzhou are the most typical forms found in southeast

China. The fresh rock and slightly weathered granitic

gneiss have maintained the structure and properties of the

parent rocks. They are compact and hard enough to serve

as bearing layers for major industrial projects. For the

moderately weathered profiles, 50–90 % of the granitic

gneiss was moderately weathered. Though distinct cleav-

age has developed, the moderately weathered granitic

gneiss stills maintains the rock structure of its parent rock

and its integrity as rock. Thus, the moderately weathered

granitic gneiss still has high compressive strength and good

autostability, which can serve as a bearing layer for general

projects.

When fresh rock is weathered into highly weathered

granitic gneiss, 50–70 % of the minerals in granitic gneiss,

mainly feldspar, and is highly or completely weathered.

The major contributing factor of the compressive strength

of highly weathered granitic gneiss is the strength of the

weathering product rather than the rock structure of

granitic gneiss. As the cleavage is highly developed, and

the clay minerals are too few to fill the cracks, the highly

weathering profiles have a relatively higher permeability

than weathered granitic gneiss in the other weathered

states. Generally, a good deal of fissure water is stored in

the cracks of highly weathered granitic gneiss. Thus, the

highly weathered profiles is hydrous, permeable, and is

usually treated as a confined aquifer.

The completely weathered granitic gneiss and its

residual soils (eluvial soils of granitic gneiss) severely

obstruct and jeopardise construction in sites where the

granitic gneiss weathering profiles are distributed. The

weathered soils are mainly made up of hard sandy clay,

with medium strength and low compressibility. Since they

have a high content of clay minerals, the completely

weathered soils are relatively impermeable. Their perme-

ability coefficient generally ranges from 1 9 10-6 to

1 9 10-4 cm/s, which is affected by the content of clay in

the soils. The main geotechnical characteristics of the

completely weathered granitic gneiss and its residual soils

are as follows:

1. Uneven grain size distribution. In the completely

weathered granitic gneiss, coarse granules (grain

size[ 0.1 mm) and fine particles (grain

size\ 0.05 mm) constitute the main grain composi-

tion, while soil particles between 0.05 and 0.1 mm are

Table 1 Geological descriptions of weathered states of granitic gneiss

State Grading Colour Structure Mineral Core

Completely

weathered

V Purplish red-

brown

Completely decomposed,

maintain the structure

appearance of parent

rocks

Laterite, high content of

clay minerals, feldspar

and biotite was

completely weathered

Hard soil-like

Highly weathered IV Brown Fracture, friable, clear

structure of parent rocks

Mainly weathered feldspar,

quartz, part of biotite

Upper part was sandy soil,

lower part was friable gravel

Moderately

weathered

III Grey-yellow Cleavage is developed, full

distinct structure of parent

rocks

Part of feldspar was

weathered. Some rock

material was decomposed

Clastic blocks, discolored and

weakened

Slightly weathered II Off white-grey Hard, rare fracture,

cleavage is not developed

Mainly feldspar, quartz and

mica. Feldspar was

slightly weathered

Column-like

Fresh I Dark grey Compact, hard, stratified No visible sign of

weathering of rock

material

Long column-like

Table 2 Quantitative indices of

weathered states of granitic

gneiss

State Point loading

strength Is (50; MPa)

Velocity of

longitudinal

wave vp (m/s)

Standard

penetration

test value

Completely weathered \1.5 \1910 30–50

Highly weathered 8.5–70.9 1910–3219 [50

Moderately weathered 70.9–363.7 3219–4425

Slightly weathered 363.7–616.3 4425–5904

Fresh [616.3 [5904

684 M. Chen et al.

123



far less prevalent. Due to this specific grain size

distribution, the weathered soil features the character-

istics of both sandy soil and clayey soil at the same

time. This specific grain size distribution makes it

possible for fine particles to flow through the pore

space between coarse granules when under high

hydrodynamic pressure. Because of this, precautions

to prevent piping and quicksand are necessary when

excavating in completely weathered granitic gneiss.

2. Water softening. The content of silt and clay in the

residual soils of weathered granitic gneiss can be as

much as 20 %. In the natural state, residual soils have

good mechanical properties, controlled by their soil

structure and mineral composition. However, when the

soils are subjected to water alternation, such as water

soaking and flowing water construction, they can be

water-softened, decomposed and finally deprived of

their bearing capacity. Generally, in Guangzhou, the

softening coefficient of completely weathered granitic

gneiss is less than 0.36. The feldspar in granitic gneiss

is the main source from which the silt and clay in

residual soils are derived. As it can be weathered and

formed into clay minerals, the more feldspar is

contained in the parent rock, the more susceptible the

weathered soils are to water alternation.

3. Spherical weathering. In the weathering process, the

feldspar which makes up two-thirds of granitic gneiss

is first hydrolysed and carbonated into kaolinite, and

then is further decomposed into weathered soils. At the

same time, as minerals like quartz are difficult to

weather and decompose, these minerals in granitic

gneiss are usually formed into single rocks. When

these rocks are exposed, their ledges are easily eroded

by weathering from different directions. As a result,

individual quartzose rock is gradually weathered into a

boulder which is close to the sphere. The weathered

rocks, or so-called boulders, are irregularly distributed

in highly and completely weathered zones. The

boulders are generally moderately and slightly weath-

ered granitic gneiss and are too hard and compact for

pit excavation and shield tunneling. Pretreatment is,

therefore, necessary before construction.

Geology and hydrogeology at the construction site

Overview of the project

The study case, Zhongxin Station, is a subway station on

Guangzhou Metro Line 21. It is located in Zhongxin Town

and the west of the Zengcheng Hilly Area, as marked by

the black star in Fig. 1a. Figure 1b gives an overview of

the study site. The designed station site is intended to be

built along the Guang-Shan Road, which is a main arterial

route which carries heavy freight traffic. The surrounding

dense residential housing and shops are mostly low-rise

buildings built on shallow foundations. The study site is

bordered by denuded monadnocks to the north, and is

elsewhere surrounded by an alluvial plain. As a two-storey,

island-type platform station, the overall designed length,

width and depth of the station pit are 342.3, 29.7 and 11 m,

respectively.

Site geology and hydrogeology

The geological conditions of this construction site are

complex. Figure 2 gives a geological plan of the area

around Zhongxin Station. The ground of the surrounding

area is basically rock of the Middle Triassic to the Late

Jurassic period, which was gradually formed by multiphase

magmatic intrusion during the Yanshan tectonic stage.

Figure 3 shows a geological section view of Zhongxin

Station, as section A–A marked in Fig. 1b. The lithologic

patterns of each stratum are tabulated in Table 3. The

subsoil of section A–A mainly consists of 20 m of over-

lying loose sediment from the Quaternary period, and

granitic gneiss from the Proterozoic era, including several

alluvial–pluvial soft strata, eluvial soils of granitic gneiss

(also called residual soils), and completely, highly, mod-

erately and slightly weathered granitic gneiss. Boulders in

this area are mainly clustered together around the designed

diaphragm wall area, in the residual soils and in the com-

pletely weathered granitic gneiss. Figure 4 shows core

samples from core-drilling in position A’–A’ marked in

Fig. 3. The characteristics of the soil samples vary greatly

in the vertical direction. The soil on the surface is relatively

dry and has been weathered into granular particles. From

5 m to 15 m below the ground, the soils in this layer are

highly saturated and plastic, with poor permeability.

Beyond that, the strata mostly consist of granitic gneiss

weathered to varying degrees, as seen in Fig. 4. The

geotechnical profiles and soil properties of the subsoils in

the whole study site are summarised in Fig. 5. The water

content of the soil strata in this site ranges from 22.2 to

49.1 %, with permeability varying from 5.8 9 10-8 to

3 9 10-4 m/s. Cohesion of these soils mainly ranges from

5.42 to 35 kPa, but the cohesion of slightly weathered

granitic gneiss can reach 1200 kPa. The boulders found in

this site are depicted in Fig. 1c. Table 4 tabulates the

profiles of the boulder groups.

The groundwater at this site can be classified into two

types, pore water in the loose stratum of the Quaternary,

and fissure water in bedrock cracks. The pore water mainly

exists as phreatic water in the superficial loose sandy strata,

and is recharged by rainfall. Fissure water in this site is
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found in the cracks of the highly weathered granitic gneiss.

In this site, the permeability of the completely weathered

soils is around 3 9 10-6 m/s, while the permeability of the

highly weathered granitic gneiss is around 4 9 10-5 m/s.

Thus, the completely weathered granitic gneiss acts as a

relatively impermeable layer, and the fissure water in the

highly weathered granitic gneiss layer is considered to be

confined water.

Potential geo-hazards during pit construction
and prevention measures

Ground settlement and collapse

The susceptibility of completely weathered granitic gneiss to

softening by water, and the confined water stored in highly

weathered granitic gneiss are the two main threats

Fig. 2 Geological plan of the

area around Zhongxin Station

Fig. 3 Geological section view of Zhongxin Station (as section A–A shown in Fig. 1b)
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jeopardising construction in granitic gneiss weathering pro-

files. In its natural state, the upper part of the highly

weathered granitic gneiss is hard, sandy and soil-like, while

the lower part still retains some of the structure of the parent

rock in the form of friable gravel. Fissure water is generally

stored in the cracks of highly weathered rock. This layer is

separated from the completely weathered layer by brown

sandy clay in the upper part of the highly weathered granitic

gneiss. However, when the layer is drilled or disturbed, the

confined water in the highly weathered aquifer will flush

through the gaps in the earth into the completely weathered

layer and its residual soils. Subjected to moisture alternation,

the completely weathered granitic gneiss is quickly water-

softened and decomposed, losing its soil structure and

bearing capacity. This may bring about ground settlement

and ground collapse around the pit.

As the completely weathered granitic gneiss acts as an

impermeable layer due to its low permeability, fissure

water stored in the highly weathered granitic gneiss is

under pressure. As shown in Fig. 3, part of the pit base will

be close to and even, in places, unavoidably protruding

through the highly weathered confined aquifer. Therefore,

to protect the foundation pit from water ingress before the

completion of the base slab, dewatering wells should be

drilled to drain the confined water. Dewatering of the sandy

confined aquifer may lead to ground settlement or even

ground collapse if preventative measures are not taken

(Shen and Xu 2011, Shen et al. 2013a; Xu et al.

2012a, b, 2013a, b, 2015; Wu et al. 2014). During dewa-

tering, the drainage of the highly weathered granitic gneiss

can lead to compaction of the confined sandy layer,

resulting in ground settlement. In normal conditions, the

wells continue to dewater the confined water in the highly

weathered granitic gneiss during construction. However, if

there is leakage in the diaphragm wall, the pore water in the

Quaternary strata outside the pit may also be drained, with

the soft layer correspondingly consolidated. The consoli-

dation and settlement of these two aquifers can result in

serious ground settlement around the foundation pit, and,

therefore, jeopardise nearby buildings and traffic.

Another hazard resulting from dewatering is quicksand.

The confined aquifer in this field is the sandy layer. Fig-

ure 6 depicts the grain size distribution curves of the

completely weathered granitic gneiss in Zhongxin station.

It can be seen that the medium-size grains (0.05–0.1 mm)

are comparatively less common than the coarse grains and

the fine grains. During pumping, fine grains such as silt in

these layers could easily pass through coarse-grained sand

under hydrodynamic pressure, resulting in quicksand and

piping. Severe quicksand and piping will introduce large

quantities of water and soil into the foundation pit, causing

ground collapse and damage to surrounding buildings.

To prevent these potential geo-hazards, reinforcement

such as chemical grouting should be undertaken to

strengthen the soil (Bell 1996; Xu et al. 2014). Moreover,

to reduce the disturbance to surrounding soil, a rate-con-

trolled drilling method is recommended during drilling

dewatering wells. The rate-controlled drilling method is as

Table 3 Lithologic patterns of

each stratum in the Zhongxin

Station

Number Origin Formation State Mineral composition

1. – Artificial Compact Lime, kaolinite

2. Quaternary Alluvial–pluvial Loose Quartz, feldspar, muscovite

3. Quaternary Alluvial Plastic Illite, kaolinite, organic matter

4. Quaternary Alluvial–pluvial Soft-plastic Illite, quartz

5. Quaternary Eluvial Plastic Kaolinite, quartz, illite, laterite

6. Proterozoic Metamorphic Completely weathered Laterite, kaolinite, quartz, illite

7. Proterozoic Metamorphic Highly weathered Weathered feldspar, quartz, biotite

8. Proterozoic Metamorphic Moderately weathered Weathered feldspar, quartz, mica

9. Proterozoic Metamorphic Slightly weathered Feldspar, quartz, mica

Fig. 4 Soil samples from core drilling in position A’–A’ marked in

Fig. 3
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follows: (1) when soft layers are encountered, the drilling

machine should drill with low pressure and at a low speed;

(2) once it enters the granitic weathering profiles, the

drilling rate should be increased to reduce the time that the

water-softened layer is in contact with groundwater. The

structure of the dewatering well is depicted in Fig. 7. The

upper part of the well is filled with clay balls to isolate the

water-softened layer from the water in the well. This

drilling method has been proved to be suitable for the

particular strata distributed within the study site.

Obstructions to diaphragm wall trenching

and lattice column construction

Boulder groups present difficulties for both diaphragm wall

trenching and pit excavation. Before diaphragm wall

casting, grooving is needed to provide a key for the

Fig. 5 Geotechnical profiles

and soil properties of the

subsoils

Table 4 Profiles of boulder

groups discovered within the

diaphragm wall area

Boulder Grading Number Elevation of boulder top (m) Vertical diameter (m)

B1 II – 18.00 0.60

B2 II 1 13.45 0.60

2 9.30 5.40

3 18.20 5.30

B3 III – 8.18 0.50

B4 II 1 10.34 1.00

2 9.14 0.40

B5 III – 13.50 0.70

B6 II – 23.80 3.20

II = slightly weathered granite gneiss, III = moderately weathered granite gneiss

Fig. 6 Size distribution curves of local completely weathered

granitic gneiss in the site
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reinforcing cage. Trenching in a loose soft layer is rela-

tively easy. However, at this site, some boulder groups

obstruct the trenching and construction of diaphragm walls,

as depicted in Fig. 1c. Six boulder groups have been

uncovered within the designed area of the diaphragm wall.

Inappropriate treatments could cause disturbance to the

surrounding weathered soils as well as to the soft clay

above, resulting in ground subsidence and collapse. Boul-

der groups also present problems for the pit excavation.

Small boulders can be easily removed from the pit, but in

basin and island excavations, it is difficult to remove large

boulder groups from the soil slope. During rain storms,

boulders embedded in the slope are likely to be washed out

of the earth by the rain, leading to landslides and slope

failure.

Lattice columns could collapse during the pit excavation

if they are inadvertently constructed on boulders. At the

initial stage of pit construction, lattice columns should be

cast onto bedrock as a support structure for the struts and

the columns of the underground structure. The lattice col-

umns are so crucial that any instability in them may lead to

overall damage to the entire pit construction. However, as

they are composed of moderately weathered granitic

gneiss, boulder groups are likely to be erroneously used as

the bearing stratum in lattice column construction. When

they are used as a bearing layer, most boulder groups are

required to support heavy loads which could easily crush

them during the excavation. Some boulder groups are just

thick and strong enough to bear heavy loads. But, it is

difficult to maintain the verticality of the lattice columns

during construction, which will cause eccentric load

transferring of supports connected on lattice columns.

Moreover, because of their spherical shape and their

mobility, most boulders would fail to remain still and

would be susceptible to sliding under the eccentric vertical

load. Without any end-bearing support, the lattice columns

could collapse by buckling, thereby causing cutting and

bending failures in the reinforced concrete struts. As a

consequence, the diaphragm walls would become unsta-

ble under the high lateral earth pressure from the sur-

rounding earth outside. The foundation pit would then be

ultimately in danger of overturning. As the conclusion,

boulder groups seriously jeopardise the security of pit

construction and obstruct diaphragm wall trenching, and,

therefore, need to be removed before construction.

To eliminate the impact of boulders, more boreholes

should be drilled to give a detailed geotechnical investi-

gation of boulder distribution. For boulders which are

smaller than 800 mm, direct removal by trenching machine

is recommended. For larger boulders, deep hole blasting is

an appropriate and effective way. After drilling, PVC pipes

should be inserted into the exploration holes as support and

to provide a channel for the explosives. Around the blasting

area, empty holes should be drilled to act as release

channels for the high pressure of the explosion. Finally, the

explosives can then be detonated to crush the boulders into

pieces smaller than 300 mm, which can then be easily

removed. The structure of the blasting holes and their

arrangement are illustrated in Fig. 8.

After deep hole blasting, core samples were recovered to

verify the effectiveness of the blasting. Figure 9 shows the

geological drilling samples from boulder group B2 before

and after the blasting. As shown in Fig. 9a, the boulder

samples from the completely weathered granitic gneiss

were long column-like, hard and compact. But in Fig. 9b,

the cores were all clastic blocks smaller than 300 mm.

Compared with the boulder samples before, it is apparent

that the treatment would make it easy to directly trench the

broken boulder stones out. In the process of deep hole

blasting, no broken stones were projected from the blasting

hole, suggesting little effect on the surrounding environ-

ment. Therefore, deep hole blasting is an effective method

for treating the boulders safely and harmlessly.

Slope failure and long-term instability

Slope failure during excavation and long-term instability of

the subway station are also potential geo-hazards because

of the specific local geological conditions in which soft

soils lie over hard soils. In this project, the open cut method

is used to excavate the foundation pit. The thick soft layer

in this site is characterised by high water content, poor

permeability, high compressibility, and low anti-shearing

strength. When the earth inside the pit is removed, the soft

Fig. 7 Structure of the dewatering wells in weathered granitic gneiss
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layer outside is liable to be disturbed by building loads

nearby, causing large deformation and slope failure.

However, other than the soft stratum, the granitic gneiss

weathering profiles present the biggest threat to the entire

project. The completely weathered layer and its residual

soils can be water-softened and decomposed when it gets

wet during the process of dewatering, causing a reduction

in ground bearing capacity and water ingress at the bottom

of the pit. Thus, when the passive earth pressure decreases,

bottom heave and even slope failure are likely to occur.

Additionally, the disintegration of the hard stratum caused

by water will also threaten the long-term stability of the

whole subway station.

To prevent potential slope failure and large wall defor-

mation, high-pressure fracture grouting can be used to

stabilise the area around the diaphragm walls (Chen et al.

2015; Shen et al. 2008, 2013b, c, d; Wang et al. 2013;

Zhang et al. 2015; Wu et al. 2015e). A sectional view of the

grouting range is depicted in Fig. 10. Along the inner edge

of the diaphragm wall, a square area was subjected to the

grouting procedure and was stabilised to hold the dia-

phragm wall. Outside the wall, the grouting procedure was

conducted using fracture grouting to form a wedge-shaped

area outside retaining walls to retain the earth and buildings

close to the walls. Working as a retaining wall, the wedge-

shaped grouting area has an overlap of 5 m with the square

area inside to prevent it from overturning forward.

After the treatment, the lateral deformation of the dia-

phragm walls and settlement of nearby buildings were

monitored. The observation points and monitored buildings

are marked in Fig. 1c. As shown in Fig. 11, the lateral

deformation of the observed points ranges from 0 to

17.5 mm, which is less than the warning value of 24 mm.

Another observation is that, retained by the grouting in the

inner edge of the walls, the deep-seated deformations of the

wall did not bulge out at the position of the base slab,

which differentiates from the bulging shape observed in

previous studies (Pakbaz et al. 2013; Tan et al. 2015a, b;

(a)

(b)

(c)

Fig. 8 Deep hole blasting: a the structure of blasting hole, b plane

view of hole arrangement, c section view of hole arrangement

Fig. 9 Sectional view of the grouting locations on both sides of

diaphragm wall
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Tan and Wang 2015a, b; Wang et al. 2013, 2014). Table 5

shows the basic information and final settlement of five

buildings which were monitored. As indicated, all the

settlements of these buildings were lower than the warning

value of 15 mm. Therefore, the high-pressure fracture

grouting effectively reduced the ground settlement, as well

as reducing the impact on the adjacent ground.

Application prospect of preventative measures

All the preventative measures proposed in this study have

broad prospects for further application. The rate-controlling,

well drilling method is demonstrated to be generally appli-

cable for compound strata where loose sediments overlie a

water-softened granitic layer, as the disturbances to both the

soft layer and granitic weathered layer are reduced as much

as possible. The corresponding dewatering well structure is

also suitable in many situations to isolate a water-softened

layer from water in the wells. For deep hole blasting, it

efficiently crushes boulder groups into clastic blocks smaller

than 300 mm, which is convenient for trenching out.

Compact and hard rock masses can be easily cut and crushed

by shock waves generated by an explosion. Therefore,

besides boulder crushing, deep hole blasting also can be

applied to cave mines, vertical shafts, cave depots, and

tunneling. In this case study, high-pressure fracture grouting

was utilized to prevent slope failure and large wall defor-

mation, as well as to reduce the impact on adjacent ground.

For further application, high-pressure fracture grouting is an

effective measure for building foundation reinforcement

and ground stabilisation to reduce building settlement and

ground subsidence.

Conclusions

Based on the analysis of geological and geotechnical

characteristics of weathered granitic gneiss and potential

geo-hazards during excavation, the following conclusions

can be drawn.

1. In the study area, the following geotechnical charac-

teristics of weathered granitic gneiss may induce

Fig. 10 Geological drilling

samples from boulder group B2:

a before treatment, b after

treatment

Fig. 11 Lateral wall deformation at the sides of the excavation
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geohazards during excavation: 1. uneven grain size

distribution of completely weathered granitic gneiss, 2.

water softening of the residual soils, and 3. spherical

weathering. Since there is less medium-size particles

(0.05–0.1 mm), fine particles can easily flow through

pores formed by large-size particles, which will cause

quicksand and piping hazards during groundwater

pumping. The residual soils of granitic gneiss have a

stable mechanical behaviors in its natural state.

However, when subjected to water soaking or flowing

water construction, it would be water-softened and

decomposed, causing ground settlement or even col-

lapse. The existence of spherical weathering of granitic

gneiss may lead to difficulty in diaphragm wall

trenching and instability of the lattice columns.

2. The granitic weathering profiles are divided into five

grades, that is, fresh, slightly weathered, moderately

weathered, highly weathered, and completely weath-

ered rock. The slightly and moderately weathered

granitic gneiss keep the basic rock texture of the fresh

rock, with high compressive strength and good self-

stability. Since many fissures have developed in the

highly weathered granitic gneiss, it is more permeable

than the other four grades. Thus, confined aquifers are

mostly formed in highly weathered granitic gneiss. The

completely weathered granitic gneiss has a high

content of clay particles so that it has low hydraulic

conductivity.

3. To prevent the aforementioned geohazards during

excavation, the following measures are proposed: 1.

rate-controlled drilling of dewatering wells, 2. grouting

in both sides of retaining walls, and 3. deep hole

blasting of large-size residual gravel boulders. The

drilling rate of dewatering wells was controlled to

avoid the water softening of the residual soils as well

as to reduce the disturbance to overlaying soft clay.

High-pressure fracture grouting was conducted to form

a wedge-shaped area outside retaining walls to retain

the earth and buildings close to the walls. Size-

controlled blasting was conducted in deep holes to

crush large-size boulders into blocks smaller than

300 mm, which was used to avoid obstruction of large-

size boulders on the construction of diaphragm walls

and lattice columns. These measures have been proved

to be effective in construction of Zhongxin Station, and

can provide good reference to engineering practices in

similar ground.
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